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Abstract
Purpose—Although previous neuroimaging efforts clearly indicate visual cortical dysfunction in
adults with amblyopia, the extent of abnormalities remains unclear.

Methods—This fMRI study directly compared activity in visual cortex produced by monocular
stimulation in 18 adults (6 esotropic strabismics, 6 anisometropes, and 6 controls). Measures were
made in three cortical regions of interest, individually defined using standard retinotopic mapping
techniques in the nonamblyopic eye, corresponding to extrafoveal V1, extrafoveal V2, and the foveal
representation at the occipital pole. Fixation stability was monitored and found not to differ
significantly between subject groups.

Results—Overall results showed depressed fMRI signal magnitude for amblyopic eyes compared
with sound eyes, although a few subjects did not show this trend. Assessment of the spatial extent
of activation using an ocular dominance index did show significantly larger interocular differences
for both strabismics and anisometropes compared with control subjects for whom eye dominance
was carefully defined. In addition, both amblyopic groups showed less cortical area able to be
significantly driven by either eye. The magnitude of these effects was equivalent in V1, V2, and the
foveal representation, as well as between amblyopic groups. No difference was detected in the
strength of signal from the nasal versus temporal retina in either amblyopic group.

Conclusions—Asymmetries in magnitude of monocular activation do occur in subjects with
amblyopia, but these basic measures are limited in terms of sensitivity for mild to moderate amblyopia
and for specificity between subtypes.

Amblyopia is defined as visual impairment without ocular lesion, resulting from abnormal
neural development.1 The two most prevalent etiologies result in anisometropic and strabismic
amblyopia.2 The interruption of normal visual experience during critical developmental
periods leads to alterations in subsequent organization and function of visual cortex.3
Psychophysical investigations of human amblyopia have found impaired visual acuity and
contrast sensitivity in amblyopic eyes,4–6 particularly for the central visual field.7,8
Furthermore, asymmetric visual field deficits have been reported in strabismics with inward
eye deviation; nasal retina input is impaired more than temporal retina.9,10 This asymmetry
could possibly result from biased competition between the nasal retina of the deviated eye and
the fovea of the sound eye, leading to suppression of amblyopic eye input.9,11

The amblyopic deficit is thought to include primary visual cortex (V1), where monocular inputs
are first combined.12–14 Animal studies using models of amblyopia15,16 show shifts in ocular
dominance, some binocularity losses, and impaired cortical acuity and contrast sensitivity for
the affected eye.17,18 Nevertheless, these V1 losses do not fully account for behavioral deficit,
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thereby implicating visual areas beyond V1.19,20 The neuroimaging techniques of positron-
emission tomography (PET) and functional magnetic resonance imaging (fMRI) have recently
expanded the study of human amblyopia. These studies have shown reduced cerebral blood
flow and glucose metabolism in V1 and extrastriate cortex for amblyopic eye viewing.21–27
Nevertheless, these studies have not yielded a consistent answer regarding the spatial extent
of the effect, and the relative deficit in V1 versus V2 remains unclear. Most studies have not
localized deficits to specific visual areas or field locations, with some exceptions.26,28 Finally,
very few studies have specifically compared amblyopic subtypes with the same paradigm.
Previous work has found less activation at high spatial frequencies for anisometropes,29 while
more impaired binocular responses were reported for strabismics.30

The present fMRI study was conducted to specifically compare visual areas V1 and V2. We
also quantitatively reexamined previously reported abnormalities by comparing strabismic and
anisometropic amblyopes with matched control subjects, and carefully defined eye dominance
in control subjects. We included important controls such as eye tracking, and we used standard
psychophysical tests to confirm diagnoses. We used monocular hemifield mapping to examine
interocular and between-group metabolic signal differences. We hypothesized that (1)
amblyopic eyes would produce reduced signal magnitude compared to sound eyes and normal
eyes, especially in foveal representations; (2) ocular dominance would shift toward the sound
eye, and binocularity would be reduced in amblyopes, in all cortical regions; (3) nasal retina
stimulation would produce weaker fMRI signal than temporal retina in strabismic amblyopes,
especially in extrafoveal regions. We obtained results that supported hypotheses 1 and 2, but
these effects were variable, only of moderate strength, and did not distinguish strabismic and
anisometropic subtypes. Hypothesis 3 was not supported by our data.

Materials and Methods
Subjects

We studied 18 adult volunteers aged 18 to 35 years (13 female, 5 male). Six were control
subjects (CTL), 6 had previously been diagnosed with strabismic amblyopia (STRAB), and 6
had previously been diagnosed with anisometropic amblyopia (ANISO). Any subject with
other neurological conditions was excluded. These subjects were recruited through public
advertisement in the surrounding regions of West Virginia, Pennsylvania, and Maryland.
Informed consent was obtained from all subjects (IRB protocol #14788), in accordance with
the Declaration of Helsinki and HIPAA. Subject groups were matched for mean age (CTL =
25, STRAB = 27, ANISO = 28) and mean years of education (CTL = 15, STRAB = 16, ANISO
= 15). All amblyopic subjects had a history of patch occlusion treatment during childhood
(Table 1). Of the 6 strabismic subjects, 3 also reported surgical correction of their deviation in
childhood.

All subjects completed a full ophthalmologic exam at the WVU Eye Institute to confirm their
diagnosis based on best-corrected distance acuity. Diagnosis of anisometropic amblyopia was
assigned on the basis of: (1) interocular refractive difference of hyperopia ≥ +1.0 diopter (D),
astigmatism ≥ +1.0 D, or myopia ≥ −2.5 D; or (2) history of anisometropia but no history of
strabismus or strabismus surgery. Diagnosis of strabismus was made on the basis of a history
of strabismus or strabismus surgery, but no anisometropia (as defined above). In clinical
practice it is common to find that some subjects with amblyopia present with a mixed
anisometropic/strabismic diagnosis, although little consensus exists regarding additional
subtypes. One of our strabismic subjects (S4) had an interocular difference of hyperopia of
2.75 D, consistent with a potential mixed diagnosis. The direction and magnitude of strabismic
deviation in our subjects was determined with cover-uncover, alternate cover, and prism
testing. All six of our strabismic subjects showed esotropia. Manifest deviations for our subjects
ranged from 0Δ to 25Δ (Table 1).
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The ophthalmologic tests also included examination of the fundus with dilation, documentation
of ductions and versions, autorefraction, and a sensory exam including Snellen visual acuity
chart (Lombart Instrument, Norfolk, VA), and Titmus stereoacuity test (Titmus Optical, Inc.,
Petersburg, VA) (Table 1). The Titmus stereoacuity test was scored according to highest level
of detectable horizontal disparity for the Wirt rings or for the Titmus fly. The crudest
stereoacuity measurable with this test is 3000, assigned for patients able to perceive disparity
only in the Titmus fly illustration.

Finally, in order to facilitate comparison of amblyopic subjects and controls, control subjects
were assigned a better eye and a worse eye based on visual acuity. We used Snellen acuity as
the primary criterion, but in three subjects with Snellen equal in both eyes, grating acuity was
used. All amblyopic subjects had worse Snellen and grating acuity in their amblyopic eye than
their sound eye.

Psychophysical Testing
All psychophysical tests were administered with all subjects’ typical optical correction.
Translucent plastic patches covered the nontesting eye. All tests included practice trials to
ensure that the stimuli were visible and the task instructions were adequately understood. We
used nonparametric statistics for data analysis to avoid dependence on strictly normal
distributions. Three tests were administered, grating acuity, contrast sensitivity and contour
integration. For the test of grating acuity, standard, computerized, forced-choice methods were
used, and are described elsewhere.31 The contrast sensitivity test was also a computerized, 2
alternative forced choice version (Figure 1A).32 For the test of contour integration, stimuli
were displayed on a CRT monitor. The task was to determine the orientation (ie, pointing left
or right) of a perceived egg-shaped contour made up of 15 small, aligned Gabor patches
embedded in a field of randomly oriented patches of identical contrast and spatial frequency
(Figure 1B).33–38 This test was administered using the method of constant stimuli and 2-AFC
at six levels of increasing difficulty. Task difficulty increased as a function of increasing
orientation jitter of the Gabor patches along the contour.

Functional Magnetic Resonance Imaging
Data Acquisition—Subjects were scanned in a General Electric 3 Tesla MR scanner
(Fairfield, CT), using a visual surface coil (Nova Medical, Inc., Wilmington, MA), as has been
previously described.39–40 After a sagittal localizing scan, a T1-weighted inversion recovery
sequence (TR = 400 ms) was used to acquire 20 interleaved oblique 4 mm slices with 0.86 ×
0.86 mm in-plane resolution, oriented perpendicular to the calcarine sulcus, beginning at the
occipital pole. These anatomical scans were used to register functional data to the cortical
surface model. Next, multiple functional scans were acquired with 1.72 × 1.72 mm in-plane
resolution using a spiral gradient echo sequence [TE = 40 ms, Flip Angle = 65°, TR = 2000
ms].41

Eye movements were monitored using the Sensomotorics iView (Needham, MA) system in
order to ensure fixation stability during the functional scans. The iView system was used to
measure gaze position in the stimulated eye, and was calibrated using a nine-point display at
a screen resolution of 832 × 624 pixels, subtending approximately 30° horizontal × 23° vertical
of visual angle. The recording rate of the iView camera was 60 Hz and accuracy < 1°. Calibrated
tracking was not achieved in a minority of subjects due to hardware or software failures. For
these subjects, fixation during fMRI was monitored manually via the video camera, and was
similar to other subjects.

Stimuli—The visual stimuli were generated using the Psychophysics Toolbox42–43 and
MATLAB 5 (Natick, MA) for Macintosh OS 9 on a PowerMac G4 computer (Cupertino, CA)
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with dual SVGA display drivers (output resolution = 832 × 624 pixels, 30° horizontal × 23°
vertical). The stimuli were displayed in the scanner using the Avotec SilentVision dichoptic
projector (Stuart, FL). Subjects viewed the images with both eyes open by looking straight
ahead into the eyepieces, and used the built-in optical correction. For each functional scanning
run, one eyepiece displayed the stimulus and fixation target while the other displayed an
isoluminant gray screen. Left and right eye stimulation was alternated during each experiment.
A central fixation target was present at all times for the tested eye. The target was a small
arrowhead (0.5°) pointing in one of four directions (ie, up, down, left, or right), which randomly
changed direction every 4 s. Subjects reported the appearance of the fixation point using a
fiber-optic button pad. The tested eye was shown 16 s periods of a high-contrast, moving wedge
in the left or right visual hemifield, alternating with 16 s of fixation-only. The wedge contained
a radial square-wave grating pattern alternately expanding and contracting every 2 s at 7°/s.
This wedge spanned either 100° (40° from vertical meridian) or 160° (10° from vertical
meridian), and spared the central 0.5° of visual space, where the fixation target was presented
(see Figure 2). Eight scans of 256 s were collected, two for each combination of wedge size
and eye.

Statistical Analysis
Surface reconstructions of each subject’s cerebral cortex were generated from high-resolution
anatomical images obtained in a General Electric 1.5 Tesla scan session prior to the fMRI
experiments, using the freely available (http://www.nmr.mgh.harvard.edu/freesurfer)
FreeSurfer software package.44 The functional analysis was completed using the FS-FAST
software tools freely available at ftp://ftp.nmr.mgh.harvard.edu/pub/flat/fmri-analysis.
Analysis consists of motion-correction and intensity normalization, followed by selective
averaging of the blocks corresponding to stimulation of each of the left and right visual
hemifields, separately for each eye. A voxel-wise F-test computed the significance of the
contrast between BOLD (blood oxygen level dependent) signal for each block and fixation
baseline. The functional results were then viewed on an individual’s cortical surface, producing
maps of statistical significance (p < 0.05) on inflated or flattened representations.

Region-of-Interest Analysis
Retinotopic mapping experiments were conducted for all subjects in a separate session using
standard, previously described phase-encoded eccentricity and polar angle stimuli.40 The maps
generated from each subject’s sound/better eye were used to define regions of interest. These
regions of interest were defined on each subject’s cortical surface and were thus composed of
2-D elements termed vertices (note the difference from voxels, which are 3-D elements of
individual slices). Objectively determined borders were available for V1 and V2 for all
subjects. In addition, a “foveal” region of interest (FOV) was defined as the region of occipital
pole activated by the sound/better eye in the central 2.5° of visual angle. Regions of interest
corresponding to extrafoveal V1 and V2 (V1EF and V2EF) were defined as the remainder of
these areas (ie, 2.5–15° eccentricity) after subtraction of FOV.

These regions of interest were used to extract BOLD signal from the hemispheres contralateral
to the stimulated hemifield. BOLD signal was then compared across diagnoses using a
multifactorial random-effect ANOVA on rank-ordered data. Initially, five factors were
included in this analysis: subject group, region of interest, wedge size, stimulated hemiretina
(nasal vs temporal), and eye (amblyopic vs sound eye or worse vs better eye). There were no
significant effects of wedge size or hemiretina, so these factors were collapsed across
conditions. Wilcoxon tests were used to compare amblyopic to sound and control eyes for each
subject group, within each region of interest.
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Computation of Interocular Indices—The regions of interest defined above were also
used to quantify the difference in fMRI response between eyes at the individual subject level.
Two separate indices were defined, using the cortical vertices that were significantly activated
(p < 0.05).

Ocular Dominance Index: The dominance index (DI) was calculated as the difference
between the number of vertices activated by each eye, divided by the sum of the number of
vertices activated by each eye, ie, DI = (sound eye − amblyopic eye)/(sound eye + amblyopic
eye). A positive DI indicates more vertices activated by the sound eye, while a negative DI
indicates more vertices activated by the amblyopic eye. Better and worse eye were used in
place of sound and amblyopic eye for control subjects. The mean DI for each subject group
was compared with the control group using Wilcoxon tests.

Binocularity Index: A vertex was classified as binocular if monocular stimulation through
both eyes resulted in significant MR signal. The binocularity index (BI) was thus calculated
as the intersection divided by the union of vertices activated by each monocular stimulation,
ie, BI = (OS ∩ OD)/(OS ∪ OD).30 Unlike Lee et al,30 who calculated the binocularity index
using voxels in a volumetric region of interest, our index was calculated using vertices
intersecting the cortical surface. The mean BI for each diagnosis group was compared with the
control group using Wilcoxon tests.

Results
Psychophysics

Grating Acuity—Consistent with Snellen acuity (Table 1), grating acuity measures for sound
eyes were always better than for amblyopic eyes. For the control subjects, 5/6 eyes classified
as better had better grating acuity, because this was the definition. Across groups, amblyopic
subjects had decreased grating acuity in their impaired eyes compared with both controls and
their sound eyes (CTL= 0.78/0.84 min; STRAB = 0.94/1.49 min; ANISO = 0.84/1.24 min,
respectively, for better/worse eye). Consistent with previous work, amblyopic grating acuity
exceeded Snellen acuity (Table 1),45,46 which is known to have additional sensitivity to
higher-order effects such as crowding.47,48

Contrast Sensitivity—Contrast sensitivity in the amblyopic eyes of both groups was
depressed compared with control worse eyes at 2, 4, and 8 cpd, consistent with the commonly
reported higher spatial frequency deficit in amblyopia (Figure 1C).49–51 Multifactorial
ANOVA on rank-ordered data showed a main effect of spatial frequency (F = 22.9; p < 0.0001).
The pair-wise differences reached significance for anisometropic eyes at 4 cpd (CTL = 39.8
dB, ANISO = 32.5 dB; c = 4.05; p < 0.04), but not at other spatial frequencies. No other
significant differences were seen between amblyopic vs sound eyes or for sound vs control
better eyes for either patient group. Results were unchanged when we calculated the integral
of each subject’s sensitivity function.

Contour Integration—The 75% correct threshold level was interpolated for every subject.
Both eyes of strabismics were impaired compared to controls (Figure 1D) (weaker eye CTL =
3.5, STRAB = 1.8, c = 5.02; p = 0.02—better eye CTL = 3.6, STRAB = 2.2; c = 4.39; p =
0.03). These results are consistent with reports of impairments at this task in both strabismic
and sound eyes, independent of acuity.52 In contrast, no deficit was found for anisometropic
eyes compared with control eyes, although an interocular comparison approached significance,
as has been shown elsewhere (sound eye = 3.6, amblyopic eye = 3.3; c = 2.6; p = 0.07).35
Previous work has suggested that strabismic and anisometropic amblyopia can be distinguished
based on differences in higher-order visual functions such as vernier acuity and contour
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integration,53,54 so a greater impairment for strabismics was expected. Overall, these results
suggest that our strabismic and anisometropic subject groups are comparable to previous
studies.

Functional Magnetic Resonance Imaging
Fixation Stability and Head Motion—In order to provide a single index of fixation during
each scan, the standard deviation of horizontal gaze position was calculated for each subject.
Vertical gaze position was also measured, but was less variable between subjects, consistent
with the known pattern of fixational eye movements in amblyopes.55,56 Mean gaze position
variance was calculated from the raw eye position data after filtering for blinks. The means
did not significantly differ between amblyopic and control better eyes (CTL = 1.3°, STRAB
= 2.2°, ANISO = 2.0°), although more variability existed between subjects in the amblyopic
groups than in the control group (Figure 2A). Also, both amblyopic groups displayed somewhat
reduced mean fixation stability compared to controls. Interestingly, two of the strabismic
subjects actually had better fixation stability when viewing with their amblyopic eye (S2 and
S4), but all anisometropic subjects had better stability when viewing with their sound eyes.
Control subjects had similar fixation stability in both better and worse eyes. Review of fixation
task response data confirmed that all subjects provided feedback for > 75% of the trials, with
no significant differences in accuracy between the groups. Finally, head motion, estimated as
the mean vector magnitude of translational motion within each scan, did not differ between
eyes or groups.

fMRI Activation Maps—Qualitatively, for both eyes, stimulation in one hemifield of visual
space resulted in an increase in BOLD signal in the contralateral visual cortex in every subject,
consistent with the normal retinogeniculocortical projection. In 4/6 strabismics and 5/6
anisometropes, a clear preference for the sound compared with amblyopic eye was observable
in both hemispheres in both the extent and the magnitude of the activation pattern. Exceptions
S2 and S5 instead exhibited stronger activation from the nasal retina than the temporal retina
of each eye. The mild anisometrope A4 had stronger activation in both hemispheres in response
to stimulation of amblyopic than sound eye. In comparison, only 3/6 control subjects displayed
greater activation for their better eye.

Region of Interest Analysis of Signal Magnitude—Consistently reduced BOLD signal
was seen for the amblyopic or worse eye in most individual subjects (Figure 2B). The three
exceptions (S2, S5, and A4) were noted above. The multifactorial ANOVA (rank-ordered data)
revealed a main effect of diagnosis (CTL = 0.61%, STRAB = 0.50%, ANISO = 0.40%; F =
12.5; p < 0.0001), and a main effect of eye (sound/better eye = 0.57%, amblyopic/worse eye
= 0.44%; F = 13.6; p = 0.0003). At a group level, reduced signal for amblyopic eyes compared
to sound eyes was present for each condition, although none of these pair-wise Wilcoxon tests
were significant (Table 2). There was always reduced signal in amblyopic compared to control
worse eyes, and this was significant for strabismic eyes in FOV, and for anisometropic eyes
for FOV and V1EF (Table 2).

The comparison of nasal vs temporal hemiretina did not show any significant differences,
regardless of region of interest, eye, or subject group. There was not even consistently greater
signal magnitude from the nasal or temporal hemiretina for any group. With the exception of
the two strabismic subjects described above, there does seem to be any support for a hemiretinal
bias in this group of subjects under the current viewing conditions.

We determined if fixation stability correlated with the BOLD signal, even though it did not
significantly differ between groups. One significant linear correlation was found, between
signal magnitude in FOV and fixation variance for strabismic eyes (R2 = 0.92; p < 0.05), so in
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this case the reduced magnitude for strabismic eyes should be viewed with caution. However,
neither V1EF nor V2EF correlated with fixation for strabismics, nor did any of the regions of
interest for anisometropic subjects.

Finally, we tested for any linear correlation between BOLD signal and the subject’s
performance on visual acuity, grating acuity, contrast sensitivity, and contour integration.
However, none of these correlations were significant.

Region-of-Interest Interocular Indices
Ocular Dominance Index: In general, individual strabismic and anisometropic subjects
showed greater DI relative to control subjects (Figure 3A). The DIs for the control subjects
were distributed tightly around zero, indicating no consistent ocular dominance, at least in
number of activated vertices. In contrast, all but three of the amblyopic subjects showed sound
eye dominance, with positive DIs. Consistent with the region of interest magnitude results, the
exceptions were S2, S5, and A4. However, it is worth noting that all these subjects are mild
amblyopes, and S2 and S5 have no interocular refractive difference (Table 1). Despite the
variability between subjects, the anisometropic group had mean DIs which were significantly
more positive than controls, as did strabismics in V2EF (Table 2). Although DI was calculated
from signal extent (number of vertices), it also strongly correlated across all subjects with an
analogously calculated signal magnitude measure in FOV (R2 = 0.74; p < 0.00001), V1EF
(R2 = 0.73; p < 0.00001), and V2EF (R2 = 0.68; p < 0.0001), thus supporting the known
relationship between extent of activation and signal magnitude.

Binocularity Index: A wide range of individual BI values was seen for strabismic and
anisometropic subjects, overlapping somewhat with the BI distribution for control subjects
(Figure 3B). However, mean BIs both amblyopic groups trended smaller than for controls,
reaching significance for V1EF and V2EF of the anisometropic group and V2EF for strabismics
(Table 2).

Discussion
We show here that amblyopia and the associated interruption of early visual experience leads
to reduction in neural processing of visual stimuli, regardless of clinical etiology. Our study
improved upon previous work by using a relatively large number of subjects, monitoring
fixation, and individually defining retinotopic regions of interest on the flattened cortical
surface. Although our results were consistent with previous PET and fMRI studies that
suggested reduced recruitment of cortical neurons by amblyopic eye input, we found
impairments in evoked BOLD magnitude in V1 and V2 to be variable and of moderate size
when we compared mild-to-moderate amblyopes with carefully matched controls. These fMRI
measures did not relate strongly to any of our behavioral measures. These results are discussed
in turn below.

Fixation Stability
Given evidence that fixation stability can be impaired in amblyopia,55 it is a possible
confounding factor. However, we did not find significantly impaired fixation stability in our
amblyopes. Furthermore, fixation task performance was equivalent across groups, further
supporting our claim that fixation and attention were maintained throughout the experiment.
These measurements suggest that impaired fixation does not necessarily preclude meaningful
fMRI experiments in mild-to-moderate amblyopic subjects. In fact, this is the first
neuroimaging study of amblyopia to measure fixation. Finally, the lack of correlations between
fixation stability and fMRI measures in all but one case (STRAB, FOV) provides further
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argument against eye movements as a general confounding factor. While we cannot rule out a
small effect from fixation, we are confident that it does not generally explain our results.

Signal Magnitude Deficits
Overall, we report here a main effect of eye in fMRI signal magnitude. Given our stringent
inclusion of eye dominance in control subjects, it is notable that acuity-based eye dominance
was an effective predictor of interocular signal magnitude in controls (Figure 2), a novel result.
We do not claim that our method of assigning eye dominance extends to dominance for all
visual functions, but this implementation provided a conservative control for amblyopia. The
main effect of eye was apparent as group-level trends for both amblyopic subtypes, consistent
with previous PET22,23,57 and fMRI.25–27 Furthermore, amblyopic eyes showed group-level
trends for less signal than control eyes.

In general, these results did not distinguish between FOV, V1EF or V2EF; amblyopic eyes
produced lower signals in all regions-of-interest. This is consistent with the most recent
neuroimaging studies that carefully defined visual areas.26 Muckli et al28 found an unexpected
increase in activation for areas V1 and V2 for the amblyopic eye. We did not replicate that
result here, but there are many differences in the experimental paradigm. This study is the first
to define a separate region of interest for the central 2.5° of the visual field. This was done in
part because of the difficulty of reliably distinguishing visual area boundaries in the confluent
foveal representation, but also because of the selective impairment of central vision in
amblyopia. Nevertheless, we did not find a selective reduction in FOV. Future examination of
this issue might use stimuli with higher spatial frequencies or other viewing conditions.

We found that signals in V1 generally correlated with signal in V2, suggesting a common
source of impairment. Another important issue is the extent of correlation between signal in
V1, V2, and psychophysical measures. There is some suggestion that calcarine activation
correlates with visual acuity,22 but the majority of studies have not found correlations with
either visual acuity or contrast sensitivity.24,25,28,58 We also did not find significant linear
correlations between grating acuity, contrast sensitivity, or visual acuity and V1 or V2, with
our sample size. However, when we separated the amblyopic subjects according to the severity
of amblyopia, we did note that subjects S6 and A6, subjects with large acuity losses, exhibited
large BOLD reductions. Recent studies of human amblyopia have increasingly emphasized the
dysfunction of higher-level visual cortex in the parietal and temporal cortex.59,32 It may be
that many behavioral losses in amblyopia are better predicted by activation of these areas.28

This study focused on subjects with mild to moderate amblyopia, a result of our public
recruitment. In this context, we point out that some individual mild amblyopes could not be
reliably distinguished from the range of control subjects based on our fMRI measures. This is
a conclusion not readily apparent from the existing neuroimaging literature. It is also apparent
that our results did not differentiate anisometropic and strabismic subtypes. Future studies
could focus on more severe patients, separate patients based on factors other than clinical
diagnosis, or employ tasks that relate to other psychophysical deficits.

Nasotemporal Asymmetry
Studies of amblyopia have often shown greater impairments for the nasal retina, that is, visual
acuity and luminance detection,9 reaction time for suprathreshold light detection,60 and
increment thresholds.61 However, in some cases the opposite bias has been reported. 8,60,
62 Nevertheless, a disadvantage for the nasal retina has been clearly postulated to result from
constant, active suppression of input from the amblyopic eye’s nasal retina by the foveal region
of the sound eye’s temporal retina under binocular viewing conditions in esotropes.9 We thus
hypothesized that nasal retina stimulation might result in less fMRI activation. However, we
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found no evidence for this effect with our current methods. Future studies of this issue could
adopt viewing conditions that encourage greater interocular suppression or focus more
specifically on the oculomotor system.

Shifted Ocular Dominance
Although human post-mortem cases have not found abnormal ocular dominance column
periodicity,63,64 two recent neuroimaging studies demonstrated ocular dominance shifts in
V1 of human amblyopes. Goodyear et al65 used high resolution (0.5 × 0.5 × 3 mm) fMRI to
image ocular dominance columns in six strabismic adults, finding a 60/40 dominance ratio in
favor of the sound eye. In another study, Liu et al27 demonstrated dominance for the sound
eye in two anisometropic amblyopes with an alternate method that constructs voxel-based
ocular dominance histograms using the voxel-wise Student t-statistic for the left eye vs right
eye contrast. This is a somewhat remarkable result because the spatial resolution was lower
than the size of the normal ocular dominance columns in V1 (ie, 3–4 mm vs 0.5 mm), but
subjects with amblyopia may have more monocular segregation at the level of neural
populations than subjects with normal vision.66 We used a vertex-counting technique similar
to Goodyear et al65 but did not attempt to resolve individual ocular dominance column
boundaries. Our method, like that of Liu et al,27 pooled signals across multiple ocular
dominance columns to compute mean ocular dominance in larger cortical regions. Our results
agree qualitatively with these previous reports. However, these indirect “ocular dominance”
measures may have limited sensitivity compared to specific anatomical or electrophysiological
measures from single neurons, and may not address more subtle abnormalities in the balance
of excitation and inhibition or receptive field location.18,67 For example, in this study, several
individuals with amblyopia showed a balanced fMRI DI despite their interocular difference in
acuity. Moreover, our results depend upon viewing conditions and might change for conditions
favoring more or less interocular suppression.

Impaired Cortical Binocularity
We know from animal models of amblyopia that the number of binocularly driven cells is
reduced in V118,68,69 and perhaps reduced even further in extrastriate cortex.70,71
Binocularity has also been extensively studied in humans using psychophysics. In addition to
the typical severe loss of stereopsis, studies have demonstrated impaired binocular summation
and asymmetries in the strength of binocular inhibition between eyes.72,73 Visual evoked
potentials have confirmed this dissociation in both strabismic and anisometropic amblyopes.
74,75 A recent pair of fMRI papers has added to these results. Using a binocularity index similar
to ours, Lee et al30 reported impaired binocularity for strabismic (N = 6) and anisometropic
(N = 5) amblyopes in the calcarine region, while Algaze et al25 found reduced calcarine
binocularity for 5 amblyopic subjects of mixed diagnoses.

We improved upon these techniques by using vertices on the cortical surface, in multiple visual
areas. We found degraded binocularity in our amblyopes, although not as severe as previously
reported. Moreover, we obtained similar results for V1 and V2. Since we did not use a binocular
viewing condition, we divided the intersection by the union of monocularly driven vertices.
Our index does not account for the possibility of interocular suppression under natural viewing
conditions, so we potentially overestimated binocularity. On the other hand, it should be noted
that in these experiments the nontested eye viewed a homogeneous gray screen, and this
condition may allow more suppression than in experiments that employ occlusion of that eye.

None of our subjects could be classified as having early onset (infantile) strabismus or
anisometropia, which might be expected to lead to even greater impairments of binocularity.
Nevertheless, we demonstrated that our subject cohort shows significant impairment of
stereopsis and have demonstrated other binocular deficits previously.31 Given that the
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development of binocularity may extend well into childhood,76 impairments are expected even
with later onset etiologies. The fact remains, however, that many strabismic subjects showed
a severe loss of stereoacuity without a reduced BI, highlighting the limitations of this measure.
We know that cortex beyond areas V1 and V2 plays a critical role in binocular perception,
77,78 so studies of higher-level areas in subjects with amblyopia represents an important goal
for the future.
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Fig. 1.
Psychophysical Testing. A. Depiction of stimuli in 2-alternative-forced-choice contrast
sensitivity test. B. Depiction of stimuli in contour integration test. C. Contrast sensitivity
functions for strabismic and anisometropic subjects show deficits in the higher spatial
frequency range. D. Contour integration is impaired at all levels for both amblyopic and sound
eyes of strabismic subjects.
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Fig. 2.
fMRI Fixation Stability and BOLD Signal Magnitude. A. Upper right inset shows depiction
of hemifield stimulus. The subject maintained fixation on the central “arrowhead” target.
Fixation stability is shown for each group. No significant differences of fixation stability are
seen for either intergroup or interocular comparisons. Group mean (open bars) and individual
data are shown (from left-to-right, strabismic, anisometropic, and control). Saturated colors
correspond to the better/sound eye (BE/SE) and lighter shades to the worse/amblyopic eye
(WE/AE). Calibration error resulted in lack of eye tracking data in two strabismics (S5, S6),
one anisometrope (A5), and two controls (C2, C3). B. Mean BOLD signal magnitude is
depressed for every intergroup and interocular comparison, although a few amblyopic patients
do not follow this trend (S2, S5, and A4, see text for details). There is also a consistent trend
for less signal magnitude in control worse versus better eyes. Asterisks indicate significant
intergroup differences.
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Fig. 3.
Ocular Dominance and Binocularity Index by Group and ROI. A. Group data is shown for each
region of interest (from left-to-right, strabismic, anisometropic, and control). Mean DI is shifted
toward the sound eye for strabismic and anisometropic groups. B. Mean BI is reduced in all
ROIs for strabismic and anisometropic amblyopes. Asterisks indicate significant differences.
Labeling conventions are the same as in Fig. 2.
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