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n a previous article,1 we described a functional mag-
etic resonance imaging (fMRI) technique at 1.5 T
magnetic field strength) that could be used to study
rimary visual cortex (V1) in patients with amblyopia.
ur methodology characterized the distribution of

ye dominance of voxels (small volumes) in V1 based
n the Student t statistic in an OS-versus-OD con-
rast. Only control individuals were studied, and the
echnique was found to be sensitive to neutral-density
ltering but relatively insensitive to visual blur. In the
resent study, the eye dominance of voxels in V1 in 2
atients with anisometropic amblyopia and 1 patient
ith monocular suppression was studied using this

echnique. The eye-dominance histograms were
hifted toward the unaffected eye, and the magnitude
f the change seemed to be correlated with the visual
cuity deficit in the amblyopic eye. Our technique
omplements other fMRI methodologies,2-7 including
6 that was recently described in this journal and is
ow being used to study cortical abnormalities asso-
iated with amblyopia.

ETHODS

wo volunteer subjects with anisometropic amblyopia
ages 11 and 13) and 1 volunteer subject with monocular
uppression (age 33) were studied, and each signed a con-
ent form approved by the Institutional Review Board of
he Children’s Hospital of Philadelphia. Patient demo-
raphics and ophthalmic history are shown in Figure 1.
We described the details of the fMRI methodology in

ur previous article.1 Briefly, a 1.5-T MRI scanner (Sie-
ens; Erlangen, Germany) was used to obtain T2*-
eighted echo planar images (voxel size 3.75 � 3.75 � 5
m3) of area V1. Epochs consisted of right eye (OD), left
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ye (OS), and both eyes (OU) stimulation with a 1-cycle/
egree checkerboard (8 Hz), and rest periods. Monocular
timulation was achieved by using a red filter over the OD
nd a green filter over the OS and alternating identical
lters over the video projector lens. A 0.9-log neutral-
ensity filter over the OS was used to make the stimuli to
ach eye equiluminant. In the 2 subjects with amblyopia
nd the 1 subject with monocular suppression, the full
efractive correction was given in the amblyopic eye. The
ye dominance of each voxel within each subject’s V1 was
etermined using the Student t statistic from the OS-
ersus-OD contrast. Eye-dominance distribution was
lotted, and the mean Student t statistic was used to
escribe the histogram asymmetry. Total time in the MRI
canner for each subject was approximately 30 minutes.
ecause of the relatively older ages of the subjects, all were
ble to cooperate for the study.

ESULTS

he results are displayed in Figure 1. For comparison, the
esults in a control individual are also shown.

ISCUSSION

n the 2 patients with anisometropic amblyopia (Figure 1B
nd C), the eye-dominance histogram was shifted toward
he sound eye, and the shift was more pronounced in the
atient with the poorer acuity. In our original article,1 the
verage mean Student t value for the control subject un-
ergoing this test paradigm was �0.13 (SD �0.34).
herefore, the mean Student t values for the 2 subjects
ith anisometropic amblyopia (�0.92 and �2.47, respec-
ively), which were �2 SD from the mean in the control
ubject, can definitely be considered abnormal. The pa-
ient with accommodative esotropia, monocular suppres-
ion OS, and relatively normal visual acuity (OD) had no
elative shift in the histogram. The mean Student t value
f this subject (�0.21) was not abnormal.
Thus, these data, albeit small in number, suggest that

he eye-dominance histogram shifts toward the sound eye
n patients with amblyopia. Although the amount of shift
ppeared to be related to visual acuity, our previous study
howed that visual blur alone (created artificially in control
ubjects) does not shift the eye-dominance histogram sig-
ificantly. In fact, the mean Student t value (�0.92) of our
rst subject with milder amblyopia (20/70) was still
Journal of AAPOS
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lightly greater than any of the control subjects visually
lurred to 20/200 (range of mean Student t values �0.26
o �0.81). Therefore, there must be some other patho-
hysiologic mechanism other than visual blur underlying
he shift in the ocular-dominance histogram in these pa-
ients with amblyopia. The exact nature of this mechanism
s unclear. It is possible that the abnormality lies within
eurons in V1. However, because of connections from
xtrastriate cortex on V1, alternatively, the defect may be
ocated outside of the primary visual cortex.
There are many real and potential drawbacks to this

tudy as well as the original one. The subjects with am-
lyopia were younger than most of the original article’s
ontrol subjects who were primarily college and graduate
tudents. Younger individuals (age range 10�40) not be-
ng able to sit still for the testing would lead to compro-
ised data. However, the young subjects we included in
he current study were able to remain still for the testing.
reating an fMRI template using binocular stimulation
ay not be valid in patients with amblyopia because there
ay be a decrease in binocular interaction in their visual
ortex. An alternative template using a logical OS-versus-
ff or OD-versus-off technique may have been preferable.
inally, the statistical cutoff for defining the regions of
nterest is somewhat arbitrary. A z score cutoff of 4.0 is
onservative for visual cortex stimulation.
There are also ways to improve our studies. For in-

tance, it would have been desirable to have more subjects
lurred and filtered in the original control study to en-
ance its statistical power. In addition, an ideal control for

IG 1. Eye-dominance distributions in visual cortex using fMRI at 1
istogram asymmetry. (A) Control subject with relatively symmetric
t al. Eye dominance in visual cortex using functional MRI at 1.5 T
nisometropic amblyopia. (D) Subject with accommodative esotro
ercentage of n; x-axis: ocular dominance number (1 � OS domina
ubjects 1 and 2 would have been a subject with anisome-
ropia but no amblyopia.
Other groups of investigators have used fMRI tech-
iques to study cortical abnormalities in patients with
mblyopia. Although each has approached the problem
lightly differently, to some extent abnormalities in V1
ctivation were shown in all. Goodyear et al2 found a
ecreased number of activated voxels in V1 when the
mblyopic eye was stimulated. Barnes et al3 studied 10
ubjects with strabismic amblyopia and found decreased
1 activation when affected eyes viewed high-contrast
timuli. Lee et al4,5 used reversing checkerboards in sub-
ects with strabismus and anisometropic amblyopia. They
ound that fewer voxels in V1 were activated by both eyes
uring monocular stimulation in patients with strabismic
mblyopia than in subjects with anisometropic amblyopia,
nd they attributed this to a loss of binocular interaction.
n contrast, subjects with anisometropic amblyopia had
ecreased primary visual cortex activation when the af-
ected eye was stimulated by higher spatial frequencies
ompared with patients having strabismic amblyopia.4,5

lgaze et al6 found decreased levels and areas of activation
n amblyopic eyes. They also determined that the differ-
nce between monocular and binocular responses in sub-
ects with amblyopia was larger than that observed in
ontrol subjects. fMRI at a spatial resolution of the cortical
olumns showed that patients whose amblyopia developed
uring infancy showed a decreased number of pixels
ithin the visual cortex activated by stimulation of the
ffected eyes.7 In contrast, patients with late-onset ambly-

amblyopia. The mean Student t statistic was used to describe the
ution. (Reprinted with permission from Liu GT, Miki A, Goldsmith Z,
lternative method. J AAPOS 2002;6:40-8). (B and C) Subjects with
number of voxels analyzed; mt: mean Student t statistic; y-axis:

OD dominant).
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pia (developed after 2 years of age) showed lack of the shift
n ocular dominance in the unaffected eye. This finding
uggests that the effect of early-onset and late-onset ambly-
pia on ocular dominance columns may be different.
Our study confirms that fMRI, which is noninvasive

nd nonradioactive, offers temporal and spatial resolution
or studying the eye dominance of small volumes of visual
ortex in patients with amblyopia by measuring the rela-
ive activation by stimulation of the OS or OD. Our
pproach may have future usefulness in the further study
f amblyopia in humans.
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