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Abstract 

Purpose: To detect the functional deficit of the visual cortex in anisometropic amblyopia 
children using functional magnetic resonance imaging (fMRI) technique, and investigate the 
relationship between visual acuity and visual cortex function.  

Methods: Blood oxygenation level-dependent fMRI (BOLD-fMRI) was performed in ten 
monocular anisometropic amblyopia children and ten normal controls. fMRI images were 
acquired in two runs with visual stimulation delivered separately through the sound and 
amblyopic eyes. Measurements were performed in cortical activation of striate and ex-
trastriate areas at the occipital lobe. The relationship between cortex function and visual 
acuity was analyzed by Pearson partial analysis.  

Results: The activation areas of both the striate and extrastriate cortices in the amblyopic 
eyes were significantly lower than that of the sound fellow eyes. No relationship was found 
between the striate and extrastriate cortex activation. No relationship was found between 
the visual cortical activation of striate, extrastriate areas and visual acuity of anisometropic 
amblyopes.  

Conclusions: BOLD-fMRI revealed the independent striate and extrastriate cortical deficits 
in anisometropic amblyopes. In addition, the visual acuity lesion and the striate and ex-
trastriate cortical deficits were not parallel, and results of fMRI examination have much po-
tential value in the evaluation of amblyopia. 
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Introduction 

Amblyopia is characterized by poor or indistinct 
vision in an eye. It is one of the most common disor-
ders of the visual system in childhood, affects 1–5% of 
the population, and is generally associated with a 
history of strabismus, anisometropia, or 
form-deprivation in early life [1]. Amblyopia is a de-
velopmental problem in the brain, not an organic 
problem in the eye. The part of the brain correspond-
ing to the visual system from the affected eye is not 
stimulated properly, and develops abnormally.  

Blood oxygenation level-dependent (BOLD) 
functional magnetic resonance imaging (fMRI) is a 
widely used brain mapping technique, which can be 
used to evaluate the neural activity in the brain by 
measuring the blood flow to the local vasculature. 
More recently, fMRI has enabled the noninvasive in-
vestigation of brain cortical function in human am-
blyopia. It has been found that amblyopia is associ-
ated with lesions in the striate cortex (Brodmann areas 
17) and lateral geniculate nucleus (LGN) [2-4].  
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Table 1. Summary of clinical data on the amblyopes. 

Patient NO. Amblyopic eye Gender Age 
(yrs) 

BCVA Diopter difference 

OD  OS 

1 OS  M  9 20/20 1/20 3.5 

2 OS  F  8 20/20 8/20 4.0 

3 OD M  8 3/20 20/20 5.5 

4 OD  F  7 5/20 30/20 5.0 

5 OS  F  11  20/20 3/20 3.0 

6 OS  F  6 24/20 3/20 5.0 

7 OS M  5 22/20 6/20 4.5 

8 OD M  6 4/20 24/20 4.0 

9 OS M  7 22/20 3/20 3.75 

10 OD F  9 4/20 22/20 4.25 

OD: right eye; OS: left eye; M: male; F: female; BCVA: best corrected visual acuity; ID: interocular difference. 

 
 
Generally, ophthalmologists make a diagnosis of 

amblyopia and then determine the degree of them 
primarily based on the best corrected visual acuity 
(BCVA).  However the diagnosis of amblyopia may 
not consider the possibility of an organic lesion caus-
ing decreased visual acuity, and this must always be 
excluded before the diagnosis of amblyopia is made. 
In the present study, we investigated how closely the 
results of BOLD-fMRI examination accorded with 
those for visual acuity in anisometropic amblyopia, 
and determined the relationship between signs re-
vealed by BOLD-fMRI and results of visual acuity 
examination.  

Subjects and methods 

Subjects 

Ten subjects aged 5-11 years with anisometropic 
amblyopia were recruited from the Eye Clinic at 
Southwest Hospital, Third Military Medical Univer-
sity, Chongqing, China. The clinical data on the pa-
tients are summarized in Table 1. A control group of 
ten subjects aged 5-12 years with no known visual 
defects was recruited from the Gaotanyan Primary 
School in Chongqing, China. The normal control sub-
jects had 20/20 acuity or better in both eyes when 
corrected. No other optical ailments or severe sys-
temic diseases were found in any of the subjects. The 
study was approved by the Medical Research Ethics 
Committee of the hospital. Written informed consent 
was obtained from all participants. 

Stimuli 

In the present study, a reversible black and white 
checkerboard was designed and displayed by E-prime 
software. Each check subtended a visual angle of 0.5° 

(one cycle/degree). The frequency of the checker-
board reversal was 8 Hz. The contrast and luminance 
values of each condition were measured using a Mi-
nolta CS-100 Chroma Meter (Osaka, Japan). With this 
block design paradigm, the alternating checkerboard 
stimulus was back-projected via an NEC MultiSync 
MT820 LCD video projector onto a translucent screen 
on the scanner bed. The checkerboard contrast was 
identical for every eye of the patients and normal 
controls with the value of 30%. The control task, rep-
resenting the ‘resting-state’ measurements, consisted 
of a solid white cross-centered on a black background. 
An angled mirror, positioned above the subjects’ eyes, 
provided a full view of the screen. Subjects wore liq-
uid crystal display shutter glasses (Translucent 
Technologies) and viewed the screen monocularly 
before the start of each fMRI acquisition run. An ex-
perimental session typically consisted of 3 acquisition 
runs per eye.  

fMRI imaging acquisition 

Imaging was performed on a Siemens Sonuta 1.5 
Tesla MRI scanner. The subject’s head was immobi-
lized using a vacuum pillow and a helmet which was 
positioned onto the same platform. The BCVA of each 
subject was acquired using lenses during the experi-
ments. Twenty axial images were taken parallel to the 
anterior commissure and commissural posterior line, 
which was identified with the aid of a sagittal local-
izer anatomical image. Two separate fMRI scans were 
performed on the sound eye and on the amblyopic 
eye. Each scan contained 4 resting-state blocks, inter-
leaved with 3 stimulation-state blocks. Functional 
image data were acquired with an echo-planar imag-
ing sequence [64×64 matrix, 220×220 cm field of view, 
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echo time (TE) 40 ms, volume repetition time (TR) 
3000 s, flip angle 90°]. The duration of the resting- and 
stimulation-state presentations within each block was 
30 s. This time was suitable for the BOLD signal to 
return to baseline post-stimulation. The acquisition 
runs and sequence of the amblyopia and fellow sound 
eyes were randomized and counterbalanced between 
all subjects. At the end of the experiment, for ana-
tomical detail, a high-resolution (1×1 mm2) image was 
acquired using a three-dimensional, T1-weighted 
MPRAGE imaging sequence (256×256 matrix, inver-
sion time 50.5 s, TE 56.3 ms, TR 511.7ms, flip angle 
11°).  

Data analyses 

The analyses were performed for each subject 
and each eye separately. All data were analyzed of-
fline by AFNI software [5]. The first three scans of each 
functional run were discarded due to start-up mag-
netization transients in the data. In order to exclude 
voxels lying outside the head, only those functional 
voxels above a certain mean intensity level were in-
cluded in the functional analysis procedure. During 
the data processing, motion correction and 
three-dimensional smoothing were used for all the 
data. Activation maps were calculated by comparing 
images acquired during the stimulation and resting 
states, using an unpaired Student’s t-test with a 
threshold of 2.4 (P < 0.01) [6]. With the aid of anatomi-
cal reference images [7], regions of interest (ROI) were 
selected for analysis, which included the striate and 
extrastriate cortices, the borders and domains of 
which were defined automatically by the AFNI soft-
ware. There is no standard anatomical template for 
children in literature. In order to compensate for var-
iations of global signal caused by sessions, ages and 
individual difference, the imaging data are fitted to 
the standard Talairach template. After normalization 
of functional images to Talairach coordinates, the 
volume of significantly activated voxels within the 
ROI was used to compare the neuronal activity in-

duced by visual stimulation through the sound eyes 
and the amblyopic eyes.  

In our study, the visual acuity of the sound eyes 
in amblyopic children was unaffected, so we assumed 
that the cortex activation of sound eyes was normal. 
We adopted the interocular difference (ID) as an index 
of the difference between amblyopic and sound eyes: 
ID = SE – AE / SE, where SE and AE are the sound 
eye’s and amblyopic eye’s sight (activation area), re-
spectively. The correlation between the ID of striate 
and extrastriate cortex (ESC) activation and the visual 
acuity deficits was analyzed using Pearson partial 
analysis. 

All data were expressed as mean  standard er-
ror. Statistical significance was determined using 
paired Student’s t-test (two-tailed) for comparing two 
data sets. A probability (P) value of P < 0.05 was con-
sidered statistically significant. 

Results 

For the control group, there was no statistically 
significant difference between the striate and ex-
trastriate cortical activation of the two eyes (t = -0.704, 
-0.896; P = 0.499, 0.394; Table 2, Fig. 2). 

For amblyopic eyes, the activation area of the 
striate cortex (0.45 ± 0.035) was significantly lower 
than that of the sound eyes (0.49 ± 0.030, P < 0.05). The 
activation area of the extrastriate cortex (3.55 ± 0.234) 
was also significantly lower than that of the fellow 
eyes (3.77 ± 0.257, P < 0.05; Fig. 1, 3). The cortex acti-
vation data are summarized in Table 3. The ID of ex-
trastriate cortex activation had no correlation with 
that of the striate cortex (R2 = 0.45, P = 0.557), which 
suggested the striate and ESC deficits are independent 
and the latter do not arise as a down-stream conse-
quence of the primary visual cortex lesion. 

For amblyopic eyes, there was no correlation 
between the IDvisual acuity and either the ID striate cortex (R2 

= 0.003, P = 0.89) or the IDextrastriate cortex (R2 = 0.002, P = 
0.899). The visual acuity lesion and functional deficits 
of the striate and extrastriate cortices were not       
parallel. 

 
 

Table 2. The activation area of the visual cortex by both eyes of the normal control group (pan-voxel). 

No:  1 2 3 4 5 6 7 8 9 10 

Left eyes Striate cortex 0.43 0.47 0.51 0.48 0.46 0.53 0.46 0.44 0.52 0.48  

Extrastriate cortex  3.42 3.69 3.29 3.42 3.66 3.34 3.35 3.47 3.69 3.67 

Right eyes Striate cortex 0.47 0.46 0.53 0.52 0.54 0.49 0.47 0.45 0.46 0.48 

Extrastriate cortex 3.33 3.46 3.60 3.36 3.65 3.30 3.49 3.68 3.75 3.84 
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Table 3. The activation area of the visual cortex by amblyopic eyes and sound eyes of the amblyopia group (pan-voxel). 

No:  1 2 3 4 5 6 7 8 9 10 

Amblyopic eyes           

Striate cortex* 0.40 0.47 0.48 0.45 0.51 0.48 0.42 0.41 0.44 0.43  

Extrastriate cortex #  3.11 3.34 3.38 3.76 3.74 3.70 3.61 3.67 3.36 3.81 

Sound eyes           

Striate cortex 0.48 0.52 0.52 0.53 0.55 0.48 0.47 0.46 0.48 0.48 

Extrastriate cortex 3.67 4.19 3.51 3.86 4.14 3.59 3.61 3.77 3.43 3.91 

*P < 0.05 vs. sound eyes; #P < 0.05 vs. sound eyes. 

 

 

Figure 1. The demarcation of brain occipital lobe. A: Striate cortex; B and C: Extrastriate cortex. 

 

 

Figure 2. Representative cortex activation relative to baseline of both eyes of the control group. There is no significant difference in 

activation between the two eyes (P > 0.05). A: Cortex activation of left eye; B: Cortex activation of right eye. Areas with high and low 

activation are indicated by red and green colors. 

 

Figure 3. The activation map of the amblyopic and sound eyes relative to baseline for amblyopic children. The activation areas of the 

amblyopic eyes are much less than that of the sound eyes in striate and extrastriate cortex (P < 0.05). A: Activation map of amblyopic eyes; 

B: Activation of the sound eyes. Areas with high and low activation are indicated by red and green colors. 
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Discussion 

Vision is a developmental sensory function and 
is relatively poor at birth. Through proper visual 
stimulation in the early months and years of life, a 
normal acuity can be achieved at approximately three 
years of age. If for reasons such as strabismus, ab-
normal refractive error, congenital cataract or some 
other condition the stimulation of the visual receptor 
cells is anomalous, vision will not develop properly, 
and therefore amblyopia arises. 

It has been long admitted that amblyopia is a 
failure of the cortical developmental process [8, 9], alt-
hough the exact extent of the visual cortex deficit is 
unknown. As a result, a rich body of literature from 
psychophysical studies of human amblyopes and 
neurophysiologic studies in amblyopic animals has 
reported sites of visual cortical deficit [10-12]. The recent 
development of sophisticated imaging technologies 
such as fMRI allows researchers to image neuronal 
activity in real time and provides valuable insight into 
the causes of amblyopia [13, 14]. This has helped us un-
derstand the nature of the disease more intuitively. It 
has been found by fMRI that there is a distinct func-
tional lesion in the striate cortex and LGN for stra-
bismic and anisometropic amblyopia [15-17]. When the 
amblyopic eye was stimulated, the activation of the 
striate cortex and LGN was lower than that of the 
fellow eye, which indicated that both strabismic and 
anisometropic amblyopes had abnormal cortical rep-
resentations of foveal stimuli, and the amblyopic eye 
was deficient in driving the striate cortex [18]. Reduced 
cortical activation was associated with amblyopic eyes 
at both spatial frequencies and contrast sensitivity 
[19-21].  

Previously, striate cortex deficits have been de-
fined by fMRI. There is also evidence of anatomical 
deficits in extrastriate cortex in anisometropic chil-
dren which are more marked than in strabismic chil-
dren or adult amblyopes[22-24]. However until now 
studies regarding relationship of striate and extrastri-
ate cortex deficit and BCVA have been few, and 
whether extrastriate deficits simply follow the loss of 
striate function is unclear. In this study we detect the 
functional deficit of the visual cortex in anisometropic 
amblyopia children using fMRI technique, and inves-
tigate the relationship between visual acuity and vis-
ual cortex function. There is evidence not only for marked 

brain growth between ages, but also differential expansion 

of occipital compared to many other cortical regions [25]. 
So it is difficult to study and compare striate and ex-
trastriate cortex activation of different individuals. 
Because the brain is bilateral, the cortical areas re-
sponsible for both eyes should be equal and 

symmetrical. In this study we compared the cortical 
activation of amblyopia eyes with the fellow sound 
eyes, not that of the normal controls. We found re-
duced activation in extrastriate areas of children with 
anisometropia which were independent of the deficits 
in primary visual (i.e., striate) cortex. Moreover, the 
visual acuity lesion and the cortex activation changes 
of the striate or extrastriate cortices were not parallel. 
As the first study of the relationship between BCVA 
and cortical activations in amblyopic children, in our 
work only cases with midrange to severe visual acuity 
losses were included. In the future we will examine 
larger cohorts of children covering wider degrees and 
types of amblyopia. 

In the present study, we examined, for the first 
time, striate and extrastriate cortical function in chil-
dren with amblyopia using BOLD-fMRI and explored 
its relationship with visual acuity. We found that ex-
trastriate cortex dysfunction was associated with an-
isometropic amblyopia and, more importantly, it was 
not simply a downstream consequence of striate cor-
tical loss. The visual acuity lesion and the cortex acti-
vation changes were not parallel and fMRI examina-
tion did not accord with the visual acuity examina-
tion. FMRI examination has much potential value in 
the evaluation of amblyopia. 
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