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Abstract

area, volume and mean curvature).

surface parameters and clinical variables.

Background: Amblyopia is generally considered a neurodevelopmental disorder that results from abnormal visual
experiences in early childhood and may persist to adulthood. The neural basis of amblyopia has been a matter of
interest for many decades, but the critical neural processing sites in amblyopia are not entirely understood. Although
many functional neuroimaging studies have found abnormal neuronal responses both within and beyond V1, few
studies have focused on the neurophysiologic abnormalities in the visual cortex from the viewpoint of potential struc-
tural reorganization. In this study, we used a well-validated and highly accurate surface-based method to examine
cortical morphologic changes in the visual cortex using multiple parameters (including cortical thickness, surface

Results: The cortical thicknesses of the bilateral V1, left V2, left ventral V3, left V4 and left V5/MT+ in patients were
significantly thinner than that in controls. The mean curvature of the bilateral V1 was significantly increased in the
patients compared with the controls. For the surface area and gray matter volume, no significant differences were
found between patients and controls in all region of interests. The cortical thicknesses of the bilateral V1 were both
negatively correlated with the amount of anisometropia. No significant correlations were found between any other

Conclusion: In addition to cortical thickness, the altered mean curvature of the cortex may indicate neuroanatomic
impairments of the visual cortex in patients with anisometropic amblyopia. Moreover, the structural changes were
bilateral in the primary visual cortex but were unilateral in the secondary and more senior visual cortex.
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Background

Amblyopia is a developmental disorder of vision that
is believed to follow from abnormal binocular inter-
actions or visual deprivation during early life [1]. It is
typically divided into different categories based on the
eye disorder responsible for disrupting visual develop-
ment, and anisometropic amblyopia is one of the most
common types [2]. However, amblyopia is attributed
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to neurological abnormalities in the brain rather than
abnormalities in the eye [1].

In the past few decades, significant abnormalities have
been found that promoted our understanding of the
neural mechanisms of amblyopia, but the critical neural
processing sites in amblyopia remain unclear. A number
of studies have shown no significant anatomic or physi-
ologic deficits in the retina [3]. Extensive neuroimaging
studies have found the loci and extent of cortical dys-
functions in amblyopic patients using techniques such
as positron emission tomography, functional magnetic
resonance imaging (fMRI) and magnetoencephalography
with a variety of visual stimuli [4]. Most recently, several
resting-state fMRI studies have found altered functional
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connectivity and spontaneous brain activity patterns in
the visual areas in individuals with anisometropic ambly-
opia [5, 6].

Although many functional neuroimaging studies have
found abnormal neuronal responses both within and
beyond V1, only a few studies have focused on the neu-
rophysiologic abnormalities of the visual cortex from the
viewpoint of potential structural reorganization. Two
studies with the voxel-based morphometry (VBM) tech-
nique have indicated that adults and children with ambly-
opia have reduced gray matter volume in visual cortical
regions [7, 8]. Subsequently, through the cortical thick-
ness approach, a comparison between amblyopic patients
and normal controls found cortical thinning of occipital
lobe in anisometropic amblyopic children [9]. However,
these results were based on a rough anatomic atlas so
that they cannot reflect accurate structural alterations in
each visual area. Meanwhile, all these studies were con-
fined to imprecise methods (i.e., VBM approach) [10] or
a unitary parameter (i.e., gray matter volume or cortical
thickness), which may have reduced the persuasiveness
of their findings. Moreover, none of these studies exam-
ined the relationship between brain structural alterations
and clinical measurements.

In the present study, a well-validated and highly accu-
rate surface-based method [11] was therefore used to
examine cortical morphologic changes in the visual
cortex using multiple parameters (including cortical
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thickness, surface area, volume and mean curvature).
Additionally, the correlations between the morphologic
parameters in these visual areas and clinical measure-
ments were also investigated.

Results

Demographic and clinical variables

The demographic characteristics and clinical variables
are presented in Table 1. No significant differences were
found in age, sex, education, laterality of the amblyopic/
nondominant eye between the patients and controls.
In the patients, the corrected visual acuity (cVA) of the
amblyopic eye was significantly lower than that of the fel-
low eye, whereas there was no significant difference in
cVA between the dominant and nondominant eyes in the
controls. In addition, the patients showed significantly
more amount of anisometropia than controls. Moreover,
no significant difference was found in retinal nerve fiber
layer (RNFL) thickness between the amblyopic and fellow
eyes in the patients.

Surface parameters

The differences in each surface parameter (cortical thick-
ness, surface area, cortical volume and mean curvature)
of each region of interest (ROI) between the patients and
controls are shown in Fig. 1. The patients showed signifi-
cantly thinner cortical thickness than the controls in the
bilateral V1, left V2, left ventral V3, left V4 and left V5/

Table 1 Demographic and clinical variables of the participants

Characteristics Patients (n=20) Controls (n=20) Pvalue
Age (years) 2520+£994 26.70£7.40 0.591°
Gender (male/female) 9/11 8/12 0.749°
Education (years) 12.95+3.03 13.80+2.38 0.330°
Amblyopia/nondominant eye of control (left/right) 12/8 16/4 0.168°
cVA (LogMAR)

Amblyopic eye (nondominant eye of control) 0.70 (0.70) 0(0.08) <0.001¢

Fellow eye (dominant eye of control) 0(0.08) 0(0.08) 0.975°

Pvalue <0007 >0.999¢ -
Amount of anisometropia (diopter) 2.75(1.88) 0.13(0.94) <0.001¢
RNFL thickness (um)

Amblyopic eye 102.80+£12.15 - -

Fellow eye 105.00£12.63 - -

Pvalue 0.268° - -

The measurement data are expressed as the mean =+ standard deviation and median (inter-quartile range) for the normality and nonnormality data, respectively. The

enumeration data are expressed as frequency number

cVA corrected visual acuity, LogMAR logarithm of the minimum angle of resolution, RNFL retinal nerve fiber layer

? The P value was calculated using independent-samples t tests
b The P value was calculated using the Chi-square test

¢ The P value was calculated using Mann-Whitney U test

94 The P value was calculated using Wilcoxon's signed rank test

€ The P value was calculated using paired-samples t test
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Fig.1 The dlfferences in each surface parameter (cortical thickness, surface area, cortical volume and mean curvature) ofeach ROl between the

patients and controls (*P<0.05, **P <0.01, ***P<0.001)

MT+ (P<0.05/5, Bonferroni correction). The mean cur-
vature of the bilateral V1 were significantly increased in
patients compared with the controls (P<0.05/5, Bonfer-
roni correction). Although the mean curvature of the
left V2, left ventral V3, left V4 and left V5/MT+ seemed
to increase in the patients compared with the controls
(P<0.05), the results did not survive after Bonferroni
correction (P>0.05/5). For the other surface parame-
ters, such as the surface area and gray matter volume, no

significant differences were found between patients and
controls in all ROIs.

Correlation
The cortical thicknesses of the bilateral V1 were both

negatively correlated with the amount of anisometropia
in the patients (Fig. 2). No significant correlations were
found between any other surface parameters and any of
the clinical variables.
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Fig. 2 The correlation between the cortical thicknesses of the bilateral V1 and the amount of anisometropia quantified by the binocular difference
in spherical equivalents

Discussion

In the present study, we analyzed the morphological
alterations in the visual cortex in patients with aniso-
metropic amblyopia using a structural MRI technique
combined with the SBM approach. We compared the
cortical thickness, surface area, volume and mean curva-
ture of the visual cortex between amblyopic patients and
normal-sight controls. The significantly thinner thickness
of several visual areas in patients was generally consist-
ent with the results of previous studies. The mean cur-
vature of the same visual areas seemed to increase in the
patients compared with the controls, while none but the
mean curvature alterations in the bilateral V1 showed
statistical significance. In addition, the cortical thick-
nesses of the bilateral V1 were negatively correlated with
the amount of anisometropia.

The human visual cortex can be divided into several
functional visual areas (such as V1, V2, V3) based on
its inherent retinotopic organization [12]. It is generally
agreed that the earliest functional and structural abnor-
malities that contribute significantly to the behavioral
losses in amblyopia occur in V1. The pioneering work of
Wiesel [13] and extensive subsequent work have demon-
strated that abnormal visual experience results in func-
tional alterations in the bilateral V1 both in animals and
humans [4]. Our results that the amblyopic patients had
significantly thinner cortical thickness in bilateral V1
further demonstrated the abnormalities in V1 from the
standpoint of structure. Meanwhile, the results were con-
sistent with the previous studies using the similar analy-
sis methods [9] or the VBM approaches [7, 8]. Compared
with functional impairments, the structural deficits could
directly reflect neuron loss in primary visual cortex.
Moreover, we found that in the amblyopic patients, the
cortical thicknesses of the bilateral V1 were negatively
correlated with the amount of anisometropia, which

might support the hypothesis that amblyopia arises from
interocular suppressive interactions.

In addition, previous fMRI studies have found that vis-
ual dysfunctions occur beyond V1 in senior areas such as
V2, V3, V4 and V5 or middle temporal complex (MT+)
[14, 15]. Our results also found structural abnormali-
ties in these visual areas, which provided anatomic evi-
dence for senior visual dysfunction, such as color vision
defects [16] and visuomotor deficits [17], in patients
with amblyopia. It is noteworthy that in our results, the
cortical thinning occurred unilaterally (primarily in the
left hemisphere) in V2, V3, V4 and V5/MT+. Similarly,
previous VBM studies also found structural abnormali-
ties mainly in the left hemisphere [8, 18]. Since occipital
lobe asymmetry has been reported in previous studies
[19, 20], the more prominent anatomic differences on
the left side between the amblyopic patients and controls
could be due to differences in the maturation rate of the
extrastriate cortex between the bilateral hemispheres.
Moreover, the patients enrolled in this study were all
right-handed, although they had amblyopia in either
the left or the right eye. In the majority of right-handed
humans, the left hemisphere is the language-dominant
hemisphere. Previous studies have found that literacy will
affect the early and senior visual areas, and the effects are
mainly concentrated in the senior visual areas, especially
for Chinese readers [21, 22]. Meanwhile there is quite lit-
tle evidence that amblyopic reading is slower and more
crowded [23, 24]. Therefore, the abnormal reading expe-
riences might have resulted in the thinner cortical thick-
nesses of the left senior visual areas in the right-handed
Chinese patients with amblyopia. These results suggest
that laterality might exist in the development of senior
areas of the visual cortex in patients with amblyopia.

In this study, we found that the mean curvature alter-
ations were in the visual areas in which the cortical
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thickness was thinning, and the mean curvature of these
visual areas seemed to increase in patients compared to
controls. Curvature is a well-defined geometrical prop-
erty that quantifies the nature and degree to which a sur-
face deviates from being flat. Mean curvature can reflect
folding of the small secondary and tertiary folds on the
surface, and it has been used to study many neurodegen-
erative diseases [25, 26] to provide valuable insights into
their multifactorial etiology. When cortical degeneration
occurs in amblyopia, the imbalanced cortical thickness
reduction in each visual area transformed the visual cor-
tex from a flat into an uneven surface. The uneven sur-
face gained spatial complexity and resulted in increased
mean curvature. However, the mean curvature altera-
tions showed statistical significance only in the bilateral
V1. These results suggest that the curvature of the visual
cortex may be another imaging marker that can indi-
cate heterogeneous neural degeneration in patients with
anisometropic amblyopia but not as precisely as corti-
cal thickness. Moreover, no significant correlations were
found between the mean curvature and any of the clinical
variables in this study. It may indicate that the impact of
clinical factors on the mean curvature was less obvious
than that on the cortical thickness in patients with ani-
sometropic amblyopia. In addition, as only three clinical
variables were measured in this study, we might miss the
potential clinical factors which could impact the mean
curvature of the visual cortex. Regarding the surface
area and cortical volume, we did not find a significant
difference in these two surface parameters between the
patients and controls in any visual areas.

The present study has several limitations. First, the sample
size is quite small and only the older patients (older than age
of 16) without effective treatment are recruited in the cur-
rent study, which should make our results be regarded as
preliminary. Larger populations and more clinical details,
especially the treatment effect, are required to detect more
accurate cortical reorganization in amblyopes. Second, only
the first five (V1-V5) visual areas were analyzed in this
study, and the visual areas were based on an anatomical
atlas rather than retinotopic maps. Further studies should
include more visual areas and use retinotopic approaches.

Conclusion

Our results suggested that in addition to cortical thick-
ness, the altered mean curvature of the cortex may indi-
cate the neuroanatomic impairments of the visual cortex
in patients with anisometropic amblyopia. Moreover, the
structural changes presented bilaterally in the primary
visual cortex, while the changes were unilateral in the
secondary and more senior areas of visual cortex.
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Methods

Participants

This study was approved by the Ethics Commit-
tee of Southwest Hospital. Written informed consent
in accordance with the Declaration of Helsinki was
obtained from all participants or their legal guard-
ians. The method for participants recruitment has
been described in our previous work [6]. Patients were
recruited based on the criteria in the Expert Consen-
sus on Amblyopia Diagnosis (2011) from the prac-
tices of collaborating ophthalmologists in Southwest
Hospital, and normal-sight controls were recruited
from the local community via advertisement. In total,
20 monocular anisometropic amblyopic patients and
20 normal-sight, age-, sex- and education-matched
controls were enrolled in the study. All participants
received comprehensive eye examinations that included
assessments of visual acuity, cycloplegic refraction,
intraocular pressure, simultaneous vision, fusion fac-
ulty, stereoscopic vision and slit lamp examination.
Furthermore, all patients underwent optical coher-
ence tomography (OCT) both for the amblyopic eyes
and fellow eyes. Detailed information for the patients
and controls is listed in Table 1. The patients mainly
received occlusion therapy several years ago, but none
of them obtained effective treatment. As the treatment
outcomes were consistent in all patients, the treatment
details were not described in the study. All participants
were right-handed and had no history of strabismus,
other ocular diseases, neurological disorders, or MRI
contraindications.

Data acquisition

MRI data were acquired at the Department of Radiology
in Southwest Hospital via a 3.0 Tesla MR scanner (Trio
Tim system; Siemens, Erlangen, Germany). A twelve-
channel head coil was used as the radio frequency signal
receiver. Tight but comfortable sponges were used to fix
the head within the coil to minimize head motion, and
a headset was used to reduce scanner noise. All par-
ticipants were required to keep their eyes closed while
remaining awake, and to keep their heads motionless dur-
ing the scanning. Structural images were acquired using
a magnetization-prepared rapid gradient echo imaging
sequence with the following scan parameters: repeti-
tion time =2530 ms, echo time=2.34 ms, flip angle=7°,
matrix=192 x 256, field of view=256 x 256 mm?, slice
thickness=1 mm, and slice gap=0.5 mm. A whole
brain was composed of 192 high-resolution T1-weighted
images in a sagittal view. The scan time was approxi-
mately 8 min.
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Data preprocessing

All preprocessing procedures for the MRI data were
performed with our previously described methods [26,
27] via the FreeSurfer software package (version 5.3.0,
http://surfer.nmr.mgh.harvard.edu). Cortical recon-
struction and volumetric segmentation were automati-
cally processed using the following procedures: removal
of nonbrain tissue, Talairach transformation, segmenta-
tion of gray/white matter tissue, intensity normaliza-
tion, and topological correction of the cortical surface
and surface deformation to optimally place the tissue
borders. After creating the cortical representations, the
ROIs were parceled based on visual field maps V1-V5.
The delineation of the V1 label was based on the study
by Hinds et al. [28] and corresponded to Brodmann
area (BA) 17, the V2 label was described by Fischl et al.
[29] and corresponded to BA18, and the V5/MT+ label
was based on the work of Malikovic et al. [30] and
located close to the intersection of the anterior occipi-
tal and the inferior lateral occipital sulci in the region of
the temporo-occipital junction. In addition, the ventral
V3 and V4 labels were based on the Juelich histological
atlas in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlas
es/Juelich), as the V3 and V4 labels are not available in
FreeSurfer. The FSL templates were transformed into
surface labels and manually corrected according to the
description by Rottschy [31]. The ventral V3 is buried
deep in the collateral sulcus and the V4 is located on
the lateral bank of this sulcus but also reaches the fusi-
form gyrus in the occipital section. The dorsal V3 was
not delineated here because there are differing views
regarding its anatomical location and additional subdi-
visions [12]. To avoid overlap among these labels, they
were all thresholded at 80% probability (Fig. 3). Corti-
cal thickness was calculated as the shortest distance
between the gray matter (GM) and white matter (WM)
surfaces at each vertex across the cortical mantle. The
surface area was calculated as the area of the interme-
diate layer between the GM and WM surfaces. The gray

v \'/

Fig. 3 TheV1,V2, ventral V3,V4 and V5/MT+ labels in the left
hemisphere with a threshold at 80% probability

Bventraivd Bva BV5MT+
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matter volume at each vertex was determined by calcu-
lating the product of the surface area and the thickness
at each surface vertex. The mean curvature was the
average of the two principle curvatures (1/radius of an
inscribed circle), and higher values represented a more
steeply peaked curvature. Finally, we measured the
average cortical thickness, surface area, cortical volume
and mean curvature of all vertices in each ROL

Statistical analyses

Group differences in age and years of education between
patients and controls were compared using independ-
ent two-sample t-tests, and sex differences were analyzed
with Chi-square tests. Group differences in laterality of
amblyopic/nondominant eye were compared using the
Chi-square test. Interocular differences in RNFL thickness
in patients were compared using paired sample t-test. As
for other clinical variables, the cVA was converted to the
logarithm of the minimum angle of resolution (LogMAR)
values, the refractive power was expressed as spherical
equivalent which was calculated as the sphere plus half of
the cylinder, and the amount of anisometropia was quan-
tified by the difference value of the binocular refractive
power. Subsequently, Wilcoxon’s signed rank tests and
Mann—-Whitney U tests were performed to compare the
paired and independent data, respectively. Differences in
surface parameters (cortical thickness, surface area, corti-
cal volume and mean curvature) between the patients and
controls were compared using independent samples t-test
with the following covariates: age, gender and gray mat-
ter volumes. Moreover, to determine whether the clinical
variables correlated with any surface parameters, Pearson
and Spearman rank correlation analyses between the clin-
ical variables and the surface parameters were performed.
The clinical variables included cVA of the amblyopic eyes,
RNFL thickness, and the amount of anisometropia. All
statistical analyses were performed using SPSS software
(version 18.0; SPSS, Inc., Chicago, IL, USA) with a statisti-
cal significance setting at 0.05, and Bonferroni correction
was used to determine the statistical significance level
when multiple tests were performed in ROIs of the ipsilat-
eral hemisphere.

Abbreviations

fMRI: functional magnetic resonance imaging; SBM: surface-based morpho-
metry; VBM: voxel-based morphometry; ROI: region of interest; cVA: corrected
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area; GM: gray matter; WM: white matter.
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