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Abstract

especially in the visual network remain unclear.

healthy controls (HCs).

found in the primary visual network (PVN).

Background: Amblyopia (lazy eye) is one of the most common causes of monocular visual impairment. Intensive
investigation has shown that amblyopes suffer from a range of deficits not only in the primary visual cortex but
also the extra-striate visual cortex. However, amblyopic brain processing deficits in large-scale information networks

Methods: Through resting state functional magnetic resonance imaging (rs-fMRI), we studied the functional
connectivity and efficiency of the brain visual processing networks in 18 anisometropic amblyopic patients and 18

Results: We found a loss of functional correlation within the higher visual network (HVN) and the visuospatial
network (VSN) in amblyopes. Additionally, compared with HCs, amblyopic patients exhibited disruptions in local
efficiency in the V3v (third visual cortex, ventral part) and V4 (fourth visual cortex) of the HVN, as well as in the PFt,
hIP3 (human intraparietal area 3), and BA7p (Brodmann area 7 posterior) of the VSN. No significant alterations were

Conclusion: Our results indicate that amblyopia results in an intrinsic decrease of both network functional
correlations and local efficiencies in the extra-striate visual networks.

Keywords: Amblyopia, fMRI, Resting state, Extra-striate cortices, Visuospatial network, Graph analysis

Introduction

Amblyopia (lazy eye), fundamentally a neurological dis-
order, is characterized by reduced vision in an otherwise
normal eye with the presence of an amblyogenic factor,
including early child strabismus (ocular misalignment),
anisometropia (difference in refractive error), or ametro-
pia (large symmetric refractive errors) and, more rarely,
image deprivation (for review, please see Holmes and
Clarke [1]). Extensive neuronal physiological studies
have found wide-spread within-cortex neural dysfunc-
tions in amblyopic animal models, including a loss of
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binocularity in V1 [2], an alteration in the excitatory-
inhibitory balance of cortical binocular cells [3], disruption
of neuronal receptive-field structures [4], and a degrad-
ation of neuronal signals [5]. There is also human imaging
evidence that amblyopes have abnormal human middle
temporal cortex (hMT) response to pattern motion [6],
object-related abnormality in high-order occipitotemporal
cortex [7], reduced neural adaptation effects in visual cor-
tices [8] and reduced fidelity of spatial representation to
the amblyopic eye’s stimulation [9]. Given the fact that the
brain is an extraordinarily complex and highly organized
network in which dysfunction can spread easily between
linked cortices [10, 11], it is so far unclear how the brain
neural network is altered by amblyopia.

The analysis of resting-state functional magnetic res-
onance imaging (rs-fMRI) provides an effective way to
assess the brain’s spontaneous activity and connectivity.
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Brain regions showing synchronized fluctuations during
rs-fMRI form the intrinsic connectivity networks (ICNs),
which have been demonstrated to provide the physio-
logical basis for cortical information processing, and to
be able to abstract and suspend performance influences
combined with various neurological diseases [12]. In re-
cent years, the graph theoretical analysis, which defined
a graph as a set of nodes (brain areas) and edges (struc-
tural or functional connectivity), provided a powerful
tool to examine the topological organization of complex
brain networks [13-16]. Through these approaches, hu-
man brain networks have become an optimum small-
world and economical topology [17], represented in
characteristics of high global and local efficiency of par-
allel information processing at a low connection cost
[18]. Since then, graph theory analysis has been widely
and successfully used to explore the brain network
architecture in development and neurological diseases,
e.g., maturation [19], aging [20], schizophrenia [21],
obsessive-compulsive disorder [22], and so on. However,
only few rs-fMRI studies investigated amblyopic intrinsic
functional connectivity e.g., Ding, Liu [23] found altered
connectivity between the primary visual cortex (V1) with
the cerebellum and the inferior parietal lobule; Wang, Li
[24] have figured out decreased functional connectivity
density in the visual ICNs of amblyopic children; and
Mendola, Lam [25] have revealed abnormal retinotopic-
ally organized functional connectivity of visual areas in
amblyopia. It remains unknown whether and how the
local efficiency of the brain network evolves from the
amblyopes’ abnormal visual experiences.

Here, we measured rs-fMRI to assess 3 ICNs in the
visual information processing in 18 healthy volunteers
and 18 anisometropic amblyopes: the higher vision net-
work (HVN), the primary visual network (PVN), and the
visuospatial network (VSN). Both the intra- and inter-
network functional connectivity, as well as the network
local efficiency of the visual ICNs were studied. Our re-
sults suggest widespread disturbances of functional con-
nectivity and local efficiency in the extra-striate visual
networks in amblyopia.

Materials and methods

Participants

A group of adult anisometropic amblyopes (n = 18, mean
age: 23.7 + 1.9 years old) and a group of healthy controls
(n =18, mean age: 25.2 + 1.8 years old) participated. An-
isometropia was defined as refraction differing by 1.0 di-
opters (D) or more for the two eyes; amblyopia was
defined as reduced visual acuity (>0.1 LogMAR) an
otherwise normal eye due to abnormal visual experience
early in life. A brief summary of participants’ clinical
data is provided in Table 1. A comprehensive eye exam-
ination was carried out by a clinician (the author LF) at
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Table 1 Clinical characteristics of the amblyopes and healthy

controls
Amblyopes Healthy controls
N 18 18
Age (years)
Mean + SD 23.7+19 252+18
Minimum: median: maximum 20: 24: 27 23:25:29
Sex
Female: male 6:12 4:14
Best Corrected visual acuity (logMAR)
Mean =SD
Fellow (dominant) eye 0.01£0.06 0.00£0.03
Amblyopic (nondominant) eye  0.59+£0.23 0.02+0.04
Minimum: median: maximum
Fellow (dominant) eye —0.08: 0.00: 0.10  —0.08: 0.00: 0.10
Amblyopic (nondominant) eye  0.30: 0.56: 1.00  0.00: 0.00: 0.10

the First Affiliated Hospital of Anhui Medical University.
No strabismic or eye-pathological cases were reported in
the participating individuals. Healthy controls had nor-
mal or corrected to normal visual acuity (< 0.1 logMAR)
in both eyes. All subjects were naive as to the purpose of
the experiment. A written informed consent was ob-
tained from each participant after explanation of the na-
ture and possible consequences of the study. This study
complied with the Declaration of Helsinki and was ap-
proved by the University of Science and Technology of
China’s Research Ethics Committee.

Image acquisition

The collection of magnetic resonance images was per-
formed using a 3.0 T (Signa HDx; GE Healthcare, Illi-
nois, United States) scanner with an eight-channel head
coil. Foam padding and earplugs were used to minimize
participants’ head motion and reduce scanner noise.
Each scanning session began with an acquisition of
high-resolution three-dimensional T1 weighted images
using an MP-RAGE sequence (TR =2300 ms; TE =2.94
ms; flip angle = 9°% 176 slices; voxel size=1x1x 1 mm?).
The resting state functional scans were T2*-weighted,
gradient-echo, planar images (TR = 2000 ms; TE = 28 ms;
flip angle=72% 40 slices; voxel size=3x 3x 3 mm?).
While acquiring resting state images, patients were
instructed to keep both eyes closed and to think of noth-
ing in particular.

MRI data analysis

For fMRI data, preprocessing was applied by using Ana-
lysis of Functional Neurolmages (AFNI) software tools
(Medical College of Wisconsin, Milwaukee, W1, USA;
Cox [26]). The first five images of each resting state
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session were discarded. Each subject’s fMRI data were
registered first to his/her anatomical raw data by linear
and quadratic registration. This was followed by slice-
timing correction, head motion correction, spatial
Gaussian smoothing with a kernel width of 6 mm at half
maximum (FWHM), as well as temporal detrending re-
spect to the head motion and order 3 polynomial drift
correction. Then, all the images were normalized to the
Montreal Neurological Institute (MNI) ICBM152 and
were resliced by 3.0 x 3.0 x 3.0 mm?® voxels. The motion
was assessed and the time points with framewise dis-
placement over 0.2 mm were censored. Data was further
filtered with temporal band pass 0.01~0.10 Hz. A regres-
sion of motion parameters and their derivatives were ap-
plied, and the residual error time series were obtained
for further analysis.

Our network nodes were constructed by 19 Regions of
interest (ROIs) (Fig. 1, Richiardi, Altmann [27]), part of
the Willard 499 ROIs, constituting the primary visual
network (PVN), higher visual network (HVN), and
visuospatial network (VSN); these ROIs were asymmet-
rically distributed across the brain. ROI labels were in
line with brain anatomy by matching the ROI center co-
ordinates to the AFNI Anatomy Toolbox. Functional
connectivity between ROIs were calculated using multi-
variate distance correlation [28]: For example, suppose
areas A and B had ¢ time-points, and v, and vp voxels,
respectively. First, z-transfer was applied to each voxel’s
time course by its mean and variance; then, the Euclid-
ean distance, d4.;,» and dp,; ., between each pair of
time points ¢ and ¢2 was computed for each region:

dang = \/Z:A:l (A

v,tl_Av.,tZ)2 th,t2 =1,..,t

(1)

dpnm = \/Zil (Bv,tl_Bv,tZ)z ViLt2=1,....t (2)
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U-centering was applied to set row and column means
to zero.

1 t 1 t 1 t
Dann = { dA.zl,zZ*EszldA N ZqzldA.qArz + m ZpAq:IdA'q'py tl=£2
0,t1 =1t2
(3)

The distance correlation, dCor, was then computed as
follows:

dCor(A, B) { \/dCov A B)/+\/dVar(A)dVar(B),dCov(A, B)

dCov(A,B)<0
(4)

where dCov was distance covariance and dVar was dis-
tance variance.

dCov(A,B) = 1/t(¢- 3)2;l P Pan oD (5)

avar(A) =1/¢(t-3)Y ., Dhne (6)

The method is similar to the well-established univari-
ate functional connectivity analysis [28], but allows infer-
ence based on multivoxel information within each ROI
rather than the averaged global BOLD time series. The
distance correlation, a metric of multivariate dependence
of high dimensional vectors [29], is more reliable and ro-
bust than univariate methods [30, 31].

Network edges were obtained by Fisher-transformed
distance correlation (z = 0.5In[(1 + dCor)/(1- dCor)],
where dCor is the distance correlation between the time
series of each ROJ resulting in a 19*19 functional correl-
ation matrix for each subject. These matrices were fur-
ther used for the network analysis and for graph
theoretical analysis using the GRETNA toolbox [32].
The nodal local efficiency is defined as the harmonic
mean of the inverse of the /, which is the minimum

®HVN

20mm

Fig. 1 An illustration of the 19 ICN ROIs from the three ICNs (HVN, PVN, and VSN) employed in our study

36mm

®VSN
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value of the sum of weights over all possible paths be-
tween the immediate neighborhood nodes of the node:

1 1
Ejocar = NG,v (NGi_l) Zi,kEGi 117 (7)
where the subgraph G; is defined as the set of nodes that
are directly connected by a single edge to the ith node,
and Ng; is the number of nodes in the G; [18].

The functional connectivity analysis was conducted by
the programs in the MATLAB (MathWorks, Natick,
MA). The correlation between network node and other
node within one network (HVN, PVN, or VSN) is de-
fined as intra-network connectivity, whereas the correl-
ation between a node of a given network and that of
another network is defined as the inter-network con-
nectivity. Fisher transformation was applied to intra-and
inter-network matrices of each subject to yield mean
Fisher-transformed correlation values. The group differ-
ences in average intra-network or inter-network were
assessed by the repeated-measured analysis of variance
(ANOVA), and the false-discovery-rate (FDR) corrected
t-test, with p-value corrected according to the Algo-
rithm 2 by Storey [33]. Linear correlation analysis were
also applied to assess the relationship between the visual
acuity and the network connectivity of the amblyopes.
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To characterize network efficiency, the local efficiency
(LE) of each visual ICN node was computed as a function
of the minimum path length between regions [18]. A series
of sparsity threshold (0.2 < sparsity <0.8, interval = 0.05)
were applied to measure the individual correlation matrices,
for there was no gold standard for selecting a proper single
sparsity threshold. The LE at each sparsity was calculated
and the area under the curve (AUC) for LE was employed
to be a summarized scalar [14]. Group differences in AUC
of LE (aLE) of each network node were reported after FDR-
corrected t-test ([FDR-corrected] P < 0.05) separately.

Results
Functional connectivity analysis
Figure 2 shows the results of the functional connectivity
analysis for amblyopes (Fig. 2a) and healthy controls
(HG; Fig. 2b). As expected, both the HC and the ambly-
opic matrices showed more positive correlations within
each network than those between networks. The ambly-
opic matrix (Fig. 2a) showed generally reduced correla-
tions compared with the HC matrix (Fig. 2b). This
difference was apparent in correlation difference matrix
(Amblyopia minus HC) shown by Fig. 2c.

For the intra-network connectivity, we used a mixed-
design repeated-measured ANOVA, with group (amblyopes
vs. HCs) as the between-subject factor and with intra-
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Fig. 2 ICN nodes connectivity and group differences. 19-19 matrices were computed in all ROIs for all ICNs in amblyopes (@) and healthy controls (b). The
nodes are grouped by ICNs. The intra-network connectivity is plotted as diagonal colored blocks and the inter-network connectivity is plotted as off-diagonal
blocks. The group differences are plotted with 19-19 matrices () and bar graphs (d/e). Error bars represent standard deviations; *: P < 0.05, FDR corrected
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network connectivity (HVN, PVN, and VSN) as the within-
subject factor. ICN nodes connectivity was significantly dif-
ferent between these two groups (F (1,34) = 4.21, P = 0.048);
such group difference existed in all the three intra-network
conditions, as the interaction between the group and the
intra-network was not significant (F (2,68) = 0.15, P = 0.86).
Two-sample t-test of each ICN further showed that
the connectivity within the VSN (t (34) = - 2.64, Un-
corrected [FDR corrected] P= 0.0124 [0.037]) and the
HVN (t (34) =-2.29, Uncorrected [FDR corrected]
P= 0.0284 [0.043]) were significantly decreased in
amblyopes (Fig. 2d).

Secondly, we performed a mixed-design repeated-
measured ANOVA, with group (amblyopes vs. HCs) as the
between-subject factor and with inter-network connectivity
(HVN-PVN, HVN-VSN, and PVN-VSN) as the within-
subject factor. Connectivity was significantly different
across the inter-network pairs (F (2,68) =31.2, P< 0.001),
while neither the between-group effect (F (1,34) =1.17,
P= 029) nor the interaction effect (F (2,68)=1.21,
P= 0.31) was significant. No significant alteration of be-
tween network connectivity was observed in amblyopes
(Fig. 2e) after the FDR corrected t-test. We then applied
Pearson’s correlation analysis and found that neither intra-
network connectivity nor inter-network connectivity
showed any significant correlation with the corrected visual
acuity in the amblyopes (P > 0.5).

The local efficiency analysis

To further investigate the effects of amblyopia within
the visual ICNs, we conducted a local efficiency analysis.
In Fig. 3, we plotted the averaged visual ICNs of
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amblyopes (Fig. 3a) and the HCs (Fig. 3b). The visual
ICNs of both groups demonstrated small-world network
architecture and the local efficiencies at the extra-striate
cortices were significantly decreased in amblyopes, evi-
denced by the smaller node size illustrated in Fig. 3. A
mixed ANOVA, with group (amblyopes vs. HCs) as the
between-subject factor and with network nodes as the
within-subject factor also showed that there was a sig-
nificant difference between groups (F (1,34)=6.27,
P= 0.017) and nodes (F (18,612) =2.6, P<0.001). We
further conducted a series of t-tests (amblyopes vs.
healthy controls) across all the 19 visual ICN nodes. The
t-test analysis showed that the aLE at the IPFt, 1hIP3,
IBA7p, rhIP3, IV3v, rV3v, and rV4 were significantly
smaller in amblyopes than that in healthy controls
(Table 2).

Discussion

Our principal finding is that anisometropic amblyopes
suffer from a decrease of intra-network functional con-
nectivity and local efficiency within the brain extra-
striate cortices. To our limited knowledge, this study is
the first demonstration of an intrinsic alteration of the
brain extra-striate visual networks in adult amblyopes,
which suggests an underlying pathological process en-
gaged in amblyopia.

Our analysis included distance correlation to assess
functional connectivity [29]. This multivariate method
was similar to the standard univariate functional con-
nectivity method in obtaining correlations between brain
ROIs from resting state fMRI data [30]. Furthermore,
the distance correlation, by using multivariate patterns

a Amblyopia

£

Fig. 3 A widespread of extra-striate cortices showed significant decrease of aLE in the amblyopia. The LE was calculated at a series of sparsity
threshold (0.2 < sparsity < 0.8, interval = 0.05), and the area under the curve (AUC) for LE (aLE) was obtained as a summarized scalar. FDR-
corrected t-test showed a significant decrease of aLE in IPFt, IhIP3, IBA7p, IV3v, rhIP3, rV3v, and rV4 (labelled with arrows) of the amblyopia
(smaller node sizes) (a) and healthy controls (b). Note that a sparsity of 0.35 was used here for illustration, with the sizes of the nodes
proportional to the aLE of each node and ICNs labeled with different colors

b HC
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Table 2 MNI coordinates, cortical regions, and the effect of amblyopia on the alLE of each node
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ICN MNI Cortex Amblyopia t-test HCs
(P = Uncorrected [FDR corrected])

VSN 276,55 IFEF 0402 t=-057, P= 05723 [0619] 0423
VSN —-45,-39,47 IPFt* 0.361 t=-2.64, P=0.0125 [0.034] 0.414
VSN —-33,-55,46 lhiP3* 0.353 t=-2.66, P=0.0118 [0.034] 0.406
VSN —24,-73,45 IBA7p* 0.372 t=-2.73, P=0.0099 [0.034] 0.434
VSN —27,61,56 IBA7a 0.368 t=-1.26, P= 02148 [0.292] 0.398
VSN —48,5,33 1BA44 0.368 t=-2.11, P=0.0420 [0.073] 0419
VSN —4821,21 IBA45 0408 t=-1.01, P= 03196 [0.405] 0.446
VSN —52,-68,-11 I 0.376 t=-229, P= 00284 [0.067] 0437
VSN 27,359 rFEF 0.361 t=-2.12,P=10.0411[0.073] 0438
VSN 30,-61,49 rhiP3* 0.348 t=-2.78, P=0.0087 [0.034] 0.400
VSN 48,-30,44 rPFt 0.390 t=-0.19, P=0.8509 [0.851] 0.396
VSN 48,8,30 rBA44 0.395 t=-161,P=0.1167 [0.171] 0443
VSN 48,-61,-18 T 0392 t=-1.98, P= 00562 [0.089] 0442
HVN -30,-90,-12 IV3v* 0.365 t=-2.69, P=0.0110 [0.034] 0.438
HVN 27,-92,-16 rvV3v* 0.363 t=-3.22, P=0.0028 [0.034] 0.436
HVN 42,-83,-16 rv4* 0.383 t=-2.76, P=0.0093 [0.034] 0.441
HVN 219711 v2 0393 t=-2.13, P=0.0408 [0.073] 0471
PVN 0-81,6 V1 0.368 t=068, P=0.5025 [0.597] 0343
PVN -12,-62,-0 V1 0381 t=0.55, P=0.5866 [0.619] 0354

(bold * indicates significance, P < 0.05, FDR corrected)

MNI Montreal Neurological Institute, aLE area under the curve for local efficiency, ICN intrinsic connectivity networks, HCs healthy controls, VSN visuospatial

network, HVN higher visual network, FDR false discovery rate

to measure the dependences between two brain regions,
could effectively detect the non-linearity while avoiding
any within ROI signal averaging. The method is capable
of encoding information of associations between brain
areas that was lost by averaging [31, 34]. We have also
employed a pre-computed group-level brain network par-
cellation, which represents the functional organization of
the brain, and is integrally correlated with genes linked to
synaptic function [27].

An important step in understanding how the abnormal
visual experience of amblyopia influenced visual neural
network is the generation of a map of the connectivity
architecture of the brain. The application of network sci-
ence and graph theory has enabled detailed descriptions
of how disease affects the brain [12—16]. Through diffu-
sion tensor imaging (DTI), amblyopic brain structural
connectivity studies have found increased mean diffusivity
(MD) in thalamo-cortical visual pathways [35] and vertical
occipital fasciculus [36], as well as decreased fractional an-
isotropy (FA) in the optic radiation, inferior longitudinal
fasciculus/inferior fronto-occipital fasciculus and superior
longitudinal fasciculus [37]. Previous rs-fMRI works have
reported altered connectivity between the primary visual
cortex (V1) with the cerebellum and the inferior parietal

lobule [23], decreased functional connectivity density in
the visual ICNs in amblyopic children [24], as well as dis-
rupted retinotopically functional connectivity of visual
areas in amblyopes [25]. Through network analysis, our
present work further delineated the amblyopic deficits in
visual network architectures. The observed reduction in
the present work suggests that amblyopes have a less effi-
cient visual network compared with that of healthy
controls.

A previous study has observed impaired visual func-
tional connectivity in amblyopia while processing the
visual information from the amblyopic eye [38]. By
using rs-fMRI, we were able to extend the observa-
tion to the intrinsic functional connectivity, i.e., no
visual inputs. We demonstrated reduced intra-
network correlations within the HVN. The deleterious
effects of amblyopia on HVN could also be localized
in terms of reduced local efficiency of V3v and V4.
Since the local efficiency shows how efficient the pro-
cessing is between the immediate neighbors of a node
when the node is removed, it reveals the degree of
fault tolerance of the system [39]. Thus, the results
suggest that the V3v and V4 were intrinsically less
fault tolerant in amblyopes and can be interpreted to
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have a more fragile visual system intolerant to fault
or conflicting information inputs [40, 41].

Furthermore, our results suggest a loss of functional
connectivity within the VSN of amblyopes, as well as a
reduction of local efficiency of the VSN nodes (hIP3, PFt
and BA7p). The VSN are cortices that deal with process-
ing of spatial working memory, visually guided action,
eye movements and navigation [42]. The hIP3 has been
found to be highly structurally and functionally con-
nected to the visual cortex and plays an important role
in attentional selection between peripherally presented
stimuli [43]. The PFt participates in the action observa-
tion and imitation network [44], and the BA7p is a key
hub of the VSN bridging to the executive network [45].
Wang, Crewther [46] have found that when amblyopes
viewed visual motion stimulus through amblyopic eyes,
both the activation and the functional connectivity of
VSN were weaker compared to that while viewing
through their fellow eyes. Through intrinsic functional
network analysis, our results suggested that the ambly-
opic deficits reflected impaired neural synchronizations
within the visuospatial network nodes. This is consistent
with a recent study of pathological perturbations to
widespread white matter fiber tracts in amblyopia [47].
Our results of reorganization of the visuospatial network
that is remote from the primary visual cortex suggest
functional pathological cascades encompassing large
swathes of the visuospatial system in amblyopia. How-
ever, the question of how architecture alterations of the
visual networks are linked to amblyopic clinical deficits
requires further investigation.

Conclusions

In summary, we compared the visual ICNs of amblyopes
with those of normal observers and found decreased
intra-network functional connectivity and local efficiency
in some brain areas within the visual ICNs. These find-
ings suggest that amblyopes suffer from a reduction of
both internal neural functional connectivity and local ef-
ficiency within extra-striates and visuospatial networks.
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