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ARTICLE INFO ABSTRACT

This study investigated changes in intra- and inter-regional functional connectivity (FC) in individuals with
retinitis pigmentosa (RP) by using regional homogeneity (ReHo) and FC methods. Sixteen RP individuals and 14
healthy controls (HCs) underwent resting-state functional magnetic resonance imaging scans (fMRI). A com-
bined ReHo and FC method was conducted to evaluate synchronization of brain activity. Compared with HCs, RP
individuals had significantly lower ReHo values in the bilateral lingual gyrus/cerebellum posterior lobe (LGG/
CPL). In FC analysis, the RP group showed decreased positive FC relative to the HC group, from bilateral LGG/
CPL to bilateral LGG/cuneus (CUN) and to left postcentral gyrus (PosCG). In contrast, the RP group showed
increased negative FC relative to the HC group, from bilateral LGG/CPL to bilateral thalamus, and decreased
negative FC from bilateral LGG/CPL to right middle frontal gyrus (MFG), and to left inferior parietal lobule (IPL).
Moreover, ReHo values of the bilateral LGG/CPL showed negative correlations with the duration of RP. FC
values of the bilateral LGG/CPL-left IPL showed negative correlations with best-corrected visual acuity (BCVA)
of the right eye and left eye in RP individuals. Our results reveal reduced synchronicity of neural activity changes
in the primary visual area in RP individuals. Moreover, RP individuals showed intrinsic visual network dis-
connection and reorganization of the retino-thalamocortical pathway and dorsal visual stream, suggesting im-
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paired visuospatial and stereoscopic vision.

1. Introduction

Visual deprivation may cause experience-dependent plasticity in the
human brain. Previous studies have demonstrated functional and
morphological reorganization of the visual area in blind individuals
(Jiang et al., 2009; Park et al., 2009; Yu et al., 2008). Additionally,
plastic changes in auditory, sensorimotor, and language cortices have
been associated with blindness (Gizewski, Gasser, de Greiff, Boehm, &
Forsting, 2003; Jiang, Stecker, Boynton, & Fine, 2016; Sabbah et al.,
2016). Partial blindness also leads to cross-modal plasticity in the
human brain. Notably, a retinotopic map exists in the primary visual
area (V1). Various neuroimaging studies have demonstrated that per-
ipheral and central vision loss have different patterns of visual pro-
cessing in the visual area (Burnat, Hu, Kossut, Eysel, & Arckens, 2017;
Dilks, Julian, Peli, & Kanwisher, 2014; Masuda et al., 2010). Sabbah
et al. reported that individuals with peripheral visual loss showed al-
tered functional connectivity (FC) in V1 (Sabbah et al., 2017). Sig-
nificantly increased FC between language and visual areas has been
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found in retinitis pigmentosa (RP) patients with peripheral visual loss
and blindness (Sabbah et al., 2016). Cunningham et al. reported that RP
patients had significant cross-modal plasticity in the visual cortex
(Cunningham, Weiland, Bao, Lopez-Jaime, & Tjan, 2015; Cunningham,
Weiland, Bao, & Tjan, 2011). Additionally, Ferreira et al. found that
visual cortical remapping was observed in the RP patients (Ferreira
et al., 2017). However, it is largely unknown whether peripheral visual
loss causes altered intra- and inter-regional FC at rest.

RP individuals provide a unique model to investigate intra- and
inter-regional changes in FC following peripheral visual loss. RP is an
inherited retinal degeneration characterized by progressive loss of the
peripheral visual field (VF). The worldwide prevalence of RP is ap-
proximately 1 in 4000 (Hartong, Berson, & Dryja, 2006). Genetic mu-
tations are the primary risk factor for RP (Daiger, Sullivan, & Bowne,
2013); peripheral visual loss in RP occurs as a result of the progressive
degeneration of both rod and cone photoreceptor cells. However, thus
far, there is a paucity of neuroimaging studies regarding the effects of
peripheral visual loss on intra- and inter-regional FC.
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Synchronous neuronal activities include critical neurophysiological
activities, such as information processing, learning, and visual memory
(Jutras & Buffalo, 2010; Pipa & Munk, 2011; Sturm & Konig, 2001).
Moreover, synchronous neuronal activity of the visual area is closely
related to vision (van der Togt, Kalitzin, Spekreijse, Lamme, & Super,
2006). Electroencephalogram and functional magnetic resonance ima-
ging (fMRI) studies have demonstrated that synchronous neural activ-
ities are critical in sleep and visual information processing (Diaz, Bassi,
Coolen, Vivaldi, & Letelier, 2018; Knyazeva, Fornari, Meuli, Innocenti,
& Maeder, 2006). ReHo, a resting-state fMRI technology, is applied to
calculate similar time series for a given voxel relative to its nearest
neighbors, reflecting the local FC of brain activities (Zang, Jiang, Lu,
He, & Tian, 2004). A ReHo map has been evaluated by Kendall's coef-
ficient of concordance (KCC) (Baumgartner, Somorjai, Summers, &
Richter, 1999). ReHo is a highly reliable method to reflect neural
physiological activities (Zuo et al., 2013). The FC method has been used
to investigate a similar time series of two separate brain regions at a
long distance from each other (Smith et al., 2017). Previous neuroi-
maging studies have shown that ReHo and FC could be successfully
applied to investigate regional and long-range FC (Han et al., 2018; Liu
et al., 2018; Zuo et al., 2017).

Here, we investigated alterations in regional FC, as well as FC be-
tween regions with altered ReHo and other brain regions in RP in-
dividuals. We assessed whether mean ReHo values and FC values were
correlated with best-corrected visual acuity (BCVA), VF, and optical
coherence tomography (OCT) findings in RP individuals.

2. Materials and methods
2.1. Subjects

Sixteen right-handed RP individuals and 14 right-handed healthy
controls (HCs) participated in this study. The research protocol was
approved by the medical ethics committee of the Renmin Hospital of
Wuhan University. All data collection and analysis efforts were con-
ducted in accordance with the tenets of the Declaration of Helsinki. All
subjects provided informed written consent to participate in the study.

All subjects enrolled in the study met the following criteria: 1) they
could undergo scanning by MRI (e.g., they had no cardiac pacemaker or
implanted metal device); 2) they had no claustrophobia; 3) they had no
heart disease, hypertension, or cerebral disease. High resolution T1-
weighted images of all subjects were assessed by an experienced radi-
ologist.

The diagnostic criteria for individuals in the RP group were: 1)
presence of night blindness; 2) bone spicule pigmentation of the fundus;
retinal vascular stenosis; waxen optic disc (Fig. 1A); and thin retina of
OCT (Fig. 1B); 3) peripheral VF loss (Fig. 1C). The exclusion criteria
were RP patients with binocular blindness, other related complications
(e.g., cataract, glaucoma, or macular edema), secondary RP (e.g., in-
flammation, trauma, or vascular disease), or surgical history. All HCs
met the following criteria: 1) absence of any ocular diseases (e.g.,
myopia, cataracts, glaucoma, optic neuritis, or retinal degeneration); 2)
binocular visual acuity =1.0; 3) no ocular surgical history; 4) no
mental disorders.

2.2. MRI parameters

MRI scanning was performed on a 3-Tesla MR scanner (Discovery
MR 750W system; GE Healthcare, Milwaukee, WI, USA) with eight-
channel head coil. Whole-brain T1 weights were obtained with mag-
netization prepared gradient echo image (MPRAGE) with the following
parameters: repetition time (TR)/echo time (TE) = 8.5ms/3.3 ms,
thickness = 1.0mm, no intersection gap, acquisition ma-
trix = 256 X 256, field of view =240 x 240mm?, and flip
angle = 12°. Functional images were obtained by using a gradient-
echo-planar imaging sequence with the following parameters (TR/
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Fig. 1. Typical presentation of retinitis pigmentosa in fundus photographs (A),
OCT examination (B), and VF examination (C). Abbreviations: OD, oculus dexter;
0S, oculus sinister; OCT, optical coherence tomography; VF, visual field.

TE = 2000 ms/25 ms, thickness = 3.0 mm, gap = 1.2 mm, acquisition
matrix = 64 X 64, field of view = 240 x 240 mm?, flip angle = 90°,
voxel size = 3.6 X 3.6 x 3.6 mm?>, and 35 axial). For each subject, 240
volumes were obtained over an 8-minute scanning interval. All subjects
underwent MRI scanning with their eyes closed without falling asleep.

2.3. fMRI data processing

The DICOM format of the functional images was converted to the
NIFTI format using MRIcron software (http://www.cabiatl.com/
mricro/mricron/dem2nii.html). The functional images were pre-
processed using Statistical Parametric Mapping SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/) and the toolbox for Data Processing Assistant &
Analysis for Brain Imaging (http://rfmri.org/dpabi) software im-
plemented in MATLAB 2013a (MathWorks, Natick, MA, USA). Briefly,
this included the following steps: (Zang et al., 2004; Zhang, Wang et al.,
2016) 1) The first 10 volumes of each subject were discarded due to the
signal reaching equilibrium. 2) The remaining 230 volumes of func-
tional BOLD images were corrected for slice timing effects and motion,
then realigned. Data from subjects whose head moved > 2 mm or for
whom rotation exceeded 2° during scanning were excluded. 3) In-
dividual T1-weighted MPRAGE structural images were registered to the
mean fMRI data; resulting aligned T1-weighted images were segmented
using the Diffeomorphic Anatomical Registration Through Ex-
ponentiated Lie Algebra toolbox to improve spatial precision in the
normalization of fMRI data (Goto et al., 2013). Normalized data (in
Montreal Neurological Institute 152 space) were re-sliced at a resolu-
tion of 3 x 3 x 3mm?>. 4) Linear regression analysis was used to regress
out several covariates (six head motion parameters, mean framewise
displacement, global brain signal, and averaged signal from white
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matter and cerebrospinal fluid). 5) Finally, data with linear trends were
removed, and a temporal band-pass filter was applied (0.01-0.1 Hz).

2.4. Calculation of ReHo

The ReHo index was calculated by REST software (http://www.
restfmri.net) (Song et al., 2011). KCC values were assigned to respective
voxels by calculating the KCC of a time series of 26 voxels with those of
their nearest neighbors, using the following formula where ReHo is the
KCC for a given voxel, ranging from 0 to 1 (Zhang, Wang et al., 2016).

2 R)* — nR)

Re Ho =
K?(n® — n)/12

When the ranked time series is more consistent with its adjacent
ones, the KCC value is closer to 1; k is the voxel number of the time
series (in our study, k = 27, comprising a given voxel that was located
in the cubic center and its adjacent 26 voxels); n is the number of ranks;
Ri is the sum rank of the ith time point; and ReHo maps were con-
structed by dividing the KCC of each voxel by the averaged KCC of the
whole brain. All ReHo maps of each voxel were z-transformed with
Fisher’s r-to-z transformation to reduce the influence of individual
variation for group statistical comparisons. The remaining z ReHo maps
were spatially smoothed with a Gaussian kernel of 4 X 4 x 4 mm?® full
width at half maximum.

2.5. Seed-based FC analysis

FC analysis was performed using REST software. Brain regions with
significantly different ReHo were defined as regions of interest, each of
which had a 10-mm radius around the coordinates (x = 0, y = —69,
z = —3). Correlation analysis throughout the time course was per-
formed between the spherical seed region and each voxel of the whole
brain for each subject. Subsequently, all FC maps were z-transformed
with Fisher’s r-to-z transformation to reduce the influence of individual
variation for group statistical comparisons.

2.6. Ophthalmic testing

Visual function testing: the visual acuity of all subjects was mea-
sured by applying the decimal view chart. The VF of RP individuals was
measured using the Humphrey HFA II-750 (Carl Zeiss Meditec AG,
Jena, Germany). OCT and fundus photograph testing: The mean retinal
nerve fiber layer thickness of RP individuals was calculated by using
spectral domain OCT angiography (AngioVue®, Optovue, CA, USA).
High resolution fundal photographs of RP individuals were obtained
with a digital fundus camera (VISUCAM, Carl Zeiss Meditec AG).

2.7. Statistical analysis

The chi-squared test was used for sex comparisons between the
groups. An independent-samples t-test was used for age, weight, and
BCVA comparisons between the groups, using SPSS version 20.0 soft-
ware (SPSS Inc., Chicago, IL, USA). Intra-group patterns in ReHo maps
were analyzed using the one-sample t-test with SPM12 software (voxel-
level P < 0.001, Gaussian random field [GRF] correction, cluster-level
P < 0.05). A two-sample t-test was applied to compare group differ-
ences in the zReHo maps and zFC maps, using the GRF method to
correct for multiple comparisons and regressed covariates of age and
sex with SPM12 software (two-tailed, voxel-level P < 0.01, GRF cor-
rection, cluster-level P < 0.05). The Pearson correlation coefficient
was applied to assess relationships between zReHo values and zFC va-
lues of different brain regions and visual measurement data using SPSS
version 20.0 software (SPSS Inc.).
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Table 1
Demographics and visual measurements between RP and HC groups.
RP group HC group T-values  P-values
Gender (male/female) 11/5 6/8 2.039 0.153
Age (years) 35.56 + 13.25 40.57 = 11.48 —1.098 0.281
Weight (kg) 65.43 *+ 6.43 67.35 + 5.94 —0.845 0.405
Handedness 16R 14R N/A N/A
Course (years) 18.93 = 10.54 N/A N/A N/A
BCVA-OD 0.44 = 0.32 1.20 + 0.21 —7.441 < 0.001
BCVA-0S 0.51 = 0.35 1.14 + 0.23 —5.821 < 0.001
mRNFL thickness -OD  218.31 + 43.70 N/A N/A N/A
(um)
mRNFL thickness -OS 214.56 + 4294 N/A N/A N/A
(um)
VF(MD)-OD (dB) 26.87 = 3.37 N/A N/A N/A
VF(MD)-OS (dB) 27.19 + 3.21 N/A N/A N/A

Note: Data presented as mean *+ standard deviation, Chi-square test was used
for gender comparisons. Independent sample t-test was used for age and weight
and BCVA comparisons.

Abbreviations: RP, retinitis pigmentosa; HC, health control; BCVA, best cor-
rected visual acuity; R, right; OD, oculus dexter; OS, oculus sinister; mRNFL,
mean retinal nerve fibre layer; MD, mean deficit; VF, visual field; N/A, not
applicable.

3. Results
3.1. Demographics and visual measurements

There were significant differences in BCVA in the right eye
(P < 0.001) and BCVA in the left eye (P < 0.001). There were no
significant differences in sex, age, or weight between the groups (Fig. 1
and Table 1).

3.2. ReHo analysis

The spatial distribution of ReHo maps of the RP individuals and HCs
appeared to be similar. However, RP patients showed markedly lower
ReHo values in the visual area, compared with those of the HCs (Fig. 2A
and B). Compared with those of the HCs, RP individuals showed sig-
nificantly lower ReHo values in the bilateral lingual gyrus/cerebellum
posterior lobe (LGG/CPL) (Brodmann area [BA] 17, 18%) (Fig. 3A [blue]
and Table 2) (two-tailed, voxel-level P < 0.01, GRF correction, cluster-
level P < 0.05). The altered mean ReHo values of bilateral LGG/CPL
between two groups are shown in a histogram (Fig. 3B).

3.3. FC analysis

The RP group showed decreased positive FC between the bilateral
LGG/CPL and bilateral LGG/cuneus (CUN), and to left postcentral gyrus
(PosCG), relative to that observed in the HC group (voxel-level
P < 0.01, GRF correction, cluster-level P < 0.05) (Fig. 4A and
Table 3). Furthermore, the RP group showed increased negative FC
between the bilateral LGG/CPL and bilateral thalamus, as well as de-
creased negative FC between the bilateral LGG/CPL and right middle
frontal gyrus (MFG), and to left inferior parietal lobule (IPL), relative to
that observed in the HC group (voxel-level P < 0.01, without correc-
tion) (Fig. 4B and Table 3). The altered mean FC values for several brain
regions between the two groups are shown in a histogram (Fig. 4C and
D, and Table 3).

2Brodmann area 17, 18, 19: primary visual cortex that processes visual in-
formation; Brodmann area 3: primary somatosensory cortex that processes a
variety of sensory input; Brodmann area 4: primary motor cortex that controls
motor output; Brodmann area 8, 9: middle frontal gyrus that processes higher
cognition function; Brodmann area 40: inferior parietal lobule that processes
the vision-motor function.
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A Group mean of ReHo
~

Fig. 2. Distribution pattern of ReHo at the group level for RP and HC subjects in
the typical frequency band (0.01-0.1 Hz). Note: Within-group indicates ReHo
maps in RP individuals (A) and HCs (B) (voxel-level P < 0.01, GRF correction).
Abbreviations: ReHo, regional homogeneity; RP, retinitis pigmentosa; HC,
healthy control; LH, left hemisphere; RH, right hemisphere; GRF, Gaussian
random field.

3.4. Correlation analysis
ReHo values of the bilateral LGG/CPL showed negative correlations

with the duration of RP (r = —0.550, p = 0.027). FC values of the bi-
lateral LGG/CPL-left IPL showed negative correlations with BCVA in the

A _ Group comparison of ReHo
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Table 2
Significant differences in the ReHo between two groups.

Brain regions BA T-Peak scores MNI coordinates Cluster size
(P-values) &, y, z) (voxels)
Bilateral LGG/ 17,18 —5.12, 0,-69, —3 498
CPL (<0.01)

Note: The statistical threshold was set at the voxel level with p < 0.01 for
multiple comparisons using Gaussian random-field theory (two-tailed, voxel-
level P < 0.01, GRF correction, cluster-level P < 0.05).

Abbreviations: ReHo, regional homogeneity; BA, Brodmann area; RP, retinitis
pigmentosa; HC, health control; MNI, Montreal Neurological Institute; GRF,
Gaussian random field; LGG, Lingual Gyrus; CPL, Cerebellum Posterior Lobe.

right eye (r= —0.547, p =0.028) and BCVA in the left eye
(r = —0.627, p = 0.009) in RP individuals (Fig. 5A-C).

4. Discussion

To the best of our knowledge, our study is the first to reveal altered
intra- and inter-regional FC in individuals with peripheral vision loss.
Our results showed that RP individuals exhibit significantly lower ReHo
values in the bilateral LGG/CPL (BA 17, 18), compared with ReHo
values of HCs. Moreover, the RP group exhibited significantly decreased
positive FC, relative to that in the HC group, from bilateral LGG/CPL to
bilateral LGG/CUN (BA 17, 18, 19) and to left PosCG (BA 3, 4). In
contrast, the RP group exhibited significantly increased negative FC
relative to that in the HC group, from bilateral LGG/CPL to bilateral
thalamus, and significantly decreased negative FC from bilateral LGG/
CPL to right MFG (BA 8, 9), as well as to left IPL (BA 40). Furthermore,
ReHo values of the bilateral LGG/CPL showed negative correlations
with the duration of RP. FC values of the bilateral LGG/CPL-left IPL
showed negative correlations with BCVA in the right eye and BCVA in
the left eye in RP individuals.

RP individuals showed lower ReHo values in the bilateral LGG/CPL
(BA 17, 18). The LGG is the location of V1, which receives visual signals
from the retina. These visual signals are transmitted to higher visual
cortical areas via ventral and dorsal visual pathways; neural activity in
V1 is closely related to visual function (Kagan, Gur, & Snodderly, 2008).
Notably, retinal lesions lead to the reorganization of V1 (Botelho,
Ceriatte, Soares, Gattass, & Fiorani, 2014); in a task fMRI study, an

159 mm HC mm RP
P<0.01

Mean ReHo signal values

0.0-

B-LGG/CPL
Altered ReHo regions

Fig. 3. Comparisons of ReHo between RP and HC groups. Note: Significant regional spontaneous activity differences were found between the two groups. (A) Blue
areas indicate lower ReHo values (two-tailed, voxel-level P < 0.01, GRF correction, cluster-level P < 0.05). (B) Altered mean ReHo values between RP and HC
groups are shown in the histogram. Abbreviations: ReHo, regional homogeneity; RP, retinitis pigmentosa; HC, healthy control; LH, left hemisphere; RH, right
hemisphere; LGG, lingual gyrus; CPL, cerebellum posterior lobe; B, bilateral; GRF, Gaussian random field. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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FC Comparison
(RP vs HC; P <0.01, GRF corrected)

FC Comparlson
(RP h P<

seed:B-LGG/CPL
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Z scores
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Altered negative FC regions

Fig. 4. Comparisons of seed-based FC-altered ReHo between RP and HC groups. Note: Significant seed-based functional connectivity activity differences were found
between the two groups. Positive connectivity pattern (A) (voxel-level P < 0.01, GRF correction, cluster-level P < 0.05) and negative connectivity pattern (B)
(voxel-level P < 0.01, without correction), demonstrating differences in FC between the two groups. Color bars indicate T-values. (C and D) Altered mean positive
FC and negative FC values between RP and HC groups are shown in the histogram. Abbreviations: ReHo, regional homogeneity; RP, retinitis pigmentosa; HC, healthy
control; FC, functional connectivity; LH, left hemisphere; RH, right hemisphere; GRF, Gaussian random field; LGG, lingual gyrus; CPL, cerebellum posterior lobe;
CUN, cuneus; PosCG, postcentral gyrus; Thal, thalamus; MFG, middle frontal gyrus; IPL, inferior parietal lobule.

unresponsive lesion projection zone in V1 was observed in RP in-
dividuals (Masuda et al., 2010). RP is associated with aggressive
atrophy of rod photoreceptor cells, which may lead to altered neural
activity in V1 due to reduction of retinal signal input (Wong & Kwok,
2016). Furthermore, various studies have revealed that RP individuals
exhibit abnormal structures in the visual pathway and V1. Machado
et al. observed reduced gray matter volume in V1 in RP individuals
(Rita Machado et al., 2017). Several diffusion tensor imaging (DTI)
studies have revealed that RP individuals show lower fractional
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anisotropy in the optic nerve and optic radiation (Ohno et al., 2015;
Zhang, Guo et al., 2016). Thus, reduced retinal input and functional and
morphological changes in V1 might contribute to the decreased ReHo
values observed in the V1 in RP individuals in the present study. RP
patients might exhibit transsynaptic degeneration; degenerating axons
originate from the retinal ganglion cell death of directly connected
neurons, and this degeneration propagates toward more posterior parts
of the visual pathways, eventually involving the visual cortex. Fur-
thermore, ReHo values of the bilateral LGG/CPL showed negative
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Table 3

Comparison of FC values seed as the altered ReHo regions between two groups.

Vision Research 159 (2019) 68-75

Condition Brain regions BA

Peak T scores, (p-values)

MNI coordinates (x, y, z) Cluster size (voxels)

ROI in bilateral LGG/CPL with significant positive connectivity pattern (voxel-level P < 0.01, GRF correction, cluster-level P < 0.05)

RP < HC Bilateral Lingual Gyrus/ Cuneus 17,18,19 —4.80, (< 0.01) 12,-84, 3 391
RP < HC Left Postcentral Gyrus 3,4 —4.135,(< 0.01) —48,-21, 39 306
ROI in bilateral LGG/CPL with significant negative connectivity pattern (voxel-level P < 0.01, without correction)

RP > HC Left Thalamus - 3.814, (< 0.01) -3, -9,6 11
RP > HC Right Thalamus - 3.657, (< 0.01) 15, —6,6 14
RP < HC Right Middle Frontal Gyrus 8,9 —3.013,(< 0.01) 39, 27, 36 37
RP < HC Left Inferior Parietal Lobule 40 —3.040,(< 0.01) —33, —48,39 11

Note: The statistical threshold was set at the voxel level with p < 0.01 for multiple comparisons using Gaussian random-field theory.

Abbreviations: FC, functional connectivity; ReHo, regional homogeneity; ROI, region of interest; LGG, Lingual Gyrus; CPL, cerebellum posterior lobe; BA, Brodmann
area; RP, retinitis pigmentosa; HC, health control; MNI, Montreal Neurological Institute; GRF, Gaussian random field.

correlations with the duration of RP, indicating that compensation for
V1 may occur in late stages of the disease.

In FC analysis, the RP group exhibited significantly decreased po-
sitive FC between the bilateral LGG/CPL (BA 17, 18) and bilateral LGG/
CUN (BA 17, 18, 19), relative to that in the HC group. Wang et al. re-
ported that spontaneous activity of the V1 visual association areas
(cuneus and precuneus) occurred at rest in sighted subjects (Wang
et al., 2008). Visual signals are processed in the visual stream, following
top-down modulations through feedback connections; these connec-
tions between contribute to comprehension of the visual scene. In
contrast, blind individuals showed decreased FC within the visual area,
relative to that observed in sighted subjects (Liu et al., 2007). Reduced
FC within the visual network was also present in patients with primary
open-angle glaucoma (Wang et al., 2017). RP individuals were char-
acterized by peripheral vision loss, leading to reduced retinal signal
input to V1. Thus, we speculated that reduced retinal input might lead
to reduced positive FC within the visual cortex, indicating abnormal
top-down modulation in RP patients. Significantly decreased positive
FC between the bilateral LGG/CPL (BA 17, 18) and left PosCG (BA 3, 4)
was observed in RP individuals, relative to that in HCs. In particular,
PosCG is the location of the primary somatosensory cortex (S1), which
is involved in touch and pain sensation (Ploner, Schmitz, Freund, &
Schnitzler, 2000). S1 also plays a critical role in visual processing in the
visual-tactile system (Rossetti, Miniussi, Maravita, & Bolognini, 2012).
We speculate that reduced visual input might lead to reduced FC be-
tween the V1 and somatosensory cortices in RP individuals. Nir et al.
demonstrated that spontaneous neural fluctuations in S1 were sig-
nificantly correlated with V1 activity in sighted subjects (Nir, Hasson,
Levy, Yeshurun, & Malach, 2006). Moreover, Yu et al. demonstrated
that reduced FC between the left V1 and the precentral gyri was present
in early blindness (Yu et al., 2008). Furthermore, reduced visual input
might reflect cross-modal plasticity in the V1. Reduced positive FC
between the bilateral LGG/CPL (BA 17, 18) and left PosCG (BA 3, 4)
was observed in RP individuals, reflecting cross-modal plasticity in S1
due to the loss of visual signal input in RP individuals.

The RP group showed significantly increased negative FC between
the bilateral LGG/CPL (BA 17, 18) and bilateral thalamus, relative to
that in the HC group. Negative FC comprises spontaneous BOLD signals
in two brain regions with a negative Pearson cross-correlation coeffi-
cient (also known as an anticorrelation). Negative FC may result in
phase delay of synchronous signals along the shortest path in large-
scale brain functional networks. The thalamus is a crucial relay that
transfers various afferents from multiple sensory organs to the primary
sensory cortex. The lateral geniculate nucleus (LGN) is the portion of
the thalamus that transfers visual signals to the V1 through the retino-
thalamocortical pathway (Bhattacharya, Bond, O'Hare, Turner, &
Durrant, 2016; Nakamura, 2018; Neuenschwander, Castelo-Branco,
Baron, & Singer, 2002). Visual responses in the retina and LGN exhibit
oscillatory patterning within a broad range of frequencies
(Neuenschwander et al., 2002; Neuenschwander & Singer, 1996).
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Notably, Hernowo et al. reported that patients with primary open-angle
glaucoma showed grey matter volume atrophy in the retino-thalamo-
cortical pathway (Hernowo, Boucard, Jansonius, Hooymans, &
Cornelissen, 2011). Ptito et al. demonstrated that abnormalities in the
structure of retino-thalamocortical pathway were observed in patients
with congenital blindness (Ptito, Schneider, Paulson, & Kupers, 2008).
A previous animal study demonstrated an association between early
blindness and abnormal thalamocortical connections (Karlen, Kahn, &
Krubitzer, 2006). Furthermore, a DTI study revealed that blind in-
dividuals exhibited significant alterations in thalamic microstructure
(Reislev et al., 2017). These findings provide converging evidence that
visual deprivation (peripheral vision loss) might be associated with
dysfunction of the retino-thalamocortical pathway. Degeneration of rod
photoreceptor cells leads to reduced visual signal input in the LGN of
RP individuals, which may affect FC between the thalamus and V1.
Thus, our results suggests that RP might lead to dysfunctional con-
nections in the retino-thalamocortical pathway.

The RP group showed reduced negative FC between the bilateral
LGG/CPL (BA 17, 18) and left IPL (BA 40), relative to that in the HC
group. The IPL is the core hub of the dorsal visual stream, which is
involved in visuospatial representation and visual word recognition
(Crottaz-Herbette, Fornari, & Clarke, 2014; Rizzolatti & Matelli, 2003;
Sliwinska, James, & Devlin, 2015). The IPL also plays an important role
in stereoscopic depth perception (Backus, Fleet, Parker, & Heeger,
2001). Thus, we speculated that reduced negative FC between the bi-
lateral LGG/CPL and IPL might explain the impaired visuospatial and
stereoscopic vision observed in RP individuals. Moreover, the FC values
of the bilateral LGG/CPL-left IPL showed negative correlations with
BCVA in the right eye and BCVA in the left eye in RP individuals. Visual
acuity is correlated with visuospatial and stereoscopic vision in the RP
group. Thus, reorganization of the dorsal visual stream may occur in RP
individuals.

There were several limitations in our study. First, the study involved
a small group of subjects. Second, although all subjects underwent fMRI
scanning without any task, ReHo and FC signals were likely to be af-
fected by physiological noise (i.e., by cardiac and respiratory activity).
In a future study, we will enlarge the sample size. Multimodal MRI
imaging technologies will be applied to further investigate the neural
plasticity in individuals with peripheral vision loss.

5. Conclusions

Our results highlight reduced synchronicity of neural activities in
the V1 in individuals with RP. Moreover, RP individuals showed in-
trinsic visual network disconnection and reorganization of the retino-
thalamocortical pathway and dorsal visual stream, which suggest im-
paired visuospatial and stereoscopic vision in these individuals. These
findings offer an opportunity to better understand the underlying
neural mechanism of peripheral vision loss in RP.
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Fig. 5. A significant negative correlation was observed between ReHo of the
BGG/CPL and the duration of RP. (A) A significant negative correlation was
observed between the FC of the L-IPL and BCVA in the right eye (B) and BCVA
in the left eye (C) in RP individuals. Abbreviations: ReHo, regional homogeneity;
RP, retinitis pigmentosa; FC, function connectivity; LGG, lingual gyrus; CPL,
cerebellum posterior lobe; BCVA, best-corrected visual acuity; OD, oculus
dexter; OS, oculus sinister; B, bilateral; L, left; IPL, inferior parietal lobule.
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