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Abstract

Retinitis Pigmentosa is a group of hereditary retinal dystrophy disorders associated with
progressive visual field loss. In the typical form, retinal degeneration starting at
photoreceptors rods in the mid-periphery of the retina causes peripheral visual field defects.
Twenty-seven patients and forty healthy controls were examined to determine whether
progressive peripheral vision loss in Retinitis Pigmentosa patients with partially preserved
vision leads to structural cortical changes. Retinal thickness and retinal nerve fiber layer
(RNFL) thickness were assessed with optical coherence tomography (OCT). T1 high-
resolution brain anatomical magnetic resonance images from each subject were obtained on a
3-T scanner and processed using SPMS8. A whole brain voxel-wise statistical comparison of
grey matter volume between the two groups was performed using two different contrasts
(controls > patients and patients > controls). Significant statistical difference was found for
retinal thickness (P < 0.05), but not for RNFL thickness (p > 0.05) between groups. Grey
matter atrophy was observed in the left pericalcarine cortex, cuneus gyrus, posterior cingulate
gyrus, right pericalcarine cortex and lingual gyrus (p < 0.001, uncorrected for multiple
comparisons, at the whole brain level) of Retinitis Pigmentosa patients. Further analysis with
a family-wise error (FWE) correction for multiple comparisons revealed grey matter atrophy
in the left pericalcarine cortex, cuneus gyrus and lingual gyrus (p < 0.05). Grey matter
hypertrophy was not observed. While the retinal thinning observed is consistent with
photoreceptor degeneration, no evidence of structural alteration of RNFL was found. The
locations of the grey matter atrophy in visual primary and association cortices are coincident
with the profile of peripheral visual field deficit seen in Retinitis Pigmentosa. The cortical
atrophy registered is likely to be a result of disuse-driven neuronal atrophy and/or
transneuronal degeneration of the visual pathway. These findings may have clinical

implications for disease management.
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Resumo

A Retinopatia Pigmentar ¢ um grupo de distirbios hereditarios de distrofia da retina associado
a perda progressiva de campo visual. Na forma tipica, a degeneragdo da retina que se inicia
pelos fotoreceptores bastonetes na médio-periferia da retina causa defeitos periféricos de
campo visual. Vinte e sete doentes e quarenta controlos saudaveis foram examinados para
determinar se a perda progressiva de visdo periférica nos doentes com Retinopatia Pigmentar
com visdo parcialmente preservada conduz a alteragdes estruturais corticais. As espessuras da
retina e da camada de fibras nervosas da retina (CFNR) foram avaliadas com tomografia de
coeréncia optica (TCO). As imagens cerebrais anatdmicas de ressonancia magnética de cada
participante foram obtidas num scanner 3-T utilizando a sequéncia T1 de alta resolucdo e
processadas usando o SPMS. Foi realizada uma comparagdo estatistica voxel-a-voxel do
volume de matéria cinzenta entre os dois grupos, examinando todo o cérebro, usando dois
contrastes simétricos (controlos > doentes e doentes > controlos). Foi encontrada uma
diferenga estatistica significativa para a espessura da retina entre os grupos (p < 0.05) , mas
ndo para a espessura da CFNR (p > 0.05). Na andlise exploratéria inicial, foi observada
atrofia de matéria cinzenta no cortex pericalcarino esquerdo, giro cuineos, giro cingulado
posterior, cortex pericalcarino direito e giro lingual (p < 0.001, com correcdo apenas para
clusters de 100 voxeis) dos doentes com Retinopatia Pigmentar. Uma anélise confirmatoria
subsequente com correcdo para comparacdes multiplas “family-wise error” (FWE)
demonstrou atrofia de matéria cinzenta no cortex pericalcarino esquerdo, giro ciineos e giro
lingual (p < 0.05). Nao foi observada hipertrofia de matéria cinzenta. Enquanto que a redugdo

da espessura da retina observada ¢ consistente com a degeneragdo de fotoreceptores, nao foi
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encontrada evidéncia de alteragdo estrutural da CFNR. A localizagdo das areas de atrofia de
matéria cinzenta nos cortex visuais primario e de associag@o coincidem com o perfil de défice
periférico de campo visual observado na Retinopatia Pigmentar. A atrofia cortical observada ¢
provavelmente um resultado de atrofia neuronal induzida pelo desuso e/ou degeneragdo
transneuronal da via visual. Estes achados podem ter implicagdes clinicas no controlo da

patologia.

Palavras-chave: Retinopatia Pigmentar; campo visual; cortex visual; tomografia de coeréncia

optica; voxel-based morphometry; volume de matéria cinzenta.
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RNFL Retinal Nerve Fiber Layer

RP Retinitis Pigmentosa

TIV Total Intra-cranial Volume

VBM Voxel-Based Morphometry
VFD Visual Field Defect(s)
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Introduction

Retinitis Pigmentosa (RP) is a cause of human visual disability due to peripheral visual field
defects (VFD). The non-syndromic form of RP has a worldwide prevalence of about 1/4000
individuals (1-4). It is a a group of inherited retinal dystrophy disorders characterised by
photoreceptor degeneration with subsequent vision loss (3). In the typical form of RP, retinal
degeneration starts at photoreceptor rods in the mid-periphery and advances towards the
macula and fovea, further affecting the photoreceptor cones. This form is also described as a
rod-cone dystrophy and its clinical hallmark is progressive peripheral visual field loss.
Patients initially present nyctalopia, followed by the progressive peripheral VFD, and
eventually blindness. The age of onset is highly variable, ranging from childhood to mid-
adulthood (1, 2).

Voxel-based morphometry (VBM) is an automated technique (5-7) that has been used to
study grey matter (GM) volume differences between controls and patients with VFD acquired
later in life. However, some of those studies have focused on patients whose late VFD has
already evolved to blindness. Moreover, the neuro-ophthalmological pathologies causing
blindness were multiple, leading to different mechanisms of brain adaptation to the visual loss.
(8-10). VBM studies of structural cortical alterations on patients with partially preserved
vision due to VFD has mainly concerned glaucoma, characterised by peripheral VFD, and
age-related macular degeneration (AMD), characterised by central or pericentral VFD. In the
first study addressing this issue, GM atrophy in the approximate retinal lesion projection
zones in the visual cortex was reported in AMD and glaucoma patients (11). Several other
studies have found cortical degeneration in patients with central retina degeneration (12-14).
Furthermore, a morphometry study involving hereditary macular dystrophies patients with
central scotomata found a correlation between scotomata size and GM loss, suggesting that

the lack of visual input may induce the GM atrophy (13). Regarding peripheral VFD, the
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focus of morphometry studies has been mainly on glaucoma (11, 15-18). Li et al. further
analysed the extraoccipital cortex in progressive stages of primary open angle glaucoma
(POAG) and reported no GM volume changes in the early stage, but GM reduction was found
in multiple cortical brain regions, including the primary visual cortex, in the advanced-late
stage POAG group. Conversely, there was a GM hypertrophy near the most damaged brain
region, which may reflect the possibility of structural reorganisation (15). Similar studies also
reported volumetric losses and gains in several brain regions in glaucoma (15, 16, 18). To the
best of our knowledge, only one study has investigated the presence of visual cortex atrophy
due to peripheral VFD in disorders other than glaucoma (19). Here, a morphometric study of
the calcarine area was made in nine patients with retinal pathologies, including four with
hereditary pigmentary degeneration of the retina. Wider calcarine fissures were reported in
the patients group, particularly in the anterior and middle portions that are consistent with the
peripheral VFD. However, visual field measurements were not performed to characterise the
visual level of impairment of these patients and different pathologies were included in the
study.

The present work aims to determine whether progressive peripheral vision loss in RP patients
with partially preserved visual input leads to structural changes not only in the visual cortex,
but also in the whole brain. This question is relevant as this may be the first whole brain
morphometry study on peripheral VFD caused by a single retinal degeneration disorder.
Whereas in glaucoma there is a progressive retinal ganglion cell loss and optic nerve damage,
in RP there is a primary photoreceptor degeneration of the retina. For that purpose, a whole
brain VBM analysis was applied to investigate GM abnormalities in patients with peripheral

VEFD due to RP.



VISUAL CORTICAL ATROPHY IN RETINITIS PIGMENTOSA PATIENTS WITH PARTIALLY PRESERVED

VISION: A VOXEL-BASED MORPHOMETRY STUDY

Materials and methods

Subjects

Twenty-eight Retinitis Pigmentosa patients with peripheral vision loss were recruited from
the Ophthalmology Department at Coimbra Hospital and University Centre (CHUC). Forty-
five age- and gender-matched controls were recruited among the volunteers’ database of the
Institute for Biomedical Imaging and Life Sciences (IBILI) of the Faculty of Medicine,
University of Coimbra, Portugal. All participants underwent an ophthalmologic examination
(visual acuity assessment, automated perimetry and optical coherence tomography) and a
structural magnetic resonance scanning. Patients with other neuro-ophthalmological or
organic brain disorder were excluded from the study. One patient could not perform the MRI
examination, being consequently excluded. Twenty-seven RP patients (12 female, 15 male;
mean age 42.4 years; range 20-66 years) were finally included (Table 1 and 2). Controls were
age- and gender-matched with RP patients and had no history of neurological disorders.
Exclusion criteria included alterations in the ophthalmologic examination (automated
perimetry and optical coherence tomography), ophthalmological disorders known a priori and
alterations in the magnetic resonance scanning. Controls were required to have normal vision
(visual acuity in both eyes 1.1 + 0.2 decimals). Four subjects were excluded due to alterations
on the ophthalmological examination and one subject was excluded due to lack of quality of
the MRI acquisition. Forty healthy controls (19 female, 21 male; mean age 40 years; range
22-69 years) were included (Table 2).

The study was conducted in accordance to the Declaration of Helsinki and was approved by
the Ethics Commission of Faculty of Medicine of University of Coimbra. Written informed

consent was obtained from all participants.
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Table 1 - Retinitis Pigmentosa characteristics.

Subject Age Gender | Handed | Ageof | Duration Visual acuity Retinal RNFL Visual field Mean deficit
(years) ness disease | of disease thickness thickness diameter (dB)
onset (years) (decimals) (pm) (pm) (angles)
(years)
RE LE RE | LE | RE | LE RE LE RE LE
1 42 M R 18 24 0.50 0.60 | 200 | 194 5 100 5 10 23.2 22.4
2 34 F R 3 31 0.60 030 | 265 | 281 | 20 | 101 20 20 20.1 20.3
3 58 M n/a 14 44 <0.05 | <0.05 | 206 | 209 | n/a°® | 53 n/a® | na® | na® n/a®
4 38 F R 6 32 0.28 080 | 221 | 216 | 25 | 133 25 25 16.9 18.1
5 45 F R 39 6 0,66 080 | 184 | 192 | 10 76 10 10 14.9 15.4
6 47 F R 14 33 0.40 033 | 250 | 239 5 88 5 n/a* 223| wa
7 35 M R 6 29 0.50 090 | 243 | 226 | 10 89 10 10 22.0 21.9
8 41 M RL 11 30 0.66 050 | 209 | 218 | 10 69 10 10 23.0 22.7
9 29 M R 6 23 0.40 040 | 185 | 189 | 10 92 10 10 22.8 23.1
10 50 M L 8 42 0.40 0.66 | 207 | 205 | 25 79 25 25 17.4 17.7
11 63 M 45 18 0.40 012 | 219 | 223 | 10 82 10 10 18.6 18.9
12 50 M RL 16 34 0.50 050 | 203 | 201 | 10 70 10 10 20.0 20.2
13 61 M n/a 10 51 0.60 030 | 274 | 268 | 10 70 10° 10° | -30.1° | -29.9°
14 20 M RL 6 14 0.66 066 | 228 | 225 | 15 | 106 15 20 21.2 20.5
15 50 F R 29 21 0.50 040 | 222 | 224 | 10 95 10 10 12.7 16.3
16 63 F R 10 53 0.12 020 | 236 | 242 | na® | 86 n/a® | na® | nad n/a®
17 66 F R 18 48 0.28 012 | 291 | 295 | 48 91 48 48 4.4 52
18 52 M R 7 45 <0.05 | <0.05 | 227 | 215 | na® | 95 n/a® | n/a® | na® n/a®
19 28 F R 15 13 0.60 050 | 198 | 197 | 40 95 40 40 14.5 13.9
20 23 M R 16 7 0.66 0.50 | 266 | 254 | 10 | 130 10 10 21.8 22.1
21 25 M R 14 11 0.50 040 | 245 | 242 | 40 | 101 40 40 11.0 11.5
22 66 F R 27 39 0.50 050 | 248 | 254 | 10 95 10 10 19.5 19.6
23 23 F R 1 22 0.33 020 | n/a® | n/a® | 20 | n/a® 20 20 21.4 21.3
24 36 M R 26 10 0.20 033 | 308 | 291 | na® | 127 | n/® | na® | n@® n/a*
25 38 F R 32 6 0.40 1.00 | 258 | 249 | 20 | 128 20 20 16.8 17.4
26 32 M R 12 20 0.40 040 | 229 | 240 | 10 | 102 10 10 22.8 22.6
27 31 M R 1 30 0.40 080 | 268 | 273 | 48 92 48 48 1.7 1.0

Characteristics of the patient group were age, gender, handedness, age of disease onset, duration of
disease, visual acuity (expressed in decimals), retinal thickness (expressed in um), RNFL thickness
(expressed in pm), visual field (expressed in angles) and mean deficit of the visual field (expressed in
decibel). M = male; F = female; R = Right; RE = right eye; RL = Right and left; L = Left; LE = left
eye; RNFL = retinal nerve fiber layer; n/a = not available. “Patient with missing data. ° Patient could

not perform the exam. ‘Patient evaluated with Humphrey Field Analyzer.
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Table 2 - Baseline subjects characteristics.

Characteristic RP Control p Value
Age, years 4244142 | 40.0£13.0 | 0473
Gender (male/female) 16/11 21/19 0.585
Handedness (right/left/both)” 21/1/3 33/2/4 0.370

0.5+0.2 1.1+0.2 0.000
Visual acuity of the left eye, decimal® ’

Visual acuity of the right eye, decimal® | 0.5+ 0.1 1.1+0.2 0.000

RNFL thickness of the left eye, pm* 94.0+£19.7 94.4+£9.7 0.925

RNFL thickness of the right eye, pm°® 95.4+£25.1 | 95.0+10.7 0.940

Retinal thickness of the left eye, um*® 233.1+30.8 | 287.4+124 | 0.000

Retinal thickness of the right eye, um® | 234.2 +32.1 | 284.7+22.0 | 0.000

Characteristics of the patient and control groups were age, gender, handedness, visual acuity, RNFL
thickness and retinal thickness of both eyes (values are Mean+-Standard Deviation). RNFL = retinal
nerve fiber layer. *2 patients with missing data. "2 controls with missing data. 5 controls and 1 patient

with missing data. Significance level at p < 0.05.

Ophthalmic examination

All participants underwent an ophthalmic examination including visual acuity assessment,
visual fields assessment with automated perimeter and retinal thickness and retinal nerve fiber
layer (RNFL) thickness measurements with optical coherence tomography (OCT) (Table 1
and 2). All assessments were performed in each eye separately.

For each participant, visual acuity was determined using a 5-meter projected decimal chart.
The right eye and left eye were evaluated separately with the same chart, apart for lines 1.0
decimal and 1.33 decimals, which could be presented with different optotypes for each eye.
When visual acuity was so low that the patient was unable to read any of the largest letters or
even count fingers, vision was tested with hand motion visual acuity and light perception

testing.

-10-
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Static visual fields were evaluated on all subjects except one using a MonCv3 multifunction
perimeter (Metrovision) with a standardised program. A suprathreshold strategy (4 dB above
the theoretical luminance threshold) was used for the 79 points tested in the central 24 degrees
(radius) using a rapid thresholding strategy. When subjects could not execute the test due to
narrow visual field, a central 12 degrees (radius) assessment was performed. Testing was
always carried out with appropriate refractive correction. Fixation was monitored in real time
by means of an integrated camera and controlled by the operator. Static visual field of one
patient was evaluated with Humphrey Field Analyzer (Carl ZeissS Meditec) for the 10 central
degrees due to unavailability of the MonCv3 multifunction perimeter on the day of
examination. Despite being different, the characterisation of the visual fields size is similarly
obtained from both equipment. Visual field extent was then estimated for each eye of each
patient in angles of visual degree (diameter). The maximum diameter of visual field was
approximately estimated, by defining the scotoma as the black region (0 dB of sensitivity)
obtained in the static perimetry sensitivity map (Figure 1).

Frequency Domain Cirrus Ocular Coherence Tomography (OCT, Carl Zeiss Meditec AG,
USA) with the software version 5.1.1.6 was performed to measure retinal thickness and
RNFL thickness, in all participants. A macular scan with a resolution of 512%128 and an optic

disc scan with a resolution of 200%200 were acquired (Figures 2 and 3).

Statistical analysis of demographic and visual data

The statistical analysis was performed by using IBM SPSS Statistics, version 23.0. Age and
RNFL thickness of the right and left eyes were compared between patient and control groups
by using a two-sample t-test. Gender and handedness comparisons between groups was

performed using a Pearson’s chi-square test. Visual acuity and retinal thickness of the right

-11-
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and left eyes were compared between the study groups by performing a Mann-Whitney U test.

All p values < 0.05 were considered statistically significant (Table 2).

—
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Figure 1 - Examples of static perimetry sensitivity maps using MonCv3 multifunction perimeter
(Metrovision). (A) Visual field result of the left eye of a patient with Retinitis Pigmentosa (Subject 1
with visual field size of about 10° visual angle in diameter) . (B) Visual field result of the left eye of a

control.

MRI acquisition

High-resolution brain anatomical images were acquired in a 3T Siemens TimTrio, using a 12-
channel birdcage head coil. Two 6 minutes long T;-weighted magnetization-prepared rapid
acquisition with gradient echo (MPRAGE) sequences: repetition time (TR) 2.53s, echo time
(TE) 3.42ms, flip angle (FA) 7°, field of view (FOV) 265 x 256 mm?®, resulting in 176 slices
with 1 x 1x 1 mm’. Additionally, brain scans of two patients and two controls were acquired
in the same scanner but with different MPRAGE sequence parameters: repetition time (TR)

2.3s, echo time (TE) 2.98ms, flip angle (FA) 9°, field of view (FOV) 256 x 256 mm’,

-12-
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resulting in 160 slices with 1 x 1x 1 mm’. Acquisition time was approximately 10 minutes for

each sequence. Two anatomical sequences were acquired for each participant.
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Figure 3 - Retinal and RNFL thickness measurements of a Retinitis Pigmentosa patient (Subject 1)
with Frequency Domain Cirrus Ocular Coherence Tomography. (A) Macular thickness measurement

of both eyes. (B) RNFL thickness measurement of both eyes. OD = Right eye; OE = Left eye.

VBM data analysis

The T1 weighted images were processed using a standalone SPMS (Statistical Parametric
Mapping) version (http://www.fil.ion.ucl.ac.uk/), compiled with a MATLAB compiler (The
Math-Works, Inc., Natick, MA), in order to perform VBM analyses.

Firstly, every scan was aligned to the anterior commissure. Then, the unified segmentation
algorithm (20) was used to normalise, segment and modulate the images as follow: all T1-
weighted images were registered to the Montreal Neurological Institute (MNI) coordinate
system by registering the MR images to the ICBM 152 template. Normalised images were

segmented into grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). The
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GM images were modulated to correct for GM volume change due to nonlinear registration.
Additionally, the normalised, segmented, modulated GM images were smoothed with a
Gaussian kernel with 8 mm of full width at half maximum (FWMH) to ensure the normality
of the data. Finally, voxelwise statistical analyses were applied in these preprocessed GM
images.

In the statistical analyses, GM volume alterations were assessed by comparing RP patients
and controls (CTL) using two different contrasts (CTL > RP and RP > CTL) and the standard
general linear module (GLM) implementation in SPMS8 for independent two-sample t-tests.
Statistical parametric maps were created by applying a significant threshold of p < 0.001,
uncorrected for multiple comparisons on voxel level, and a cluster correction of k = 100.
Results were also thresholded at p (family-wise error - FWE) < 0.05, corrected for multiple
comparisons, and a cluster correction of k = 20 was applied. Even though, participants were
age- and gender-matched, age, gender and total intra-cranial volume (TIV) were added as

covariates to the analysis to exclude any possible confounding effects.

Results

Demographic and visual data

RP patients and controls were age, gender and handedness-matched (p > 0.05, Table 2).
Significant statistical differences were identified for visual acuity and retinal thickness of both
eyes, between groups (p < 0.05, Table 2). No significant statistical difference was observed

for RNFL thickness of both eyes, between RP patients and controls (p > 0.05, Table 2).
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VBM data

Figure 4 shows the statistical parametric maps of grey matter atrophy in RP patients when the
significant threshold of p < 0.001, uncorrected for multiple comparisons, and the cluster
correction of k = 100 were applied. The GM atrophy is more pronounced in the left
hemisphere and involved the following brain brains: left pericalcarine, cuneus, posterior
cingulate, pericalcarine right and lingual (Table 3).

Figure 5 shows the results obtained when the p (family-wise error - FWE) < 0.05 threshold,
corrected for multiple comparisons, and the cluster correction of k = 20 were applied. This
analysis provides confirmatory support of the findings observed before in the left
pericalcarine cortex, cuneus and lingual gyrus (Table 4).

The analysis with the contrast RP > CTL yielded no significant results at the same thresholds

and is therefore not presented.

Table 3 - Location and peak significance of GM atrophy in RP patients when compared

with controls (p < 0.001, uncorrected for multiple comparisons, and k = 100).

Voxels Peak ¢ p value (uncorrected, Talairach Brain areas

value | except for cluster level of | coordinates

100) (%, y, z) (mm)

315

3.2909

<0.001

-10, -84, 4

Occipital lobe, Left hemisphere, Pericalcarine
left, Cuneus, Right hemisphere, Posterior

cingulate, Pericalcarine right, Lingual.
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Table 4 - Location and peak significance of GM atrophy in RP patients when compared

with controls (p < 0.05, FWE corrected for multiple comparisons, and k = 20).

Voxels Peak ¢ p value (FWE Talairach Brain areas
value correction) coordinates
(X, y, z) (mm)
66 6.1435 <0.05 -8, -86, 2 Left hemisphere, Occipital lobe, Pericalcarine
left, Cuneus, Lingual.

- = &
- CLEEY SPMET 53

A)

Figure 4 - Brain areas with significant GM atrophy in RP patients when compared with controls (p <
0.001, uncorrected for multiple comparisons, and k = 100). (A) In the #-statistic cluster map, the black
/ grey areas represent GM atrophy. (B) The coloured bar encodes areas of significant GM volume
differences between RP and controls subjects, white / yellow represents more significant differences
(higher t-values) and red indicates less significant differences (lower #-values). Colour represents areas

with GM atrophy in RP patients.
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Figure 5 - Brain areas with significant GM atrophy in RP patients when compared with controls (p <
0.05, FWE corrected for multiple comparisons, and K = 20). (A) In the t-statistic cluster map, the
black / grey areas represent GM atrophy. (B) The coloured bar encodes areas of significant GM
volume differences between RP and controls subjects, white / yellow represents more significant
differences (higher t-values) and red indicates less significant differences (lower z-values). Colour

represents areas with GM atrophy in RP patients.

Discussion

The results show that Retinitis Pigmentosa patients with partially preserved vision have
significant grey matter (GM) atrophy in several structural components of the visual primary
and association cortices, when compared to healthy controls. To our knowledge, this is the
first whole brain morphometry study in this pathology.

Regions with GM atrophy where the left pericalcarine cortex, cuneus gyrus, posterior
cingulate gyrus, right pericalcarine cortex and lingual gyrus (p < 0.001, uncorrected for
multiple comparisons, except for the cluster correction approach). The differences were more
pronounced in the left hemisphere. As whole brain structural MRI data involves a large

number of statistic comparisons, a FWE correction for multiple comparisons was applied (p <
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0.05), limiting the presence of false positives in the results (type I error). Nevertheless, GM
atrophy was observed in the left pericalcarine cortex, cuneus gyrus and lingual gyrus. This
more conservative analysis corroborates the observed results of GM atrophy in the primary
visual cortex.

The visual cortex is organised into retinotopic maps. In the retina, each visual field
representation has receptive fields at nearby locations in the image. Thus, these topologic
maps preserve the spatial arrangement of the retinal image in the primary visual cortex (V1),
where adjacent stimuli in the visual field are represented in adjacent positions in the visual
cortex. If progressive VFD occur, the corresponding part of the visual cortex gradually loses
this input. Thus, continued visual input loss due to VFD can result in structural changes at the
visual cortex level, particularly in V1 (21-23). Indeed, the peripheral visual field defect
characteristic of RP corresponds to a partial loss of input to the visual cortex. This loss of
stimulation is one possible explanation for the GM atrophy observed in the visual cortex, as
proposed in studies on other hereditary retinal dystrophies and AMD (11, 13). The brain areas
where GM atrophy was observed correspond to areas responsible for processing visual
information. The primary visual cortex (V1), which receives direct input from the
retinogeniculate pathway and is responsible for early visual processing, comprises the
pericalcarine cortex and extends into the cuneus and lingual gyrus. These areas have shown
GM atrophy in RP patients with partially preserved vision, which indicates widespread
atrophy of V1 in this pathology. The posterior cingulate gyrus is included in the limbic lobe, a
component of the Papez circuit and functionally important in emotions and memory, such as
spatial short-term memory. The cingulate gyrus, which also presented GM atrophy in RP
patients when compared to controls (albeit only at the cluster correction level), has extensive
connections with visual-association areas of the parietal, occipital and temporal lobes. These

connections can be decreased due to loss of visual input, leading to atrophy of the cingulate
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gyrus. Thus, possible explanations for the observed GM atrophy in the visual cortex are
disuse-driven neuronal atrophy and/or transneuronal degeneration (24). The alterations of the
structure of afferent visual pathways in RP retinal degeneration have been investigated by
measuring retinal nerve fiber layer (RNFL) and retinal thickness, using optical coherence
tomography (OCT). While retinal thinning is consensual across studies (25-27), the RNFL
findings have been somewhat contradictory: RNFL thickness was reported to be increased,
decreased or maintained within normal limits, in several studies (27-29). However, in the
present study, mean RNFL thickness of RP patients was similar to the control group, in both
eyes (Table 2), which is in favour of axonal integrity of the optic nerve at least when vision is
still partially preserved, as was the case for this study. Optic pathway trans-synaptic
neurodegeneration (Wallerian degeneration) has been well established in patients with
glaucoma-induced retinal ganglion cells (RGC) damage. In macular degeneration, volumetric
loss of the visual pathway has also been observed (17, 30, 31). Indeed, the adverse effect of
photoreceptor degeneration (first-order neuron) affecting RGC (third-order neurons) was
proposed as a possible explanation (14). Further studies will be needed to determine whether
white matter volume and fibre connectivity are altered by partial visual deprivation resulting
from the retinal degeneration characteristic of RP.

Contrarily to some studies in glaucoma (15, 16, 18), GM hypertrophy was not observed in RP
patients when compared to controls, which does not support the hypothesis of cerebral
plasticity and cortical remodelling in this pathology.

Individual variability in grey matter volume due to differences in overall head size was taken
into account by adding total intra-cranial volume as covariate to the statistical analysis.
Although the group mean ages were not significantly different (Table 2), age was modelled as
covariate. Indeed, this study involved older patients, so there is a possibility that an ageing

effect may be present, influencing the reported results (32, 33). Gender was also added as a
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covariate to the analysis to exclude any possible confounding effects. Having included age,
gender and head size as covariables, reducing the individual variability in GM volumetric
measurement (33), the most parsimonious explanation for the GM atrophy observed in
patients is directly related with the primary photoreceptor degeneration, known to be a
characteristic of Retinitis Pigmentosa. Potential limitations of the voxel-based analysis should
be mentioned (5-7). Firstly, by registering all T1-weighted images in the same coordinate
system, misregistration due to brain anatomical variability can occur. Secondly, motion
artefact during the MRI acquisition can result in registration and segmentation errors. Thirdly,
fine-scale anatomical localisation can be compromised due to spatial normalisation and
smoothing.

These results support the hypothesis that atrophy and degeneration of the visual cortex can
occur in patients with partially preserved vision and not only when blindness is settled. These
findings may have important clinical implications in disease management, as a
neurodegenerative pathophysiology may also be present early in the course of the disease. As
such, slowing the progression of retinal degeneration with neuroprotective treatments
(nutritional and drug supplements) might be a potentially promising therapeutic strategy, by
preventing a further decline in visual function. Current investigational treatment modalities,
such as gene replacement therapy, retinal or stem cell transplantation, pharmacologic
neurotrophic factors and neuroprosthetic devices should be implemented early in the course of

the disease to avoid progression to visual cortical atrophy (1, 2, 34).
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Conclusion

Partial retinal input deprivation in Retinitis Pigmentosa patients leads to structural changes in
the human cortex, namely grey matter atrophy in primary and association visual areas. Thus,
cortical structural alterations due to vision loss occur early during Retinitis Pigmentosa
progress and not only when blindness is settled. Retinitis Pigmentosa has been clinically
managed as an ophthalmological disease. However, the gray matter atrophy observed in the
visual cortex may alert clinicians to the possible neurodegenerative mechanisms involved in
the pathology. Further studies will be needed to understand the mechanisms of gray matter
atrophy in the visual cortex, especially on the integrity of the visual pathways in Retinitis

Pigmentosa.
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