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Purposk. Primary visual cortex (PVC) contains a retinotopic map in which the central visual
field (CVF) is highly magnified compared to the peripheral field. Several studies have used
functional magnetic resonance imaging (fMRD) in patients with macular degeneration to assess
the reorganization of visual processing in relationship with the development of extrafoveal
preferred retinal locus (PRL). We evaluated the functional response in PVC and its correlation
with retinal parameters in patients with Stargardt disease due to ABCA4 mutations (STGD1).

Mernops. Twenty-four STGD1 patients underwent best-corrected visual acuity, fullfield
standard electroretinogram (ERG), optical coherence tomography, and microperimetry.
Furthermore, patients underwent fMRI to assess cerebral activation during visual stimulation
by a flickering checkerboard in four PVC subdivisions, corresponding to 0° to 5° (V1), 5° to
10° (V2), 10° to 15° (V3), and 15° to 40° (V4) of CVE

Resurts. Higher ERG responses were significantly (P < 0.0125) associated with larger
functional cerebral response in V1, V2, and V3 subdivisions. Moreover, larger retinal pigment
epithelium atrophy area was significantly (P < 0.0125) associated with smaller PVC activation
in V2 and V3 subdivisions. Larger activation in V1 subdivision was significantly (P = 0.001)
associated with higher mean macular sensitivity and smaller dense scotoma size. Finally, our
results showed reduced activation in V2 and V3 with increased PRL eccentricity.

Concrusions. Our study, for the first time in the literature, showed stronger PVC activation in
STGD1 patients with a more preserved retinal function and macular structure. Furthermore,
our study data strongly suggest that the evaluation of neuronal reorganization could be
performed by considering only retinal parameters, particularly ERG responses.

Keywords: Stargardt disease, functional magnetic resonance imaging, electroretinogram,
optical coherence tomography, microperimetry

targardt disease (STGD) is the most frequent form of juvenile

hereditary macular degeneration (MD); the most common
form of this disease is transmitted in an autosomal recessive
manner and is related to ABCA4 gene mutations (STGDl).1 This
is a large, highly polymorphic gene, consisting of 50 exons,
with over 900 disease-associated variants reported to date.” In
general, null alleles are associated with more severe, earlier-
onset disease while missense variants are associated with
milder, later-onset disease.” There is evidence that p-G1961E in
the homozygous state typically causes a mild phenotype“;
however, certain missense variants can also have severe
functional effects similar to nulls (e.g., p.L541P and
p-A1038V), and the interaction between variants may also

affect the functional outcome.®”

The general course of STGD1 is a slow loss of central vision
in the first or second decade of life due to central atrophy
resulting in a loss of central visual function.®® STGD patients
develop over time an extrafoveal preferred retinal locus (PRL)
of fixation.'®!! Central vision has the highest spatial resolution
and is vital for many aspects of visual function, for example,
reading.'? Primary visual cortex (PVC) contains a retinotopic
map in which the central visual field (CVC) is highly magnified
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with respect to the peripheral field.'*'> Approximately 50% of
the PVC is devoted to the central 15° of visual field."*' People
with advanced MD often develop bilateral, dense central
scotomas subtending 10° to 15° of visual field; in the absence
of any retinotopic reorganization, a 15° bilateral central
scotoma would result in no visual responses in the posterior
half of the primary visual area.'"

Several studies have evaluated the activation of PVC in MD
and its correlation with PRL, using functional magnetic
resonance imaging (f(MRD),">~%! providing contrasting evidence.
These different findings could be related to the design: Most of
the studies focused only on age-related MD (AMD)IS‘16 or
included a few juvenile MD (JMD) cases,'” %% with limited
information about the clinical diagnosis of JMD.'”'®2° More-
over, among STGD patients, cases with foveal sparirlg17 have
been included. However, the few studies that included
relatively large STGD cohorts (<12 calses)21’22 also provided
contrasting findings about whether adult human PVC is capable
of large-scale cortical reorganization in response to bilateral
retinal lesions. Unfortunately, these studies also reported no
information about the genotype and limited analysis of retinal
parameters. We hypothesized that, given the wide spectrum of
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morphologic and functional alterations in MD (e.g., ranging
from foveal sparing to complete macular atrophy, from normal
to abnormal light- and dark-adapted electroretinographic
responses), the differences in retinal parameters (particularly
the degree of macular atrophy and the alterations in
electrophysiological responses) could strongly affect the
functional response of PVC, and may also explain contrasting
results achieved by previous studies.'>~*° Therefore, our study
aimed to evaluate the functional response of PVC and, for the
first time in the literature, its correlation with morphologic and
functional retinal parameters in a group of STGD1 patients
without foveal sparing.

MATERIALS AND METHODS

Patients

A cohort of patients with STGD1 disease was selected at the
Referral Center for Hereditary Retinopathies at the Eye Clinic
of the University of Campania Luigi Vanvitelli. The present
study conformed to the tenets of the Declaration of Helsinki
and was approved by the local Institutional Review Board of
the University of Campania Luigi Vanvitelli (formerly named
Second University of Naples). Written consent to participate in
the study was obtained from all participants.

Inclusion criteria were clinical and molecular diagnosis of
STGD1, age > 18 years, visual acuity in both eyes < 1.3
logMAR, and willingness to participate in this study. Nonin-
clusion criteria were participation in a clinical study with an
experimental drug or ocular surgery in the last 6 months,
pregnancy, foveal sparing, other concomitant ophthalmologic
pathologies (e.g., glaucoma, cataract) that could interfere with
the interpretation of the results.

Ophthalmologic Examination

Within 1 month from fMRI, all patients underwent a complete
ophthalmologic examination, which included the following
tests: best-corrected visual acuity (BCVA) measured by Early
Treatment Diabetic Retinopathy Study (EDTRS) visual chart,
slit-lamp biomicroscopy of anterior segment and fundus
examination, fullfield electroretinogram (ERG), optical coher-
ence tomography (OCT), and microperimetry (MP).

Fundus lesions were classified according to Fishman et a
as follows: phenotype I included patients with small atrophic-
appearing foveal lesions and localized perifoveal yellowish-
white flecks; phenotype II included patients with numerous
yellowish-white fundus lesions throughout the posterior pole;
and phenotype III included patients with extensive atrophic-
appearing changes in the retinal pigment epithelium (RPE).

Fullfield ERG was recorded by corneal contact lens
electrodes with a Ganzfield stimulator (Reticom; Roland
Consult, Brandenburg, Germany) according to the recommen-
dations of the International Society for Clinical Electrophysiol-
ogy of Vision (ISCEV).24’25 ERG abnormalities were classified
into three groups based on the following criteria proposed by
Lois et al.>°: Group I had normal full-field amplitudes; group II
had normal dark-adapted ERG but reduced light-adapted b-
wave amplitudes; and group III had ERG abnormalities
involving both dark-adapted and light-adapted b-wave ampli-
tudes. The normal ERG amplitude values were between 95 and
305 pV for b-wave in 0.01 dark-adapted response, 90 to 250 pV
for b-wave in light-adapted 3.0 response, and 57 to 223 nV for
30-Hz flicker response.

OCT was performed with Cirrus HD-OCT (Carl Zeiss,
Dublin, CA, USA). The acquisition protocol comprised both a
five-line raster scan and a macular cube scan pattern (512 X
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128 pixels) in which a 6 X 6-mm region of the retina was
scanned within a scan time of 2.4 seconds. The retinal
thickness analysis protocol provided with the instrument
software was used to calculate the central retinal thickness
(CRT); the CRT normal range of values was 262 = 16 um.*’
Moreover, the sub-RPE slab was obtained for each examination
using the commercially available software on the Cirrus HD-
OCT (version 6.0). The sub-RPE slab is an en face visualization
using only the light penetrating below the RPE into the choroid
and sclera; these en face fundus images were then used to
measure the area of RPE lesion (RPE-LA), expressed in mm?,
using a recently developed and validated algorithm.*® Further
details about the automated algorithm and its application in
STGD can be found elsewhere.?®3!

MP was performed by an automatic fundus-related perim-
eter (MP1 Microperimeter; Nidek Technologies, Padova, Italy).
The following parameters were used: a fixation target of 2° in
diameter consisting of a red cross and a white, monochromatic
background with a luminance of 1.27 cd/m?. Retinal sensitivity
was measured using a 10-2 pattern, covering 10° centered onto
PRL with 68 Goldman III size stimuli with intensity ranging
from O to 20 decibels (dB) and with a projection time of 200
ms. The following MP parameters were computed: mean
sensitivity (MS) and dense scotoma size (DSS).>* DSS was the
diameter, expressed in degrees, of the area in which the stimuli
were not seen with the brightest light intensity (0 dB).>?
Moreover, the fixation stability was assessed both in terms of
the percentage of fixation points that fell within a 2° (FS2) and
4° diameter (FS4) circle during the MP test and in terms of the
bivariate contour ellipse area (BCEA), as previously de-
scribed.®? Finally, the PRL eccentricities (PRL-E) were assessed:
eccentricity is the distance between the PRL and the fovea in
degrees of visual angle.

According to PRL-E we divided the patients into three
groups:

® PRL group I (foveal fixation, with eccentricity 0° < PRL <
59

® PRL group II (extrafoveal fixation, with eccentricity 5° <
PRL < 10%

® PRL group III (extramacular fixation, with eccentricity
PRL > 10°**

Ocular dominance was determined using the hole-in-card
test. The patient was asked to hold a card with a hole in the
middle using both hands, and to view a target placed 6 m away
through the hole. By occluding each eye alternately, the
observer established which eye was aligned with the hole and
the distance target. The selected eye was considered the
dominant eye.

Functional MRI Data Acquisition

Functional MRI data were acquired at 3 tesla (Trio; Siemens
Medical Systems, Erlangen, Germany) using an echo-planar
imaging (EPD) sequence (TR = 3000 ms, TE = 34 ms, 38 3-mm-
thick axial slices covering the whole brain, pixel size 1.8 X 1.8
X 3 mm®) and a standard 8-channel head radiofrequency coil.

Studies were acquired while patients were administered a
visual stimulus consisting of a black-and-white square check-
erboard, with a constant light intensity of 5 lux, inverting at a
frequency of 8 Hz, alternated every 15 seconds with a black
background. The contrast between black and white squares is
maximal (100%) and the width of each check is 3.75°. For both
the activation (checkerboard) and rest (black screen) phases, a
white cross was displayed in the central 2° of the field of view,
and the patients were instructed to fix their gaze on it. In total,
for each eye, 65 time points were acquired, including five
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initial volumes that were discarded from the subsequent
analysis to allow for MR signal stabilization.

The visual stimulus was designed using Presentation
(Neurobehavioral Systems, Berkeley, CA, USA) and adminis-
tered through MRI-compatible goggles using a commercially
available system (VisualStim Digital; Resonance Technology,
Northridge, CA, USA), which allowed the correction of
refraction errors and unilateral stimulation. Each subject
repeated the task twice, once for each eye, first with the right
eye and then with the left one.

Functional MRI Data Preprocessing

MRI data were preprocessed using the Statistical Parametric
Mapping 8 package (SPM8; Wellcome Department of Neurol-
ogy, London, UK; http://www.fil.ion.ucl.ac.uk/spm; in the
public domain).

The following preprocessing steps were performed: cor-
rection of between-slice acquisition time-shifts by interpolation
of fMRI time series and rigid-body coregistration of each fMRI
volume to the first time point of the corresponding fMRI
series.>’

The six head motion parameters derived from the previous
frame-wise volume coregistration were entered in subsequent
first-level analysis along with their first derivatives to remove
signal fluctuations related to motion.

Resulting data sets were then normalized to the standard
Montreal Neurological Institute (MNI) EPI template and
resampled to a voxel size of 2 X 2 X 2 mm?.

An experienced operator, blind to the condition of the
subject, assessed the accuracy of the spatial normalization.

A high-pass temporal filter (0.008 Hz) was then applied to
the normalized EPI volumes to minimize the effects of
undesired fluctuations, including higher-frequency noise and
the effects of physiological (e.g., respiratory) movements.

Finally, before statistical analysis, normalized activation
maps were smoothed using a Gaussian kernel of 6-mm full
width at half-maximum to minimize the impact of interindi-
vidual anatomic variability and normalization inaccuracies, and
to grant normal distribution of the data according to the
Gaussian random field model underlying the statistical process
used for adjusting P values.>°

Statistical Analysis

For each hemisphere, four spherical regions of interest (5-mm
radius) were defined in the MNI space according to Plank et
al.,>” sampling the PVC along the calcarine fissure from the
occipitopolar area to its extreme anterior margin.

Coordinates (X, y, z) of the regions of interest (ROIs) in the
MNI space were, respectively, [=6, —100, —6], [=6, —90, 0],
[=6, =80, 6] and [*=6, —70, 10].

According to Wandell et al.,*® these regions correspond to
specific retinotopic areas: V1 corresponds to the central 5° of
the visual field, V2 to from 5° to 10° of CVC, V3 to from 10° to
15° CVC, and V4 to from 15° to 40° of CVC.

ROIs were masked by the activation map resulting from the
voxels showing a significant activation (P < 0.05 familywise
error corrected at voxel level) over the whole data set at any of
the two scans (i.e., those showing significant activation when
stimulating right and/or left eye).

For each ROI and each subject, the mean ¢ value was
extracted and used in subsequent regression analysis (see
below). To assess reproducibility over time of the degree of
activation in the four ROIs, 10 patients underwent the fMRI
study in two separate sessions (separated by 3.9 * 1.3
months). We assessed the correlation between repeated
measurements by regression models estimated by generalized
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estimating equations, with stimulated eye and analyzed
hemisphere as within-subject features. For each patient and
for each ROI, the standard deviations of the ¢ values,
measured separately for each hemisphere and each eye, were
averaged. To assess possible differences in reproducibility
between visual cortex regions, ROIs were compared pairwise
by paired #-test.

Relationship Between Imaging and Clinical
Measures

The following clinical measures were tested for relationship
with fMRI data: BCVA (measured by the logarithm of the
minimum angle of resolution, logMAR), ERG data (amplitudes
of b-wave dark-adapted 0.01, b-wave light-adapted 3.0, and N1-
P1 30-Hz flicker), OCT data (RPE-LA), and MP parameters (e.g.,
MS, DSS, fixation stability parameters, and PRL-E).

The relationships between the intensity of the activation in
the four PVC subdivisions and the selected ophthalmologic
parameters were assessed by repeated-measures regression
models with stimulated eye and analyzed hemisphere as
within-subject features. Moreover, age, sex, and dominant eye
were included as covariate or factor. The regression models
were estimated using generalized estimating equations, which
enable inclusion of correlated data by adopting an appropriate
covariance structure, as previously described.”*~*! To account
for multiple testing among the four PVC subdivisions, we used
the Bonferroni correction and considered significant only
those relationships where P < 0.05/4 = 0.0125.

RESULTS

Twenty-four patients (16 males, 8 females; mean age: 29.2
years; range, 15-54) with clinical and molecular diagnosis of
STGD1 related to ABCA4 mutations were enrolled. All subjects
were right-handed.

Demographic and clinical STGD1 patient data are reported
in Tables 1 and 2. The mean age of onset of the disease was
19.25 (£7.79) years. All patients presented a reduction of
visual acuity, with a mean BCVA (logMAR) of 0.80 (£0.44) in
the right eye (RE) and 0.62 (*0.51) in the left eye (LE) (range,
0-1 logMAR).

Fifty percent of patients presented with Fishman phenotype
I, 41% with phenotype II, and 9% with phenotype III;
furthermore, 67% of patients had Lois class I, 20% had class
II, and 13% had class III.

All patients, in line with the disease, had reduced CRT
with a mean value of 132.20 pm (*38.31) in RE and of
142.54 um (*£43.39) in LE (range, 57-233 pm), and they
developed a RPE-LA in the foveal area with a mean value of
2.19 mm” (+3.89) in RE and of 2.51 mm” (+4.13) in LE.
Many subjects also showed reduced MS (range, 0-20 dB) and
developed a DSS (range of values, 0°-20°). Regarding fixation
stability, FS2 on average was 34.8% (*21.7) in RE and 37.6%
(*£22.4) in LE, and FS4 was 68.8% (*+26.3) in RE and 71.7%
(*+19.9) in LE. In terms of BCEA, the mean 68.2% value was
13.1°2 (+15.5) in RE and 11.4° (+13.6) in LE; the mean 95%
value was 35.3°% (£8.5) in RE and 30.7°% (+7.5) in the LE,
and the mean 99% value was 63.1°% (£15.2) in RE and 54.8°2
(£13.4) in the LE.

When testing reproducibility of the activation, we observed
a significant and strong correlation between repeated measures
in all the selected ROIs: beta coefficients and relative 95%
confidence interval were 0.92 (0.78-1.06), 0.89 (0.78-1.00),
0.94 (0.88-1.01), and 0.84 (0.76-0.93) for V1 through V4,
respectively. Furthermore, mean standard deviations were 0.54
* 0.22, 0.50 = 0.31, 0.48 = 0.31, and 0.39 *= 0.23 for V1
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Tasie 1. Demographic and Genetic Data of STGD1 Patients

ID Sex Age, y Age of Onset, y ABCA4 Variants

1 F 19 11 p-Ser84Thrfs*16 p-Gly1961Glu p-Asp498Asn 4017ins24bp
2 M 18 14 p-Leu541Pro/p.Ala1038Val c.5714+5G>A

3 M 25 17 p-Leu541Pro/p.Ala1038Val p-Gly1961Glu

4 F 15 13 p.Gly1961Glu p.Arg2149X

5 M 48 38 P-Asn96Asp c.57144+5G>A

6 M 29 25 p-Gly1961Glu p-Leul938Leu p-Leul894Leu p-Ser1689Pro
7 F 23 14 p-Leu541Pro/p.Ala1038Val p-Phe655Cys

8 M 33 18 p-Argl152GIn p-Gly1961Glu 402ins24bp
9 M 21 15 p-Ala60Val p-Gly1961Glu

10 M 25 18 p-Gly1961Glu p-Arg2107His p-Leu949Arg
11 M 46 30 P-Asn96Asp p-Asn14306lle

12 M 27 11 p-Gly1961Glu p-Arg2149X

13 F 51 25 p-Val615Ala p-Gly1961Glu

14 M 54 28 P-Asn96Asp p-Asn14306lle

15 M 21 13 p-Ser84Thrfs*16 p-Pro402Ala

16 F 25 21 p-Argl1448Lys c.5018+2T>C

17 F 23 18 p.Gly1961Glu €.6282+1G>C

18 M 49 18 4538insC IVS40+5G>A

19 M 20 19 p-Gly1961Glu p-Arg2107His p-Leu949Arg
20 M 37 34 p-Gly1961Glu p-Arg2107His p-Leu949Arg
21 F 18 10 p.Tyr245X €.5714+5G>A

22 M 19 13 P-Asn96Asp p-Asn96Asp

23 M 23 11 p-Gly690Val p-Alal598Asp

24 F 32 28 p.Glyl961Glu p.Gly1961Glu

E female; M, male.

Tasie 2. Clinical Data of STGD1 Patients

BCVA Fundus MP OCT ERG
b-Wave b-Wave N1-P1
Patient Fishmann RPE-LA, Dark-Adapted Light-Adapted 30-Hz Lois
D Dominance logMAR  Score* MS, dB DSS,° PRL-E° mm? 0.01, pv 3.0, pv Flicker, pv Classt

1 L 1/0.9 /i 10.8/8.8 5.7/153  16/11 5.3/4 172.5/182.4 145.1/158.7 75.1/74.1 /1

2 L 0.7/0.7 i 17.4/19.1 1.2/0.3 7/5 2.1/1.3 186.8/189.9 104/90.9 86.7/72.1 1

3 L 0.6/0.6 71 15.7/16.9  1.2/0.9 4/3 0.8/1.1 137.6/123.4 69.1/68.6 32.1/30 /1

4 R 0.9/1 1 12.8/11.1  5.1/1.2 4/3 0/0 125.5/104.7 101.6/89.2 58.7/55.7 I/1
8 5 R 1/0.8 TII/TIT 6.3/0.6 9.9/7.2 4/6  16.8/10.9  219.7/249.4 69.6/85.2 61.2/65.6 /1
c 6 R 0.8/0.9 71 18.6/18.6  0.3/0.3 4/6 0/0 242.4/271.4 176.3/138.5 89.6/76.9 I/1
g 7 L 0.8/0.7 /i 11.5/15.6  5.7/0.6 9/8 3.3/8 69.8/70.4 83.6/64.6 39.1/29.9  II/II
() 8 L 0.7/0.7 /1 15.5/13.6  0.9/0.9 7/7 0.3/0.3 227.1/217.3 215.1/202.9 85.3/93.8 I/1
— 9 R 0.7/0.7 71 10.6/14.4 6./0.3 6/5 0.8/2.1 187.3/176.7 135/143.3 92.9/103.6 1/
g 10 R 0.8/1 /1 145/15.3  2.4/2.6 5/3 0/0.2 205.3/206.5 136/144.5 87.3/95.8 I/1
0 11 L 0.2/0 /11 0/0 20/20 2/4 0.1/0.1 93.6/88 30.3/31.7 59.1/49.9 /1
> 12 R 0.9/0.9 I/1 14.9/15 1.2/0.6 8/10 2.6/2.7 105/121.3 133.2/116.8 62.1/62.4 I/1
o3 13 R 0.4/1 /11 16.7/15 0.3/5.1 4/3 0/2 251.6/272.6 230.1/214.7  100.8/96.7 1
> 14 L 0.4/0 i 12.7/19.1 0/0 3/3 1/0 227.6/206.7 205/191.9 97.9/100.7  I/1
D 15 L 0.9/0.8 /11 0.7/2 15.3/15.6  2/3 1.2/0.5 30.3/68.4 35.3/27.5 15.5/14.4  II/1I
<—D 16 R 0.9/0.9 /1 7.4/8.2 11.4/10.2 1/ 4 0.7/1.6 349.4/346.2 225.3/287.8 167.4/229.9 I/1
g 17 R 0.7/0.7 1 17.8/8.2 0.3/0 6/3 0/0 357.7/305 146.6/146 170.4/239.9 1/
—_ 18 R 1./1 TII/111 0/0.5 20/20 7/10  10.1/16.2 44.7/49.8 34.8/38.6 16.1/15.6 TII/111
_CCU 19 R 0/0 I/1 12.7/13 0/0 1/3 0/0 187.5/184.9 170.2/162 92.9/103.6 I/1
E 20 R 0.4/0.1 71 13.5/11 0.6/0.9 4/1 1.7/0.2 167.6/160.2 157.7/168.7  100.1/99.8 I/1
o 21 R 1/0.8 /11 10.8/15.1  2.1/0.9 5/4 1.1/0.2 199.2/229 96.4/111 91.8/93.4 /1
O 22 L 0.9/0.9 /1 12/13 2.6/1.5 7/5 0/0 314.3/246.6 118.7/104.1 135.1/147.1 I/1
() 23 R 0.9/1 /11 20/20 0/0 13/17  4.7/7.8 113.8/135.5 86.9/71.9 62.3/59.9 /1
E 24 L 0.2/0.2 /11 17.6/13.1  0.3/0.6 2/2 0/1.1 133.4/216.6 225.7/216.1 64.5/57.9 I/1
g) Right/left (R/L) eye data are reported.
'-'a * Fishman score: (1) a small atrophic-appearing foveal lesion and localized perifoveal yellowish-white flecks; (2) numerous yellowish-white
D fundus lesions throughout the posterior pole; (3) extensive atrophic-appearing RPE changes.
E T Lois class: (1) normal full-field amplitudes; (2) normal scotopic but reduced photopic b-wave amplitudes; (3) abnormal responses involving

both rods and cones.
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through V4, respectively. No significant differences emerged
among the four ROIs in terms of reproducibility, with the
exception of a significantly smaller variability of V4 compared
to V3 (P =0.001).

Correlations Between fMRI and Clinical Data

Regression analysis results, summarized in Table 3 (complete
regression models are reported in Supplementary Tables S1, S2,
S3), showed several significant (P < 0.0125) correlations
between PVC activation in V1 through V3 and ophthalmologic
parameters. No significant relationship was observed between
BCVA and fMRI data. The analysis showed that higher values of
b-wave amplitude in dark-adapted 0.01 and light-adapted 3.0
ERG responses were significantly associated with larger PVC
activation in V1, V2, and V3 subdivisions. Higher N1-P1
amplitudes in flicker 30-Hz ERG were associated with larger
PVC in V1 and V3 subdivisions. Two paradigmatic cases (a
patient with low PVC activation associated with low light-
adapted ERG responses, and a patient with strong PVC
activation associated with high light-adapted ERG responses)
are shown in Figure 1.

Moreover, larger RPE-LA was significantly (P < 0.0125)
associated with smaller PVC activation in V2 and V3
subdivisions. Larger activation in V1 subdivision was signifi-
cantly associated with higher values of MS (P = 0.001) and
smaller DSS (P = 0.001), while no significant relationship was
observed between fixation parameters and fMRI data.

As summarized in Table 4 (complete regression models are
reported in Supplementary Table S4), our results showed
reduced activation of the main cerebral visual areas with
increasing PRL eccentricity: In particular, PRL group 3 @.e.,
extramacular fixation) showed a significantly reduced activa-
tion (P < 0.0125) in V2 and V3 subdivisions compared to PRL
group 1 (i.e., foveal fixation).

Finally, we analyzed the relationship of PVC activation and
retinal parameters also by correcting for PRL eccentricity,
categorized in the three groups (Figs. 2, 3). This last analysis
showed that the association between ERG response and V1,
V2, and V3 activation was not significantly influenced by PRL
eccentricity (P value > 0.05). Similarly, PRL eccentricity did
not significantly (P value > 0.05) affect the relationship of MS
and DSS with activation in the V1 subdivision.

DISCUSSION

This study analyzed the cerebral activation of PVC in a group of
patients with STGD1 in relation to morphologic and functional
retinal alteration.
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All previous studies investigating MD, including STGD,
focused on fMRI parameters with retinal function evaluation
limited to visual acuity and visual field evaluation.'””?' In
contrast, we used a battery of more robust morphologic and
functional tests, used for diagnosis and monitoring of STGD, to
accurately and thoroughly assess retinal damage. In particular,
full-field ERG was used to obtain a functional objective
examination of the photoreceptor function,® MP provided a
functional subjective examination of retinal sensitivity,42 and
OCT was used to examine macular structure.* Moreover, in a
subgroup of the current study sample (18 STGD1 patients out
of 24), we recently reported the develoyment of atrophy in
cerebral areas involved in visual function®* by using structural
MRI, consistent with previous studies on MD.#>4¢

The results of the current study confirmed our hypothesis
that the differences in retinal parameters, particularly the
degree of macular atrophy and the alterations in electrophys-
iological responses, are strongly correlated to the functional
response of PVC. In particular, a larger activation of PVC in
STGD patients was significantly associated with better ERG
responses (i.e., higher dark-adapted 0.01, light-adapted 3.0,
and 30-Hz flicker ERG); smaller macular atrophy area, as
evaluated by OCT; and better parameters related to retinal
sensitivity and position of PRL (i.e., higher MS, reduced DSS,
foveal fixation). In contrast, BCVA and fixation stability
parameters were not significantly related to PVC activation.
Finally, the eccentricity of PRL seems to not affect these
relationships. These findings provide new insights in the
debate existing in the literature about the effective neuronal
reorganization in subjects affected by MD. First, the strong
relationship between ERG responses and PVC activation in
our STGD1 patients strongly suggests that analysis of
heterogeneous cohorts of patients with AMD and JMD could
severely hamper the meaningfulness of the results, since AMD
was associated with normal ERG while JMD showed ERG
alterations in a significant number of cases. Moreover, we
believe that since JMD includes a heterogeneous group of
diseases with different ERG alterations—such as STGD1, with
ERG responses ranging from normal to subnormal dark-
adapted and light-adapted ERG,‘Q”26 retinoschisis, with the
peculiar electronegative combined ERG response,47 cone
dystrophies with nondetectable light-adapted ERG but normal
dark-adapted ERG—the exact diagnosis and evaluation of ERG
parameters are needed to properly investigate the PVC
activation in MD. In particular, two recent STGD studies
provided different evidence: a lack of effective neuronal
reorganization, reported by Baseler et al.,?' in a cohort
including 8 STGD patients without foveal sparing; and a
reorganization of PVC after deafferentation due to macular
atrophy, suggested by Sabbah et al.,>*> who adopted a different
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fMRI approach, that is, resting-state functional connectivity, in
a cohort including 12 STGD patients. Therefore, our results
suggest that the presence of neuronal plasticity could be
investigated by longitudinal studies with ERG analysis in
patients with the same clinical diagnosis.

Furthermore, the correlation between PVC activation and
retinal structural and functional parameters (e.g., ERG respons-
es, RPE-LA) suggests that fMRI may play an important role as
surrogate outcome to evaluate efficacy of experimental
therapies also in STGD1 patients. In fact, previous studies
highlighted that PVC activation is directly correlated with
greater visual functionality in patients with a peripheral retinal
disease, Leber congenital amaurosis, undergoing gene therapy;
and, in particular, it has been shown that the cerebral
activation patterns mirror the improvements identified through
subjective and objective clinical testing of visual function. 80
This issue is particularly relevant considering the limited data
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about test-retest variability of ERG responses in STGD1 and
the high test-retest variability of other functional measures,
such as BCVA and visual field sensitivity, observed in the
STGD1 patients treated by gene therapy, which could be
related to a learning effect.’’ Furthermore, the higher
variability of these functional measures in STGD1 patients
compared with reported data in healthy subjects has been
explained by the presence of unstable fixation.' In contrast,
the fMRI approach, adopted in the current study, appeared to
be not influenced by fixation stability parameters or by
learning effect, since it did not rely on subjective responses,
which in contrast characterize BCVA and visual field measure-
ments. Moreover, in the current study we investigated the
reproducibility of our approach, showing a strong correlation
between repeated measures and no significant differences in
terms of reproducibility among the V1, V2, and V3 subdivi-
sions. Therefore, our findings support the adoption of fMRI
measures as secondary efficacy endpoint in clinical trials for
STGD1.

The current study has some limitations. Firstly, the order of
the stimulated eye was not randomized. However, it should be
noted that no statistically significant order effect related to the
stimulation was detected, since the statistical analysis showed
that the stimulated eye is not significantly associated with PVC
activation in any of the regression models, thus mitigating
against a possible order effect that would have introduced a
bias related to the stimulated eye. Secondly, the eye
movements were not tracked; however, we did not expect
any effect related to eye movements in the PVC, since a full-
field stimulus was used, and the fixation stability parameters
did not show any significant correlation with the PVC
activation in any regression model. Finally, the lack of normal
controls for comparisons must be considered when interpret-
ing the present results. Actually, this limitation does not enable
one to infer whether the “baseline” activation in patients with
preserved retinal function and macular structure would match
a normal pattern, since activation abnormalities could be
present already in preclinical stages of the disease, indepen-
dently from the retinal changes that can be detected
instrumentally.

In conclusion, our study, for the first time in the literature,
showed stronger PVC activation in STGD1 patients with a
more preserved retinal function and macular structure,
suggesting that the evaluation of neuronal reorganization could
be performed only by considering retinal parameters, partic-
ularly ERG responses. Finally, our findings support the
adoption of fMRI measures as secondary efficacy endpoint in
clinical trials for STGD1.
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