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PURPOSE. Achromatopsia is a rare inherited disorder rendering retinal cone photorecep-
tors nonfunctional. As a consequence, the sizable foveal representation in the visual
cortex is congenitally deprived of visual input, which prompts a fundamental question:
is the cortical representation of the central visual field in patients with achromatopsia
remapped to take up processing of paracentral inputs? Such remapping might interfere
with gene therapeutic treatments aimed at restoring cone function.

METHODS. We conducted a multicenter study to explore the nature and plasticity of vision
in the absence of functional cones in a cohort of 17 individuals affected by autoso-
mal recessive achromatopsia and confirmed biallelic disease-causing CNGA3 or CNGB3
mutations. Specifically, we tested the hypothesis of foveal remapping in human achro-
matopsia. For this purpose, we applied two independent functional magnetic resonance
imaging (fMRI)–based mapping approaches, i.e. conventional phase-encoded eccentricity
and population receptive field mapping, to separate data sets.

RESULTS. Both fMRI approaches produced the same result in the group comparison of
achromatopsia versus healthy controls: sizable remapping of the representation of the
central visual field in the primary visual cortex was not apparent.

CONCLUSIONS. Remapping of the cortical representation of the central visual field is not
a general feature in achromatopsia. It is concluded that plasticity of the human primary
visual cortex is less pronounced than previously assumed. A pretherapeutic imaging
workup is proposed to optimize interventions.
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Gene-therapeutic interventions are of great promise
to revolutionize medicine. Ophthalmologic diseases

affecting retinal function take a pioneering role in this

respect. This has been demonstrated for RPE65-related
Leber congenital amaurosis before1,2 and ultimately resulted
in recent approval of voretigene neparvovec (Luxturna,
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Spark Therapeutics, Inc., Philadelphia, USA), the first gene-
therapeutic drug for an inherited retinal disease. Another
disease that is currently a target of gene supplemen-
tation approaches is autosomal recessive achromatopsia
(ACHM) (animal studies3–8; human trials: several human
phase I/II trials are completed or in progress for ACHM
related to CNGA3 and CNGB3 mutations: NCT03758404
and NCT03001310, Farahbakhsh et al.,9 NCT02935517,10

NCT02599922,11 NCT0261058212). ACHM is a rare condition
(1:30,000) with autosomal recessive inheritance and congen-
ital dysfunction of the retinal cone photoreceptors13–15 asso-
ciated with reduced visual acuity, nystagmus, photophobia,
and absent/severely impaired color vision.16,17 Mutations in
genes encoding functional components of the phototrans-
duction cascade can cause ACHM. Mutations in two genes,
CNGA3 and CNGB3, account for >90% of the cases, while
other genes (GNAT2, PDE6C, PDE6H, and ATF6) account for
the remaining minority of cases.18–20

As the fovea is rod free, one far-reaching consequence of
the congenital absence of cone function in ACHM is missing
visual input to the foveal representation in the visual cortex.
In the absence of plasticity, it would leave a large expanse
of visual cortex deafferented. This prompts the question of
whether the foveal representation is remapped to take up
processing of input from more peripheral retina.21–30 Such
cortical reorganization might cause failure and undesired
side effects of gene-therapeutic interventions. Therefore, the
possibility of visual system plasticity has, beyond its rele-
vance for our basic understanding of human visual cortex
plasticity, direct clinical implications. For the visual cortex in
ACHM, a pioneering case series study suggested substantial
remapping of the foveal representation in the primary visual
cortex,31 and recently we described structural changes.32,33

Such deviation from normal visual cortex structure and func-
tion might be a barrier to the success of upcoming novel
therapeutic developments that aim to restore normal visual
function in ACHM. Consequently, a systematic assessment of
a larger cohort of genetically confirmed achromatic partic-
ipants is important to determine whether remapping of
the central visual field representation is a general feature
of ACHM. We have therefore addressed this need with a
multicenter functional magnetic resonance imaging (fMRI)
study mapping the primary visual cortex (V1) in ACHM,
with a sizable cohort of participants with confirmed biallelic
disease-causing mutations in CNGA3 or CNGB3. We specif-
ically addressed the question of remapping of the foveal
representation in ACHM with fMRI for both photopic and
dark-adapted scotopic conditions.

MATERIALS AND METHODS

Participants

A total of 17 individuals (Table 1) with genetically confirmed
ACHM (10 CNGA3 related and 7 CNGB3 related) and
absence of cone function confirmed with electroretinograms
recorded according to ISCEV (International Society for Clin-
ical Electrophysiology of Vision) standard34 and 19 controls
with no neurologic and ophthalmologic history and normal
visual acuity were examined at three study sites: Hadassah
Medical Center (HMC), University of Magdeburg (UM), and
University of York (UY) (for comparability across sites, see
“Cross-Site Comparability”).

HMC: Six ACHM participants (mean ± SD age, 38.17
± 5.64 years; four males) were referred for scanning by
the Ophthalmology Department at HMC and three controls

(mean ± SD age, 25.67 ± 7.02 years; two males) with normal
or corrected-to-normal vision were recruited.

UM: Six ACHM participants (mean ± SD age, 25.00 ±
13.46 years; three males) and eight participants (mean ±
SD age, 36.75 ± 11.99 years; four males) with normal or
corrected-to-normal vision were recruited for scanning.

UY: Five ACHM participants (mean ± SD age, 40.17 ±
10.23 years; three males) were referred for scanning by
collaborative sites. Eight controls (mean ± SD age, 26.23
± 4.4 years; four males) with normal or corrected-to-normal
vision were recruited from the York NeuroImaging Centre
participant pool.

Each participant underwent up to two independent fMRI
sessions, including a high-resolution structural scan. In each
fMRI session, up to four functional population receptive
fields (pRFs) and two phase-encoded runs were obtained. All
participants provided informed consent to take part in the
study. Experimental protocols received approval from the
respective ethics committee and were in accordance with the
Declaration of Helsinki. For ACHM, standard clinical history,
including affected gene and rod function, was known, either
through clinical tests carried out at the respective site or by
the collaborators.

Data Acquisition

Imaging Parameters. UY: All scans were acquired
using a 3T SIEMENS MAGNETOM Prisma scanner at the
York Neuroimaging Centre (YNIC), UK. In brief, for high-
resolution anatomic images, one T1-weighted scan (TR
(Repetition time), 2500 ms; TE (Time to echo), 2.26 ms; TI
(Inversion time), 900 ms; voxel size, 1 × 1 × 1 mm3; flip
angle, 7°; matrix size, 256 × 256 × 176) was acquired using
a 64-channel head coil. All functional scans were acquired
using a standard EPI sequence and the posterior part (40
channels) of the head coil (TR, 1500 ms; TE, 23 ms; voxel
size, 2.5 × 2.5 × 2.5 mm3; flip angle, 80°; matrix size, 64 × 64
× 30). The axial slices were aligned with the calcarine sulcus
and placed to cover the whole occipital cortex. Additionally,
for each fMRI session, a proton density scan with the same
spatial prescription was acquired to facilitate alignment to
the high-resolution structural scan.

HMC: All scans were acquired using a 3T SIEMENS
MAGNETOM Skyra scanner at the Edmond & Lily Safra
Center for Brain Sciences, Hebrew University of Jerusalem.

For high-resolution anatomical images, one T1-weighted
scan (TR, 2300 ms; TE, 1.5 ms; TI, 900 ms; voxel size, 1 ×
1 × 1 mm3; flip angle, 9°; matrix size, 256 × 256 × 160),
using a 32-channel head coil, was acquired. All functional
scans were acquired using a standard EPI sequence and the
posterior part of the head coil (TR, 1500 ms; TE, 27 ms; voxel
size, 2.5 × 2.5 × 2.5 mm3; flip angle, 70°; matrix size, 72 ×
72 × 20). The coronal slices were aligned perpendicular to
the calcarine sulcus and placed to cover the whole occipital
cortex.

For each fMRI session, a T1-weighted FLASH inplane scan
was acquired to facilitate alignment of functional scans to the
high-resolution structural scan.

UM: All scans were acquired using a 3T SIEMENS
MAGNETOM Prisma scanner at the University Hospital,
Magdeburg. For high-resolution anatomic images, one T1-
weighted scan (TR, 2500 ms; TE, 2.82 ms; TI, 1100 ms; voxel
size, 1 × 1 × 1 mm3; flip angle, 7°; matrix size, 256 × 256 ×
192) was acquired using the posterior 40 channels of a 64-
channel head coil. Similarly, for all functional scan sessions,
only the posterior part of the coil was used, covering the
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TABLE 1. Participant Demographics

Participant Site pRF Luminance TWA Luminance Age, y Sex Genotype VA LogMAR

ACHM HMC 3 S 2 S 34 M CNGA3 0.7
ACHM HMC 4 P/S 2 P/S 41 M CNGA3 0.9
ACHM HMC 3/4 P/S 2 P/S 35 M CNGA3 1.0
ACHM (1) HMC 4 P/S 1/2 P/S 41 F CNGA3 0.7
ACHM (2) HMC 4/2 P/S 2 P/S 42 F CNGA3 0.8
ACHM HMC 2 P/S 2 P/S 28 M CNGA3 0.9
ACHM UM 4/2 P/S 2 P 45 M CNGB3 0.8
ACHM UM 4/2 P/S 2 P 16 M CNGB3 1.0
ACHM UM 4/2 P/S 2/1 P/S 27 F CNGB3 0.7
ACHM UM 4/2 P/S 2 P 16 F CNGB3 0.8
ACHM UM 4 P 2 P 18 F CNGA3 0.9
ACHM UM 4/2 P/S 2 P 22 M CNGA3 0.9
ACHM (3) UY 4 P/S 2 P/S 40 F CNGB3 1.5
ACHM UY 4 P 2 P 28 M CNGB3 1.9
ACHM UY 2/4 P/S 1/2 P/S 34 M CNGB3 1.9
ACHM UY 4 P/S 2 P/S 34 M CNGA3 0.8
ACHM UY 4 S 2 S 51 F CNGA3 1.0
HC HMC 2/3 P/S 2 P/S 25 M
HC HMC 4 P/S 2 P/S 33 F
HC HMC 4 P/S 2 P/S 19 M
HC UM 4 P/S 2 P/S 27 M
HC UM 4 P/S / / 33 M
HC UM 4 P/S 2 P/S 58 F
HC UM 4 P/S 2 P/S 29 M
HC UM 4 P/S 2 P/S 53 F
HC UM 4 P 2 P 27 M
HC UM 4 P 2 P 35 F
HC UM 4 P 2 P 32 F
HC UY 4 P/S 2 P/S 25 F
HC UY 4 P/S 2 P/S 25 F
HC UY 4 P/S 2 P/S 34 M
HC UY 4 P/S 2 P/S 28 M
HC UY 4 P/S 2 P/S 24 M
HC UY 4 P/S 2 P/S 20 F
HC UY 4 P/S 2 P/S 30 F
HC UY 4 P/S 2 P/S 23 M

Summary of participant groups, scanner site, age and sex, and acquired number of pRF or phase-encoded analysis (TWA) stimulus runs
for each luminance condition. If just one number is denoted for either pRF or phase-encoded runs, this number is representative for all
indicated luminance levels. Participants marked in bold match participants later referred to in the article. P, photopic; S, scotopic; TWA,
traveling wave analysis.

region of the occipital cortex using a multiband-accelerated
(factor 2) EPI sequence (TR, 1500 ms; TE, 30 ms; voxel size,
2.5 × 2.5 × 2.5 mm3; flip angle, 80°; matrix size, 84 × 84 ×
54). The axial slices were aligned with the calcarine sulcus
and placed to cover the whole occipital cortex.

Visual Stimuli

All stimuli were generated using the Psychophysics Toolbox
Version 335–37 in conjunction with 32-bit MATLAB (Version
7.6.0; The MathWorks, Natick, MA, USA). For both phase-
encoded eccentricity mapping38–40 and pRF mapping,41 a
modified, nonscaled version of the previously described
stimuli was used (Fig. 1). Briefly, an unmasked portion of
a 100% contrast flickering checkerboard (width 2°) was
presented on a mean gray background (equivalent to the
average luminance of the checkerboard) within a circular
aperture (8° radius). Spatial (fundamental = 0.25 cycle/°)
and temporal frequencies (2-Hz square wave contrast rever-
sal) were adjusted for both stimuli to maximize responses
under low luminance levels.

For all phase-encoded retinotopy runs, the ring stimu-
lus increased from the center of the visual field and was
replaced by a new central annulus during the last step
of each cycle. Each stimulus run lasted 48 seconds and
was repeated for seven full cycles. For pRF, mapping the
bar stimulus was swept in one of eight different directions
within a circular aperture. Each sweep lasted a total of
48 seconds and included four blank gray mean luminance
periods (12 seconds each) as baseline conditions at the end
of sweeps 1, 3, 5, and 7.

Participants were instructed to maintain central fixation
at the perceived intersection of a large diagonal X, which
alternated every 2 seconds between black and white to mini-
mize a potential Troxler effect.42 To avoid any interference
with central visual field regions, the fixation cross included a
central gap of 2° diameter. Participants completed an atten-
tion task and were instructed to respond with a button press
every time the fixation cross doubled in width. Changes
in width occurred randomly, no more than once within
12 seconds but at least every 36 seconds. Reaction time and
percentage correct for the attention task were recorded for
each functional run.
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FIGURE 1. Example of the visual stimuli used for retinotopic mapping. (A–D) A sample of the contrast-reversing ring stimuli used for phase-
encoded eccentricity mapping that illustrate a few sample steps of a single stimulus cycle. Note that in (D), the stimulus starts again in the
center of the visual field, while the previous cycle is still in its final stage, commonly referred to as “wraparound.” (E, F) The stimuli used
for pRF mapping. (E) General stimulus features. In all panels, the fixation cross is overlaid and includes a central gap. In (F), the fixation
cross has the target size for the attention task (doubled width).

Stimulation software was shared across sites to ensure
identical stimulus presentation despite different presenta-
tion hardware:

UY: Stimuli were rear-projected onto an acrylic screen
situated in the bore of the scanner behind the
participant’s head using an LCD projector (PROPixx
DLP LED Projector; VPixx Technologies, Canada). All
participants viewed the screen via a mirror mounted
on the head coil at a viewing distance of 57 cm.
HMC: Stimuli were presented on a 32-in. MR-
compatible LCD monitor (NordicNeuroLab, Bergen,
Norway) situated at the end of the scanner bore
behind the participants’ head. All participants viewed
the screen via a mirror mounted on the head coil at a
viewing distance of 131 cm.
UM: Stimuli were rear-projected onto an acrylic screen
situated in the bore of the scanner behind the partici-

pants’ head using a D-ILA Projector (JVC, Bad Vilbel,
Germany; DLA-RS49). All participants viewed the
screen via a mirror mounted on the head coil at a
viewing distance of 35 cm.

In general, two different luminance settings were used: a
bright-light condition, referred to as “photopic,” and a low-
luminance condition, referred to as “scotopic.” For two scan-
ner sites, a second photopic condition with reduced light
was added for scanning achromats (Table 2).

For low-photopic conditions in UY and UM (mean lumi-
nance: 10 and 7 cd/m2, respectively), a neutral density filter
(Formatt Hitech, UK; Firecrest ND 85 × 85 mm, ND 1.5)
was mounted in front of the projector to reduce the overall
luminance. For the scotopic condition, all participants wore
customized goggles fitted with layers of neutral density foils
(Stage Depot Limited, UK; Neutral Density Rosco E-Colour+
lighting filter sheet) to achieve the specified luminance.
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TABLE 2. Overview of Mean Luminance Settings Used at the Parti-
cipating Scanner Sites

Photopic, cd/m2

Site Control Patient
Scotopic, cd/m2

All Participants

UY 300 10 0.05
UM 220 7 0.05
HMC 200 0.05

UY and UM used two different photopic settings depending on
the participant group while the setup at HMC only allowed for one
photopic setting. Scotopic luminance levels were identical across
sites.

During scanning, all light sources in the scanner rooms were
switched off. For all scotopic scans, participants were dark-
adapted for a minimum of 30 minutes prior to data acquisi-
tion. For all scans, participants viewed the presented stimuli
monocularly, whereby a patch occluded the nondominant
eye. To establish eye dominance, the Porta Test (point-a-
finger test)43–45 was used. All participants were instructed
to extend an arm and align a finger with a distant corner.
The participants were then instructed to alternately close
one eye and report which eye was aligned with the target,
which was then noted as the dominant eye.

The influence of differences in luminance settings across
sites is separately addressed in a site comparison (see Meth-
ods, Results, and Limitation section in the Discussion).

Data Preprocessing

UY: High-resolution T1-weighted scans were automatically
segmented into gray and white matter using the Freesurfer
analysis suite 5.346,47 (http://surfer.nmr.mgh.harvard.edu/).
The output was manually corrected for potential segmenta-
tion errors (ITK_Snap,48 www.itksnap.org) and the cortical
surface reconstructed to create an inflated three-dimensional
(3D) mesh, used for visualization of derived retinotopic
maps and ROI (Region of Interest) definition. Proton density
scans were FAST corrected using the FSL toolbox (https:
//www.fmrib.ox.ac.uk/fsl, FSL49) and skull stripped BET
(Brain Extraction Tool), to facilitate alignment with the high-
resolution structural scan. Functional data were prepro-
cessed and analyzed mainly with the mrVista toolbox
(VISTASOFT software package, https://www.stanford.edu/
group/vista/cgi-bin/home/software) run on MATLAB 8.0
(2012b). In brief, dummy volumes (8) were discarded and
data were motion corrected.

HMC: Preprocessing of anatomic data was identical to the
UY workflow. The functional analysis stream was adapted
and initial steps were carried out in FSL. In brief, dummy
volumes (8) were discarded, and within-scan motion correc-
tion was carried out with FSL’s MC FLIRT final (internal) sinc
interpolation.50 After this stage, all functional scans were
aligned to the first used functional volume, similar to the
mrVista approach, using FSL’s FLIRT.

UM: T1-weighted anatomic scans were automatically
segmented using FreeSurfer (5.3) (http://surfer.nmr.mgh.
harvard.edu/)46,47 and the cortical surface reconstructed to
create an inflated 3D mesh, used for visualization of derived
retinotopic maps and ROI definition. Functional prepro-
cessing was first carried out using the FSL toolbox (https:
//www.fmrib.ox.ac.uk/fsl) for motion correction.

For all sites, corrected runs with large motion artifacts
or poor performance on the attention task were excluded.

The exclusion of runs was mostly based on large fluctu-
ations of the time series, as typical for large motion arti-
facts. As the same analyst conducted the data processing,
no systematic differences were noted and motion outliers
could be seen across all sites and were generally sparse
and not more remarkable than in other studies (see Table
1 for an overview of runs per participant). Remaining pRF
or phase-encoded runs were averaged and aligned to the
high-resolution T1-weighted images. This was done either
using FSL (FLIRT) and mrVista tools (rxAlign,VISTASOFT
software package) for data collected at UY and HCM or by
using mrVista tools assisted by Kendrick Kay’s alignment
toolbox (github.com/kendrickkay/alignvolumedata) for data
collected at UM.

Data Analysis

Cross-Site Comparability. To estimate the compara-
bility of the acquired signal at each site, coherence values
for both regions of interest and both luminance levels were
extracted from the phase-encoded data set and plotted for
each scanner site (after arcsine transformation to evalu-
ate this statistically). Coherence values were used as they
are calculated on the processed data (motion corrected,
dummy volumes removed, averaged) and allow for a direct
comparison of signal change as used in the subsequent
analysis stream. A mixed model REML (Restricted Maxi-
mum Likelihood) as implemented in Prism 9.0 with ROI
and luminance level as within-subject factors and site as
a between-subject factor was applied and revealed, as
expected, a main effect of luminance level (F1, 32 = 23.37;
P < 0.0001) and ROI (F1, 32 = 11.08; P = 0.0022). Impor-
tantly, however, a main effect of scanner site (F2, 32 = 0.2723;
P = 0.7634) and/or significant interaction terms were not
found. As a consequence, the derived phase-encoded and
pRF estimates were pooled across scanner sites for all
reported analysis streams (Supplementary Fig. S1, Supple-
mentary Table S1).

Processing of phase-encoded and pRF data. To deter-
mine the phase and therefore the eccentricity produc-
ing the maximum response for each voxel, the averaged
phase-encoded eccentricity mapping runs were analyzed
with the mrVista toolbox (VISTASOFT software pack-
age, https://www.stanford.edu/group/vista/cgi-bin/home/
software), analogous to Kaule et al.,51 which involved
applying a Fourier analysis to the fMRI time series to
obtain the amplitude and phase for each frequency and
the calculation with a sinusoid with a frequency equal to
that of the visual stimulation (1/48 Hz). Coherence (C) is
defined as the Fourier amplitude of the blood oxygen
level-dependent (BOLD) signal at the stimulus fundamen-
tal frequency divided by the sum of amplitudes of frequency
bins around the fundamental.52 The averaged pRF runs were
used to determine both the eccentricity and polar angle
information as well as pRF size. To determine the pRF-center
position (x0, y0) and pRF size of each voxel, we used the
previously described pRF-modeling approach implemented
in the mrVista toolbox.41

Delineation of visual fieldmaps. The analysis of the visual
field maps made use of an anatomic retinotopy atlas53,54

(implemented in the python analysis toolbox “neuropythy”).
This atlas was used to create two ROI masks (FSL tool-
box) for each participant, representing the central (0°–4°)
and paracentral portions (4°–8°) of V1. For each partici-
pant, these two ROIs were imported to mrVista and manu-
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ally traced on the participant’s specific 3D mesh. Here, it
should be noted that equal eccentricity bands of the ROIs
do not result in equal-sized ROIs. Instead, due to cortical
magnification, the resulting central ROI exceeds the para-
central ROI in size. On the other hand, it is well known
that there are often dropouts of responses in the central
cortical representation, particularly for scotopic stimulation.
Consequently, equating SNRs (signal-to-noise-ratios) across
ROIs and luminance conditions is not possible, and other
strategies would likely introduce other biases. As a conse-
quence, we chose equal widths for the two eccentrici-
ties. Importantly, a larger central ROI will tend to increase
SNR for central responses and thus increase the sensitiv-
ity to the sign of remapping addressed in the present study
(i.e., activations of the central visual field representation in
ACHM).

A customized script was applied to identify and remove
any voxels shared between the ROIs.55 In addition, mean
percent signal change values for each ROI were aver-
aged across left and right hemispheres for all subsequent
analyses.

Statistical Analysis

Phase-Encoded Analysis. Single-cycle heatmaps.
Time-series data were extracted for each ROI (V1 central
and paracentral) from the phase-encoded ring data set. The
mean time series for each ROI and participant was inspected
for potential artifacts. If spikes occurred simultaneously in
both ROIs, an artifact was assumed and the affected cycle
deleted. Time series were then averaged across cycles to
generate a single-cycle average for each participant, ROI,
and luminance level.

For each participant group, all single-cycle averages
(percent signal change) were plotted as a heatmap for each
luminance level and ROI. Individual modulations were aver-
aged across the group and overlaid in red on each heatmap
to show the overall luminance-specific time-series change
within each ROI.

Population Receptive Field Mapping. Here, the
proportion of early visual cortex that responded above
threshold per luminance level was identified, and the
number of voxels that exceeded 10% variance explained56

in each pRF model fit was determined per participant
for each ROI and divided by the total ROI voxel count.
Subsequently, the mean eccentricity and mean pRF size
of voxels that exceeded 10% variance in each pRF model
fit were calculated for each participant, per condition and
ROI.

For all three described pRF analysis measures, two-
way ANOVAs were applied on the dependent variables
“amplitude” (for phase-encoded eccentricity mapping) and
“percentage active voxels,” “mean eccentricity,” and “mean
pRF size” (for pRF mapping) to determine the main effect
of ROI and participant GROUP and the interaction between
these two factors (GROUP × ROI) at each luminance level.
For potential post hoc comparisons, an independent sample
t-test was applied for each ROI to test for an effect of
the participant group on “percentage active voxels,” “mean
eccentricity,” and “mean pRF size.”

Graphs (line graphs, box-and-whisker plots) were created
using Prism version 8.00 for Mac (GraphPad Software, La
Jolla, CA, USA) while all other graphs were created using
MATLAB (2017a).

RESULTS

Below, the results are given for (1) the phase-encoded eccen-
tricity mapping and (2) different outcome measures of the
pRF-based mapping. Given the multicenter nature of this
study, we first tested the comparability of our data across
the different sites and found no effect of scanner site (see
Methods, Supplementary Fig. S1, Supplementary Table S1).
Consequently, the data for all subsequent analysis streams
were combined.

Phase-Encoded Eccentricity Mapping of Primary
Visual Cortex (V1)

Baseler et al.31 suggested V1 remapping in ACHM, based
on a case series employing phase-encoded fMRI. We revis-
ited this issue in a larger participant sample. We began with
an assessment that resembles this initial study. For better
comparability with Baseler et al.,31 we therefore first applied
conventional phase-encoded eccentricity mapping based on
the stimulation with expanding rings for both photopic and
scotopic conditions. A qualitative overview of the obtained
maps is presented in Figure 2 depicting the visual cortex
of the left hemispheres of a healthy control (HC) and three
representative ACHM participants spanning a range of visual
acuities (0.7–1.5 logMAR) that were selected to demonstrate
the range of cortical responses observed. Orderly eccentric-
ity maps were obtained in the control and in two of the
three ACHM participants depicted (ACHM1/2). In contrast,
for the ACHM participant with low visual acuity (ACHM3),
hardly any cortical responses were evident irrespective of
the luminance condition. For scotopic stimulation, in both
the control and the participants ACHM1/2, the peripheral
and parafoveal visual field representations of V1 were largely
similar to those for photopic stimulation. In contrast, the
cortical region in V1 that represents the more central retina,
including the rod-free foveal zone, lacks, in both the control
and ACHM1/2, the BOLD signals that were evident during
photopic stimulation. The patterns shown in Figure 2 are
broadly representative of the group data. This is taken as
evidence for the absence of remapping of V1 in ACHM, as
further supported by the quantitative analyses given in the
supplementary material (Supplementary Fig. S2).

Population Receptive Field Mapping

While we assessed central visual responses in ACHM with
conventional eccentricity mapping analogous to Baseler et
al.,31 our main focus was to applied the more contempo-
rary pRF mapping to examine responses in ACHM in more
detail, where we compared responses in atlas-based defi-
nitions of ROIcentral and ROIparacentral. The three measures
taken to assess responses within central representations of
V1 were (1) the proportion of the respective V1 ROI that was
responsive (measured in percentages), (2) the mean visual
field eccentricity of the responses in the ROIs, and (3) the
mean pRF size of responses in each V1 ROI. They test the
hypothesis that foveal remapping in ACHM would specifi-
cally affect the central visual representation (ROIcentral) but
not the paracentral representation (ROIparacentral) in ACHM
in the different fMRI measures: pRF-based V1 coverage
would increase, pRF-eccentricity would increase, and pRF
size would decrease relative to HCs. To address this, two-
way mixed ANOVAs were applied separately for each lumi-
nance condition (factors GROUP (HC/ACHM) and ROI
(ROIcentral/ROIparacentral)) and a response signature that indi-
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FIGURE 2. Eccentricity representations in V1 under different luminance levels derived from conventional phase-encoded eccentricity mapping
for three representative participants with achromatopsia (ACHM) and a healthy control participant (HC). All maps are projected onto the
left hemisphere of an inflated 3D mesh of the occipital lobe; the boundaries of V1, with atlas-based subdivisions of central and paracentral
representations, are outlined in black. Data were thresholded at a coherence value ≥0.25, corresponding to P < 0.0001.57

cates remapping would be reflected by a significant inter-
action of GROUP × ROI in the mixed-luminance compari-
son, as detailed in supplementary material (“Rationale—ROI
Selection and Relevance of the Interaction GROUP × ROI”).

Proportion of Cortex Responding to Visual
Stimulation. For both photopic (Fig. 3A) and scotopic
stimulation (Fig. 3B), patients with ACHM exhibited a
lower proportion of overall activated V1 than HCs. This
effect appears independent of ROI and is supported
by the ANOVAs conducted that showed significant main
effects, but no significant interaction of GROUP × ROI
(photopic: GROUP: F1, 31 = 24.99, P = 0.0001; ROI:
F1, 31 = 6.867, P = 0.0135; GROUP × ROI: F1, 31 = 2.138,
P = 0.1537; scotopic: GROUP: F1, 28 = 4.663, P = 0.0395;
ROI: F1, 28 = 22.43, P = 0.0001; GROUP × ROI: F1, 28 = 0.45,
P = 0.8338). As pointed out in Methods (“Relevance of
Mixed-Luminance Comparison”), the critical comparison to
assess remapping in ACHM is the mixed-luminance compar-
ison (Fig. 3C). A two-way mixed ANOVA only revealed an
effect of ROI (F1, 28 = 18.22, P = 0.0002) but neither a main
effect of GROUP (F1, 28 = 0.0044, P = 0.8351) nor an inter-
action of GROUP × ROI (F1, 28 = .1178, P = 0.7340). This
absence of the interaction of GROUP × ROI for the mixed-
luminance comparison indicates the absence of central V1
remapping in ACHM as a group. Finally, we observed a
large range of visual acuities in ACHM (0.69–1.85 logMAR),
measured under photopic conditions (Table 1). To investi-
gate whether this might explain the large range of values
for proportion of activated V1 in ACHM under photopic
conditions (Fig. 3A), we tested the correlation between
visual acuity and the proportion of activated V1, both under
photopic conditions, and report significant correlations for
both ROIparacentral (P = 0.0016) and ROIcentral (P = 0.0409),
that is, the proportion of V1 active is higher for better visual
acuity (i.e., reduced logMAR) in ACHM. This indicates that
the proportion of V1 active might be a determinant of visual
acuity in ACHM or vice versa.

Eccentricity Representations in V1. If remapping
(i.e., the representation of the paracentral visual field in
ROIcentral) is present in ACHM individuals, this should result
in representations of greater eccentricity values in ROIcentral
in ACHM compared to HC (i.e., in a significant interaction
of GROUP × ROI for the mixed luminance comparison)
(see Rationale, Supplements). We analyzed the eccentricity
values of the responses above threshold (>10% variance
explained). For the photopic condition (Fig. 3D), greater
eccentricity values were obtained in ACHM than for the
controls. The ANOVA revealed significant main effects of
GROUP (F1, 31 = 17.43, P = 0.0002) and ROI (F1, 31 = 116.9,
P < 0.0001) and a significant interaction of GROUP × ROI
(F1, 31 = 8.889, P = 0.0055). These effects are a conse-
quence of the HC responses in the central representation
being driven by cone signals, which are absent in ACHM.
For the scotopic condition, as depicted in Figure 3E, the
ANOVA did not reveal a main effect of GROUP (F1, 28 = 1.807,
P = 0.1897) but a main effect of ROI (F1, 28 = 55.54,
P < 0.0001) and a significant interaction of GROUP × ROI
(F1, 28 = 16.69, P = 0.0003). At face value, these effects might
appear to be driven by the ACHM group registering larger
eccentricity in ROIcentral. However, this must be cautioned
against as the proportion of ROIcentral that exhibits responses
that contribute to the pRF eccentricity estimate is very small
for many members of the ACHM compared to HC group, as is
evident from Figure 3B. The pRF eccentricity estimates may
therefore be artifactually inflated as a result of a regression-
to-the-mean effect in ACHM, as pointed out in supplemen-
tary material (“Rationale—Relevance of Mixed-Luminance
Comparison,” Supplements). In fact, there is a significant
inverse correlation of eccentricity estimate versus proportion
of V1 active (F1, 13 = 6.07, P = 0.0285), that is, an increase
of eccentricity with a decrease of V1 active. Consequently,
the critical comparison to assess remapping in ACHM is the
mixed-luminance comparison (Fig. 3F) for which the propor-
tion of responses exceeding our 10% threshold in the ROIs of
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FIGURE 3. Population receptive field estimates in central and paracentral portions of V1 in HC and ACHM participants. Top row: Percentage
of active voxels: (A) depicts visual cortical estimates derived under photopic conditions while (B) represents the percentage of V1 responding
under scotopic conditions. In (C), luminance conditions are mixed and the percentage of V1 responding of controls under scotopic conditions
is contrasted with the percentage of V1 responding within the respective ROI of ACHM derived under photopic conditions.Middle row: Mean
eccentricity (in degrees) of ROIcentral and ROIparacentral in V1 shown for both participant cohorts under photopic (D), scotopic (E), and mixed
(F) luminance conditions. Bottom row: Mean pRF size (in degrees) ROIcentral and ROIparacentral in V1 shown for both participant cohorts
under photopic (G), scotopic (H), and mixed (I) luminance conditions. See text for details and statistics. Whiskers present minimum and
maximum values, while the box extends from the 25th to 75th percentiles. Median and mean are shown by a solid line and a +, respectively;
individual data points are shown in red; sample sizes: NHC (photopic/scotopic) = 18/16; NACHM (photopic/scotopic) = 15/15.

each group is largely matched, as shown in Figure 3C. Here
the ANOVA revealed a main effect of GROUP (F1, 28 = 4.719,
P = 0.038) and ROI (F1, 28 = 61.77, P < 0.001), while an
interaction of GROUP × ROI was not evident (F1, 28 = 1.189,
P = 0.285). It should be noted that, in line with the assump-
tion that less reliable data (with a low number of stimu-
lus driven voxels) is linked with larger eccentricities, the
similarity between ACHM and HC data in the mixed condi-
tion increases if participants with ≤20% active voxels are
excluded from the analysis, highlighted by no main effect of
GROUP (mixed model, F1, 24 = 1.324, P = 0.2613) and only
a main effect of ROI (F1, 18 = 121.6, P < 0.0001) (Supple-
mentary Fig. S3).

pRF Size of Responses in V1. Applying pRF
mapping also allowed us to test pRF size differences
between the cohorts. Reorganization might offer benefits
in terms of increased spatial resolution, if initially enlarged
and shifted pRFs reduce in size when reorganization is

complete.21 We tested for such effects on mean pRF sizes
obtained for the two ROIs and groups. For the photopic
condition, the mean pRF size was generally larger in
ROIparacentral compared to ROIcentral. ACHM exhibited over-
all larger pRF sizes than HC in both ROIs (Fig. 3G). An
ANOVA revealed main effects of GROUP (F1, 31 = 42.56,
P < 0.0001) and ROI (F1, 31 = 27.09, P < 0.0001), while an
interaction of GROUP × ROI was not evident (F1, 31 = 3.595,
P = 0.0710). Similarly, for the scotopic condition (Fig. 3H),
differences in pRF size between ACHM and HC were also
present, although less pronounced (GROUP: F1, 28 = 16.61,
P= 0.0003). Again, the mean pRF size was generally larger in
ROIparacentral compared to ROIcentral, while the difference did
not result in a main effect of ROI (F1, 28 = 2.621, P = 0.1167).
No interaction of GROUP × ROI was evident (F1, 28 = 1.473,
P = 0.2351). In line with the preceding results, larger popu-
lation receptive fields were also found in ACHM compared to
HC when comparing data for mixed-luminance comparison
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(Fig. 3J). Again, while main effects of GROUP (F1, 28 = 15.60,
P = 0.0005) and ROI (F1, 28 = 9.603, P = 0.0044) were
observed, no interaction of GROUP × ROI was significant
(F1, 28 = 0.2806, P = 0.6005). It appears, therefore, that
instead of a refinement of pRFs to smaller sizes, ACHM leads
to an increase in population receptive field size for both
ROIcentral and ROIparacentral. This independence of the effects
from ROI shifts potential explanations of the observed effect
away from plasticity of the central visual field representa-
tion, as generally enlarged receptive fields can come from
multiple sources, including neural origin, eye movements,
and potentially noise. In fact, nystagmus in the patients is a
potential cause of increased pRF measures, while it leaves
other pRF estimates relatively unaffected.31,58–62

DISCUSSION

We explored the nature and plasticity of vision in
the absence of functional cones applying fMRI assess-
ments to ACHM associated with confirmed biallelic
CNGA3 and CNGB3 mutations and electroretinographically
confirmed absence of cone function. Two separate mapping
approaches, conventional phase-encoded eccentricity and
pRF mapping applied to independent data sets, produced
the same result in terms of plasticity: sizable remapping of
the representation of the central visual field in the primary
visual cortex does not appear to be a general feature in
ACHM.

Visual Cortex Organization in ACHM

Reorganization of the human visual cortex in response to
abnormal input is topical and highly important for basic
science and clinical applications. Generally, it is assumed
that the plastic potential is higher for congenital than for
acquired visual pathway defects,24,25,52 and even for the
former, sizable remapping at the level of the primary visual
cortex appears to be limited.23 For example, in congenital
malformation of the optic chiasm, remapping of the corti-
cal visual field representations does not appear to have
the scope to compensate for lower-level abnormalities, but
instead, adaptive mechanisms are confined to the microcir-
cuitry of the primary visual cortex and to higher processing
levels.23,60,63,64 In the context of congenital visual system
abnormalities, ACHM was viewed as a stronger example
of macroscopic remapping. Here the deafferented repre-
sentation of the central visual field in V1 appeared to be
remapped to serve processing of paracentral visual field
portions. This view was based on a previous case series
study.31 It is revisited in the present study with a group-
based analysis with a comprehensive set of conventional and
pRF mapping data that underwent independent analyses. It
emerged that this scope of remapping of the representation
of the central visual in V1 is not a group feature and might
therefore be reserved to specific individuals with ACHM.31

This conclusion is based on the comparison of V1 activa-
tion (amplitude and area) and pRF characteristics (eccen-
tricity and size) between central and paracentral visual field
representations in V1 of HC and ACHM. For better continu-
ity to the preceding study,31 a mixed-luminance comparison
(scotopic HC versus photopic ACHM) was applied and no
significant specific effects at the group level were evident.
We explicitly aimed to maximize technical similarity between
the 2002 study and our present one. However, not all condi-

tions could be equalized (e.g., magnetic field strength, anal-
ysis pipeline), but these technical differences in the MRI
approach are not a compelling cause of the different results.
In fact, the 2003 abnormal visual cortex mapping in albinism
has been reproduced many times since.51,64,65 There is a
more obvious difference between the two studies (i.e., the
selection of study participants): the present study strictly
excluded ACHM individuals with residual cone responses.
In contrast, Baseler et al.31 explicitly stated that two out
of the three participants, including the one with the most
prominent effects, did have residual cone function. Given
the absence of V1 remapping in our group of 17 ACHM
patients selected for the absence of cone responses, the crit-
ical feature of residual cone function in the previous study
now appears a potential cause of the discrepancy in study
outcomes.

Relation to Visual Cortex Structure in ACHM

How does the lack of functional plasticity in ACHM-V1 corre-
spond to previous structural findings in ACHM? In our previ-
ous studies on visual cortex structure in ACHM, we observed
changes, that is, V1 gray matter thickening for the central
representation32 and a generalized reduction of surface area
in V1, V2, and V3.33 These features in ACHM resemble corti-
cal alterations that were previously reported for the visual
cortex of congenitally blind individuals, where they were
taken as an indicator of the lack of maturation of the cortex
for visual processing, including changes of the myelination
of the primary visual cortex.66–75 In analogy, the previously
reported structural changes of the visual cortex in ACHM
might indicate a lack of maturation of a visual cortex that
is deprived of cone input. As a consequence of this lack
of maturation in ACHM, plastic mechanisms supporting the
foveal remapping in V1 would be unexpected, which is in
accordance with the functional characteristics of the visual
cortex in ACHM described in the present fMRI study.

Relevance of Visual Cortex Mapping and
Functioning in ACHM for Clinical Applications

The findings of the present study inform and support an
individualized approach to medical care in ACHM. Specif-
ically, they are important for developing treatments as
well as for obtaining a comprehensive diagnostic picture
of the affected individuals. This is particularly topical
in the face of current ongoing clinical trials to estab-
lish gene therapies that aim at restoring cone function in
ACHM (NCT03758404 and NCT03001310,9 NCT02935517,10

NCT02599922, NCT02610582).11,12 One consequence of
such therapies is the restoration of visual input to the de-
afferented central visual field representation in V1. If this
representation has undergone remapping31 prior to ther-
apy, restoration of visual input might cause unexpected side
effects (e.g., sensory conflicts), potentially counteracting the
success of gene therapy. Similar to the results in the current
large cohort study, the two patients with ACHM who were
recently reported10 exhibited large pRF sizes along the early
visual cortex. Following gene augmentation therapy, their
pRF sizes were reduced, suggesting that the visual cortex is
able to respond to the new input.

In our group study, we now report that such reorgani-
zation is not a general feature of ACHM, at least in those
without evidence of residual cone function. While this might
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be taken as an indication that restoring cone input will
not induce sensory conflicts in general, caution should be
taken as remapping may be present in some individuals,
such as those reported in Baseler et al.31 Consequently,
V1 mapping could form an important component of an
individualized pretherapeutic clinical workup in ACHM to
determine whether therapy will be successful. Our study
can offer specific guidelines for optimizing a pretherapeu-
tic cortical imaging workup for the selection of suitable
patients for therapy. Based on our study, we suggest the
following recommendations for a minimal fMRI-based V1
mapping protocol in ACHM: (1) photopic testing (≥7 cd/m2)
is preferable to scotopic testing. (2) Either conventional
eccentricity or pRF mapping can be applied. (3) V1 bound-
aries can be determined by applying appropriate anatomic
atlases53,54 using a high-resolution anatomic scan. This
results in a scanning session of approximately 30 min
(15 minutes of anatomic/preparatory scans + 15 minutes
of mapping scans). A similar workup could also be useful
as an objective measure of the state of the visual cortex in
other visual system disorders.56,76–78 Similarly, previous fMRI
investigations of early visual cortex have demonstrated the
value of using anatomic atlases53,54 to characterize anatomic
and functional signatures in patient-related studies.71,79,80

Further studies are needed to assess how these techniques
can be used to identify objective biomarkers for therapy
success, beyond their potential for a preclinical workup.

Limitations

Multicenter studies are advantageous, particularly for study-
ing rare diseases, but they can also introduce potential limi-
tations as not all scanner, stimulation, and analysis settings
can be matched perfectly. While we intended to minimize
site differences in the current study, several factors required
flexibility for some settings.We addressed this with a specific
cross-site statistical comparison of fMRI signal coherence.
Importantly, this is a measure that is at the end of the acqui-
sition/processing chain. Consequently, if there were rele-
vant site effects, they should be expected to accumulate in
this measure. At the same time, signal coherence is directly
linked to the outcome measure and thus the result of the
study. The presence of the physiologically expected lumi-
nance effect, independent of site, and the absence of site
and interaction effects clearly indicate that site differences in
stimulus luminance, scanner parameters, and data process-
ing do not significantly affect the study outcome.

Another limitation is related to fixation instabilities.
Persons with achromatopsia tend to have nystagmus,
however of low amplitude and high frequency. The potential
of nystagmus to reduce the validity of retinotopic mapping
data in the context of visual system plasticity has previously
been explicitly addressed via simulations in ACHM31 and
early blindness.58 These authors demonstrated that nystag-
mus and fixation instability result in an enlargement of the
pRF sizes, as reported in the present study for ACHM, while
it does not have major effects on the actual eccentricity and
polar angle mapping measures. Nystagmus in ACHM might
therefore not be a relevant confound, as pRF sizes were not
valued as an informative outcome measure in our study.
Instead, we used a statistical design that reduces overall
effects, such as nystagmus, on fMRI activation (i.e., as the
critical measure in the analysis served the interaction of ROI
with activated cortex or with eccentricity). This way, one
ROI serves as an intraindividual reference reducing poten-

tially confounding overall effects, such as nystagmus, on the
cortical responses.

Conclusion and Outlook

We report a substantial deafferentation of the primary visual
cortex in ACHM from retinal cone input. At the group
level, cortical maps were found to be remarkably stable,
suggesting limitations to the degree of plasticity of the
foveal representation in the human primary visual cortex,
even in congenital visual system abnormalities. As large-
scale remapping of the foveal representation was not evident
at the group level in ACHM, restoring retinal input to the
visual cortex is not generally expected to result in sensory
conflict that could result from remapping. This is encour-
aging news for those developing treatments for ACHM that
aim to restore cone function at the retinal level. However,
a detailed pretherapeutic workup to characterize cortical
organization is advisable, especially during the exploratory
phase of novel therapies.
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