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Abstract

Macular degeneration (MD) causes central vision loss, removing input to corresponding representations in the primary visual
cortex. There is disagreement concerning whether the cortical regions deprived of input can remain responsive, and the source
of reported cortical responses is still debated. To simulate MD in controls, normally sighted participants viewed a bright
central disk to adapt the retina, creating a transient ‘retinal lesion” during a functional MRI experiment. Participants viewed
blocks of faces, scrambled faces and uniform grey stimuli, either passively or whilst performing a one-back task. To assess
the impact of the simulated lesion, participants repeated the paradigm using a more conventional mean luminance simulated
scotoma without adaptation. Our results suggest our attempt to create a more realistic simulation of a lesion did not impact
on responses in the representation of the simulated lesion. While most participants showed no evidence of stimulus-driven
activation within the lesion representation, a few individuals (22%) exhibited responses similar to a participant with juvenile
MD who completed the same paradigm (without adaptation). Reliability analysis showed that responses in the representation
of the lesion were generally consistent irrespective of whether positive or negative. We provide some evidence that peripheral
visual stimulation can also produce responses in central representations in controls while performing a task. This suggests
that the ‘signature of reorganization of visual processing’, is not found solely in patients with retinal lesions, consistent with
the idea that activity may be driven by unmasked top—down feedback.
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Introduction

Macular degeneration (MD) is a progressive eye disease
which causes the loss of vision in the central part of the
visual field. Following degeneration of the retina, the cor-
responding representations in primary visual cortex (V1) are
deprived of input. This has led to a number of studies explor-
ing whether the region deprived of cortical input, known as
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incoming information. However, there is debate concern-
ing the state of visual cortex following visual loss, primar-
ily within the LPZ (for a review, see: Brown et al. 2016).
The inconsistency within the literature is partly attributed
to differences in how cortical reorganization is defined, but
also by what mechanism it occurs (Morland 2015). Reor-
ganization can refer to structural changes occurring in the
brain following acquired or congenital eye disease, but more
frequently, it refers to functional changes, whereby patterns
of neural activation differ from those observed in healthy
individuals. For this study, reorganization refers to patterns
of activity within the LPZ that cannot be explained by (a)
known properties of the visual system and (b) the absence
of visual input (Engel et al. 2015; Morland 2015).

Irrespective of the way in which reorganization is defined,
there is also considerable variation in the proportion of
patients that exhibit fMRI responses in the LPZ; estimates
vary from zero to approximately 50% (Morland 2015). Given
this variability, we sought to determine whether this prop-
erty is unique to patients, or whether similar response vari-
ability can also be found in a sample of individual sighted
controls using a simulated LPZ.

A common approach to determining if reorganization
occurs is to measure responses in the LPZ. In cases of con-
genital visual loss, e.g. rod achromats who have a small
central scotoma from birth, there is evidence of remapping
of visual inputs (Baseler et al. 2002). In cases of acquired
vision loss, the results are mixed. Positive responses in the
LPZ to stimuli presented to intact peripheral visual field are
frequently taken as a signature of reorganization of visual
processing in MD (Baker et al. 2005, 2008). However, the
mechanism underlying LPZ responses remains unknown.
Furthermore, some studies report an absence of any posi-
tive responses in the LPZ, suggesting cortical reorganization
does not occur in MD (Baseler et al. 2011; Smirnakis et al.
2005; Sunness et al. 2004).

One interpretation is that the LPZ starts to process infor-
mation from the intact peripheral visual field not previously
represented by this region of cortex (Baker et al. 2005, 2008;
Dilks et al. 2009,2014). An alternative view is that the sig-
nals observed in the LPZ reflect normal feedback to V1 from
extra-striate areas, unmasked in partially blind individuals
when engaged in a task (Masuda et al. 2008,2010). Further
evidence for the role of feedback mechanisms is provided
in sighted individuals; when naturalistic scenes are partially
occluded, stimulus-related information can be decoded in
the unstimulated visual cortex which represents the occluded
visual field (Petro et al., 2014; Smith and Muckli 2010; Wil-
liams et al. 2008). It appears therefore that even in normally
sighted controls, there is evidence of feedback in fMRI sig-
nals, although they are revealed in a consistent pattern of
responses across voxels, rather than in a univariate increase
in mean signal as found in patients.
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Given that evidence of feedback to V1 can be found in con-
trols, we asked whether it could be unmasked in univariate
responses in V1. To answer this question, we used a more real-
istic simulation of a retinal lesion in normally sighted controls
and measured their responses in V1’s representation of the
simulated lesion, the ‘sLPZ’. Masuda and colleagues (2008)
speculated that the SLPZ signals are not observed in controls
because retinal aftereffects signalled the presence of a uniform
grey region, the ‘simulated lesion’. Therefore, we simulated
the loss of central vision physiologically, not by manipulating
the viewed images, but instead by temporarily (and revers-
ibly) compromising photoreceptor function in the macula in
normally sighted individuals.

Adaptation to high light levels can render targets at lower
light levels undetectable for relatively long periods of time.
The level of bleaching of the photo-pigment in outer segments
of the cone photoreceptors accounts for this effect—higher
light levels bleach the pigments more making the cones less
sensitive to light (for a review see Barlow (1972). We there-
fore had participants adapt to a bright white disk, saturating
signals from the cones and ensuring the simulated ‘lesion” was
in retinal coordinates, irrespective of eye movements much
like a genuine scotoma. We also selected a luminance for our
stimuli that made them undetectable within the adapted region.
We reasoned that by making visual stimuli that were presented
in the periphery undetectable in the adapted region, we might
unmask influences of cortical feedback on the mean signal
measured in this simulated sSLPZ. We hypothesised that under
conditions of bright light adaptation of the macular, we would
detect signals in the sLPZ, which would be absent when con-
trols viewed stimuli without prior adaptation. We also com-
pared signals in the SLPZ during stimulus-related task and
passive viewing conditions, predicting that signals would be
more likely to emerge under the stimulus-related task condi-
tion as found previously in patients (Masuda et al. 2008).

Finally, we asked whether responses in the sLPZ (con-
trols) and LPZ (patient) were consistent within individuals,
or simply spurious or due to random chance. To do this, we
repeated our fMRI acquisitions for each condition, and for
each participant assessed the average univariate response
and its reliability across repeated acquisitions. These data
allowed us to gauge whether the responses we obtained
from a patient with longstanding loss of macula vision were
similar in scale and reliability to those we obtained from
controls.

Methods
Participants

Eleven participants were recruited for the current study; 10
normally sighted controls (4 males; ages 23-37, average
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Fig.1 a Schematic of JMD’s central scotoma in the right eye. Pre-
ferred retinal locus (PRL) located in the lower left visual field, so
stimuli were positioned here. The patient’s scotoma was absolute,
meaning no stimulus could be detected within the defined region.
Only the right eye was tested in the functional MRI experiment. b
Schematic of main functional experiment (controls). Each run began
with 180 s adaptation period; participants fixated centrally, using the
red lines as a guide. 12 test blocks (6 s, comprising of either faces,
scrambled faces or uniform grey) were presented, interleaved with
top-up adaptation blocks (18 s) to ensure adaptation was maintained.

age=26.8 years) and one participant with Juvenile Macu-
lar Degeneration (Referred to as JMD throughout, male,
aged 40 years). JMD was diagnosed with Stargardt’s dis-
ease, an inherited progressive disease, at 17 years old. JIMD
has bilateral absolute central scotomata (approximately
18 X 20 degrees of visual angle) and uses a preferred reti-
nal locus (PRL) in the lower left visual field (fixating using
an upper right retinal location at the edge of the scotoma).
A visual representation of the scotoma, PRL and location
of the stimulus is shown in Fig. 1A. All participants par-
ticipated in fMRI experiments, but JMD also completed an
additional behavioural experiment and visual assessments
at York Teaching Hospital. Written consent was obtained
for all participants and the study was approved by the York
Neuroimaging Centre ethics committee in accordance with
the Declaration of Helsinki.

Imaging parameters

Scanning was performed at the University of York Neuroim-
aging Centre using a GE 3 Tesla HDx Excite MRI scanner.

Structural MRI

One high-resolution 3D T1-weighted, Fast Spoiled Gra-
dient Echo pulse sequence (FSPGR) anatomical image
was acquired (TR=7.8 ms, TE=2.9 ms, T[=450 ms,
voxel size=1.13x 1.13 x I mm?, flip angle =20°, matrix
size 256 X256 x 176, FOV =290 mm) using the 8-chan-
nel whole head High-Resolution Brain Array coil. Three
T1-weighted anatomical images were acquired for each
participant (TR=7.8 ms, TE=3.0 ms, TI=600 ms,
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Top-up adaptation
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Each stimulus (faces or scrambled faces) was presented in the upper
right quadrant of the visual field for 800 ms, ISI of 200 ms. For the
first 2 runs, participants passively viewed the stimuli. For the last
2 runs, participants completed a one-back task. Participants were
given a response box and were asked to indicate when an image was
repeated by pressing a button. Each functional run lasted 7 min 48 s.
For illustrative purposes, the RGB values are not the same as used
in the experiment as images were too dark and very low contrast. ¢
Tlustration of the sLPZ localiser (for controls only) and the stimulus
localiser (for controls only)

voxel size=1x1x1 mm>, flip angle = 12°, matrix size
256256 x 176, FOV =256 mm) using a 16-channel Pos-
terior Brain Array coil. One T2*-weighted fast gradient
recalled echo scan was acquired (TR =400 ms, TE=4.3 ms,
voxel size=2x2x 1 mm?®, flip angle =25°, matrix size
128 x 128, FOV =260 mm) using the 16-channel coil.
Finally, an axial proton density scan was also acquired
during the functional MRI experimental session using the
16-channel coil and the same slice prescription to aid align-
ment between functional and high-resolution structural data
(TR =2700 ms, TE=34.84 ms, voxel size=1x1 X 2 mm,
flip angle =90, matrix size 192x 192 x 39, FOV =192 mm).

Functional MRI

All functional data were acquired on the 16-channel coil
to improve the signal-to-noise in the occipital lobe using
the following parameters: TR =3000 ms, TE =30 ms,
voxel size=2 X 2 X 2 mm3, flip angle =90°, matrix size
96 x 96 x 39, FOV =192 mm. Data were acquired using
a slice prescription with coverage including occipital and
temporal lobes.

Stimulus generation

Stimuli were presented using a ProPixx LED projector
(VPixx Technologies, Saint-Bruno, CA) and were rear-pro-
jected onto a textured screen in the bore of the MRI scanner,
which could be viewed on the screen via a mirror attached
to the head coil. To monitor participants’ fixation stability,
we used an eye tracker to record a video of the eye, allowing
us to monitor eye movements in real time throughout the
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experiment (https://www.crsltd.com/tools-for-functional-
imaging/mr-safe-eye-tracking-for-fmri/livetrack-fmri/).

PNG images of faces were processed in MATLAB (Math-
works). First, all images were converted to grayscale with
flattened histograms, to control grayscale ranges across
images. Following this, the mean luminance value of each
image was set to 705 cdm ™2 so that they would be undetect-
able in regions of the retina that were adapted to bright light
of ~15,000 cdm™2. All images were re-scaled to take up 50%
of a 400 x 400-pixel size stimulus. Finally, all images were
placed on a dark grey background matching mean lumi-
nance of the images. To scramble the faces, each image was
divided into a 20 x 20 square grid and each square was
randomly shuffled through +90 or 180. Finally, we applied
a slight blurring to the intact and the scrambled images with
a Gaussian filter (SD = 1px) to soften the lines created when
scrambled.

JMD behavioural test

We devised a short behavioural experiment to confirm the
location of JMD’s PRL. Stimuli (mean size was~7X9° of
visual angle) comprised grayscale faces, scrambled faces,
objects and control trials containing no stimuli. Stimuli were
presented for 800 ms, appearing in any quadrant of the visual
field, or in the centre of the screen. JIMD was given an audi-
tory cue when a stimulus was presented and was asked the
following: (1) Did you see anything? (2) If yes, where was
the stimulus? (3) Can you describe what the stimulus was?
There were 40 trials (10 for each stimulus condition).

High light level adaptation experiment

Our aim was to use a bright adaptation stimulus to render
the retina insensitive to visual stimuli that were presented.
Previous work allowed us to estimate the level needed and
to justify safe recovery after bleaching from 15,000 cdm >
which was the maximum we could achieve with our set up
(Czeh et al. 1965; Stockman and Sharpe 2006). To deter-
mine an adaptation regimen to render the stimuli undetect-
able, we measured detection thresholds for the stimuli within
the adapted region. We found, after manipulating an initial
and top-up period of adaptation, that stimuli at 705 cdm™>
were never detected following the three-minute adaptation
and the following the subsequent top-up periods of 18 s.
Red fixation lines were centred vertically and horizontally,
occupying 20 of visual angle, to aid central fixation in the
absence of an explicit central fixation marker (Fig. 1B).
During the ‘adaptation’ period, the bright white disk (12°
diameter, 15,000 cdm~2) was overlaid on the fixation lines.
In control blocks, the circle changed to uniform dark grey
(mean luminance: 705 cdm™2) to match the background and
the luminance of stimuli (e.g., faces). For all functional runs,
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the size of the adaptation circle, red fixation lines, and posi-
tion of the stimulus remained the same. The size of indi-
vidual face and scrambled stimuli varied slightly; the mean
size was ~7 %X 9° of visual angle. Images were positioned 10°
of visual angle from the centre of the screen to the centre of
the image. For controls, stimuli were presented in the upper
right quadrant of the visual field, abutting the edge of the
adapted circle (Fig. 1B). For JMD, they were presented in
the lower left quadrant, corresponding with the PRL. Posi-
tion differed due to JMD being recruited after the control
participants.

Retinotopic mapping

The travelling-wave method was used to acquire retinotopic
maps to locate V1 in control participants (Engel et al. 1997).
Stimuli were presented binocularly and consisted of high
contrast (>98%, mean luminance =400 cdm~2) expanding
checkerboard rings and 90° wedges rotating anti-clockwise.
All checkerboards reversed at a rate of 6 Hz. Stimuli were
presented on a grey background (200 cdm~2) with a red
central fixation cross, traversing a circular region of radius
14.34°. Each cycle lasted 36 s, with 8 cycles per run (Vernon
et al. 2016).

LPZ and stimulus localiser

For controls, a central radial checkerboard (12 diameter,
reversal rate =6 Hz) was presented for 12 s, followed by a
peripheral checkerboard annulus (radius extending from 6
to 15 radius) also presented for 12 s (Fig. 1C, upper panel).
This cycle was repeated 8 times to localise the representa-
tion of the simulated lesion. Using a similar paradigm, we
used checkerboard stimuli to localise the region representing
the stimulus (Fig. 1C, lower panel). We isolated the region
where the stimuli were presented (upper right quadrant) and
alternated between a flickering checkerboard occupying this
region and the surrounding region. For JMD, the same para-
digm was used, however, instead of a central radial checker-
board, a full field checkerboard alternated with uniform grey
(mean luminance =200 cdm™2). For all participants, stimuli
were presented monocularly to the dominant eye only. Dom-
inant eye was determined by having participants point to a
corner of a room, then close each eye in turn and state during
which interval their finger was closest to the corner.

Experimental design

Control participants completed three scanning sessions: one
structural and two functional sessions, which included sLPZ/
stimulus localiser scans and main functional scans (one with
and one without the ‘adaptation’ disk). JIMD completed two
sessions: one structural and one functional session including
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LPZ localiser and main functional experiment without
adaptation.

MRI protocol for lesion simulations and control conditions

All functional scans were completed under monocular
viewing conditions, testing the dominant eye only. For each
experiment (adaptation and no-adaptation), all participants
completed four functional runs; two passive viewing and
two runs during which participants completed a one-back
task. For the one-back tasks, participants were instructed
to press a button when an image matched the previous one.
For experiment 1, which included the ‘adaptation’ disk, each
of the 4 functional runs were preceded by a 180 s adapta-
tion period, followed by 12 stimulus blocks (4 blocks of
each stimulus category: faces, scrambled faces and uniform
grey control blocks, block duration =6 s) interleaved with
11 top-up adaptation blocks (18 s). See Fig. 1B for further
details. Stimulus blocks were presented in a pseudorandom
order whereby each functional run had blocks presented in
a different order, but the same four order sequences were
presented to each participant. Six stimuli were presented
per block (presented for 800 ms, with 200 ms inter-stimulus
interval (ISI)). 18 s (uniform grey) was added at the end
of the scan to allow us to capture the full hemodynamic
response to the last stimulus. Participants were instructed to
fixate centrally, where they perceived the red fixation lines
to intersect. For experiment 2, the same procedures were
used, but the initial adaptation period was reduced to 18 s
and the white central disk was changed to uniform grey.
This experiment served as a control condition, replicating
the conventional simulated lesions used in previous research
(Baker et al. 2005, 2008; Baseler et al. 2011; Masuda et al.
2008) to contrast with our new approach that attempted to
simulate a retinal lesion with adaptation. Top-up adaptation
intervals were replaced with a uniform grey disk to keep the
timings of the functional runs consistent with experiment 1.

JMD also completed 4 functional runs consistent with
experiment 2, the ‘no adaptation’ paradigm. Given JMD
has a PRL in the lower left visual field, the stimuli were
positioned in the lower left quadrant. The red fixation lines
were expanded to be the full width/height of the screen to
guide fixation and help JMD position their eyes centrally
on the screen.

Analysis

Anatomical data

Three high-resolution T1 isotropic images were aligned
and then averaged. This average was then divided by the

T2*-weighted data to correct for the gradient inhomogene-
ity caused by the 16-channel half head coil, and to improve

the grey—white contrast. FreeSurfer software (http://surfer.
nmr.mgh.harvard.edu/) was used to perform automatic
segmentation of the averaged T1 scan. All automated seg-
mentations were checked for quality and correctness and
manual corrections were then performed where necessary
to remove handles and bridges and fix missegmented white
matter, using itkGray software (https://web.stanford.edu/
group/vista/cgi-bin/wiki/index.php/ItkGray).

Retinotopic mapping

For our controls, we used the standard travelling-wave
method to analyse our data using mrVista (http://web.
stanford.edu/group/vista/cgi-bin/wiki/index/php/MrVis
ta; Engel et al. 1997; Wandell et al. 2007). The first 3 vol-
umes were removed to minimize the effects of magnetic
saturation. Between- and within-scan motion correction
was applied. Data were aligned to the high-resolution
T1-weighted image, and to reduce noise we averaged
across wedge scans and across ring scans (Vernon et al.
2016). An 8-cycle sine wave was applied to each voxel
in turn; the phase with the best fit was assigned to each
voxel. Retinotopic maps were viewed on inflated cortical
surfaces which were constrained to grey matter. The region
of interest (ROI) V1 was manually drawn on the partially
inflated cortical surfaces derived from the grey/white brain
segmentation created using ‘mrMesh’ (part of the mrVista
software package). ROIs were drawn using mrVista, using
phase reversals to identify boundaries. Retinotopic map-
ping was not performed on JMD.

LPZ localiser analysis

Individual participant fMRI data were analysed using FEAT
(FMRI Expert Analysis Tool v4.1; Worsley 2001). The first
3 volumes were removed, the high-pass filter cut-off point
was 100 s (correcting for low frequency drift), FILM pre-
whitening and spatial smoothing (Gaussian kernel with
5 mm FWHM spatial smoothing) were used, and motion
was corrected for (motion parameters were also entered as
confound covariates). Stimuli were entered as an explanatory
variable, convolved with a gamma hemodynamic response
function (HRF), and contrasts were run to compare stim-
uli to baseline. This allowed us to isolate responses to the
central 12° stimulus, and the surrounding annulus. We also
included blink event files (derived from eye-tracker data) as
additional confound variables as they can be an additional
source of noise (Gouws et al. 2014). Data were cluster cor-
rected (Z>2.3, p<0.05) and were registered to the high-
resolution structural space, using the axial proton density
scan to aid alignments.

@ Springer
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High light level adaptation experiment fMRI analysis

Upon initial analysis, we identified artefacts in some par-
ticipants (including JMD) around the sagittal sinus and took
additional measures to remove them and applied these steps
to all participants. Functional data were first motion cor-
rected. We then took the cumulative sum of absolute dif-
ferences (CSAD) across volumes within a functional run
in each participant. We then converted these values to Z
scores. We reasoned that as fluid flow within the sagittal
sinus would elicit rapid changes across volumes leading to
larger CSAD values, any voxels with a CSAD value greater
than 3 standard deviations should be excluded (de Zwart
et al. 2005; Olman et al. 2007).

The remaining first level analyses were the same as for
the LPZ localiser. The first 60 volumes from the adaptation
runs were removed as this constituted the initial adaptation
period. For experiment 2 (no-adaptation condition), the
first 6 volumes were removed. We used spatial smoothing
(Gaussian kernel with 4 mm FWHM spatial smoothing) for
both experiments. All three stimulus conditions were entered
as separate explanatory variables (EVs), convolved with a
double-gamma HRF, and two contrasts were run: faces ver-
sus control blocks, scrambled faces versus control blocks.
This allowed us to isolate any possible effects of stimuli.
Individual participant data were entered into a higher-level
group analysis. The two task runs were combined, as were
two passive runs for each participant using fixed-effects
analysis with cluster correction (z>2.3, p <0.050).

ROl analysis

V1 ROIs for all control participants were restricted to cen-
tral and peripheral representations, using LPZ localiser data.
Each participant therefore had sLPZ ROI and surround (not
used in subsequent analyses) in the hemisphere contralateral
to the visual field where stimuli were presented. We also
had a stimulus representation ROI for each control partici-
pant, derived in a similar manner using the stimulus localiser
(see Fig. 1, lower panel in part C). Due to the poor quality
LPZ localiser data in JMD, we drew an ROI in the cortical
surface. We were careful to define the LPZ ROI to fall well
within the projection of the retinal lesion and also of a com-
parable size and location of the sLPZ defined in controls.
This ensured that our LPZ ROI would not capture BOLD
signals at the stimulus representation. We were unable to
make a principled selection of the ROI that would sensi-
bly capture the BOLD response to the stimulus because the
stimulus location in JMD differed from that presented to
controls, because of the size and location of the visual field
deficit.

In addition to the hand-drawn surface ROI, we also uti-
lised the Benson atlas for JMD to determine if this would
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be a more suitable and more objective way of defining the
LPZ in V1 (Benson et al. 2012, 2014). We also applied this
to one example control participant so that we were able to
directly compare the functionally defined ROI in the control
against a retinotopic map generated by the Benson atlas. We
found that the atlas overestimated the size of the LPZ ROI in
both JMD and the example control. Whilst this did overlap
with our original ROIs, the Benson atlas was twice the size
in the control (in terms of number of voxels) despite specify-
ing the central 6 only, and more than three times the size in
JMD, including a greater proportion of the anterior calcarine
sulcus, likely capturing the stimulus representation in both
participants. Having identified the shortcomings of the atlas
for this particular question concerning LPZ responses, we
opted for our more conservative hand-drawn ROI for IMD.

All ROI analysis was performed at the individual level
using FSL’s FEATquery. This was applied to the COPE
(contrast of parameter estimates) statistics for each stimulus
type, and subsequently converted into mean percent signal
change. This gave us a measure of mean response to each
stimulus type and task condition in each ROI.

Data visualisation

For each participant, a partially inflated surface derived
from the grey/white brain segmentation was created using
‘mrMesh’ (part of the mrVista software package), and
functional data (thresholded zstat images from FSL) were
imported as parameter maps into mrVista to view on the
inflated surface with ROIs.

Reliability analysis

To interrogate the reliability of responses across functional
runs for each viewing condition, multivoxel pattern analysis
was used to characterise the pattern of responses across vox-
els within the LPZ, which were then correlated across two
runs using Pearson’s R. Values were subsequently converted
into Fisher Z scores to ensure data were normally distrib-
uted. Each participant had four reliability scores: Faces with
task, faces with passive viewing, scrambled faces with task,
scrambled faces with passive viewing.

Classifier analysis

We used the two measures from our fMRI data, response
amplitude and the reliability of the response, to classify
responses into two categories—those associated with the
unstimulated LPZ or the stimulus representation. We applied
linear discriminant analysis with leave-one-out cross-valida-
tion to train the classifier on adaptation and no-adaptation
control data separately. Once the classifier had been trained
on all of the control data, we applied it to JMD’s data to
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establish whether the responses from their LPZ were best
categorized as those originating from the LPZ or stimulus
representation; exploring whether signals in JIMD’s LPZ
were stimulus-driven or not.

Results
Individual LPZ BOLD responses

Given that stimuli were presented monocularly and appeared
in one hemifield (right for controls, left for JIMD), we only
report data from the left hemisphere in controls, and the
right hemisphere in JMD. This approach is consistent
with that used by other researchers (Baker et al. 2005). In
Fig. 2, we provide thresholded statistical maps illustrating
responses in the LPZ in JMD and three representative con-
trols, to highlight the variability in response patterns across
individuals in both adaptation and no-adaptation conditions.
When completing the task, JMD exhibited an increase in
LPZ responses particularly when viewing faces (Fig. 2A).
The positive BOLD responses are not limited to the ROI
in which we analyse the data below, but we note that the
LPZ represents a visual field area considerably smaller than
JMD’s visual field defect. It is not surprising therefore that
the positive signals are observed outside of the ROI. Fur-
thermore, positive signals in even more peripheral repre-
sentations likely arise from the stimulus-related responses,
which in their own right can be modulated by task. Whilst a
slight increase is also observed when completing a task with
scrambled faces, this effect was not as strong. JMD clearly
shows a marked increase in BOLD in percent signal change
within the LPZ, typically taken as a signature of reorganisa-
tion of function. Control 1 behaves in a similar manner to
JMD, exhibiting a task-related response to faces (z>2.3,
p <0.05). Control 2 shows no marked increase or decrease
in LPZ responses across all stimulus and task conditions.
Finally, control 3 shows a large amount of negative BOLD
for all stimulus and task conditions in terms of amplitude.
As patient studies focus on individual data, we plotted the
percent signal change for each individual participant (col-
oured dots in Fig. 3) for both adaptation and no-adaptation
experiments. Data for the controls show that all individuals
exhibit positive univariate responses in the cortical repre-
sentation of the stimulus (irrespective of whether the stimuli
were intact or scrambled faces—Fig. 3A, D). There is also
a hint that a stimulus-related task may enhance these stim-
ulus-driven responses (shaded bars are greater than open
bars in three of the four conditions). The individual con-
trol responses from the sLLPZ are distributed around a mean
that is close to zero in all conditions. However, there are
individuals that exhibited relatively large positive univari-
ate responses in the sLPZ (Fig. 3B, E). Indeed, some of the

control responses are as large as or exceed those found in
the LPZ of JMD, who had visual loss. The patient, JMD,
exhibits consistent positive responses in the LPZ that also
appear to be modulated by the task, but little by the stimulus
(Fig. 3C, F).

Group LPZ BOLD responses

LPZ

We analysed the control LPZ responses using a2 X 2 X 2
(adaptation X task X stimulus) repeated measures ANOVA
which confirmed there was no significant main effect
of adaptation, F(1,9)=0.003, p=0.957, stimulus type,
F(1,9)=0.187, p=0.676 or task condition, F(1,9)=0.328,
p=0.581. Therefore, our hypothesis that a more realistic
simulation of the retinal lesion would unmask feedback is
not supported. We were also unable to detect any effect of
task on responses that has previously been observed in the
LPZ responses from patients. It is possible that responses
could emerge as a result of adapting and performing a task
which would be highlighted by an adaptation by task interac-
tion. This two-way interaction was however not significant
(F(1,9)=3.67, p=0.088). The results of this analysis are
consistent with, but do not explicitly test for an absence of a
positive mean univariate response in the sLPZ. To address
this, we ran a series of one-sample #-tests—one for each
condition—to assess whether we observe positive responses
significantly above zero. For the sLPZ, there were no sig-
nificant positive responses for any combination of adapta-
tion, stimulus or task (#9) ranged from —1.80 to 1.38, all
p>0.105). One result was significant (adaptation, scrambled
faces, task), but this was a negative response in the sLPZ,
indicative of an increase in negative BOLD (#(9) =—-2.958,
p=0.016).

Stimulus representation

The same ANOVA approach as described above was used
to investigate the responses obtained from the stimulus
representation in controls. In this case, there was a signifi-
cant main effect of adaptation on responses, F(1,9)=22.03,
p=0.001, but no main effect of stimulus type, F(1,9)=3.38,
p=0.099 or task, F(1,9)=2.947, p=0.120. While not reach-
ing significance with an ANOVA, the one-tailed trend for
larger responses elicited during a stimulus-related task
(p=0.060) and for scrambled images (p =0.050) are con-
sistent with previous research. The plausible two-way
interaction between adaptation and task was not signifi-
cant (F(1,9)=4.00, p=0.076). To be consistent with the
approach taken above, we also ran a series of one-sample
t-tests to determine whether responses in the stimulus rep-
resentation were significantly different from zero (in the
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Fig.2 Examples of univari-

ate responses to face stimuli

on the inflated cortical surface
for JMD (a) and 3 control
participants (b) under two
viewing conditions: task, no
task. JMD data presented are
from the right hemisphere and
have been flipped for visualiza-
tion purposes. Data presented
were obtained during adaptation
(controls 2 and 3) and no-adap-
tation (JMD and control 1). Bar
graphs illustrate thresholded

z statistics to faces under task
(black bars) and passive view-
ing (grey bars) conditions. LPZ
represented by black line at the
occipital pole
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Fig.3 Summary statistics for controls (a, b, d, ) and JMD (c, f),
for faces (a—c) and scrambled faces (d—f) under two viewing condi-
tions: task (shaded bars), no task (open bars). Control group average
for adaptation and no-adaptation for each ROI are represented by the

positive direction). As expected, all combinations of adap-
tation, stimulus type and task emerged as significant in
the positive direction (#(9) ranged from 10.14 to 19.30, all
p<0.001).

Reliability analysis

Thus far, we have examined the mean of the control group
responses, which shows no evidence of being positive. At
the same time, however, some individual control participants
exhibit responses in the sSLPZ that exceed those responses
from the JMD patient. To interrogate the reliability of the
individual responses from the LPZ, patterns of response
across voxels within the LPZ were correlated across experi-
mental runs within each condition, for example, run 1 no
task with run 2 no task for faces. The reliability measure
(correlation converted to a Fisher Z score) was plotted
against the percent signal change observed in the univariate
analysis (Fig. 4). Results for the SLPZ indicate patterns of
responses within individuals were more reliable across runs
than expected by chance as indicated by the generally posi-
tive Z scores (blue data points in Fig. 4). This contrasts with
the distribution of the univariate response across the group
being centred on zero (on the vertical axis). The responses
from the stimulus representation of controls are both largely
reliable and have a positive mean.

bars—stimulus representation (graphs a and d, lower bank of the cal-
carine, anterior to the sLPZ) and the simulated LPZ (graphs b and e).
Each individual control is represented by a coloured dot

Data for JMD lie on the fringe of the data ‘cloud’ consist-
ing of all control data points for the sSLPZ (JMD represented
by black markers in Fig. 4). Two data points represent task
conditions for each stimulus type and two represent passive
viewing of the same stimuli. The two most reliable responses
are for the stimulus-related task, closely followed by the pas-
sive viewing of faces, with passive viewing of scrambled
faces appearing least reliable. It is also true that by lying on
the fringe of the distribution of control data originating from
LPZ responses, JMD’s data also lie near the fringe of the dis-
tribution of control data originating from the responses from
stimulus representation. In the case of the patient, therefore,
it is a challenge to categorise the responses from the LPZ as
being consistent with either control responses from the sSLPZ
or the stimulus representation.

Classifier analysis

Next, we combined the measures of amplitude and reliability
to categorise responses in controls. Using the leave-one-out
cross-validation method, the linear discriminant analysis
classified responses in the adaptation experiment as coming
from the unstimulated zone (LPZ) and stimulus represen-
tation with 93.75% accuracy. For the no-adaptation condi-
tion, accuracy reached 98.75%. The LDA classifier trained
on adaptation data for controls, classified JMD responses
as most comparable to the responses originating from the
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Fig.4 Reliability analysis: scatterplots showing all data for all stimuli
and viewing conditions (faces, scrambled faces, task, no task). Data
from the bleaching experiment (left) and no bleaching (right) are
plotted for both the LPZ (blue) and stimulus representation (orange)
ROIs. Reliability measure (transformed to a Fisher Z score, with posi-
tive numbers indicating more reliable responses) is plotted against the

stimulus representation of sighted controls (3 of the 4 data
points classified as stimulus representation). However, an
LDA trained on no-adaptation data classified the same JMD
responses as being most comparable to the unstimulated
zone (LPZ) in sighted controls (all 4 data were classified
as originating from the sLPZ). This supports data shown in
Fig. 4, illustrating that JMD responses fall largely within the
95% confidence intervals for the stimulus representation data
in the adaptation condition, and all fall within 95% confi-
dence intervals for the sSLPZ for the no-adaptation condition.

Discussion

Our overall aim was to determine whether an fMRI signature
of reorganisation of visual processing is unique to patients
with retinal lesions or whether they can be detected in nor-
mally sighted individuals. To explore this, we asked whether
we could (a) create a more realistic simulation of a retinal
lesion that might unmask responses in the simulated LPZ,
and (b) assess signals in the sSLPZ under different viewing
conditions (task vs passive viewing). We predicted that sig-
nals would be more likely to emerge during stimulus-related
task conditions. Our results suggest that our attempt to cre-
ate a more realistic simulation of a retinal lesion did not
alter responses in the sLPZ. Additionally, whilst at the group
level, controls did not mimic the LPZ response of a patient
with retinal lesions, an fMRI signature of reorganisation
of visual processing can be observed in some, but not all,
normally sighted individuals. Given that only a minority of
patients display responses in the LPZ too (Morland 2015),
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univariate response, measured in percent signal change. Ellipses rep-
resent 95% confidence intervals. Despite the difference in the polarity
of the responses in the sLPZ, responses seem largely reliable. JIMD
results (black) lie on the fringe of the data cloud, showing higher reli-
ability and greater responses in the LPZ

careful consideration of evidence for reorganisation from
LPZ signals is required.

We examined the control data on an individual basis to
be consistent with case / case series studies reported in the
literature. Some controls responded in a similar manner to
JMD showing task-related modulations of positive responses
in the sLPZ. These results are consistent with those reported
by Masuda and colleagues, who found some patients exhib-
ited the same task-related modulations of signals from the
LPZ for visual, tactile and auditory stimuli (Masuda et al.
2008, 2010, 2021). The JMD patient we tested, therefore,
exhibited the hallmark of reorganisation of visual processing
that has been detected in many studies, but not all patients
(Baker et al. 2005, 2008; Dilks et al. 2014). At the same
time, however, the same signature of reorganisation of visual
processing could be detected in individual control partici-
pants. The number of these controls (22%) falls within the
number of patients also showing sLPZ responses in the lit-
erature—between 0 and 50% (Morland 2015). Therefore,
responses in the LPZ may not be unique to patients. Our
reliability analysis revealed that signals from the sLPZ of
controls are not random, and that some controls exhibited
responses from the sLPZ that were as large and reliable
as those found in the patient. Further to this, we analysed
our control data as a group which revealed a distribution
of the univariate responses that are centred around zero in
the sLPZ for both adaptation and no-adaptation conditions,
therefore suggesting that responses in the sLPZ observed
in some individuals are not a general property of the group
on average.

Our second prediction that a stimulus-related task could
plausibly enhance signals from the sLPZ, particularly
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during adaptation conditions was also not supported by
our results from controls. Given previous work has focused
on case/case series, it is clear that if group averages were
computed for the patients assessed by Baker et al. (2005,
2008), Dilks et al. (2009), Masuda et al. (2008), a better
assessment of the effect could be achieved. This highlights
the need to shift from case and case series approaches to
group studies. In an earlier group study, we found no evi-
dence of responses in the LPZ of patients (Baseler et al.
2011), but it is noted that the stimulus and task condi-
tions did not reproduce those used in studies that have
detected responses in the LPZ (Baker et al. 2005, 2008;
Dilks et al. 2009, 2014). Our study can shed light on what
sample sizes would be required to distinguish LPZ sig-
nals in patients from those from controls. The positive
responses in JIMD’s LPZ were 0.654 and 0.468 during the
one-back task for face stimuli and their scrambled coun-
terparts, respectively. The standard deviations for the 10
controls varied between 0.103 and 0.323. To be cautious,
therefore, we select the higher value of the standard devia-
tion and couple it with the lower value (0.468) of the JMD
response. Importantly, the effect we observe in JIMD would
be significant at p < 0.05 for a sample size of 8 if that effect
represented the mean of patient responses. However, it is
important to note that if the effect was smaller, the sample
size would have to increase markedly, for example, if the
patient response mean was halved, the sample size would
increase to 31.

Our motivation to examine adaptation came from the
framework put forward by Masuda et al. (2008) to explain
signals in the LPZ of patients. They proposed that feedback
was the source of responses in V1 and that in the absence of
incoming signals to V1 from the retina, the feedback regis-
tered a significant positive response in V1’s LPZ. Further,
they reasoned that feedback to V1 would not register as a
signal in the sLPZ of controls because the retina would be
signalling the presence of a zero contrast within the macula
to V1, effectively cancelling out the feedback signals to V1.
Our approach therefore was to assess the effect of dissociat-
ing macula signals to V1 from signals that would encode
the stimulus. We did this by adapting the macula to bright
light such that no stimulus contrast, whether it was zero or
greater could be relayed to V1. Potentially, this adaptation
could unmask, in controls, the feedback signals that V1
receives. Our results however did not highlight an average
positive response in the sLPZ during adaptation or during
no-adaptation and no significant differences between the
signals from each condition emerged. The second aspect of
Masuda et al.’s framework is that signals in the LPZ emerge
only during a stimulus-related task, again consistent with the
feedback hypothesis. We tested therefore whether an interac-
tion with task and adaptation might underpin our results but
found it did not.

The lack of a positive shift in the group mean of LPZ
signals in the adaptation condition could indicate that the
adaptation we used, while a better simulation of retinal
lesions, did not match closely enough the total absence of
retinal signalling found in patients. If that were the case, the
cancellation of feedback signals by signalling along retinal
afferents as proposed by Masuda et al. could still take place.
Consistent with the presence of retinal signalling after adap-
tation was the report from participants of a strong visible
afterimage with a sharp boundary. Our adaptation approach
therefore can be thought of as saturating retinal stimulation
rather than removing it. Moreover, the adaptation is rela-
tively brief compared to light deprivation studies that were
able to reveal tactile responses in controls following 5 days
of blindfold wearing (Merabet et al. 2008). In the context of
the Masuda model, therefore, the adaptation may only have
served to secure a strong and relatively constant incoming
signal to V1, which in turn would prevent the unmasking
of feedback signals. It is possible that more lengthy light
adaptation or as previously noted, deprivation is the key to
unmasking task-dependent feedback signals to V1. Even so,
our work contributes to the literature in so far as it shows that
another manipulation to the experimental approach results in
no detectable change in SLPZ responses at the group level. It
is now established therefore that the use of a black (Lerner
et al. 2006), uniform grey (Baker et al. 2005, 2008; Baseler
et al. 2011; Dilks et al. 2009, 2014; Schumacher et al. 2008;
Sunness et al. 2004) or adapted stimulus design generates
largely equivalent results.

Finally, we have also shown that individual responses
from the LPZ, despite varying in strength and polarity, are
reliable. The reliability measure we computed provides some
context. Overall, it seems responses were reliable for both
adaptation and no-adaptation conditions, suggesting that
perhaps the pattern of responses in the sLPZ, rather than
the univariate response, contained some stimulus informa-
tion. This is consistent with previous work reporting pat-
terns of response in the representation of an unstimulated
part of the visual field contained contextual information for
the scenes presented to the surrounding regions (Smith and
Muckli 2010). It should be noted however that in such stud-
ies, there is an obvious missing component to the image that
participants are presented, which is not the case in our study.
Our results are perhaps more like the work of Williams et al
(2008), who presented stimuli in peripheral locations and
found reliable signals in central representations. The ori-
gin of such responses could be larger draining veins that
register BOLD responses—and reliable ones (Olman et al.
2007; Turner et al. 1998). However, these responses are not
necessarily tied to the location of the neurons that may drive
oxygen-level changes in these larger vessels. Using alter-
native imaging protocols that are less susceptible to large
vessel artefacts, such as spin-echo sequences, would shed
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light on the origin of BOLD response patterns detected in
the LPZ (Howseman and Bowtell 1999; Yacoub et al. 2003).
Our approach to use both the univariate response along
with the reliability of responses also has the potential to help
understand whether a reorganisation of visual processing
genuinely occurs in patients. As expected, responses from
the stimulus representation in controls are positive and reli-
able. Unequivocal evidence of reorganisation of visual pro-
cessing following loss of visual input would register as simi-
larly reliable and positive signals within the LPZ of patients
(Morland 2015). Whilst JMD does show reliable, positive
signals overall, they do not appear to be entirely different
from some responses found in the sLPZ in controls. Indeed,
the use of response amplitude and reliability in classifying
the LPZ responses of the patient resulted in a greater number
of classifications being associated with normal responses
from the LPZ rather than the stimulus representation.
Determining the source of LPZ responses is important; if
there is evidence of reorganisation of visual processing, this
will interfere with the success of visual restoration (Base-
ler et al. 2011; Morland 2015). Even if the function of the
eye was to be restored, it relies on the parts of the visual
brain which previously processed input from the macula to
remain capable of processing new incoming information.
Effectively, cortex would have to reorganise again to resume
its former role of processing information from central rep-
resentation, to allow for some form of functionally useful
vision. This clearly is not the desired outcome, and so the
reliability of LPZ responses therefore needs to be consid-
ered in future work to determine if those responses represent
genuine evidence of reorganisation of visual processing.

Acknowledgements We acknowledge with thanks funding from Fight
for Sight UK (1523/1524), the BBSRC, along with the ophthalmology
research team at York Teaching Hospital NHS Foundation Trust.

Funding This work was supported by Fight for Sight UK (1523/1524)
and the BBSRC.

Code availability Participants consented the use of their data by the
investigators and to third parties, but only after the use of the data by
those third parties was scrutinized by the York Diagnostic Imaging
Centre's Research Governance Committee. The corresponding author
may be contacted to initiate data sharing and assistance with seeking
ethical approval for the use of the data.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethics approval Ethical approval for the study was granted by York
Neuroimaging Centre Research Governance Committee.

Consent to participate Written, informed consent was obtained from
all participants.

@ Springer

Consent for publication Consent from all participants to include their
anonymised data in publications was obtained.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Baker CI, Peli E, Knouf N, Kanwisher NG (2005) Reorganization of
visual processing in macular degeneration. J Neurosci 25(3):614—
618. https://doi.org/10.1523/JNEUROSCI.3476-04.2005

Baker CI, Dilks DD, Peli E, Kanwisher N (2008) Reorganization of
visual processing in macular degeneration: replication and clues
about the role of foveal loss. Vision Res 48(18):1910-1919.
https://doi.org/10.1016/j.visres.2008.05.020

Barlow HB (1972) Dark and light adaptation: psychophysics. In: Jame-
son D, Hurvich LM (eds) Visual psychophysics. Handbook of
sensory physiology. Springer, Berlin, Heidelberg, pp 1-28

Baseler H, Brewer A, Sharpe LT, Morland AB, Jigle H, Wandell B
(2002) Reorganization of human cortical maps caused by inher-
ited photoreceptor abnormalities. Nat Neurosci 5(4):364-370.
https://doi.org/10.1038/nn817

Baseler H, Gouws A, Haak KV, Racey C, Crossland MD, Tufail A,
Morland AB (2011) Large-scale remapping of visual cortex is
absent in adult humans with macular degeneration. Nat Neurosci
14(5):649-655. https://doi.org/10.1038/nn.2793

Benson NC, Butt OH, Datta R, Radoeva PD, Brainard DH, Aguirre GK
(2012) The retinotopic organization of striate cortex is well pre-
dicted by surface topology. Curr Biol 22(21):2081-2085. https://
doi.org/10.1016/j.cub.2012.09.014

Benson NC, Butt OH, Brainard DH, Aguirre GK (2014) Correction of
distortion in flattened representations of the cortical surface allows
prediction of V1-V3 functional organization from anatomy. PLoS
Comput Biol 10(3):e1003538. https://doi.org/10.1371/journal.
pcbi. 1003538

Brown HDH, Woodall RL, Kitching RE, Baseler HA, Morland AB
(2016) Using magnetic resonance imaging to assess visual defi-
cits: a review. Ophthalmic Physiol Opt. https://doi.org/10.1111/
0po.12293

Czeh RS, Casper AW, Segraves EC (1965) A mathematical model of
flashblindness. 70(October):447-459. https://doi.org/10.1007/
BF00639569

de Zwart JA, Silva AC, van Gelderen P, Kellman P, Fukunaga M,
Chu R, Duyn JH (2005) Temporal dynamics of the BOLD fMRI
impulse response. Neuroimage 24(3):667-677. https://doi.org/10.
1016/I.NEUROIMAGE.2004.09.013

Dilks DD, Baker CI, Peli E, Kanwisher N (2009) Reorganization of
visual processing in macular degeneration is not specific to the
“preferred retinal locus.” J Neurosci 29(9):2768-2773. https://doi.
org/10.1523/JNEUROSCI.5258-08.2009

Dilks DD, Julian JB, Peli E, Kanwisher N (2014) Reorganization of
visual processing in age-related macular degeneration depends


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1523/JNEUROSCI.3476-04.2005
https://doi.org/10.1016/j.visres.2008.05.020
https://doi.org/10.1038/nn817
https://doi.org/10.1038/nn.2793
https://doi.org/10.1016/j.cub.2012.09.014
https://doi.org/10.1016/j.cub.2012.09.014
https://doi.org/10.1371/journal.pcbi.1003538
https://doi.org/10.1371/journal.pcbi.1003538
https://doi.org/10.1111/opo.12293
https://doi.org/10.1111/opo.12293
https://doi.org/10.1007/BF00639569
https://doi.org/10.1007/BF00639569
https://doi.org/10.1016/J.NEUROIMAGE.2004.09.013
https://doi.org/10.1016/J.NEUROIMAGE.2004.09.013
https://doi.org/10.1523/JNEUROSCI.5258-08.2009
https://doi.org/10.1523/JNEUROSCI.5258-08.2009

Brain Structure and Function

on foveal loss. Optom vis Sci 91(8):e199-e206. https://doi.org/
10.1097/0PX.0000000000000325

Engel S, Glover GH, Wandell B (1997) Retinotopic organization in
human visual cortex and the spatial precision of functional MRI.
Cereb Cortex 7(2):181-192. https://doi.org/10.1093/cercor/7.2.
181

Engel S, Morland AB, Haak KV (2015) Plasticity, and its limits, in
adult human primary visual cortex. Multisens Res 28(3-4):297—
307. https://doi.org/10.1163/22134808-00002496

Hoffmann MB, Tolhurst DJ, Moore AT, Morland AB (2003) Organi-
zation of the visual cortex in human albinism. J Neurosci
23(26):8921-8930

Howseman M, Bowtell RW (1999) Functional magnetic resonance
imaging: imaging techniques and contrast mechanisms. Philos
Trans Roy Soc Lond Ser B Biol Sci 354(1387):1179-1194. https://
doi.org/10.1098/rstb.1999.0473

Lerner Y, Hendler T, Malach R, Harel M, Leiba H, Stolovitch C, Pianka
P (2006) Selective fovea-related deprived activation in retinotopic
and high-order visual cortex of human amblyopes. Neuroimage
33(1):169-179. https://doi.org/10.1016/j.neuroimage.2006.06.026

Masuda Y, Dumoulin SO, Nakadomari S, Wandell B (2008) V1 projec-
tion zone signals in human macular degeneration depend on task,
not stimulus. Cereb Cortex 18(11):2483-2493. https://doi.org/10.
1093/cercor/bhm256

Masuda Y, Horiguchi H, Dumoulin SO, Furuta A, Miyauchi S,
Nakadomari S, Wandell B (2010) Task-dependent V1 responses
in human retinitis pigmentosa. Invest Ophthalmol vis Sci
51(10):5356-5364. https://doi.org/10.1167/iovs.09-4775

Masuda Y, Takemura H, Terao M, Miyazaki A, Ogawa S, Horiguchi
H, Amano K (2021) V1 Projection zone signals in human macular
degeneration depend on task despite absence of visual stimulus.
Curr Biol 31(2):406-412.e3. https://doi.org/10.1016/j.cub.2020.
10.034

Merabet LB, Hamilton R, Schlaug G, Swisher JD, Kiriakopoulos ET,
Pitskel NB, Pascual-Leone A (2008) Rapid and reversible recruit-
ment of early visual cortex for touch. PLoS ONE 3(8):e3046.
https://doi.org/10.1371/journal.pone.0003046

Morland AB (2015) Organization of the central visual pathways follow-
ing field defects arising from congenital, inherited, and acquired
eye disease. Annu Rev vis Sci 1(1):329-350. https://doi.org/10.
1146/annurev-vision-082114-035600

Olman CA, Inati S, Heeger DJ (2007) The effect of large veins on spa-
tial localization with GE BOLD at 3 T: displacement, not blurring.
Neuroimage 34(3):1126-1135. https://doi.org/10.1016/J. NEURO
IMAGE.2006.08.045

Petro LS, Vizioli L, Muckli L (2014) Contributions of cortical feed-
back to sensory processing in primary visual cortex. Front Psychol
5:1-8. https://doi.org/10.3389/fpsyg.2014.01223

Schumacher EH, Jacko J, Primo S, Main KL, Moloney KP, Kinzel EN,
Ginn J (2008) Reorganization of visual processing is related to

eccentric viewing in patients with macular degeneration. Restor
Neurol Neurosci 26(4-5):391-402

Smirnakis SM, Brewer AA, Schmid MC, Tolias AS, Schiiz A, Augath
M, Logothetis NK (2005) Lack of long-term cortical reorganiza-
tion after macaque retinal lesions. Nature 435(7040):300-307.
https://doi.org/10.1038/nature03495

Smith FW, Muckli L (2010) Nonstimulated early visual areas carry
information about surrounding context. Proc Natl Acad Sci
107(46):20099-20103. https://doi.org/10.1073/pnas.1000233107

Stockman A, Sharpe LT (2006) Into the twilight zone: the complexities
of mesopic vision and luminous efficiency. Ophthal Physiol Opt
26(3):225-239. https://doi.org/10.1111/j.1475-1313.2006.00325.x

Sunness JS, Liu T, Yantis S (2004) Retinotopic mapping of the visual
cortex using functional magnetic resonance imaging in a patient
with central scotomas from atrophic macular degeneration. Oph-
thalmology 111(8):1595-1598. https://doi.org/10.1016/j.ophtha.
2003.12.050

Turner R, Howseman A, Rees GE, Josephs O, Friston K (1998) Func-
tional magnetic resonance imaging of the human brain: data
acquisition and analysis. Exp Brain Res 123(1-2):5-12. https://
doi.org/10.1007/s002210050538

Vernon RJW, Morland AB, Wade AR, Lawrence SJD, Gouws AD
(2016) Multivariate patterns in the human object-processing
pathway reveal a shift from retinotopic to shape curvature repre-
sentations in lateral occipital areas, LO-1 and LO-2. J Neurosci
36(21):5763-5774. https://doi.org/10.1523/jneurosci.3603-15.
2016

Wandell BA, Dumoulin SO, Brewer AA (2007) Visual field maps in
human cortex. Neuron 56(2):366-383. https://doi.org/10.1016/j.
neuron.2007.10.012

Williams M, Baker CI, Op de Beeck HP, Shim WM, Dang S, Trian-
tafyllou C, Kanwisher N (2008) Feedback of visual object infor-
mation to foveal retinotopic cortex. Nat Neurosci 11(12):1439—
1445. https://doi.org/10.1038/nn.2218

Worsley KJ (2001) Statistical analysis of activation images. In: Jezzard
P, Matthews PM, Smith SS (eds) Functional magnetic resonance
imaging, vol 17. Oxford University Press, Oxford, pp 251-270

Yacoub E, Duong TQ, Van De Moortele PF, Lindquist M, Adriany
G, Kim SG, Hu X (2003) Spin-echo fMRI in humans using high
spatial resolutions and high magnetic fields. Magn Reson Med
49(4):655-664. https://doi.org/10.1002/mrm.10433

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1097/OPX.0000000000000325
https://doi.org/10.1097/OPX.0000000000000325
https://doi.org/10.1093/cercor/7.2.181
https://doi.org/10.1093/cercor/7.2.181
https://doi.org/10.1163/22134808-00002496
https://doi.org/10.1098/rstb.1999.0473
https://doi.org/10.1098/rstb.1999.0473
https://doi.org/10.1016/j.neuroimage.2006.06.026
https://doi.org/10.1093/cercor/bhm256
https://doi.org/10.1093/cercor/bhm256
https://doi.org/10.1167/iovs.09-4775
https://doi.org/10.1016/j.cub.2020.10.034
https://doi.org/10.1016/j.cub.2020.10.034
https://doi.org/10.1371/journal.pone.0003046
https://doi.org/10.1146/annurev-vision-082114-035600
https://doi.org/10.1146/annurev-vision-082114-035600
https://doi.org/10.1016/J.NEUROIMAGE.2006.08.045
https://doi.org/10.1016/J.NEUROIMAGE.2006.08.045
https://doi.org/10.3389/fpsyg.2014.01223
https://doi.org/10.1038/nature03495
https://doi.org/10.1073/pnas.1000233107
https://doi.org/10.1111/j.1475-1313.2006.00325.x
https://doi.org/10.1016/j.ophtha.2003.12.050
https://doi.org/10.1016/j.ophtha.2003.12.050
https://doi.org/10.1007/s002210050538
https://doi.org/10.1007/s002210050538
https://doi.org/10.1523/jneurosci.3603-15.2016
https://doi.org/10.1523/jneurosci.3603-15.2016
https://doi.org/10.1016/j.neuron.2007.10.012
https://doi.org/10.1016/j.neuron.2007.10.012
https://doi.org/10.1038/nn.2218
https://doi.org/10.1002/mrm.10433

	Assessing functional reorganization in visual cortex with simulated retinal lesions
	Abstract
	Introduction
	Methods
	Participants
	Imaging parameters
	Structural MRI
	Functional MRI

	Stimulus generation
	JMD behavioural test
	High light level adaptation experiment
	Retinotopic mapping
	LPZ and stimulus localiser

	Experimental design
	MRI protocol for lesion simulations and control conditions

	Analysis
	Anatomical data
	Retinotopic mapping
	LPZ localiser analysis
	High light level adaptation experiment fMRI analysis
	ROI analysis
	Data visualisation
	Reliability analysis
	Classifier analysis


	Results
	Individual LPZ BOLD responses
	Group LPZ BOLD responses
	LPZ
	Stimulus representation

	Reliability analysis
	Classifier analysis

	Discussion
	Acknowledgements 
	References


