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ABSTRACT

Human behavior can be remarkably shaped by experience, such as the removal of sensory input. Many studies of conditions such
as stroke, limb amputation, and vision loss have examined how removal of input changes brain function. However, an important
question yet to be answered is: when input is lost, does the brain change its connectivity to preferentially use some remaining
inputs over others? In individuals with healthy vision, the central portion of the retina is preferentially used for everyday visual
tasks, due to its ability to discriminate fine details. When central vision is lost in conditions like macular degeneration, periph-
eral vision must be relied upon for those everyday tasks, with some portions receiving “preferential” usage over others. Using
resting-state fMRI collected during total darkness, we examined how deprivation and preferential usage influence the intrinsic
functional connectivity of sensory cortex by studying individuals with selective vision loss due to late stages of macular degenera-
tion. Specifically, we examined functional connectivity between category-selective visual areas and the cortical representation of
three areas of the retina: the lesioned area, a preferentially used region of the intact retina, and a non-preferentially used region.
We found that cortical regions representing spared portions of the peripheral retina, regardless of whether they are preferentially
used, exhibit plasticity of intrinsic functional connectivity in macular degeneration. Cortical representations of spared peripheral
retinal locations showed stronger connectivity to MT, a region involved in processing motion. These results suggest that the long-
term loss of central vision can produce widespread effects throughout spared representations in early visual cortex, regardless of
whether those representations are preferentially used. These findings support the idea that connections to visual cortex maintain
the capacity for change well after critical periods of visual development.

| Introduction (Newbold et al. 2020; Ramachandran and Hirstein 1998;

The field of neuroscience has long sought to understand the
brain's profound ability to adapt to changes in experience.
This ability to adapt is particularly evident in conditions
where neural input is lost or altered, such as in cases of stroke
(Grefkes and Fink 2014), real and simulated limb amputation

Sparling et al. 2024), as well as deafness and blindness (Merabet
et al. 2008). Since the early sensory deprivation experiments
of Hubel and Weisel, the visual system in particular has been
one of the most well-studied examples of how the brain adapts
to the loss of sensory input (Gilbert and Li 2012; Hubel and
Wiesel 1962; Hubel and Wiesel 1963). However, while many
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Summary

« Portions of early visual cortex representing central
versus peripheral vision exhibit different patterns of
connectivity to category-selective visual regions.

« When central vision is lost, cortical representations of
peripheral vision display stronger functional connec-
tions to MT than central representations.

« When central vision is lost, connectivity to regions se-
lective for tasks that involve central vision (FFA and
PHA) are not significantly altered.

« These effects do not depend on which locations of pe-
ripheral vision are used more.

of these studies have focused specifically on the deprivation
aspect of sensory loss, sensory deprivation is often a multifac-
eted phenomenon that can involve multiple, simultaneous fea-
tures (Cramer et al. 2011; Liu et al. 2010; Toyoizumi et al. 2014;
Turrigiano 1999). While obvious differences can arise when
comparing cortex deprived of input to cortex with maintained
inputs, it is not necessarily the case that all regions with main-
tained input exhibit uniform function. For example, in the case
of partial vision loss, some cortical regions representing intact
vision may receive preferential usage compared to other regions
with spared input (Liu et al. 2010). Identifying how regions with
preferential usage are different from non-preferred and deprived
regions of cortex is necessary for an improved understanding of
how the brain changes with experience.

Studying patients with selective sensory impairment, such
as central vision loss due to late-stage macular degeneration
(MD), can inform our understanding of how the brain adapts
to changes in experience (Baker et al. 2005; Baker et al. 2008;
Baseler et al. 2011; Burge et al. 2016; Dilks et al. 2009; Masuda
et al. 2008; Masuda et al. 2021; Sabbah et al. 2017; Sunness,
Liu, and Yantis 2004). In later stages of MD, photoreceptor
cells degenerate, forming a lesion in the center of the retina
(Zarbin 2004). This results in the deprivation of bottom-up, reti-
nal input to the cortical representation of the lesioned area—the
so-called lesion projection zone (LPZ). Due to the lack of central
vision, many individuals with MD preferentially use a specific
part of their intact peripheral vision, known as the “preferred
retinal locus” (PRL), as an oculomotor reference point for every-
day visual tasks like recognizing faces (Bullimore, Bailey, and
Wacker 1991) and reading (Timberlake et al. 1987). The prefer-
ential usage of the PRL makes it functionally distinct from other
“un-preferred retinal loci” (URLs), which maintain sensory
input to visual cortex, but do not necessarily receive increased
use. Due to the precise retinotopy of visual cortex, projections
from PRL and URL regions of the retina can be predicted based
on anatomy (Benson et al. 2012) and the location of those pro-
jections is not thought to change substantially after MD (Baseler
et al. 2011). However, little is known about how the cortical rep-
resentations of the PRL and URL (referred to here as the cPRL
and cURL) are differentially altered in response to input depri-
vation or preferential usage.

Functional connectivity, or the correlation in spontaneous ac-
tivity between brain regions (Biswal et al. 1995), is a stable and

reproducible metric (Gratton et al. 2018), used to assess chang-
ing brain function in many contexts, including development
(Dosenbach et al. 2010; Fair et al. 2007; Satterthwaite et al. 2013),
psychopathology (Fleming, Harnett, and Ressler 2024; Harnett
et al. 2024), aging(Andrews-Hanna et al. 2007; Chan et al. 2014;
Geerligs et al. 2015; Meunier et al. 2009), during tasks (Cole
et al. 2021; Elkhetali et al. 2019), as well as with changes in vi-
sual experience (Lewis et al. 2009). Because central and periph-
eral vision are used differently after central vision loss, this loss
offers an opportunity to examine alterations in typical patterns
of functional connectivity in visual cortex related to deprivation,
preferential usage, and simple maintenance of inputs. Changes
in functional connectivity brought on by experience may re-
flect a history of repeated co-activation of brain regions over
time in a Hebbian-like fashion (Harmelech and Malach 2013;
Hebb 1949). Previous work shows that functional connectivity
in primary visual cortex is retinotopically organized such that
regions representing central vision have different functional
connectivity patterns from those that represent peripheral vision
(Arcaro et al. 2015; Geng et al. 2016; Griffis et al. 2017; Heinzle,
Kahnt, and Haynes 2011; Raemaekers et al. 2014; Striem-Amit
et al. 2015). These differences are thought to reflect the differen-
tial functions of central and peripheral vision. Thus, examining
patterns of functional connections in people with central vision
loss due to macular degeneration, where peripheral vision must
be used for all visual tasks, provides a window to understand
plasticity driven by deprivation, maintenance, and preferen-
tial usage.

Prior work suggests that functional connections change follow-
ing vision loss. For example, following the loss of central vision,
cortical representations of peripheral vision in early visual cor-
tex exhibit altered patterns of functional connectivity to ventral
occipital cortex (Sabbah et al. 2017). This finding is noteworthy
given that ventral occipital cortex exhibits different patterns of
connectivity to central versus peripheral representations in early
visual cortex (Park et al. 2018). These differential patterns of
connectivity for central versus peripheral representations likely
reflect the ways in which central and peripheral vision are nor-
mally used for different types of visual tasks. For example, cen-
tral vision is typically used more for everyday visual tasks such
as recognizing faces. Thus, cortical representations of central
vision are more strongly associated with regions with high selec-
tivity for faces, like fusiform face area (FFA) (Levy et al. 2001).
On the other hand, there may be specific roles for peripheral
vision that are associated with other category-selective regions.
For example, human area MT is involved in identifying looming
or moving stimuli (Tootell et al. 1995). While motion detection
is important throughout the visual field, it is performed particu-
larly well with peripheral vision (Yu et al. 2010).

Visual areas with different central versus peripheral biases
likely also exhibit different patterns of connectivity following
central vision loss. For example, regions normally biased to-
ward central vision, like fusiform cortex, appear to become
more strongly functionally connected to early visual cortical
representations of intact, peripheral vision in individuals with
central vision loss (Sabbah et al. 2017). However, it remains
unclear whether this association is different between regions
that receive increased, preferential usage, versus those that
maintain input that is not necessarily preferentially used.
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Using a recently developed method for precise retinal map-
ping in individuals with central vision loss (Defenderfer,
Demirayak, and Visscher 2021), we directly tested the hy-
pothesis that the organization of visual cortex is dependent
not only on deprived versus intact input, but also on the pref-
erential usage of remaining input. Specifically, we examined
patterns of functional connectivity in patients with central
vision loss (i.e., macular degeneration). We focused on func-
tional connectivity between early visual cortex and higher-
order visual regions that exhibit selectivity for specific types
of visual stimuli (i.e., fusiform face area (FFA), parahippo-
campal area (PHA), and middle temporal area (MT)). In doing
so, we set out to understand how deprivation, preferred, and
non-preferrent usage produce macroscale changes in the in-
trinsic properties of visual cortex that are likely outcomes of
microscale forms of plasticity.

2 | Materials and Methods
2.1 | Participants

Patients were recruited as part of the NIH Connectomes in
Human Diseases MD Plasticity project. Inclusion criteria for
MD patients included in the current analyses were: (1) Central
vision loss in both eyes for a minimum of two years, (2) a clearly-
defined preferred retinal locus as determined from a Macular
Integrity Assessment (MAIA) microperimetry, (3) visual acuity
of 20/100 or worse in their best eye, and (4) having a matched
healthy control participant. The larger Connectomes in Human
Diseases MD Plasticity project included some participants who
did not meet these strict criteria. Retinal microperimetry and
a visual acuity assessment were performed in order to verify
that each MD participant had significant loss of central vision.
Visual acuity was measured using the Early Treatment Diabetic
Retinopathy Study (ETDRS) test (Ferris et al. 1982). Healthy con-
trol participants were matched on the basis of sex, age (matched
to an individual participant +/— 5years), and education level (no
high school diploma, high school diploma, some college, college
degree, or advanced degree). Control participants were required
to have normal or corrected-to-normal vision and be free of oc-
ular disease. Recruitment was conducted through referrals from
the UAB Callahan Center for Low Vision, the Retina Specialists
of Alabama, and community- advertisements. The data ana-
lyzed here includes 11 MD patients (5 males, 6 females, mean
age=56.7years) and 11 healthy control participants who met
the above criteria (Table 1). All methods, including obtaining
informed consent, were carried out in accordance with ethical
standards under the oversight of the University of Alabama at
Birmingham (UAB) Institutional Review Board.

2.2 | MRI Data Acquisition

Functional and structural imaging data were acquired using
a 3T Siemens Magnetom Prisma MRI scanner using protocols
based on those of the Human Connectome Project (Glasser
et al. 2016). High-resolution 3D anatomical scans were obtained
using a 3D-MPRAGE sequence (T1-weighted; repetition time
(TR)=2400ms; echo time (TE)=2.22ms; field of view (FOV(a
p.rl,fh)) =208 X 208 X 144 mm; voxel size =0.8 mm isotropic; flip

angle (FA)=238°). Scientists collecting the data reviewed image
quality during the scan session in accordance with Human
Connectome Project protocols (Marcus et al. 2013). Under
these guidelines, each scan was given a numerical rating of 1-4
(I=poor, 2=fair, 3=good, 4=excellent). These ratings were
based on overall image crispness, blurriness, motion, and any
additional observable artifacts. If the T1w scan received a rat-
ing lower than three, the scan was reacquired during the same
scan session if time allowed or in one of the subsequent scan
sessions for the study. Resting-state functional scans (eyes open)
were acquired in total darkness using a Gradient-echo EPI se-
quence (T2*-weighted, TR =800ms, TE =37ms, FA =52°; voxel
size =2.0%x2.0x 2.0 mm isotropic; echo spacing =0.58 ms; mutli-
band acceleration factor = 8) resulting in 420 volumes per scan.
In order to ensure complete darkness, the investigators blocked
out all possible sources of light in the room (windows, wave-
guides, lights on equipment) prior to the start of the resting-
state scan. Participants were instructed to relax and keep their
eyes open until the scan was complete. An infrared camera
system, which does not emit visible light, was used to monitor
participants during scanning in order to ensure that their eyes
remained open during the scanning session. Each scan lasted
5.6min and was repeated 8 times for a total duration of 44.8 min
of scan time.

2.3 | MRI Data Processing

Raw data MRI data files were first converted into Brain Imaging
Data Structure (BIDS) format (Gorgolewski et al. 2016) in order
to enable use with open source pre-processing pipelines. Initial
first-pass quality control was performed through manual in-
spection of the data using MRIQC (Esteban et al. 2017). Initial
image pre-processing steps were performed with FMRIPrep
version 1.2.5 (https://fmriprep.org/) under the default settings
(Esteban et al. 2019). For reproducibility of methods, a more
detailed description is provided in the Supporting Information.
To summarize briefly: BOLD data underwent co-registration
to T1w anatomical space, spatiotemporally filtered, slice-time
corrected, scrubbed for motion artifacts using the XCP engine
workflow (Ciric et al. 2018) with a framewise displacement
threshold of 0.5mm. Data were then converted into fSLR_32k
cifti template-space using Ciftify (Dickie et al. 2019) and tools
from the HCP Connectome Workbench (Marcus et al. 2011).

2.4 | Region of Interest Definitions

Regions of interest within the early visual cortex were defined
based on atlases of visual regions coupled (described fully in
the next paragraph) with maps of the visual field acquired
from retinal imaging acquired outside of the MRI scanner (as
described in this paragraph). Visual field mapping was per-
formed on a Centervue Macular integrity Assessment (MAIA)
device (Centervue, Padova, Italy). The MAIA device uses a
confocal scanning laser ophthalmoscope to image the retina
in real-time while perimetry is performed using a Goldmann
size III white stimulus. During the examination, the MAIA
uses a 25 Hz eye tracker to compensate for eye movements and
measure fixation. Participants fixate a red annulus and indi-
cate when they detect a light flash with a button push. A 4-2
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TABLE1 | Demographics.
Visual acuity

SubID Group Age Sex Education Handedness (ETDRS Snellen) Match

MDP005 MD 22 M Associate degree R 20/125 MDPO015
MDP006 MD 50 F Bachelor's degree R 20/160 MDP001
MDP008 MD 70 F Associate degree L 20/160 MDPO035
MDPO014 MD 68 M Master's degree R 20/400 MDP069
MDPO016 MD 55 M Some college, no degree R 20/150 MDP026
MDP021 MD 27 M No diploma, but R 20/200 MDP034

finished 12th grade
MDP022 MD 83 F Some college, no degree R 20/100 MDP066
MDP023 MD 35 F Master's degree R 20/400 MDP029
MDP050 MD 83 M Doctoral degree R 20/125 MDPO055
MDP065 MD 61 F 12th grade, high R 20/160 MDP120
school graduate
MDP122 MD 70 F Bachelor's degree R 20/400 MDP116
MDPO001 HC 48 F Master's degree R 20/16 MDP006
MDPO015 HC 23 M Some college but no R 20/12.5 MDPO005
college degree
MDP026 HC 57 M High school graduate R 20/20 MDP016
MDP029 HC 32 F Master's degree R 20/12.5 MDP023
MDP034 HC 24 M High school graduate R 20/12.5 MDP021
MDPO035 HC 68 F High school graduate R 20/16 MDP008
MDPO055 HC 81 M Master's degree R 20/20 MDP050
MDP066 HC 78 F Bachelor's or RN degree R 20/16 MDP022
MDP069 HC 68 M Doctoral or law degree R 20/32 MDP014
MDP116 HC 72 F Some college but no R 20/25 MDP122
college degree
MDP120 HC 59 F High school degree Both 20/32 MDPO065

staircase strategy was used to determine sensitivity thresh-
olds. This resulted in three pieces of information: a map of the
retinal lesion, a map of the retinal locations with spared and
lesioned vision, as well as an estimate of the location at which
the MD patients tended to primarily fixate (i.e., the preferred
retinal locus, PRL). The PRL was defined based on the cloud
of fixation locations over time. The center of the PRL was de-
fined as the center of the cloud, and the boundary was defined
as the Bivariate contour ellipse area (BCEA) that included 63%
of fixation locations (Steinman 1965). In cases where the PRL
was located in extremely eccentric areas, the 95% BCEA was
used in order to capture enough cortical vertices for each ROL.
The boundaries of the retinal lesion were manually drawn
from the MATA output image based on the locations where
the participant did not detect light.

The locations of the PRL region and the retinal lesion were
mapped to their corresponding regions on the cortical sur-
face in V1, V2, and V3 using an automatic pipeline described

elsewhere (Benson and Winawer 2018; Benson et al. 2012;
Defenderfer, Demirayak, and Visscher 2021; Defenderfer
et al. 2023) based on a previously published retinotopic atlas
(Benson and Winawer 2018; Benson et al. 2012; Defenderfer,
Demirayak, and Visscher 2021; Defenderfer et al. 2023). This
resulted in regions of interest for each MD participant in V1,
V2, and V3 for the cortical representation of the PRL (cPRL)
and the cortical representation of the lesion (i.e., the “lesion
project zone,” LPZ). In addition to the cPRL and LPZ regions,
we also defined a control region that we refer to here as the
cortical representation of the “Un-preferred Retinal Locus” or
cURL. This region was defined by identifying a region on the
retina outside of the lesion that was: (1) the same eccentricity
as the PRL region, (2) as far away from the PRL as possible,
and (3) was confirmed to have light sensitivity as measured by
the MATA. The placement of these retinal loci was conducted
by a trained expert (M.K.D), automatically mapped to visual
cortex, and verified by three investigators with specialization
in retinal anatomy (L.L.F, P.D., and K.M.V.). A schematic of
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A. Perceptual Experience

Central Vision Loss

Healthy Vision )
macular degeneration

C. Retinal Loci Definition

Right Retina

Dot Color is visual threshold

Eccentricity

B. Microperimetry

Right and Left Retina, merged

Central vision loss both-eyes

D. Cortical Mapping

6° 9°+

(visual angle)

Teal dots are stimulus location while
“fixating” a visual stimulus (PRL)

PRL® “ URL

\f

LPZ

Precise definition of Cortical projections of PRL and URL

Early visual cortex is
retinotopically mapped

FIGURE1 | Schematic of early visual cortex ROI Definition. The perceptual experience of individuals with macular degeneration in comparison
to healthy vision is shown in (A). In macular degeneration, a lesion forms in the center of the retina, rendering patients unable to see in the center
of the visual field (gray patch). Retinal imaging was first conducted using microperimetry separately in both eyes (B). The PRL (preferred retinal
locus), URL (un-preferred retinal locus), and lesion are then determined (C). Using this information, a retinotopic atlas of visual cortex is then is used

(D—Ileft) to map the cortical representations of these three loci in early visual cortex (V1, V2, V3), shown on the right (D).

this process is summarized in Figure 1. The result of this pro-
cess is shown for four representative participants is shown
in Figure 2. The locations for each participant are shown in
Figure S3.

We treated each healthy control participant the same as their
matched MD counterpart, placing their cortical ROIs according
to the location in retinal space of the lesion, PRL, and URL of
their matched MD participant counterpart. These regions were
first created on the native cortical surface, and then projected
onto the fsSLR_32k template in cifti space. In cases where sig-
nificant group effects were observed for both the cPRL and the
cURL, we defined an additional “all peripheral” ROI to examine
the generalizability of the effects. This ROI consisted of all re-
gions in early visual cortex (V1, V2, and V3) outside of the lesion
project zone. This was done in order to determine whether any
observed functional connectivity group differences extended to
cortical regions representing all of the remaining, intact por-
tions of the retina.

In addition to the early visual cortex ROIs, we used a previously
published cortical atlas (Glasser et al. 2016) to define regions
of interest for three category-selective visual regions: fusiform
face area, parahippocampal area, and middle temporal area.
These regions were selected using the anatomical names de-
scribed in the Glasser parcellation documentation (See details
in Supporting Information).

2.5 | Functional Connectivity Analysis

The average time course of each ROI was extracted from the
preprocessed resting-state fMRI data using in-house scripts
in MATLAB 2021a (MathWorks, Natick, MA). Functional
connectivity was then calculated as the Pearson's correlation
between the timecourses of each early visual cortex ROI and
those of the category-selective ROIs. Connectivity for each
early visual cortex ROI (cPRL, cURL, and LPZ) was first
calculated independently at the levels of V1, V2, and V3 and
then averaged across levels to generate a single value for each
ROI type.

2.6 | Statistical Analysis

The effects of deprivation, preferred usage, and non-preferred
usage on functional connectivity were assessed by using two-
way, repeated measures analysis of variance (ANOVA) with
factors of early visual cortex ROI (LPZ, cPRL, and cURL) and
group (MD vs. healthy controls). Here, we applied a “yoked-
control” approach, using group as a repeated measures factor
due to the fact that each MD participant was matched based
on age, sex, and education to a control participant. Each MD
participant's individualized regions of interest for LPZ, cPRL,
and cURL were applied to their yoked healthy vision control
participant. This approach helps control for factors of age,
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MDP005
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MDP008

Left Eye Combined

Left Hemisphere

do,

Right Eye
(o

B. MDP006

Left Hemisphere

Left Eye Combined

MDP016

Combined

Right Hemisphere

FIGURE2 | Individual participant retinal images. Retinal images from microperimetry are shown for 4 representative individuals. PRL locations

are shown in yellow. URL locations are shown in green. Microperimetry images for left and right eyes are shown in upper corners of each panel.
Center images show combined image of left and right retinal images. Mapping onto left and right cortical surfaces are shown in bottom corners of

each panel.

sex, and education. Significant results using this approach
were followed up with unpaired tests as a validation measure
(described in results). In cases where statistical assumptions
were not met, Wilcoxon rank sum tests were used as a non-
parametric alternative to the ANOVA. This required the cal-
culation of difference scores of cPRL and cURL minus LPZ
connectivity, respectively, in order to generate a single value
that could be compared between groups. This approach was
used to mitigate the fact that there is no true non-parametric
alternative for a 2-way ANOVA under conditions of unequal
variance. Statistical tests were corrected for multiple compar-
isons using the Bonferroni correction procedure. Statistical
analyses were carried out using R version 4.1.3 (R Core Team,
2022) using the rstatix package (version 0.7.0).

3 | Results

3.1 | Functional Connectivity to Fusiform Face
Area (FFA)

We first investigated how central vision loss impacts functional
connectivity between fusiform face area (Figure 3B), a nor-
mally centrally biased visual area, and cortical representations
of deprived (LPZ), preferred (cPRL), and non-preferred (cURL)
loci on the retina (Figure 3A). A two-way repeated measures
ANOVA revealed a statistically significant main effect of early
visual cortex ROI (LPZ, cPRL, cURL) on functional connectivity
to fusiform face area (F(2,20)=78.712, p=3.31e—10). Post hoc
t-tests with a Bonferroni adjustment revealed that functional
connectivity of the LPZ was significantly greater than that of

the cPRL and cURL in both MD patients and healthy controls
(Figure 3C). No significant effect of group differences were
observed, suggesting that functional connectivity patterns be-
tween may be maintained following central vision loss.

3.2 | Functional Connectivity to Parahippocampal
Area (PHA)

Next, we tested whether central vision loss and increased use of
the PRL is related to altered patterns of functional connectivity
between early visual cortex and parahippocampal area, a brain
region that demonstrates selectivity for scenes (Figure 4). To
this, we conducted a two-way, repeated measures ANOVAs with
factors of group (MD vs. healthy controls, as a yoked control)
and early visual cortex ROI (LPZ, PRL, and URL). The ANOVA
results revealed a statistically significant main effect of early vi-
sual cortex ROI (LPZ, PRL, URL) on functional connectivity to
parahippocampal area (F(2,20)=32.70, p=4.96e—7) Post hoc t-
tests with a Bonferroni adjustment revealed that functional con-
nectivity of the LPZ was significantly greater than that of the
PRL and URL in both MD patients and healthy controls.

3.3 | Functional Connectivity to Middle Temporal
Area (MT)

We next investigated functional connectivity between the early
visual cortex ROIs and area MT (Figure 5). A Levene's test of
homogeneity of variances test showed unequal variances con-
nectivity between groups for the cPRL (F (1,20)=8.08, p=0.01)
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A. B. Fusiform Face Area (FFA)
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early visual cortex ROI

FIGURE 3 | Connectivity to fusiform face area. Panel A shows the corresponding regions in visual space of the three early visual cortex regions
of interest: The lesion projection zone (LPZ) in blue, the cortical representation of the preferred retinal locus (cPRL) and the cortical representation
of the un-preferred retinal locus (CURL). These regions were defined in early visual cortex using the methods described in Figure 1. Functional
connectivity was measured between these regions and fusiform face area (FFA), shown in panel B. Fisher's Z-transformed connectivity values
between the three early visual cortex ROIs and FFA are shown for healthy controls (HC) and macular degeneration patients (MD) in panel C (color-
coded based on panel A). Connectivity to FFA was significantly higher for the LPZ, relative to the cPRL and cURL, in both groups (C). Group means
for each ROI are shown in D. Error bars in both figures represent the standard error of the mean. Stars (*) denote statistical significance levels based
on the following conventions: *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001.

A. B. Parrahippocampal Area (PHA)

PRL

- .

URL

C. D.
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early visual cortex ROI

FIGURE4 | Connectivity to parahippocampal area. Panel A shows the corresponding regions in visual space of the three early visual cortex regions
of interest: The lesion projection zone (LPZ) in blue, the cortical representation of the preferred retinal locus (cPRL) and the cortical representation
of the un-preferred retinal locus (CURL). These regions were defined in early visual cortex using the methods described in Figure 1. Functional
connectivity was measured between these regions and parahippocampal area (PHA), shown in panel B. Fisher's Z-transformed connectivity values
between the three early visual cortex ROIs and PHA are shown for healthy controls (HC) and macular degeneration patients (MD) in panel C
(color-coded based on panel A). A two-way, repeated measures ANOVA revealed a significant main effect of early visual cortex ROI, such that LPZ
connectiviy was higher relative to cortical representations of the PRL and URL in both groups (C). Group means for each ROI are shown in D. Error
bars in both figures represent the standard error of the mean. Stars (*) denote statistical significance levels based on the following conventions:
*p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.
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and the cURL (F (1,20)=8.06, p=0.01). Specifically, MD par-
ticipants are more homogeneous than controls. Because there
is no well-accepted alternative for 2-way ANOVA under un-
equal variances, we performed a non-parametric Wilcoxon test
to separately compare cPRL and cURL connectivity (relative to
central, LPZ connectivity) in MD participants versus controls
(Figure 6). This required the generation of a single value for
MD and control participants, respectively. As a result, we cal-
culated two separate difference scores and performed two in-
dependent group comparisons: cPRL minus LPZ connectivity
score in MDs versus controls (Figure 6A), and a cURL minus
LPZ connectivity score in MDs versus controls (Figure 6B).

Because we observed similar results for the cPRL and
cURL difference scores, we employed a combined approach
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(Figure 6C) by calculating a mean score for the central ROI
(LPZ) and subtracted this value from the mean of the periph-
eral rois (cPRL and cURL). This “peripheral relative to cen-
tral” value was then compared between the two groups. A
Wilcoxon ranked sum test found that peripheral relative to
central connectivity to MT was significantly different between
groups using both a paired/yoked approach, where each MD
participant matched by age, sex, and education to a control
(Wilcoxon's W=5, p=4.88e—3) and an unpaired approach
(Wilcoxon's W=27, p=1.40e-2). In healthy controls, periph-
eral minus central connectivity values were centered around
zero (Figure 6A), suggesting very little difference between the
ROIs. In MD, this number was a positive value, suggesting
that peripheral connectivity to MT was greater than that of
central representations (mean =0.12).

B. MT
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Connectivity to middle temporal area. Panel A shows the corresponding regions in visual space of the three early visual cortex regions

of interest: The lesion projection zone (LPZ) in blue, the cortical representation of the preferred retinal locus (CURL). These regions were defined in
early visual cortex using the methods described in Figure 1. Functional connectivity was measured these regions and middle temporal area (MT) are
shown in panel B for visualization purposes only. Fisher's Z-transformed connectivity values between the three early visual cortex ROIs and MT are
shown for healthy controls (HC) and macular degeneration patients (MD) in panel C (color-coded based on panel A). Group means are shown in D.

A cPRL minus central B cURL minus central C Mean peripheral minus
. connectivtiy connectivtiy . central connectivity
*% *% *k
04 .
0.4 . 04 . .
o .
N — t 02 .
g8 02 . S 5 . -
S < l. * c - - c |-'
o c Q c *
3 8 ° . © < l- * S 2
g3 0 = - 58 .l 8o -
o . g 00 - T .
| . 2 o D . .
02 : -022
. -0.2 J |
HC MD HC MD HC MD
Groups Groups Groups
FIGURE 6 | Central versus peripheral connectivity to middle temporal area. Wilcoxon rank sum tests revealed that PRL connectivity (A) and

URL connectivity (B) relative to central (LPZ) connectivity were significantly greater in MD participants realtive to healthy vision controls (both
p<0.01). Similar results were found when examining the mean of the two perpiheral ROIs (cPRL and cURL) realtive to central (LPZ) connectivity
(C). Stars (*) denote statistical significance levels based on the following conventions: *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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3.4 | Generalizability of Peripheral Connectivity
to MT

The highly similar functional connectivity profiles for the cPRL
and the cURL regions suggested the observed increase in pe-
ripheral connectivity may not be specific to only the preferen-
tially used portion of peripheral vision. As a result, we tested
whether a similar result would be found if we looked at all areas
of usable peripheral vision simultaneously (Figure 7). To do
this, we created ROIs for each individual subject pair that in-
cluded all areas of usable vision outside of the lesion projection
zone. A Levene's test of homogeneity of variances test showed
unequal variances connectivity between groups for the periph-
eral ROIs (cPRL: F(1, 20)=8.08, p=0.01; cURL: F(1, 20)=8.06,
p=0.01). Specifically MD participants were more homogeneous
than controls. Similar to described earlier, an “all peripheral
relative to central” score was calculated by subtracting LPZ to
MT connectivity from “all peripheral” connectivity. A Wilcoxon
rank sum test revealed that peripheral (relative to central) con-
nectivity was significantly greater in the MD group compared to
controls using both a paired (Wilcoxon's W=5, p=9.77e-3) and
unpaired approach (Wilcoxon's W=27, p=2.81e-2).

4 | Discussion

The overall goal of this investigation was to determine whether
deprivation, preferred, and non-preferred usage differentially
influence the organization of functional connection patterns in
visual cortex. Our findings, using central vision loss as a model,
confirm prior evidence demonstrating that early visual cortex ex-
hibits retinotopically specific patterns of functional connectivity to
downstream, category-selective visual areas. Additionally, we show
that central vision loss is associated with strengthened functional
connectivity between cortical representations of peripheral vision
and regions involved in motion detection (MT). Interestingly, we
found that these changes were present not just for the region of
preferred usage, but extended to other regions of usable peripheral
vision. Together, these findings suggest that long-term changes in
visual experience can produce changes in intrinsic cortical activity,
well after the critical period of visual development.
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5 | Retinotopic Patterns of Connectivity to FFA
and PHA

Category-selective visual areas can exhibit biases toward in-
formation from different parts of the visual depending on their
function (Brewer et al. 2005; Hasson et al. 2002; Kreichman
and Gilaie-Dotan 2024). We observed that compared to pe-
ripheral representations in early visual cortex, centrally rep-
resenting regions exhibited greater functional connectivity to
both FFA and PHA. The stronger connectivity of FFA to cen-
tral representations is consistent with previous work showing
that activity in FFA is biased toward information from central
vision (Hasson et al. 2002; Kreichman and Gilaie-Dotan 2024;
Levy et al. 2001). Here, we replicate this finding by showing in
MD patients and healthy controls that the cortical representa-
tion of central vision in early visual cortex (the LPZ) was more
strongly connected to FFA than peripheral regions (cPRL and
cURL). This bias toward central vision information is believed
to be due to the high visual acuity required to make out de-
tails in faces that convey important information, such as facial
expressions, physical facial features, and eye gaze direction
(Levy et al. 2001; Slotnick and White 2013). Because individ-
uals with central vision loss must rely on peripheral vision to
make out facial features (Mitchell et al. 2018), we initially hy-
pothesized that FFA would exhibit a bias toward peripheral
visual information in patients with MD. However, we did not
find a statistically significant difference in FFA connectiv-
ity between groups. There was considerable between-subject
variability, however, and future work will be needed to iden-
tify whether this variability may be explained by other factors.
An important question is whether brain connectivity, along
with the decreased visual acuity inherent in central vision
loss, contributes to the known deficits that MD patients com-
monly experience difficulty with tasks like recognizing faces
(Bullimore, Bailey, and Wacker 1991; Mitchell et al. 2018). It
may be possible that without strengthened peripheral con-
nectivity, information from the peripheral visual field is not
properly transmitted to regions like FFA in a way that would
improve visual performance on facial processing tasks. Future
studies should explore this question and determine whether
the strength of connectivity between FFA and peripheral
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Groups MD

Generalizability of peripheral connectivity difference. Connectivity of all peripheral regions to MT was calculated in order to

probe the generalizability of the previous observed effects. Schematic of the all peripheral regions (yellow) and lesion region (blue) are shown (A).
Connectivity between each early visual cortex ROI and MT are shown in (B). A direct comparison of “all peripheral” minus LPZ difference scores are
also shown (C), revealing greater peripheral relative to central connectivity in MD participants (p <0.0.01). Statistical analysis in (C) was performed
using a Wilcoxon rank sum test. Error bars for all figures represent the standard error of the mean. Stars (*) denote statistical significance levels based
on the following conventions: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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representation in early visual cortex relate to performance on
peripherally presented facial stimuli, and whether this con-
nectivity can be strengthened with intervention.

Another possible reason for the lack of stronger connectiv-
ity between cPRL and FFA in patients with MD may be that
individuals with central vision loss may be using vision less
overall for visual tasks (like facial recognition) that require
fine-grain detail. The low resolution of patients’ spared vision
may not allow individuals to engage in enough everyday fa-
cial recognition to produce noticeable changes in connectivity.
In future work, it will be important to factor in whether the
amount of overall vision use in MD patients is related to the
strength of connectivity between peripheral representations
and regions like FFA, that are involved in tasks normally per-
formed with central vision.

We found that PHA showed stronger connectivity to the
representations of central vision (LPZ) than peripheral vi-
sion in both MD patients and controls. This finding was not
in the direction of previous work showing PHA may exhibit
bias toward peripheral visual information (Baldassano, Fei-
Fei, and Beck 2016; Kreichman and Gilaie-Dotan 2024; Levy
et al. 2001). However, it should be noted that different subre-
gions of PHA have been shown to have differential patterns
of connection to V1 (Baldassano, Fei-Fei, and Beck 2016) and
our PHA region was defined as a relatively large swath of
cortex, and not defined based on localizers as in some earlier
studies. Here, a larger region of interest was used for PHA in
an attempt to account for previous reports indicating its high
individual variability in location and size (Weiner et al. 2018;
Zhen et al. 2017). Future work is needed to probe whether
these more subtle relationships between subregions within
the parahippocampal area and early visual cortex change fol-
lowing the loss of central vision.

6 | Functional Connectivity to MT

In participants with healthy vision, functional connections be-
tween MT and early visual cortex did not significantly differ
between central representations (LPZ) and peripheral repre-
sentations (cPRL and cURL). Patients with central vision loss,
but not controls, showed patterns of connectivity that differed
based on retinotopy: In patients, there was stronger functional
connectivity between MT and representations of peripheral
vision than central vision. Importantly, this between-group
difference was statistically significant, indicating that the
presence of the retinotopic pattern may be a consistent out-
come of the experience of central vision loss. Notably, the rel-
ative increase in functional connectivity for peripheral vision
was not confined to regions within the vicinity of the cPRL
and cURL, but extended to the cortical representation of all of
the visual periphery.

Our finding of increased connectivity between peripheral rep-
resentations in early visual cortex and area MT is consistent
with previous reports in the literature. For example, prior work
in animal models of MD show that central vision loss is associ-
ated with increased MT neuronal sensitivity to motion (Hagan
et al. 2020), improved motion detection (Burnat et al. 2017),

and enhanced velocity discrimination (Burnat et al. 2017).
Other work has demonstrated that connections between MT
and early visual cortex are modifiable in adulthood and can
boost sensitivity to motion (Romei et al. 2016). This raises the
question of whether the greater connectivity between periph-
eral representations and MT in our MD patients is associated
with enhanced performance on motion detection tasks. It may
be the case that loss of central vision may allow peripheral
vision to enhance its connectivity to improve performance
on tasks for which peripheral vision is already specialized, as
suggested by earlier evidence (Burnat et al. 2017). This is espe-
cially relevant given the important role of connections to MT
from representations of the far periphery for visual behaviors
including orienting, postural and defensive reactions (Palmer
and Rosa 2006). Thus, repeated use of spared, peripheral vi-
sion in MD patients for these acitivies may selectively lead to
enhanced connectivity to areas like MT, which are essential
for moving through the world. This would be consistent with
previous evidence demonstrating that the function of MT in
vision is modifiable by experience (Liu and Pack 2017). Still,
future work is needed to determine whether the functional
connectivity of MT is related to behavioral performance on
motion tasks in MD patients.

Previous work has shown that while other brain regions in the
visual network decrease their overall activity level, activity in
MT is still maintained after central retinal lesioning (Burnat
et al. 2017; Hagan et al. 2020), despite the loss of bottom-up
inputs from central vision. This suggests that MT's increased
connectivity to peripheral representations in early visual cor-
tex in our data may act homeostatically to maintain a “pre-
ferred” level of activity in MT. However, future studies would
need to confirm this notion by relating these connections to
the activity level of MT using methods like positron emission
tomography which could measure absolute (not relative) ac-
tivity levels.

Understanding the inputs to MT can give insight into why
MT connectivity to peripheral representations in early visual
cortex increases in patients with central vision loss. The ma-
jority of inputs to MT from V1 come from the magnocellu-
lar stream, which is known to have cells with relatively large
receptive fields and strong sensitivity to motion. However,
MT also contains some inputs from the parvocellular stream,
which dominate the makeup of ganglion cells in the central
retina (Dacey 1993). Removal of input from the fovea, which
is dominated by less motion-sensitive parvocellular neurons
(Masri, Griinert, and Martin 2020; Yan et al. 2020), may result
in a proportional increase of input to V1 from motion-sensitive
cells (magnocellular) compared to non-motion-sensitive (par-
vocellular) cells. Thus, removal of parvocellular input may
allow V1 to be more strongly driven by magnocellular inputs,
resulting in overall greater functional connectivity of periph-
eral regions to MT.

7 | Generalizability of Peripheral Connectivity
Effects

Interestingly, we found that the effect of increased connectiv-
ity between MT and peripheral early visual cortex was present
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not only for the area of preferred usage (PRL), but also for un-
preferred areas. Furthermore, this effect was maintained when
factoring in the cortical representation of all parts of usable
peripheral vision. This finding seems logical within the grand
scope of PRL usage in MD patients. Prior reports indicate
that individuals with MD can use multiple PRLs for different
tasks (Crossland, Crabb, and Rubin 2011; Déruaz et al. 2002;
Duret, Issenhuth, and Safran 1999; Lei and Schuchard 1997).
In our study, PRLs were defined based on microperimetry in
each participant's better eye during performance of only one
task. Thus, our “un-preferred retinal locations” may include
some locations that are preferred during different tasks, and
the generalization of the connectivity effects may result from
this effect. On the other hand, the connectivity difference was
shown to generalize to the cortical representation of the en-
tire spared peripheral visual field. This would not be expected
if the increased connectivity were limited to a handful of
specific retinal locations. Thus, our data suggest that MT in-
creases connection strength to the cortical representations of
all spared vision after central vision loss, regardless of prefer-
ential use. This interpretation is consistent with the idea that
habitual processing of large peripheral looming stimuli are
involved in this shift in connection strength. However, more
work is needed to clarify this relationship.

8 | Differences in Variability of Functional
Connections to MT

In this analysis, we detected group differences in variability for
functional connectivity between peripheral representations in
early visual cortex and MT. While comparisons of variability are
often used as a measure to test assumptions for statistical anal-
ysis, in the case of plasticity, individual variability in functional
connectivity can be informative of deeper underlying biology
(Mueller et al. 2013). Furthermore, individual variability has
been shown to be important in several contexts related to nor-
mal development, aging, and brain-related diseases (Hahamy,
Behrmann, and Malach 2015; Sele et al. 2021). Notably, previous
work suggests that group differences in variability exist when
examining individuals with healthy vision versus individuals
with congenital blindness. For example, Sen and colleagues
(Sen et al. 2022) found that individual variability in the func-
tional connectivity of visual cortex is higher in individuals with
congenital blindness compared to individuals with healthy vi-
sion. These results suggest that increased use of vision results
in more consistent functional connectivity between individuals.
In our study, we observed that increased use of peripheral vision
similarly leads to more across-subject similarity in connectiv-
ity in individuals with MD. This serves as yet another form of
evidence toward the importance of visual experience in the es-
tablishment of connectivity between brain regions. Moreover, it
supports the idea put forth by Sen et al. (2022) that “shared sen-
sory experience enforces consistency across individuals” (Sen
et al. 2022). Our results add a new layer to this idea, suggesting
that visual experience can influence individual variability in
a specific manner when one particular part of the visual field
is used more. While these differences in individual variability
are interesting, a couple of outstanding questions remain. First,
the results shown in the current study only look at individuals
who had visual input in the early stages of life. Previous work

has shown visual system development in sighted individuals
decreases variability compared to congenitally blind individuals
(Sen et al. 2022). Our results suggest a possible further refine-
ment of this individual variability in adulthood when individ-
uals increasingly use one section of the visual field. Second, it
remains to be fully understood why increased use is related to
reduced variability of functional connectivity in visual cortex.
One possibility may be activity-dependent changes that are
known to drive plasticity related-change in visual cortex (Hubel
and Wiesel 1963; Hubel and Wiesel 1970). In the case of central
vision loss, increased reliance on peripheral vision likely drives
higher-than-normal levels of activity that may alter peripheral
representations of visual cortex that look similar across individ-
uals. Such activity may drive activity-dependent gene-expression
changes that have been previously shown to play an important
role in the plasticity of visual cortex (Tropea et al. 2006). In the
present study, our findings highlight an important role of expe-
rience in shaping individual differences in the brain that may be
related to such changes.

9 | Limitations and Future Directions

This study has a number of limitations that stand as oppor-
tunities for future studies. First, this study had the strength
of targeting a very specific presentation of macular degen-
eration (dense central vision loss). However, recruiting this
patient population became difficult given that it consisted of
elderly adults who were among those most vulnerable during
the COVID-19 pandemic. Future work in a larger sample
may provide greater statistical power to reveal some effects
that were not observable in the present dataset. Second, this
study was cross-sectional in nature and did not contain mea-
surements of the progression of macular degeneration and its
subsequent neurobiological effects over time. Additionally,
this investigation focused specifically on changes in the syn-
chrony of spontaneous activity in visual cortex. It should be
noted that spontaneous waves of activity also take place in the
retina that could also potentially influence functional connec-
tivity in visual cortex. While we did our best to control for
differences in the stimulation of retinal activity by scanning
in complete darkness, it is possible that central vision loss may
lead to differences in spontaneous retinal activity, and thus
downstream patterns of cortical activity. However, our inter-
pretations rely mainly on the effects observed in the cURL and
cPRL, where vision is maintained, and this effect should not
be present. Thus, while future work in animal models may
help understand the influence of spontaneous activity in the
pathway of the lesioned retina following sensory loss, these ef-
fects should not impact the interpretations we make here. One
question not addressed by this study was whether there was
an influence of differences in the number of eye movements
between patients and controls. Here, an infrared camera was
used to qualitatively ensure participant eyes remained open
during scanning. While we did not quantify eye movements,
existing literature suggests that the effects of eye movements
on functional connectivity appear to be minimal, at around
2.5% (Koba et al. 2021). However, future studies are needed
to investigate whether eye movement differences between pa-
tient populations and typically sighted individuals contribute
to differential effects on functional connectivity. Lastly, the
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present analysis used an ROI-to-ROI approach to test specific
hypotheses about functional connectivity following central vi-
sion loss. However, it would also be interesting to determine
whether connectivity to other regions, namely between MT
and the rest of the brain, are also differentially altered follow-
ing central vision loss. However, given the limited sample size
and need to correct for multiple comparisons, this is beyond
the scope of the current study.

10 | Conclusions

In summary, our study sheds light on the impact of preferential
usage on patterns of functional connections, specifically in indi-
viduals with long-term loss of central vision. Our findings provide
strong evidence for the role of brain plasticity well after the criti-
cal period of development, demonstrating Hebbian-like plasticity
in the connections between early visual cortex and the middle
temporal area. Moreover, our results highlight the importance of
functional connectivity during rest as a meaningful character-
istic of the brain that can be shaped by experience. Overall, this
study highlights the remarkable flexibility of the human brain
and its capacity for adaptation in response to changes in sensory
input, even in older adults with long-term visual impairment.
These findings provide new insights into the mechanisms of
brain plasticity and have important implications for the develop-
ment of new approaches for rehabilitation and treatment.
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