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Visual Perceptual Learning Enhances Functional
Connectivity in Retinotopic Space
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Abstract

B Repeated exposure to perceptual tasks improves behavioral
performance. Several neural mechanisms have been proposed
to account for such perceptual learning. Computational model-
ing suggests that plasticity in the connectivity between cortical
sites may be responsible, by increasing the fidelity with which
task-relevant information is transmitted through sensory hierar-
chies. Here, we explore this theory in humans using fMRI, test-
ing the hypothesis that perceptual learning at one location in
space will increase functional connectivity between voxels in
visual areas that are tuned to that retinotopic location. Partici-
pants learned to detect one of two novel visual shape contours
embedded in a noisy background in different visual quadrants.
At baseline, there was no difference in behavioral sensitivity for

INTRODUCTION

Repeated exposure to perceptual tasks results in large
improvements in performance (Lu & Dosher, 2022; Fahle,
Edelman, & Poggio, 1995; Karni & Sagi, 1991; Fiorentini &
Berardi, 1980). Such perceptual learning has been
observed in a wide range of tasks and across modalities,
suggesting that it represents a general mechanism by
which humans and animals adapt their behavior to task
demands (Seitz & Watanabe, 2005; Fine & Jacobs, 2002;
Recanzone, Schreiner, & Merzenich, 1993; Recanzone,
Jenkins, Hradek, & Merzenich, 1992; Gibson, 1963). Nota-
bly, perceptual learning tends to be specific to the features
of the trained task (Gilbert, Sigman, & Crist, 2001; Ahissar
& Hochstein, 1997; Crist, Kapadia, Westheimer, & Gilbert,
1997; Fahle & Morgan, 1996). For instance, behavioral
improvements from training on orientation discrimination
or shape identification at one location in space do not
transfer to other locations or to other stimuli at the same
location (Jia et al., 2020; Jehee, Ling, Swisher, van Bergen,
& Tong, 2012; Lewis, Baldassarre, Committeri, Romani, &
Corbetta, 2009; Schoups, Vogels, Qian, & Orban, 2001).
Such specificity suggests an early locus of learning, where
neural responses retain specificity to stimulus attributes
(Watanabe et al., 2002). Indeed, previous neurophysiolog-
ical (Yan et al., 2014; Adab & Vogels, 2011; Raiguel, Vogels,
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the two shapes, nor a difference in functional connectivity
between voxels in V1 and V4 responsive to the retinotopic loca-
tions of the two shapes. After training, there was a robust and
selective improvement in perceptual detection of the trained
shape relative to the control shape, along with increased func-
tional connectivity between V1 and V4 voxels coding for the
location of the trained shape in retinotopic space. Moreover,
this increase in functional connectivity for the trained versus
control shape predicted the improvement in behavioral sen-
sitivity across participants. These results are consistent with
the proposal that perceptual learning alters network dynam-
ics so as to enhance the processing of behaviorally relevant
information. |l

Mysore, & Orban, 2006; Yang & Maunsell, 2004; Schoups
et al., 2001) and neuroimaging studies (Jia et al., 2020;
Jehee et al.,, 2012; Bao, Yang, Rios, He, & Engel, 2010;
Yotsumoto, Watanabe, & Sasaki, 2008; Kourtzi, Betts,
Sarkheil, & Welchman, 2005; Furmanski, Schluppeck, &
Engel, 2004; Schwartz, Maquet, & Frith, 2002; Ress, Backus,
& Heeger, 2000) have documented changes in neural
responses and BOLD activity in early visual areas as a result
of perceptual learning.

The mechanism that mediates these changes is less
clear. One early and prominent proposal is that perceptual
learning is mediated through a steepening (i.e., amplifica-
tion or sharpening) of neural tuning curves in early sen-
sory areas via changes to lateral connections within these
areas (Schwabe & Obermayer, 2005; Teich & Qian, 2003).
This proposal is consistent with the observed changes in
neural response properties in early visual areas like V1 and
V4. However, neural responses are correlated in vivo (Ni,
Ruff, Alberts, Symmonds, & Cohen, 2018; Smith & Kohn,
2008; Averbeck, Latham, & Pouget, 2006; Zohary, Shadlen,
& Newsome, 1994), and it has been suggested that steep-
ening of tuning curves need not lead to more informative
neural representations or improved behavioral perfor-
mance when noise correlations are considered (Kohn,
Coen-Cagli, Kanitscheider, & Pouget, 2016; Seri¢s,
Latham, & Pouget, 2004; Spiridon & Gerstner, 2001).
Computational modeling instead suggests that plasticity
in the connectivity between cortical areas may contribute
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by increasing the fidelity with which task-relevant informa-
tion is transmitted (Bejjanki, Beck, Lu, & Pouget, 2011).
Specifically, changes in connectivity between early visual
areas that better match the stimulus profile (i.e., by mov-
ing closer to a matched filter for the stimulus) can induce
amplification and sharpening of tuning curves in early
visual areas and result in highly specific behavioral
improvements.

In the current study, we test this proposal noninvasively
in humans at the level of fMRI. We employed a task in
which participants detected shape stimuli defined by a
closed contour of collinear Gabor elements embedded
in a background of randomly oriented Gabors (Figure 1A).
Two novel shapes (mirror reflections of each other) were
presented in symmetric retinotopic locations in the top
left and top right quadrants of visual field. We trained par-
ticipants to detect one of the shapes (the “trained” shape)
and measured perceptual sensitivity for this shape and the
other “control” shape before and after training (Figure 1C).
We evaluated the neural consequences of this training by
defining visual areas V1 and V4 retinotopically in each par-
ticipant and used population receptive field (pRF) map-
ping (Harvey & Dumoulin, 2011; Dumoulin & Wandell,
2008) to identify voxels in these areas coding for the pre-
cise retinotopic location of the trained and control shapes.
This design does not allow us to directly test whether
learning leads to neural changes such as amplification
and sharpening of tuning curves. However, in line with
the theoretical proposal that inspired this study, we

hypothesized that, from before to after training, partici-
pants would show increased perceptual sensitivity and
greater retinotopically specific functional connectivity for
the trained versus control shape, and that these behavioral
and neural changes would be associated across
participants.

METHODS
Participants

Twenty-four naive adults (nine men; ages 18-31 years,
mean = 22.8 years) with normal or corrected-to-normal
visual acuity from the Princeton University community
participated in two fMRI sessions for monetary compensa-
tion ($20/hr). Four additional participants were excluded
due to an inability to complete a scanning session or
because they did not return for the second scanning ses-
sion. This sample size is similar to or exceeds that used in
prior fMRI studies examining perceptual learning in
humans (e.g.,Jiaetal., 2020; Jehee et al., 2012; Lewis et al.,
2009; Kourtzi et al., 2005). The Princeton University insti-
tutional review board approved the study protocol, and
all participants provided informed consent.

Stimuli

The stimuli were inspired by prior studies (Kourtzi et al.,
2005). Two novel shapes (Figure 1A) were rendered with
collinear Gabor elements (0.4°) and embedded in
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Figure 1. Experimental paradigm. (A) Shapes. Two novel shapes were rendered with collinear Gabor elements and embedded in backgrounds of
randomly oriented Gabors (horizontal background Gabors and black shape outline shown only for illustrative purposes). The two shapes were mirror
reflections of each other and were presented at symmetric retinotopic locations to the top left and top right quadrants of fixation. (B) Procedure.
Participants were trained to detect one “trained” shape, with sensitivity for this shape and the “control” shape assessed before and after training. Six
runs of fMRI data were collected while participants completed the training task. Rest runs were collected immediately before and after training to
assay changes in functional connectivity, during which participants fixated a central fixation symbol. (C) Pre/post shape detection task. After the
presentation of a fixation symbol (a teardrop symbol), participants were cued to report the presence or absence of one of the shapes (signaled by the
teardrop pointing to the top left or top right quadrant) while maintaining central fixation. The dashed black box illustrates the central stimulus area
spanning the Gabor display (including the shape and background elements—enlarged below for descriptive purposes). No performance feedback
was provided. (D) Training task. An illustration of the start of a training block for an example participant. In each block of training, after an initial
fixation period, participants were repeatedly cued to report the presence or absence of the trained shape for that participant (shape #2 in this
example). The dashed black box illustrates the central stimulus area spanning the Gabor display (including the shape and background
elements—enlarged for descriptive purposes). Accuracy feedback was provided at the end of each training block.
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backgrounds (25 X 25 grid) of randomly oriented Gabors.
Each shape involved a closed contour of 18 collinear
Gabor elements (average shape area: 4.9° X 4.9°). The
two shapes were mirror reflections across the vertical
meridian and were presented at symmetric retinotopic
locations to the left and right of fixation in the upper visual
field (Figure 1C). The starting orientations of the back-
ground Gabor elements were drawn from a uniform distri-
bution centered on 90° (training task: range = [38, 142],
pre/post task: range = [30, 150]), and the starting separa-
tion (center-to-center) of individual Gabor elements was
0.75°. To ensure that participants learned the shapes and
not the background configuration, the orientation and
position of each Gabor element was randomly jittered
on every trial, with the jitter level set to make the shape
detection task challenging (based on results from pilot
tests). The display also included a teardrop-shaped fixa-
tion point (0.4°), located at the center of the display
(replacing the Gabor element at that location).

Procedure

Each participant completed two experimental sessions,
separated by 0-2 days. During the first session, partici-
pants completed two variants of the shape detection task:
(1) atraining task, in which they were trained to detect one
of the novel shapes; and (2) a pre/post task, in which their
sensitivity to detecting both shapes was assessed before
and after training. Six fMRI runs were collected while par-
ticipants completed the training task, preceded and
followed by a rest run (Figure 1B). The second experimen-
tal session was used to collect structural images and six
additional fMRI runs for retinotopic mapping.

Pre/Post Task

During the first experimental session, participants per-
formed the shape detection task in the MRI scanner. Stim-
uli were projected on a screen behind the scanner and
viewed with a mirror on the head coil. Participants first
performed a pretest (Figure 1C) to assess their baseline
sensitivity for detecting the two shapes. They were told
that they would be presented with several trials in which
they would see a grid of small oriented objects, with a
black teardrop-shaped symbol in the middle. They were
instructed to keep their eyes fixated on this central fixation
point at all times in the experiment and were told that this
was important for the goals of the study. On each pretest
trial, the teardrop pointed to either the top left or to the
top right quadrant of the display for 300 msec, after which
the Gabor grid was presented for 300 msec. The display
then reverted to showing a centrally oriented teardrop
symbol, and participants were tasked with reporting
whether or not they had detected a shape in the cued
quadrant while maintaining central fixation. No time limit
was imposed on their response. For instance, if the fixation
symbol pointed to the top left on a particular trial,

participants performed a two-alternative forced-choice
task on whether they detected the shape in the top left
quadrant. When there was a shape present, it was always
the same shape in the top left quadrant, while the other
shape was always in the top right quadrant. Participants
completed a total of 80 trials during the pretest, with 40
trials cuing the top left quadrant and 40 trials cuing the
top right quadrant (randomly intermixed). The cued
shape was present in 50% of the trials (see Reppa,
Williams, Greville, & Saunders, 2020; Aly & Turk-Browne,
2016; Fisher & Sloutsky, 2005, for prior studies using a
similar number of trials to estimate behavioral sensitivity
via A"). No performance feedback was provided to partic-
ipants. Trials were separated by an intertrial interval of
1 sec. Participants did not undergo any familiarization tri-
als prior to the pretest. While this might have resulted in
some initial task learning or a practice effect that could
affect the baseline measurement of perceptual sensitivity,
this would be true for both trained and control shapes and
would not explain any differences between shapes. At the
conclusion of training, participants performed a posttest
identical to the pretest.

Training Task

One shape was designated as the “trained” shape, and the
other served as the “control” shape (counterbalanced
across participants). The training task was almost identical
to the pre- and posttests, except that it contained only the
trained shape in its same location. Thus, the teardrop
always pointed to either the top left or the top right quad-
rant, depending on the participant, and the procedure no
longer included the initial 300-msec cue period used in the
pre/posttests to signal the quadrant where the shape could
appear. We collected six runs of fMRI data while partici-
pants performed the training task. Each run began with
6 sec of central fixation, followed by 154 trials that began
every 3 sec (total of 924 training trials). This timing
included the stimulus display (Gabor grid with shape pres-
ent on half of trials) being presented for 300 msec,
followed by a fixation interval of 2700 msec. The run ended
with 4 sec of fixation, for a total duration of 7 min 52 sec.
Participants were instructed to keep their eyes fixated on
the central fixation point (i.e., the teardrop symbol)
throughout the run. Participants were provided feedback
on their accuracy (as percent correct) at the end of each
run. During the first three training runs, the presence/
absence of the trained shape was randomly ordered across
trials. The order for the last three runs was mirrored with
the first three runs, such that Runs 1 and 6, Runs 2 and 5,
and Runs 3 and 4 involved identical presentation orders.

Rest Runs

We also collected fMRI data during two rest runs, each of
which was the same duration as the training runs (7 min
52 sec). During the rest runs, only the fixation point was
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presented on the screen, and participants were instructed
to keep their eyes open and stare at the fixation. The first
rest run was collected after the pretest but before the start
of training, whereas the second rest run was collected
after the last training run but before the start of the post-
test (Figure 1B). Eye position was monitored at 60 Hz with
an iViewX MRI-LR eye tracker (SMI). Because of technical
difficulties, eye-tracking data could not be collected from
three participants.

Retinotopic Mapping

We performed phase-encoded retinotopic mapping dur-
ing the second experimental session using standard proce-
dures (Al-Aidroos, Said, & Turk-Browne, 2012; Arcaro,
McMains, Singer, & Kastner, 2009). A flickering and color-
ful circular checkerboard (4 Hz flicker, 14° radius) was
shown at fixation to stimulate visual receptive fields. Dur-
ing polar angle runs, which were used to map the pre-
ferred polar angle of voxels, the checkerboard was masked
so that only a 45° wedge was visible, and the mask rotated
clockwise or counterclockwise at a rate of 9°/sec creating
the perception of a rotating wedge with a 40-sec period.
During eccentricity runs, which were used to map the pre-
ferred eccentricity of voxels, the checkerboard was
masked to create the perception of an expanding or con-
tracting annulus. The expansion/contraction period was
40 sec, and the thickness and rate of expansion of the
annulus increased logarithmically with eccentricity to
approximate the cortical magnification factor of early
visual cortex. Participants completed six total retinotopic
mapping runs (order counterbalanced across partici-
pants): one run each in which the checkerboard wedge
rotated clockwise or counterclockwise, one run each in
which the checkerboard ring expanded or contracted, and
then another run each in which the checkerboard rotated
clockwise or counterclockwise. All runs had the same dura-
tion (5 min 52 sec). To ensure that participants were actively
attending to the stimuli, they were instructed to detect
when a central fixation point (radius = 0.25°) dimmed
from white to gray (every 2—5 sec) using a button box.

Data Analysis
Acquisition

Tasks were conducted with the Psychophysics Toolbox
(https://psychtoolbox.org) for MATLAB (MathWorks,
Inc.). fMRI data were acquired at the Scully Center for
the Neuroscience of Mind and Behavior at Princeton
University with a 3T Siemens Skyra MRI scanner using a
16-channel head coil.

Functional images for the training and rest runs were
acquired using a gradient-echo EPI sequence (repetition
time [TR] = 500 msec, echo time [TE] = 30 msec, flip angle
[FA] = 60°, matrix = 64 X 64, resolution = 3 X 3 X 3 mm,
multiband acceleration factor = 3) with 21 interleaved
oblique slices (15° transverse to coronal). A short TR was
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used to prioritize collecting as many time points as possi-
ble for functional connectivity analyses. These parameters
resulted in a partial brain volume for each participant; we
positioned the slice slab over the occipital and temporal
lobes to maximize spatial and temporal resolution over
our a priori visual ROIs. Stimulus onsets were time-locked
to the start of TRs. Functional images for retinotopic
mapping runs were acquired with a gradient-echo EPI
sequence (TR = 2 sec, TE = 40 msec, FA = 71°, matrix =
128 X 128, resolution = 2 X 2 X 2.5 mm) with 25 inter-
leaved slices aligned to the calcarine sulcus.

For each scanning session and functional sequence, we
also collected a T1 FLASH anatomical scan, co-planar to
the functional scans, to improve registration. To correct
for BO-field inhomogeneity, phase and magnitude field
maps were collected toward the end of each session
(i.e., after all functional scans), co-planar with the func-
tional scans and with the same resolution. Finally, a
high-resolution (0.9 X 0.9 X 0.9 mm) T1 MPRAGE anatom-
ical scan was acquired at the end of the second session for
surface reconstruction and registration.

Preprocessing

fMRI data were analyzed using the FMRIB software
library (FSL) (Smith et al., 2004), FreeSurfer (Dale, Fischl,
& Sereno, 1999), AFNI (Cox, 1996), SUMA (https://afni.nimh
.nih.gov/afni/suma/), and MATLAB. All images were skull-
stripped to improve registration. Volumes from the
first 6 sec of functional runs were discarded. The
remaining volumes were corrected for slice-acquisition
time and head motion, high-pass filtered (retinotopic
mapping runs: 100-sec cutoff; training and rest runs:
128-sec cutoff), spatially smoothed (retinotopic mapping
runs: 3-mm FWHM; training and rest runs: 5>-mm FWHM),
and registered to the FLASH, MPRAGE, and Montreal
Neurological Institute standard brain.

ROIs

Based on the retinotopy runs, we manually drew occipital
ROIs for V1-V4 in both hemispheres using Freesurfer,
AFNI, and SUMA following previously published proce-
dures (Arcaro et al., 2009). To visualize occipital areas
simultaneously, each participant’s cortical surface was seg-
mented along the white matter/gray matter boundary and
then inflated and flattened. Functional runs from retinoto-
pic mapping sessions were pre-whitened, corrected for
hemodynamic lag (3 sec), and phase-decoded to deter-
mine the angle and eccentricity of maximal stimulation
for each voxel in visual cortex. We further accounted for
hemodynamic lag by averaging phase estimates from
clockwise/counterclockwise and expansion/contraction
runs. We projected the decoded phase values onto the
cortical surface and determined occipital ROIs according
to the relative locations of polar-angle reversals and
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foveally stimulated regions (Arcaro et al., 2009; Wandell,
Dumoulin, & Brewer, 2007).

Resting Connectivity

To infer functional connectivity between voxels in V1 and
V4, we computed temporal correlations between their
BOLD time series during the rest runs. Such correlations
have been used extensively in the literature to infer the
latent functional architecture at rest (Fox & Raichle,
2007; Biswal, Yetkin, Haughton, & Hyde, 1995). After pre-
processing, BOLD signal from the rest runs was scrubbed
of nuisance variance using a general linear model, which
contained regressors for the global mean activity, six
motion correction parameters obtained from prepro-
cessing, and the activity from two (posterior) white matter
voxels and two (posterior) ventricle voxels. We inferred the
resting connectivity between pairs of voxels by computing
the temporal Pearson correlation over the residuals from
this model.

Because we expected learning to influence functional
connectivity in a spatially specific manner, we also esti-
mated pRFs. This provided a continuous estimate of the
visual field location(s) to which each voxel responded.
For each ROI, we used the phase-decoded angle and
eccentricity of maximal stimulation for each voxel (com-
puted from retinotopic mapping runs) to estimate the
visual field location of maximal response (Engel, Glover,
& Wandell, 1997). We then combined this information—
the center location (x; y) for the pRF—with published esti-
mates of pRF size (¢) as a function of area and eccentricity
(Harvey & Dumoulin, 2011) to derive an isotropic two-
dimensional Gaussian pRF model of visual field locations
per voxel.

We combined these estimates to compute functional
connectivity between voxels in V1 and V4. We hypothe-
sized that learning to detect a shape at one location in
visual space would enhance functional connectivity
between voxels in V1 and V4 that respond to that location.
To test this hypothesis, we computed a weighted average
of the resting connectivity between each V4 voxel in the
trained and control quadrants, and all V1 voxels whose
pRFs (1) were encompassed by the pRF of the V4 voxel
and (2) overlapped the trained or control shape contour.
The trained/control shape contours were defined as bands
spanning a width approximately equal to the average
center-to-center distance between Gabors in the grid
(0.75%), centered on the locations of the Gabor elements
defining each shape. A V1 voxel was included if at least 30%
of its pRF overlapped the shape contour. This threshold
was empirically chosen to maximize the overlap between
V1 pRFs and the shape contour while ensuring that we had
enough V1 voxels that could be included in our analysis
(by this criterion) for each quadrant and participant. For
each V4 voxel, we calculated a weighted average of func-
tional connectivity across all included V1 voxels, with the
weight determined by a Gaussian function of the distance

between the V4 pRF center and the V1 pRF center. We
then averaged this measure across all V4 voxels in each
quadrant and repeated this process for the two rest runs
to compute estimates of functional connectivity between
voxels in V1 and V4 coding for the trained and control
shapes for each participant and run.

In addition to this quadrant-averaged measure, we also
sought to visualize the spatial pattern of functional con-
nectivity before and after training. We projected the
weighted average functional connectivity computed for
each V4 voxel (using the above approach) back on to stim-
ulus space, as a two-dimensional isotropic Gaussian den-
sity function, and generated an average value at each pixel
in the stimulus display. Exploiting the fact that the control
and trained shapes were mirror reflections of each other
presented at symmetric retinotopic locations in their
respective quadrants, we computed a normalized differ-
ence of the functional connectivity between V1/V4 voxels
coding for the trained versus control shape in stimulus
space. Specifically, for matching polar coordinates from
fixation in both quadrants, we computed the normalized
difference as [FCTrained - FCControl /FCTrained + FCControl] .
Because it is possible to obtain negative values for
functional connectivity and prior work has shown that
the presence of negative values can bias such a metric,
we computed this normalized difference after shifting
all values by a constant to bring the most negative value
to zero (Simmons, Bellgowan, & Martin, 2007).

Background Connectivity

To assess functional connectivity between V1 and V4 vox-
els during the training runs, we measured background
connectivity. In the presence of external stimulation, as
was the case during the training runs, the BOLD activity
in different neural areas is correlated not only due to the
connectivity between them but also due to the synchro-
nized stimulus-evoked responses. By exploiting the fact
that evoked (stimulus-driven) and spontaneous (connec-
tivity-driven) correlations are linearly superimposed in
human fMRI data (Fox, Snyder, Zacks, & Raichle, 2006),
the background connectivity approach to inferring func-
tional connectivity models and linearly regresses
stimulus-evoked responses out of the data before measur-
ing correlations in the residual spontaneous fluctuations
(Tompary, Al-Aidroos, & Turk-Browne, 2018; Griffis,
Elkhetali, Burge, Chen, & Visscher, 2015; Al-Aidroos
et al., 2012; Norman-Haignere, McCarthy, Chun, & Turk-
Browne, 2012).

After preprocessing, BOLD signal from the training runs
was scrubbed of nuisance and stimulus-evoked variance
using two general linear models. The first (nuisance)
model contained regressors for the global mean activity,
six motion correction parameters from preprocessing,
and the activity from two (posterior) white matter voxels
and two (posterior) ventricle voxels. Residuals from the
nuisance model were the input to the second (evoked)
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model. As described earlier, each training run consisted of
154 trials, with the trained shape present in half the trials
and absent in the other half. To capture the average
evoked response when the shape was present/absent,
we created two sets of 30 finite impulse response (FIR)
regressors (one set for the shape present event and one
set for the shape absent event). Each regressor had a delta
function at the corresponding TR (500 msec) following the
relevant event and zeros elsewhere, resulting in a data-
driven estimate of the shape and timing of the evoked
hemodynamic response function (HRF) over a window
of 15 sec. The residuals of the FIR model, with the custom
HRF removed, were correlated across V1 and V4 voxels, as
described above for the rest runs, to assess background
connectivity during the training runs.

Statistics

We used a nonparametric measure A" (Donaldson, 1992;
Snodgrass & Corwin, 1988) to index behavioral sensitivity,
as it is robust to the low hit rates we expected to obtain
(particularly at the outset of the study). A" was calculated
as follows (where H represents the hit rate and F repre-
sents the false alarm rate; Snodgrass & Corwin, 1988):

(H - F)(1+H — F)

>
Y 0.5+ (1 = F) when H = F
B (F-H)(1+F—H)
S5 = henF > H
0.5 4F(1 = H) when F >

We used nonparametric bootstrap resampling (Efron &
Tibshirani, 1986) to assess reliability for comparisons
involving functional connectivity (r) values after variance
stabilization using Fisher’s 7-to-z transformation; reported
connectivity values are presented in the original » form to
facilitate interpretation and visualization. We used the
robust correlation toolbox (Pernet, Wilcox, & Rousselet,
2013) to calculate the brain—behavior relationship across
participants between the normalized difference in connec-
tivity of voxels coding for the trained versus control shape
(formula above) and the normalized difference in behav-
ioral sensitivity for the trained versus control shape
[Al’l‘rained - A/C()ntrol / A/Trained + A/Control]- SpeCiﬁcaHY7 we
used the robust skipped correlation method (accounting
for bivariate outliers) to estimate the true coefficient of
association (with accurate false positive control and with-
out loss of power) and bootstrapped 95% confidence
intervals to evaluate reliability. Finally, we used Steiger’s
Z test (Lee & Preacher, 2013; Steiger, 1980) to evaluate
whether the two correlation coefficients obtained in this
manner were reliably different from each other.

RESULTS
Behavior

Sensitivity for detecting the target shape improved sub-
stantially across the six runs of training (repeated-
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measures ANOVA: F(5, 115) = 5.8, p = .00008;
Figure 2A). Of the 24 participants, 20 showed numerically
better performance in the last versus first training run
(Figure 2B). Comparing performance from before to
after training revealed improved sensitivity for both
the trained shape, #(23) = 5.88, p = .000005, and the
control shape, £(23) = 4.04, p = .0005, suggesting a gen-
eral benefit from practicing the detection task. Critically,
however, the improvement in sensitivity was greater for
the trained shape than the control shape, £(23) = 2.56,
b = .017 (Figure 2C), consistent with specific perceptual
learning of the trained shape in its quadrant.

Eye Tracking

Because the trained and control shape contours were pre-
sented in the top left and top right quadrants of fixation,
gaze position was monitored during the pre- and post-
training rest runs to ensure that there were no systematic
biases toward either quadrant. Participants reliably main-
tained central fixation (average horizontal displacement
of gaze position from fixation did not differ from zero) dur-
ing both the pretraining, #(20) = 1.63, p = .12, and post-
training, £(20) = 0.53, p = .6, rest runs. More specifically,
we confirmed that participants did not reliably differ in the
extent to which their mean gaze position was deployed to
the trained versus control quadrants in each run (pretrain-
ing: 1(20) = 0.97, p = .34; posttraining: £(20) = 2.0, p =
.06) and that there was no significant difference between
the two runs in participants’ average horizontal gaze posi-
tion, £(20) = 0.53, p = .6. Finally, we quantified the num-
ber of fixations (if any) that participants exhibited to the
locations in which the trained or control shapes appeared.
We found that the number of fixations to either shape loca-
tion did not reliably differ from zero during both the pre-
training (control: #(20) = 1.27, p = .22; trained: £(20) =
1.03, p = .32) and posttraining (control: £(20) = 1.72,
p = .1; trained: #(20) = 1.04, p = .31) rest runs.

Resting Connectivity

What are the neural mechanisms that underlie the specific
improvement we observed in shape detection perfor-
mance? Here, we sought to test the theoretical proposal
(Bejjanki etal., 2011) that changes in connectivity between
visual areas may be responsible by increasing the fidelity
with which task-relevant information is transmitted. Spe-
cifically, we expected Gabor elements in the stimulus dis-
play to stimulate responses in the primary visual cortex,
which is known to encode basic stimulus features such
as orientation and spatial frequency (Nauhaus, Nielsen,
Disney, & Callaway, 2012; Ferster & Miller, 2000; Hubel
& Wiesel, 1968) and to respond robustly to Gabor-like
stimuli. Furthermore, we expected the representation of
the target shape to arise further downstream in V4, which
receives input from the primary visual cortex, has large
receptive fields (thereby integrating input information

Volume 38, Number 9

920z 1990300 €1 uo Jasn AysiaAun sjeA Aq ypd-0z9z e uool/.2z0092/569 1/6/8€/Pd-8]0lHE/UDOI/NPa HIWIO8IIP WOl papEOjUMOQ



A . B . C
< Training Training Pre/Post Test
3 10 m = 05 £ 25 *
= g 9 : = ‘ =
£ 08 _?_%__3_ A g 04 s 20
£ : |l . S — 03 3w 15 ; :
g 06 el ], £ S 5 2 ’
2 1 1 8 S £ 02 € g 10 o
=) T = : _p o
2 04 |° g 01 H H s 5 : T
S c 0 2L 05 <
% s = 0 0 DD |:| = D U [ g T °8o 5
- 0.2 & 1 5 [] 10|:| i T . ot 2 _ oo ~
[} o o *R
=% s 0.1 ° 0
=2 S & - =
v T 2 3 4 5 6 =02 Participant # Control Trained
Training run articipan
Shape Shape

Figure 2. Shape detection performance, as indexed by a nonparametric measure of sensitivity (A"). (A) Participants improved in detecting the trained
shape against a noisy background, as a function of training. (B) Most participants (20 of 24) demonstrated numerically better sensitivity for detecting
the trained shape at the end of training (Run 6) than at the start (Run 1). (C) Participants showed improved posttraining performance, as a

proportion of their pretraining performance, for both the control and trained shapes, but significantly more so for the trained shape. Dots indicate

individual participants, bars represent the mean across participants, and error bars represent SEM. *p < .05, ***p < .001.

pertaining to multiple Gabor elements), and is known to
encode shape and object information (Thielscher, Kolle,
Neumann, Spitzer, & Gron, 2008; Kastner, De Weerd, &
Ungerleider, 2000). Thus, we expected the stimulus dis-
plays used in our task to be represented by retinotopically
organized voxels in visual areas V1 and V4 (Riesenhuber &
Poggio, 2000; Wallis & Rolls, 1997). We hypothesized that
perceptual learning of a shape at one location in visual
space would strengthen the coupling between voxels in
V1 and V4 with overlapping pRFs tuned to that location.
To test this hypothesis, we compared V1-V4 functional
connectivity during the pre- and posttraining rest runs in
the visual field quadrants where the trained and control
shapes appeared (Figure 3A). Because the rest runs
occurred immediately before and after training, these runs
provided a clean measure of how baseline functional

connectivity was altered by perceptual learning. In the pre-
training rest run, we did not observe a baseline difference
in functional connectivity between V1 and V4 voxels coding
for the quadrant of the trained versus control shape (boot-
strap p = .35). However, in the posttraining rest run, this
difference was marginally significant (p = .00); the inter-
action of run by condition was not significant (p = .11).

This analysis included V1 and V4 voxels whose preferred
retinotopic locations were anywhere in the trained and
control quadrants, which may have diluted effects that
were retinotopically specific to the precise location of
the trained shape contour. We therefore examined the
spatial distribution of differences in functional connectiv-
ity by projecting the functional connectivity of each V4
voxel (weighted average of connectivity with overlapping
V1 voxels) onto stimulus space and averaging across values
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Figure 3. Resting functional connectivity before and after training. (A) Weighted average of the resting connectivity between voxels in V1 and V4
coding for the quadrant of the trained (green) and control (pink) shapes. Dots indicate individual participants, bars represent the mean across
participants, and error bars represent SEM. (B) Group visualization in stimulus space of the difference in resting connectivity between V1 and V4
voxels coding for the locations of the trained versus control shape. The normalized difference in V1-V4 connectivity, averaged across participants, is
shown for each cell in a 7°X7° grid centered on the shape contour. The locations of the individual Gabor elements that made up the shape contour
are depicted with black squares. (C) Normalized difference in functional connectivity, specific to the shape contour, before and after training. ~p =
.06, *p < .05.
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at each pixel (Figure 3B). To quantify contour-specific
changes in functional connectivity, we computed a nor-
malized difference in functional connectivity along the
contour of the trained versus control shape in the pre-
and posttraining rest runs (Figure 3C). Consistent with
the quadrant-level results, there was no reliable difference
in the pretraining run (p = .11), butimportantly, the effect
in the posttraining run was clearer when restricted to the
shape contour (p = .03); the interaction was not reliable
(p = .17). Moreover, a control analysis, in which we sim-
ilarly considered the normalized difference in functional
connectivity in a “background” region that did not overlap
with the shape contour, revealed no reliable differences in
either the pretraining (p = .27) or posttraining (p = .21)
runs, nor an interaction (p = .5).

Brain-Behavior Relationship

These results are based on averaging across all partici-
pants. However, there was considerable variability in
behavioral perceptual learning (Figure 2B). We would
not expect, for example, the four participants who did
not improve behaviorally during training to exhibit greater
functional connectivity for the trained shape from pre- to
posttraining. Indeed, when we restricted the analysis
shown in Figure 3A to the 20 participants who had numer-
ically greater behavioral sensitivity in the last versus first
training run (Figure 4A), the posttraining difference in
V1-V4 functional connectivity between trained versus con-
trol quadrants changed from marginal to significant (p =
.009) despite the smaller sample size; the run by condition
interaction was marginal (p = .05). As expected, there was
still no pretraining difference (p = .29).

This binary approach to identifying learners versus nonlear-
ners obscures continuous variance across individuals. We
thus performed a quantitative analysis of the relationship
between learning-induced changes (normalized difference

resting functional connectivity across the full sample
(Figure 4B). Indeed, there was a significant positive
brain-behavior correlation after training (rskippea = 55,
bootstrapped 95% CI [.12, .75]). This was not a generic
effect of individual differences, as the relationship was
not reliable before training (Fokippea = —-02, bootstrapped
95% CI [—.39, .40]). Notably, the correlation after training
was reliably different from the correlation before training
(Steiger’s Z test: p = .037). Thus, for a given participant,
the extent to which functional connectivity between V1
and V4 voxels coding for the trained (vs. control) shape
increased with training predicted the extent to which
behavioral sensitivity increased.

Functional Connectivity during Training

We included rest runs immediately before and after training
to obtain a clean primary measure of learning-induced
changes in functional connectivity between visual areas
unconfounded by stimulus responses and task demands.
For completeness, we also explored a secondary measure
of changes in functional connectivity during training. Namely,
we calculated background connectivity between voxels in V1
and V4 by first regressing out noise sources and stimulus-
evoked responses and then computing correlations in the
residual BOLD time series. Although the background connec-
tivity between V1 and V4 voxels coding for the quadrant of the
trained shape was numerically greater than that between
voxels coding for the quadrant of the control shape, these
differences were not reliable (all ps > 0.1; Figure 5A).
Despite the lack of an overall effect, we next explored
whether background connectivity was behaviorally relevant.
For each training run, we correlated the trained versus con-
trol difference in V1-V4 background connectivity with the
difference in behavioral sensitivity for the trained versus con-
trol shape after training. During the first training run, there
was no relationship between background connectivity and
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Figure 4. Brain-behavior relationships. (A) Functional connectivity, before and after training, for the 20 (of 24) participants who showed improved
behavioral performance in the last versus first training run. Dots indicate individual participants, bars represent the mean across participants, and
error bars represent SEM. (B) Robust correlations between the normalized difference in resting functional connectivity for voxels coding for the

quadrant of the trained versus control shape and the normalized difference in behavioral sensitivity for detecting the trained versus control shape.

Dots represent individual participants.
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bootstrapped 95% CI [—.25, .69]). However, during each of
the remaining five runs, the relationship was positive and reli-
able (Run 2: 7gippea = -5, bootstrapped 95% CI [.07, .74];
Run 3: 7gippea = .57, bootstrapped 95% CI [.25, .79]; Run
4: Fsiipped = -30, bootstrapped 95% CI [.02, .61]; Run 5:
Tskipped = 43, bootstrapped 95% CI [.02, .66]; Run 6:
Tskipped = -39, bootstrapped 95% CI [.03, .69];
Figure 5B). These results suggest that behaviorally rele-
vant changes in functional connectivity occurred relatively
early in training, providing a more granular view of the
time course of learning than the before-and-after snap-
shots obtained from rest runs.

DISCUSSION

Repeated exposure to perceptual tasks improves behav-
ioral performance. The current study examined the neural
basis for such perceptual learning in the human brain. The
specificity of perceptual learning suggests that it occurs at
an early stage of visual processing, consistent with changes
in early sensory areas observed with neurophysiology
(Yan et al., 2014; Adab & Vogels, 2011; Raiguel et al.,
2006; Yang & Maunsell, 2004; Schoups et al., 2001) and
neuroimaging (Jia et al., 2020; Jehee et al., 2012; Bao et al.,
2010; Yotsumoto et al., 2008; Kourtzi et al., 2005;
Furmanski et al., 2004; Schwartz et al., 2002; Ress et al.,
2000). The mechanism driving these changes is often
assumed to be steepening (i.e., amplification or sharpen-
ing) of neuronal tuning curves in early sensory areas (e.g.,
Schwabe & Obermayer, 2005; Teich & Qian, 2003). Here,
we tested an alternative mechanism whereby the connec-
tivity between visual areas comes to more closely match
the stimulus profile, improving the transmission of task-
relevant information (Bejjanki et al., 2011).

Our findings provide evidence consistent with this
matched filter hypothesis. After substantial exposure to a
shape contour in one visual quadrant, there was robust

and specific improvement in behavioral sensitivity to that
trained shape relative to a mirrored control shape in the
opposite quadrant. This was accompanied by an increase
in resting functional connectivity between V1 and V4 vox-
els whose pRFs overlap the trained shape contour in reti-
notopic space. Furthermore, this neural change predicted
the behavioral improvement across participants. Finally,
we demonstrated that the enhanced functional connectiv-
ity between V1 and V4 voxels coding for the trained shape
(relative to those coding for the control shape) begins to
take on behavioral significance, in terms of predicting even-
tual differences in posttraining performance, early in train-
ing. Our findings are admittedly subtle and do not refute
other accounts of perceptual learning in the brain; indeed,
they may be compatible with the existence of multiple
mechanisms. However, they do provide positive evidence
for learning-induced plasticity in the connectivity between
visual areas. Future studies will be needed to replicate and
extend these findings with more statistical power, addi-
tional control groups, and/or different stimuli and tasks.

The current study may also provide a new perspective on
past findings. For instance, Jehee et al. (2012) found that
extensive practice on an orientation discrimination task
resulted in selective enhancement of the neural representa-
tion of trained orientations in primary visual cortex. The
authors speculated that their results might reflect a sharp-
ening of the underlying population response, a reduction in
noise correlations, or some combination. Our findings sug-
gest that this could have been mediated by enhanced func-
tional connectivity between the LGN and V1. As another
example, Lewis et al. (2009) showed that perceptual learn-
ing can modulate resting connectivity in broad functional
networks across the human brain in a task-specific manner.
Our findings build upon this work by showing that percep-
tual learning can modulate fine-grained, retinotopically spe-
cific functional connectivity between early sensory areas to
better match the stimulus profile.
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Future work could explore the extent to which the spe-
cific parameters of our study influenced the results. For
instance, our results leave open the question as to how
specific the observed effects are to the shapes we exam-
ined, given that we did not have a control condition with
novel shapes in the trained location. Similarly, it is unclear
whether the enhanced detection performance we also
observe for the control shape in the posttest, which we
attribute to a generic practice effect, is specific to the con-
trol shape or indicates some degree of generalization from
the trained shape/quadrant. Furthermore, we utilized a
task that has been shown to engender neural changes in
early sensory areas (Kourtzi et al., 2005; Kourtzi, Tolias,
Altmann, Augath, & Logothetis, 2003). Whether percep-
tual learning involves early or late areas (or both) is likely
to depend on the difficulty of the task, the sensory modal-
ities involved, and the nature of feedback and training
received by participants (Diaz, Queirazza, & Philiastides,
2017; Kahnt, Grueschow, Speck, & Haynes, 2011;
Chowdhury & DeAngelis, 2008; Law & Gold, 2008). For
example, Kourtzi et al. (2005) failed to observe changes
in early sensory areas when shape contours were pre-
sented in a “high-salience” configuration (background
Gabors were uniformly oriented such that the target shape
popped out); instead, changes occurred in later areas such
as object-selective lateral occipital cortex.

Ultimately, the theoretical perspective that inspired our
study (Bejjanki et al., 2011) could apply to perceptual
learning in both earlier and later stages of processing, with
changes in the synaptic strengths of connections between
the corresponding brain regions improving the transmis-
sion of task-relevant information to subsequent stages.
Indeed, Jia et al. (2020) used ultra-high-field laminar fMRI
to show that extensive training on visual orientation dis-
crimination leads to enhanced orientation-specific repre-
sentations in primary visual cortex, as well as enhanced
feedforward connectivity between early sensory areas
and subsequent task-relevant decision areas. The authors
concluded that this pattern is consistent with task-relevant
reweighting of feedforward connectivity, providing further
support for the matched filter hypothesis. In the current
study, while our design does not allow us to directly ascer-
tain the manner in which the transmission of task-relevant
information is enhanced, similar reweighting of the synap-
tic strengths between areas V1 and V4 may be involved. We
were also unable to ascertain whether the training, and
concomitant connectivity changes, also produced changes
(e.g., amplification or sharpening) at the level of neural
tuning curves. Future work with a different design would
be needed to relate the observed changes in connectivity
to changes in tuning curves.

A notable feature of our study is that it involved only 1 hr
(924 trials) of training within a single experimental session.
Previous studies have documented neural and behavioral
changes after a wide range of training durations, from
single-shot to several days (Fine & Jacobs, 2002; Ahissar
& Hochstein, 1997). Notably, although many studies have
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documented increased BOLD activation in early sensory
areas as a result of perceptual learning, this effect appears
to vanish after extensive practice, despite the persistence
of behavioral improvements (Yotsumoto et al., 2008) and
enhanced neural representations of task-relevant informa-
tion (Jehee et al., 2012). Future work could examine the
influence of more extended practice on task-relevant
changes in resting functional connectivity (see Kang et al.,
2018). On a related note, our results do not speak to the
durability of changes in resting connectivity beyond the
conclusion of the study. A future study could explore these
changes over time and how their durability relates to the
duration of training. Finally, an important consideration is
that our experimental design did not allow us to defini-
tively establish the extent to which enhanced engagement
of top—down attention might have influenced our findings.
The progressive improvement in behavioral performance
we observe across training runs, together with enhanced
posttraining performance specifically for the trained shape
and the retinotopically specific changes in connectivity
that are predictive of posttraining behavioral improve-
ments, seem most parsimoniously interpreted as being
due to task-specific learning. However, future studies will
be needed to disentangle the influence of learning versus
attention (e.g., by including a central cover task that
engages top—down attention, while participants carry out
perceptual learning in the periphery).

In conclusion, human observers have a remarkable
capacity to selectively adapt their perceptual behavior in
response to task demands. Here, we provide evidence that
such perceptual learning is mediated, at least in part, by
changes in network dynamics in the human brain that
could enhance the fidelity with which task-relevant infor-
mation is transmitted across cortical hierarchies.
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pattern of gender imbalance: Although the proportions of
authorship teams (categorized by estimated gender iden-
tification of first author/last author) publishing in the Jour-
nal of Cognitive Neuroscience (JoCN) during this period
were M(an)/M = .407, W(oman)/M = .32, M/W = .115, and
W/W = .159, the comparable proportions for the arti-
cles that these authorship teams cited were M/M =
549, W/M = 257, M/W = .109, and W/W = .085 (Postle
and Fulvio, JoCN, 34:1, pp. 1-3). Consequently, JoCN
encourages all authors to consider gender balance explic-
itly when selecting which articles to cite and gives them
the opportunity to report their article’s gender citation
balance. The authors of this paper report its proportions
of citations by gender category to be: M/M = .61; W/M =
186; M/W = .119; W/W = .085.
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