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Abstract

The “sensory recruitment hypothesis” posits an essential role of sensory cortices in working memory, beyond the
well-accepted frontoparietal areas. Yet, this hypothesis has recently been challenged. In the present study, participants
performed a delayed orientation recall task while high-spatial-resolution 3 T functional magnetic resonance imaging (fMRI)
signals were measured in posterior cortices. A multivariate inverted encoding model approach was used to decode
remembered orientations based on blood oxygen level-dependent fMRI signals from visual cortices during the delay period.
We found that not only did activity in the contralateral primary visual cortex (V1) retain high-fidelity representations of the
visual stimuli, but activity in the ipsilateral V1 also contained such orientation tuning. Moreover, although the encoded
tuning was faded in the contralateral V1 during the late delay period, tuning information in the ipsilateral V1 remained
sustained. Furthermore, the ipsilateral representation was presented in secondary visual cortex (V2) as well, but not in
other higher-level visual areas. These results thus supported the sensory recruitment hypothesis and extended it to the
ipsilateral sensory areas, which indicated the distributed involvement of visual areas in visual working memory.
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Introduction
Working memory (WM) is a critical cognitive function charac-
terized by maintaining and manipulating sensory information
over short timescales to serve goal-directed behavior. Persis-
tent neuronal activity during WM delay period was first dis-
covered in the prefrontal cortex (Fuster and Alexander 1971;
Funahashi and Bruce 1989) and later in the sensory cortex
(Zhou and Fuster 1996). Moreover, the sensory and prefrontal
cortices were proposed to mediate different aspects of WM (Ku
et al. 2015a). However, it has recently been debated whether
information maintained in sensory cortices during WM delay
periods is critical for WM performance. Some researchers argued
that representations maintained in primary visual cortex (V1)

can be easily distracted and are not essential for visual WM
(VWM) (Bettencourt and Xu 2016; Xu 2017, 2018), whereas others
supported the “sensory recruitment hypothesis” from the point
that neural encoding in V1 was associated with performance of
VWM (Lorenc et al. 2018; Scimeca et al. 2018; Rademaker et al.
2019; Jia et al. 2021; Yu and Postle 2021).

Functional magnetic resonance imaging (fMRI) studies on
humans indicated associations between brain activity in pri-
mary sensory cortices and VWM performance (Ester et al. 2013;
Sprague et al. 2014; Rademaker et al. 2019). Meanwhile, animal
studies have shown that cognitive training could improve the
spectral and spatial selectivity of the receptive field (RF) in
sensory cortices, which would subsequently benefit WM and
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sustained attention, indicating the relationship between the
low-level sensory neural activity and the high-level cognitive
functions of attention and WM (Mishra et al. 2014). Further tran-
scranial magnetic stimulation (TMS) studies had demonstrated
that stimulating the primary somatosensory cortex (S1) during
the WM delay period could affect the accuracy of either tactile
unimodal or tactile–visual cross-modal WM performance (Ku
et al. 2015b, 2015c; Zhao and Ku 2018; Zhao et al. 2018), thus
implying the causal role of S1 in tactile WM. It was interesting
to note that not only the contralateral S1, but also the ipsilat-
eral S1 appeared to participate in WM processes (Zhao et al.
2018). However, it was still unclear how representations in the
ipsilateral sensory cortex were expressed, as well as at which
time periods WM information could be encoded in the ipsilateral
sensory cortex.

In the current study, we assessed the changes of repre-
sentations over time in both contralateral and ipsilateral sen-
sory cortices during a visual delayed recall task for orientation-
modulated stimuli. We collected high-resolution (2 × 2 × 2 mm)
fMRI measurements in posterior brain areas. Retinotopic map-
ping (Dumoulin and Wandell 2008) was first conducted to define
each visual area in the visual hierarchy, and an additional func-
tional localizer was used to further confirm the selection of
voxels in V1 that responded to the visual stimuli presented at
different locations of the screen in the current WM task. We then
used an inverted encoding model (IEM) approach (Sprague et al.
2018) to reconstruct orientation tuning curves based on activity
observed in different cortical regions. Our results indicate that
both the contralateral V1 and ipsilateral V1 were involved in
maintaining VWM with similar representational tuning, but
the tuning in ipsilateral V1 was sustained longer than that in
contralateral V1.

Materials and Methods
Participants

Eight participants were recruited for the experiment. Two partic-
ipants were excluded because they had head movement larger
than 6 mm in all sessions. The age of the remaining six partic-
ipants (three females) were 22.46 ± 1.86 (mean ± standard devi-
ation), ranging from 20 to 25 years old. A total of 42 h MRI data
were collected from the six participants in this experiment. All
participants were right handed with normal or corrected vision.
No participant reported history of mental disorder in themselves
or in their family. This study was approved by the ethics com-
mittee in the East China Normal University, and all participants
signed the informed consent form before the experiment.

Stimuli and Procedure

Experimental stimuli were generated by the Psychophysics Tool-
box in MATLAB. Stimuli were shown on an LCD monitor with a
resolution of 1024 × 768 and projected to screen fabric in the MRI
scanner. Participants viewed stimuli via a mirror assembled on
the head coil.

Population Receptive Field Experiment
We used a population receptive field (pRF) experiment similar to
that used in the HCP 7 T Retinotopy Dataset (Benson et al. 2018)
(Fig. 1a). Stimuli used in this task were colorful object textures
windowed through slowly moving apertures. The apertures were
clockwise and counterclockwise rotating wedges and expanding
or contracting rings. The maximum visual angle of the visual

stimuli was 25o in diameter. A fixation dot of size 1.5o × 1.5o was
shown in the middle of the screen during the entire experiment.
The fixation dot changed color every 1–5 s and the participant
was instructed to press a button when the fixation dot changed
color. Every run of the pRF task lasted 300 s, and participants
completed four runs of this task.

Mapping Task
The purpose of the mapping task was to carefully localize voxels
that respond to the locations of the gratings used in the WM task.
The mapping task involved simply showing gratings of different
locations and orientations one by one (Fig. 1a). As shown in
Figure 1, every grating appeared at a fixed location (10o eccen-
tricity) in one of the four quadrants and stayed on the screen for
4 s. The radius of each grating was 1o of visual angle, and gratings
were flickered at 3 Hz. Orientations of gratings were selected
from 0o, 20o, 40o, 60o, 80o, 100o, 120o, 140o, and 160o (same as
the WM task). The interstimulus interval was 2 s. Every run
consisted of 4 (quadrants) × 9 (orientations) = 36 stimulus trials
and four blank trials. Every combination of location (quadrant)
and orientation appeared once in each 272 s run.

WM Task
We used an orientation-based continuous recall task as the WM
task (Fig. 1b). Each trial began with two gratings shown on the
screen at the same time (sample array), flickering at 3 Hz. The
physical features and possible locations of the gratings were
identical to those used in the mapping task. The spatial con-
figuration of the two gratings in the sample array is illustrated
in Figure 1b. The two gratings always appeared in two adjacent
quadrants and never appeared diagonally from one another.
This ensured that the center-to-center distance between the
two gratings was consistent during the whole experiment. In
each trial, the orientation of each grating was set randomly
to either 0o, 20o, 40o, 60o, 80o, 100o, 120o, 140o, or 160o plus a
small offset drawn from a uniform distribution over [−5◦,5◦].
This small offset was introduced to reduce practice effects for
specific orientations. The two orientations of the stimuli in
each trial were always different, which meant that there was
at least 10o between the two orientations on the same screen.
After the 1 s sample array, the delay period began, and a cue
appeared on the screen instructing participants to remember
the orientation of which grating. The cue stayed on the screen
during the whole delay period. Finally, a probe array appeared.
In the probe array, participants were asked to adjust the probed
item, which appeared at a specific location, to the orientation
that had been remembered. This was achieved through the use
of an MRI-compatible computer mouse and a mouse pad placed
on the right side of the scanner bed. The initial orientation of the
probed item was always towards the fixation cross. The probe
array lasted 4 s. All participants responded on all trials. Intertrial
intervals were pseudo-randomly chosen from 2, 4, or 6 s. Each
run contained 16 trials. Combinations of orientation pairs (36
pairs), quadrant pairs (four pairs as shown in Fig. 1b) were fully
counterbalanced across both runs and participants.

General Procedure
Participants were asked to finish one session of localization (the
pRF experiment) and at least two sessions of the main task
(the mapping and WM tasks). We conducted only one session
in a given day and the intervals of two sessions were at least
2 days apart. The localization session contained one run of
anatomical imaging (MPRAGE sequence) and four runs of the
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Figure 1. Experimental procedures and individual participant results. (a) Schematic of the population receptive field (pRF) experiment (top) and the mapping task
(bottom). The estimation of polar angle from the pRF experiment was used to define ROIs of early visual areas. Voxels exhibiting maximum BOLD responses to the four

potential target locations probed in the mapping task were extracted from each ROI. Note that only voxels extracted from V1 are shown here. (b) Schematic of working
memory task. Participants were required to remember the orientation of one of the sample gratings and then adjusted the probed item’s orientation to match the
remembered orientation. There were four possible sample configurations (bottom). (c) Schematic of the inverted encoding model approach. The model assumes that
the BOLD activity measured by fMRI of each vertex in each trial is an approximately weighted sum of underlying neural populations that can be modeled using a set

of basis functions (C1). This weight (W) can be estimated by the assumed C1 and a training set of the observed fMRI response (B1), and then, by using another testing
set, the memory representation of a tested trial can be decoded. (d) Polar angle results of the population receptive field estimation and ROI definition of individual
participants. The colors on the colormap represent the phase of the fMRI response and therefore the preferred regions of the visual field. Black dashed lines indicate
the borders of visual areas. Note that some brain areas cannot be shown on the figure because of the viewpoints. (e) Histograms of working memory recall errors (i.e.,

reported orientation minus original orientation) for each participant.

pRF task (echo planar imaging (EPI) sequence). The main task
session was composed of 10 runs of the mapping task (272 s
each) and eight runs of the WM task (356 s each). Each session
lasted about 1.5 h. Participants were asked to finish at least two
sessions and at most four sessions.

MRI Data Acquisition

MRI data were collected using a Siemens 3 T Trio scanner
and a 32-channel RF coil in the East China Normal University.

Whole-brain T1-weighted imaging was conducted with an
MPRAGE sequence: repetition time (TR) 2530 ms, echo time
(TE) 2.46 ms, flip angle 7o, matrix size 256 × 256, Field-of-view
210 mm, voxel size 0.8 × 0.8 × 0.8 mm.

The functional images were acquired with an EPI sequence:
TR 2000 ms, TE 30 ms, flip angle 90o, matrix size 96 × 96 with
parallel imaging acceleration (GRAPPA) 2, field-of-view 192 mm,
voxel size = 2 × 2 × 2 mm. The number of slices was 31. Because
we only covered the posterior part of the brain (all dorsal part of
the visual cortex, part of the ventral visual cortex, and posterior
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part of the parietal cortex), to avoid image wraparound, the
phase-encoding direction was set to left–right.

MRI Data Analyses

Preprocessing of Anatomical and Functional Images
Preprocessing of anatomical data was performed by using
FreeSurfer. T1-weighted anatomical images were processed by
the command “recon-all” and resampled to 1 × 1 × 1 mm. A
cortical surface positioned halfway between the pial surface
and the boundary between gray and white matter was
reconstructed.

Functional data were preprocessed by performing slice time
correction (aligned to the middle slice) and motion correction
(aligned to the first volume of the first run) for each session,
respectively. The mean functional volume of each session was
then aligned to the participant-native anatomical volume by
using a rigid body transformation. This alignment was used
to sample the functional data onto the cortical surfaces. Data
used in the following analyses were performed on surfaces,
meaning that the spatial units were vertices instead of voxels.
The resolution of a vertex is equivalent to a voxel. All data of
regions of interest (ROIs) were extracted on participants’ native
space.

ROI Definition
We used pRF estimation methods to define the visual field maps
and ROIs (Dumoulin and Wandell 2008; Kay et al. 2013b). The
Compressive Spatial Summation model was used to estimate
angle, eccentricity, size, and exponent of each vertex from the
time series data (Kay et al. 2013b). Angle information was further
visualized on cortical surface reconstructions and used to define
V1, V2, V3, V4, V3a, and V3b (Brewer et al. 2005) (Fig. 1d for ROI
definition of each individual participant). We then refined the
ROIs by the general linear model (GLM) results of the mapping
task (see details in GLM Analysis).

GLM Analysis
In the main experiment sessions, the preprocessed fMRI data
were analyzed using GLMdenoise (Kay et al. 2013a) (http://cvnla
b.net/GLMdenoise/), a denoising method that estimates corre-
lated noise from the data and regard these estimates as regres-
sors in a GLM analysis.

In the mapping task, we coded each combination of ori-
entations and locations as a separate condition, producing 9
(orientation) × 4 (location) = 36 conditions for each run. We then
averaged the beta values of nine orientations within each loca-
tion and obtained the mean beta value for each location in
each vertex. According to the retinotopic mapping rule, each
subregion (left/right, dorsal/ventral) of the early visual cortex
(EVC) (V1–V3) represents one location (e.g., left dorsal V1–V3 only
activates when the visual stimulus is displayed in the bottom-
right). Moreover, since the visual stimuli we used only covered
part of the visual field, we identified the 500 surface vertices
showing strongest activation for the corresponding location of
each subregion for each participant (e.g., we selected in right
dorsal V1 the 500 vertices that showed highest blood oxygen
level-dependent (BOLD) responses when bottom-left stimulus
was shown, and the same for other ROIs). Note that because V3a,
V3b, and V4 exists only on the dorsal or ventral part of the visual
cortex, we averaged the beta values of the two regions in the left
or right hemisphere before labeling the vertices. These regions

composed of 500 vertices were regarded as the ROIs for further
analyses.

In the WM task, we first upsampled the preprocessed time
series data to one data point per second (note that the TR
was 2 s) using cubic interpolation to get more samples for the
subsequent finite impulse response (FIR) analysis and get a
better fitting. We then conducted an FIR analysis to estimate
the time course of response for each single trial (this analysis
included polynomial terms to model low-frequency drift in the
time series data). The onset time for each time course was the
sample onset, and each time course lasted for 16 s.

IEM
To reconstruct the orientation information maintained in VWM,
we used a multivariate approach termed the “inverted encoding
model (IEM)” (Fig. 1c) (Brouwer and Heeger 2009, 2011; Sprague
and Serences 2013; Ester et al. 2015b). This linear model assumes
that the BOLD activity measured by fMRI in a given vertex is
an approximately linear sum of underlying neural populations
that can be modeled using a set of basis functions. According to
the model assumption, in each trial, the observed BOLD activity
(i.e., beta values) B1 (in a matrix of m vertices × n trials) of
each vertex is a weighted (W, m vertices × k channels) linear
sum of the predicted BOLD activity C1 (k channels × n trials) to
the orientation present on each trial. This can be described as
follows:

B1 = WC1

W is a weight matrix that links the “information channel
space” to the “vertex space.” Following Ester et al. (2015a) (Ester
et al. 2015b), we used a set of nine orientation channels to model
neural responses. We generated nine half-wave cosine functions
centered at the same nine orientations used in the experiment
(0o, 20o, 40o, etc.) and raised to the eighth power. Given the B1

and C1, the weight matrix W can be estimated using ordinary
least-squares regression:

Ŵ = B1CT
1

(
C1CT

1

)−1

We used a “training” dataset to estimate Ŵ and then, given
the observed responses in an independent “test” dataset B2, we
obtained a set of estimated channel responses C2:

C2 =
(
ŴTŴ

)−1
ŴTB2

For each set of estimated channel responses, we calculated
Pearson’s correlation between these responses and the nine
hypothetical orientation channels. The orientation showed the
strongest correlation with the estimated channel response was
taken to be the most likely orientation that had been remem-
bered during the VWM task. Estimated channel responses were
circularly shifted to a common center (0o) corresponding to the
orientation of the sample stimulus and then averaged across
trials.

We performed a leave-one-run-out cross-validation approach,
in which data from all runs but one acted as the training dataset
B1 to estimate Ŵ and data from the remaining run acted as
test dataset B2 to estimate C2. This process was repeated until
all runs have been used as the independent test dataset. Note
that we chose the top 20% sensitive to orientation voxels in
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each ROI to do the IEM (Sprague and Serences 2013). Thus, this
reconstruction analysis was done for each ROI (with 100 vertices)
and each scanning session of every participant separately.
Results from sessions of each participant were averaged at the
last step.

We used the center channel response (CCR, channel response
at 0o) to quantify the reconstruction significance, and then used
a bootstrapping procedure to estimate the significance of the
CCR. For each ROI, the CCR of all participants was randomly
sampled with replacement from the pool of all participants’
reconstruction results and then averaged. This procedure was
repeated 50 000 times. To test the significance, we compared the
t-statistic calculated from the reconstructed results against zero.
Specifically, in order to get the P value, we randomly get averaged
CCR from all participants with replacement, and then calculated
the probability of averaged CCR to be less than zero. This test is
one sided and uncorrected.

Except for the time course analyses, averaged beta values of
9–12 s after the sample onset of each trial were used in the IEM.
This time period was regarded as the delay period with the least
interference from the sample and probe array.

Time Course Analysis of VWM Representation
In order to assess how VWM representation evolves over time,
we performed a time course analysis. In this analysis, we used a
sliding time window of width 4 s and repeated the IEM analysis
for the averaged data in each time window (step size 1 s).

Results
Behavior Results of WM Task

WM performance was calculated as the mean absolute value
of the distance between participants’ reported orientations and
the original displayed orientations in the sample array. Average
recall error of all participants was 13.72o, and standard error was
0.61o. Recall error distribution of each participant was clustered
around 0o and illustrated in Figure 1e, confirming that partici-
pants were remembering the accurate orientations according to
the instruction.

Reconstruction of VWM Contents in the Visual Cortex

We first investigated whether the visual cortex is involved in the
maintenance of the content of VWM. If memory content (i.e.,
orientations of gratings) is encoded by visual cortex during the
delay period, then the reconstructed curve from the IEM analysis
should be a tuning curve centered on the memorized orientation
(Fig. 2c, dark grey curves). If visual cortex is not responsible for
VWM maintenance, the reconstructed curve should resemble a
uniform distribution (Fig. 2c, light grey curves). In this analysis,
the probed item was defined as the target item, the ROI corre-
sponding to the location of the target item was defined as the
ROI within the RF (contr ROI–within RF), and the rest of the ROI(s)
in each visual area (i.e., V1, V2, V3, V3a, V3b, V4) were defined
as the ROI out of the receptive field (ROI out of RF). Note that
each ROI was composed by top 100 strongly activated surfaced
vertices got from a separate mapping task. As illustrated in
Figure 2b, if the target item was shown in the second quadrant
(top left), the ROI–within RF was then the ROI in the right ventral
early visual areas (V1, V2, V3) or in right hemisphere V3a, V3b,
and V4.

Consistent with previous findings (Ester et al. 2013, 2015a),
we successfully decoded the orientation of the probed item in
the early visual areas (V1, V2, V3) using responses from the ROI
corresponding to the location of the target item. The represen-
tation fidelity (calculated as the CCR) of V1, V2, V3 as well as
the combination of these three ROIs were all significantly higher
than baseline (Ps < 0.02) (Fig. 2a,c). The averaged IEM results of
ROIs out of the RF for V1 (P = 0.006) and V2 (P < 0.001) were
significantly higher than baseline, but other ROIs showed no
difference from baseline (Ps > 0.055).

VWM Representation in the ROIs
in Nonstimulated Regions

The above findings demonstrate robust VWM representation
in regions of the EVC. However, it remains unknown whether
this representation occurs only in the ROI that responds to the
target location. We further investigated the roles of ROIs whose
RFs did not overlap with the target item. We divided ROIs into
three types: contralateral ROI with RF covering the probed item
(contr ROI–within RF), contralateral ROI out of RF (contr ROI–out
of RF), and ipsilateral ROI (ipsi ROI). For instance, as illustrated
in Figure 3b, if the target item was presented at top left of the
screen, the right ventral V1 would be the contralateral ROI within
the RF, and the right dorsal V1 would be the contralateral ROI out
of the RF. Moreover, the left two ROIs would be combined as the
ipsilateral ROIs.

We calculated the orientation reconstruction of the four ROIs
separately and then averaged results of the two ipsilateral ROIs.
We compared the three types of ROIs’ reconstruction outcomes
and found that the contralateral ROI within RF and the ipsilateral
ROIs in V1 showed significant reconstruction of memory content
(Ps < 0.01), whereas surprisingly, the contralateral ROI out of RF
did not show evidence of representation in V1 (P = 0.392). The
combination of the V1, V2, and V3 (constituting the EVC) showed
similar results that, except for the contralateral ROI within RF,
the ipsilateral ROI also represented the orientation in VWM
(P < 0.001) and the contralateral ROI out of RF did not (Fig. 3).
These results imply that the neurons recruited for the repre-
sentation of VWM content are more extensive than neurons
recruited for visual perception.

In our WM experiment, the sample array always comprised
two distinct items (gratings). Consequently, when the two items
were presented on the same side of the visual field, the con-
tralateral ROI out of RF may have been engaged in representing
the nontarget stimulus even though it was not the task-relevant
item. This is a potential reason why reconstruction did not
succeed in this ROI. To rule out this possibility, we isolated the
trials in which the two sample items were shown on both sides
of the visual field and excluded the ROI corresponding to the
nontarget item (Fig. 4b). The reason that we took out this ROI
is because: (1) There is a possibility that this ROI encoded the
nontarget item although it was not a task-relevant stimulus,
which may contaminate the reconstruction results from the
ipsilateral ROI and (2) the size of ipsilateral ROI was twice
as the other two types of ROIs, which might bring bias into
the data analyses. We again found similar results indicating
the noninvolvement of the contralateral ROI out of RF in the
VWM representation, even though this ROI was not presented a
visual stimulus. Meanwhile, the contralateral ROI within RF and
the ipsilateral ROI exhibited robust orientation reconstruction
(Fig. 4a,c).
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Figure 2. Orientation reconstruction across the visual hierarchy. (a) Center channel response of the reconstructed tuning function. Error bars indicate the between-
participant standard error. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. (b) Illustration of the ROI definition. (c) Reconstructed tuning functions across the visual hierarchy. EVC:
early visual cortex (combination of V1, V2, V3). Plots show average across all participants. Shade areas represent the between-participant standard error.

Time Course of Orientation Reconstruction

To gain potential insight into dynamics during WM, we per-
formed a sliding-window analysis combined with the IEM anal-
ysis. Results showed that the contralateral ROI within RF repre-
sented visual information during early parts of the delay period,
whereas the reconstruction from fMRI activity in the ipsilateral
ROI persisted during the whole delay period (Fig. 5).

Discussion
Using high-resolution fMRI combined with the IEM, we reveal
the maintenance of VWM representations in both contralateral

V1 and ipsilateral V1. First, these results support the “sensory
recruitment hypothesis” for VWM and extend it to the involve-
ment of both contralateral and ipsilateral sensory cortices.
Second, these results are consistent with the working model
of distributed representations of VWM over cortices, as we
observed prominent tuning curves across multiple regions in the
visual hierarchy. Third, the temporal profiles of representations
in the ipsilateral V1 are more sustained than the contralateral
V1, suggesting cooperative roles of these areas in fulfilling
VWM processes. Taken together, the sensory recruitment
hypothesis has been revisited and extended to the ipsilateral
sensory cortex, which helps its contralateral partner with

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhab300/6363045 by N

ational Science & Technology Library R
oot Adm

in user on 13 January 2022



Sensory Recruitment in Visual Working Memory Zhao et al. 7

Figure 3. Orientation reconstruction from different ROIs. (a) Center channel response of the reconstructed tuning function. Error bars indicate the between-participant
standard error. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. (b) Illustration of the ROI definition. (c) Reconstructed tuning functions. Results showed that both contralateral
ROIs whose receptive field (RF) overlapped with the probed item and ipsilateral ROIs could successfully reconstruct the orientation tuning functions during memory
maintenance. EVC: early visual cortex (combination of V1, V2, V3). Plots show average across all participants. Shade areas represent the between-participant standard

error.

sustained high-fidelity representation during maintenance
of VWM.

Why might the ipsilateral V1 participate in VWM? The visual
cortex is essential to represent detailed visual information, as it
has been suggested that population responses in visual cortices
have higher dimensionality than those in the prefrontal cortex
(Stringer et al. 2019). Indeed, it has been proposed that sensory
cortices and the prefrontal cortex may represent “quality” and
“quantity” of WM, respectively (Ku et al. 2015a). Recently, a uni-
variate fMRI study provided evidence that the visual cortex acted
as the neural correlate of the “precision” parameter in VWM
(Zhao et al. 2020), providing additional supports together with
many studies that successfully decode information of VWM
items from the sensory cortices (Emrich et al. 2013; Postle 2016;
Serences 2016; Sprague et al. 2016; Jia et al. 2021). However, it
has been consistently demonstrated that the representations in
primary visual areas are more fragile to interference than those
in the prefrontal or parietal cortices (Bettencourt and Xu 2016).
A recent paper has shown that VWM trace is lateralized in the
prefrontal cortex and can be shifted to the other hemisphere, but
the representation of the shift cannot be cross-decoded (Brincat
et al. 2021). It is possible that the prefrontal cortex plays a role of
top-down control (Ku et al. 2015a; Zhao et al. 2021), whereas the
visual cortex represents the details of the mnemonic contents
(Ester et al. 2009; Lorenc et al. 2018) and the information could

shift to the ipsilateral hemisphere. On the other hand, the rep-
resentation on the ipsilateral site may also relate to averting the
sensory noise, which has a negative effect on sensory process,
memory maintenance, and even speech comprehension (Li et al.
2021). Thus, we speculate that ipsilateral V1 may serve as a
suitable neural substrate that can maintain high-fidelity visual
information while ignoring interference from newly presented
distractors at the location of the encoded item. The memory
representation in contralateral visual regions is quite robust
according to previous multivariate studies, and our findings add
evidence that the ipsilateral visual regions may have a differ-
ent function in VWM compared with the contralateral regions,
given the distinguished temporal profiles of the two regions. We
have previously found evidence for ipsilateral representation in
primary somatosensory cortex (S1) in the tactile domain (Zhao
and Ku 2018). It would be interesting to look at the situation in
the auditory domain as the primary auditory cortex has already
processed binaural information.

Where does the information in ipsilateral V1 come from,
given that feedforward visual processing appears largely
contralateral at the primary level of V1? There might be three
possible pathways. First, information goes directly from the
contralateral V1 through the corpus callosum to the ipsilateral
counterpart. Second, information could be sent from the tha-
lamus to the ipsilateral V1. Third, information originates from
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Figure 4. Orientation reconstruction from different ROIs–control analysis. (a) Center channel response of the reconstructed tuning function. Error bars indicate the

between-participant standard error. ∗∗∗P < 0.001. (b) Illustration of the ROI definition. (c) Reconstructed tuning functions of early visual areas in a subset of trials and
ROIs. EVC: early visual cortex (combination of V1, V2, V3). Plots show average across all participants. Shade areas represent the between-participant standard error.

Figure 5. Center channel response of the reconstructed tuning function over time. †P < 0.06; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Results showed that contralateral ROI
within the receptive field (RF) only exhibited representation of the orientations in the early delay period, whereas the ipsilateral ROIs revealed representation into the

late delay.

higher-level visual areas and then been transferred to the ipsi-
lateral V1 through feedback projections. Thalamus has recently
been suggested to regulate cortical representation (Rikhye et al.
2018) and is important for cognitive control (Halassa and Kastner
2017). One study showed that representations decoded from the
fMRI signal in the lateral geniculate nucleus could be affected
by attention (Ling et al. 2015). Therefore, it is possible that

VWM information goes through thalamus to the ipsilateral V1.
Unfortunately, corpus callosum pathway and thalamus pathway
could not be distinguished from the current results, which needs
further animal studies to dissect. Meanwhile, it is likely that the
signal in the ipsilateral V1 originates from feedback projection.
Recent studies using 7 T fMRI could identify activity in different
layers of V1 and provided evidence indicating the roles of
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feedback projections in the superficial layers (I/II) for context
processing (Muckli et al. 2015) and feedback projections in the
deep layers (VI) for top-down modulation (Kok et al. 2016).
It should be noted that in animal studies the secondary
somatosensory cortex (S2) and the motor areas have been
proposed to project memory information back to S1 in the
tactile domain (Condylis et al. 2020) and future study might
further explore the signal transition between bilateral primary
sensory cortices. It is interesting to notice that in the present
study the tuning in the ipsilateral V2 is also prominent but not
in the ipsilateral side of V3 or other higher-level visual areas.
The enlarged RF along the visual hierarchy could be a possible
reason for these results.

Visual imagery has been argued to share neural substrates
with VWM and participate in the processes of VWM (Albers
et al. 2013; Tong 2013). However, there also existed discrepancies
between visual imagery and VWM. For example, evidence has
shown that participants with weaker ability of imagination do
not use imagery strategy to maintain WM information (Keogh
and Pearson 2011). Our results further suggest that the processes
engaged in the current VWM paradigm extend beyond imagery.
If the processes of VWM are similar with visual imagery, one
might expect only representations in the contralateral brain
areas as imagery reinstantiation that generally followed the
areas processing sensory input, at least in the visual (Farah 1984;
Guariglia et al. 1993) and tactile (Yoo et al. 2003) domain. Thus,
our results could not be simply explained by mechanisms of
mental imagery.

Besides the quality representations in VWM, quantity is also
an important factor influencing VWM. It has been suggested
VWM has a limit of about 3–4 slots (Cowan 2001; Zhang and Luck
2008), and prefrontal cortex in each hemisphere can represent
half of VWM items (Buschman et al. 2011). It would be interesting
to further investigate the interaction between the ipsilateral V1
and the prefrontal cortex in representing the quantity of VWM.
It should also be noted that the current study can only offer
correlational evidence. Future TMS studies are needed to further
reveal the causal relationship between the representations in
the ipsilateral V1 and WM performance.

In summary, our findings supported the sensory recruitment
hypothesis in VWM and revealed that besides the contralat-
eral V1, the ipsilateral V1 was involved in maintaining VWM
representation, especially during the late delay period.
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