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Working memory is essential for guiding our behaviors in daily life, where
sensory information continuously flows from the external environment. While
numerous studies have shown the involvement of sensory areas in maintaining
working memory in a feature-specific manner, the challenge of utilizing
retained sensory representations without interference from incoming stimuli
of the same feature remains unresolved. To overcome this, essential infor-
mation needs to be maintained dually in a form distinct from sensory repre-
sentations. Here, using working memory tasks to retain braille patterns
presented tactually or visually during fMRI scanning, we discovered two dis-
tinct forms of high-level working memory representations in the parietal and
prefrontal cortex, together with modality-dependent sensory representations.
First, we found supramodal representations in the superior parietal cortex that
encoded braille identity in a consistent form, regardless of the involved sen-
sory modality. Second, we observed that the prefrontal cortex and inferior
parietal cortex specifically encoded cross-modal representations, which
emerged during tasks requiring the association of information across sensory
modalities, indicating a different high-level representation for integrating a
broad range of sensory information. These findings suggest a framework for
working memory maintenance that incorporates two distinct types of high-
level representations-supramodal and cross-modal-operating alongside sen-
sory representations.

M Check for updates

Working memory plays a pivotal role in guiding our continual thoughts
and behaviors in our everyday lives' %, This cognitive faculty enables us
to temporarily retain relevant information and utilize it to guide our
moment-to-moment behaviors”. Furthermore, comprehending the
neural mechanisms underlying working memory maintenance in the
brain holds profound implications for practical domains such as mind
reading or behavior prediction’. Nevertheless, the nature of working

memory representations in the brain has been a subject of prolonged
debate, particularly concerning the working memory representations
in higher-order cortical areas such as the prefrontal cortex (PFC)*'°"2,

Although the traditional view of working memory suggests a cri-
tical role of the PFC in both the maintenance and executive control of
working memory”®, numerous neuroimaging studies consistently
demonstrate that sensory details retained in working memory are
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localized within the corresponding sensory cortical regions in a
modality-specific manner®>>~%, Thus, another view of working mem-
ory suggests that while the PFC is involved in executive control or
attention encoding, maintenance occurs in posterior cortical regions,
including sensory areas, in a feature-specific manner>****, However,
the maintenance of individual features in corresponding sensory areas,
such as holding visual features in the visual cortex, may not be suffi-
cient to guide ongoing behaviors. A critical issue arises when a sensory
system already occupied by a specific sensory feature needs to process
concurrent sensory input. The low-level memory trace held in the
sensory system may interfere with incoming same-feature traces,
resulting in an unsuccessful comparison between upcoming and
existing information for guiding moment-to-moment behaviors'*,
To address this issue, one plausible proposal suggests the duplicated
maintenance of working memory in both the higher-order cortex and
the sensory cortex'"'%. These duplicated representations may be useful
in retaining working memory contents without distraction, even when
new sensory information continuously flows into our sensory systems.

If high-level representations play a role in the duplicated retention
process of working memory, they should consistently be observed
during working memory processes regardless of sensory modality or
task goals. Moreover, instead of replicating sensory information in its
entirety, it is necessary to hold essential information in a form distinct
from sensory representations. Based on prior research on frontal
representations during working memory tasks'>?**~*, these high-level
representations may maintain abstract information that lacks sensory
details. Consequently, the same high-level representation is expected
for a given item across working memory tasks involving different
sensory modalities, indicating the supramodal nature of high-level
representation. This idea of high-level representation is also in line
with the early view that information from the environment is first
processed in a sensory register in a modality-specific way, and then
some selected information is combined and transferred into an amo-
dal form of working memory™". However, it remains elusive whether
higher-order cortical areas possess such supramodal representations
in working memory processing. While prior studies suggest the PFC as
a major candidate region for holding such high-level
representations'®***!°, numerous studies using visual working mem-
ory tasks have shown that the contents of working memory were
decoded from the neural responses of visual cortical regions but not
from those of the PFC”?. Moreover, the involvement of PFC in
memory maintenance has been reported to depend on behavioral
goals or tasks rather than being consistently present”. Furthermore,
whether representations in higher-order cortical areas, including the
prefrontal and parietal cortices, are homogeneous remains unclear.

To determine the presence of a supramodal representation of
working memory, it is essential to compare the representations across
working memory tasks involving different sensory modalities. More-
over, since there is a possibility that a shared representation between
modalities can occur only when there is a task goal that requires
integration or association of two modalities, the representation during
aworking memory task that necessitates linking two modalities should
also be compared.

Here we designed an event-related fMRI experiment, consisting of
visual working memory, tactile working memory, and two cross-modal
working memory tasks (Fig. 1a and Supplementary Fig. 1a). We used
braille patterns as tactile stimuli and corresponding images of the
braille patterns as visual stimuli (Fig. 1b). The shape of the braille
patterns can be recognized through both tactile perception and visual
perception. Therefore, if a high-level abstract representation exists for
individual braille stimuli during working memory, the representation
of braille identity may be shared between visual and tactile working
memory tasks regardless of the involved sensory modality (supramo-
dal representation).

During the visual or tactile working memory task, participants
were presented with a braille sample and a braille probe visually (visual
working memory task) or tactually (tactile working memory task) with
a delay period between them and were required to indicate whether
the probe matched the sample (Fig. 1a and Supplementary Fig. 1a). To
test the hypothesis that supramodal representations of working
memory exist in higher-order cortical areas, we examined the common
neural substrates and shared representations of braille identity during
the delay periods of visual and tactile working memory tasks, focusing
on the parietal and prefrontal cortical areas. Furthermore, to compare
these representations with those of working memory tasks that require
linking tactile and visual modalities, participants performed two cross-
modal working memory tasks. In these tasks, participants were pre-
sented with a sample visually and a probe tactually for the visual-to-
tactile task, and vice versa for the tactile-to-visual task (Fig. 1a and
Supplementary Fig. 1a). Comparison of the sample and the probe in
these tasks necessitated the association or integration of visual and
tactile information.

Through these comparative analyses of working memory tasks
involving different sensory modalities, we provide direct evidence
supporting the presence of supramodal representation of working
memory in the superior parietal cortex, regardless of the processed
sensory modality, alongside modality-dependent sensory representa-
tions. Furthermore, we also demonstrate a distinct type of high-level
representation of working memory in the inferior parietal cortex and
PFC, where the maintenance of working memory depends on beha-
vioral goals that involve the association of features from different
sensory modalities. Our findings propose a framework for working
memory maintenance, facilitating continuous behavioral engagement
across diverse sensory environments.

Results

Participants were instructed to perform working memory tasks,
wherein they retained specific sensory information (either tactile or
visual) regarding the shape of a braille sample and compared it with a
subsequently presented probe (Fig. 1a, b and Supplementary Fig. 1a). In
all within-modal (tactile-to-tactile task, TT, and visual-to-visual task,
VV) and cross-modal working memory tasks (tactile-to-visual task, TV,
and visual-to-tactile task, VT), the participants exhibited robust per-
formance levels (mean correct rate and SEM: 89.22% +1.72% for TT,
98.71% + 0.39% for VV, 90.78% +1.57% for TV, 88.02% +1.71% for VT)
(Supplementary Fig. 1b), indicating that the participants successfully
recognized and maintained the individual shape of braille during
the tasks.

According to the demands of each task, different sensory systems
may be engaged”"***?35, We first compared the involvement of cor-
tical regions across the four working memory tasks, by examining the
average magnitudes of response across whole brain areas during each
working memory task. As expected, we observed modality-specific
neural responses in respective sensory cortices at each sample or
probe stimulus onset. Strong responses were found in the left (con-
tralateral) somatosensory cortical areas at the sample onsets of TT and
TV tasks, while posterior visual areas were highly activated at the
sample onsets of VV and VT tasks (p <0.05, FDR-corrected) (Fig. 1c).
Moreover, significant responses were found in the somatosensory
cortical areas at the probe onset of TT and VT tasks whereas, at the
probe onset of VV and TV tasks, strong responses were found in the
posterior visual areas (p<0.05, FDR-corrected) (Fig. 1c). Notably,
besides the modality-specific responses in the sensory cortices, sig-
nificant responses were also observed in the parietal and frontal cor-
tical areas during the delay periods as well as sample and probe phases
of all tasks (p<0.05, FDR-corrected) (Fig. 1c), indicating common
engagement of these higher-order cortical areas across the working
memory tasks.
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Fig. 1| Experimental paradigm and neural responses during working
memory tasks. a Experimental paradigm for a comparative approach between
tactile and visual working memories. Participants performed two within-modal
(tactile-to-tactile, TT, and visual-to-visual, VV) and two cross-modal (tactile-to-
visual, TV, and visual-to-tactile, VT) delayed match-to-sample tasks. During within-
modal tasks, participants were presented with a braille sample and a braille probe
either visually (VV) or tactually (TT) with a 7-s delay period between them, and they
indicated whether the probe matched the sample. The procedure for cross-modal
tasks was the same as for the within-modal tasks, except that the sample and the

Delay (2 - 6 s)

Tactile Braille Patterns

~ o < e
cC

Visual Braille Patterns

posterior-dorsal view
0.7

% Signal Change

probe were presented in different sensory modalities. b Tactile and visual stimuli.
Five braille patterns were presented either tactually or visually. ¢ Surface maps of
brain activation during each task. The colored areas show the mean BOLD response
magnitude (percent signal change) across participants (p < 0.05, FDR-corrected),

mapped on the inflated brain for sample onset, delay period, and probe onset of
each task. Black and white arrows pointing to specific brain regions highlight sig-
nificant activation in the targeted areas. Ih left hemisphere, rh right hemisphere, S
superior, I inferior, A anterior, P posterior, L lateral, M medial.

Different types of neural substrates for the maintenance of
braille pattern information during working memory

To determine neural substrates underlying the maintenance of indi-
vidual braille pattern information during the delay period of each task,
we used multi-voxel pattern analysis. To test the existence of specific
neural representations for individual braille stimuli across the brain,
we calculated within- and between-braille correlations based on the

voxel pattern similarity, and derived discrimination indices for indivi-
dual braille stimuli as the difference between the within- and between-
braille stimuli correlations (Fig. 2a; see “Methods”).

If supramodal representations exist, the first requisite is that the
neural substrates for the information representation of working
memory may be shared across different tasks. Remarkably, it was
commonly observed that the superior parietal cortex retained
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Fig. 2 | The maintenance of individual braille pattern information during the
delay period of each working memory task. a To examine the existence of
individual braille pattern information, we derived discrimination indices for indi-
vidual braille patterns as the difference between within-braille and between-braille
correlations, based on voxel pattern similarity using the split-half correlation ana-
lysis method (see “Methods” for details). b The distribution of retained stimulus
information during the delay period of within-modal (TT and VV) tasks (dis-
crimination index > 0, p < 0.01, right-tailed, FDR-corrected). Common neural sub-
strates for the maintenance of braille pattern information in the TT and VV tasks
were found in the superior parietal cortex. Ih left hemisphere, rh right hemisphere,
S superior, I inferior, A anterior, P posterior, L lateral, M medial. ¢ The distribution

of retained sample stimulus information during the delay period of cross-modal
(TV and VT) tasks (discrimination index > 0, p < 0.01, right-tailed, FDR-corrected).
During these tasks, broader cortical areas, including the prefrontal cortex and
inferior parietal cortex, along with the superior parietal cortex, were engaged in the
maintenance of braille pattern information. d Based on the results of above (b, c),
the areas of overlap between TT and VV tasks, excluding TV and VT areas, are
colored cyan (TT N VV N TVE N VTC), and the overlap areas of TV and VT tasks,
excluding TT and VV areas, are depicted in yellow (TV N VT N TT¢ n VV©) (¢ denotes
complement of a set). The overlap areas of all tasks are colored magenta (TT N
VV N TV N VT). Black arrows pointing to specific brain regions highlight significant
activation in the targeted areas.

individual braille pattern information in both the TT and VV tasks
(discrimination index greater than zero, p<0.01, right-tailed, FDR-
corrected) (Fig. 2b). This maintenance of stimulus information in the
superior parietal cortex was also found during the delay period of both
cross-modal (TV and VT) tasks (Fig. 2¢). Even when tracking the braille
representation at each time point of the delay period, a consistent
tendency of shared maintenance was observed in the superior parietal
cortex (Supplementary Fig. 2). However, in the prefrontal cortex, such
common maintenance across all tasks were not found (Fig. 2b and
Supplementary Fig. 2a). These results showed the existence of com-
mon neural substrates for working memory maintenance in the
superior parietal cortex, but not the prefrontal cortex, regardless of
processed sensory modality (Supplementary Fig. 2a). These findings
suggest the possibility that the superior parietal cortex serves as a

candidate for the neural substrates of supramodal representation in
working memory.

During the cross-modal tasks compared to the within-modal
tasks, broader areas of the parietal cortex were engaged in the main-
tenance of individual braille pattern information (Fig. 2c and Supple-
mentary Fig. 2b). Not only the superior parietal cortex but also the
inferior parietal cortex showed significant decoding of braille identity
during the delay period of both TV and VT tasks (p < 0.01, right-tailed,
FDR-corrected). Moreover, remarkably, significant decoding of braille
identity was also found in the prefrontal cortical regions during these
cross-modal tasks (p < 0.01, right-tailed, FDR-corrected) (Fig. 2c and
Supplementary Fig. 2b). Combined with that the representation of
braille pattern information was not observed in these cortical areas
during the within-modal (TT and VV) tasks (Fig. 2b and Supplementary
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Fig. 2a), these results indicate that the maintenance of working mem-
ory in the inferior parietal and the prefrontal cortical areas depends on
the necessity of connecting both tactile and visual modality features.

In addition to the neural representations in the higher-order
cortical areas, sensory modality-specific neural substrates for stimulus
information maintenance were also observed in the sensory cortical
regions (Supplementary Fig. 2), in alignment with prior research'***,
During the delay period of the tactile working memory task (TT task),
the discrimination indices were significantly greater than zero in the
left (contralateral) somatosensory cortical areas (p < 0.01, right-tailed,
FDR-corrected), while positive discrimination was evident in the visual
cortical areas during the delay of the visual working memory task (VV
task) (Supplementary Fig. 2a). These results show a distinct and flexible
working memory representation contingent upon the utilized sensory
information, consistent with the sensory recruitment account of
working memory*>17-202325,

The results from the above whole-brain searchlight analyses
suggest the presence of three distinct types of neural substrates
involved in working memory maintenance: (1) regions where working
memory information is consistently retained regardless of the pro-
cessed sensory modality, (2) regions where working memory infor-
mation is exclusively maintained during cross-modal working memory
tasks, in which the integration of information from different sensory
modalities is required, and (3) regions specifically responsible for
retaining information depending on the sensory modality being pro-
cessed. Focusing on the high-level representations of working mem-
ory, we further clarified the neural substrates of type (1) and (2). To do
this, we examined the overlap in regions showing significant braille
discrimination across the following conditions: all within-modal and
cross-modal tasks, within-modal tasks excluding cross-modal tasks,
and cross-modal tasks excluding within-modal tasks (Fig. 2d and
Supplementary Fig. 2c). Consistent with the above searchlight results
for each task, we identified shared neural substrates for the main-
tenance of braille pattern information across all tasks in the superior
parietal cortical regions of the left hemisphere (p <0.01, right-tailed,
FDR-corrected) (Fig. 2d and Supplementary Fig. 2c, colored in
magenta). Moreover, we found neural substrates shared exclusively
across cross-modal tasks in the lateral prefrontal and the inferior
parietal areas of the left hemisphere (discrimination index above zero
during the task TV and VT, p<0.01, right-tailed, FDR-corrected;
excluding areas with significant discrimination index during the task
TT or VV, p<0.05, right-tailed, FDR-corrected) (Fig. 2d and Supple-
mentary Fig. 2¢, colored in yellow), whereas few areas were shared
exclusively across within-modal tasks when excluding cross-modal
overlap (Fig. 2d and Supplementary Fig. 2c, colored in cyan).

To examine the representations of working memory in more
detail, we defined regions of interest (ROIs), and derived discrimina-
tion indices from the response patterns of each ROI (Fig. 3). Given that
tactile stimuli were presented on the right index finger and the
searchlight results showed a more prominent tendency in the left
hemisphere, we focused on the regions of the left hemisphere in this
ROI analysis (Fig. 3a). Consistent with the searchlight analysis, there
was significant discrimination of individual braille pattern information
in superior parietal regions, the superior parietal lobule (SPL) and
intraparietal sulcus (IPS), during the delay period of all within-modal
and cross-modal tasks (all ¢g)>3.817, p<0.001, Cohen’s d>0.709,
right-tailed, FDR-corrected) (Fig. 3b). On the other hand, the dorso-
lateral prefrontal cortex (dIPFC) and the angular gyrus (ANG) in the
inferior parietal cortex showed differential patterns for the cross-
modal versus within-modal tasks (Fig. 3c). From the neural responses
of these regions, decoding of braille identity was possible during the
cross-modal tasks (dIPFC: ¢;g)>3.287, p<0.001, Cohen’s d = 0.610;
ANG: t28)23.551, p<0.001, Cohen’s d=0.659, right-tailed, FDR-cor-
rected), but not during the within-modal tasks (dIPFC: tog)<1.111,
p=0.138, Cohen’s d<0.206; ANG: ts <1370, p=0.091, Cohen’s

d <0.254, right-tailed, FDR-corrected) (Fig. 3c). Moreover, we also
found significant differences in discrimination indices between the
cross-modal and within-modal tasks in SPL and IPS as well as in dIPFC
and ANG (main effect of modality condition in two-way ANOVA with
the factors of modality condition (within-modal, cross-modal) and
sample stimulus modality (tactile, visual), SPL: F; »g) = 5.548, p = 0.026;
IPS: Fi8=7.863, p=0.009; dIPFC: F,5 =14.064, p=0.001; ANG:
Fa,28)=22.065, p<0.001) (Fig. 3b, c). Furthermore, there was a sig-
nificant interaction between modality condition and ROI category
(three-way ANOVA with modality condition (within-modal, cross-
modal), sample stimulus modality (tactile, visual), and ROI category
(superior parietal cortex (SPL, IPS), other higher-order regions (dIPFC,
ANG)) as factors, Fq,s)=4.743, p=0.038) (Fig. 3b, c). These results
indicate the presence of distinct types of neural substrates for working
memory maintenance in higher-order cortical areas.

In parallel with the working memory representations in
higher-order cortical areas, modality-dependent representations
in sensory areas were also evident. Consistent with the afore-
mentioned searchlight results, significant discrimination of indi-
vidual braille objects was found in the left primary somatosensory
cortex (S1) (Fig. 3d) during working memory tasks where sample
stimuli were presented tactually (TT: f»g)=3.698, p=0.001,
Cohen’s d=0.687, 95% CI=[0.021, Inf]; TV: ts)=4.637, p<0.001,
Cohen’s d=0.861, 95% CI=[0.033, Inf], right-tailed, FDR-cor-
rected). However, this discrimination was not observed during
tasks with visual braille samples (VV: tg=1.418, p=0.084,
Cohen’s d=0.263, 95% CI=[-0.003, Inf]; VT: tug =1.598,
p=0.061, Cohen’s d=0.297, 95% CI=[-0.001, Inf], right-tailed,
FDR-corrected) (Fig. 3e). On the other hand, in the central early
visual cortex (cEVC) (Fig. 3d), significant decoding of individual
braille objects was observed during all tasks except for the TT
task (all except for TT: t(,5)>2.144, p <0.020, Cohen’s d = 0.398;
TT: t(2s)=-0.341, p=0.632, Cohen’s d=0.063, 95% Cl=[-0.031,
Inf], right-tailed, FDR-corrected) (Fig. 3e). Furthermore, a sig-
nificant interaction effect between the ROI (S1, cEVC) and the
sample stimulus modality (tactile, visual) was found for the dis-
crimination indices (ANOVA, F 25)=4.567, p=0.042).

Additionally, to examine the potential carry-over effect of sample
stimulus perception on neural representations during the delay per-
iod, we conducted a probe decoding analysis for the time window
starting at probe onset and extending to subsequent time points. We
found no significant discrimination of probe stimuli across this time
window during both the TT and VV tasks in the parietal and prefrontal
cortical regions (Supplementary Fig. 3a, b), indicating that the impact
of probe stimulus perception on working memory representations in
these regions is minimal. Based on this result, it is unlikely that sample
stimulus perception is mainly reflected in the neural representations
during the subsequent delay period, supporting that these neural
representations primarily reflect working memory maintenance.

These results collectively suggest that the superior parietal areas,
including the SPL and IPS, serve as common neural substrates where
working memory information is consistently retained, regardless of
the processed sensory modality. Combined with the decoding results
observed in the sensory cortical areas, this retention may contribute to
the duplicated maintenance of working memory. Furthermore, our
results indicate a distinct type of neural substrate in the prefrontal and
inferior parietal areas, including dIPFC and ANG, where working
memory information is exclusively maintained during cross-modal
working memory tasks, which require the integration of information
from different sensory modalities.

Supramodal representation of working memory

We showed two types of neural substrates responsible for working
memory maintenance in the higher-order cortex. Next, focusing on the
superior parietal cortical regions, SPL and IPS, which are common
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Fig. 3 | Maintenance of individual braille pattern information in higher-order
cortical and sensory areas during the delay period of working memory tasks.
a Regions-of-interest (ROI), superior parietal lobule (SPL), intraparietal sulcus (IPS),
dorsolateral prefrontal cortex (dIPFC), and angular gyrus (ANG), are displayed on
inflated lateral (left panel) and posterior-dorsal (right panel) surfaces. Ih left
hemisphere, S superior, I inferior, A anterior, P posterior, L lateral, M medial. b The
mean discrimination indices for braille identity in SPL and IPS during the delay
period of each task. Both SPL and IPS showed significant discrimination of indivi-
dual braille stimuli across all tasks. ¢ The mean discrimination indices for braille
identity in dIPFC and ANG during the delay period of each task. In these areas, the
decoding of braille identity was possible during cross-modal (TV and VT) tasks but
not during within-modal (TT and VV) tasks. d Regions-of-interest (ROI), the left
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cortex (cEVC), are displayed on inflated lateral (upper panel) and posterior-dorsal
(lower) surfaces. e The mean discrimination indices for braille identity in S1 and
cEVC during the delay period of each task. In S1, significant decoding of individual
sample stimuli was observed during the TT and TV tasks, but not during the VV and
VT tasks. In cEVC, decoding of braille identity was possible during the VV, TV, and
VT tasks, but not during the TT task. *p < 0.05, **p < 0.01 (one-sample ¢ test, right-
tailed, FDR-corrected); *p < 0.05, **p < 0.01 (two-way ANOVA, main effect of mod-
ality condition (within-modal versus cross-modal)). A full list of statistical values is
provided in Supplementary Table 1. The lower, middle, and upper lines of each box
represent the 25%, 50%, and 75% quartiles, respectively. The upper and lower
whiskers extend to the highest and lowest data values within 1.5 times the inter-
quartile range from the hinge. Each dot indicates the mean data value for each
participant (n=29).

neural substrates for maintenance across all tasks, we examined whe-
ther the neural representations for the maintained information in
these regions were shared across different working memory tasks. To
directly compare the representations of braille identity between dif-
ferent tasks and determine the correspondence in the representations,
we derived discrimination indices based on the pattern correlations
between each pair of the working memory tasks (Fig. 4a). If neural
representations in the superior parietal cortex possess supramodal
nature, the distinct activation patterns for individual braille stimuli
would be consistent across tasks regardless of the processed modality,
allowing us to decode braille pattern identity. Notably, we found sig-
nificantly positive discrimination indices for individual braille stimuli
across the two within-modal tasks (TT and VV) in the SPL and IPS (SPL:
t2s)=2.472, p=0.010, Cohen’s d=0.459, 95% Cl=[0.020, Inf]; IPS:
t28)=2.059, p=0.025, Cohen’s d=0.382, 95% Cl=[0.009, Inf], right-
tailed, FDR-corrected), indicating shared representations for indivi-
dual braille stimuli between TT and VV tasks (Fig. 4b). Moreover,

shared representations in SPL and IPS were also identified among other
tasks, including those between the cross-modal tasks (TV and VT),
between TV and TT tasks, between TV and VV tasks, between VT and
TT tasks, and between VT and VV tasks (all ¢xs)>3.176, p<0.002,
Cohen’s d > 0.590, right-tailed, FDR-corrected) (Fig. 4b-d).

To further verify these results of shared representations, we
also conducted a multi-class classification analysis. For each pair of
tasks, a classifier was trained on neural response patterns from one
task and tested on patterns from the other task (and vice versa),
using support vector machine (SVM) (Fig. 4e). Consistent with the
discrimination index results, significant cross-decoding was
observed between TT and VV tasks, TV and VT tasks, TV and TT
tasks, TV and VV tasks, VT and TT tasks, and VT and VV tasks in SPL
and IPS (all t,7)>2.404, p<0.012, Cohen’s d > 0.454, right-tailed,
FDR-corrected, compared to the chance level 20%) (Fig. 4f-h).
While the cross-decoding level between the cross-modal tasks
(TV and VT) was higher than that between the within-modal tasks
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Fig. 4 | Supramodal common representations of working memory in the
superior parietal cortex. a To directly compare the representations of braille
identity between different tasks and ascertain their correspondence, discrimina-
tion indices were derived based on within- and between-braille correlations for
each pair of working memory tasks. b-d Discrimination indices for braille identity
for each pair of the tasks in SPL and IPS. Significantly positive discrimination indices
were found between the two within-modal tasks (TT and VV), as well as between the
two cross-modal tasks (TV and VT) (b). Furthermore, positive discrimination indi-
ces were observed between task TV and each within-modal task (TVand TT; TV and
VV) (c), and between task VT and each within-modal task (VT and TT; VT and VV)
(d). e Cross-decoding of braille identity using multi-class classification analysis. An
SVM classifier was trained on neural response patterns from one task and tested on
patterns from the other task, and vice versa. The classification accuracies in both
directions were then averaged. f-h Classification performance between each pair of
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the tasks in SPL and IPS. The dotted lines indicate the chance level. Consistent with
the discrimination index results, significant cross-decoding was observed between
the two within-modal tasks (TT and VV), as well as between the two cross-modal
tasks (TV and VT) (f). Furthermore, significant cross-decoding was observed
between task TV and each within-modal task (TV and TT; TV and VV) (g), and
between task VT and each within-modal task (VT and TT; VT and VV) (h). Asterisks
above each box, *p < 0.05, *p < 0.01 (one-sample ¢ test, right-tailed, FDR-cor-
rected). Asterisks between two boxes, **p < 0.01 (paired ¢ test, two-tailed). A full list
of statistical values is provided in Supplementary Table 2. The lower, middle, and
upper lines of each box represent the 25%, 50%, and 75% quartiles, respectively. The
upper and lower whiskers extend to the highest and lowest data values within 1.5
times the interquartile range from the hinge. Each dot indicates the mean data
value for each participant (b-d: n=29; f-h: n=28).

based on the pattern similarity analysis (SPL: ¢ts)=-3.180,
p=0.004, Cohen’s d=0.591, 95% CI=[-0.194, -0.042]; IPS:
t2s)=-3.793, p=0.001, Cohen’s d=0.704, 95% Cl=[-0.176,
-0.053], FDR-corrected) (Fig. 4b), this tendency was not observed in
the comparison based on multi-class classification analysis (SPL:

te7=-0.794, p=0.434, Cohen’s d = 0.150, 95% CI=[-3.493, 1.544];
IPS: t;7=-1.468, p=0.154, Cohen’s d=0.277, 95% Cl=[-4.253,
0.706]) (Fig. 4f). Moreover, across all other task comparisons, the
level of cross-decoding was comparable (all |t,7)| <1.182, p>0.247,
Cohen’s d < 0.223, FDR-corrected) (Fig. 4c, d, g, h).
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Fig. 5 | Cross-modal representations in the prefrontal and inferior parietal
cortex. a Discrimination indices for braille identity between different tasks in
dIPFC, and ANG. Significantly positive discrimination indices were found between
the two cross-modal tasks (TV and VT), but not between the two within-modal tasks
(TT and VV) in these areas. b Classification performance between different tasks in
dIPFC, and ANG. The dotted lines indicate the chance level. Significant cross-
decoding was observed between the two cross-modal tasks (TV and VT) but not
between the two within-modal tasks (TT and VV) in these areas. Asterisks above
each box, **p < 0.01 (one-sample ¢ test, right-tailed, FDR-corrected). Asterisks
between two boxes, **p < 0.01 (paired ¢ test, two-tailed). A full list of statistical
values is provided in Supplementary Table 3. The lower, middle, and upper lines of
each box represent the 25%, 50%, and 75% quartiles, respectively. The upper and
lower whiskers extend to the highest and lowest data values within 1.5 times the
interquartile range from the hinge. Each dot indicates the mean data value for each
participant (a: n=29; b: n=28).

Additionally, unlike the supramodal representations observed in
the SPL and IPS, we found no significant cross-discrimination of indi-
vidual braille stimuli between the TT and VV tasks within the sensory
cortical areas (SI: tpg)=—0.489, p=0.686, Cohen’s d=0.091, 95%
Cl=[-0.035, Inf]; cEVC: t28)=-0.766, p = 0.755, Cohen’s d = 0.142, 95%
CI=[-0.051, Inf], right-tailed, FDR-corrected) (Supplementary Fig. 4),
indicating modality-specific rather than supramodal representations in
these areas.

Collectively, these findings suggest the presence of shared
representations for braille pattern information in the superior parietal
cortex, irrespective of the sensory modality through which it is pro-
cessed, indicating the supramodal nature of high-level working mem-
ory representation.

Additionally, considering the significant braille discrimination
detected across all four tasks in the left precentral cortex according to
our searchlight analysis (Fig. 2d), we also defined the left premotor
cortex (left Brodmann area 6, BA6) and performed ROI analysis to
assess the discrimination of individual braille objects in this area.
Contrary to the results observed in the superior parietal regions, we
observed a different tendency. Although discrimination of braille
identity was found across all working memory tasks (TT: 5 =3.474,
p=0.001, Cohen’s d=0.645, 95% CI=[0.016, Inf]; VV: tus,=2.085,
p=0.023, Cohen’s d=0.387, 95% Cl=[0.005, Inf]; TV: tog=7.097,
p<0.001, Cohen’s d=1.318, 95% CI=[0.053, Inf]; VT: tzs)=4.885,

p<0.001, Cohen’s d=0.907, 95% Cl=[0.024, Inf], right-tailed, FDR-
corrected) (Supplementary Fig. 5a), no correspondence was found
between the tactile and visual working memory tasks (TT and VV)
(t(28)=0.570, p=0.287, Cohen’s d = 0.106, 95% Cl =[-0.017, Inf], right-
tailed, FDR-corrected) (Supplementary Fig. 5b). These results indicate
that although working memory maintenance was observed across all
tasks, it does not necessarily imply a shared representation between
the tasks.

Cross-modal representation of working memory

The prefrontal and inferior parietal cortical areas were engaged in the
maintenance of braille pattern information during the cross-modal
tasks, contrasting with their non-involvement in within-modal tasks
(Figs. 2 and 3). These results suggest the presence of cross-modal
working memory-specific representations in these areas, indicating a
distinct form of high-level representation separate from supramodal
representation.

If these cross-modal specific representations reflect the integra-
tion or association of tactile and visual stimulus information, the
representations for each braille item may be common between the TV
and VT tasks, irrespective of the direction of modality transition.
Conversely, shared representations are unlikely to emerge between
within-modal (TT and VV) tasks, where the association of tactile and
visual modality features is unnecessary. To investigate these possibi-
lities, we directly compared the neural representations of individual
braille stimuli between the tasks. Consistent with the idea of tactile-
visual association, we found significant cross-decoding between the TV
and VT tasks in dIPFC and ANG, based on both the pattern similarity
analysis (dIPFC: t;s)=4.029, p<0.001, Cohen’s d=0.748, 95% Cl=
[0.039, Inf]; ANG: ¢(;5)=4.825, p<0.001, Cohen’s d=0.896, 95% Cl =
[0.070, Inf], right-tailed, FDR-corrected) (Fig. 5a) and classification
analysis (dIPFC: t;7)=2.677, p=0.006, Cohen’s d=0.506, 95% Cl=
[20.899, Inf]; ANG: t,7=3.817, p<0.001, Cohen’s d=0.721, 95% Cl =
[21.949, Inf], right-tailed, FDR-corrected) (Fig. 5b). However, there was
no correspondence between the TT and VV tasks in either pattern
similarity analysis (dIPFC: ¢ =-0.684, p=0.750, Cohen’s d=0.127,
95% Cl=[-0.036, Inf]; ANG: t5)=-1.161, p=0.872, Cohen’s d = 0.216,
95% Cl=[-0.047, Inf], right-tailed, FDR-corrected) (Fig. 5a) or classifi-
cation analysis (dIPFC: ¢,7,=0.492, p=0.313, Cohen’s d=0.093, 95%
CI=[18.805, Inf]; ANG: t7,=-0.965, p = 0.829, Cohen’s d = 0.182, 95%
Cl=[17.880, Inf], right-tailed, FDR-corrected) in these areas (Fig. 5b).
Furthermore, significant differences were found between cross-modal
and within-modal task comparisons in dIPFC (¢2s)=-3.433, p=0.002,
Cohen’s d=0.638, 95% Cl =[-0.124, -0.031]) and ANG (t;5)=—4.104,
p<0.001, Cohen’s d=0.762, 95% Cl =[-0.191, -0.064]) based on the
pattern similarity analysis, and in ANG (¢{»7=-3.501, p=0.002,
Cohen’s d=0.662, 95% Cl=[-6.798, -1.774]) based on the classifica-
tion analysis (Fig. 5). These results showed common representations
between the cross-modal tasks, regardless of the direction of modality
transition, but not between the within-modal tasks. Collectively, these
findings suggest the presence of cross-modal representations that
depend on the behavioral goal to associate features from two different
sensory modalities in the prefrontal and inferior parietal cortex.

To compare supramodal representations with cross-modal
representations retained in different regions of the parietal and the
prefrontal cortex, we examined the representational relationships
between these regions. We calculated the correlations between
representational dissimilarity matrices (RDMs) derived from two ROls,
based on comparisons of two within-modal tasks and two cross-modal
tasks (Fig. 6a). Consistent with the characteristics of supramodal
representation, the degree of representational similarity between SPL
and IPS was significantly greater than that observed between other ROI
pairs for both within-modal (all ¢xs)>5.223, p<0.001, Cohen’s d
>0.970, FDR-corrected) and cross-modal (all ¢,g)>3.133, p<0.004,
Cohen’s d > 0.582, FDR-corrected) task comparisons (Fig. 6b, c). These
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a Representational similarity between two ROIs was measured as the correlation
between their respective representational dissimilarity matrices (RDMs), based on
comparisons of two within-modal tasks and two cross-modal tasks.

b Representational similarities between each pair of ROIs (SPL, IPS, dIPFC, and
ANG) based on the RDMs derived from the within-modal tasks (TT and VV). The
level of representational similarity between SPL and IPS was higher than that of the
other ROI pairs (paired ¢ test, FDR-corrected). ¢ Representational similarities
between each pair of ROIs (SPL, IPS, dIPFC, and ANG) based on the RDMs derived
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from the cross-modal tasks (TV and VT). The level of representational similarity
between SPL and IPS was higher than that of the other ROI pairs (paired ¢ test, FDR-
corrected). A full list of statistical values is provided in Supplementary Table 4. The
colored dashed lines represent the mean level of representational similarity
between SPL and IPS. The lower, middle, and upper lines of each box represent the
25%, 50%, and 75% quartiles, respectively. The upper and lower whiskers extend to
the highest and lowest data values within 1.5 times the interquartile range from the
hinge. Each dot indicates the mean data value for each participant (n =29).

results indicate that higher-order regions exhibiting supramodal
representations share highly similar representational structures,
whereas the structures between supramodal and cross-modal repre-
sentations, as well as those between cross-modal representations, are
relatively less similar than those within supramodal representations.

Taken together, our results demonstrate the presence of two
distinct types of high-level representations of working memory in
different cortical regions. The first type, supramodal representation, is
consistently observed in the superior parietal cortex across all working
memory tasks, irrespective of the processed sensory modality. The
second type, cross-modal representation, is specifically engaged dur-
ing cross-modal working memory tasks, reflecting associative prop-
erty, and is predominantly found in the prefrontal and inferior parietal
cortical regions. These findings suggest a framework for working
memory maintenance that incorporates distinct supramodal and
cross-modal high-level representations, together with sensory repre-
sentations, to efficiently guide ongoing behaviors.

Discussion

Our research reveals supramodal and cross-modal forms of working
memory representations within higher-order cortical regions, which
may operate with sensory representations to guide our behaviors. By
employing tactile, visual, and cross-modal delayed-match-to-sample
tasks involving braille stimuli, we identified the superior parietal cortex
as a common neural substrate for retaining braille stimulus informa-
tion across all tasks, regardless of the sensory modalities involved.

Notably, neural representations for tactile and visual braille stimuli
were shared in the superior parietal cortex, indicating the supramodal
nature of working memory representation. While the presence of
sensory representations was dependent on the processed modalities,
these supramodal representations were consistently observed
regardless of the modalities involved. Unlike the supramodal main-
tenance observed in the superior parietal cortex, a distinct type of
high-level working memory representation was found in the prefrontal
cortex and inferior parietal cortex. The neural response patterns of
these regions could be used to decode braille identity only during
cross-modal working memory tasks, not during within-modal tasks,
suggesting that working memory maintenance in these areas depends
on the association of features from two different sensory modalities.
Furthermore, shared representations between cross-modal tasks were
found regardless of the direction of modality transition, reflecting an
associative property across different sensory modalities. Collectively,
our findings suggest the existence of two distinct types of high-level
representation—supramodal and cross-modal representations—in dif-
ferent higher-order cortical areas during working memory, alongside
sensory representations. These findings provide a conceptual frame-
work for comprehending working memory maintenance, which may
guide our ongoing behaviors in diverse sensory environments.

While previous studies mostly focused on working memory
maintenance involving visual stimuli, the investigation of working
memory encompassing other sensory modalities has received much
less attention. By employing a newly developed tactile stimulus
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delivery system during fMRI scanning®, we showed the nature of
working memory representations for tactile stimuli compared to those
for visual stimuli. This comparative analysis across sensory modalities
facilitated the elucidation of two crucial aspects of working memory
representation in the brain. First, by examining whether common
representations exist irrespective of input sensory modality, we could
determine the presence of high-level supramodal representation in
working memory. Second, by exploring whether representations spe-
cific to cases where information from two sensory modalities should
be connected exist, we could address the potential for cross-modal
specific representation in working memory.

We identified common neural substrates for maintaining braille
identity information in the superior parietal cortex, regardless of the
sensory modality of the sample or probe stimuli (Figs. 2 and 3b and
Supplementary Fig. 2). Moreover, based on the neural response pat-
terns of the superior parietal cortex, cross-decoding across any pair of
working memory tasks was possible (Fig. 4). These findings indicate
the presence of a high-level supramodal representation of working
memory in this region. This supramodal representation likely lacks
detailed sensory information and may convey common abstract
information">*, These findings align with the early notion proposing
that the preserved working memory is amodal, originating from
modality-specific sensory registers”®, and are consistent with recent
views on abstract representation in higher-order cortical areas.
However, while the prefrontal cortex has traditionally been considered
as a primary higher-order region in working memory'*"?", our results
indicate the superior parietal cortex as a neural substrate for supra-
modal representation. The presence of this supramodal representa-
tion of working memory may address issues related to sensory system
occupation, as outlined in the introduction. Consistent with previous
research”’ 22373 we also observed the involvement of sensory
cortical areas in working memory maintenance, depending on pro-
cessed sensory modalities (Fig. 3e and Supplementary Fig. 2a). The
coexistence of supramodal representation and sensory detail main-
tenance may enable us to support our behaviors by seamlessly com-
paring forthcoming information with that retained in working
memory.

We have also shown the existence of a distinct type of high-level
representation specific to cross-modal working memory tasks. Speci-
fically, the decoding of braille identity from the response patterns of
the prefrontal cortex and inferior parietal cortex was possible only
when tactile information and its corresponding visual counterpart
needed to be connected, which was not observed during within-modal
(TT or VV) working memory tasks (Figs. 2 and 3¢ and Supplementary
Fig. 2). Moreover, individual braille-level cross-decoding between TV
and VT tasks was possible from the response patterns in the prefrontal
cortex and inferior parietal cortex (Fig. 5), indicating a shared repre-
sentation for each braille between those tasks regardless of the
direction of modality transition. Collectively, these results suggest the
existence of tactile-visual cross-modal representations in the pre-
frontal cortex and inferior parietal cortex, which depend on the task
demands or behavioral goals to determine whether the visually pre-
sented braille identity during the probe phase matches the tactually
presented identity during the sample phase, or vice versa. These
findings align with a previous study that suggests the flexible invol-
vement of the prefrontal cortex in working memory maintenance,
depending on behavioral goals®. This cross-modal representation of
working memory may contribute to maintaining tactile-visual asso-
ciative information for the same braille identity, facilitating the accu-
rate and rapid utilization of complex real-world information to guide
moment-to-moment behaviors. To effectively guide behavior during
cross-modal tasks in collaboration with motor areas, the prefrontal
and inferior parietal cortex may maintain tactile-visual associative
information. Further studies are needed to illuminate these proposed
mechanisms.

While the present study suggests that prefrontal representations
are cross-modal specific, some previous studies support the supra-
modal nature of frontal representations. In particular, an fMRI study
showed that frontal regions such as the inferior frontal gyrus (IFG) and
pre-supplementary motor area (pre-SMA) are commonly involved in
maintaining tactile (vibration) and visual (flicker) stimulation fre-
quencies during working memory*°. Moreover, single-cell recordings
in nonhuman primates revealed common parametric coding of tactile
and auditory stimuli in pre-SMA*. What might explain these dis-
crepancies? One possibility is that different subregions of the frontal
lobe have distinct roles in working memory maintenance. Notably, the
frontal regions identified in these prior studies appear distinct from
the dIPFC, which is primarily associated with working memory and was
found to hold cross-modal representations in our study. Furthermore,
in our searchlight analysis for significant discrimination of braille sti-
muli (Fig. 2 and Supplementary Fig. 2), small clusters were also
observed in the frontal lobe, possibly within the IFG or pre-SMA. Thus,
these suggest the possibility that the inferior and/or posterior part of
the frontal cortex may support supramodal representations of work-
ing memory, although these neural substrates are much smaller than
the primary dIPFC. Further research is needed to clarify whether dif-
ferent frontal subregions have distinct roles in working memory
maintenance.

The parietal cortex has been considered as a multisensory
region*”*, To investigate the mechanisms of multisensory integration,
prior studies have primarily used tasks that require the integration of
multiple sensory modalities, including tactile and visual information.
Lesion studies have shown that damage to the parietal cortex impairs
visual-tactile integration***¢, while neuroimaging and electro-
physiological studies have demonstrated increased neural activation
in this region during multisensory integration*>*>**%, These findings
align with our results, which indicate that the parietal cortex is
involved in cross-modal tasks (Figs. 4 and 5). Notably, however, our
findings further suggest that the superior and inferior parietal cortices
support different types of working memory representations, indicat-
ing that these regions process distinct types of information. While the
inferior parietal cortex specifically retained working memory during
cross-modal tasks (Fig. 3c), the superior parietal cortex maintained
working memory representations across both within-modal (tactile or
visual) and cross-modal tasks (Fig. 3b). Furthermore, in the superior
parietal cortex, working memory representations of the same braille
identity information were shared across all tasks, regardless of the
sensory modality involved (Fig. 4). A recent study showed that the SPL
is commonly involved in both tactile-motor planning and visuo-motor
planning, aligning with our findings in that it processes both tactile and
visual stimulus information even in the absence of sensory input*.

The two types of high-level working memory representations
suggested in this study may contribute to tactile-visual integration
from the following two processes. First, both tactual and visual signals
may commonly activate supramodal representations in the superior
parietal cortex. Our results showed a more prominent presence of
these supramodal representations during cross-modal tasks than
within-modal tasks (Fig. 4b), suggesting that they are more actively
engaged in cross-modal tasks. These common representations in the
superior parietal cortex may serve as a bridge between different sen-
sory modalities. However, because this high-level common repre-
sentation likely reflects abstract rather than detailed sensory features,
it may also be necessary to connect with detailed sensory repre-
sentations to ensure accurate behavioral responses during the probe
phase of the tasks. Cross-modal representations in the inferior parietal
and prefrontal cortex may provide an alternative mechanism for
linking the two sensory modalities, potentially compensating for lim-
itations in supramodal representations. Tactile-visual integration dur-
ing cross-modal tasks may thus be supported by a dual mechanism
based on both of these types of high-level representations. These
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suggestive contributions of supramodal and cross-modal representa-
tions to working memory will need to be further investigated in
future work.

One might argue that the supramodal representation we observed
might not truly be supramodal but rather reflects the influence of
visual imagery even during the tactile working memory task®. How-
ever, previous studies have indicated that visual imagery primarily
engages visual cortical representations® *, yet there was minimal
involvement of visual areas during the TT task (Figs. 2b and 3e and
Supplementary Fig. 2a). Of course, in cross-modal tasks, working
memory maintenance is observed in both visual and tactile areas
(Figs. 2c and 3e), and cross-task decoding in these areas (Supplemen-
tary Fig. 4) supports the possibility of feedback from higher-order
cortical regions. Hence, while we cannot entirely dismiss the possibility
of visual imagery contamination during the tactile working memory
task, its influence on the shared representations appears to be negli-
gible. Additionally, the perception of the sample stimulus could
influence neural representations during the delay period. Although it is
difficult to completely rule out this possibility, given that no significant
discrimination of probe stimuli was found in the parietal and pre-
frontal cortical regions during the subsequent time period of the TT
and VV tasks (Supplementary Fig. 3), the impact of sample perception
during the following delay period is likely minimal. Furthermore, there
is the possibility that varying task difficulty could lead to differential
representations between the supramodal and cross-modal repre-
sentations. However, a comparison of participants’ performance
(accuracy levels) across tasks revealed comparable performance
(Supplementary Fig. 1b), with the exception of the VV task. Thus, this
result supports the notion that the difference between supramodal
and cross-modal representations was not primarily driven by differ-
ence in difficulty.

While we suggest the existence of a supramodal representation
that is common across all working memory tasks, the spatial resolution
limitations of fMRI make it unclear whether the same set of cells in the
superior parietal cortex encode working memory information. Addi-
tionally, the temporal resolution constraints of fMRI pose challenges in
understanding the neural mechanisms underlying the rapid informa-
tion transfer between the sensory cortex and higher-order cortical
regions. Single-cell recordings in nonhuman primates or humans in the
future may clarify the detailed mechanisms, including the involvement
of cell populations depending on the processed modality within each
brain region (e.g., modality-dependent cells in the sensory cortex of
each modality; bimodal cells® in higher-order cortex) and the causal
relationships between these regions.

In our results, significant maintenance of working memory across
the tasks (Figs. 2 and 3b and Supplementary Fig. 2) and shared repre-
sentations regardless of processed sensory modality (Fig. 4) were
found in the superior parietal cortex. However, only significant main-
tenance of working memory across the tasks, but not shared repre-
sentations between the TT and VV tasks, was observed in the premotor
cortex (Fig. 2d and Supplementary Fig. 5). This result indicates that the
common involvement of certain neural substrates in working memory
maintenance does not guarantee shared representation. The premotor
cortex has been suggested to be involved in visually guided motor
planning, such as shaping hand posture to reach and grasp objects™™,
and more recently, in tactually guided motor planning*’. Taking our
results together, the premotor cortex may support processes of
sensory-motor interaction, such as visually (or tactually) guided hand
motion during the probe phase of our tasks.

In conclusion, our findings suggest the existence of two distinct
high-level representations of working memory: supramodal repre-
sentation and cross-modal representation. The orchestration of these
representations may efficiently guide the achievement of behavioral
goals. The supramodal representations in the superior parietal cortex,
reflecting abstract information, and the cross-modal representations,

which bridge specific sensory features, may be synergistically utilized
with the sensory representations of working memory.

Methods

Participants

Thirty-one healthy participants (mean age 23.61+ 0.73 years, range
18-34; 18 females) with no known cognitive deficits or neurological
diseases took part in the experiment. All participants were right-
handed and had normal or corrected-to-normal vision. Two partici-
pants were excluded from the data analysis due to low performance
(accuracy below 0.7 out of 1 in any of the working memory tasks),
resulting in 29 participants (mean age 23.24 + 0.68 years, range 18-34;
17 females) being included in the reported results. All participants
provided written informed consent for the procedure. The experi-
mental procedure was approved by the Institutional Review Boards of
Seoul National University and Korea Advanced Institute of Science and
Technology.

Stimuli

We used five different braille patterns as tactile and visual stimuli
(Fig. 1b). Each braille pattern had a unique shape, with no pattern
matching through rotation, parallel translation, or symmetric trans-
position. Every braille pattern consisted of four dots arranged in a
6-dot (3-by-2) cell. The tactile braille patterns were engraved on the top
of polyoxymethylene blocks. The size of each tactile block was
18 x18 x12mm, and the diameter and height of each dot were
2 x1 mm, with a minimum spacing of 0.6 mm between dots. The tactile
stimuli were presented automatically via a newly developed pneumatic
tactile stimuli delivery system (pTDS)*. For the visual stimuli, we used
images of the same braille pattern set, presented at a size of 7x7
degrees visual angle.

Experimental procedure

In the experiment, participants performed four working memory tasks
in separate runs, inside the fMRI scanner with the tactile stimuli
delivery system for about 2 h. The four tasks were two within-modal
tasks (tactile-to-tactile task, TT, and visual-to-visual task, VV) and two
cross-modal working memory tasks (tactile-to-visual task, TV, and
visual-to-tactile task, VT), designed based on the delayed-match-to-
sample task paradigm (Fig. 1a).

Prior to the working memory tasks, the participants were famil-
iarized with the pTDS and tactile braille stimuli, to reduce the gap
between recognition difficulties of tactile and visual stimuli and to
obtain stable patterns. During this familiarization, participants were
asked to touch and recognize each braille stimulus with their right
index finger. In each trial, a yellow fixation cross indicated the onset of
the trial. When the fixation cross turned red (“Finger-in” cue) 1.5 s after
the trial onset, the participants were asked to insert their right index
finger in the entrance hole to touch a braille stimulus. The finger
movement was detected by a light sensor. When the fixation cross
changed to blue (“Finger-out” cue), 1.5 s after the detection of touching
the braille stimulus, they were instructed to withdraw their finger from
the hole. The maximum allowed duration between the “Finger-in” cue
and finger detection by the sensor, or between the “Finger-out” cue
and finger withdrawal detection by the sensor, was 1.5s. If finger
insertion was not detected within the duration, the next trial of the task
restarted. If finger withdrawal was not detected within the maximum
duration, the “Finger-out” cue, a blue fixation cross, was switched to a
blue square as a warning for the participant to remove their finger. This
familiarization task consisted of 2 runs of 20 trials, and two additional
trials (one per each run) of delayed-match-to-sample task, which were
the same as that of the tactile-to-tactile (TT) working memory task
explained in detail below (Supplementary Fig. 1a). The order of the
stimuli was randomized, and the number of exposures to each sti-
mulus was counterbalanced across runs.
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Participants then performed within-modal working memory tasks
(Fig. 1a, Supplementary Fig. 1a). Each trial began with a change in the
fixation cross color from white to yellow. In the tactile-to-tactile (TT)
task, 1.5 s after trial onset, participants touched the braille sample as
guided by the “Finger-in” cue. After 1.5s, they withdrew their finger
following the “Finger-out” cues, as in the familiarization task. This was
followed by a 7-s delay period, during which participants maintained
the braille sample information while the fixation cross turned green.
During the subsequent probe phase, participants touched the braille
probe, again guided by the “Finger-in” and “Finger-out” cues. The
maximum allowed duration between the “Finger-in” cue and finger
detection by the sensor was 1.5 s for the sample phase and 3.5 s for the
probe phase. The maximum duration between the “Finger-out” cue
and finger withdrawal detection was 1.5s. During the subsequent
response phase, participants were presented with a question mark and
were asked to indicate whether the probe matched the sample within
3s, by pressing the “yes (matched)” or “no (non-matched)” buttons
with their left hand. In the visual-to-visual (VV) task, participants
maintained each visually presented braille sample during a 7-s delay
and then determined whether the visual braille probe matched the
sample. To account for the tactile stimulus onset delay in the TT task,
the onset of the braille sample in each VV task trial was delayed by 0.5 s.
The braille sample was presented for 1.5s, followed by a 7-s delay
period, a 1.5-s probe phase, and the response phase. The response
phase was the same as that of the TT task. Each task consisted of 4 runs
of 10 trials, and the TT and VV tasks were presented alternately with the
first run task type counterbalanced across participants. Half of the
trials were “non-match” trials in which the sample and probe are dif-
ferent braille shapes, and the other half were “match” trials where the
sample and probe are the same shape. Probe stimuli in the non-match
trials were one of the other four braille shapes, and each braille pattern
was presented as a nonmatching probe once in each run. The inter-trial
interval (ITI) varied across trials, ranging from 6.5s to 10.5s, with an
average of 8.5s.

Before moving on to the cross-modal tasks, participants were
simultaneously presented with each braille pattern both tactually and
visually, with each pattern shown twice in a randomized order, without
fMRI scanning. This procedure was implemented to facilitate smooth
performance in the cross-modal tasks.

Participants then performed cross-modal working memory tasks.
The task scheme was the same as in the within-modal tasks, but the
sample and the probe were presented in different modalities (Fig. 1a
and Supplementary Fig. 1a). In the tactile-to-visual (TV) task, the tactile
sample was compared with the visual probe, and in the visual-to-tactile
(VT) task, the visual sample was compared with the tactile probe.

Since the reaction time for finger withdrawal during the sample
phase can affect the recognition duration of the sample stimuli (Sup-
plementary Fig. 1a), we examined the reaction time of finger withdrawal
in response to the “Finger-out” cue. The average reaction time for
sample braille recognition during the TT and TV tasks was below 0.6 s
(TT: mean 0.570s, SEM=0.043s; TV: mean 0.521s, SEM=0.0355s),
with no significant difference between the two tasks (f.s)=1.609,
p=0.119, paired ¢ test) (Supplementary Fig. 1c).

fMRI acquisition

Participants were scanned on a 3 T Siemens MAGNETOM Trio located
at Seoul National University. Echo-planar imaging (EPI) data were
acquired using a 32-channel head coil, with an in-plane resolution of
2.8mmx2.8mm and 40 slices, each with a thickness of 2.5mm
(0.25 mm inter-slice gap, repetition time (TR) =2000 ms, echo time
(TE)=25ms, flip angle = 90°, matrix size 76 x76, field of view
(FOV) =210 mm). Whole brain volumes were scanned, and slices were
oriented approximately parallel to the base of the temporal lobe.
Anatomical images were scanned with the standard magnetization-
prepared rapid-acquisition gradient echo (MPRAGE) sequence

(192 sagittal slices with voxel size 1x1x1 mm? TR=2300ms, TE=
2.36 ms, flip angle = 8°, matrix size 256 x 256, FOV =256 mm) after the
experimental runs of the fMRI session.

Regions of interest

For the ROI-based analyses, superior parietal lobule (SPL), intraparietal
sulcus (IPS), and angular gyrus (ANG) were automatically defined by
parcellation of FreeSurfer**°, “G_pariet_sup,” “S_intrapariet_and_P -
trans,” and “G_pariet_inf-Angular,” respectively. For the dorsolateral
prefrontal cortex (dIPFC), the “rostralmiddlefrontal (rostral middle
frontal gyrus)” was used, and Brodmann areas 6 (BA6) was derived
from “BA6_exvivo.thresh.label” file. The primary somatosensory cortex
(S1) was defined by combining the subdivisions (BA3a, BA3b, BA1, BA2)
derived from “BA3a_exvivo.thresh.label”, “BA3b_exvivo.thresh.label,”
“BAl_exvivo.thresh.label,” and “BA2_exvivo.thresh.label” files. The
central early visual cortex (CEVC) was defined as the overlapping area
between anatomically defined early visual areas and functionally
defined early visual areas. The anatomically defined early visual areas
were based on vcAtlas labels”, “hOcl.mpm.vpnllabel” for V1,
“hOc2.mpm.vpnl.label” for V2, “hOc3v.mpm.vpnl.label” for V3v, and
“hOc4v.mpm.vpnl.label” for V4v, and the areas derived from these
labels was combined. The functionally defined early visual areas were
derived from a functional localizer scan of an independent participant
set (n=38). The central part of these functionally defined early visual
areas was determined by contrasting alternating blocks of a central
disk (5°) and an annulus (6-15°), and the area showing a significant
response in more than one-third of the participants was used. All ROIs
were defined in the left hemisphere except for the cEVC.

fMRI data analysis

fMRI data analysis was conducted using AFNI (http://afni.nimh.nih.
gov/), SUMA (AFNI surface mapper), FreeSurfer, and custom MATLAB
scripts (details of the functions used for data analysis are fully
described below). Data preprocessing included slice-time correction
and motion correction. Specifically, slice-time correction was applied
to temporally align slices within each volume to the start of the TR
using AFNI's 3dTshift with heptic (seventh order) Lagrange polynomial
interpolation. Rigid-body motion correction was then performed using
the first volume of the first run as a reference, implemented with AFNI’s
3dvolreg. The six motion parameters obtained during motion correc-
tion were included as nuisance regressors in the subsequent GLM
analysis.

To derive the event-related response magnitudes of the BOLD
signal during the working memory delay, we generated a standard
general linear model with a 4-s boxcar using AFNI software package
(BLOCK function of 3dDeconvolve). The S-value of each voxel was
derived for 4 s within the delay period—from 2 s after the working
memory delay onset to 6s after the delay onset—to minimize the
effect of stimuli perception phases being mixed into the activation
patterns during the delay period and was normalized by the average
magnitude of the response for each run (percent signal change). In
addition, the neural responses at stimulus onsets (sample and
probe) and each time point during the delay period (spaced by 2s,
or 1 TR) were derived in the same way but with GAM function of
3dDeconvolve in AFNI software. Specifically, at each time point, the
data were derived from the peak amplitudes of BOLD responses
elicited by the input event, modeled with GAM, which represents
the hemodynamic response function (HRF) as a gamma wave.
Consequently, the delayed peak of BOLD responses was already
accounted for in the data at each time point. For the whole brain
map of the activation level, the average value of percent signal
change across the voxels within each searchlight sphere (radius
9.8 mm, corresponding to ~123 voxels) was assigned to each cen-
tered voxel to smooth the data to derive group averaged
surface map.
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The discrimination index was derived from the multi-voxel pat-
terns in each searchlight sphere or in each ROL. For this, four runs of
each task for each participant were divided into two halves (two runs in
each half) in all possible three ways, and the t-values between each
event and baseline in each half of the data for each split were esti-
mated. To derive neural activation patterns when participants main-
tain the distinct representation of each braille, only the trials where
each participant correctly identified the matching or nonmatching
sample and probe were included. Additionally, we conducted analyses
including all trials, without excluding incorrect trials, and observed the
same overall pattern in our main findings reported in this paper. The ¢-
value patterns were extracted from the voxels within each searchlight
sphere or each ROI, normalized in each voxel by subtracting the mean
value across all stimulus conditions, and the Pearson correlation
coefficients between the f-value patterns were calculated® ‘. The
correlation values were Fisher’s z transformed and averaged across the
three splits for further analyses. A discrimination index for a braille
stimulus was calculated by subtracting the mean of between-braille
condition correlations from within-braille condition correla-
tions (Fig. 2a).

To identify overlap areas of working memory maintenance across
different tasks, average data of discrimination index across the parti-
cipants for each task were thresholded (p <0.01, right-tailed, FDR-
corrected). The areas of overlap between TT and VV tasks, excluding
TV and VT areas (TT N VV N TVEN VT (¢ denotes complement of a
set), the overlap areas of TV and VT tasks, excluding TT and VV areas
(TVN VT N TTC N VVO), and the overlap areas of all tasks were derived
(Fig. 2d). For excluding areas, p < 0.05 with FDR-correction was applied
for thresholding.

To directly compare the working memory representations of
braille identity between different tasks, discrimination indices were
derived based on within- and between-braille condition correlations
between TT and VV, TV and VT, TV and TT, TV and VV, VT and TT,
and VT and VV tasks (Fig. 4a). To further test whether the working
memory representations are generalized across tasks, cross-
decoding of braille identity was tested using multi-class classifica-
tion, SVM (support vector machine). For the classification analysis,
the t-value patterns derived for each trial were used. A multi-class
SVM classifier was trained on neural response patterns of one task
and tested on neural response patterns of another task, and vice
versa (Fig. 4e). The classification accuracies from both directions
were then averaged. The classifier training was conducted using
MATLAB'’s “fitcecoc” function with default parameters (linear ker-
nel), training 10 binary learners corresponding to all possible pairs
of the five braille pattern labels. Then, testing was conducted using
“predict” function of MATLAB. The number of trials for each braille
was balanced in the training sets by random sampling, and the
training and test were repeated 100 times. Then, the accuracies
were averaged across iterations. Data from one participant was
excluded from this analysis because there were insufficient correct
trials (less than two trials for particular braille stimuli).

Discrimination indices for each task and cross-task discrimination
indices were also derived for the probe braille identity to assess
potential carry-over effects of stimulus perception on neural respon-
ses at subsequent time points. For this, neural activation patterns were
derived for each time point, spaced 2s (1 TR) apart, from probe sti-
mulus onset (0 s) to 6 s post-onset, following the same procedure used
for extracting activation patterns during the working memory delay
period (using the GAM function of 3dDeconvolve in AFNI). Dis-
crimination indices were then calculated in the same manner as for
sample stimulus decoding but for the probe braille identity.

The representational structure in each region was compared with
that of another region using representational similarity analysis®**. To
do this, representational dissimilarity matrices (RDMs) were derived
for each ROl based on Fisher's z-transformed correlations of

multivoxel patterns for each pair of braille stimuli computed between
two different tasks (TT and VV; TV and VT). Subsequently, the Pearson
correlation between the off-diagonal elements of the RDMs from the
two ROIs was calculated as a measure of representational similarity
between the regions (Fig. 6a). The correlation coefficients were Fish-
er’s z-transformed before averaging across participants and conduct-
ing statistical analyses.

Statistical analyses

We used one-sample ¢ test to compare the response magnitudes of
BOLD signals (two-tailed), discrimination indices (right-tailed), and
classification accuracies (right-tailed) against baseline levels (zero for
response magnitudes and discrimination indices, chance level of 20%
for classification accuracies). To compare the discrimination indices or
behavioral scores among the four tasks, we conducted repeated
measures ANOVA with Greenhouse-Geisser correction using “fitrm”
and “ranova” functions of MATLAB, followed by post hoc ¢ test. Paired ¢
tests were used to compare two measures, such as Finger-out reaction
times or cross-task discrimination indices/classification accuracies. To
correct for multiple comparisons across the four tasks or different
measures, the significance of the response magnitudes of BOLD, the
discrimination indices, or classification accuracies was assessed using
FDR-adjusted p values (Benjamini-Hochberg procedure). For one-
sample ¢ tests comparing the response magnitudes of BOLD signals or
discrimination indices against baseline levels, p values corresponding
to each task were FDR corrected separately for each ROI or each node
in the searchlight analysis (Figs. 1-3 and Supplementary Figs. 2 and 5a).
For one-sample t tests comparing cross-task discrimination indices or
cross-task classification accuracies against baseline levels, the two p
values from the measures presented together in each graph were FDR
corrected (Figs. 4 and 5 and Supplementary Figs. 4 and 5b-d). The p
values for the paired ¢ tests of cross-regional representational simi-
larity were corrected across five comparisons (SPL-IPS versus other
pairs of ROIs). Statistical analyses were conducted using MATLAB and
AFNI. The full lists of statistics are provided in Supplementary
Tables 1-7.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The processed fMRI data are available under restricted access due to
limitations in the informed consent obtained from participants, and
the raw fMRI and MRI data are protected and are not available due to
data privacy laws. The sharing and reuse of the data are available upon
request from the corresponding author and require approval from the
Institutional Review Boards. Source data are provided with this paper.

Code availability

The custom MATLAB scripts used to analyze the functional MRI data in
this study are available on GitHub at https://github.com/memcolab/
Park2025NatCommu.
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