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The primary somatosensory cortex (Sl) is traditionally regarded as a sensory encoding region, yet
growing evidence implicates it may also work in the maintenance and manipulation of tactile working
memory (TWM), and interact with frontoparietal (FP) pathway under varying task demands. Here, we
use high-field fMRI and a custom pneumatic tactile stimulation device to examine neural dynamics
across distinct WM phases during a retro-cue task. We manipulate task demand during the delay
phase (complex/simple retro-cues) and the retrieval phase (recall/non-recall) while isolating encoding,
delay, and retrieval phases. Functional connectivity results reveal increased functional coupling
between Sl and FP regions as task demand increases. Moreover, effective connectivity results show
the high-demand task selectively modulates excitatory connections from the posterior parietal cortex
(PPC) to Sl during maintenance, and from PPC to dorsolateral prefrontal cortex (dIPFC) as well as from
dIPFC to Sl during manipulation. These results demonstrate that Sl engages in demand-dependent
excitatory interactions with FP regions, supporting its central role throughout the whole TWM process.

Working memory (WM) is a short-term memory system that supports
sensory encoding and temporary maintenance, enabling complex cognitive
tasks across various types of sensory information'. WM capacity is con-
strained by finite neural resources and cognitive control mechanisms.
Empirical studies™ report that as task demand escalates (through greater
information complexity or required manipulation), the WM system should
allocate its limited neural resources more efficiently, resulting in char-
acteristic capacity-precision trade-offs. Here, the frontoparietal (FP) net-
work plays a central regulatory role, dynamically optimizing resource
allocation through top-down control mechanisms, particularly by coordi-
nating sensory cortical representations under high cognitive demands**.
Extensive research has focused on visual and auditory WM; nevertheless,
research on how tactile working memory (TWM) processes and retains
somatosensory information remains comparatively limited.

Studies on TWM have identified a functional division across brain
regions: the primary somatosensory cortex (SI) majorly responsible for
encoding basic sensory information, and the FP network serves as a

central hub for cognitive control and resource allocation’. This division
mirrors findings in common WM research, where sensory areas encode
stimulus features while FP regions, including the dorsolateral prefrontal
cortex (dIPFC) and posterior parietal cortex (PPC), implement control
processes. Contrary to the classical paradigm that relegates the SI to
sensory  encoding, converging evidence from non-human
electrophysiology” and human neuroimaging now establishes its active
participation in TWM maintenance, exhibiting task-demand-dependent
activation profiles’"".

Crucially, perturbation studies show that the activation of SI is asso-
ciated with the FP network dynamics during TWM processes, suggesting its
underlying role in sensory storage'>"". Hypothetically, FP networks regulate
sensory representations in somatosensory areas through top-down control,
especially as task demands increase. Established evidence shows that distinct
cognitive demands recruit differential connectivity patterns during various
WM phases'*'°. However, extant human functional magnetic resonance
imaging (fMRI) investigations of TWM have significant limitations,
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Fig. 1 | Behavioral performance (RT and accuracy) between the ORDER and
REPEAT conditions in Session 1 and the ORDER and NONRES conditions in
Session 2 (n = 28). The box range extends from mean—1.5xstandard error (SE) to
mean+1.5xSE, whereas the whiskers represent 10-90th percentiles of data

ORDER

ORDER NONRES

distribution. Notably, the line on the right of the box shows the lognormal data
distribution. Statistically significant differences are marked by asterisks:
F* p <0.001.

primarily owing to dissociate phase-specific neural computations (encoding
vs. delay vs. retrieval)"”. This unresolved specificity obscures the mechanistic
understanding of how SI and FP systems dynamically reconfigure their
interactions in response to varying task demands.

To address this issue, a pneumatic-mechanical tactile stimulation
device that can deliver precise vibrotactile stimulation to individual fin-
gertips in a high-magnetic-field environment was developed. Our fMRI
paradigm incorporates three distinct cognitive phases: tactile information
encoding, delay, and retrieval. To investigate how task demand modulates
neural processing during delay and retrieval phases, we used a carefully
controlled retro-cue design'*"’. First, we ensured that the tactile sensory
input was identical during the encoding phase across all task conditions.
Next, we manipulated task demands in the delay phase by providing either
complex retro-cues (ORDER condition, high demand) or simple retro-cues
(REPEAT condition, low demand). Finally, during retrieval, we further
varied recall requirements by including both recall tasks (ORDER condi-
tion) and non-recall tasks (NONRES condition). This phase-specific
demand manipulation allows for precise characterization of how neural
networks dynamically adapt to varying demands at different stages of TWM
processing.

In this study, we used a combination of psychophysiological interac-
tion (PPI) analysis® and dynamic causal modeling (DCM) at the group
level’™* to characterize how somatosensory-frontoparietal connectivity
evolves during various TWM phases, especially during the delay and
retrieval phases. We selected the left SI as a seed region of interest (ROI)
owing to its direct input role in sensory. Two key nodes of the left FP
network were also included as ROIs: the PPC and dIPFC, which are critically
involved in higher-order cognitive control functions. Our neuroimaging
findings provide compelling evidence that task demand modulates SI

recruitment during delay and retrieval phases, while also enhancing its
dynamic interaction with FP networks.

Results

Behavior performance

In TWM tasks, the paired samples t-test was used to test for differences in
behavioral variables, including reaction time (RT) and accuracy (Fig. 1,
Table 1, Supplementary Data 1). For the RT statistic, only trials with correct
answers were included, while error trials were systematically excluded. The
mean and standard deviation (SD) for each variable were calculated for the
28 participants in each condition, including 15 trials. Factors such as sexand
years of education were not significantly associated with any of the beha-
vioral variables. In Session 1, the ORDER condition compared with the
REPEAT condition showed longer RTs (Mean + SD; ORDER: 2.60 + 0.22 s,
REPEAT: 2.11£0.19s) and lower accuracy (Mean+SD; ORDER:
0.84 +0.08, REPEAT: 0.94 +0.07). Similarly, in Session 2, the ORDER
condition was associated with longer RTs (Mean+SD; ORDER:
2.59+0.27 s, NONRES: 1.28 +0.44s) and lower accuracy (Mean + SD;
ORDER: 0.85 + 0.08, NONRES: 0.98 + 0.05) than the NONRES condition.
These results show that the high-demand condition (ORDER) led to poorer
behavioral performance than the low-demand condition (REPEAT/
NONRES), highlighting a clear gradient of demand in our experiment.

Whole-brain activation

Statistical analyses were conducted using a standard GLM approach with
SPM12. Incorrect trials were excluded, and regressors for encoding, delay,
and retrieval phases across ORDER, REPEAT, and NONRES conditions
were modeled at the first level. At the second level, conjunctions identified
regions of general tactile processing, the contrast ORDER > REPEAT was
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Table 1 | Cognitive ability scores and behavioral performance
data of participants (N = 28)

Task Description Scores (SD)
Sex(female/male) 15/13
Age 24.9(1.8)
Age range 23-29
Education Year 18.32(1.07)
MMSE 29.93(0.26)
MOCA-B 29.61(0.77)
SCD-Q24 283.03(1.57)
AVLT 98(3.80)
TMT (s) 57.27(9.32)
SDMT 49.21(4.49)
ORDER ACC 0.86(0.08)
RT(s) 2.57(0.25)
REPEAT ACC 0.94(0.07)
RT(s) 2.11(0.23)
NONRES ACC 0.98(0.05)
RT(s) 1.28(0.40)

used to examine differential activations associated with increased task
demands, whereas the contrast ORDER > NONRES specifically targeted
brain regions involved in recall-related processes. We assessed group-level
effects via a within-subjects ANOVA and reported results at a voxel-wise
FWE-corrected threshold of p < 0.05.

The significant activations (Table 2) in the ORDER N REPEAT N
NONRES contrast during the encoding period, the ORDER > REPEAT and
ORDER N REPEAT contrasts of Session 1 during the delay period, and the
ORDER > NONRES and ORDER N NONRES contrasts of Session 2 during
the retrieval period were all analyzed. For all ROIs, we report the MNI
coordinates of the peak voxel and its associated T-statistic. A significant co-
activation of regions associated with tactile sensation in the left hemisphere
was observed during the encoding phase. This included the SI, the post-
central gyrus, the superior frontal gyrus, the supplementary motor area, the
parietal gyrus, and the basal ganglia. However, during the delay period
(Fig. 2B), all the regions of interest (ROIs: SI, PPC, and dIPFC) showed
greater differential activation in the ORDER condition than in the REPEAT
condition, as well as those that were co-activated in the ORDER and
REPEAT conditions. During the retrieval period (Fig. 2C), ROIs were
evoked in the ORDER and NONRES conditions. The ROIs showed
enhanced activation in the ORDER condition compared to the NONRES
condition. These results show that ORDER consistently elicited stronger
activation in the left ST and FP regions compared with the low-demand tasks
(REPEAT or NONRES). This suggests that the ROIs are highly recruited for
encoding, maintaining, and manipulating tactile sensory information with
increasing task demand. To visualize the condition-specific changes in beta
values, we plotted the event-related average (ERA) curves for the left SI from
a single trial (Fig. 3). This ERA curve represents the temporal dynamics of
the ST’s beta values and aligns with the whole-brain findings.

Functional connectivity

We selected the left SI (x = —44, y = —32, z = 46) as the seed region because
it showed robust peak activation in the critical contrasts (ORDER >
REPEAT during the delay period and ORDER >NONRES during the
retrieval period), indicating its central role in both increased task demands
and recall-related processes. Functional connectivity was observed with the
frontoparietal regions, modulated by contrasts (Table 3). During the delay
period (Fig. 4A), the functional connectivity between the SI seed and PPC
(x=—26, y=—50, z=38), and that between the SI seed and dIPFC
(x=—-20, y=48, z=36), was significantly enhanced in the ORDER >

Table 2 | Group significant co-activation and differential
activation in the whole brain during TWM, with a voxel-level
threshold of FWE p <0.05

Peak MNI
Coordinates

Brain regions T scores (peak-level)

X y z
Encoding period (ORDER N REPEAT N NONRES)

L Precentral gyrus 11.38 —46 —22 60
L SMA 9.19 -8 12 54
L Superior temporal gyrus 9.43 -50 —36 22
L prefrontal gyrus 8.23 —52 6 36
L Superior parietal gyrus 6.98 —28 —10 52
R Motor Cortex 10.13 38 —-22 58
Delay period — Session 1 (ORDER > REPEAT)

L Postcentral gyrus 8.23 -50 -8 54
L Posterior parietal cortex 7.21 —28 -50 48
L PFC 6.32 -20 48 36
LSl 5.12 —44 -32 46
R Posterior parietal cortex 5.69 36 —48 50
R Precentral gyrus 4.95 50 -2 44
R PFC 3.98 44 32 26
(ORDER N REPEAT)

L PPC 9.23 -30 —56 46
L PFC 6.58 -20 42 38
LsSI 5.31 —46 -32 42
L Inferior frontal gyrus 4.56 —46 14 30
R Superior parietal gyrus 8.29 36 —54 56
Retrieval period — Session 2 (ORDER > NONRES)

L Postcentral gyrus 6.12 -50 -8 54
L PPC 10.12 —26 -52 44
LsSI 5.56 —40 -32 40
L PFC 4.14 -20 46 30
R Middle frontal gyrus 8.60 30 16 56
R Inferior parietal gyrus 6.24 36 —52 48
(ORDER N NONRES)

L PPC 10.75 —34 —58 44
L PFC 9.98 -20 50 38
LSl 7.62 —42 -32 42
R PPC 8.25 50 —-40 38
R Superior parietal lobule 6.48 10 —64 40

REPEAT contrast of Session 1. Figure 4B shows the significantly activated
connection between the SI seed and PPC and that between the S1 seed and
dIPFC in the ORDER > NONRES contrast of Session 2 during the retrieval
period. These results show the positive activation of a functional
network between the SI, dIPFC, and PPC during the delay and retrieval
periods, reflecting the enhanced connections modulated by the increasing
demand.

Effective connectivity

PEB analysis was used to evaluate the DCMs for the ORDER and REPEAT
conditions during the delay period, as well as those for the ORDER and
NONRES conditions during the retrieval period in Session 2. We calculated
the connectivity parameters (Ep) and posterior model probabilities (Pp)
values of the intrinsic and extrinsic connections (matrix A) and the mod-
ulatory connections (matrix B).
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Fig. 2 | The whole-brain activation. A During the encoding period, the co-activated
regions (the postcentral gyrus and precentral gyrus) of ORDER, REPEAT, and

NONRES conditions. B During the delay period of Session 1, differentially activated
regions in the ORDER > REPEAT contrast and co-activated regions of ORDER and
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REPEAT conditions. C During the retrieval period of Session 2, positive differen-
tially activated regions in the ORDER > NONRES contrast and co-activated regions
of ORDER and NONRES conditions. Notably, all regions were reported with a
voxel-level threshold of FWE p < 0.05.
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Fig. 3 | The illustrated curve of ERA in the left SI (x = —44, y = —32, z = 46) as the trial time (s) increases. The lines represent the mean, whereas the shaded areas indicate
the 95% confidence intervals for the average (28 participants, 15 trials for each condition in a session).

Table 3 | Using the left Sl as a seed point, group-level positive
activations of ROls during the delay period in Session 1 and the
retrieval period in Session 2 were reported with a voxel-level
threshold of FWE p <0.05

Brain regions T scores (peak-level) Peak MNI Coordinates

X y z
Delay period - Session 1 (ORDER > REPEAT)

L dIPFC 5.43 -20 48 36
L PPC 4.12 —26 -50 38
Retrieval period - Session 2 (ORDER > NONRES)

L dIPFC 4.18 —-20 46 34
L PPC 2.78 —24 —44 38

Table 4 shows the intrinsic and extrinsic connections (matrix A)
between ROIs, including self-inhibitory and between-region connections.
In Session 1, strong evidence showed that the average connections in the
dIPFC — SI (Ep = —0.030) and PPC — dIPFC (Ep = —0.806) were antic-
orrelated, whereas the average connections in the SI — dIPFC (Ep=0.178),
SI — PPC (Ep=0.464), and the dIPFC — PPC (Ep=0.264) were excitatory.
The connections in the dIPFC — SI (Ep=0.567) and the PPC — dIPFC
(Ep=0.079) were significant positive connections in session 2.

Table 5 shows the connection parameters (matrix B) in the SI-dIPFC-
PPC network modulated by the demand difficulty. During the delay period
(Fig. 5B.a) in Session 1, positive and stronger modulatory effects in the
PPC — SI (ORDER: Ep=5.718, REPEAT: Ep=4.137) were observed in the
ORDER condition than in the REPEAT condition. Although the dIPFC —
SI (ORDER: Ep=0.548, REPEAT: Ep=0.984) pathway exhibited a certain
degree of activation, it did not reach strong evidence (Pp < 0.95).
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Fig. 4 | Functional connectivity using the left SI (x = —44,y = —32,z = 46) as the
seed ROL. Connections in the left hemisphere between SI and PPC, as well as
between SI and dIPFC, were strengthened for the ORDER > REPEAT contrast

L PPC

during the delay period in Session 1 (A) and for the ORDER > NONRES contrast
during the retrieval period in Session 2 (B).

Table 4 | Ep and Pp values of intrinsic and extrinsic connections (matrix A) of group-average DCMs

To| From — (Ep/Pp) Session 1 Session 2

S| PPC dIPFC S| PPC dIPFC
Sl —1.092/1.00* 0.709/1.00* —0.030/1.00* —0.612/1.00* 0.005/0.88 0.567/1.00*
PPC 0.464/0.38 —0.706/1.00* 0.264/1.00* 0.045/0.05 —0.418/1.00* 0.144/0.99*
dIPFC 0.178/1.00* —0.806/1.00* —0.006/1.00* 0.237/0.81 0.079/1.00* —0.502/1.00*

The asterisk symbol ‘** indicates a significant connectivity with a Pp > 95%.

Additionally, a positive modulatory effect of the connection in the PPC —
dIPFC (Ep=0.376, Pp=0.54) was observed in the ORDER condition.
However, during the retrieval period (Fig. 5B.b) in Session 2, significant
positive modulatory effects of the connection in the dIPFC — SI (Ep=1.552)
and the PPC — dIPFC (Ep=1.785) and slight modulatory effects of the
connection in the dIPFC — PPC (Ep=0.089) were observed in the ORDER
condition. Furthermore, excitatory modulatory connections in the dIPFC
— SI (Ep=0.498, Pp=0.9) were observed in the NONRES condition.
Figure 5C shows the driving inputs to the SI node. The results of effective
connectivity revealed that the high-demand condition elicited stronger
dynamic interactions within the SI-frontoparietal network during the delay
and retrieval periods. The excitatory connectivity, especially the PPC — SI
pathways, is modulated by high task demand, emphasizing enhanced neural

communication and coordination with increasing demand.

Discussion

In this study, the functional and effective connectivity between the ST and FP
regions during TWM was investigated. First, the behavioral results indicated
that conditions with high task demand resulted in poorer behavioral per-
formance than those with low demand. Second, whole-brain imaging results

provided evidence of significant activation within the SI-FP network as the
task demand increased. Additionally, the observed signal changes in the left
SI and its enhanced functional connections with FP regions modulated by
higher demand elucidate its importance in coordinating the encoding, delay,
and retrieval of TWM. Finally, the high-demand condition in the delay
phase (ORDER condition) showed positive modulatory effects on the
PPC — SI and the PPC — dIPFC connections. This study highlights the
specific role of the ST in dynamically adapting to high-demand conditions by
enhancing its connectivity and coordinating with the FP regions, especially
during the delay and retrieval phases of TWM.

Behavioral performance

The behavioral results (Fig. 1, Table 1) showed significant differences in task
reaction time and accuracy between the high- and low task demands, with
task performance ranked as NONRES > REPEAT > ORDER. These sig-
nificant differences in task performance across conditions indicate that our
experimental design effectively differentiated the difficulty level of the task
demand. The ORDER condition placed greater memory demands on par-
ticipants. This reduced their performance compared with low-demand
conditions, including REPEAT and NONRES. This aligns with studies on

Communications Biology | (2026)9:312


www.nature.com/commsbio

https://doi.org/10.1038/s42003-026-09586-y

Article

WM demands, in which increased memory content requires greater WM
capacity, while the capacity is often limited”***. Therefore, a higher demand
can result in a decline in behavioral performance.

Interaction between Sl and FP regions in TWM process

The whole-brain analysis (Fig. 2) and ERA curve (Fig. 3) shows the
increased activation of the left SI while maintaining and manipulating the
various phases, corresponding to an increase in demand difficulty. This
suggests the involvement of the SI, even when external stimuli are absent
during the delay period, further emphasizing that the SI may actively con-
tribute to memory processes beyond simple sensory encoding. Notably, this
increase was predominantly observed in the left SI, contralateral to the
stimulated hand, whereas the right SI exhibited only minimal or non-
significant changes. Such hemispheric asymmetry argues against a purely
domain-general interpretation based on task difficulty or arousal, which
would be expected to engage bilateral sensory cortices more uniformly.
Instead, the lateralized pattern implies that the contralateral SI retains
stimulus-specific representations related to the tactile information

Table 5 | Ep and Pp values of modulatory connections (matrix
B) of group-average DCMs

Modulation (Ep/Pp) Session 1 Session 2
ORDER REPEAT ORDER NONRES
SI— PPC - - - -
S|l — dIPFC - - - -
dIPFC — SI 0.548/0.78 0.984/0.90 1.552/1.00%  0.498/0.90
dIPFC — PPC - - 0.089/0.45 -
PPC — SI 5.718/1.00%*  4.137/1.00* -
PPC — dIPFC 0.376/0.54 - 1.785/1.00% -

The asterisk symbol ‘*’ indicates a significant connectivity with Pp > 95%.

A. The group-average DCM models
a. Session 1 (delay period)

\m’““g O

O

B. Modulation matrices

maintained during the delay phase. This observation aligns with previous
electrophysiological studies in primates****", showing that SI neurons can
sustain tactile information even without external stimulation, particularly
under high memory demand. The activity change thus supports the view
that the SI contributes to maintaining tactile representations under higher
cognitive demands and facilitates appropriate responses instructed by tactile
information".

At the same time, our experimental findings also reveal strong co-
activation of the SI with the frontoparietal regions that belong to the Mul-
tiple Demand (MD) Network™. This pattern does not contradict the
representational interpretation; rather, it suggests that domain-general
control systems interact with modality-specific sensory regions to sustain
relevant information under high-demand conditions. In the high-demand
ORDER condition, enhanced activation within the SI-frontoparietal net-
work indicates that top-down signals from the dIPFC and PPC may
strengthen or modulate tactile representations in the contralateral SI. The
dIPEC, the core of executive functions in WM, manages higher cognitive
operations such as planning, decision-making, and manipulation of sti-
mulus information”"*, while the PPC supports spatial attention and sen-
sory integration®>”. Evidence from macaque stimulation studies™
likewise suggests that the dIPFC exerts temporally dependent top-down
modulation on SI activity. Taken together, the contralateral dominance of SI
activation and its functional coupling with the MD network point to a
dynamic interaction in which top-down executive control enhances
content-specific tactile representations maintained in SI during WM. Such
lateralized yet coordinated activity patterns could be further examined

through connectivity analyses™".

Functional connectivity between the Sl and the FP pathway

The PPI results in Fig. 4 show significant connections between the ST and the
FP pathway during the delay and retrieval periods, especially modulated by
the higher demand condition. An electroencephalogram source recon-
struction study'” clarified that the sensory cortex mediates information
storage by processing sensory signals. The SI encodes tactile stimuli when

b. Session 2 (retrieval period)
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Fig. 5 | Group-average effective connections of DCM models with PEB analysis.
A The group-average DCM models of the SI-dIPFC-PPC network in (A.a) Session 1
(ORDER vs. REPEAT) and (A.b) Session 2 (ORDER vs. NONRES), including
intrinsic self-connections, extrinsic between-region connections, task-related driv-
ing inputs, modulatory connections by ORDER, REPEAT, and NONRES

conditions. Solid lines represent significant connections with Pp > 0.95, whereas
dashed lines represent non-significant connections. B Modulation matrices in (B.a)
Session 1 and (B.b) Session 2 by WM tasks, corresponding to significant modulatory
connections (black) and non-significant modulatory connections (white) between
ROIs. C Driving input matrix in ORDER, REPEAT, and NONRES conditions.
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they are perceived. They generate transient discharges, especially under low
task demand conditions in the TWM, as shown in previous electro-
physiological studies”. Specific regions in the somatosensory cortex
(eg., BA1-3) are responsible for encoding and maintaining tactile stimuli
during short-term storage™"’; therefore, the SI would be recruited more to
cooperate with other cortical regions to manage increasing task demand.
These results support the compensatory neural mechanism in TWM”~,
where the SI requires closer association with other cortical regions to
manage higher demand. This association helps to maintain signal trans-
formation and continuity across the sensory cortex.

The Sl is activated under high and low memory demands; however,
stronger activation and connectivity in high-demand conditions
emphasize its cooperative role with the frontoparietal regions in managing
memory information. This strengthened connectivity highlights the need
for the brain to recruit additional neural networks, especially those
involved in memory and attention, to effectively manage and process the
difficulty of increased demand. This synchronization pattern shows that
the SI and PPC coordinate more closely with an increased memory
demand.

Moreover, a study on visual and auditory WM has shown that the dorsal
FP attention network encodes spatial information in a supramodal manner™.
This finding suggests that information from different sensory modalities is
represented by a shared neural code in these regions, rather than by modality-
specific patterns. Such supramodal coding may similarly underpin TWM
representations, with the FP network integrating inputs across multiple
modalities to form unified cognitive representations. Overall, the functional
results provide strong evidence for a demand-dependent compensatory
mechanism"', wherein the SI enhances its connectivity with FP regions, co-
recruiting additional neural resources to adopt increased memory demand
difficulty in maintaining and manipulating TWM.

Effective connectivity and modulation of demand difficulty

The group-averaged DCM results (Fig. 5) showed effective connectivity
within the left SI-dIPFC-PPC network during the delay period of Session 1
and the retrieval period of Session 2. The effective connectivity results
showed how the ROISs in the SI and FP network influenced each other in the
maintenance and manipulation processes of TWM. The dIPFC — PPC and
dIPFC — SI connections, during the delay period, showed enhanced
effective connectivity during the maintenance of information, whereas the
PPC — dIPFC connection was suppressed. The dIPFC, the core of the
central control network in the WM, controls and regulates attention and
decides which information to maintain or manipulate*™**. However, the
PPC integrates and transforms sensory representations'”. These enhanced
connections show that the dIPFC strengthens its communication with
regions, including the PPC and SI, to manage memory maintenance and
manipulation during the manipulation of memory information; while the
PPC — dIPFC connection was significantly enhanced, providing evidence
of PPC’s active role in retrieving stored memory™.

Modulatory results during the delay period (Fig. 5A.a) showed that the
PPC — SI connection was significantly positively modulated in the high
task demand (ORDER) compared with the low task demand (REPEAT).
This indicated enhanced communication from the PPC to the SIin response
to an increased memory capacity demand. A previous study on tactile short-
term memory* showed that top-down regulation occurs in the connections
between the prefrontal and parietal regions and the SI. This regulation might
depend on information stored in the SI during the encoding period’.
Excitatory modulation was observed exclusively when sensory information
was temporarily maintained under high-demand conditions but not under
low-demand conditions. These results show that increased memory
demand specifically triggers enhanced neural activity to support the
retention of sensory information, highlighting a demand-dependent
mechanism that mobilizes additional resources when required by an
overly high demand.

Furthermore, the PPC is closely involved in processing tactile spatial

information by receiving inputs from the somatosensory cortex'*”” and

interacting extensively with frontal regions, including the inferior frontal
gyrus and prefrontal cortex'*. Since the tactile stimuli were identical in the
high- and low-demand conditions, the differences in the SI and PPC
pathways likely varied in memory demands, leading to the observed dis-
crepancies in activating the intensity of WM maintenance.

We also observed that during the retrieval of tactile memory, in
response to the higher task demand, the connection in the PPC — dIPFC
and dIPFC — SI pathways were excitatory modulated. When manipulating
temporary tactile information, its influence on the SI is intensified by the
dIPFC to enhance memory retrieval under high demands. This enhanced
modulation likely supports the processing of complex sensory
information"’. However, extensive information exchange from the dIPFC to
PPC was reduced, which was associated with less significant modulation.
Therefore, we speculated that the dIPFC — SI pathway experiences a sig-
nificant increase in connectivity modulated by high task demand during
manipulating information. In this case, the SI likely responds to retrieval
instructions from the dIPFC using the tactile information temporarily stored
during the early TWM period. This hypothesis is consistent with the sensory
recruitment account'*, supporting the efficient involvement and mod-
ulation of sensory cortices during WM processes.

Therefore, the effective connectivity results show dynamic commu-
nication in the left SI-dIPFC-PPC network in modulating TWM with
increasing task demand. Complex connectivity shows evidence that the task
demand modulates the strength of neural contributions during tactile
TWM?*, resulting in distinct interaction intensities. Notably, the SI might be
a critical relay station for stimuli, coordinating with the FP regions, and is
mobilized under higher-demand conditions, where effective sensory
recruitment and information transfer are required.

Limitations

This study provides novel insights into TWM processing, yet several
methodological limitations should be acknowledged. First, the retro-cues
could introduce post-stimulus attentional reallocation confounds***, and
may not fully dissociate attentional modulation from TWM maintenance. A
standard delayed match-to-sample (DMS) task™ can properly isolate
TWM-specific processes. Second, despite participants being instructed to
avoid subvocalization, the prolonged maintenance intervals might have
facilitated verbal recoding of stimuli’’. To further explore this issue, an
additional ERA analysis of the core Wernicke’s area showed no significant
difference between high- and low-demand tasks. In future work, the
frequency-based stimuli (graded vibrations) or left-hand stimulation could
better prevent verbal recoding. Third, due to constraints of the MRI hard-
ware and total feasible scan time, we limited the number of trials to 15 per
condition. Although our post hoc analysis in SI suggests that the current
GLM design achieves power > 0.9, such retrospective power calculations are
often viewed by researchers as potentially circular and should therefore be
interpreted with caution. Finally, the ORDER and REPEAT tasks may rely
on qualitatively different representations (sequence versus identity) raising
the possibility that additional representational systems were recruited across
conditions. Our fMRI results cannot totally rule out the involvement of
language-related  regions. Combining multivariate decoding and
connectivity analyses in future studies would help to more clearly
dissociate representational and non-representational components within
brain areas.

Conclusion

This study provides further evidence for task demand modulation of the left
SI and FP connectivity in maintaining and manipulating various processes
of TWM. First, in maintaining and manipulating sensory information, the
signal of the left ST shows greater activity in the high-demand condition.
Also, the high-demand condition presents the significant functional con-
nection between the left SI and FP regions. In the effective connectivity, the
high-demand condition positively modulates the PPC — SI pathway during
memory maintenance and the PPC — dIPFC and dIPFC — SI pathways
during memory manipulation. These findings show how the left SI-dIPFC-
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Fig. 6 | Experimental paradigm. Each trial comprised a 16-s task block, followed by
a 20-s rest block. There was a rest (20 s) after each task trial. Notably, all conditions
included five tactile stimuli during the encoding period (4 s). A Trial structure of
Session 1. The primary difference between conditions was the delay period (8 s),
where participants remembered the ‘sequence order’ (ORDER) and the ‘repeat
finger’ (REPEAT). The retrieval period (4 s) involved determining if the R STIMULI
matched the i-th finger (ORDER) or the repeated finger (REPEAT). B Trial structure
of Session 2. The ORDER and NONRES conditions involved remembering the

B. Session 2

D. R stimuli during retrieval period g ORDER
REPEAT
Awaiting-matching finger g NONRES

(random)

sequence order during the delay period; however, the primary difference was in the
retrieval period. The ORDER condition matched Session 1, whereas the NONRES
condition required no response, and the participants had to only press button 1.
C During the encoding period, five random stimuli of four fingers were presented,
and the i-th finger was queried in the ORDER and NONRES conditions. D During
the retrieval period, a random awaiting-matching finger (R STIMULI) was presented
for comparison. All elements were created by the authors using Microsoft Power-
Point (Microsoft Corporation).

PPC network dynamically distributes resources to handle increased mem-
ory demand. Consequently, these results emphasize the coordinated role of
the SI with the FP regions during TWM, further confirming that the left SI
may function as a central hub for information exchange to maintain and
manipulate stimulus representations with increasing task demand.

Methods

Participants

In this experiment, 28 participants (mean age + SD: 24.9 + 1.8; 15 females,
13 males; education years: 15; all right-handed) completed the fMRI scan-
ning. A post hoc power analysis was conducted using GPower v.3.1 to
evaluate the achieved statistical power of the behavioral results’>”. Based on
the observed mean accuracies (0.84 for the ORDER condition and 0.94 for
the REPEAT condition) and standard deviations, the calculated effect size
was Cohen’s d = 1.32. Using a paired t-test with a = 0.05 and a total sample
size of 28, the results indicated an achieved power of approximately 1.0.
These suggest that the number of participants provided sufficient statistical
power for detecting behavioral differences between conditions. A licensed
neurologist supervised the administration of a comprehensive neu-
ropsychological test battery to assess participants’ cognitive function,
including: Mini-Mental State Examination (MMSE), Montreal Cognitive
Assessment-Basic (MoCA-B), Subjective Cognitive Decline Questionnaire
(SCD-Q24), Auditory Verbal Learning Test (AVLT), Trail Making Test
(TMT), and Symbol Digit Modalities Test (SDMT). All participants were
healthy and possessed cognitive ability. They were recruited from the
Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences.
All participants were fully aware of the nature of the study and provided
written informed consent. All participants were invited to familiarize
themselves with the experimental procedure before the formal experiment.
The participants received a fixed payment after completing the entire
experiment. The ethics committee of The Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences, approved this study’s experi-
mental procedures. This study was conducted according to the Declaration
of Helsinki. All ethical regulations relevant to human research participants
were followed.

Experimental devices

A pneumatic stimulation system®” was used to apply a tactile stimulus to the
fingertips in the right hand. The pneumatic stimulation system had an air
pump, a programmable logic controller (PLC), plastic pipes, and gloves with
stimulation probes. Plastic pipes were used to connect the stimulation
probes to the air pump, which was placed in the MRI operating room and
did not interfere with the high magnetic fields. A personal computer in the
MRI operating room was used to control the experimental setup. Notably,
the signal generated by the computer is transmitted to the PLC, and a
pressure stimulus is generated on an appropriate fingertip. Instructions for
the experimental tasks were shown using E-Prime (version 3.0; Psychology
Software Tools, Inc., Pittsburgh, PA, USA). They were projected from a
shielded projector onto a screen mounted in the bore of the MRI scanner.
The image from the projector was reflected in the participant’s visual field
using a head-coil-mounted mirror. A fiber optic button system (BrainLogic,
Psychology Software Tools) was used to record all responses, including two
buttons held by participants.

Experimental procedure

Each participant completed two 18 min sessions: Session 1 (Fig. 6A)
included the ORDER and REPEAT conditions, while Session 2 (Fig. 6B)
included the ORDER and NONRES conditions. Each condition had 15
trials, and each trial consisted of a 16 s task block (encompassing encoding,
delay, and retrieval phases), followed by a 20s rest block with a fixa-
tion point.

An air-puff stimulation generated by a pneumatic stimulation system
was used five times for 500 ms with an inter-stimulus interval of 300 ms to
four fingers (index, middle, ring, and little fingers) of the right hand during
the 4-s encoding period (Fig. 6C). One finger was stimulated twice. That
finger was referred to as the ‘repeat finger,” while the others were stimulated
once in a random order. Participants were required to memorize the entire
stimulus sequence.

A cue was presented on the screen to show that relevant information
should be retained during the 8 s delay period. In the ORDER and NONRES
conditions, the cue instructed participants to remember the full stimulus
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sequence, whereas the cue directed them to focus on recalling the repeated
finger in the REPEAT condition.

In the 4-s retrieval period (Fig. 6D), a randomly selected ‘question
finger’ was stimulated, followed by a question on the screen. In the ORDER
condition, the question asked, “Is the question finger the same as the i-th
finger?” while the question asked in the REPEAT condition was, “Is the
question finger the repeat finger?” Participants responded by pressing
button 1 for ‘yes’ and button 2 for ‘no.” In the NONRES condition, the screen
displayed “Press button 1,” requiring participants to press the designated
button without undergoing any memory recall.

The difficulty levels were manipulated during the delay and retrieval
periods. In Session 1, the ORDER represented a high task demand, which
required maintaining and recalling more stimulus details, while the
REPEAT was a lower one owing to its single memory information. In
Session 2, the ORDER remained the most demanding in terms of manip-
ulation, necessitating the active retrieval of sequential information, whereas
the NONRES was the least challenging, as no recall was required. Notably,
fMRI and behavioral data were simultaneously recorded. It made sure that
the differences in tasks would lead to significant differences in performance
and brain activity.

Imaging data acquisition and preprocessing

A Siemens MAGNETOM Prisma 3 T MRI scanner (Siemens, Erlangen,
Germany) with a 32-channel RF coil (Nova Medical, Wilmington, MA,
USA) was used to acquire all fMRI data to measure BOLD signals at the
Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences.
Functional data were collected using the echo-planar imaging sequence with
an interleaved slice acquisition order (repetition time [TR]/echo time [TE] =
2000/30 ms; field of view [FOV] = 220 mm; matrix size = 64 x 64; flip angle
=90°; slice thickness = 3.4 mm with a 0.68 mm gap; 33 slices). Each fMRI
had a single task session lasting 18 min. The first three volumes of each task
session were discarded to eliminate magnetic saturation effects, resulting in
540 usable volumes. A 3D T1-weighted magnetization-prepared rapid
acquisition gradient echo sequence was used (TR/TE =2530/2.96 ms;
FOV = 256 mm; matrix size = 256 x 256; flip angle = 7°; slice thickness =
1 mm with a 0.5mm gap; 192 sagittal slices) to acquire high-resolution
images of each participant’s brain for anatomical reference, functional data
registration, and normalization to a standard T1 template (Montreal Neu-
rological Institute, MNI, CA, USA). The total acquisition time for the
structural scan was 6 min.

The Statistical Parametric Mapping software package (SPM12, Insti-
tute for Neurology, University College London, UK) was used to conduct
data analysis. To correct for head-motion artifacts, images were spatially
realigned to the first volume of the first run. And then resliced to account for
geometrical distortions, using deformation field maps for improved accu-
racy. Then the functional data underwent slice-timing correction for
adjustments in temporal differences in slice acquisition, and any remaining
motion artifacts were mitigated using wavelet despiking™*". Subsequently,
the EPI images were co-registered to the participants” corresponding T1-
weighted structural images for precise anatomical alignment™. The co-
registered images were then normalized to the standard MNI (Montreal
Neurological Institute) space using the unified segmentation approach
ensuring consistency across participants™. These normalized images were
interpolated using voxel size of 2 x 2 x 2 mm’. Finally, spatial smoothing
was applied using an 8 mm full-width-at-half-maximum Gaussian kernel.

The whole-brain analysis

Statistical analyses were conducted using a standard general linear model
(GLM) approach with SPM12. First, we excluded incorrect trials. The GLM
regressors for the encoding, delay, and retrieval phases of all correct trials
across the ORDER, REPEAT, and NONRES conditions in both sessions
were included in the first-level models. However, co-activation was com-
puted across all conditions in the second-level analysis during the encoding
phase (ORDER N REPEAT N NONRES). For the delay period, the differ-
ential and conjunctive activations between ORDER and REPEAT were

compared in Session 1. However, differential activation and co-activation
during retrieval were computed for the ORDER and NONRES conditions in
Session 2.

We used a full-factorial design option to specify a second-level design,
including one subject factor and three first-level baseline contrasts corre-
sponding to the ORDER, REPEAT, and NONRES conditions. Furthermore,
a within-subject one-way analysis of variance (ANOVA) was used to
compare the contrasts in each session to assess group-level activations.
Notably, all brain activations in this study showed a voxel-level threshold of
P <0.05, with FWE correction””. Threshold statistical parametric maps
were rendered on a standard three-dimensional brain template using
SPM12. Furthermore, all reported coordinates corresponded to the MNI
space, and all results were inclusively masked using the search mask.

To directly observe the dynamic changes of the left SI throughout the
entire TWM process, we performed event-related average (ERA) curves
(Fig. 3, Supplementary Data 2). We identified the peak T-value within the
significant activation cluster of the left STin the ORDER > REPEAT contrast
during the delay phase of the GLM and used this peak (the left SI: x = -44,y =
-32,2=46) as the VOI coordinate. For each condition of each participant,
an 8 mm-radius spherical VOIwas extracted around this peak. BOLD signal
values were extracted for the VOI, and the resulting time series were aligned
to trial onsets at 2 s intervals. BOLD signals for each trial, including both task
and baseline epochs, were averaged across trials to obtain condition-specific
mean activation levels. Moreover, the mean baseline BOLD signal B, was
calculated by averaging signal during baseline time points across all con-
ditions in each session. The baseline time points included the rest time
points (from 26 s to 36 s in one trail). Afterwards, we statistically analyze the
event-related average under high- and low-demand conditions across the
two sessions for 28 participants, along with the 95% confidence intervals.
The BOLD signals for the VOI at time point t was transformed to S, as
follows, to yield values interpretable as percentage signal change'”:

ﬂxloo

con

S, =

t

The psychophysiological interaction analysis

Implemented in SPM12, the PPI analysis is a method for investigating the
task-specific correlations of time series of VOIs in brain regions™**. Speci-
fically, PPI identifies voxel activity that demonstrates a significant correla-
tion in a seed ROI with other related ROIs in a specific psychological context,
such as the ORDER, REPEAT and NONRES conditions used in the present
experiment.

For each individual, VOIs were extracted from peak coordinates of the
left SI (x=—44, y=—32, z=46) and identified in the ORDER > REPEAT
contrast during the delay period and the ORDER >NONRES contrast
during the retrieval period, at an uncorrected threshold p < 0.001, adjusted
for F contrast. The VOIs were extracted from a sphere with a radius of 8 mm
around the local maxima. The design matrix of the PP included three main
regressors’ : physiological variables that represented the time series from the
seed ROJ, psychological variables that represented the conditions (ORDER,
REPEAT, and NONRES), and PPI variables that represented the functional
connections between the seed ROI and other regions. In the first-level
GLMs, PPI variables were built as regressors of interest, whereas physio-
logical and psychological variables were regressors of no interest. Fisher’s
z-transformation was used to transform the resulting contrast into a z-score
for the subsequent group-level analysis. Furthermore, different contrasts of
functional connectivity between the SI and FP regions were analyzed
separately in the ORDER > REPEAT contrast of Session 1 and ORDER >
NONRES contrast of Session 2.

The DCM analysis

In this study, DCM was used to analyze the strength and modulation of
conditions on effective connectivity among ROIs. Specifically, DCM can be
used to examine input-state-output neural states across a network of brain
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Fig. 7 | The SI-dIPFC-PPC effective connectivity
framework. A Locations of ROIs (the left SI, PPC,
and dIPFC) when building DCMs. B Network
structure in DCMs, including a driving input from
SI, connections modulated by WM tasks (ORDER/
REPEAT/NONRES), and intrinsic connections and
extrinsic connections among ROIs (the SI, dIPFC
and PPC).
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regions containing three distinct types of parameters™: driving input
parameters demonstrating how brain regions respond to sensory stimuli
(matrix C), intrinsic and extrinsic parameters characterizing the effective
connectivity among regions (matrix A), and modulatory parameters
describing changes modulated by experimental conditions (matrix B). The
left SI, dIPFC, and PPC were selected as ROISs for constructing the DCM
models based on their strong involvement in handling high tactile task
demand' and significant activation at the whole-brain level during TWM
(Table 2; Fig. 2). PPI analysis revealed functional connectivity between the
seed ROI and other ROIs*’; however, the DCM analysis focused on the
modulatory effects of task demand on the interactions between these
regions.

Each individual’s VOI was surrounded with 8 mm eigenvariate spheres
by the peak MNI coordinates, including the SI (x= —44, y = —32, z=46),
dIPFC (x = —20, y =48, z = 36), and PPC (x = —26, y = —50, z = 38). Every
VOI was set separately from the delay period of Session 1 (ORDER and
REPEAT conditions) and the retrieval period of Session 2 (ORDER and
NONRES conditions), both at an uncorrected threshold of p <0.001,
adjusted for the F contrast. Figure 7A shows the location of the ROIs.

Generally, the direct influence of experimental stimuli on specific
regions can be modeled as a driving input™°'. Hypothetically, the tactile
sensory input was primarily processed in the left SI. Intrinsic connections
were treated as inhibitory self-connections in the ROIs, whereas extrinsic
connections were bidirectional. Modulatory connections, influenced by task
demand, covered all possible directional connections between ROIs. The
DCMs for ORDER vs. REPEAT were computed during the delay period and
ORDER vs. NONRES during retrieval, with 64 DCMs per participant.
Figure 7B (Supplementary Data 3) shows the network structure of the
DCMs, and model parameters were assessed using a one-state, bilinear,
deterministic DCM.

At the group level, a PEB analysis was used to estimate the DCM
parameters by combining individual-level DCMs with a group-level GLM
to form an overall-level Bayesian framework®. Bayesian model averaging
was conducted to statistically compare the model parameters, yielding an
average group of Ep across the entire model space, weighted by each model’s
Pp. Usually, connections with Pp > 0.95 were considered significant. Positive
Ep values indicated excitatory connections, whereas negative values indi-
cated inhibitory connections. The Ep and Pp values for matrices A, B,and C
are reported for each condition in Sessions 1 and 2. Furthermore, the
effective connection differences during the delay and retrieval periods using
an uncorrected threshold of p<0.05 were compared using a one-
way ANOVA.

Statistics and reproducibility
All statistical tests used, the sample sizes, the number of replicates, and how
replicates were defined are described in the corresponding methods.

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

Data availability

The datasets generated during the current study are available from the
corresponding author on reasonable request. The source data for the figures
are available in the Supplementary Data files.

Code availability
All code is available in the following GitHub repository: https://github.com/
Sunnder39/my-basic-BOLD-fMRI-codebase.
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