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Tactile and movement-related somatosensory perceptions are crucial for our daily lives and survival. Although
the primary somatosensory cortex is thought to be the key structure of somatosensory perception, various corti-
cal downstream areas are also involved in somatosensory perceptual processing. However, little is known about
whether cortical networks of these downstream areas can be dissociated depending on each perception, espe-
cially in human. We address this issue by combining data from direct cortical stimulation (DCS) for eliciting
somatosensation and data from high-gamma band (HG) elicited during tactile stimulation and movement tasks.
We found that artificial somatosensory perception is elicited not only from conventional somatosensory-related
areas such as the primary and secondary somatosensory cortices but also from a widespread network including
superior/inferior parietal lobules and premotor cortex. Interestingly, DCS on the dorsal part of the fronto-parietal
area including superior parietal lobule and dorsal premotor cortex often induces movement-related somatosen-
sations, whereas that on the ventral one including inferior parietal lobule and ventral premotor cortex generally
elicits tactile sensations. Furthermore, the HG mapping results of the movement and passive tactile stimulation
tasks revealed considerable similarity in the spatial distribution between the HG and DCS functional maps. Our
findings showed that macroscopic neural processing for tactile and movement-related perceptions could be seg-

regated.

1. Introduction

Somatosensory information for movement and tactile sensations is
crucial for our daily lives as well as survival. They enable localiza-
tion and characterization of somatosensory information and movement-
related somatosensory feedback about location and status of our body
and limbs (Dijkerman and de Haan, 2007). As a major neural entry of
somatosensory information in the cortex, the primary somatosensory
cortex (S1) has an indispensable role in early processing for somatosen-
sation. Because lesions in S1 can cause devastating perceptual disorders,
numerous studies have focused on the perceptual relevance of neuronal
activities in S1. For several decades, however, converging evidence has
suggested that perceptual processing for somatosensation is a neural or-
chestration of sensory-related networks in our brain, including S1 and
other sensory-related cortical areas (Caruana et al., 2018; Delhaye et al.,
2018; Dijkerman and de Haan, 2007; Platz, 1996; Preusser et al., 2015).
Many studies have indicated that lesions other than S1 also cause se-
vere perceptual disorders including tactile agnosia (Reed et al., 1996),
impairments in tactile discrimination (Murray and Mishkin, 1984) and
various sensorimotor-related deficits (Freund, 2001). Moreover, a re-

cent human intracranial recording study indicated that more than 10%
of the cortical areas, including the S1 and surrounding fronto-parietal
areas, are activated during a single median nerve stimulation, although
their perceptual relevance remains to be elucidated (Avanzini et al.,
2016).

Since the major roles of tactile and movement-related sensations in
human behavior are functionally different, several theoretical studies
have proposed that there may exist two different cortical networks de-
pending on their perceptual functions (Dijkerman and de Haan, 2007;
Freund, 2001; Gardner, 2010). It has been suggested that the first net-
work, from the S1 via the secondary somatosensory cortex (S2), sur-
rounding the inferior parietal areas and posterior parietal cortex (PPC)
to the insula is closely related to perceptual process of tactile infor-
mation, object recognition and discrimination (Preusser et al., 2015;
Reed et al., 2005), whereas the second network, from S1 to PPC (ei-
ther directly or via S2) is tightly linked to movement-related processing
including reach and grasp (Buneo and Andersen, 2006; Delhaye et al.,
2018; Westwood and Goodale, 2003). Additionally, in monkey studies,
the majority of neurons in the superior parietal lobule responded to joint
movement during passive somatosensory stimulation, and the anterior
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part of the superior parietal lobule was involved in hand/foot manipu-
lation (Breveglieri et al., 2006; Gamberini et al., 2018). However, the
specific cortical areas and functional roles of the proposed networks
are still controversial (Dijkerman and de Haan, 2007; Disbrow et al.,
2003). Furthermore, to the best of our knowledge, no electrophysi-
ological study has addressed this macroscopic cortical-level segrega-
tion by directly comparing the two distinct somatosensations from
the perspective of large-scale cortico-cortical networks, especially in
humans.

In human study, direct cortical stimulation (DCS) and electrocor-
ticography (ECoG) recording have been standard techniques to as-
sess this issue. DCS provides a unique opportunity to identify the
somatosensation-related areas directly with a wide coverage of the cor-
tical surface in humans. Although its robustness is not as good as that
of intracortical microstimulation (ICMS) (Armenta Salas et al., 2018;
Flesher et al., 2016; Hiremath et al., 2017), DCS on the somatosensory-
related area often elicits a specific somatosensation and the human sub-
ject can verbally report the quality of the sensation (Balestrini et al.,
2015). However, DCS does not always guarantee that the elicited per-
ception is actually caused by DCS-induced neuronal activation in that
area, given that DCS can potentially affect a nearby cortico-cortical fiber
tract, leading to neural activation of other cortical areas. Conversely,
ECoG recording during somatosensory stimulation immediately detects
ongoing neural activations in the located region; however, it is diffi-
cult to confirm that these neural activities are directly involved in the
somatosensory perception itself.

Taking these issues together, the present study combines DCS data
for eliciting somatosensory perception and high-gamma (HG) band map-
ping data during various somatosensory-related tasks by using the same
neuroimaging techniques in humans. It is known that HG activity is a
robust in ECoG recording. It may contain detailed information about
tactile sensation (Ryun et al., 2017b). It might be closely related to the
ongoing spiking activity (Ray et al., 2008). We also show that large-scale
cortical network for somatosensation could be segregated depending on
their functions by assessing the spatiotemporal differences in DCS re-
sponses and HG activation patterns during movement-related and tac-
tile tasks from 51 (for DCS mapping) and 46 (for HG mapping) patients
with intractable epilepsy.

2. Materials and methods
2.1. Patients

For the DCS study, we retrospectively investigated 238 patients (116
female, 27.13 + 12.01 y; mean =+ standard deviation; 12,110 electrodes
from 262 hemispheres, left = 133, right = 129) who underwent im-
plantation of subdural electrodes for epilepsy monitoring and functional
cortical mapping with DCS from the database of Seoul National Univer-
sity Hospital between January 2005 and December 2018 (618 patients).
Pediatric patients under the age of 12 and patients with poor resolu-
tion of post-operative computed tomography (CT) images or with large
tissue defects were excluded from the analysis (30 patients). Among
them, 111 patients (46.6%) reported sensorimotor-related experiences.
Finally, fifty-one patients (21.4%) who reported sensory-only experi-
ences without objective motor symptoms were included for further anal-
ysis.

For the four-dimensional (space and time) cortical HG mapping,
46 patients with intractable epilepsy participated in this study (17
left hemisphere; 25 right hemisphere; 4 bilateral). Among them,
twenty patients (1256 electrodes), 22 patients (1388 electrodes) and
29 patients (1696 electrodes) participated in the hand grasping/elbow
flexion, texture stimulation and vibrotactile stimulation tasks, respec-
tively. The subdural conventional and high-density ECoG electrodes
(Ad-tech Medical Instrument and PMT Corp.) had diameters of 4 and
2 mm with an inter-electrode distance of 10 and 4 mm, respectively.
Pre-operative magnetic resonance (MR) and post-operative CT images
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were obtained from each patient. All experimental procedures were ap-
proved by the Institutional Review Board of Seoul National University
Hospital (1905-156-1035 & 1610-133-803). All patients who partici-
pated in the experiments provided written informed consent before par-
ticipation.

2.2. Direct cortical stimulation

Functional cortical stimulation mapping was performed as part of
the clinical procedure. DCS was delivered with a GRASS S12 or S12X
cortical stimulator (Natus, Warwick, RI, USA). During the pre-surgical
functional mapping, 0.5 to 16.5 mA of bipolar electrical stimulation was
delivered to each electrode (pulse train duration of 5 s; pulse width of
0.3 ms; stimulus frequency of 50 Hz with alternating polarity). Patients
were asked to freely report verbally any abnormality they feel. Only
verbal feedbacks without actual motor activity were included as sub-
jective sensations and were considered in this study. Patients were not
aware of when or where stimulation was applied. Stimulated electrodes
eliciting after-discharge or other pathological responses were discarded.
Additionally, intracerebral electrodes located on the white matter were
excluded from further analysis. Among the fifty-one patients, DCS was
performed by using two adjacent electrodes (23 patients), or choosing
one reference electrode far from the target one (1 patient), or both (27
patients). For DCS using two adjacent electrodes, each electrode site
was counted separately because one electrode was usually stimulated
at least twice with different pairs of adjacent electrodes. If the patient
reported the same sensory experience when the same site is stimulated
with different types of stimuli (neighboring and reference-based bipo-
lar stimulations), this case was considered once. Some patients reported
sensory reports differently depending on the type of stimulation. These
sensory reports were recorded as different cases (14 electrodes). We fi-
nally devised a dataset containing 297 verbal reports from 283 different
electrode positions from 51 patients.

2.3. Classification of verbal feedbacks

The verbal reports were classified by the location of sensation and
by the quality of the sensation. The locations of the sensations were cat-
egorized into 6 categories: (i) hand/finger and arm; (ii) face and head;
(iii) lips; (iv) tongue; (v) torso including front, back, shoulder, neck and
trunk; and (vi) leg and foot. The qualities of the sensations were ini-
tially categorized into 6: (i) moving sense and other movement-related
sensations; (ii) tingling; (iii) electrical; (iv) paresthesia or numbness; (v)
pressure; (vi) et cetera. Additionally, to compare the movement-related
and tactile sensations, we merged (ii) to (v) into one category.

2.4. Localization of the electrodes

Electrode positions were obtained from co-registration of the pre-
operative MR and the postoperative CT images using the CURRY soft-
ware (version 7.0; Compumedics Neuroscan). These electrode positions
of individual coordinates were subsequently converted to the MNI coor-
dinate system and projected to the hemisphere-unbiased 3D MNI sur-
face template consisting of 81,924 nodes, constructed by the CIVET
pipeline (ver. 1.1.7, MNI) (Kim et al., 2005; Lyttelton et al., 2009). This
method for generating 3D surface template was also used to construct
three- and four-dimensional functional maps. For each electrode posi-
tion, the nearest node on the cortical surface was chosen based on the
Euclidean distance. To construct probabilistic maps, we used a 5 mm
circular mask with binary values based on the geodesic distance from
each electrode position at the individual level, and these masked maps
were then summed across all patients. The electrodes located in the right
hemisphere were projected to the corresponding nodes in the left hemi-
sphere because the electrode sampling densities of some experimental
conditions were sometimes relatively low in the opposite hemisphere.
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In this study, therefore, we did not focus on the hemispheric differences,
but on the spatial distribution within the hemisphere.

To identify the brain region of each node, we used the automated
anatomical labeling (AAL) atlas for our template surface. Additionally,
we constructed the surface map of Brodmann’s area (BA) by directly
comparing with previous studies (Papademetris et al., 2006; Xia et al.,
2013). The anatomical boundaries between the dorsal and ventral pre-
motor cortices (BA 6) and the S2 area were determined according to the
literature (Eickhoff et al., 2006; Tomassini et al., 2007). In this study, the
OP1 (opercular region) and the posterior part of the OP4 were defined
as the S2 area.

2.5. Apparatus

For the texture stimulation, we designed custom-made disk/drum
type stimulators, driven by ultrasonic motors (USR60E3N; Shinsei
Corp.). The specification for the disk type stimulator is described in
the literature (Ryun et al., 2017b). The drum-type texture stimulator,
an advanced version compared to the disk type one, was designed to
pseudo-randomly deliver eight different textures with different normal
forces (light touch to several hundred gw). To control the accurate hor-
izontal movement of the texture drum, we used a geared encoder motor
and photo interrupter detecting the boundary of the horizontal shaft.
To measure the normal force on the skin during the stimulation, a small
load cell was attached on the plastic finger rest. In this study, the ro-
tating speed of the drum was 10 rpm, with a diameter of 190 mm, a
stimulus duration of 1.5 s, a texture width of 25 mm, and a normal
force of 38 + 17 g wt. (mean =+ SD).

For the vibrotactile stimulation, we designed a custom-made pin-
point piezoelectric actuator and magnetic vibrator. A detailed descrip-
tion of the piezoelectric actuator is in our previous study (Ryun et al.,
2017b). The pin-point magnetic vibrator, driven by a Mini-shaker
(model 4810; Briiel and Kjeer), was designed for various vibrotactile and
light pressure stimulations. To stimulate a fingertip, a long plastic pin
(2 mm in diameter; 100 mm in length) was mounted on the top of the
Mini-shaker. The plastic pin and Mini-shaker were shielded by barrel-
shaped stainless steel and sound absorbing material for minimizing elec-
tromagnetic artifacts and stimulus-related auditory noise, respectively.
Only the tip of the plastic pin was exposed to the top of the barrel lid
with minimal indentation of the skin.

2.6. Tasks

Twenty patients (10 female, 16-40 years) performed self-paced, fully
voluntary hand grasping and elbow flexion movements, as described in
previous studies (Ryun et al., 2017a, 2014). Patients were instructed
to grasp/flex their hands/arms with no object at approximate inter-
vals of 5 to 10 s. Note that these motions are less related to the goal-
directed movement. To determine the onset/offset of each movement,
we recorded electromyogram (EMG) from the opponens pollicis for hand
grasping and from the biceps brachii for elbow flexion tasks. The tasks
were video-recorded for monitoring the performance and sequence of
the movement. The mean durations of each task were 2.34 + 1.08 s and
3.12 + 1.20 s for hand grasping (1880 valid tasks) and elbow flexion
(1620 valid tasks), respectively.

Texture and vibrotactile stimulation tasks have previously been de-
scribed in detail (Ryun et al., 2017b). Twenty-two patients (10 fe-
male, 16-44 years) performed texture stimulation tasks. To do this,
we used customized disk-type (for 17 patients) and drum-type (for 5
patients) texture stimulators. For the disk-type texture stimulator, two
different textures (2 mm grid and <50 um fine textures) were pseudo-
randomly delivered to the contralateral index finger (80 trials per each
texture). For the drum-type texture stimulator, eight different textures
were pseudo-randomly delivered, but we considered only two textures
(2-mm grid and <50 um fine textures) for consistency (30 to 32 trials
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per each texture). The stimulus period was 1.5 s for both stimulators.
Note that there was no static indentation during the resting period.

For twenty-nine patients (12 female, 16 to 58 years), pin-point, si-
nusoidal vibrotactile stimuli were delivered to the contralateral index
finger by a customized piezoelectric (22 patient; 1 s of stimulus dura-
tion; 50 trials per each condition) or magnetic vibrotactile stimulator (7
patients; 1.5 s of stimulus duration; 40 trials per each condition). We de-
livered various vibrotactile stimuli including 5 to 400 Hz sinusoidal and
combined (flutter + vibration) stimuli, but we used 33 or 35 Hz (flutter;
120 um for 33 Hz, 180 um for 35 Hz) and 350 or 400 Hz (vibration;
60 um for 350 Hz, 90 ym for 400 Hz) stimuli for further analysis given
our previous finding (Ryun et al., 2017b). Throughout experiments, a
voltage-displacement amplitude calibration procedure was performed
at each stimulus frequency by using a Laser-Doppler Vibrometer (LDV;
model AT3600, GRAPHTEC Corp., Japan). Note that we conducted all
experiments only when the patients’ electrode grids were located on the
sensorimotor-related areas. Therefore, we were able to obtain maps with
a relatively high sampling density in these areas.

2.7. Data recording and processing

ECoG data were recorded with the 128-channel Natus Telefactor
(Telefactor Beehive Horizon with an AURA® LTM 64 & 128 channel
amplifier system, Natus Neurology, West Warwick, RI, USA) or the Neu-
roscan (Neuroscan, Charlotte, NC, USA) or Neuralynx ATLAS (Neural-
ynx, Bozeman, MT, USA) systems at 200, 400, 1000, 1600 or 2000 Hz
with analog anti-aliasing filtering ranging from 0.1 to 80, 150, 200,
400, and 500 Hz, respectively. ECoG channels, which show abnormal
fluctuations due to technical problems, were preferentially excluded
from further analysis. The data were re-referenced to a common average
reference (CAR) and then notch-filtered with a zero-phase-lag infinite-
impulse response (IIR) filter to remove systematic noise at 60 Hz and
related harmonics. Data epoching was performed with a window of —2
to 3 s of movement or stimulus onset. Epoched data from all electrodes
were decomposed into time-frequency representation using the com-
plex Morlet’s wavelet transform (seven cycles). Transformed data were
squared and then normalized by the mean and standard deviation of the
baseline period (—1.5 to —0.5 s of stimulus/task onset). The HG power
ranging from 50 to 150 Hz frequency band (except one patient (50 to
80 Hz), due to a low sampling rate) was extracted with 50 ms bins. The
binned HG power was compared with that of the baseline period using
a t-test. Finally, t-values of high-gamma activities were extracted from
electrodes of each patient.

To test the hemispheric predominance of responsive electrodes in
tactile condition (Supplementary Figure 3 and 4), a chi-squared test
(responsive-non responsive vs. left-right hemispheres) was performed.
To construct Fig. 2D, we first tested whether distributions of responsive
electrodes were different between each condition. To do this, we per-
formed Fisher’s exact test because the expected values of electrodes in
four areas (66%) were less than five. We then performed a chi-squared
test to confirm the significant difference in responsive electrode distri-
bution between dorsal and ventral areas of the parietal lobe.

2.8. Mapping on the brain

There is no gold-standard method to combine electrodes from large
dataset of ECoG, but some previous studies have provided ways to com-
bine them (Avanzini et al., 2016, 2018; Nakai et al., 2017). We refer-
enced and modified the method by Avanzini, et al. to construct three-
or four- dimensional functional maps.

To build a four-dimensional functional map across all patients, we
initially generated t-value (which was extracted in the previous section)
based functional map of each patient. Because the sampling densities
of each brain region were inhomogeneous, we defined partial ampli-
tude P by adjusting the t-values of each electrode using the following
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equations:
0ifs; ;=1
P .= o ; =1, 7M;'=], , N;
b L otherwise Y !

Sij
sy= 1+ Y A k=1, i-1 i+l .. .M,
k

where t is the t-value from each electrode; s is the spatial weight; P is
the partial amplitude; M is the number of patients; N; is the number
of electrodes of each patient i, and A;j is the number of electrodes of
the other patient k within a 5 mm geodesic distance from the target
electrode j of patient i. Note that the partial amplitude P is O if there is
no surrounding electrode (within 5 mm) from other patients (the value
of this electrode was discarded to minimize false-positive ratio because
the value only depends on single electrode).

For each node indicating the electrode location, the values of the
target and surrounding nodes (within 5 mm geodesic distance) were
masked with the partial amplitude of each electrode. To reduce the
edge effect at the boundary of the mask, a linear interpolation based
on the path length was performed for all nodes (effective distance from
target node: 5 to 10 mm). Finally, the masked and interpolated par-
tial amplitudes of all nodes were summed across all patients (overall
amplitude).

Testing whether the calculated overall amplitude was significant
could not be addressed by conventional statistics. Therefore, we per-
formed simulation method to figure out their significance indirectly.
First, nodes with overall amplitude exceeding a given threshold in at
least three time bins within O to 1 s of the stimulus/task onset were
considered as significant ones (Avanzini et al., 2016). This criterion
was also used for calculating three-dimensional HG significance maps.
To determine the significant threshold level, we repetitively simulated
the whole procedure (calculating partial amplitude, finding neighbor-
ing electrodes, spatial masking and summation) above (1000 iterations)
with the same electrode distributions used for calculating the ‘real’
dataset for a pseudo random z-value (from standard normal distribution
because t-values of baseline period almost perfectly followed standard
normal distribution (Supplementary Fig. 1 (top) and were temporally
random due to jittering effect of stimuli/tasks) time series of each node,
as increasing the threshold level (Supplementary Fig. 1 (bottom)). The
critical point when the probability that all nodes are completely rejected
(no false positive) by the given threshold is above 95% from 1000 it-
erations was determined as the significant threshold level (generally,
threshold Thr = 1.76-1.79, we selected Thr = 1.8 as the threshold of all
conditions for consistency). We did not perform multiple comparison
corrections in this simulation analysis because our simulation proce-
dure did not include any multiple comparison. To construct Fig. 6B,
we calculated Pearson’s correlation between conditions for all nodes
(n = 81,924). We used Fisher’s Z transform-based statistical test to test
the significance between two correlation coefficients.

2.9. ROI-based analysis

To construct Fig. 6A, electrodes with p < 0.0025 (Bonferroni cor-
rected for 20 comparisons) in at least three consecutive time bins
(50 ms) during O to 1 s of stimulus onset at each ROI were selected
(Avanzini et al., 2016). To compare proportions of responsive electrodes
in Fig. 6A, a chi-squared test was performed for each pair (movement-
related vs. tactile) in various cortical areas. For multiple comparison,
we performed Bonferroni correction.

To confirm the temporal difference in areas shown in Fig. 7 (and
Movie 1) was significant, we also performed ROI-based HG time series
analysis. For this analysis, electrodes within 30 mm in diameter were
initially chosen in each ROI based on the result in Fig. 6. Then we ex-
cluded electrodes located outside the corresponding Brodmann areas
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(e.g., if electrodes from the dSMG ROI were located in area 7, we dis-
carded them). The average HG time series was calculated in the elec-
trodes selected in each ROI (Fig. 8). We used independent two-sample
t-test to test the significance between two time points (movement vs. tac-
tile) in each ROL. False discovery rate (FDR) correction was performed
for multiple comparisons.

To analyze the peak delays of HG activities from several ROIs, we ini-
tially extracted electrodes of each ROI in the surface template and then
re-calculated the t-value time-series of each electrode with 20 ms bins
(to increase time resolution) using the same method described above.
To reject electrodes with non-significant HG peaks, only electrodes with
p < 0.001 (Bonferroni corrected for 50 comparisons) in at least three
consecutive time bins during 0 to 1 s of stimulus onset were selected.
This threshold (p = 0.001) was only used for constructing Fig. 9. To
construct Fig. 9, the t-values of each selected electrode in the same ROI
were averaged across all patients.

3. Results
3.1. DCS mapping

In this study, we included epilepsy patients who reported so-
matosensations without actual movement during the DCS func-
tional mapping procedure (51 of 238 patients). Overall, we col-
lected 297 verbal reports from 283 different electrode positions.
Patients reported various somatosensory experiences including
movement-related (joint move (12.5%), tremor (25.5%) and other
muscle sensations (8.1%)), tingling (20.2%), electrical (13.1%),
paresthesia or numbness (9.1%), pressure (0.7%), and unclassified
(10.8%) sensation at various body parts (finger/hand/arm = 55.4%,
face/neck = 18.3%, tongue/oral/lip/throat = 17.0%, leg/foot = 4.3%,
torso/front/back = 5.0%). We divided them into three categories: (i)
movement-related sensations, (ii) tactile sensations, and (iii) unclassi-
fied. All sensations were elicited on the contralateral side of the stimulus
site. Pain (unclassified) was reported for only one electrode (located on
the S2) among all the electrodes of the exposed cortical sites. Because
the sampling density of the medial parts (inside the inter-hemispheric
and Sylvian fissures) was relatively low (< 5% of the total responsive
electrodes), we focused on the exposed cortical sites. All responsive
electrodes eliciting somatosensory experiences were projected to the
hemisphere-unbiased MNI surface template (Supplementary Fig. 2 for
the brain atlas of our surface template).

Artificial somatosensations were elicited not only from conventional
somatosensory-related areas such as the S1 (BA 3, 1 and 2) and S2 but
also from a widespread network including the inferior parietal lobule
(IPL), superior parietal lobule (SPL), and premotor cortex (PM) (Fig. 1A).
The highest proportion of responsive electrodes was present in the S1
(40.4%), followed by primary motor cortex (M1; 15.4%), SPL (13.9%),
IPL (10.0%), PM (9.62%) and S2 (4.62%). Interestingly, distribution of
the electrode locations with the elicited somatosensation showed dis-
tinct spatial difference depending on the quality of the somatosensation.
DCS on the dorsal part of the parietal area, including the SPL, mainly
induced a movement-related somatosensation, whereas that on the ven-
tral part of the parietal area, including the S2 and the IPL, generally
elicited a tactile sensation (Figs. 1B and C; chi-squared test, y2 = 7.79,
p = 0.005). Note that no movement-related sensation was reported in
the posterior S2 and adjacent vIPL regions even though twenty-three
responsive electrodes were located on these areas. Additionally, a sig-
nificant right hemispheric predominance in tactile sensation condition
was found in the S2 and vIPL (chi-squared test, % = 8.63, p = 0.003)
(Supplementary Figs. 3 and 4). However, it is possibly due to the fact
that clinicians mainly focus on language function during DCS on the
inferior parietal area of the dominant hemisphere; thus, further inves-
tigation is needed to verify this issue. In this study, we focused on the
spatial distribution within the hemisphere.
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Movement-Related

Fig. 1. 3-D DCS functional maps. (A) Electrode locations eliciting somatosensation during DCS from entire body parts regardless of sensory quality (red dots). Blue
dots indicate electrodes with negative responses. The electrodes located in the right hemisphere were projected to corresponding sites in the left one. (B and C)
Electrode locations whose stimulation elicits (B) movement-related and (C) tactile sensations. Yellow arrows indicate the area S2 and ventral IPL. The red dotted

line indicates the IPL.

Next, we focused on the elicited sensation of the finger/hand/arm ar-
eas for detailed quantification and direct comparison with further HG re-
sults below. Note that the corresponding somatotopy of these body parts
in the S1 is sufficiently far from the ventral fronto-parietal area includ-
ing the S2, vPM and VvIPL, avoiding spatial ambiguity due to the intrinsic
resolution of our approach. As mentioned above, in the finger/hand/arm
condition, the difference in the spatial distribution between movement-
related and tactile sensations was prominent in the dorsal and ventral
fronto-parietal areas (Figs. 2A and B). Beyond the primary sensorimotor
area, movement-related sensations were mostly elicited by stimulation
on the SPL and dPM, whereas that on the IPL, vPM and S2 almost ex-
clusively generated tactile sensations (Fig. 2D; Fisher’s exact test for
six regions, p = 0.0059; chi-squared test for the dorsal (SPL and dPM)
and ventral (S2, vPM and VvIPL) areas, y2 = 12.49, p = 0.0004; Sup-
plementary Table 1). Additionally, the stimulation on the SPL induced
both sensations with the highest proportion, suggesting that the SPL is
involved in both tactile and movement-related somatosensations.

3.2. Three and four-dimensional HG mapping

Although our DCS results indicate that there is a distinct spatial dif-
ference between movement-related and tactile perception, it is possi-
ble that artificial somatosensation was induced by top-down streams
from non-primary areas. In the preliminary analysis, however, we ob-
served significant HG activities during passive tactile stimulation from
the electrode located on the non-primary areas, where the patient re-
ported tactile sensation during DCS (Supplementary Fig. 5). To general-
ize this observation that these non-primary areas are actually activated
by such sensations, we constructed three- and four-dimensional brain
maps (Avanzini et al., 2016; Nakai et al., 2017, 2018) for actual move-

ment and passive tactile stimulation tasks. Forty-six epilepsy patients
participated in this study (20 patients for hand grasping and elbow flex-
ion tasks (1256 electrodes), 22 for coarse/fine texture stimulation tasks
(1388 electrodes for both conditions), and 29 for flutter/vibration stim-
ulation tasks (1696 and 1650 electrodes, respectively)). Five patients
participated in both tactile and movement tasks (304 electrodes). The
sampled electrode maps indicate a sufficient coverage of the exposed
cortical sites, especially the cortical crowns of the sensorimotor-related
brain regions (Fig. 3). In contrast, the cortical areas of the medial side
and frontal pole were poorly sampled, except for the supplementary mo-
tor area (SMA) and medial temporal lobe. The mean spatial weights,
indicating the number of electrodes of other patients within a 5 mm
geodesic distance from each electrode (see Method and Materials for de-
tail), were 3.75 + 2.21 (mean + SD) for the movement tasks, 3.81 + 2.05
for the texture stimulation tasks, and 4.58 + 2.53 for the vibrotactile
stimulation tasks. Additionally, those of the sensorimotor-related areas
(S1, M1, S2, SPL, IPL, and BA 6) were 4.22 + 2.25 for the movement
tasks, 4.32 + 1.97 for the texture stimulation tasks, and 5.33 + 2.44 for
the vibrotactile stimulation tasks.

Significant HG activities were observed in various cortical regions
including the S1, M1, SPL, IPL, BA 6 ventral (vPM), BA 6 dorsal (dPM
and SMA), and S2 within 0 to 1 s of the task onset. In both hand grasp-
ing/elbow flexion and coarse/fine texture conditions, the S1, M1, SPL
and BA 6 areas were consistently activated, whereas HG activities in
S2 and adjacent IPL (representing supramarginal gyrus, SMG) areas ex-
hibited a marked difference between the two conditions (independent
2-sample t-test, t = 4.88, df = 276, p = 1.78 x 107%; Figs. 4 and 7 and
Movie 1, see also Movie 1-1). Unlike the result of the DCS mapping, the
posterior part of the IPL (angular gyrus, ANG) showed less dominant HG
activity under both conditions. Interestingly, strong HG activities in the
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Fig. 2. 3-D DCS functional maps based on the quality of sensation ((A) movement-related and (B) tactile sensations). Corresponding body part of the maps is the
hand/finger/arm. (C) Distribution of electrode where patients reported any somatosensation in hand/finger/arm. (D) Radar plots represent the relative proportion
of the number of electrodes in each area for movement-related (red) and tactile (blue) sensations. Electrodes in S1 and M1 were excluded.

ventral PM were consistently observed regardless of the task conditions.
In the texture conditions, significant HG activations were found in the
medial part of BA 5, the medial part of S2 and insula regions, but these
areas could not be compared with the movement conditions due to the
low sampling density. We also found a weak but significant HG activity
in the middle temporal region (MT), consistent with a previous finding
(Avanzini et al., 2016).

Movie 1. Four-dimensional cortical maps of HG activities during
movement (hand grasping and elbow flexion, top) and tactile stimu-
lation tasks (coarse and fine texture conditions, bottom). Time = 0 (ms)
indicates task onset. Only the significant regions were shown in red.

Similar tactile-specific spatial patterns were observed in the vibrotac-
tile stimulation conditions (flutter and vibration), although the amount
of change in HG activity under these conditions was relatively small
(Supplementary Fig. 6). These distinct spatial patterns of the HG ac-
tivities during the movement-related and tactile conditions were more
apparent at the individual level (Fig. 5).

Given the inhomogeneity of electrode coverage of the cortex, it may
be plausible that neural activity in some regions was largely dominated
by one or two electrodes with very strong HG activity. Therefore, we in-
vestigated the proportion of responsive electrodes in each ROI across all
responsive electrodes in two conditions (movement-related and tactile
conditions). The ROI analysis revealed that the ventral SMG area showed
significant differences in the proportion of responsive electrodes (elec-
trodes with p < 0.0025 in at least three time bins (50 ms bins) from 0 to
1 s of the task onset) for each ROI between the two conditions (Fig. 6A,
see also Supplementary Table 2).

The significant cortical area was much wider in the texture condi-
tion (number of significant nodes = 2267 in coarse texture, 1932 in fine
texture, 1777 in hand grasping, and 1103 in elbow flexion), although
the overall amplitude was greater in the hand grasping condition (mean
overall amplitudes of all significant nodes = 3.49 + 0.03 in coarse tex-
ture, 3.20 + 0.03 in fine texture, 3.94 + 0.05 in hand grasping, and
3.06 + 0.03 in elbow flexion). The spatial distributions of the overall
amplitudes were very similar between the coarse and fine texture stim-

ulus conditions (spatial correlation r = 0.94). In contrast, the spatial
correlations between the hand grasping/elbow flexion and texture stim-
ulus conditions were relatively low (Fig. 6B). Additionally, the mean
overall amplitudes (0 to 1 s of the stimulus onset) of the coarse texture
condition from the sensorimotor-related areas were generally greater
than those of the fine texture condition, except for the lateral part of S2,
consistent with a previous finding (Ryun et al., 2017b).

Our four-dimensional mapping analysis revealed that significant
somatosensory-related regions are activated with different temporal dy-
namics (Fig. 7, Movie 1 and 1-1). Early HG responses (within 100 ms
of the task onset) were observed in the S1, M1, SPL, and dorsal IPL in
both the movement-related and tactile conditions. The increased S1 HG
activities gradually decreased until the end of the task but were still
significant throughout the task. Additionally, a transient HG burst in
the S1 was observed at the task offset, consistent with previous findings
(Callier et al., 2019; Ryun et al., 2017b). Prominent spatial differences
in HG activation between the two conditions were found after approxi-
mately 200 ms of the task onset. HG activations in the ventral part of the
IPL became significant after 150 to 200 ms of the task onset in the tac-
tile condition, and these activities appeared to gradually propagate into
the lateral S2 area. In contrast, no dominant HG activity was observed
within 400 ms of the task onset in the movement-related condition. In-
terestingly, significant HG activities in the vPM were consistently found
regardless of the task conditions. In the tactile condition, HG activities
in the S2 area became significant after 350 to 400 ms of the task onset,
after which it lasted about 450 ms. In the hand grasping and elbow flex-
ion condition, weak but significant S2 HG activities were observed after
500 to 550 ms and 1600 ms of the task onset, respectively. It might be
due to the neural response of the isometric contraction period during
hand grasping (300 to 400 ms after the task onset) and elbow flexion (1
to 1.2 s after the task onset).

We also investigated the ROI-based temporal dynamics of HG ac-
tivity between movement and tactile conditions. The results indicated
significant HG differences in power levels between the two conditions
depending on the ROI (Fig. 8). The ventral areas (vSMG and vPM)
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showed strong activation in the tactile condition from 200 — 300 ms to
1 s, whereas strong and sustained activity was observed in dorsal (SPL
and dPM) regions (500 ms to 2 s) in the movement condition. In the
dSMG area, the tactile condition showed a narrow peak, but it rapidly
decreased as in S1, whereas a gradual increase was found in the move-
ment condition.

3.3. Neural characteristics among somatosensory-related areas

To quantify the temporal directionality of the HG activities among
the identified regions, we investigated the peak latencies of the HG ac-
tivities of each ROL In this analysis, we focused on the texture condition
because this condition activated the largest cortical area (compared to
the movement condition) with a high signal-to-noise ratio (compared
to the vibrotactile condition). Furthermore, the kinematics of the move-
ment task change within a task period (i.e., grasp-isometric contraction-
release) making it difficult to evaluate the exact timing of the HG peaks
from the task onset.

Texture
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Fig. 3. Electrode locations and sampling densi-
ties. (A) Locations of all electrodes and (B) sam-
pling densities of the electrodes, in each exper-
imental condition. Note that electrodes covered
most of the parietal lobe, M1, and PM regions
with sufficient sampling densities.
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The HG peak latency results revealed that somatosensory-related
cortical areas were sequentially activated with different peak timings
(Figs. 9 and Supplementary Fig. 7; Supplementary Fig. 8 for vibration).
The HG activity in the S1 reached the peak first, followed by the SPL,
dorsal part of IPL, ventral part of IPL, vPM, and S2. Interestingly, the HG
peaks in the vPM and S2 showed high individual variability among the
electrodes in each region, suggesting that neuronal population responses
in these regions have unique characteristics such as a long-lasting HG
activity compared to other regions (see Fig. 9A).

4. Discussion

In this study, we showed that somatosensation recruited a
widespread somatosensory-related network in the cortex, including the
S1 and S2. The cortical regions that elicited artificial somatosensation
by DCS were tightly linked to the areas where strong HG activities were
observed during actual somatosensory stimulation. Specifically, the re-
sults of the DCS and HG mapping revealed that functional cortical maps



S. Ryun, M. Kim, J.S. Kim et al.

A Hand Grasping

Neurolmage 276 (2023) 120197

Elbow Flexion

I SignificantArea

Fine Texture

Fig. 4. Three-dimensional HG significance maps. (A) HG significance maps for hand grasping (left) and elbow flexion (right) conditions, and (B) those for coarse

texture (left) and fine texture (right) conditions.

from these two approaches together show distinct spatial distributions
depending on the somatosensory functions. In addition, somatosensory
related cortical areas were sequentially activated with distinct tempo-
ral dynamics in each region. These results demonstrate that macroscopic
neural processing for somatosensation has distinct hierarchical networks
depending on their somatosensory functions.

4.1. Two networks of the somatosensory system

Several studies have proposed the existence of two distinct neu-
ral pathways which process the somatosensory perceptual functions
(Delhaye et al., 2018; Dijkerman and de Haan, 2007; Gardner, 2010).
One is from the S1 to the insula via the lateral parietal region such as the
S2, representing the neural processing for perceptual recognition such
as tactile perception. Another one is from the S1 to the dorsal parietal
regions including the SPL, representing neural processing for movement-
related perception. Although there are moderate differences in the areas
of the two pathways and their interpretation compared to the previ-
ous suggestions, the present results indicate that there exist distinct net-
works reflecting neural processing for movement-related and tactile sen-
sations in human cortex. In addition, the analysis results of the HG peak
latency reveal the hierarchical process of the human somatosensory sys-
tem among various somatosensory-related cortical regions including the
S1, S2, SPL, IPL, and PM. Based on these findings, we suggest that a
large-scale cortical network involving the S1, M1, SPL, PM and dorsal
IPL reflects the stream for movement-related somatosensory processing,
whereas the S1, M1, SPL, vPM, insula, S2 and adjacent IPL areas repre-
sents another network reflecting the stream for tactile-specific process-
ing. Anatomically, these areas are densely connected with each other
and project output to the frontal regions via the parieto-frontal path-
way for decision or motor action (Delhaye et al., 2018; Dijkerman and
de Haan, 2007).

The SPL was involved in both somatosensations; however, this area
seems to be more related to the movement-related somatosensory pro-
cessing. In the present study, DCS on the SPL mainly elicited movement-
related somatosensations. Furthermore, previous lesion studies showed
that lesions of the SPL cause mild deficits in tactile perception and
discrimination but induce significant abnormalities in movement tasks
(Padberg et al., 2010; Pause et al., 1989). In this study, the S2 and
adjacent ventral IPL were not significantly involved in the movement-
related somatosensory processing. Several studies suggested that the S2
is also related to movement-related somatosensation because this area
also receives input from proprioceptive afferents and is connected to
the cortical areas related to the movement control such as the PPC
(Disbrow et al., 2003; Friedman and Murray, 1986). In human stud-
ies, the S2 is activated during passive movement and isometric contrac-
tion, and the S2 activation is modulated by movement (Huttunen et al.,
1996; Lin et al., 2000; Xiang et al., 1997). In a magnetoencephalography
(MEG) study, median nerve stimulation evokes both SPL and IPL activa-
tion (Huang et al., 2006). It might be due to the fact that median nerve
stimulation usually induces tactile sensation and finger movement. Like-
wise, in a monkey study, neurons in the IPL respond during not only so-
matosensory stimulation, but also during movement (Rozzi et al., 2008).
Additionally, the IPL is strongly linked to movement intention and illu-
sion (Desmurget et al., 2009).

However, although the S2 receives proprioceptive information from
the thalamus and other cortical regions, and the IPL is involved in move-
ment processing, it is unlikely that the S2 and adjacent ventral IPL are
significantly involved in the neural processing for movement-related so-
matosensation itself. First, in this study, no movement-related sensation
was induced by DCS on these regions. All twenty-three somatosensory
reports in these areas were tactile sensations. Furthermore, the HG ac-
tivation of the S2 region became significant only during the isometric
contraction phase inducing a strong tactile feedback in the hand grasp-
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Fig. 5. Differences in HG activities at the individual level.
(A) Topographical maps of the HG activities during hand
grasping (left) and vibration stimulation (right). Areas (1)
and (2) indicate the S1 and S2, respectively, and correspond-
ing time-frequency representations of each area are shown
at the bottom. Circles on the 3D brain structures indicate the
locations of each electrode. (B) The same maps during hand
grasping (left) and fine texture stimulation (right). Areas (1)
and (2) indicate the IPL and S2, respectively. Corresponding
time-frequency representations of each area are depicted be-
low. Note that strong HG activities were consistently found
in the vPM of both subjects, regardless of the task types.
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ing and elbow flexion movements. Similar results have been reported in
a human PET study (Grafton et al., 1996). These results imply that the re-
ceived proprioceptive information in these regions are less related to the
conscious perception for movement-related sensation. Rather, these ar-
eas may receive proprioceptive information not to consciously perceive
the movement itself but to completely identify the object being touched,
as complementary information. Second, several studies have shown that
lesions in the S2 and IPL cause severe tactile deficits including tactile
agnosia and impairment of texture and shape discrimination but do not
affect the motor skills and proprioception (Murray and Mishkin, 1984;
Reed and Caselli, 1994; Reed et al., 1996). Third, given the multimodal
response characteristics and functional complexity of the IPL region, it is
not surprising that the IPL is involved in both tactile perceptual process-
ing and movement intention/recognition. Specifically, in the present
study, the dorsal part of the IPL (near IPS) is involved in both movement-
related and tactile sensations, whereas the ventral part of the IPL (near
S2) is almost exclusively related to tactile one. This result indicates that

T-Score

although the neurons in the IPL often show multimodal responses, the
relative proportion of preferred modality might be different depending
on the locations within the IPL. This gradient-like organization in the
PPC was also found in another human study (Heed et al., 2011).

The spatial differences between the two parieto-frontal somatosen-
sory networks may be related to the anatomical characteristics of the
cortico-cortical fiber tracts in humans: the superior longitudinal fasci-
culus (SLF) I and III. Conventionally, it is considered that SLF I, re-
ciprocally linking the superior parietal region with the SMA and PM
areas, may contribute to the motor behavior related to the body po-
sition, whereas the SLF III, connecting the vPM and SMG, may be re-
lated to the hand actions requiring higher-order somatosensory infor-
mation (Kamali et al., 2014; Matelli et al., 1998; Rozzi et al., 2006;
Schmahmann et al., 2008). Given the functional and anatomical simi-
larities between the previous and current findings, these two pathways
may be partially involved in somatosensory processing in a function-
specific manner.
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4.2. Functional role of the ventral PM

The present findings suggest that the vPM is critically involved in
the neural processing for both tactile and movement-related informa-
tion. Consistent with the current findings, a previous HG cortical map-
ping study reported significant HG activation in the vPM during me-
dian nerve stimulation, although its perceptual relevance was unclear
(Avanzini et al., 2016). In monkey, the vPM is involved in the trans-
formation of somatosensory information into action and in the tactile
perceptual decision (Romo et al., 2004). In addition, several human
studies have suggested that the vPM is involved in movement percep-
tion without somatosensory feedback by modulating the S1 and is acti-
vated during illusory somatosensory perceptions, ‘the cutaneous rabbit’
(Blankenburg et al., 2006; Christensen et al., 2007). In this study, we
showed that DCS on the vPM induces artificial somatosensation, and
this area is activated by various types of somatosensory stimuli. Given
the present and previous findings, the vPM may be a cortical hub that

Cvs.F Cvs.H Cvs.E Hyvs.E

performs both bottom-up and top-down somatosensory perceptual pro-
cessing for tactile and movement-related information.

4.3. Limitations and perspective

Previous studies have indicated that there is a hemispheric predom-
inance in somatosensory processing (Jancke et al., 2001; Naito et al.,
2017; Stoeckel et al., 2004). Although our DCS results showed a signifi-
cant right hemispheric predominance in the inferior parietal area under
tactile sensation, we could not confirm it from the HG mapping analysis
due to the insufficient number of subjects. Additionally, we were unable
to construct functional maps of unexposed cortical regions such as the
medial part of the S2, insula and cingulum due to the limited spatial cov-
erage of the ECoG electrodes. Previous studies have suggested that DCS
on these areas elicit various types of sensory-related experiences and
that the medial S2 and insula are critically involved in tactile percep-

10
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Fig. 7. Four-dimensional HG maps. Four-dimensional HG maps for (A) movement and (B) texture conditions. Cortical regions where significant HG activities were

observed at each time bin were marked.

tion (Caruana et al., 2018; Preusser et al., 2015). Further investigation
is needed to broaden the current map of somatosensory functions.

Previous magnetoencephalography (MEG) studies suggested that
there exist narrow-band HG activities in the precentral area during
movement (Cheyne et al., 2008; Muthukumaraswamy, 2010). Although
ECoG is less sensitive to the tangential component of the cortical neu-
ral activity, we observed such narrow-band M1 activity in our previous
ECoG study (Ryun et al., 2017a). Given the similarity between MEG and
ECoG narrow-band HG activities, the dPM source (for movement) might
be due to anterior activity or anterior activity in addition to more poste-
rior precentral sulcal activity, the latter of which might be closely related
to M1 sources that are picked up in MEG studies. However, considering
that HG is a focal activity (Kaiju et al., 2021), the current results cannot
directly confirm it. Further research would be warranted covering both
dPM and M1 more densely. Additionally, in this study, we focused on
the spatial delineation of power changes within a large HG band range.
However, spectral characteristics of HG activities, such as the peak fre-
quency and the frequency distribution, might differ between movement
and tactile processing (see Supplementary Fig. 9). Further research is
needed to investigate the spectral difference between movement and
tactile processing.
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In this study, we confirmed the hierarchical processing of tactile sen-
sation by analyzing peak latency. Although we showed the temporal dy-
namics of movement-related HG activity and made direct comparisons
between two conditions, we could not directly measure the hierarchi-
cal process of the movement-related condition due to the complexity of
movement (hand grasping and elbow flexion motion). Further research
focusing on the movement-related sensation is needed to clarify the hi-
erarchical processing.

A recent ICMS study indicated that the quality of induced somatosen-
sation was changed by the stimulus amplitude of the ICMS in the S1 area
(Armenta Salas et al., 2018). In the present study, some patients re-
ported sensory reports differently, depending on the type of stimulation
(monopolar vs. bipolar), although such cases were very rare (14 elec-
trodes). However, unlike the ICMS study, we were not able to directly
change the stimulus parameters because the present research was retro-
spective. Further research is warranted to evoke various somatosensory
qualities on the same electrode using DCS.

In this study, movement-related somatosensation elicited by DCS was
determined by subjective patients’ reports and visual inspection. Accord-
ingly, it is possible that some movement-related somatosensations were
not elicited by the intervention of the somatosensory system itself but
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Fig. 9. HG temporal dynamics of each area. (A) Grand means of HG temporal dynamics in various somatosensory-related areas during fine texture stimulation. (B)
HG peak latencies among areas in A from responsive electrodes of each ROI Vertical blue lines indicate significant pairs (independent 2-sample t-test, Bonferroni

corrected; p < 0.05). Dashed vertical lines indicate mean values.

by actual motor responses. Indeed, DCS on the posterior parietal cortex
can induce motor responses because the PPC and M1 are densely inter-
connected (Gharbawie et al., 2011). Additionally, although we showed
in the previous study that the movement-related HG activity in the so-
matosensory regions mainly represents feedback information from the
periphery (Ryun et al., 2017a), the activity is possibly inflated by motor-
related neural processing. Even considering these possibilities, however,
their impacts on the present results would be limited because these is-
sues are unrelated to the difference in the HG activity of the S2 and IPL
regions between movement-related and tactile conditions.

The current findings provide some important insight into the bi-
directional brain-machine interface (BMI) research incorporating so-
matosensory feedback by cortical stimulation. So far, studies on cor-
tical stimulation for eliciting somatosensation have mainly focused on
the S1 area because the stimulation on this area robustly induces so-
matosensory experiences of specific body parts. In the current study, we
showed that DCS on high order cortical regions can induce somatosen-
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sory function-specific perceptual experiences depending on the location
of the stimulation. This result may provide a cortical functional map
for a multi-regional electrical stimulation to finely control the elicited
sensation.
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