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A B S T R A C T

Humans are adept at perceiving physical properties of an object through touch. Tangible object properties can be
categorized into two types: macro-spatial properties, including shape and orientation; and material properties,
such as roughness, softness, and temperature. Previous neuroimaging studies have shown that roughness and
temperature are extracted at nodes of a network, such as that involving the parietal operculum and insula, which
is different from the network engaged in processing macro-spatial properties. However, it is unclear whether
other perceptual dimensions pertaining to material properties engage the same regions. Here, we conducted a
functional magnetic resonance imaging study to test whether the parietal operculum and insula were involved in
extracting tactually-perceived softness magnitude. Fifty-six healthy right-handed participants estimated perceived
softness magnitude using their right middle finger. We presented three stimuli that had the same shape but
different compliances. The force applied to the finger was manipulated at two levels. Classical mass-univariate
analysis showed that activity in the parietal operculum, insula, and medial prefrontal cortex was positively
associated with perceived softness magnitude, regardless of the applied force. Softness-related activity was
stronger in the ventral striatum in the high-force condition than in the low-force condition. The multivariate voxel
pattern analysis showed higher accuracy than chance levels and control regions in the parietal operculum/insula,
postcentral gyrus, posterior parietal lobule, and middle occipital gyrus. These results indicate that a distributed set
of the brain regions, including the parietal operculum and insula, is involved in representing perceived softness.
1. Introduction

One of the objectives in neuroscience is to understand how sensory
information is processed in the brain. It is widely assumed that the sen-
sory input is initially processed in a parallel-distributed manner, and
then, such separately processed information is integrated to provide a
unified percept (Zeki, 1998). In vision, it has been found that multiple
pathways exist for processing different properties such as color, depth,
and motion. On the other hand, less evidence is available on the neural
mechanisms underlying tactile object processing (Kitada, 2016).

Humans are adept at perceiving object properties using touch, even
when vision is unavailable. Tangible object properties are organized into
).
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two major categories: macro-spatial and material properties (Jones and
Lederman, 2006). The former category, which includes the perception of
shape, orientation, and location, needs some form of a spatial reference
system (spatial coding) (Lederman and Klatzky, 1997). On the other
hand, the latter category, which includes roughness, softness, and tem-
perature, is expressed as intensity (intensity coding) (Lederman and
Klatzky, 1997). Previous studies using multidimensional scaling have
demonstrated that surface roughness and softness are highly prominent
perceptual dimensions of surface textures (Hollins et al., 1993, 2000).
The perceived magnitude of surface roughness is associated with
inter-element spacing (e.g., distance between bumps) on the surface of an
object (Lederman and Taylor, 1972), whereas the magnitude of
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perceived softness is related to object compliance, that is, the magnitude
of deformation of an object under an applied force (Srinivasan and
LaMotte, 1996).

Previous neuroimaging studies have demonstrated a distributed set of
the brain regions involved in tactile processing of object properties
(Roland et al., 1998; Stilla and Sathian, 2008; Sathian et al., 2011). In
these studies, compared with tactile perception of macro-spatial prop-
erties, tactile perception of material properties revealed distinct patterns
of brain activation (Roland et al., 1998; Stilla and Sathian, 2008; Sathian
et al., 2011). More specifically, activity in the parietal operculum
(including the secondary somatosensory cortex), insula, and occipital
cortex is greater for texture perception than for perception of shape
(Stilla and Sathian, 2008) and of dot location on a cardboard (Sathian
et al., 2011). Neuroimaging studies focusing on one perceptual dimen-
sion of material properties have shown that activity in the parietal
operculum and insula is related to the magnitude of perceived roughness
(Kitada et al., 2005; Eck et al., 2016) and temperature (Craig et al., 2000).
A more recent study demonstrated that the activity in a part of the oc-
cipital cortex is related to perceived roughness magnitude (Eck et al.,
2013). These findings raise the possibility that compared with the
macro-spatial properties, the parietal operculum, the insula, and a part of
the occipital cortex are involved in extracting intensity information of
material properties. If this is the case, we can expect the same brain re-
gions to also be involved in the tactile processing of other perceptual
dimensions of material properties. However, compared with the
perception of roughness and temperature, the neural correlates under-
lying the perception of object compliance and softness have been scarcely
investigated.

To the best of our knowledge, only two neuroimaging studies have
examined the neural substrates of tactile perception of compliance
(Servos et al., 2001; Bodegard et al., 2003). Servos et al. (2001) found
that haptic identification of hardness activates the postcentral gyrus
(corresponding to the primary somatosensory cortex) to a greater extent
than finger movement without touching an object. However, it is not
clear whether activation in this region is related to tactile input in general
or specific to object hardness. Bodegard et al. (2003) examined brain
activation during the haptic discrimination of spring strength, and found
stronger activation in regions such as the postcentral gyrus and cere-
bellum than rest condition. However, as such activation can be due to
tactile stimulation input, the brain networks that are involved in
extracting information on compliance or softness perception are still
unknown.

In the present study, we conducted a functional magnetic resonance
imaging (fMRI) study to test whether the parietal operculum, insula, and
occipital cortex are involved in processing magnitudes of softness. The
participants estimated magnitude of objects’ softness when they were
pushed onto their middle fingers by a stimulator. We conducted two
experiments. We examined brain regions of which activity is correlated
with softness in the first experiment (localizer experiment). The softer the
object becomes, the force that was imposed on the finger becomes lower.
Thus, if the applied force is not manipulated, the participants may simply
classify objects based on the applied force, but not softness. Thus, the
possibility remains that the softness-related activity in a brain region
actually reflects the magnitude of the force applied to the finger.
Therefore, we examined the effect of applied force on the activity related
to perceived softness in the second experiment (main experiment). We
predicted that the parietal operculum, insula, and a part of the occipital
cortex show activity associated with perceived softness of samples,
regardless of the applied force.

2. Materials and methods

2.1. Participants

Fifty-six Japanese individuals (31 men, 25 women) aged 18–41 years
(mean � standard deviation ¼ 23.5 � 5.5 years) participated in the
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study. The localizer experiment involved 32 participants (17 men), and
the main experiment involved 35 participants (19 men). Eleven volun-
teers participated in both experiments (32þ 35� 11¼ 56 participants in
total). All participants were right-handed, as assessed using the Edin-
burgh Handiness Inventory (Oldfield, 1971). None of the participants
reported prior loss of tactile sensation or a history of major medical or
neurological illnesses, such as epilepsy, significant head trauma, or a
lifetime history of alcohol dependence. The study was conducted in
accordance with the Declaration of Helsinki. All participants provided
written informed consent prior to participation. The study protocol was
approved by the local medical ethics committees at the National Institute
for Physiological Sciences. All procedures were performed in accordance
with the approved guidelines.

2.2. Experimental design and statistical analysis

We adopted within-subject experimental designs in both experiments.
The localizer experiment involved four levels of object compliance,
whereas the main experiment involved three levels of object compliance
and two levels of applied force. All behavioral data were analyzed using
SPSS software (version 23; IBM Corporation, Armonk, NY). Bonferroni
correction was applied to control for multiple comparisons. All fMRI data
were analyzed using the Statistical Parametric Mapping 12 (SPM12)
software package (Friston et al., 2007) (RRID: SCR_007037) in MATLAB
(2017b; MathWorks, Natick, MA, USA). In the mass-univariate analysis,
the statistical threshold for the spatial extent test on the clusters was set
at p< 0.05, family-wise error (FWE) corrected for multiple comparisons.
The height (cluster-forming) threshold was set at p< 0.001 (uncorrec-
ted). This threshold is sufficiently high to use the random-field theory to
control FWE rate (Flandin and Friston, 2019). We used CoSMoMVPA
toolbox to perform multi-variate voxel pattern analysis (Oosterhof et al.,
2016) (RRID: SCR_014519).

2.3. Stimulus presentation

As stimuli, we used 9 spherical segments that were made of urethane
elastomer covered by plastic membrane and 1 spherical segment made of
fiberglass-reinforced plastic (Bioskin; Beaulax Co., Ltd., Tokyo, Japan).
All of them had the same size (5-cm diameter base� 1.3-cm height). We
measured the compliance of the 9 stimuli using a force tester (KES-G5;
Kato Tech Co., Ltd., Kyoto, Japan) (Supplementary Fig. 1). As in the
previous studies (Srinivasan and LaMotte, 1995), we defined mean ver-
tical deformation relative to force (mm/N) as compliance. These values
were logarithmically transformed because the transformed values tend to
be linearly related to perceived magnitudes (Kitada et al., 2012). Sub-
sequently, four stimuli for the localizer experiment and 3 for the main
experiment were selected based on the transformed compliance values.
Since thermal conductivity is different between urethane elastomer and
fiberglass, and may become a confounding factor, fiberglass reinforced
plastics was only used in the localizer task.

We developed an MRI-compatible stimulus presentation device. This
device had two parts: a wooden frame supporting the participant's right
hand, and pneumatic cylinders that push the stimuli upward onto the
right middle finger. The participants wore a glove that had a hole at the
tip of the right middle finger. The backside of the glove was fastened to a
Velcro strip that was attached to the ceiling of the wooden frame. Two
identical vitreous cylinders (30ml) that were connected through air tube
were placed inside and outside the MRI scanner. A wooden plate with the
stimulus was placed on the top of the cylinder inside the MRI scanner. At
the onset of each trial, the device automatically placed a weight on the
top of the cylinder outside the MRI scanner, moving up the cylinder in-
side the scanner toward the participant's middle finger. The duration of
each stimulation was approximately 2.2 s, repeated twice (4.4 s). One
experimenter stood beside the scanner and wore MRI-compatible head-
phones (Kiyohara Optics, Tokyo, Japan).

In order to stimulate the finger with two different forces, we changed
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the height of the wooden plate (where the stimulus was placed) by 5mm.
Similar to a previous study (Rajaei et al., 2018), we measured the force
applied to the finger by placing an air pressure sensor (3.5� 3.5 cm2)
(Minamoto Medical, Chiba, Japan) where the participant's right finger
was placed. This measurement was conducted with the same apparatus
outside of the scanner. The pressure sensor was connected to a data
acquisition device (ML846 PowerLab 4/26; ADInstruments, Dunedin,
NZ) through a custom-made force measurement interface (Minamoto
Medical). Standard Windows-based software (LabChart, ADInstruments)
was used to record the force. As Fig. 1B shows, the force applied to the
sensor decreases as the compliance of the stimulus increases because
softer stimuli cause more deformation when they are pushed onto the
sensor. Nevertheless, the force detected by the sensor was clearly
different between high-force and low-force experiments (Fig. 1B). The
experimenters (R.K., R.D., J.K., and T.T.) confirmed that they could
clearly perceive the difference in the applied force.

Participants lay in the supine position. Participants’ heads were fixed
using foam pads and tape to minimize movement, and they were
instructed to remain relaxed during scanning. The participants were
asked to extend their arms, placing their right hand in the wooden frame.
They held a response box in their left hand. Visual stimuli were presented
to the participants using the Presentation software (Neurobehavioral
Systems, Inc., Albany, CA, USA) implemented on a personal computer
Fig. 1. Experimental design.
(A) Setup. We developed an apparatus consisting of two cylinders that are connected
moved the stimulus onto the participant's middle finger placed inside the scanner. Th
per applied force, were varied (see Supplementary Fig. 1 for details). (B) Forces app
main experiment, since the force applied decreases with higher compliance. Forces
indicates force averaged over six trials (with SEM). (C) Task schedule. In each trial,
onto the finger twice during the next 4.4 s. The participant was asked to judge com
presented. The timing of presentation of the red fixation cross was jittered.
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(dc7900; Hewlett-Packard, Ltd., Palo Alto, CA, USA). A liquid crystal
display projector (CP-SX12000; Hitachi, Ltd., Chiyoda, Tokyo, Japan)
located outside and behind the scanner projected the stimuli through a
waveguide to a translucent screen, which the participants viewed via a
mirror placed in the MRI scanner. The same software was used to present
auditory cues for the next stimulus to be presented and the timing of
replacing the stimulus with the next one. The auditory cues were only
presented to the experimenter via headphones.

2.4. Data acquisition

The present study utilized a 3-T whole-body MRI scanner (Verio;
Siemens, Erlangen, Germany) with a 32-element phased-array head coil.
To obtain T2*-weighted (functional) images, we employed a multiband
echo-planar imaging (EPI) sequence that collected multiple slices
simultaneously, reducing the repetition time (TR) per volume (Feinberg
et al., 2010). Specifically, the following parameters were used to cover
the whole brain: gradient-echo EPI, TR¼ 1000ms, multiband factor¼ 6,
echo time (TE)¼ 35ms, flip angle¼ 65�, 60 axial slices of 2-mm thick-
ness with a 25% slice gap, field-of-view¼ 192� 192mm2, and in-plane
resolution¼ 2.0� 2.0mm2. Further, T1-weighted high-resolution
anatomical images were acquired for each participant using
magnetization-prepared rapid acquisition gradient echo (MP-RAGE)
via an air tube. A weight was placed on the cylinder outside the scanner, which
e stimuli had identical shapes and sizes, whereas their compliances, deformation
lied to the finger. We applied two different levels of force to the finger in the
were measured by placing a sensor where the finger is placed. The bar graph
the fixation cross was replaced with a white square and the stimulus was pushed
pliance of the stimulus by pressing a button when the red fixation cross was
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sequences (TR¼ 1800ms, TE¼ 1.98ms, flip angle¼ 9�, and voxel
size¼ 1� 1� 1mm3).
2.5. Task (main experiment)

Each participant completed 6 runs of the task, which included each of
the 7 conditions: high compliance with the higher force (Soft-high F),
high-compliance with the lower force (Soft-low F), medium compliance
with the higher force (Med-high F), medium compliance with the lower
force (Med-low F), low compliance with the higher force (Hard-high F),
low compliance with the lower force (Hard-low F), and no stimulation
condition (Baseline).

A single run consisted of twenty-one 15-s trials (315 s in total) pre-
ceded by 20-s rest and followed by 10-s rest (315 þ 20 þ 10 ¼ 345 s in
total, 345 vol). Each condition was repeated 3 times in a single run (3
repetitions � 6 runs ¼ 18 trials for each condition). The order of the 7
conditions in each run was pseudo-randomized. In each trial, a white
cross was replacedwith a white box for 4.5 s (Fig. 1C). During this period,
the participant's middle finger was stimulated in all tactile-stimulation
conditions, whereas no stimulation was provided in the Baseline condi-
tion. After this period, the red cross was presented for 2 s, during which
the participant pressed one of the three buttons with their left hand to
indicate how soft the object felt. The order of the button presses was
counterbalanced across the participants to avoid any association between
response buttons and object compliance. The onset of the red cross was
jittered within 2 s (5–7 s from the onset of the trial). The response was
calculated as perceived softness magnitude, by treating soft as 3, middle
as 2, and hard as 1. During the rest of the trial, the participant was asked
to stay still and the experimenter replaced the stimuli and plates.

2.5.1. Data processing and analysis
The first 15 vol of each fMRI run were discarded to allow the MR

signal to reach a state of equilibrium. The remaining volumes were used
for the subsequent analyses. To correct for head motion, functional im-
ages from each run were realigned to the first image and again realigned
to the mean image after the first realignment. The T1-weighted
anatomical image was co-registered to the mean of all realigned im-
ages. Prior to co-registration, the T1-weighted anatomical image was
skull-stripped to prevent non-brain tissue from affecting the alignment
between the EPI and T1 images. Each co-registered T1-weighted
anatomical image was normalized to the Montreal Neurological Institute
(MNI) space using the DARTEL procedure (Ashburner, 2007). More
specifically, each anatomical image was segmented into tissue class im-
ages using a unified segmentation approach. Gray and white matter
images were registered and normalized to space using the preexisting
template that is based on the data from 512 Japanese individuals scanned
at the National Institute for Physiological Sciences. The parameters from
DARTEL registration and normalization were then applied to each
functional and T1-weighted anatomical image. The normalized func-
tional images were filtered using a Gaussian kernel of 4-mm full-width at
half-maximum (FWHM) in the x, y, and z axes. We then conducted
mass-univariate analysis and multi-voxel pattern analysis (MVPA), as
explained below.

2.5.2. Mass-univariate analysis
A general linear model was fitted to the fMRI data for each partici-

pant. The blood-oxygen-level dependent (BOLD) signal for the period of
tactile stimulation was modelled using boxcar functions convolved with
the canonical hemodynamic response function. We conducted the
following two analyses, where a design matrix comprising the 6 runs was
prepared for each participant.

2.5.2.1. First analysis (analysis of variance). In the first analysis, we
evaluated brain activity showing main effects of each factor and the
interaction. Each run in the design matrix included 7 task-related
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regressors for 6 tactile stimulation and 1 baseline conditions. The time
series for each participant was high-pass-filtered at 1/128 Hz. As the
traditional AR (1) þ white noise model can fail to whiten the data with
short TR, temporal autocorrelations were modelled and estimated from
the pooled active voxels by the FAST model, and were used to whiten the
data (Corbin et al., 2018). Motion-related artifacts were minimized by
incorporating the 6 parameters (3 displacements and 3 rotations) from
the rigid-body realignment stage into each model. The contrast estimates
for each stimulation condition against baseline condition were evaluated
using linear contrasts.

Contrast images from the individual analyses were used for the group
analysis, with between-subjects variance modelled as a random factor.
The contrast images obtained from the individual analyses represent the
normalized task-related increment of the MR signal of each participant.
We employed a full factorial design to construct a single design matrix
involving 6 conditions. The factors of force and compliance were
modelled as within-subject (dependent) levels with unequal variance.

We evaluated the main effect of each factor and their interaction
using F tests. The resulting set of voxel values constituted the SPM{F}.
The search volume was the whole brain. Brain regions were anatomically
defined and labeled in accordance with probabilistic atlases (Shattuck
et al., 2008) and an anatomical MR image averaged over all participants.

2.5.2.2. Second analysis (parametric modulation). In the second analysis,
we evaluated brain activity positively correlated with the participant's
rating of perceived softness. Each run included three task-related re-
gressors: one each for the high-force, low-force condition, and baseline
conditions. To reveal the brain areas whose activity co-varied with
perceived softness, we performed parametric-modulation analysis
(Büchel et al., 1998). We used the participant's trial-by-trial ratings as
parametric modulators for each force condition. The regressor for para-
metric modulators was orthogonalized to that for the task-related re-
gressors. In order to test our prediction that the parietal operculum, the
insula, and a part of the occipital cortex are associated with perceived
softness regardless of the force magnitude, we evaluated the parametric
modulator for each force condition, and then examined their common-
alities and differences. The other procedures were identical to the first
analysis. We performed one-sample t tests on the contrast estimates ob-
tained from the group analysis. The resulting set of voxel values for each
contrast constituted the SPM{t}. We initially conducted the whole-brain
analysis and then limited the search volume to the regions that were
identified by the localizer experiment (see below).

2.5.3. MVPA
We examined whether the predefined regions of interest (ROIs)

contain information on compliance extracted by touch. We constructed
new design matrices to obtain parameter estimates and t values for each
trial. For each participant, 6 design matrices were produced with each
modelling trials in each run. Each regressor in a design matrix modelled
BOLD signal during the tactile stimulation in each trial. Thus, each design
matrix contained 21 regressors (3 repetitions per run � 6 tactile condi-
tions þ 3 repetitions per run for the baseline condition) as well as the 6
motion-related parameters. We generated a map of voxel-wise t-values
(SPM{t} map) for each trial of each participant by evaluating the linear
contrast of the regressor of each trial against the implicit baseline.

We then performed classification analyses on the voxel-wise t values
of each participant (Misaki et al., 2010). A linear support vector machine
(MATLAB's SVM) was trained on data obtained from 5 runs. Subse-
quently, the trained classifier was used to predict compliance of the
presented object (soft, medium, or hard) in the remaining run. Accuracy
was recorded for the attempted classification of the data. This process
was repeated 6 times, using a different run as the test data (leav-
e-one-run-out cross-validation). These cross-validated analyses were
performed separately for each ROI.

We combined two approaches to determine whether the performance



Table 1
Response obtained in the main experiment.

Soft-
low F

Med-
low F

Hard-
low F

Soft-
high F

Med-
high F

Hard-
high F

Rating 2.86 2.13 1.08 2.87 2.12 1.09
SEM 0.02 0.03 0.03 0.02 0.02 0.03
Response
time (ms)

609 604 593 584 618 614

SEM 25 25 22 22 24 22

SEM, standard error of the mean; Soft-low F, high-compliance with the lower
force; Med-low F, medium compliance with the lower force; Hard-low F, low
compliance with the lower force; Soft-high F, high compliance with the higher
force; Med-high F, medium compliance with the higher force; Hard-high F, low
compliance with the higher force.
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of the trained classifier exceed the chance level. First, we used random
permutation tests in each region at the single-subject level, and then
combines the results at the group level with a bootstrap method (Stelzer
et al., 2013). More specifically, we randomly shuffled categories for each
t map and then conducted the aforementioned procedure 1000 times for
each region of each participant. Then we drew one result (including the
original result) from each participant and calculated group-level mean
1000 times. We calculated p value by counting the number of permuta-
tions with equal or higher accuracy than the accuracy of the original
result and corrected it for multiple comparisons (with Bonferroni
correction). Second, we used structures with cerebrospinal blood fluid
(CSF) as a control region, because these regions shouldn't contain in-
formation related to compliance. The CSF region (21,872mm3) was
defined based on the high-intensity signal of the mean functional image
across the participants. We subtracted the performance of CSF from the
classification accuracy in each region and performed non-parametric
one-sample test (Wilcoxon signed rank test corrected with Bonferroni
correction). We considered that a region contains information about
compliance only when both tests showed significant results. We did not
use the conventional one-sample t-test against the theoretical chance
level because it may not provide a valid population inference (Stelzer
et al., 2013; Allefeld et al., 2016). Moreover, we can further minimize
false positives by examining the accuracy for a control area that does not
process any information (Liang et al., 2013; Pilgramm et al., 2016).

We performed the analyses for the following regions that have been
previously shown to be involved in tactile object perception (Servos
et al., 2001; Bodegard et al., 2003; Kitada et al., 2005, 2006, 2014; Stilla
and Sathian, 2008; Sathian et al., 2011; Eck et al., 2013, 2016): the hand
area in the postcentral gyrus (21,128mm3, z coordinate ranging from 40
to 70), parietal operculum/insula (23,048mm3), superior parietal lobule
(46,672mm3), angular gyrus (33,536mm3), supramarginal gyrus (27,
776mm3), fusiform gyrus (20,496mm3), lingual gyrus (25,168mm3),
middle occipital gyrus (36,800mm3), and early visual cortex (corre-
sponding to Brodmann Area 17 and 18, 23,694mm3).

The aforementioned ROIs were anatomically defined using Shattuck's
probabilistic map (LBPA40; Shattuck et al., 2008) and the probabilistic
map in the SPM anatomy toolbox (Eickhoff et al., 2005). Early visual
cortex was defined using the anatomical toolbox (Amunts et al., 2000).
The parietal operculum/insula were defined by combining the two maps
(Eickhoff et al., 2006a, 2006b). Other brain regions were defined using
Shattuck's map. The hand area of the postcentral gyrus was defined by
limiting Shattuck's map between z¼ 40 and z¼ 70, based on our previ-
ous studies (Kitada et al., 2005, 2006; Yang et al., 2017).

We also performed classification analyses to predict the force
magnitude corresponding to the presented object. This procedure was
identical to the analysis of object compliance, except for the targets of the
prediction (high or low force).

2.6. Localizer experiment

The experimental setup was identical to that of the main experiment
except that four stimuli were used without manipulating the applied
force (Supplementary Fig. 1). A single run consisted of twenty 15-s trials
(300 s in total) preceded by 20-s rest and followed by 10-s rest (300þ 20
þ 10 ¼ 330 s in total, 330 vol). Each condition was repeated 4 times in a
single run (4 repetitions � 6 runs ¼ 24 trials for each condition). The
order of the 7 conditions in each run was pseudo-randomized. Unlike the
main experiment, the onset of the red cross was not jittered in this
experiment. The design matrix included 6 runs, with each run containing
two task-related regressors: one for tactile stimulation, and the other for
the baseline condition. We evaluated softness-related activity using the
same parametric modulation analysis employed in the main experiment.
We used the result of the localizer experiment to limit the search volume
to the anatomically-defined parietal operculum/insula in the univariate
analysis (see section 2.5 for the anatomical definition), and extracted
parameter estimates of the main experiment at the peak coordinates
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identified in the localizer experiment. This procedure avoids the invalid
statistical inference associated with selection bias (i.e., the double-
dipping problem (Kriegeskorte et al., 2009)).

3. Results

3.1. Task performance

Table 1 shows the estimated magnitudes of softness and their
response times from the main experiment. Two-way repeated-measures
analysis of variance (ANOVA) (3 levels of compliance� 2 levels of force)
for rating revealed only a significant main effect of compliance [F (2,
68)¼ 1957.4, p< 0.001]. Neither main effect of force nor the interaction
effect was significant (p values> 0.8). The post-hoc pairwise compari-
sons with Bonferroni correction showed that the softness rating was
greater for soft stimulus than for other stimuli (p values< 0.001),
whereas the rating was higher for the medium stimulus than for hard
stimulus (p values< 0.001). The same ANOVA for response time showed
only a significant interaction effect [F (2, 68)¼ 5.1, p< 0.01]. However,
the post-hoc pairwise comparisons with Bonferroni correction showed no
significant difference (p values> 0.05).

Similar to the main experiment, the participants were able to estimate
softness magnitude of 4 stimuli in the localizer experiment. One-way
repeated-measures ANOVA (4 levels of compliance) on rating showed a
significant main effect [F (3, 93)¼ 969.3, p< 0.001]. Post-hoc pairwise
comparisons with Bonferroni correction showed significant differences
among all pairs of the stimuli; the higher the compliance was, the higher
was the rating (p values< 0.001) (Supplementary Table 1). No signifi-
cant effect was observed for response time (p> 0.09).

3.2. fMRI results

3.2.1. Localizer experiment
The analysis of softness-related brain activity based on the data ob-

tained from the localizer experiment showed graded activation in the left
anterior insula, left medial part of the superior frontal gyrus, left poste-
rior insula, and left parietal operculum (Supplementary Table 2 and
Supplementary Fig. 2). Based on this result, we limited the search volume
to the left parietal operculum and insula, and used peak coordinates to
extract parameter estimates in the univariate analysis of the main
experiment.

3.2.2. ANOVA (main experiment)
In the analysis of the data obtained from the main experiment, we

evaluated F contrasts to depict brain regions involved in the main effects
and interaction. Subsequently, we examined brain activity correlated
with perceived softness. Finally, we conducted MVPA to examine
whether spatial patterns of activity in the ROIs contain information on
compliance.

3.2.2.1. Main effects of object compliance. The F contrast for the main
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effect of object compliance revealed bilateral regions of significant effect:
the postcentral gyrus; precentral gyrus; parietal operculum; insula; su-
perior, middle, and inferior frontal gyri; orbitofrontal cortex; supra-
marginal gyrus; angular gyrus; superior parietal lobule; precuneus;
superior, middle, and inferior temporal gyri; middle occipital gyrus;
cingulate gyrus; caudate nucleus; hippocampus; amygdala; and cere-
bellum (Fig. 2 and Supplementary Table 3). Moreover, we also found
unilateral effect in the right lingual gyrus and left parahippocampal
gyrus. The representative individual data are provided in the Supple-
mentary Fig. 3.

3.2.2.2. Main effects of force. The F contrast of applied force showed no
significant effect.

3.2.2.3. Interactions between object compliance and force. The F contrast
of the interaction term showed bilateral regions of significant effect in the
superior and middle frontal gyri, cingulate gyrus, superior temporal
gyrus, putamen, and caudate nucleus. Moreover, the same test showed
significant effect in the left orbitofrontal cortex, left supramarginal gyrus,
left angular gyrus, left middle temporal gyrus, left cerebellum, and right
posterior insula (Fig. 2 and Supplementary Table 4). The representative
individual data are provided in the Supplementary Fig. 4.

3.2.3. Brain regions of which activity is correlated with perceived softness
(main experiment)

3.2.3.1. Low-force condition. The whole-brain analysis showed regions
of significant activation in the bilateral anterior insula, medial parts of
the bilateral superior frontal gyrus, left posterior insula, left parietal
operculum, and right cingulate gyrus (Fig. 3A and Supplementary
Table 5). The analysis with search volume limited to the parietal oper-
culum and insula showed no additional activation.

3.2.3.2. High-force condition. The whole-brain analysis showed regions
of significant activation bilaterally in the anterior insula, parietal oper-
culum, cingulate gyrus, inferior and superior frontal gyri, precentral
gyrus, postcentral gyrus, superior parietal lobule, supramarginal gyrus,
putamen, and cerebellum. Moreover, the same analysis showed regions
of activation in the right hemisphere: the middle frontal gyrus, angular
gyrus, caudate nucleus, and lingual gyrus (Fig. 3A and Supplementary
Table 6). Further, the analysis with the limited search volume (i.e., the
parietal operculum and insula) showed another cluster of significant
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activation in the left posterior insula and left parietal operculum.
Fig. 3B shows overlap of activation between low-force and high-force

conditions. In accordance with the localizer experiment, the overlap was
found in the left insula and medial part of the superior frontal gyrus. The
overlap in the posterior insula extended to the border between the pa-
rietal operculum and insula, whereas the overlap in the superior frontal
gyrus extended to the dorsal anterior cingulate gyrus.

3.2.3.3. ROI analysis. We extracted contrast estimates from the peak
coordinates defined based on results of the localizer experiment (Fig. 4).
Two-way repeated-measures ANOVAs (3 levels of object compliance� 2
levels of applied force) on the contrast estimates (activity relative to
baseline) showed significant main effects of object compliance in all re-
gions (F (2, 68)¼ 8.03, p< 0.01 for the posterior insula; F (2, 68)¼ 6.59,
p< 0.01 for the parietal operculum; F (2, 68)¼ 17.44, p< 0.001 for the
anterior insula; F (2, 68)¼ 26.03, p< 0.001 for the superior frontal
gyrus). Neither main effect of force nor its interaction was significant (p
values> 0.1). Post-hoc pairwise comparisons (with Bonferroni correc-
tion) showed that the soft material triggered stronger activity than the
hard material in all regions (p values< 0.05). The medium material
triggered stronger activity than the hard material in all regions (p
values< 0.05), except for the posterior insula (p¼ 0.058). The superior
frontal gyrus showed higher activity for the mediummaterial than for the
soft material (p< 0.01), while no such difference was found in other
regions (p-values> 0.5).

3.2.3.4. Difference in softness-related activity between low- and high-force
conditions. We then examined the difference in softness-related activity
between low- and high-force conditions (i.e., difference of parametric
modulators). Within the softness-related regions in the high-force con-
dition, the comparisons between the two force conditions showed
stronger softness-related activity in the bilateral putamen and left
caudate nucleus in the high-force condition than in the low-force con-
dition (Fig. 5 and Supplementary Table 7). Stronger softness-related ac-
tivity was not found in the low-force condition than in the high-force
condition.

3.2.4. Multi-voxel pattern analysis
We examined which brain regions contain information regarding

object compliance by conducting MVPA. Based on the previous studies
on material perception (Servos et al., 2001; Bodegard et al., 2003; Kitada
et al., 2005, 2014; Stilla and Sathian, 2008; Sathian et al., 2011; Eck
Fig. 2. Main effects and interactions of
compliance and applied force.
Main effects and interactions of compliance
and applied force were superimposed on a
surface-rendered T1-weighted high-
resolution magnetic resonance imaging of
an individual unrelated to the study. No
significant effect was observed for the
applied force. The statistical threshold for
the spatial extent test was set at p< 0.05,
family wise error (FWE) corrected for mul-
tiple comparisons over the whole brain when
the height (cluster-forming) threshold was
set at p< 0.001 (uncorrected).



Fig. 3. Brain activity positively correlated
with perceived softness.
The statistical threshold for the spatial extent
test was set at p< 0.05, family-wise error
(FWE)-corrected for multiple comparisons
when the height threshold was set at
p< 0.001 (uncorrected). A. Brain activation
that was positively corrected with perceived
softness was superimposed on a surface-
rendered T1-weighted high-resolution MRI
of an individual unrelated to the study. B.
Graded activation in the low- and high-force
conditions were overlaid on sagittal and
coronal sections of the MRIs averaged over
the participants.
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et al., 2013, 2016), we defined the following anatomical regions as ROIs:
the hand area of the postcentral gyrus, insula/parietal operculum, su-
perior parietal lobule, supramarginal gyrus, angular gyrus, early visual
cortex (primary and secondary visual cortices), middle occipital gyrus,
fusiform gyrus, and lingual gyrus. Permutation tests showed significant
results on all regions (p values< 0.01). One-sample Wilcoxon signed
rank test on performance accuracy (with Bonferroni correction) showed
higher accuracy than control in the postcentral gyrus (p< 0.001), insu-
la/parietal operculum (p< 0.001), superior parietal lobule (p< 0.001),
angular gyrus (p< 0.001), supramarginal gyrus (p< 0.001), and middle
occipital gyrus (p< 0.01) (Fig. 6). We also conducted the same analysis
for the applied force. However, neither permutation nor one-sample
Wilcoxon signed-rank test revealed a statistically significant effect
(p-values> 0.05).

4. Discussion

In the present study, we examined the brain network of which activity
reflects perceived object softness. While a distributed set of brain regions
was affected by differences in compliance of stimulus, graded response to
perceived softness was limited to the parietal operculum, insula, and
superior frontal gyrus. This result was confirmed by the two experiments.
Moreover, MVPA showed that not only the parietal operculum and
insula, but also the postcentral gyrus, superior parietal lobule, supra-
marginal gyrus, angular gyrus, and middle occipital gyrus contained in-
formation related to object compliance.

4.1. Softness-related activation

To the best of our knowledge, this is the first neuroimaging study to
depict the brain activity related to the softness magnitude perceived by
touch. Previous neuroimaging studies have shown the involvement of the
somatosensory regions in tactile softness perception (Servos et al., 2001;
Bodegard et al., 2003). However, because activity during softness
perception was compared with that during a control condition that in-
volves no tactile stimulation (e.g., rest), it was unclear to what extent
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such activity reflects perceived softness. The present study extends these
previous findings by demonstrating that a distributed set of the brain
regions beyond the primary somatosensory cortex is involved in repre-
senting perceived softness magnitude. Furthermore, the most compelling
evidence was obtained for the involvement of the parietal operculum
(including the secondary somatosensory cortex) and insula in such rep-
resentation; these regions showed graded response to perceived softness
in the two experiments performed in this study. This result indicates that
this region constitutes an important node of the brain network involved
in processing object compliance for tactile softness perception. This
result is consistent with a previous finding that ablation of the secondary
somatosensory cortex in monkeys causes impairment of haptic discrim-
ination of softness and roughness (Murray and Mishkin, 1984).

Neuroimaging studies have also shown that activity in these regions is
related to perceived roughness (Kitada et al., 2005; Eck et al., 2016) and
temperature (Craig et al., 2000). A patient with a tumor compressing the
parietal operculum and insula demonstrated a relatively poor ability to
discriminate the roughness of abrasives (Greenspan and Winfield, 1992).
Thus, the present finding, in conjunction with the previous findings,
supports the hypothesis that the parietal operculum and insula play a
critical role in extracting intensity information of material properties
(Roland et al., 1998; Kitada, 2016; Sathian, 2016). Thus, this is consistent
with the idea that the two major categories of tangible object proper-
ties—macro-geometric and material properties—are processed in over-
lapping, but distinct, brain networks (Kitada, 2016; Sathian, 2016).

As object compliance is negatively correlated with the applied force
(Fig. 1B), softness-related activity can be explained by the difference in
force imposed on the finger. In order to examine this further, we exam-
ined the effect of force on the pattern of graded activity. Although no
brain region showed a significant main effect of force, all the participants
could easily perceive the difference in the applied force. More impor-
tantly, we observed significant interactions between the applied force
and perceived softness. Thus, the difference in the applied force should
be sufficiently large to examine its effect on softness-related activity.
Nevertheless, the regions in the parietal operculum and insula showed
highly similar patterns of graded activity. This result indicates that these



Fig. 4. ROI analysis.
Contrast estimates in the first analysis
(analysis of variance) of the main experiment
were extracted from the regions of interest
(ROI) defined using the results of the local-
izer experiment. Two-way repeated-mea-
sures ANOVA (3 levels of compliance� 2
levels of applied force) on contrast estimates
showed significant main effects of compli-
ance (p values< 0.01) without interaction
effect (p values> 0.1). Post hoc pairwise
comparisons with Bonferroni correction
revealed significantly greater activity in all
the regions in the soft condition than in the
hard condition (p values< 0.05).
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regions are not simply related to the applied force, but involved in rep-
resenting compliance of the object. Indeed, the participants rated the
perceived softness similarly regardless of the force imposed on the finger
(Table 1), indicating perceptual constancy against applied force. This is
analogous to perceptual constancy of roughness against speed; physical
roughness and compliance are enduring features of an object, and hence,
it is important that the corresponding percepts remains relatively
invariant, regardless of how the finger contacts the surface (Kitada et al.,
2012; Lederman et al., 1983; Meftah el et al., 2000).

It is proposed that the insula represents all aspects of the physiological
condition of the body. This system constitutes a representation of “the
material me,” and might provide a foundation for subjective feelings,
emotion, and self-awareness (Craig, 2002). For instance, the insula is also
sensitive to pain (Coghill et al., 1999), itch (Mochizuki et al., 2007), and
brush stimulus causing pleasantness (Olausson et al., 2002). Material
properties such as roughness can be highly associated with the affective
aspects of touch (Kitada et al., 2012). In the present study, participants
appeared to perceive the softer stimulus as more pleasant (agreed on by
all the experimenters). Thus, it is possible that the insula represents the
information on affective feelings associated with the magnitude of the
perceived softness. In other words, the insula may be a region that con-
nects the discriminative (e.g., softness) and affective aspects (e.g.,
pleasantness) of touch.

We also observed graded response in the superior frontal gyrus,
including the dorsal anterior cingulate cortex (ACC). The anterior insula
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and ACC are often activated together and hence regarded as comple-
mentary limbic regions (Craig, 2009). Thus, it is possible that the ACC
works with the insula in a network to represent softness and its associated
affective feelings. However, the ROI analysis showed that this region was
most sensitive to the medium stimulus, which is difficult to be explained
by this speculation. The alternative interpretation is that this region is
related to task difficulty. For instance, when the participants touch the
softest stimulus, they tend to consider the softest and medium stimuli
before identifying the correct one. On the other hand, when they touch
the medium stimulus, they must consider all three stimuli to identify the
correct one. This speculation is consistent with the previous finding that
this region is involved in choice difficulty, as in selection among a set of
equally permissible responses (Botvinick, 2007; Shenhav et al., 2014).

Softness-related activity in the putamen was greater in the high-force
than in the low-force condition. One explanation is that the putamen is
also involved in processing softness. The putamen is related to catego-
rization of tactually perceived speeds (Romo et al., 1995; Merchant et al.,
1997). Since higher applied force causes more deformation of the stim-
ulus, the relationship between an applied force and the resulting defor-
mation can become salient. Thus, such salience may be associated with
greater softness-related activity in the putamen. Alternatively, softer
stimulus in the present study was perceived more pleasant than harder
ones, and larger deformation due to the higher applied force could have
induced more pleasant feelings. The activity of the putamenwas detected
in and adjacent to the ventral striatum, regions activated by reward



Fig. 5. Difference in softness-related activity between the two applied forces.
Greater softness-related activity in the high-force than low-force condition was
shown on a coronal section of the T1-weighted high-resolution MRIs averaged
over the participants. No greater softness-related activity in the low-force con-
dition than high-force condition was found. The statistical threshold for the
spatial extent test was set at p< 0.05, family wise error (FWE) corrected for
multiple comparisons over the whole brain when the height threshold was set at
p< 0.001 (uncorrected).

R. Kitada et al. NeuroImage 197 (2019) 156–166
(Sacchet and Knutson, 2013; Sumiya et al., 2017). It is possible that the
affective aspect of softness perception caused different
compliance-related activation in the putamen.

4.2. MVPA

We found that voxels in the postcentral gyrus, parietal operculum/
insula, posterior parietal lobule, and middle occipital gyrus could decode
the stimuli more accurately than the chance level. This result indicates
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that these regions contain information related to object compliance.
Tactile perception of softness is based on the spatio-temporal variation of
pressure on the skin (Srinivasan and LaMotte, 1996). Thus, perception of
softness and coarse roughness can rely on signals from the slowly
adapting type I (SA-I) fibers in the periphery (Srinivasan and LaMotte,
1996; Weber et al., 2013). The primary somatosensory cortex in the
postcentral gyrus of non-human primates contains neurons that encode
roughness (Bourgeon et al., 2016; Sinclair and Burton et al., 1991) and
applied force (Sinclair and Burton et al., 1991). Thus, one interpretation
is that the actual calculation of the perceived softness is performed in the
postcentral gyrus, and such information is sent to the parietal operculum
and insula. If this is the case, this region should also contain information
on the applied force that is required to calculate compliance (i.e.,
deformation relative to an imposed force). However, voxels in this region
did not decode the two levels of force more accurately than the chance
level. Therefore, future studies are necessary to examine how signals
associated with the applied force and magnitude of deformation are
extracted, and used to represent softness in these brain regions.

The superior parietal lobule and supramarginal gyrus also contained
information on object compliance. One interpretation of this result is that
these regions are also involved in the perception of hardness. In other
words, objects must be sufficiently hard for their shapes to be perceived.
For instance, the soft stimulus used in this study could be easily
deformed, and hence, it is difficult to perceive its actual shape. Thus, the
perception of hard objects may be associated with their shape perception.
This speculation is consistent with the findings that these regions are
more involved in processing macro-spatial properties than material
properties (Kitada et al., 2006; Roland et al., 1998; Stilla and Sathian,
2008).

Finally, the higher performance accuracy than chance level and the
control region in the middle occipital gyrus is in accordance with the
result of the mass univariate analysis (main effect of compliance). This is
also consistent with previous findings that a part of the occipital cortex
may bemore strongly active during the tactile perception of textures than
of macro-spatial object properties such as shape (Stilla and Sathian,
2008), orientation (Kitada et al., 2006), and relative position (Sathian
et al., 2011). Especially, the middle occipital gyrus includes a region that
shows greater activity in response to textures than locations of dots,
regardless of the sensory modality (Sathian et al., 2011). One possible
Fig. 6. Multi-voxel pattern analysis on object compliance.
Distributions of accuracy based on MVPA. Asterisks indicate
the result of Wilcoxon signed rank tests on accuracy relative
to that of the CSF region (Control) (with Bonferroni correc-
tion). PCG, postcentral gyrus; PO/Ins, parietal operculum/
insula; SPL, superior parietal lobule; SMG, supramarginal
gyrus, AG, angular gyrus; FG, fusiform gyrus; LG, lingual
gyrus; MOG, middle occipital gyrus; EVC, early visual cortex
(anatomically defined primary and secondary visual
cortices).
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explanation of this result is that activation of the occipital cortex during
tactile texture perception is associated with the visual-mediation strategy
(Lederman et al., 1990; Sathian et al., 1997). More specifically, it is
possible to retrieve visual information that was previously associated
with the tactile sensation of an object (Kitada et al., 2014). Retrieval of
this information may lead to the observed effect of object compliance on
the activity of this region. This speculation is also supported by our
finding that the hippocampus and precuneus also showed a main effect of
compliance because these regions are involved in the visuo-tactile asso-
ciation of textures (Kitada et al., 2014). Alternatively, this region may
play other roles in tactile processing; however, further investigation is
required to confirm whether this region is indeed necessary for tactile
texture processing (e.g., brain stimulation studies).

4.3. Interpretational issues

In the present study, we jittered the onset of response relative to
tactile stimulation, and only tactile stimulation was modelled in the
analysis. Moreover, the order of responses was counterbalanced across
the participants. Thus, softness-related activity in the parietal operculum
and insula, which was revealed by the univariate analysis, cannot be
explained by finger movements for a specific response. Moreover, we
focused on the left hemisphere, which is contralateral to the hand being
stimulated. Thus, although the multivariate analysis may be more sen-
sitive to signals associated with the responses than univariate analysis,
this is likely to cause negligible effect, if any, on the patterns of perfor-
mance accuracy in the left hemisphere.

5. Conclusions

To our best knowledge, the present study is the first neuroimaging
study that revealed brain networks associated with softness magnitudes
perceived by touch. We found that a distributed set of brain regions is
related to the perception of softness. Of these, the parietal operculum and
insula showed graded response to perceived softness, whereas the post-
central gyrus, superior parietal lobule, supramarginal gyrus, and the
middle occipital gyrus contained some information related to perceived
softness. This result indicates that the parietal operculum and insula
constitute an important node of the brain network for tactile softness
perception, which also involves the primary somatosensory cortex, pos-
terior parietal lobule, and occipital cortex. Therefore, the parietal oper-
culum and insula may be involved in representation of haptically-
perceived material properties, regardless of the perceptual dimensions.
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