
R E S E A R CH AR T I C L E

Brain networks underlying conscious tactile perception
of textures as revealed using the velvet hand illusion

Nader Rajaei1,7 | Naoya Aoki2,3 | Haruka K. Takahashi4 | Tetsu Miyaoka5 |

Takanori Kochiyama6 | Masahiro Ohka7 | Norihiro Sadato2,3 | Ryo Kitada8

1Graduate School of Engineering, Nagoya

University, Chikusa-ku, Nagoya, Japan

2Division of Cerebral Integration, National

Institute for Physiological Sciences, Okazaki,

Japan

3The Graduate University for Advanced

Studies, Hayama, Japan

4Kao Corporation, Odawara, Kanagawa, Japan

5Shizuoka institute of Science and Technology,

Fukuroi, Shizuoka, Japan

6ATR Brain Activity Imaging Center, Seika-cho,

Japan

7Graduate School of Information Science,

Nagoya University, Chikusa-ku, Nagoya, Japan

8Division of Psychology, School of Social

Sciences, Nanyang Technological University,

Singapore

Correspondence

Ryo Kitada, Division of Psychology, School of

Social Sciences, Nanyang Technological

University, 14 Nanyang Avenue, 637332

Singapore.

Email: ryokitada@ntu.edu.sg

Funding information

HAYAO NAKAYAMA Foundation for

Science & Technology and Culture; Japan

Society for the Promotion of Science (JSPS),

and Ministry of Education, Culture, Sports,

Science and Technology (MEXT) Japan, Grant/

Award Number: KAKENHI 15H01846

KAKENHI 15K13855 KAKENHI 16H01680

KAKENHI 25135734 KAKENHI 25540061

KAKENHI 26244031 KAKENHI 26282164;

Nanyang Technological University, Grant/

Award Number: NAP Start up Grant

Abstract
Humans are adept at perceiving textures through touch. Previous neuroimaging studies have

identified a distributed network of brain regions involved in the tactile perception of texture.

However, it remains unclear how nodes in this network contribute to the tactile awareness of

texture. To examine the hypothesis that such awareness involves the interaction of the primary

somatosensory cortex with higher order cortices, we conducted a functional magnetic reso-

nance imaging (fMRI) study utilizing the velvet hand illusion, in which an illusory velvet-like sur-

face is perceived between the hands. Healthy participants were subjected to a strong illusion, a

weak illusion, and tactile perception of real velvet. The strong illusion induced greater activation

in the primary somatosensory cortex (S1) than the weak illusion, and increases in such activation

were positively correlated with the strength of the illusion. Furthermore, both actual and illusory

perception of velvet induced common activation in S1. Psychophysiological interaction (PPI)

analysis revealed that the strength of the illusion modulated the functional connectivity of S1

with each of the following regions: the parietal operculum, superior parietal lobule, precentral

gyrus, insula, and cerebellum. The present results indicate that S1 is associated with the con-

scious tactile perception of textures, which may be achieved via interactions with higher order

somatosensory areas.
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1 | INTRODUCTION

Humans can quickly become aware of an object and its properties

when it is held in the hand. Previous research has suggested that

the conscious perception of an object emerges in specific neural

regions or cortical networks (Crick & Koch, 1990; Koch, Massimini,

Boly, & Tononi, 2016). While several neuroimaging studies have

aimed to elucidate the brain networks underlying conscious object

perception in the visual domain (Koch et al., 2016; Lamme, Supér,

Landman, Roelfsema, & Spekreijse, 2000; Rees, 2013; Silvanto,
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2015; Tong, 2003), relatively little is known regarding the neural

mechanisms underlying conscious object perception in non-visual

sensory modalities, such as touch.

One approach to understanding the neural networks underlying

conscious object perception is the use of sensory illusions

(Blankenburg, Ruff, Deichmann, Rees, & Driver, 2006; Kok, Bains, van

Mourik, Norris, & de Lange, 2016; Morita et al., 2004). The present

study is the first neuroscientific investigation to utilize the velvet hand

illusion (VHI; Mochiyama et al., 2005; Ohka et al., 2010), a well-known

tactile illusion that is elicited when a grid of wires moves between

two hands, leading to the perception of a velvet-like object between

the hands. This illusion appears to be induced by misinterpreting tac-

tile input from the wires and the opposing hand as a velvety surface.

Unlike other somatosensory illusions, the VHI can strongly induce soft

and smooth texture percepts. Thus, it provides a unique opportunity

to investigate the neural correlates underlying the tactile awareness

of texture, a critical object property.

Many neuroimaging studies have examined the neural substrates

underlying visual object illusions. In some such studies, activation was

identified in higher-order visual cortical areas, such as area V4 in color

illusions (Morita et al., 2004) and area hMT+ in motion illusions

(Goebel, Khorram-Sefat, Muckli, Hacker, & Singer, 1998), supporting

the notion that higher regions of the visual hierarchy are associated

with the perception of illusions. In contrast, other studies have

highlighted the role of the primary sensory cortices in illusions (Kok

et al., 2016; Muckli, Kohler, Kriegeskorte, & Singer, 2005). For

instance, the Kanizsa triangle illusion induces activation in a region of

the primary visual cortex (V1) that retinotopically corresponds to the

locations of illusory contours (Kok et al., 2016). In this previous study,

deep-layer activation in V1 was specific to the illusion and was not

observed when the locations of illusory contours were stimulated

using a checkerboard pattern. Thus, V1 activation during illusory per-

ception cannot be solely explained by bottom-up visual influences.

This indicates that conscious object perception depends on the pri-

mary sensory cortices that receive top-down signals from higher-

order cortices. Whether this role of the primary sensory cortices is

applicable to other sensory modalities remains to be determined.

Neuroimaging studies of tactile perception have identified a dis-

tributed set of brain networks involved in the perception of real

objects. Haptic texture judgments yield activation of brain regions,

such as the primary somatosensory cortex (S1) in the postcentral gyrus

(Post-CG), the secondary somatosensory cortex in the parietal opercu-

lum (PO), the posterior parietal lobule (Bodegard, Geyer, Grefkes,

Zilles, & Roland, 2001; Eck et al., 2016; Kitada et al., 2005; Kitada,

Sasaki, Okamoto, Kochiyama, & Sadato, 2014; Roland, O'Sullivan, &

Kawashima, 1998; Servos, Lederman, Wilson, & Gati, 2001; Stilla &

Sathian, 2008), and the occipital cortex (Eck, Kaas, & Goebel, 2013;

Sathian et al., 2011; Stilla & Sathian, 2008). As activity in the PO is

associated with the magnitude of the texture percept (Eck et al., 2016;

Kitada et al., 2005), the bottom-up processing of texture information

from the S1 to PO may occur (Hsiao, Johnson, & Twombly, 1993;

James, Kim, & Fisher, 2007; Sathian, 2016; Sathian et al., 2011). How-

ever, how these regions interact with one another to generate tactile

awareness of textures remains poorly understood. Previous studies

regarding tactile illusions have demonstrated that S1 is associated

with illusory mislocalization of tactile sensations (Blankenburg et al.,

2006; Bufalari, Di Russo, & Aglioti, 2014; Chen, Friedman, & Roe,

2003). Other studies have also examined the neural substrates associ-

ated with conscious detection of tactile stimuli (Auksztulewicz, Spit-

zer, & Blankenburg, 2012; Hirvonen & Palva, 2016; Linkenkaer-

Hansen, Nikulin, Palva, Ilmoniemi, & Palva, 2004; Meador et al., 2017;

Meador, Ray, Echauz, Loring, & Vachtsevanos, 2002; Monto, Palva,

Voipio, & Palva, 2008). However, it remains unclear whether S1 is

involved in the conscious perception of object properties.

In the present study, we investigated the neural correlates of the

VHI using functional magnetic resonance imaging (fMRI). Participants

were exposed to different degrees of the illusion as well as real velvet.

We hypothesized that S1 is involved in the illusory perception of the

velvet texture, interacting with higher order somatosensory cortices,

such as the PO and posterior parietal lobule during the illusion.

2 | MATERIALS AND METHODS

2.1 | Participants

Forty-eight Japanese individuals aged 19–31 years (mean � standard

deviation [SD] = 23.5 � 3.6 years) participated in the present study.

Twenty-nine (21 male) and 20 individuals (10 male) participated in the

fMRI and psychophysical experiments, respectively. One volunteer

participated in both experiments (29 for fMRI + 20 for psychophysics

– 1 overlap = 48 total participants). Forty-seven participants were

right-handed, while one was ambidextrous, as assessed using the

Edinburgh Handedness Inventory (Laterality Quotient = 79.9 � 23.3,

mean � SD) (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 research 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 Nagoya University

and the National Institute for Physiological Sciences. All methods

were performed in accordance with the approved guidelines.

2.2 | Experimental design and statistical analysis

We utilized a within-subject experimental design involving four condi-

tions, as described below. All behavioral data were analyzed using

SPSS software (version 18; IBM Corporation, Armonk, NY). Bonferroni

correction was applied to control for multiple comparisons. All fMRI

data were analyzed using the Statistical Parametric Mapping 8 (SPM8)

software package (Friston, Ashburner, Kiebel, Nichols, & Penny, 2007)

(RRID: nif-0000–00343). We applied family-wise error (FWE) correc-

tion to control for multiple comparisons over the whole brain at the

cluster level when the height threshold was set to an uncorrected

level of p < .001 (Flandin & Friston, 2017).

2.3 | Stimuli

The VHI can be elicited by placing the palms together over vertical

and horizontal wires that move back and forth. To examine the brain
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networks associated with the VHI, we prepared four stimulation

conditions (Figure 1a,b). During two conditions, the participants'

hands were stimulated by horizontal and vertical carbon wires

(3 mm in diameter) that formed a square. In these conditions, the

participants felt either a strong illusion (Si) or weak illusion (Wi) in

and around the square. In the REAL condition, the participants'

hands were stimulated by a sheet of real velvet, while no wires were

present in the Nw condition. We developed a novel MRI-compatible

apparatus that allowed us to control the speed and range of stimula-

tion (Figure 1a).

2.3.1 | VHI conditions

We prepared frames for the Si and Wi conditions by manipulating the

distance between the two vertical wires based on previous psycho-

physical findings (Mochiyama et al., 2005; Ohka et al., 2010; Rajaei

et al., 2012). More specifically, the intensity of the illusion is

FIGURE 1 Experimental design. (a) Setup. To induce the velvet hand illusion, we developed an apparatus consisting of a disk attached to a shaft,

which was connected to the frame to which the wires were attached. An experimenter rotated the disk in a visually guided manner, causing a
reciprocating motion of the frame along the horizontal axis. The disk contained holes that enabled the experimenter to manipulate the extent of
horizontal movement (stroke, r). The participant's arms were bound with a support bandage and placed on cushions, enabling them to close their
hands easily with minimal extraneous movement. (b) Stimuli and conditions. There were four stimuli and conditions: Strong illusion (Si), weak
illusion (Wi), REAL velvet (REAL), and no wire (Nw). In the Si and Wi conditions, two vertical and horizontal wires stimulated the participants'
hands. In the REAL condition, a sheet of velvet was used to cover the wires. Distances between vertical wires (Dv) differed among these
conditions. The stroke values were set to match the area of the hands stimulated by at least one of the wires. In the Nw condition, neither velvet
nor wires stimulated the hands. The mean speed of frame movement was approximately 80 mm/s in all conditions. (c) Task schedule. A single trial
consisted of four periods. During the hands-closed period, participants were presented with a 1-s cue instructing them to close their hands.
During the stimulation period, the wire frame began moving 2 s after the onset of the trial, with movement lasting for a total of 18.5 s. During the
stimulation period, participants orally reported when they perceived a velvet-like object between their hands. During the response period,
participants opened their hands and orally rated the likelihood that a nonwire object was present between their hands (i.E., the strength of the
object percept). During the rest period, participants kept their hands open and relaxed
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determined by two parameters: the distance between the two vertical

wires (Dv) and the amplitude of the horizontal movement of each wire

(“stroke,” r) (Figure 1a). The degree of the illusion reaches its maximum

when r and Dv are identical (r/Dv ≈ 1; Rajaei et al., 2012). Based on

this rule, both the distance (Dv) and stroke (r) were set at 60 mm

(r/Dv = 1) in the Si condition, whereas Dv was 22.5 mm and r was

100 mm (r/Dv = 4.4) in the Wi condition. The values of r and Dv were

determined by considering two additional factors. First, given the

somatotopy of S1, it is important to stimulate the same area of the

palms across all conditions. This area depends on the maximum range

of stimulation, where the skin is stimulated by at least one wire

(i.e., r + Dv). Therefore, we matched this maximum range of stimula-

tion between the Si (120 mm) and Wi (122.5 mm) conditions. Second,

we ensured that the range of horizontal stimulation was within the

distal-proximal length of the experimenter's hands. The distance

between the horizontal wires (Dh) was adjusted for each participant

(40, 60, or 80 mm) to ensure that the intensity of the illusion was high

enough in the Si condition. The same Dh was used for both the Si and

Wi conditions.

2.3.2 | Conditions involving real velvet (REAL) and no
wire (Nw)

We designed the REAL and Nw conditions to elicit activity in brain

regions involved in the tactile perception of real velvet. In the REAL

condition, the values of r and Dv were identical to those used in the Si

condition (r = 60 mm and Dv = 60 mm). For the REAL condition, we

placed a sheet of plastic within the wire grid, which was then covered

with a sheet of real velvet, resulting in a total thickness of 4 mm. For

each participant, Dh was the same in the REAL condition as in both

illusion conditions. In the Nw condition, neither wires nor real velvet

stimulated the participant's hands; instead, the participant kept his or

her palms together in an empty frame that was moved with an

r of 80 mm.

2.3.3 | Stimulus presentation

The shaft of the apparatus was connected to a frame, in which the

wires were strung (Figure 1a). When the experimenter manually

rotated a disk using a handle, the frame oscillated horizontally. To set

the r values, we placed the shaft at three different locations on the

disk: 30 mm away from the center of the disk to set r to 60 mm (for

the Si and REAL conditions), 40 mm away to set r to 80 mm in the

Nw condition, and 50 mm away to set r to 100 mm (for the Wi

conditions).

The experimenter manually rotated the disk at different angular

velocities in a visually guided manner: 5.0 (1.6 × π) rad/s in the Wi

condition, 7.9 (2.0 × π) rad/s in the Nw condition, and 8.5 (2.7 × π)

rad/s in the Si and REAL conditions. Thus, the mean speed of horizon-

tal wire movement was approximately 80 mm/s for all conditions (v =

radius of the disk × angular velocities; 50 × 1.6 for Wi, 40 × 2.0 for

Nw, and 30 × 2.7 for Si and REAL). We chose this speed because it

produced the strongest illusion in our previous study (Rajaei

et al., 2012).

During MRI scanning, participants wore MRI-compatible head-

phones and lay in the supine position with their eyes closed

(Kiyohara Optics, Tokyo, Japan). Participants' heads were fixed

using foam pads and tape to minimize movement, and they were

instructed to remain relaxed during scanning. We attached a cus-

tomized opto-microphone system (Kobatel Corporation, Yokohama,

Japan) to the head coil to record oral responses. The participants

were asked to extend their arms and hands on either side of the

apparatus, which was fixed to two plastic tables placed above the

participant on the scanner bed (Figure 1a). To ensure that partici-

pants could comfortably maintain this position throughout the

experiment, their upper arms were bound with soft support ban-

dages, such that the arms rested above the body. Their arms were

further supported by two large cushions placed between the partic-

ipant's body and each side of the interior wall of the scanner. When

the arms were relaxed, the distance between each participant's

hands reached up to 20 cm.

Two experimenters stood beside the scanner during the experi-

ment. One experimenter held the handle and rotated the disk clock-

wise. His movements were guided by visual cues on the wall of

the scanner room, which were projected using an LCD projector

(CP-X8250; Hitachi, Tokyo, Japan) located outside of the scanner

room. These cues consisted of an object moving around a circle at the

angular velocity at which the disk should be turned. Visual stimuli

were presented to the experimenters only. Presentation software

(Neurobehavioral Systems Inc., Albany, CA) was used to present visual

stimuli to the experimenter and auditory cues to the participants via

headphones. We also recorded the participants' hand movements

using an MR-compatible video camera, which was installed within the

scanner. The other experimenter helped the experimenter to change

the frames during the rest period.

2.4 | Measurement of the force between the hands
during the illusion

Due to technical constraints, we were unable to accurately mea-

sure the force between the hands during wire movement in the

MRI scanner. To overcome this limitation, we examined the force

between the hands via a psychophysical experiment conducted

outside of the scanner. The experimental setup was the same as

for the fMRI experiment except that the participants sat at a table

on which the apparatus was installed, and each condition was

repeated 5 times in total. An air pressure sensor (3.5 × 3.5 cm2;

Minamoto Medical, Chiba, Japan) was attached on the thenar emi-

nence of the right hand, such that the sensor did not come in con-

tact with the moving wires. The pressure sensor was connected to

a data acquisition device (ML846 PowerLab 4/26; ADInstruments,

Dunedin, NZ) through a custom-made force measurement inter-

face (Minamoto Medical). Standard Windows-based software

(LabChart, ADInstruments) was used to record the force between

the two hands.

2.5 | Functional MRI experiment

2.5.1 | Data acquisition

The present study utilized a 3 T whole-body scanner (Verio; Siemens,

Erlangen, Germany) with a 32-element phased-array head coil. To
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obtain T2*-weighted (functional) images, we used a multiband echo-

planar imaging (EPI) sequence that collected multiple EPI slices simul-

taneously, 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, TR = 2000 ms, acquisition time

(TA) = 500 ms, multiband factor = 6, integrated Parallel Acquisition

Techniques (iPAT) = 2, echo time (TE) = 30 ms, flip angle = 77;

42 axial slices of 3 mm in thickness with a 17% slice gap, field-of-

view = 192 × 192 mm, in-plane resolution = 3.0 × 3.0 mm, and

219 volumes per run. We adopted a “sparse sampling” technique (Hall

et al., 1999) in which the cluster-volume acquisition time was 500 ms,

followed by a 1,500-ms silent period. This silent period was used to

reduce the influence of head motion on the functional data during oral

responses. T1-weighted high-resolution anatomical images were also

acquired for each participant using magnetization-prepared rapid

acquisition gradient echo (MP-RAGE) sequences (TR = 1800 ms; TE =

2.97 ms; flip angle = 9�; voxel size = 1.0 × 1.0 × 1.0 mm).

2.5.2 | Task

Each participant completed five runs of the task, which included each

of the four conditions (Si, Wi, REAL, and Nw). A single run consisted

of twelve 32-s trials (384 s in total) (Figure 1c) proceeded by 42 s rest

and followed by 12 s rest (384 + 42 + 12 = 438 s in total). Each con-

dition was repeated three times in a single run (three repetitions ×

four conditions = 12 trials). The order of the four conditions in each

run was pseudorandomized, such that the same conditions were not

repeated in succession. In each trial, participants were presented with

a 1 s auditory cue instructing them to close their hands 0.5 s after the

onset of the trial (hands-closed period). The wire frame began to move

2 s after the onset of the trial, and the movement lasted for 18.5 s

(stimulation period). Within the stimulation period, participants were

instructed to briefly respond (say “yes” in Japanese) during the silent

period (1.5 s for each scan) immediately after they felt an object other

than wires between their hands. Thus, participants responded when

they began to experience the illusion in the Si and Wi conditions, and

when they began to feel the velvet in the REAL condition. Following

the stimulation period, participants were instructed to slowly open

their hands within 1.5 s and orally report the likelihood that a non-

wire object was present between their hands on a scale ranging from

0 (no object at all) to 10 (absolutely felt an object) (response period).

The response period corresponded to the 1.5 s of the silent period of

fMRI data acquisition. Finally, participants kept their hands open and

relaxed for 10 s (rest period). Within the rest period, the experi-

menters changed the frames for the next trial (32 s per trial = 2 s

hands-closed period + 18.5 s stimulation period + 1.5 s response

period + 10 s rest period).

2.5.3 | Data processing and analysis

The first six volumes 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, func-

tional images 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 images. 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 Montreal Neurolog-

ical Institute (MNI) space using the DARTEL procedure (Ashburner,

2007). More specifically, each anatomical image was segmented into

tissue class images using a unified segmentation approach. Gray and

white matter images were transformed into a common coordinate

space to create a study-specific template using the DARTEL registra-

tion algorithm. The study-specific template was then affine-

normalized to MNI space using the ICBM Probabilistic Atlases (http://

www.bmap.ucla.edu/portfolio/atlases/ICBM_Probabilistic_Atlases/).

The parameters from DARTEL registration and normalization to MNI

space were then applied to each functional image and the

T1-weighted anatomical image. The normalized functional 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 functional connectivity analysis, as described

below.

2.6 | Individual analysis

A general linear model was fitted to the fMRI data for each partici-

pant. The blood-oxygen-level dependent (BOLD) signal for stimulation

periods was modeled using boxcar functions convolved with the

canonical hemodynamic response function. A design matrix compris-

ing the five runs was prepared for each participant. Each run included

four task-related regressors (one for each condition). The time series

for each participant was high-pass filtered at 1/128 Hz. Assuming a

first-order autoregressive model, the serial autocorrelation was esti-

mated from the pooled active voxels with the restricted maximum

likelihood procedure and was used to whiten the data. Motion-related

artifacts were minimized by incorporating the six parameters (three

displacements and three rotations) from the rigid-body realignment

stage into each model. The parameter estimates for each condition in

each participant were evaluated using linear contrasts.

2.7 | Random-effects group analysis

Contrast images from the individual analyses were used for the group

analysis, with between-subjects variance modeled as a random factor.

The contrast images obtained from the individual analyses represent

the normalized task-related increment of the MR signal of each partic-

ipant. In all analyses, the estimates for the conditions were compared

using linear contrasts. The resulting set of voxel values for each con-

trast constituted the SPM{t}. The threshold for the SPM{t} was set to

p < .001 (uncorrected). The statistical threshold for the spatial extent

test on the clusters was set at p < .05, family-wise error (FWE) cor-

rected for multiple comparisons over the whole brain. The height

threshold is sufficiently high to use the random-field theory to control

FWE rate (Flandin & Friston, 2017). Brain regions were anatomically

defined and labeled in accordance with probabilistic atlases (Shattuck

et al., 2008) and an anatomical MRI averaged over all participants.

We then aimed to identify brain regions exhibiting greater activa-

tion in the Si than in the Wi condition [Si – Wi]. As the strength of the
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illusion varied across participants, we conducted a simple regression

analysis on the contrast images of (Si – Wi). We subtracted the rating

of the object percept in the Wi condition from that in the Si condition

for each participant and used these values as covariates. We evalu-

ated the constant term corresponding to the group mean of (Si – Wi)

([Si – Wi]mean) and the covariate accounting for individual difference

([Si – Wi]covariate), separately. In other words, [Si – Wi]covariate and [Si –

Wi]mean correspond to the slope (β) and constant term (α) in a simple

regression analysis (y = βx + α + ε), respectively.

To investigate which brain regions are commonly involved in illu-

sory perception and the perception of real velvet, we conducted a

one-sample t test for the contrast images of (REAL – Nw). We then

evaluated the conjunction between illusory ([Si – Wi]mean and/or [Si –

Wi]covariate) and actual velvet perception (REAL – Nw) using an inclu-

sive masking procedure. This approach is similar to the standard

conjunction analysis, as the whole brain was used as the search

volume for the overlap of activation. Thus, this analysis should not

have biased the statistical inference (“double dipping,” Kriegeskorte,

Simmons, Bellgowan, & Baker, 2009). To examine which brain regions

exhibit greater activation during illusory than actual perception, we

conducted one-sample t tests for the contrast images of (Si – REAL).

2.8 | Supplementary brain activation analysis

We conducted the two supplementary brain activation analyses. First,

to evaluate the hemispheric laterality of the illusion-related brain

regions, we flipped contrast images of Si – Wi in the horizontal (right–

left) direction and subtracted them from the nonflipped contrast

images (Kitada et al., 2006). We then evaluated the constant term by

conducting the same simple regression analysis used for the main

analysis. Second, we evaluated brain activity associated with the illu-

sion by modeling the BOLD signal for the duration of the illusion. This

analysis was identical to the main analysis except that the onset of

the illusion was regarded as the onset of the trial in the regressors of

the illusion conditions. To equally model activity associated with tac-

tile stimulation, we used the mean onset of the illusion in the Si condi-

tion as a regressor in both the Si and Wi conditions for each

participant.

2.9 | Psychophysiological interaction (PPI) analysis

We conducted psychophysiological interaction (PPI) analysis (Friston

et al., 1997; O'Reilly, Woolrich, Behrens, Smith, & Johansen-Berg,

2012) to test the hypothesis that S1 interacts with higher order

somatosensory cortices, such as the PO and posterior parietal lobule

during illusory perception. As shown below, conventional PPI analysis

utilizes activated regions as seed regions. However, mass-univariate

analysis that was used in brain activation analysis evaluates activity of

each voxel separately and hence does not examine relationship

between distinct regions. Moreover, while signals derived from acti-

vated regions may be biased by positive noise (Kriegeskorte et al.,

2009), such signals are used as a regressor of no interest

(i.e., physiological factor) to remove this effect when selecting regions

exhibiting PPI effects. Thus, selecting a seed region based on the same

data should not lead to biased inference.

To determine the seed region for the PPI analysis, we initially

evaluated the conjunction of (Si – Wi)mean, (Si – Wi)covariate, and (REAL

– Nw) in the group analysis. We selected the top peak coordinate

(group maximum) in the left Post-CG (x = −40, y = 20, z = 44), which

was also the peak coordinate for (Si – Wi)covariate. We then defined

the seed region of each participant as the area of overlap between

voxels depicted by the contrast of Si – Wi in each participant's data

(at the height threshold of p < .05 uncorrected) and an area 8 mm in

diameter around the group maximum. This liberal height threshold for

selecting participant-specific activation has also been adopted in pre-

vious studies that examined functional or effective connectivity (Grol

et al., 2007; Stephan, Marshall, Penny, Friston, & Fink, 2007; Vossel,

Weidner, Driver, Friston, & Fink, 2012; Yang et al., 2017). Time-series

data were adjusted for effects of interest (i.e., task conditions) and

extracted by taking the first eigenvariate across voxels in this region

of interest (ROI). The first eigenvariate reflects the first principal com-

ponent of the time course of a region's response (i.e., the principal

source of variance within a region), without assuming that all voxels

contribute equally (Ewbank, Henson, Rowe, Stoyanova, & Calder,

2013). Thus, the eigenvariate exhibits relatively little noise when com-

pared with the raw MR signal. We conducted the same analysis with

the seed region in the right Post-CG, with one exception; as (Si –

Wi)covariate did not reveal activation in the right Post-CG, the peak

coordinate of the conjunction of (Si – Wi)mean, and (REAL – Nw)

(x = 42, y = −20, z = 58) was used as the group maximum.

We calculated the PPI terms between the seed region and psy-

chological factors according to the following three steps. First, the

extracted MR signal from each seed region was deconvolved with the

canonical hemodynamic response function. The resulting time series

represented an approximation of neural activity. Second, the neural

time series data were centered and multiplied (dot product) by a psy-

chological factor. We used the contrast of (Si – Wi) as a psychological

factor. Finally, the interaction time series was convolved with the

hemodynamic response function, representing an interaction variable

at the hemodynamic level (PPI term).

The design matrix at the individual level included not only the PPI

regressor but also the time series of the seed region (physiological fac-

tor), the psychological factor, and realignment parameters as regres-

sors of no interest. We evaluated the linear contrast of the PPI

regressor for each participant, and the resultant contrast image was

used for subsequent group analysis (simple regression analysis using

the relative strength of the object percept as a covariate). We applied

the same statistical threshold utilized for other analyses.

3 | RESULTS

3.1 | Task performance

We confirmed that the strength of the object percept (i.e., the likeli-

hood that a non-wire object had been present between the partici-

pant's hands) was stronger in the Si condition than in the Wi condition

(Figure 2a). One-way repeated-measures analysis of variance

(ANOVA, four levels of conditions) revealed a significant main effect

for the strength of the object percept (F [3,84] = 499.2, p < .001), and
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post hoc pairwise comparisons with Bonferroni correction revealed

that the object percept was significantly stronger in the REAL condi-

tion than the Si condition, in the Si condition than the Wi condition,

and in the Wi condition than the Nw condition (p values < .001).

As we obtained no response in the Nw condition, we analyzed the

onset of perception in the Si, Wi, and REAL conditions. The onset was

delayed in the Wi condition, relative to that in the Si condition

(Figure 2b). One-way repeated-measures ANOVA revealed a significant

main effect for the onset (F [2, 56] = 61.9, p < .001), and post hoc pair-

wise comparisons with Bonferroni correction revealed that percept

onset occurred significantly later in the Wi condition than the Si condi-

tion, and in the Si condition than the REAL condition (p values < .001).

The postexperiment questionnaire on the magnitudes of smooth-

ness, softness, and pleasantness revealed no significant differences

between the Si and REAL conditions (t[28] = 2.0, p = .06 for smooth-

ness; t[28] = −0.37, p = .72 for softness; t[29] = 0.85, p = .40 for

pleasantness). This suggests that percepts of actual and illusory tex-

tures are comparable (Figure 2c).

We conducted psychophysical experiments outside of the scan-

ner to measure the pressure between the hands during illusory and

actual perception. The behavioral patterns were highly similar to the

results of the fMRI experiment (5.8 � 0.3 for Si, 3.0 � 0.3 for Wi,

9.8 � 0.1 for REAL, and 0 � 0 for Nw, mean � SEM for strength of

object percept), and hand pressures were comparable among the con-

ditions (2.1 � 0.3 N for Si, 2.3 � 0.3 N for Wi, 2.1 � 0.3 N for REAL,

and 2.1 � 0.3 N for Nw). One-way repeated-measures ANOVA

revealed no significant differences in hand pressures among the con-

ditions (F [3, 57] = 0.3, p = .8).

3.2 | fMRI results

3.2.1 | Brain activity during the VHI

To identify brain regions involved in the VHI, we examined brain

activity during the Si relative to that during the Wi. As the strength of

the illusion (i.e., the strength of the object percept) varied across par-

ticipants (Figure 2a), we conducted a simple regression analysis using

the relative strength of the illusion as a covariate. Mean activity across

the participants (mean, [Si – Wi]mean) and activity related to the

strength of illusion (covariate, [Si – Wi]covariate) were derived from this

analysis.

Analyses of [Si – Wi]mean revealed regions of significant activation

in the bilateral Post-CG, bilateral precentral gyrus (Pre-CG), left lingual

gyrus, left parahippocampal gyrus, bilateral medial prefrontal cortex,

and left thalamus (Figure 3a, left and Table 1). In contrast, analyses of

[Si – Wi]covariate revealed significant activation in the left Post-CG, left

superior parietal lobule (SPL), and bilateral cerebellum (Figure 3a, right

and Table 1). Overlapping brain activation between (Si – Wi)covariate

and (Si – Wi)mean was located in the anterior wall of the Post-CG, pre-

sumably corresponding to area 3 in S1 (Geyer, Schleicher, & Zilles,

1999) (Figure 3b and Table 1).

We examined the hemispheric lateralization of brain activity

revealed by the analyses of (Si – Wi) (Kitada et al., 2006). Although we

observed no significant activation, the left-lateralized activity in the

Post-CG showed a trend toward significance (p = .058 FWE-corrected

at the cluster level over the whole brain).

3.2.2 | Common brain regions activated during illusory and
actual object perception

We examined regions of common activation during actual and illusory

velvet perception. Haptic perception of real velvet relative to the Nw

condition (REAL – Nw) revealed regions of significant activation bilater-

ally in the Post-CG, Pre-CG, SPL, PO, and other regions (Supporting

Information Figure S1). The conjunction analysis between (Si – Wi)mean

and (REAL – Nw) revealed significant activation in the bilateral Post-CG

(corresponding to the anterior wall and crown) and Pre-CG (Figure 4

and Table 2). The conjunction analysis between (Si – Wi)covariate and

(REAL – Nw) also revealed regions of significant activation in the left

Post-CG, left Pre-CG, left SPL, and bilateral cerebellum (Table 2).

FIGURE 2 Behavioral results. Behavioral results are presented as box plots of data for 29 participants. An asterisk between bars indicates

a significant difference revealed by post hoc pairwise comparisons with Bonferroni correction. (a) Ratings for the strength of the nonwire
object percept between the two hands. (b) the point at which participants perceived the nonwire object between the hands (onset). The
value was calculated relative to the onset of stimulation. No response time was obtained in the no wire (Nw) condition.
(c) Postexperiment ratings of smooth, soft, and pleasant perceptions for illusory and actual velvet perception. N.S. Indicates a lack of
statistical significance
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As the onset of the VHI was not identical to the onset of the stim-

ulation period, we conducted a supplemental analysis using a design

matrix in which the onset of each trial for illusion-related regressors

was set equal to the onset of the VHI. The analysis of (Si – Wi)mean

revealed several regions of significant activation, including the Post-

CG (Supporting Information Table S1). Moreover, this activation in the

Post-CG overlapped with that identified by the analysis of (REAL –

Nw) (Supporting Information Table S2), supporting the results of the

main analysis.

3.2.3 | Activation was stronger during illusory than actual
perception

We further investigated brain regions exhibiting greater activation in

response to illusory perception than to the perception of actual velvet.

The contrast of (Si – REAL) revealed significant activation bilaterally in

the Post-CG, Pre-CG, SPL, PO, superior, middle, and inferior frontal

gyrus, supramarginal gyrus, insula, putamen, caudate nucleus, and cer-

ebellum. Activation was also observed in the right precuneus

(Table 3).

3.3 | PPI analysis

We then tested the hypothesis that the illusion changes the functional

connectivity between the S1 and higher order somatosensory regions.

To achieve this aim, we conducted a PPI analysis with activity in the

left Post-CG as a physiological factor (seed region) and (Si – Wi) as a

psychological factor. We analyzed data from a total of 25 participants

after excluding data from four in whom no area met the criteria for

seed selection (see Section 2 for further details). Group analyses were

conducted using the relative strength of the illusion as a covariate. As

the analysis of the covariate revealed no significant PPI effects

accounting for individual differences, we focused the analysis on

mean PPI effects across participants. This analysis revealed significant

effects in the bilateral Post-CG, bilateral Pre-CG, left SPL, left PO,

right insula, and bilateral cerebellum (Figure 5 and Table 4). The PPI

analysis with activity in the right Post-CG as a physiological factor

revealed significant activation in the right Post-CG only (Supporting

Information Table S3).

4 | DISCUSSION

In the present study, we examined the brain networks activated by

the VHI. Our results demonstrated that activity in S1 and the Pre-CG

was associated with the strength of both illusory and actual velvet

perception. Moreover, the strength of the VHI modulated functional

connectivity between S1 and brain regions such as the Post-CG, Pre-

CG, SPL, PO, insula, and cerebellum.

In accordance with the findings of our previous study (Rajaei

et al., 2012), the present results confirmed that the strength of the

illusion depends on the ratio between the range of horizontal move-

ment for each wire (r) and the inter-wire distance (Dv). We matched

not only the speed, but also the area of the hands stimulated by at

least one of the wires (r + Dv). A psychophysical experiment revealed

that the pressure applied between the hands in all conditions was sim-

ilar. Thus, it is unlikely that differences in the strength of the illusion

were associated with factors other than the r/Dv ratio.

Our fMRI results indicated that a distributed set of the brain

regions were associated with the illusion. While regions activated for

the contrast of (Si – Wi)mean reflect activity necessary to experience

the illusion, those activated for the contrast of (Si – Wi)covariate reflect

activity associated with changes in the strength of the illusion. Activa-

tion patterns in S1 and the Pre-CG differed from those in other

regions in two distinct ways. First, only S1 and the Pre-CG exhibited

overlapping activation during the illusory and actual conditions. Sec-

ond, only these regions exhibited activation in analyses of both (Si –

Wi)mean and (Si – Wi)covariate. Thus, our results support the notion that

S1 and the Pre-CG are associated with tactile awareness of velvet-like

textures.

FIGURE 3 Brain activation associated with the strength of the velvet

hand illusion. Brain activation during the velvet hand illusion (strong
illusion relative to weak illusion, Si – Wi) in the group analysis. The
statistical threshold for the spatial extent test was set at p < .05,
family-wise error (FWE)-corrected for multiple comparisons over the
whole brain when the height threshold was set at p < .001

(uncorrected). (a) Mean illusion-related activation for all participants
([Si – Wi]mean, left) and activation that was positively correlated with
the strength of the illusion across participants ([Si – Wi]covariate, right).
Activation is shown on a 3-D rendered T1-weighted MR image
averaged across all participants. (b) Overlap of activation between
(Si – Wi)mean and (Si – Wi)covariate shown on horizontal sections of the
T1-weighted MR image averaged across all participants. The red-
colored area indicates (Si – Wi)mean; the blue-colored area indicates
(Si – Wi)covariate; the yellow-colored area indicates the overlap of
(Si – Wi)mean and (Si – Wi)covariate. The scatterplot shows activity for
all participants at the peak coordinate of the hand area in the left-
postcentral gyrus. CS: Central sulcus

8 RAJAEI ET AL.



The human S1 is involved in various aspects of conscious tactile

perception, such as the detection and localization of stimuli

(Auksztulewicz et al., 2012; Blankenburg et al., 2006; Hirvonen &

Palva, 2016; Meador et al., 2002). However, it remains unknown

whether this area is also critical for the conscious tactile perception of

object properties such as textures. Previous electrophysiological stud-

ies involving monkeys have demonstrated that neurons in S1 are

involved in the perception of texture (Bourgeon, Depeault, Meftah

el, & Chapman, 2016; Chapman, Tremblay, Jiang, Belingard, & Meftah

el, 2002; Sinclair & Burton, 1991) and vibrational frequency (Romo,

Lemus, & de Lafuente, 2012). However, such studies have been

unable to clarify the extent to which such activity is associated with

conscious texture perception. In the present study, we extended these

previous findings by demonstrating that S1 is implicated in the con-

scious tactile perception of textures. In contrast to previous neuroim-

aging findings, which highlighted the role of the PO and insula in

texture perception (Kitada et al., 2005; Roland et al., 1998; Sathian

et al., 2011; Stilla & Sathian, 2008), our findings highlight the role of

S1 in the tactile awareness of textural properties.

Previous neuroimaging studies have revealed that V1 is associ-

ated with the conscious perception of object properties. For instance,

the Kanizsa triangle illusion activates a portion of V1 corresponding to

the region in which the illusory triangle is perceived (Kok et al., 2016).

When V1 was transiently deactivated via transcranial magnetic stimu-

lation, participants became unaware of visually presented objects

even though they could identify their orientations and colors well

above the level of chance (Boyer, Harrison, & Ro, 2005). Finally, indi-

viduals with lesions in V1 (“blindsight”) are able to unconsciously

determine the location of a moving visual stimulus (Poppel, Held, &

Frost, 1973; Weiskrantz, Warrington, Sanders, & Marshall, 1974) and

distinguish between emotional facial expressions above the level of

chance (de Gelder, Morris, & Dolan, 2005). Thus, in conjunction with

these previous studies, our findings indicate that primary sensory

TABLE 1 Brain activation related to the velvet hand illusion

Spatial extent test MNI coordinate

Z values

Location

Cluster size (mm3) p values x y z Hem Area

Group mean

(a simple regression analysis on Si − Wi, mean) (Figure 3)

3,896 <.001 −38 −22 46 5.56 L Postcentral gyrus

−32 −24 64 4.11 L Precentral gyrus

2,960 <.001 42 −20 58 4.4 R Postcentral gyrus

36 −22 64 4.36 R Precentral gyrus

432 .034 −22 −48 0 4.06 L Lingual gyrus

−12 −40 −8 3.85 L Parahippocampal gyrus

712 .002 0 42 −10 3.95 Medial prefrontal cortex

680 .003 −10 −4 6 3.97 L Thalamus

Individual difference

(a simple regression analysis on Si - Wi, covariate) (Figure 3)

504 .015 −40 −20 44 4.29 L Postcentral gyrus

488 .018 −34 −40 66 4.13 L Superior parietal lobule

520 .013 −2 −62 −22 3.79 L Cerebellum (lobule V)

408 .044 20 −48 −22 5.03 R Cerebellum (lobule VI)

Abbreviations: Hem, Hemisphere; R, right hemisphere; L, left hemisphere; MNI: Montreal Neurological Institute. The statistical threshold for the spatial
extent test was set at p < .05, family-wise-error (FWE)-corrected for multiple comparisons over the whole brain when the height threshold was set at
p < .001 (uncorrected). The x, y, and z values represent stereotaxic coordinates (mm). Z values that were transformed from SPM{t} are listed for each set of
peak coordinates. Lobules in the cerebellum were determined using probabilistic maps (Diedrichsen, Balsters, Flavell, Cussans, & Ramnani, 2009).

FIGURE 4 Common regions of activation between actual and illusory

velvet perception. (a) Brain activation depicted as the difference
between actual velvet perception (REAL) and the no wire
(Nw) condition (REAL – Nw) and between the strong and weak
illusion conditions [(Si – Wi)mean]. The blue-colored and red-colored
areas indicate regions of significant activation revealed by REAL – Nw
and (Si – Wi)mean, respectively. The yellow-colored area indicates the

common activation between (Si – Wi)mean and REAL – Nw. Activation
is shown on horizontal sections of the T1-weighted MR image
averaged across all participants. Z indicates MNI coordinates. The
statistical threshold for the spatial extent test was set at p < .05,
family-wise-error (FWE)-corrected for multiple comparisons over the
whole brain when the height threshold was set at p < .001
(uncorrected). (b) Results for representative participants. Activation is
shown on horizontal sections of the T1-weighted MR image in each
participant. The statistical threshold was the same as that utilized for
the group analysis. MNI: Montreal neurological institute
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cortices play a critical role in the awareness of object properties,

regardless of the sensory modality.

The VHI can be interpreted as a failure to solve the problem of

perceptual organization—how sensory inputs are grouped together or

segregated from each other (Pawluk, Kitada, Abramowicz, Hamilton, &

Lederman, 2011). Specifically, tactile input from the wires and oppos-

ing hands are grouped together in the illusion, and this information is

perceived to originate from a textured surface that does not exist.

Thus, S1 may be responsible for grouping the different tactile inputs

into a single conscious percept. However, given the dominant classical

view of hierarchical processing (Bodegard et al., 2001; Kitada, 2016;

Sathian, 2016), it is more reasonable to speculate that regions beyond

S1 contribute to this grouping. Indeed, our findings demonstrate that

the strength of the illusion modulated the functional connectivity

between S1 and the SPL, PO, Pre-CG, insula, and cerebellum. This

indicates that interactions between S1 and higher order cortices con-

tribute to S1 activation during the VHI. This view is supported by the

previous finding that conscious tactile detection of electrical stimuli is

associated with increased recurrent processing between S1 and S2

(Auksztulewicz et al., 2012).

The PO in non-human primates contains neurons whose recep-

tive fields cover multiple fingers, and their orientation preferences are

similar to those in humans (Fitzgerald, Lane, Thakur, & Hsiao, 2006).

Therefore, it is proposed that this region is engaged in the integration

of object information across different regions of the skin (Haggard,

2006). Given that the PO is critical for texture processing (Kitada

et al., 2005; Roland et al., 1998; Stilla & Sathian, 2008), this region

may be involved in merging tactile inputs to generate a new texture

percept. Moreover, previous studies have revealed that the posterior

parietal lobule is involved in tactile grouping (Cusack, 2005; Kitada,

Kochiyama, Hashimoto, Naito, & Matsumura, 2003; Wacker, Spitzer,

Lutzkendorf, Bernarding, & Blankenburg, 2011). For instance, Wacker

et al. (2011) observed that patterned stimulation produced by dot

arrays on the finger activates the posterior parietal lobule more than

randomized stimulation using the same dot arrays (Wacker et al.,

2011). Thus, this region may also play some role in processing texture

information (Yang et al., 2017). Collectively, it is possible that the sen-

sory inputs caused by the wires and hands are grouped together in

the posterior parietal lobule and PO. These brain regions may exert

top-down modulatory influences in the anterior S1, leading to the

conscious perception of velvet.

Relative to the PO and SPL, the roles of the cerebellum and Pre-

CG in tactile object processing have been less clear. Although several

studies have indicated that these regions may send top-down signals

to S1 (Blakemore, Wolpert, & Frith, 1998; Bostan, Dum, & Strick,

2013; Christensen et al., 2007), further research is required to deter-

mine how these regions interact with S1 to contribute to conscious

texture perception.

In the present study, we observed illusion-related activation in

brain regions other than the Post-CG. Indeed, activation of the Pre-

CG via passive tactile stimulation has frequently been observed in pre-

vious neuroimaging studies (Kitada et al., 2003; Mancini, Haggard, Ian-

netti, Longo, & Sereno, 2012; Sanchez-Panchuelo, Francis, Bowtell, &

Schluppeck, 2010; Sereno & Huang, 2006). Thus, although careful

interpretation is necessary due to the partial volume effect, the pri-

mary motor cortex may play a role in the tactile awareness of object

textures, given that this region is densely connected with area 3b in

nonhuman primates (Liao, Gharbawie, Qi, & Kaas, 2013). The present

study also demonstrated that a distributed set of brain regions includ-

ing the fronto-parietal network exhibited greater activation during the

illusion than during the perception of actual velvet. This result is con-

sistent with findings observed for the cutaneous rabbit illusion in that

additional regions, such as the frontal areas are involved in the illusion,

relative to veridical perception (Blankenburg et al., 2006). This may be

because the illusion imposes greater demands on sensory processing

in these regions.

TABLE 2 Brain regions commonly activated during illusory and actual velvet perception

Spatial extent test MNI coordinate
Z values

Location

Cluster size (mm3) p values x y z Hem Area

Conjunction analysis between illusion and actual velvet perception
[(Si – Wi) mean] & [REAL – Nw] (Figure 4)

3,792 <.001 −38 −22 46 5.56 L Postcentral gyrus

−32 −24 64 4.11 L Precentral gyrus

2,816 <.001 42 −20 58 4.4 R Postcentral gyrusa

36 −22 64 4.36 R Precentral gyrus

[(Si – Wi) covariate] & [REAL – Nw]

448 .028 −40 −20 44 4.29 L Postcentral gyrusa

−38 −18 54 3.45 L Precentral gyrus

424 .037 −34 −40 66 4.13 L Superior parietal lobule

408 .044 20 −48 −22 5.03 R Cerebellum (lobule VI)

496 .017 −2 −62 −22 3.79 L Cerebellum (lobule V)

12 −64 −18 3.54 R Cerebellum (lobule VI)

Abbreviations: Hem, Hemisphere; R, left hemisphere; L, left hemisphere; MNI: Montreal Neurological Institute. The statistical threshold for the spatial
extent test was set at p < .05, family-wise-error (FWE)-corrected for multiple comparisons over the whole brain when the height threshold was set at
p < .001 (uncorrected). The x, y, and z values represent stereotaxic coordinates (mm). Z values that were transformed from SPM{t} are listed for each set of
peak coordinates.
a Indicates the seed regions used for the PPI analysis (Table 4). The seed region in the left hemisphere also corresponds to the peak coordinate of the
conjunction among [Si – Wi]mean, [Si – Wi]covariate, and REAL – Nw in the postcentral gyrus.
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Despite our findings, one major interpretational issue remains. In

the present study, we compared two illusion conditions in which the

stimulation patterns were highly similar (e.g., speed), though not per-

fectly identical. Thus, it is possible that these subtle differences in

stimulation parameters were responsible for both the illusion and

activity in S1, and that there was no causality between the illusion

and S1 activity. One factor against this account is the correlation

between the strength of the illusion and activity in S1 (revealed by

(Si – Wi)covariate), as the difference in the pattern of tactile stimulation

should remain constant across participants (Figure 3b). However, this

correlation was weak in the analyses using delayed-onset regressors,

possibly because such regressors modeled stimulation-related activity

less accurately and introduced unwanted between-subject variance in

the group analysis. Thus, future studies should address this issue.

5 | CONCLUSIONS

In the present study, we investigated the neural correlates of the VHI,

which is unique in generating an illusory tactile sensation of textured

objects. Our results demonstrated that activation in the area of the

Post-CG corresponding to the anterior portion of S1 is associated

with the strength of the VHI. We also observed overlapping activation

in these regions during illusory and actual perception, indicating that

TABLE 3 Activation was greater for illusory than actual velvet perception (Si – REAL)

Spatial extent test MNI coordinates

Z values

Location

Cluster size (mm3) p values x y z Hem Area

48,184 <.001 42 −22 56 4.36 R Postcentral gyrus

24 −4 48 5.11 R Middle frontal gyrus

−6 14 48 5.81 L Superior frontal gyrus

6 16 48 5.95 R Superior frontal gyrus

64 −18 34 5.05 R Supramarginal gyrus

50 6 30 5.57 R Precentral gyrus

56 12 20 6.22 R Inferior frontal gyrus

44 −2 14 3.63 R Parietal operculum

26 16 2 5.81 R Putamen

32 20 0 7.3 R Insula

30,520 <.001 −24 −6 54 5.13 L Superior frontal gyrus

−38 −38 40 6 L Supramarginal gyrus

−42 −42 52 4.75 L Superior parietal lobule

−54 −22 38 5.42 L Postcentral gyrus

−60 −20 32 5.55 L Postcentral gyrus

−44 0 28 5.08 L Precentral gyrus

−56 8 28 5.53 L Precentral gyrus

−60 −22 18 4.52 L Parietal operculum

−54 10 14 5.12 L Inferior frontal gyrus

−36 16 −2 5.91 L Insula

9,680 <.001 −22 −64 −24 5.87 L Cerebellum (lobule VI)

28 −70 −22 5.03 R Cerebellum (lobule VI)

2,992 <.001 −18 −62 −50 5.65 L Cerebellum (lobule VIII)

5,360 <.001 −16 0 18 5.5 L Caudate nucleus

12 −4 16 4.6 R Caudate nucleus

9,112 <.001 40 36 20 5.32 R Middle frontal gyrus

40 36 14 5.07 R Inferior frontal gyrus

1,344 <.001 −14 12 0 4.01 L Caudate nucleus

−24 2 −6 4.87 L Putamen

904 .001 −2 −60 −8 4.21 L Cerebellum (lobule V)

8 −56 −10 4.12 R Cerebellum (lobule V)

976 <.001 −30 52 18 4.65 L Middle frontal gyrus

672 .005 −38 32 20 4.12 L Middle frontal gyrus

664 .005 20 −70 54 4.03 R Superior parietal lobule

10 −72 44 4.04 R Precuneus

Abbreviations: Hem, Hemisphere; R, left hemisphere; L, left hemisphere; MNI: Montreal Neurological Institute. The statistical threshold for the spatial
extent test was set at p < .05, family-wise-error (FWE)-corrected for multiple comparisons over the whole brain when the height threshold was set at
p < .001 (uncorrected). The x, y, and z values represent stereotaxic coordinates (mm). Z values that were transformed from SPM{t} are listed for each set of
peak coordinates. Lobules in the cerebellum were determined using probabilistic maps (Diedrichsen et al., 2009).
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the anterior S1 plays a critical role in the conscious haptic perception

of velvet. Finally, the strength of the illusion modulated the functional

connectivity between S1 and other high-order somatosensory cortices

such as the PO and SPL. These results highlight the role of S1 and its

interaction with other regions in conscious haptic perception of tex-

tures, supporting the notion that the primary sensory cortex is a criti-

cal node of the brain network underlying conscious object perception.
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FIGURE 5 Psychophysiological interaction (PPI) analysis. The primary somatosensory cortex (S1) was chosen as the seed region, while the

difference between the strong and weak illusions (Si – Wi) was chosen as the psychological factor. The blue circle shows the location of the seed
region activated during the illusion (Figures 3 and 4). The statistical threshold for the spatial extent test was set at p < .05, family-wise-error
(FWE)-corrected for multiple comparisons over the whole brain when the height threshold was set at p < .001 (uncorrected)

TABLE 4 The PPI analysis (Figure 5)

Spatial extent test MNI coordinate

Z values

Location

Cluster size (mm3) p values x y z Hem Area

Main PPI effect

10,704 <.001 48 −20 56 5.97 R Postcentral gyrus

34 −16 62 5.96 R Precentral gyrus

8,184 <.001 −42 −24 56 5.78 L Postcentral gyrus

−34 −10 66 4.73 L Precentral gyrus

−36 −34 52 4.41 L Postcentral gyrus/superior parietal lobule

544 .004 −46 −22 22 4.79 L Parietal operculum

352 .048 30 20 8 4.36 R Insula

832 <.001 −10 −68 −54 5.04 L Cerebellum (lobule VIII)

696 .001 16 −62 −46 4.9 R Cerebellum (lobule VIII)

576 .003 22 −54 −24 4.81 R Cerebellum (lobule VI)

1,088 <.001 −20 −46 −26 4.37 L Cerebellum (lobule V)

Abbreviations: Hem, Hemisphere; R, right hemisphere; L, left hemisphere; MNI: Montreal Neurological Institute. The statistical threshold for the spatial
extent test was set at p < .05, family-wise-error (FWE)-corrected for multiple comparisons over the whole brain when the height threshold was set at
p < .001 (uncorrected). The x, y, and z values represent stereotaxic coordinates (mm). Lobules in the cerebellum were determined using probabilistic maps
(Diedrichsen et al., 2009).
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