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INTRODUCTION

Although neural mechanisms of touch have been relatively less explored compared to 
those of vision and hearing [1], touch sensation is equally crucial to human lives as ac-
curate touch sensation and perception allow us to interact with objects [2], make deli-
cate movements [3] and even support social ability [4]. Among the various aspects of 
neural mechanisms of touch, neural processing of tactile information in the human 
brain remains largely unexplored, partly due to the complexity of involvement of tactile 
processing in neurological disorders, difficulty in generating various mechanical stimuli, 
and wide distributions of tactile receptors over the whole body concentrating towards 
the brain through diverse and parallel pathways. However, a recent surge of technical in-
terests in haptics, mainly owing to touch-based user interfaces in smart devices has given 
rise to the need to understand how humans feel touch and related neural underpinnings. 
Moreover, advances in artificial intelligence (AI) have progressively extended from con-
ventional vision (e.g., image processing) and hearing (e.g., natural language processing) to 
other senses, particularly touch [5]. In addition, haptics has become increasingly impor-
tant for implementing artificial touch in robots [6] as well as artificial touch in virtual en-
vironments [7]. Therefore, changes in technical environments naturally drive neuroimag-
ing research to explore human brain processing of tactile information. 

To describe fundamental elements of human tactile perception, previous research has 
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Neural processing of tactile information in the brain has been relatively less unveiled 
compared to other senses, such as visual and auditory information. This is partly due to 
difficulties in creating tactile stimuli, a wide distribution of tactile receptors over the 
whole body, the lack of rich understanding of tactile perception, and tight coupling of 
tactile sensation with action. Nonetheless, it is important to understand how the central 
nervous system processes tactile information in order to develop clinical solutions for 
impairment of somatosensory systems, create artificial tactile systems for robots, and 
advance the assistive technology based on perception-action coupling for the elderly. In 
this review, we revisit recent investigations of neural processing of tactile information in 
the human brain using neuroimaging. In particular, this review focuses on cutaneous in-
nocuous tactile information.
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suggested the following two to five dimensions: e.g., ‘rough/
smooth’ and ‘slippery/adherent’ [8]; ‘rough/smooth’, ‘sticky/
slippery’, and ‘soft/hard’ [9]; ‘rough/smooth’, ‘sticky/slippery’, 
‘soft/hard’ and ‘warm/cold’ [10]; or ‘uneven/relief (macro 
roughness), ‘rough/smooth’ (fine roughness), ‘sticky/slippery’, 
‘soft/hard’, and ‘warm/cold’ [11]. These neural correlates of 
tactile perception can also be described from the perspective 
of tactile receptors and afferents. Especially, cutaneous innoc-
uous sensations are categorized into the following four types: 
slowly adapting types I and II (SA-I and SA-II) and rapidly 
adaptive types I and II (RA-I and RA-II). SA-I senses constant 
pressing stimuli via the mechanoreceptor in Merkel’s discs, 
SA-II generally senses skin stretching stimuli via Ruffini cor-
puscular intelligence, RA-I senses slowly oscillating stimuli, of-
ten called flutter, via Meissner corpuscles, and RA-II senses 
high-frequency vibration via Pacinian corpuscles. Previous 
findings have indicated that sensory afferents from cutaneous 
receptors through the spinal cord to the brain are virtually 
separated, akin to the labelled line theory [12]. Thus, investiga-
tions of neural responses to tactile stimulations associated 
with different types of mechanical sensations may assume 
that tactile afferent inputs from each type of mechanorecep-
tors would be collectively received by the primary somatosen-
sory cortex (S1). However, other findings suggest a more com-
plex and integrated processing of touch sensations by different 
types of afferents to evoke tactile perception [13,14]. Thus, 
neuroimaging investigations of tactile information processing 
in the brain may need to study a wide range of cortical and 
subcortical areas as well as their interconnections [15,16].

Tactile object recognition involves not only the perception 
of tactile stimulus properties as described above but also the 
perception of macro-scale properties, such as shape, location, 
and orientation [17]. The latter focuses on the spatial infor-
mation of tactile stimuli and builds on a spatial reference sys-
tem, whereas the former generally requires the discrimination 
of intensity [18]. As such, neuroimaging studies have also ex-
plored related brain regions and networks in the framework of 
macro-scale spatial properties of tactile stimuli. For instance, 
studies have revealed that the brain network processing the 
macro-scale properties is distinct from that processing the 
material properties of tactile stimuli [19].

In this review, we have summarized neuroimaging studies of 
cutaneous tactile information processing in the human brain 
via the following two frameworks: neural correlates of the 
tactile perceptual dimensions and those of the macro-scale 
spatial information of tactile stimuli. There are various neuro-
imaging techniques (such as positron emission tomography 
[PET] and computed tomography [CT]), but in this review, we 
have mainly focused on functional magnetic resonance im-
aging (fMRI), which is widely used as a non-invasive method 

to investigate the whole brain. We have adopted four tactile 
perceptual dimensions from previous studies, including ‘rough/
smooth’, ‘sticky/slippery’, ‘soft/hard’, and ‘warm/cool’, and sum-
marized the neuroimaging findings of individual dimensions. 
We have also revisited the neuroimaging findings of macro-scale 
tactile spatial information, such as shape and location. Finally, 
we have suggested future directions of further neuroimaging 
studies. It should be noted that the scope of this review does 
not include in-depth investigations of psychophysical under-
standing of tactile perception, tactile perception-and-action 
coupling, brain processing of nociceptive afferents, and animal 
studies of somatosensations, excluding some cases that are 
necessary for discussion regarding better interpretations of 
human neuroimaging results. 

NEUROIMAGING FINDINGS OF TACTILE 
PERCEPTUAL DIMENSIONS

Roughness/Smoothness
Neuroimaging investigations on the roughness/smoothness 

have been the most widely performed amid the perceptual 
dimensions [20]. The perception of the roughness/smoothness 
for tactile stimuli is based on peripheral inputs originating 
from multiple mechanoreceptors, including Merkel’s discs, 
Meissner corpuscles, and Pacinian corpuscles [21]. As the per-
ception of the surface roughness of an object basically depends 
on movement between the surface and skin, studies have indi-
cated the importance of temporal cue for accurate roughness 
perception [22,23]. The rate of the tangential force also con-
tributes to the subjective estimation of the surface roughness 
magnitude [24].

Neuroimaging studies have reported the brain regions in-
volved in the perception of roughness/smoothness, such as the 
S1, supplementary motor area (SMA), and bilateral temporal 
poles (Fig. 1A) [25]. As a result of using T2*-weighted gradient 
echo planar imaging (EPI), SMA activity is correlated with in-
dividual variations of the perception of roughness [25]. Sec-
ondary somatosensory cortex (S2) also plays an important role 
in the perceptual discrimination of vibrotactile frequency [26]. 
Other regions, including bilateral parietal operculum (PO), in-
sula, and right lateral prefrontal cortex, are reportedly en-
gaged in the perceptual estimation of the magnitude of surface 
roughness [27]. Related to the other sensory modalities, the tac-
tile perception of roughness and visual observation of tactile 
roughness share neural activity in the areas of bilateral insula, 
supramarginal gyrus (SMG), and anterior cingulate cortex 
(ACC) [28].
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Stickiness/Slipperiness
Neuroimaging investigations of tactile stickiness perception 

have been relatively sparse, and they have been conducted 
more recently compared to the other dimensions. In general, 
stickiness is sensed when the skin is stretched by adhesive 
materials. Thus, it is expected that Ruffini corpuscles and SA-
II afferents would be prominently involved in stickiness sensa-
tion. Studies have shown that SA-II afferents exhibit more 
sensitive responses to skin stretching than other afferents 
[29,30]. In contrast, other studies have shown that RA and 
SA-I afferents respond to skin stretching to a greater extent 
than the other afferents do [31,32]. An important issue arises 
here regarding how to evoke sticky senses with physical con-
tacts. Most studies have used the tangential movement of 
fingers on the surface of adhesive materials to generate a 
frictional force between the finger skin and the surface. How-
ever, this also entails other kinematic changes in direction 
and vibration, which is distant from skin stretching. To avoid 
such issues related to the tangential force, one can generate 
sticky senses using adhesive materials with perpendicular 
forces without any tangential movement. 

So far, only a few studies have reported the neuroimaging 
results correlated with the perception of stickiness [33,34]. By 
using the T2*-weighted gradient EPI, these studies found the 
brain regions activated in response to the perception of tac-
tile stickiness, and they included the contralateral S1 and ip-
silateral dorsolateral prefrontal cortex (DLPFC) [33] (Fig. 1B). 
Especially, DLPFC activity may reflect emotional responses to 
touch on sticky substances. Moreover, a multivariate pattern 
analysis study showed that posterior parietal cortex (PPC) ac-
tivity discriminates the perceptual intensities of stickiness 
[34]. Other studies further revealed the cortical representa-
tions of stickiness shared between direct skin contact and 
sticky wearable gloves in bilateral angular gyri and the infe-
rior frontal gyrus (IFG) [35].

Hardness/Softness
In connection between hardness perception and tactile 

sensory afferents, SA-I afferents are deemed to play a key role 
[36]. Considering that a physical factor for tactile hardness is 
a ratio between the relative force on the object surface and 
the consequent displacement of the surface, the perception 
of tactile hardness can draw upon proprioception [11]. This 
supposition is controversial as other studies have demonstrat-
ed greater contribution of tactile cues to cutaneous hardness 
perception than proprioception [10]. 

Neuroimaging studies on tactile hardness perception have 
mostly revealed neural activations of S1 and PO. The perception 
of the stiffness of an object evokes activation of area 3b of S1 
in humans, which is in accordance with the other animal in-

vestigation results, as well as of the contralateral motor area 
and cerebellum, presumably related to active movements [37]. 
Moreover, the softness level of objects can be predicted by 
neural activations of the PO. A central node within the brain 
network engaged in the tactile perception of different material 
properties appears to be the PO, along with the insula. In par-
ticular, PO, insula, and medial frontal cortex show activity cor-
related with varying softness level of an object [16]. Perform-
ing a hardness discrimination task leads to activations of 
bilateral PO [38]. In conjunction with visual perception, visual 
modulation of tactile hardness perception induces biases and 
involves bilateral PO as well as the other regions of the sensory 
motor cortex, anterior intraparietal sulcus (aIPS), and occipi-
to-temporal cortex (OTC) [39]. During active exploration of 
tactile hardness, a recent study has demonstrated that the 
neural activity correlated with the hardness intensity in the 
posterior insula and posterior lobe of the cerebellum by using 
T2*-weighted gradient EPI (Fig. 1C) [40].

Warmth/Coolness
The thermal information is transmitted from the surface of 

an object to the skin through the transient receptor potential 
(TRP) ion channels [41]. Numerous studies have indicated that 
the insular cortex is a key region for processing the innocuous 
thermal information. Different from other perceptual dimen-
sions, the perception of warmth/coolness recruits the insular 
cortex as the primary center along with the somatosensory 
cortex [42]. Specifically, it has been demonstrated that activity 
in the anterior insular cortex (aIns) correlates with subjective 
ratings of warm feelings [43]. In contrast, the posterior insular 
cortex (pIns) reportedly processes sensory specific information, 
such as sensory discrimination [44]. Functional connectivity 
studies have shown that the insular cortex plays a central role 
in innocuous thermal information processing and both aIns 
and pIns form functional networks with many other areas, in-
cluding S1, S2, cingulate gyrus, prefrontal cortex, and parietal 
association cortices with different degrees: aIns appears to be 
more likely connected to areas for affective processing, where-
as pIns is more likely connected to areas for sensory-discrimi-
native processing [45]. Moreover, the ambient thermal percep-
tion involves the left dorsal pIns, putamen, amygdala, and 
bilateral retrosplenial cortices [46]. 

The perception of thermal stimuli also entails hedonic re-
sponses. Neural correlates of the subjective ratings of pleas-
antness in response to warm and cool stimuli are found in the 
mid-orbitofrontal and pregenual cingulate cortex and the ven-
tral striatum [47]. In relation to the subjective feelings of pleas-
antness and unpleasantness induced by thermal stimuli, the 
following brain regions are activated: the caudate nucleus and 
frontal regions for pleasantness, and the medial frontal and 
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Fig. 1. Examples of neuroimaging findings of tactile perception. A: Primary somatosensory cortex (S1), supplementary motor area (SMA), and 
bilateral temporal pole showed multivoxel patterns of roughness inferred by decoding analysis (adapted from Kim et al. [25], PLoS One 
2015;10:e0129777). B: S1 and dorsolateral prefrontal cortex (DLPFC) showed significant activations when sticky stimuli were served to the par-
ticipants compared to baseline. Also, subcortical regions showed significant activation when subjects received sticky stimulation than when 
they received less sticky stimulation (adapted from Yeon et al. [33], Front Hum Neurosci 2017;11:8). C: During the object grasping task, rpcere-
bellum and rpINS tracked the intensity of hardness (adapted from Kim et al. [40], PeerJ 2021;9:e11760). All the results shown in Figure 1 were 
obtained using T2*-weighted gradient echo planar imaging (EPI). STP, superior temporal pole; Mid, middle; Sup, superior.
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ACC for unpleasantness [48]. A study has reported that the re-
duction of sensitivity to warmth predicts increases in the as-
sessment score of alexithymia – personality trait of deficits in 
emotional processing [49].

Texture
The perception of tactile texture results from a mixture of 

aforementioned individual fundamental perceptual dimensions. 
Studies have often suggested three dimensions constructing a 
perceptual space of texture, including ‘roughness/smoothness, 
hardness/softness, and warmness/coolness [11]’ or ‘roughness/
smoothness, hardness/softness, and compressional elasticity 
[9,50]’. Tactile texture identification activates the contralateral 
posterior postcentral gyrus (PCG) [38]. S2 plays a pivotal role 
in encoding and maintaining working memory of the tactile 
surface texture information [51]. 

NEUROIMAGING FINDINGS OF TACTILE 
PROCESSING OF SPATIAL PROPERTIES 

Shape
Many human fMRI studies have reported the postcentral 

sulcus (PCS) and parietal regions as the main centers for the 
perception of haptic shape. Lesions in the parietal opercular 
area cause tactile agnosia, which refers to the inability to rec-
ognize objects by touch [52]. Neural activity in the PCS has 
been reportedly found in relation to haptic shape recognition. 
Specifically, discrimination of haptic shapes activates the area 
2 in S1 [53]. Also, the PCG is commonly activated during the 
recognition of haptic shape and texture [38]. Effective con-
nectivity analysis has revealed information pathways from the 
PCS to intraparietal sulcus (IPS) and from the lateral occipital 
complex (LOC) to PCS during haptic shape recognition [54]. 
Parts of the IPS are also involved in haptic shape recognition, 
including the anterior IPS [54,55] and posterior IPS [56,57]. 

Recognition of object shape often involves multisensory in-
formation processing. Most studies have investigated the neu-
ral substrates of tactile and visual representations of shape. 
Shape-selective areas for both tactile and visual perception in-
clude posterior parietal parts over superior parietal gyrus and 
IPS as well as the LOC [54,55,58,59]. However, a lesion study 
on the LOC has demonstrated that although the LOC is central 
to visual and haptic shape recognition, it is not essential for 
haptic shape recognition per se [60]. Identification of haptic 
shape representation in the visual cortex demonstrates top-
down involvement of visual imagery in haptic shape recognition 
[61]. Effective connectivity studies have shown both bottom-up 
and top-down networks for multisensory shape perception [62]. 
A further study has revealed that object familiarity enhances 

visual imagery-driven effective connectivity from the frontal 
areas to the LOC during haptic shape perception [63]. In con-
trast, spatial imagery-driven effective connectivity is more 
modulated for unfamiliar objects [64]. 

Location
Tactile information processing, initiated from S1, is deemed 

to be separated into the following two pathways: the ventral 
pathway for surface texture information processing and the 
dorsal pathway for tactile location information processing [65]. 
The latter includes the IPS and frontal eye fields (FEFs). Locat-
ing a tactile stimulus over different fingers activates the infe-
rior and superior parietal lobules [66]. Selective attention to 
grating location activates the right temporoparietal junction 
independent of hands [67]. Haptic location-selective activa-
tions are found in both FEFs and IPS, and they converge with 
the visual location-selective pathways in the dorsal frontopa-
rietal cortical areas [68]. Multivoxel pattern analysis (MVPA) 
studies have found neural activity in the SMG by decoding 
stimulation locations over different fingers [69] or in S1, pri-
mary motor cortex (M1), IPS, paracentral gyrus, and superior 
frontal gyrus by decoding stimulation locations over the upper 
limbs [70]. On obtaining a neuroimage from the T2*-weighted 
gradient EPI, discrimination of finger stimulation locations 
using MVPA involves activities of the secondary somatosensory 
cortices, such as PPC and SMG (Fig. 2A) [71]. Moreover, main-
taining spatial layout of tactile stimuli in working memory in-
volves neural activities over the PPC and premotor cortex [72].

Orientation
A neuroimaging study using T2*-weighted gradient EPI has 

shown that tactile orientation discrimination reportedly acti-
vates the right PCS and IPS, regardless of the hand used (Fig. 
2B) [73]. On the other hand, discrimination of grating orienta-
tion contrasted to discrimination of grating spacing activates 
the left anterior IPS, right PCS and PCG, left parieto-occipital 
cortex, bilateral FEFs, and bilateral ventral premotor cortices 
[74]. Some of these regions are also known to be related to 
visual orientation discrimination [73]. In fact, tactile discrim-
ination of grating orientations activates the parieto-occipital 
areas, suggesting a key role of visual imagery in the process-
ing of tactile orientation information [75]. Interference by 
transcranial magnetic stimulation (TMS) over the occipital 
cortex disrupts tactile discrimination of grating orientation, 
but not tactile discrimination of grating texture [76]. This 
implies a top-down influence of visual imagery on tactile in-
formation processing [77]. 
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FUTURE DIRECTIONS

Neuroimaging research has deepened our understanding 
about how the human brain processes tactile information. 
However, many aspects of neural mechanisms regarding tac-
tile information processing are not yet well understood. For 
instance, compared to cutaneous tactile sensations and pain 
sensations, neural processing of proprioception has been less 
explored. Relevant studies have focused on high-level body 
representations in the cortex, often called somatoperception 
and somatorepresentation [78]. Also, neural representations of 
body schema, including somatotopic representations of the 
skin surface, body size and shape representations, and postural 
representations, have been widely investigated, in which the 
first somatotopic representations are particularly plastic and 
subject to changes by peripheral alterations [79]. This will be-
come more important when people connect themselves with a 
virtual avatar in the metaverse through motor and sensory 
communications, presumably extending the body ownership 
to the avatar [80]. Another interesting research area related to 
tactile processing is understanding how the brain deals with 
indirect touch via tools. This also raises questions regarding 
how somatosensations play a role in using tools by reorganiz-
ing the body schema, referred to as tool embodiment [81]. 
However, few studies have investigated neural underpinnings 
of tool use in humans. Finally, neural mechanisms and appli-
cations of affective touch will become more significant, as 
social interactions in the aging society as well as virtual en-
vironments will be increasingly crucial [82]. More extensive 
investigations using neuroimaging approaches are required 

to understand the brain networks related to affective touch.
In conclusion, neuroimaging studies of tactile information 

processing have revealed the basic neural mechanisms of tac-
tile perception as well as multisensory integration. As the 
haptic interface will become more prevalent in the era of us-
ing touch-based smart devices and communicating in the vir-
tual world, more in-depth neuroimaging research for tactile 
perception is required in the future. Consequently, it is desired 
that real-world applications, such as tactile intelligence in ro-
bots and virtual haptic sensations in the metaverse, will ben-
efit from the understanding of neural tactile processing. 
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A B

Fig. 2. Examples of neuroimaging findings of tactile perception of spatial properties. A: Location of stimuli on fingers can be distinguished by 
the multivoxel patterns of contralateral posterior parietal cortex (PPC) and supramarginal gyrus (SMG) (adapted from Kim et al. [71], Front Hum 
Neurosci 2015;8:1070). B: The right postcentral sulcus and intraparietal sulcus (IPS) are activated during tactile orientation perception (adapted 
from Kitada et al. [73], J Neurosci 2006;26:7491-7501). All results shown in Figure 2 were obtained using an T2*-weighted gradient echo planar 
imaging (EPI) sequence. Min, minimum; Max, maximum; n.s., not significant; MOG, middle occipital gyrus; CS, central sulcus.
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