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Differential human brain activity induced by two perceptually
indistinguishable gentle cutaneous stimuli
Nobuhiro Watanabea, Kenji Ishiib, Harumi Hottaa, Keiichi Odab,
Muneyuki Sakatab, Jun Toyoharab and Kiichi Ishiwatab

We examined differences in brain activity in response

to two types of mechanical stimulation, which have been

reported previously as being perceptually indistinguishable

but having different impacts on autonomic reflexes. As

an indicator of brain activity, glucose metabolism was

evaluated by PET with 2-[18F]fluoro-2-deoxy-D-glucose

(18F-FDG). Twelve healthy, young adult men participated

in the study. Two types of cutaneous stimulation tools, soft

elastomer discs with microcones (microcone disc) or flat

surfaces (flat disc), were used in a crossover, randomized

double-blind manner. Each type of cutaneous stimulation

tool was applied on the cheeks and 18F-FDG-PET scans

were obtained. Greater 18F-FDG uptake was observed in

the right anterior cingulate cortex during microcone disc

stimulation compared with flat disc stimulation. However,
18F-FDG uptake during application of these two different

stimuli was not different in the primary and secondary

somatosensory cortices or insula. Stimulation using

microcone discs and flat discs was noted by one and three

participants, respectively, and there was no difference in

the presence of perception between the stimulation tools.

The results indicate that the right anterior cingulate

cortex differentially responds to different types

of cutaneous stimulation that are perceptually

indistinguishable. NeuroReport 24:425–430 �c 2013

Wolters Kluwer Health | Lippincott Williams & Wilkins.

NeuroReport 2013, 24:425–430

Keywords: cingulate cortex, fluorodeoxyglucose, positron emission
tomography, skin, somatosensory system, subliminal, touch

aDepartment of Autonomic Neuroscience and bPositron Medical Center, Tokyo
Metropolitan Institute of Gerontology, Tokyo, Japan

Correspondence to Harumi Hotta, PhD, 35-2 Sakae-cho, Itabashi-ku,
Tokyo 173-0015, Japan
Tel: + 81 3 3964 3241 x3086; fax: + 81 3 3579 4776; e-mail: hhotta@tmig.or.jp

Received 21 February 2013 accepted 14 March 2013

Introduction
The cutaneous sensory system plays an important role in

obtaining information on surrounding objects and the

external environment, as well as in eliciting sensations.

Cutaneous stimulation also induces biological reactions,

including analgesia [1,2] and autonomic responses [3,4].

To clarify the central mechanisms involved in somato-

sensory information processing, various methods such as

functional MRI [5–7] and PET [8] have been used to

measure brain function accompanying perceptible tactile

stimulation. In contrast, it seems that the influence of

gentle, nonperceptible somatosensory stimulation has

been overlooked.

Recently, we reported that gentle mechanical cutaneous

stimulation inhibits somatically-induced autonomic re-

sponses in anesthetized rats [9,10] and conscious hu-

mans [11], independent of sensation and recognition. In

these studies, cutaneous stimulation was applied using a

brush with soft elastomer microcones and a flat disc made

of the same material; only cutaneous stimulation with

the brush inhibited the autonomic responses [9,11]. We

found that the differences in texture between these

cutaneous stimulations were not distinguished in con-

scious humans [11]. Our results indicate that subliminal

somatic stimulation can have an impact on autonomic

functions. However, responses of the brain to subliminal

somatosensory stimulation are little known. Therefore,

the present study aimed to compare brain activity during

administration of perceptually indistinguishable gentle

mechanical cutaneous stimuli using the two stimulation

tools used in our previous studies [9,11].

To our knowledge, there is only one report stating that

subliminal electrical stimulation elicits evoked potentials

using recording electrodes placed on the pia-arachnoid

surface of the primary somatosensory cortex (SI) [12].

There are a few studies that examined subliminal

intensity on visceral stimulation, showing an increase in

the blood oxygenation level-dependent (BOLD) signal in

several brain regions [13,14]. A common brain region

found in their studies to react to these stimuli is the

anterior cingulate cortex (ACC). Gentle but perceptible

cutaneous stimulation also increases BOLD signal or

regional cerebral blood flow in the ACC [5,6], in addition

to the SI [5–8], secondary somatosensory cortex (SII)

[7,8], and insula [5,6]. Thus, in this study, we focused on

the ACC, SI, SII, and insula as potential brain regions

that may respond to mechanical cutaneous stimulation at

a subliminal intensity.

The present study compared glucose metabolism in the

ACC, SI, SII, and insula during administration of two

different types of gentle mechanical cutaneous stimuli,

which are perceptually indistinguishable, using PET with

2-[18F]fluoro-2-deoxy-D-glucose (18F-FDG).
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Methods
Participants

Twelve healthy adult men [mean age±SD: 22.6±1.9 years

(range: 21–26 years), mean BMI: 22.8±2.3 kg/m2] partici-

pated in the study. All participants met the following

inclusion criteria: (i) nonsmoker; (ii) no history of diseases

that may affect the cardiovascular and/or nervous system

such as heart diseases, diabetes mellitus, or cancer; (iii) no

facial or oral pain; and (iv) no regular administration of

therapeutic drugs or drug use on the day of the experiment.

According to the Japanese version of the Edinburgh

Handedness Inventory, all participants were right-handed

(laterality quotient score range, + 60 to + 100). No

participant had any organic abnormality in the brain on MRI.

Written informed consent was obtained from all partici-

pants before the commencement of any experimental

procedure. The experimental protocols of the study were

in accordance with the Declaration of Helsinki and

approved by the Human Research Ethics Committee of

Tokyo Metropolitan Institute of Gerontology.

Participants fasted for at least 4 h before the experiment

commenced. In addition, they were advised to avoid

vigorous physical activity and abstain from alcohol on the

day before their participation. The final intake time of

food and caffeinated and alcoholic beverages was

recorded using a pre-experimental questionnaire.

Cutaneous stimulation

Two types of cutaneous stimulation tools (used in our

previous studies [9,11]) were used. The tools were made

of soft elastomer and appeared to be identical discs

(11 mm in diameter) with similar thicknesses. The

contacting surface of the first type of disc had a brush

with B400 soft elastomer microcones and the other side

was flat (microcone disc, Somareson II; gifted by Toyo

Resin Corporation, Shizuoka, Japan); the second type of

disc had flat surfaces on both sides (flat disc; custom-

made for our research use by Toyo Resin). Each

cutaneous stimulation tool was attached to the cheek

bilaterally using an adhesive plaster.

Blinding and randomization

The order of cutaneous stimulation tool use was

randomized. To blind the participant and experimenter

from the type of tool used, both tools were placed in

cartridges of the same color and shape before use, and the

experimenter was not allowed to check the tool surface.

The stimulation tools were packaged as two pairs (two

sheets� two types), and the order of use was indicated

on the cartridge. Each package of stimulation tools was

allocated to a participant in advance and the probability of

either type of stimulation tool being used first was 50%.

After each session of the experiment, participants were

questioned on whether they perceived any sensation from

the cutaneous stimulation tools and were asked to des-

cribe the details of their perception using a questionnaire.

After completion of the questionnaire, the cutaneous

stimulation tools were removed.

Perception induced by the cutaneous stimulation tools

was compared using Fisher’s exact test (Prism 6;

GraphPad Software Inc., La Jolla, California, USA), and

the significance level was set at P less than 0.05. The

identity of the cutaneous stimulation tools and the order

of their use were not disclosed until the experimental

period had ended.

Study overview

The study consisted of two experimental sessions and

was carried out in a dimly-lit, quiet room with minimal

sound from an air conditioner. Participants were supine

on the bed and remained with their eyes closed and ears

unplugged. To ensure that the participants remained

awake, they were gently spoken to every 10 min during

the experiment. After the right brachial vein was

catheterized, a cutaneous stimulation tool was applied

to the cheeks. Ten minutes later, 18F-FDG (150 MBq)

was injected intravenously. Participants were instructed

to rest for the next 35 min. Thereafter, they walked to the

PET scanner on foot after the catheter was withdrawn

and transmission scanning was performed in the supine

position for 5 min. A 6-min emission scan was then

obtained at 45 min after 18F-FDG injection.

PET scanning was performed between 3 and 5 p.m. for all

participants. One week after the first experimental

session, the experiment was conducted using the same

protocol at the same hour with the other type of

cutaneous stimulation tool.

Blood sampling was performed twice during an experi-

mental session (at the time of venous catheter insertion

and immediately before withdrawal) for measurement of

blood glucose levels (Caresist; Roche Diagnostics Japan,

Tokyo, Japan). The level of blood glucose was stable

during each experiment and over both experimental days

(first vs. second session; mean value±SD: 83.7±10.7 vs.

85.8±12.5 mg/dl, respectively).

Image acquisition

The 18F-FDG-PET scan images were acquired in the

three-dimensional (3D) mode [reconstructed image

resolution: transverse full-width at half-maximum

(FWHM) = 4.4 mm, axial FWHM = 6.5 mm] using a

PET scanner (SET 2400 W; Shimadzu, Kyoto, Japan) as

described previously [15]. The emission scan parameters

were as follows: matrix size, 128� 128� 63 voxels and

size of one voxel, 2� 2� 3.125 mm. Attenuation correc-

tion was performed using a transmission scan with

a 68Ga/68Ge source.

For all participants, 3D-MRI images of the brain with

T1-weighted contrast were obtained in a sagittal orientation

using a 1.5 T Signa Excite HD scanner (GE, Milwaukee,
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Wisconsin, USA) with a matrix size of 256� 256� 98

voxels and a voxel size of 0.8984� 0.8984� 1.8 mm. The

images were obtained using the 3D spoiled gradient echo

(TR/TE = 21/6 ms).

Image processing and data analyses

Image processing was performed as per the procedures

described previously [15]. All 18F-FDG-PET images were

spatially normalized to the standard anatomical space

created by the Montreal Neurological Institute using an

institutionally-designed 18F-FDG template, resampled

(matrix size: 79� 95� 80 voxels; voxel size, 2� 2� 2

mm), and smoothed with a Gaussian kernel of 12 mm

FWHM in the x, y, and z axes using SPM8 (Functional

Imaging Laboratory, London, UK) implemented on

MATLAB (The MathWorks, Natick, Massachusetts,

USA). A threshold of 20% of maximal pixel values in

the averaged image of all individual images was set, and

the subthreshold signals in each PET image were

excluded in order to eliminate the influence of extra-

cerebral signals (using Dr View software; AJS, Tokyo,

Japan). The 18F-FDG uptake was expressed as a stan-

dardized uptake value [body weight (g)� tissue concen-

tration (Bq/ml)/total injected dose (Bq)]. To eliminate

the effect of global variation, the average intracerebral
18F-FDG uptake was normalized to be 50.

On the basis of our hypothesis, 18F-FDG uptakes in the

ACC, SI, SII, and insula were compared between the

microcone and flat disc stimulation tools. To test a priori

hypotheses (see the Introduction section) and quantify

the differences in 18F-FDG uptake, a volume of interest

(VOI) analysis was performed. Five VOIs (in this case,

a sphere of 5 mm radius) were placed in each hemisphere:

two in the ACC and one each in the SI, SII, and insula.

The location of the VOI was determined on the basis of

previous brain imaging studies, which examined the

effect of somatosensory stimulation applied to the

face [7,16–19]. VOI locations are shown in Table 1

and Fig. 1. The values obtained using SPM 8 were

compared using two-way analysis of variance (factors:

cutaneous stimulation and brain region) with repeated

measures between cutaneous stimulation (microcone and

flat disc), followed by Bonferroni’s correction for multiple

comparisons (P < 0.05, Prism 6; GraphPad Software Inc.).

In addition, we conducted a global search over the entire

brain for a comparison of 18F-FDG uptake between the

microcone and flat disc stimulation tools. The threshold

of statistical significance was set to P less than 0.001

uncorrected, and the extent threshold, k, was 100 voxels

(SPM 8).

Results
Comparison of 18F-FDG uptake between microcone

and flat disc stimulation tools

Table 1 summarizes the values of 18F-FDG uptake during

application of cutaneous stimulation tools. Analysis of

variance revealed a significant main effect of cutaneous

stimulation. 18F-FDG uptake in the right ACC tended to

be greater during application of microcone stimulation

compared with flat disc stimulation (Table 1). In

particular, 18F-FDG uptake in a part of the ACC was

significantly higher during microcone stimulation (Fig. 2a

and b, Table 1). In contrast, there was no significant

difference in 18F-FDG uptake in the other brain regions

on microcone and flat disc stimulation: the left ACC or

SI, SII, or insula in either hemisphere (Table 1).

The result of the global search showed that there was no

difference in 18F-FDG uptake between the stimuli.

Perception of touch

One of the 12 participants perceived sensation by touch

on microcone stimulation and described the sensation as

‘only left cheek was itchy but no problem’. Three other

participants reported sensations by touch on flat disc

stimulation, and they described the sensation as: ‘I felt

some stimulation like pins and needles although it is not

bothering’, ‘I felt like a little pressure on the cheek for a

little while after the application’, and ‘I felt tingling only

on the left’. There was no significant difference in the

presence of perception by touch between the microcone

and flat disc stimulation tools. The results of 18F-FDG

uptake were not different between participants who

perceived the touch and those who did not.

Discussion
The present study examined differences in brain activity

in response to mechanical stimulation using two types of

cutaneous stimulation tools – microcones and flat discs –

attached to the face bilaterally. On microcone stimula-

tion, greater 18F-FDG uptake was observed in the right

ACC. However, there was no difference in 18F-FDG

uptake in the bilateral SI, SII, or insula, supporting the

Table 1 Comparisons of 2-[18F]fluoro-2-deoxy-D-glucose uptake
during microcone and flat disc stimulation

Side MNI coordinates (x, y, z) Microcone Flat disc

ACC R 6, 30, 30 71.0±0.81* 69.7±0.75
L – 6, 30, 30 66.5±0.56 66.0±0.64

pgACC R 6, 44, 6 69.3±0.87 68.4±0.77
L – 6, 44, 6 66.2±0.66 66.1±0.68

SI R 62, – 10, 38 51.0±0.59 51.0±0.42
L – 58, – 14, 42 53.6±0.33 53.8±0.51

SII R 60, – 26, 20 68.9±0.60 68.5±0.51
L – 60, – 26, 20 64.1±0.42 64.3±0.39

Insula R 40, – 16, 10 70.6±0.45 70.8±0.65
L – 40, – 16, 10 73.0±0.41 72.6±0.65

Coordinate values of x, y, and z for each VOI are given in millimeters (MNI space).
Values were extracted using a VOI, which is a sphere 5 mm in radius. Data are
expressed as mean±SEM.
*Significant difference in 18F-FDG uptake between the microcone and the flat
disc stimulation (P < 0.05); two-way analysis of variance with repeated measures
between the cutaneous stimulation (microcone and flat disc), followed by
Bonferroni’s correction for multiple comparisons.
ACC, anterior cingulate cortex; L, left; MNI, Montreal Neurological Institute;
pgACC, pregenual ACC; 18F-FDG, 2-[18F]fluoro-2-deoxy-D-glucose; R, right;
SI, primary somatosensory cortex; SII, secondary somatosensory cortex;
VOI, volume of interest.
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fact that the texture of the two stimulation tools was not

perceptually distinguishable in this study, as observed in

our previous study [11].

There are reports that the brain responds to impercep-

tible (subliminal) sensory stimulation. For example, brain

activity in response to subliminal visceral stimulation was

examined by functional MRI [13,14]. These studies

showed that an increase in the BOLD signal was observed

in the cingulate cortex, associated with rectal distension

at subliminal pressure. The cingulate cortex findings, in

which we observed a significant difference, are spatially

similar to the findings from a previous study report on

activation by subliminal visceral stimulation [14]. There-

fore, the cingulate cortex may relate to mechanisms of

the subliminal effect of somatovisceral stimuli. So far,

little is known about the effect of somatosensory

stimulation at subliminal intensity on brain activity;

however, one study reports that subliminal electrical

stimulation elicits a somatosensory evoked potential [12].

Hence, the present study is the first to localize a

difference in brain activity in response to two types of

somatosensory stimuli, both of which were perceptually

indistinguishable.

In contrast to that in the ACC, 18F-FDG uptake in the SI,

SII, and insula was not different on microcone and flat

disc stimulation. This supports the conclusion that there

is no perceptual difference between the stimulation tools.

However, it could be argued that the absence of a

difference in 18F-FDG uptake in these regions is because

of both stimulation tools altering glucose metabolism in

the brain regions by similar amounts. Further studies are

needed to clarify this matter.

The differences in brain responses must be attributed to

differences in responses of cutaneous sensory units. We

have demonstrated that touch with microcone stimula-

tion induces low frequency (< 4 Hz) activities of Ab, Ad,

and C afferent units, and the myelinated A afferent units

are classified as rapidly adapting (RA) and slowly adapting

Fig. 1

(a) (b) (c)

(e)(d)

3
1

2

4

x = 6 y = −14 y = −10

z = 10y = −26

5 6

7 8

The locations of volumes of interest (VOIs). Filled circles with numbers in each panel indicate the location of each VOI. (a) 1, right anterior cingulate
cortex (ACC); 2, right pregenual ACC (pgACC). VOIs were placed in mirrored coordinates for the left ACC and left pgACC. (b) 3, left primary
somatosensory cortex (SI). (c) 4, right SI. (d) 5, 6, left and right secondary somatosensory cortices (SII), respectively. (e) 7, 8, the left and the right
insula, respectively.
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(SAI, SAII) units by single unitary afferent recording in

rats [9]. Response of the RA and SAI units depends on

the texture of the surface of the contacting objects [20].

In addition, afferent activities of the SAII unit and

the low-threshold mechanosensitive C unit, which are

sensitive to skin stretch [21] and slow, gentle stroking

stimulation [22], respectively, may be different between

the stimulation tools, because of presumed vibration

of the microcones [9].

There are several reports that tactile cutaneous stimuli

activate various brain regions including the SI and the

ACC region, as well as the SII region and insula [5–8]. Of

these studies, that by Lindgren et al. [6] compared BOLD

effects in response to perceptible touch by a human bare

hand with that by a hand wearing a rubber glove. The

study showed the increase in BOLD signal on touch by a

bare hand in the ACC, but not in the SI or insula, was

greater than that on other types of touch. As the

microcone arrangement (0.4 mm) of the stimulation tool

used in the present study is similar to the width of a

fingerprint ridge in humans, touch with the microcones or

flat disc is considered to be equivalent to touch with a

bare hand and rubber glove hand, respectively, in the

previous study [6]. Microcones are suggested to be a tool

that can apply finger touch-like stimulation continuously.

There are various biological meanings of touch. One of

those may be a modulation of nociceptive transmission.

It is a common experience that pain is reduced on placing

hands near the region in which the pain is located. Touch

stimulation is used for pain management in clinical

situations [1,2]. We have reported that gentle mechanical

cutaneous stimulation with microcones, but not flat discs,

inhibits somatically-induced autonomic responses in an-

esthetized rats [9] and conscious humans [11], indepen-

dent of sensation and recognition. Our animal studies

suggest that touch can promote release of endogenous

opioids in the central nervous system, as the inhibitory

effect was significantly attenuated [9] or blocked [10] by

intravenous naloxone. There are high-density m-opioid

receptors in the ACC [23]. Systemic injection of remifen-

tanil (m-opioid receptor agonist) dose-dependently in-

creased cerebral blood flow in the regions including the

ACC [24]. There is evidence that the right hemisphere

tends to be more predominant on processing of somato-

sensory information using brain imaging techniques [25].

Collectively, higher glucose utilization in the right ACC on

microcone stimulation may be due to opioid release evoked

by direct stimulation in this region or indirectly in other

regions, such as trigeminal nerve nuclei.

Together with our previous studies [9,11], the present

study suggests that there are differences in brain activity,

depending on the type of mechanical cutaneous stimuli,

which are indistinguishable but have different impacts on

autonomic reflexes.
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