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Growing interest in affective touch has delineated a neural network that bypasses primary somatosensory cortex (S1). Several recent
studies, however, have cast doubt on the segregation of touch discrimination and affect, suggesting that S1 also encodes affective
qualities. We used functional magnetic resonance imaging (fMRI) and repetitive transcranial magnetic stimulation (rTMS) to examine
the role of S1 in processing touch intensity and pleasantness. Twenty-six healthy human adults rated brushing on the hand during fMRI.
Intensity ratings significantly predicted activation in S1, whereas pleasantness ratings predicted activation only in the anterior cingulate
cortex. Nineteen subjects also received inhibitory rTMS over right hemisphere S1 and the vertex (control). After S1 rTMS, but not after
vertex rTMS, sensory discrimination was reduced and subjects with reduced sensory discrimination rated touch as more intense. In
contrast, rTMS did not alter ratings of touch pleasantness. Our findings support divergent neural processing of touch intensity and
pleasantness, with affective touch encoded outside of S1.
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Introduction
Both the affective and discriminative aspects of touch are criti-
cally important in everyday life. Discriminative aspects of touch
support object recognition and motor activities and socially rel-
evant tactile information may allow the detection of hedonic en-
vironmental features that serve the well-being and homeostasis of
the organism (Craig, 2013). Extensive research has identified the
role of primary somatosensory cortex (S1) in discriminative as-

pects of somatosensation, including tactile detection thresholds
(Cohen et al., 1991), temporal frequency discrimination (Knecht
et al., 2003), two-point discrimination (2PD; Tegenthoff et al.,
2005), and tactile direction discrimination (Lundblad et al.,
2011). However, the role of S1 in the affective dimension of so-
matosensation is under dispute.

A growing body of research on C-tactile (CT) afferents has
characterized an affective touch network that appears to by-
pass S1. CT afferents are a class of peripheral unmyelinated
C-fibers that respond preferentially to slow stroking of the hairy
skin and in which firing rate correlates with subjective ratings of
touch pleasantness (Löken et al., 2009). Two rare patients selec-
tively lacking A� afferents (with C fibers intact; Sterman et al.,
1980) exhibited impoverished touch discrimination, yet reported
pleasure and showed a robust response in the insula, but not S1,
when their hairy skin was stroked at CT-optimal speeds
(Olausson et al., 2002, 2008). Although CT-optimized stimuli
also activate S1 cortex in healthy subjects, correlations with rat-
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Significance Statement

Growing interest in affective touch has identified a neural network that bypasses primary somatosensory cortex (S1). Several
recent studies, however, cast doubt on the separation of touch discrimination and affect. We used functional magnetic resonance
imaging and repetitive transcranial magnetic stimulation to demonstrate the representation of touch discrimination and intensity
in S1, but the representation of pleasantness in the anterior cingulate cortex, not S1. Our findings support divergent neural
processing of touch intensity and pleasantness, with affective touch encoded outside of S1. Our study contributes to growing
delineation of the affective touch system, a crucial step in understanding its dysregulation in numerous clinical conditions such as
autism, eating disorders, depression, and chronic pain.
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ings of touch pleasantness have been reported only in other re-
gions, including the orbitofrontal cortex (OFC; McCabe et al.,
2008) and the insula (Kress et al., 2011).

Despite the evidence that touch pleasantness is processed out-
side of S1, several recent studies challenge this model, showing
correlations between ratings of touch pleasantness and activation
of S1 (though in opposite directions; McCabe et al., 2008; Gaz-
zola et al., 2012). These studies demonstrate possible modulation
of S1 by social context, but contain confounds related to atten-
tion and motivation and do not demonstrate the causal necessity
of S1 in the perception of touch pleasantness. These studies also
did not test bottom-up sensory contributions to touch pleasant-
ness, such as the contribution of CT-optimal touch.

The current study focuses on affective qualities conveyed by
the physical touch stimulus, rather than through top-down mod-
ulation of touch processing by social context. We used both func-
tional magnetic resonance imaging (fMRI; n � 26) and repetitive
transcranial magnetic stimulation (rTMS; n � 19) to test the
involvement of S1 in representing the pleasantness and intensity
of touch. During the fMRI portion of our experiment, we admin-
istered slow and fast brushing to hairy and glabrous skin of the
hand to produce differential activation of CT fibers and collected
subjects’ ratings of pleasantness. This variable CT activation af-
forded manipulation of touch pleasantness without altering the
texture or physical intensity of the touch stimuli, allowing us to
look for stimulus-driven neural representation of touch pleasant-
ness. However, intensity and pleasantness ratings vary by brush-
ing speed even when administered by a robot exerting constant
force (Triscoli et al., 2013). We therefore also collected intensity
ratings to account for differences in intensity perception in our
analyses.

We then used 1 Hz rTMS over right hemisphere S1 to causally
test the necessity of S1 activity for the perception of touch pleas-
antness. Low-frequency rTMS of �0.2–1 Hz produces a period of
cortical inhibition (Chen et al., 1997; Maeda et al., 2000; Hallett,
2007) and is often used to deactivate a brain region temporarily to
examine its direct causal contribution to a particular percept or
behavior (Hallett, 2007; Wassermann and Zimmermann, 2012).
A number of studies performing rTMS directed at S1 show per-
ceptual changes in tactile detection thresholds, as well as spatial
and temporal discrimination of tactile stimuli (Knecht et al.,
2003; Tegenthoff et al., 2005; Schneider et al., 2010; Vidoni et al.,
2010). Subjects rated the intensity and pleasantness of gentle
touch before and after rTMS to S1 or to the vertex (control).
We also tested 2PD at multiple distances as a positive control
to confirm rTMS deactivation of S1. We hypothesized that S1
activation during fMRI would correlate with ratings of stim-
ulus intensity, but not pleasantness, and that a temporary re-
duction of S1 activation would alter discriminative touch, but
not pleasantness.

Materials and Methods
Participants
Twenty-six healthy right-handed adults (mean age � 24.8 � 7.0 years;
range � 19 – 43; 11 male) participated in the MRI data analysis. Nineteen
of the subjects (11 male) returned for TMS and successfully completed
both TMS sessions (one additional subject was excluded due to inatten-
tion during sensory testing and one subject dropped out of the study due
to discomfort during the initial TMS pulses). Each subject provided in-
formed consent in accordance with approval from the National Institutes
of Health’s CNS Institutional Review Board. Participants were compen-
sated monetarily for each study session.

Experimental design
Subjects participated in four study sessions that took place on separate
days: screening, MRI, TMS session 1, and TMS session 2.

Screening
Subjects were screened for psychological conditions by an experimenter
using the MINI (Sheehan et al., 1998). Screening for major medical con-
ditions was conducted by a nurse practitioner who conducted a brief
medical examination and asked participants questions about their med-
ical history. A urine drug test was conducted. Participants were excluded
for major medical and psychological conditions (past or present), sub-
stance and alcohol dependence or abuse, chronic pain, current preg-
nancy, non-right-handedness, dermatological abnormalities relevant to
somatosensation, and abnormal sensory acuity on the palm of the hand
(2PD performance below chance levels). Participants were also screened
for MRI safety and TMS safety (Rossi et al., 2009).

MRI session
The MRI session included a structural scan, a functional hand motor
cortex localizer, and two functional scans collected during slow and fast
brushing on the palm and back of the left hand.

Motor localizer task
Participants moved their left thumb during four 30 s movement blocks
separated by 30 s of rest in response to visual prompts.

Brushing blocks
Participants received somatosensory brushing stimulation across 6 cm of
the palm or back of the hand. The order of brushing of these two hand
locations was counterbalanced across participants. A trained experi-
menter brushed each participant in the proximo-distal direction with a
3-inch-diameter goat-hair watercolor brush. Audio cues allowed the ex-
perimenter to brush at a constant velocity. Each scan was composed of 4
randomly ordered blocks: 2 blocks of slow brushing (3 cm/s) and 2 blocks
of fast brushing (30 cm/s). Each block was composed of 8 trials of 6 s of
brushing, followed by a rest period jittered around 15 s (Fig. 1) to prevent
significant CT fiber fatigue (Vallbo et al., 1999). After each block, partic-
ipants rated the brushing on two 100-point VAS scales for intensity (an-
chored at 0 � no sensation and 100 � the most intense sensation
imaginable) and pleasantness (0 � very unpleasant; 50 � neutral; 100 �
very pleasant) using a button response box. Two buttons were used to
move the cursor left and right on the Visual Analogue Scale (VAS) scale,
which was displayed to the subject on the projector screen. Participants
were trained on the rating scales and use of the response box before
entering the scanner. The 100 point VAS scales are one of the most
common forms of rating scale used in experimental studies of pain.
Studies have demonstrated that subjects can rate the intensity and pleas-
antness/unpleasantness of touch stimuli independently of one another
(Rainville et al., 1992) and these scales are sensitive to divergent effects of
mood induction on pain intensity and (un)pleasantness (Villemure et al.,
2003; Loggia et al., 2008).

Imaging parameters
Images were acquired on a Siemens Skyra 3T scanner. A whole-brain
T1-weighted anatomical scan was acquired with an MPRAGE sequence
(TR � 1900 ms; TE � 2.07 ms; FOV � 256 mm; image matrix � 256 �
256; number of slices � 192; voxel size � 1 � 1 � 1 mm). Whole-brain
functional images were acquired using a T2-weighted echoplanar imag-
ing (EPI) sequence sensitive to BOLD contrast (TR � 2000 ms; TE � 29
ms; flip angle � 70°; FOV � 224 mm; image matrix � 64 � 64; number
of slices � 38; voxel size � 3.5 � 3.5 � 3.5 mm; total volumes 395).

TMS sessions
TMS sessions (conducted on a later date than the MRI scan) targeted the
right hemisphere S1 on one day and the vertex on the other day, in an
order counterbalanced across participants. The right hemisphere was
selected on the basis of previous TMS studies investigating social modu-
lation of touch (Bolognini et al., 2013). TMS sessions were separated by at
least 24 h and were separated from any other TMS sessions in unrelated
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studies by at least 1 week. The vertex was selected as the control condition
because TMS at this location produces sensation on the scalp, but should
cause little to no brain activation due to the depth of the cortex beneath
the scalp at this location. The vertex is frequently used as a control con-
dition in rTMS studies and has generally been found to not alter somato-
sensory discriminative performance (Knecht et al., 2003; Duecker et al.,
2013; Lockwood et al., 2013).

TMS was performed with a figure-eight coil (double 70 mm diameter)
driven by a Super Rapid Transcranial Magnetic Stimulator (Magstim).
The subject’s resting motor threshold (RMT) was determined by the
minimum intensity of pulses over the right motor cortex required to
elicit visible thumb twitches in the subject’s left hand on five of 10 trials
using a standard localization procedure (Schutter and Van Honk, 2006).
Then, 1 Hz rTMS was then administered at 110% RMT for 20 min over
S1 or the vertex. The visual identification of RMT can lead to overesti-
mation of RMT values compared with the common electromyography
RMT procedure (Westin et al., 2014), so it is possible that rTMS was
administered at closer to 120% RMT. Although suprathreshold stimula-
tion can cause stronger distal activation (Bestmann et al., 2005), this level
of intensity was chosen to be consistent with previous studies that have
examined the role of S1 in social aspects of touch (Bolognini et al., 2011;
Rossetti et al., 2012; Bolognini et al., 2013) in an attempt to obtain the
best chance of finding effects of TMS on our measures of touch percep-
tion. The S1 target and the motor target where RMT determination was
initiated were derived from each subject’s peak response to the brushing
and motor fMRI tasks, respectively. Z-statistic maps of the brushing
versus rest and movement versus rest contrasts, as well as each subject’s
structural MRI, were imported from FSL into Brainsight. The vertex
target was placed manually above the interhemispheric fissure in the
same coronal plane as the S1 target, falling approximately above the
middle of the precentral gyrus (due to curvature of the central sulcus).
The vertex is typically localized at the midline above the precentral gyrus
(Okamoto et al., 2004), so we believe our neuro-navigated placement was
consistent with typical manual localization of the vertex point. No sub-
jects reported sensation or movement in their feet. The average MNI
coordinate stimulated at the scalp was (46, �28, 72) for the S1 condition
and (0, �22, 92) for the vertex condition (Fig. 2). The coil was aligned in
the posterior-anterior direction at 0° for the vertex condition and �45°
to the right of the midline for the S1 condition. The subject’s structural
MRI was coregistered to their head position, which was tracked in real
time using a Brainsight TMS Navigation system (Rogue Research) that
allowed us to navigate coil position relative to the target. During the 20
min of rTMS, the participant watched a time-lapse movie of landscapes
with no audio. Participants wore earplugs during the rTMS stimulation
and placed their left arm on the testing table to avoid additional somato-
sensory stimulation.

Participants completed two sensory tasks both before and after rTMS:
a brushing task and a 2PD task. The order of these tasks was counterbal-
anced across subjects. These tasks were completed within �8 min of the
termination of the rTMS to remain within conservative estimates of the

duration of rTMS-induced cortical inhibition (Knecht et al., 2003). The
brushing task was identical to the fMRI brushing task except that partic-
ipants only experienced 1 trial (6 s) of each type of brushing and then
immediately rated perceived intensity and pleasantness. The subject and
the experimenter who conducted sensory testing were blinded to the
TMS location during each session so that sensory testing could not be
biased. The order of the four types of brushing was randomized. Fifteen
of the 19 participants practiced the 2PD task once during the screening
session.

In the 2PD task, participants were touched with one or two plastic tips
on the thenar eminence of the palm of the left hand using an aesthesiom-
eter (Lafayette Instrument). On each trial, subjects pressed a button on a
response box to indicate whether they perceived one or two points. Two
descending series of blocks were administered with tip separations of 10,
8, 6, and 4 mm (unless the subject performed during their first session
with �75% accuracy at 10 mm, in which case the distance was initially
increased by 2 mm, or at �75% accuracy at 4 mm, in which case testing
continued to 2 mm). Each block contained 5 trials of 2-point stimulation
and 5 trials of 1-point stimulation. Four subjects at the beginning of the
study received a slightly different set of distances spanning a similar
range. For all subjects, all distances that were administered both before
and after a given TMS session were analyzed so that all comparisons of

Figure 1. fMRI design. Brushing stimuli were delivered during two runs: one brushing the palm and one brushing the back of the hand. Each run contained 4 blocks: 2 fast brushing blocks
(30 cm/s) and 2 slow brushing blocks (3 cm/s). Each block had 8 6 s periods of brushing with rest periods jittered around 15 s. Each block was followed by a 16 s rating period: 8 s for rating intensity
and 8 s for rating pleasantness. The order of the two runs was counterbalanced across subjects and the order of the four blocks was randomized within each run.

Figure 2. rTMS target placement. Each point represents an individual subject’s right hemi-
sphere primary somatosensory cortex S1 target (red) transformed into MNI space. The S1 target
was individually selected based on the peak of the subject’s Z-statistic map of brushing � rest.
The coil was aligned in the posterior-anterior direction at �45° to the right of midline in the S1
condition. In the vertex condition, the coil was placed directly above the interhemispheric
fissure in the same coronal plane as individual subject’s S1 target. The coil was aligned in the
posterior-anterior direction at 0° to the midline. Each target is displayed at the section repre-
senting the group average y-coordinate (coronal) in MNI space.
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2PD accuracy within a TMS session arise from identical within-session
testing blocks.

Mood ratings were collected verbally at the beginning of each sensory
testing block (good mood, bad mood, anxiety, and calmness scales an-
chored with 0 � neutral and 10 � extremely good/bad/calm/anxious).

Data analysis
fMRI analysis
Preprocessing. Data were preprocessed in FSL (Jenkinson et al., 2002;
Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 2012). Images
were corrected for subject motion and aligned to the middle volume of
each run (image registration: MCFLIRT; Jenkinson et al., 2002). Head
motion did not exceed the acquired voxel size. Five-millimeter Gaussian
smoothing was applied. The T1 brain volume was extracted from the
skull using AFNI 3dSkullStrip and aligned to the mean functional EPI
with Boundary-Based Registration.

Mass univariate general linear model analysis. For each subject, a vox-
elwise general linear model was conducted using FEAT (FMRI Expert
Analysis Tool; part of FSL). Brushing, hand preparation/relaxation, and
rating periods were modeled using a boxcar function convolved with the
canonical hemodynamic response function. Twelve additional parame-
ters of no interest were included to model rigid body translation and
rotation during the alignment to standardized space (MNI 2 mm brain).
BET (part of FSL) was used to mask activation outside the brain. A 100 s
high-pass filter was applied.

Group-level analysis. A group analysis was performed to identify BOLD
activity predicted by intensity and pleasantness ratings using FSL’s mixed
effects FLAME module (FMRIB’s local analysis of mixed effects; Smith et
al., 2004). Regressors for intensity and pleasantness ratings were included
together in the analysis and contrasts were computed for intensity �
pleasantness and pleasantness � intensity to identify brain areas with
significant differences in intensity versus pleasantness representation, as
well as for each parameter individually to identify correlations with either
parameter in regions with significant differences. Images were thresh-
olded at a Z-score of 3 and corrected for whole-brain multiple compar-
isons using Gaussian random field to select clusters significant at the
p � 0.01 level.

ROI analysis. A region of interest (ROI) was drawn by hand in FSL for
S1 guided by the Harvard–Oxford cortical atlas and the group BOLD
response to hand brushing. In addition, to verify our ROI findings in an
independently defined ROI, a 5 mm spherical ROI was centered around
the peak S1 voxel responding to left palm brushing described in McCabe
et al. (2008). Mean COPE (contrast of parameter estimates) values were
extracted from the ROIs for each subject for each brushing condition
using Featquery (part of FSL). A general linear mixed-effects model was
run in JMP version 11 (SAS Institute) with the following factors:
brushing speed (fast or slow), brushing location (palm or back of
hand), speed � location, pleasantness ratings, intensity ratings, and
subjects as a random factor. Brushing order was also included as a
first-order covariate of noninterest. The variance inflation factor in
these analyses was 1.11, indicating that results were not particularly
influenced by multicollinearity.

Analysis of sensory testing
Before conducting analysis of the sensory testing, we checked for main
effects of TMS session order (S1 or vertex in session 1) and task order
(2PD or brushing administered first) on changes in 2PD accuracy and
brushing ratings from before to after rTMS.

2PD accuracy. 2PD was scored for each distance as a percentage of
correct trials out of the total number of trials. Because subjects were
tested on different distances depending on their performance, distances
were recoded into 4 levels (1– 4) for each subject where 1 � the lowest
distance the subject was consistently tested on before and after both TMS
sessions, 2 � the next lowest, and so on. Difference scores were calculated
for each subject by subtracting 2PD accuracy before TMS from 2PD
accuracy after TMS. A general linear mixed-effects model was run in JMP
with the following factors: TMS session (S1 or vertex), distance level
(1– 4), distance � session, and subjects as a random factor. Post tests

were conducted for each distance level (1– 4) and corrected for multiple
comparisons using a Bonferroni correction.

TMS brushing rating comparisons between TMS locations. Each analysis
was conducted separately for intensity ratings and for pleasantness rat-
ings. A paired t test was conducted in JMP to test the effect of TMS session
on average pre–post ratings. Differences in ratings at baseline and
whether brushing speed affected ratings (brushing speed and subjects as
a random factor) were also determined.

TMS brushing rating comparisons within each TMS location. For S1 and
the vertex separately, one-sample t tests were conducted to determine
whether rating changes (before to after rTMS) differed significantly from
zero for each brushing type separately and for the average of all brushing
types. This analysis was conducted in the subset of subjects who exhibited
reduced 2PD in the S1 condition to determine whether there were rating
changes after S1 rTMS in those subjects assumed to have had successful
reduced activation of S1.

Finally, to determine whether 2PD change was associated with rating
changes, a general linear mixed-effects model was run in JMP for inten-
sity and pleasantness separately with the following factors: TMS session
(S1 or vertex), 2PD change, TMS session � 2PD change, and subjects as
a random effect (repeated measures). The effect of pleasantness ratings
on intensity ratings was also tested in a linear mixed-effects model with
pleasantness ratings and subjects as a random effect (repeated measures).
This was tested for ratings collected before TMS, after TMS, and during
fMRI. In addition, the interaction of TMS session and pre–post pleasant-
ness ratings in predicting pre–post intensity ratings (with subjects as a
random factor) were tested to determine whether TMS location caused
any change in this relationship.

Results
Brushing the hand activated somatosensory regions of
the cortex
All speeds and locations of brushing activated the somatosensory
brain regions that we expected, including the primary and sec-
ondary somatosensory cortices, anterior and posterior insula,
thalamus, and cerebellum. For the contrast of slow � fast brush-
ing on the back of the hand, significant clusters were found in the
ACC (Fig. 3, Table 1); no significant clusters were found for the
same contrast on the palm of the hand. Clusters were also found
in the sensory and motor cortices for the back of the hand slow �
fast contrast, which could indicate slight differences in hand
movement or tension during these brushing speeds.

S1 activity correlates with intensity; ACC activity correlates
with pleasantness
fMRI brushing ratings are displayed in Figure 4. Ratings of inten-
sity and pleasantness were inversely related within subjects
(F(1,205.8) � 44.0; p � 0.0001), so both were included in each
analysis. In the whole-brain analysis, several brain regions
showed significantly greater representation of intensity than
pleasantness and several areas showed greater representation of
pleasantness than intensity (Table 2). We then looked at each
predictor separately and found that, within subjects, intensity
ratings but not pleasantness ratings correlated significantly with
BOLD response in the right hemisphere (contralateral) S1, right
insula, and bilateral S2 (statistical threshold Z � 3; whole-brain
cluster threshold p � 0.01; Fig. 5, Table 3), all regions with sig-
nificantly greater intensity representation than pleasantness rep-
resentation (Table 2). In contrast, the only region that showed a
significant positive correlation with pleasantness was a cluster
with a peak in the pregenual ACC (pgACC) that extended into the
dorsal ACC (Table 3); again, a region with significantly greater
representation of pleasantness than intensity (Table 2). For both
intensity and pleasantness ratings, the only regions showing sig-
nificant negative correlations with BOLD response were in the
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inferior parietal and occipital lobes (Table 3). However, none of
these regions showed significant differences between intensity
and pleasantness (Table 2).

ROI results confirm whole-brain results
S1 BOLD response in our S1 ROI was significantly predicted by
ratings of intensity (F(1,172.5) � 13.44; p � 0.0003) but not ratings
of pleasantness (F(1,191.2) � 0.50; p � 0.48). Analysis of an inde-
pendent hand S1 ROI (based on McCabe et al., 2008; see Materi-
als and Methods) similarly found BOLD response significantly
predicted by intensity (F(1,173.6) � 4.34; p � 0.039), but not pleas-
antness (F(1,192) � 0.062; p � 0.80).

rTMS to S1 alters 2PD
There was a main effect of TMS location (S1 vs vertex) on changes
in 2PD accuracy (F(1,121.3) � 6.09; two-tailed p � 0.015, Cohen’s
d � 0.29), but no main effect of distance (F(3,122.4) � 0.42; p �
0.74). There was also a marginal interaction between TMS loca-
tion and 2PD distance (F(3,121.3) � 2.44; one-tailed p � 0.034;
Fig. 6). Post hoc tests showed that 2PD accuracy was significantly
reduced more by S1 rTMS than by vertex rTMS at the smallest
distance tested (F(1,17) � 6.89, one-tailed p � 0.036 after Bonfer-
roni correction, Cohen’s d � 1.00). At this smallest distance 2PD
accuracy decreased 6.9% on average after S1 rTMS, but increased
1.1% on average after vertex rTMS. These results were not altered

by excluding one subject who was an outlier on the 2PD task.
There were no main effects of TMS session order or task order
(2PD or brushing first) on changes in 2PD accuracy (F(1,14.94) �
0.37; p � 0.51; F(1,14.85) � 0.45; p � 0.55), so these covariates were
not included in the analyses above.

rTMS to S1 alters ratings of brush intensity but
not pleasantness
Brushing ratings between rTMS locations
Ratings of brushing intensity and pleasantness did not differ be-
tween rTMS locations at baseline before receiving rTMS (inten-
sity: t(18) � 1.42, p � 0.17; pleasantness: t(18) � 0.57, p � 0.58).
For both TMS locations, participants provided higher intensity
ratings for fast brushing (vertex F(1,54) � 33.69, p � 0.0002; S1
F(1,54) � 39.86, p � 0.0001) and higher pleasantness ratings for
slow brushing (vertex F(1,54) � 15.67, p � 0.0002; S1 F(1,54) �
28.36, p � 0.0001). There was no main effect of session (vertex or
S1) on change in average brushing intensity (t(18) � 0.40, p �
0.70) or change in average pleasantness (t(18) � 0.56, p � 0.58).
There were no main effects of TMS session order or task order on
changes in ratings of brushing intensity (F(1,16) � 0.11, p � 0.92;
F(1,16) � 1.64, p � 0.22) or pleasantness (F(1,16) � 0.07, p � 0.79;
F(1,16) � 1.22, p � 0.29), so these covariates were not included in
our analyses.

Figure 3. Slow � fast brushing. The contrast of BOLD response to slow � fast brushing was thresholded at Z � 3 with whole-brain correction for multiple comparisons at the cluster level
( p � 0.01). A, On the back of the hand, the left ACC, left motor cortex, and right somatosensory cortex had a greater response to slow than fast brushing. B, No regions showed a significantly greater
response to slow than fast brushing on the palm. x, y, and z are MNI coordinates corresponding to the left–right, anterior–posterior, and inferior–superior axes, respectively; R � L.

Table 1. Slow > fast bushing on the back of the hand

Slow � fast back of hand Hemisphere Peak x, y, z Peak Z No. of voxels p-value

Motor cortex L �40, 18, 62 3.82 465 p � 0.00001
Anterior cingulate cortex, medial prefrontal cortex, frontal pole L �8, 50, 6 3.92 390 p � 0.00001
Sensory cortex R 50, �4, 40 4.26 273 p � 0.0002

Clusters are displayed above a statistical threshold of Z � 3, whole-brain corrected for multiple comparisons (p � 0.01; n � 26). x, y, and z refer to MNI coordinates corresponding to the left–right, anterior–posterior, and inferior–superior
axes, respectively.
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Brushing ratings within each rTMS location
When we analyzed only subjects who showed decreased 2PD ac-
curacy after S1 rTMS (n � 14), who were assumed to have S1
deactivation, there was a significant increase in average brushing
intensity ratings after S1 rTMS (t(13) � 3.38, p � 0.005, Cohen’s
d � 0.93) and in the slow palm brushing condition in particular
(t(13) � 3.5881, corrected p � 0.01), but no changes after vertex
rTMS (t(13) � 0.35, p � 0.73; Fig. 7A). In these subjects with
decreased 2PD after S1 rTMS, there were no changes in ratings of
brushing pleasantness for either rTMS location (S1 t(13) � 0.83,
p � 0.42; vertex t(13) � 0.03, p � 0.98). A smaller number of
subjects (n � 8) decreased in 2PD in the vertex condition. These
individuals did not show significant change in intensity percep-
tion in the vertex condition (t(7) � 1.53, p � 0.17) or S1 condition
(t(7) � 0.25, p � 0.81). For pleasantness ratings, we calculated
that we had 80% power to observe an effect size of 6 points on the
100 point VAS scale, given a 2-tailed � level of 0.05 and our
observed SD of �10 points. The actual observed mean difference
was �1 point on a 100 point rating scale, an effect size of 0.1 that
would require a sample size of 620 subjects to observe signifi-
cance. In contrast, we were able to detect the marginal change in
intensity ratings of 4 points (among 2PD responders) on the same
VAS scale, with similar SD in ratings to the pleasantness ratings.

As in the fMRI data, pleasantness and intensity ratings were
correlated within-subjects both before TMS (F(1,148.4) � 27.0, p �
0.0001) and after TMS (F(1,144.3) � 69.6, p � 0.0001). This rela-
tionship was not affected by TMS (F(1,147.3) � 0.88, p � 0.35).

Changes in 2PD correlated with changes in intensity ratings
In the full study sample, changes in brushing intensity (from
before to after rTMS) were significantly predicted by changes in
2PD accuracy (F(1,31.06) � 9.94; p � 0.004; Fig. 7B), but not by
rTMS location (F(1,18.1) � 0.00; p � 0.96) or the interaction be-
tween changes in 2PD accuracy and rTMS location (F(1,31.9) �
0.06; p � 0.81). Average changes in pleasantness ratings were not
predicted by 2PD accuracy change (F(1,32.77) � 1.17, p � 0.29),
rTMS location (F(1,17.48) � 0.10, p � 0.75), or the interaction of
these factors (F(1,32.02) � 0.46, p � 0.50).

rTMS to S1 did not alter mood
On average, the 19 subjects reported high levels of good mood
(7.06 � 1.85) and calm (7.43 � 1.82) and low levels of bad mood
(0.75 � 0.95) and anxiety (0.68 � 1.16) during the TMS sessions.
Subjects were slightly more happy and calm after rTMS than
before (t(18) � 2.84, p � 0.010; t(18) � 2.17, p � 0.043) and this

Figure 4. Brushing ratings. During the fMRI task, slow (3 cm/s) and fast brushing (30 cm/s) stimuli were delivered to the palm and back of the left hand. Each block of 8 stimuli was rated on a visual
analog scale for intensity (0 � “no sensation”; 100 � “the most intense sensation imaginable”) and for pleasantness (0 � “the most unpleasant imaginable”; 100 � “the most pleasant
imaginable”). Error bars indicate � SEM.

Table 2. Whole-brain correlates of intensity versus pleasantness contrasts

Hemisphere Peak x, y, z Peak Z No. of voxels p-value

Intensity � pleasantness
Primary somatosensory cortex R 28, �22, 62 5.78 1158 p � 0.00001
Secondary somatosensory cortex/posterior insula R 50, 50, �24 4.99 379 p � 0.0001
Secondary somatosensory cortex L �62, �18, 10 4.69 360 p � 0.0001

Pleasantness � intensity
Bilateral frontal cortex L �10, 38, 0 5.92 9347 p � 0.00001
White matter L �36, �24, 44 4.41 594 p � 0.00001
Cerebellum R 20, �46, �36 4.66 526 p � 0.00001
White matter L �24, �30, �16 4.50 363 p � 0.0001
Cerebellum L �12, �46, �34 4.59 272 p � 0.0003
Superior frontal gyrus L �18, �6, 70 4.24 170 p � 0.006

Clusters above a threshold of Z � 3 are displayed with whole-brain correction for multiple comparisons (p � 0.01; n � 26). x, y, and z refer to the MNI coordinates corresponding to the left–right, anterior–posterior, and inferior–superior
axes, respectively; Z refers to the highest Z-score within a cluster. A positive Z-value indicates a positive correlation between the subject’s ratings and the BOLD response.
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did not differ by rTMS location (F(1,16.8) � 0.24; p � 0.63;
F(1,18.1) � 0.93; p � 0.35). There was not enough variability in
mood ratings to use them as a covariate in our analyses.

Discussion
In the current study, we used fMRI and rTMS to examine the
role of S1 in representations of touch intensity and pleasant-
ness. Using fMRI during fast and slow brushing on the palm
and back of the hand, we found that the perceived intensity of
touch preferentially predicted activation of contralateral S1,
posterior insula, and bilateral S2, whereas the perceived pleas-
antness of touch preferentially predicted activation only in the
pgACC. Pleasantness ratings showed no correlation with S1

response in ROI analyses. Further, 1 Hz inhibitory rTMS over
S1 significantly reduced tactile 2PD, replicating Vidoni et al.
(2010) and suggesting that we successfully reduced activation
of S1, but this deactivation did not affect perception of touch
pleasantness. Using decreased 2PD accuracy as an indicator of
successful alteration of S1 activity, we observed increased rat-
ings of brushing intensity after successful TMS to S1, although
the effect was weak. In contrast, perceived touch pleasantness
was unaffected by rTMS. Given the robust dissociation be-
tween the correlates of intensity and pleasantness ratings in
our fMRI data and between ratings of fast and slow brushing,
we believe that our scales were sensitive enough to meaningful

Figure 5. Whole-brain positive correlates of intensity and pleasantness. BOLD activation predicted by intensity and pleasantness ratings were thresholded at Z � 3 with whole-brain correction
for multiple comparisons at the cluster level ( p � 0.01). A, Intensity ratings collected during the fMRI brushing task significantly predicted BOLD response in right S1, right posterior insula, and
bilateral S2. B, Pleasantness ratings significantly predicted BOLD response in the ACC. x, y, and z refer to the MNI coordinates corresponding to the left–right, anterior–posterior, and inferior–
superior axes, respectively; R � L.

Table 3. Whole-brain correlates of intensity and pleasantness

Hemisphere Peak x, y, z Peak Z Number of voxels p-value

Intensity: positive correlates (all regions significant in intensity � pleasantness; see Table 2)
Primary somatosensory cortex R 32, �32, 72 5.22 1062 p � 0.00001
Secondary somatosensory cortex/posterior insula R 46, �26, 20 6.52 745 p � 0.00001

L �50, �22, 16 5.54 460 p � 0.00001
Intensity: negative correlates (not significant in contrast)

Angular gyrus R 26, �42, 40 �5.57 2474 p � 0.00001
Supramarginal gyrus L �22, �58, 40 �4.44 277 p � 0.0002
Occipital cortex L �24, �62, �6 �4.42 471 p � 0.00001

L �22, �74, 18 �4.25 212 p � 0.002
L �48, �50, 22 �3.77 184 p � 0.004

Pleasantness: positive correlates (all regions significant in pleasantness � intensity; see Table 2)
Anterior cingulate cortex L �8, 38, 4 4.46 196 p � 0.003

Pleasantness: negative correlates (not significant in contrast)
Occipital cortex R 28, �86, 34 �5.09 300 p � 0.0001

Clusters above a threshold of Z � 3 are displayed with whole-brain correction for multiple comparisons (p � 0.01; n � 26). x, y, and z refer to the MNI coordinates corresponding to the left–right, anterior–posterior, and inferior–superior
axes, respectively; Z refers to the highest Z-score within a cluster. A positive Z-value indicates a positive correlation between the subject’s ratings and the BOLD response.
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changes in CT stimulation. We also found an unexpected in-
verse relationship between changes in tactile discrimination
accuracy and perceived touch intensity.

Together, these findings provide the most direct evidence to
date that S1 is involved preferentially in touch intensity and dis-
crimination and does not play a strong role in perception of
touch pleasantness.

Role of S1 cortex in discriminative but not affective touch
Our data do not support the idea that S1 cortex is critically involved
in affective aspects of physical touch. In the fMRI portion of our
study, BOLD response positively correlated with subjects’ ratings of

touch pleasantness only in the dorsal/pgACC; no correlation was
found in S1. S1 response did correlate, however, with the perception
of touch intensity. In the TMS portion of our study, subjects who
showed reduced discriminative ability after S1 deactivation (but not
those with reduced accuracy after vertex TMS) also had a significant
alteration in intensity ratings, but no change in pleasantness ratings.

Nevertheless, some investigators have claimed that S1 may be
important for affective aspects of touch. Gazzola et al. (2012)
recently argued that S1 activation may play a role in the affective
significance of touch by showing that S1 response to sensual ca-
ress is modified by the perceived sex of the caresser. However,

Figure 6. Effect of rTMS on 2PD accuracy. Participants were tested on 2PD before and after 20 min of inhibitory 1 Hz rTMS on 2 separate days. During the active session, rTMS was
directed to S1 and, during the control session, rTMS was directed to the vertex. The 2PD task was administered as 2 descending series of blocks at tip distances of 2–10 mm (see Materials
and Methods for details). Each block contained 5 trials of 2-point stimulation and 5 trials of 1-point stimulation. 2PD accuracy was reduced significantly more after rTMS to S1 than after
rTMS to the vertex. In addition, there was a marginally significant interaction between rTMS session and distance. Post hoc tests showed that 2PD accuracy was significantly reduced after
rTMS to S1 at the smallest distance tested. S1 before, M � 58.1, SD � 11.1; S1 after, M � 50.8, SD � 9.7; vertex before, M � 56.3, SD � 9.4; vertex after, M � 58.6, SD � 9.2.
*One-tailed p � 0.05. Error bars indicate � SEM.

Figure 7. Perception of intensity and pleasantness after S1 rTMS. A, Subjects rated the intensity and pleasantness of fast and slow brushing on the palm and back of the hand before
and after 20 min of 1 Hz rTMS. The subjects who showed a drop in 2PD performance after rTMS to S1 (n � 14) also showed an increase in intensity ratings but not in pleasantness ratings
(averaged across brushing types) after rTMS to S1. Five subjects who did not show a drop in 2PD accuracy are not included in graph. *Single-sample t test, p � 0.05. Error bars indicate �
SEM. Intensity: S1 before, M � 41.9, SD � 26.0; S1 after, M � 46.1, SD � 27.5; vertex before, M � 45.6, SD � 23.2; vertex after, M � 43.4, SD � 24.7; pleasantness: S1 before, M �
64.6, SD � 14.7; S1 after, M � 65.9, SD � 15.9; vertex before, M � 64.5, SD � 15.2; vertex after, M � 64.3, SD � 15.3. B, Changes in 2PD accuracy from before to after rTMS
significantly predicted changes in ratings of brushing intensity.
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regions found in numerous other studies to be involved in affec-
tive touch, including insular and cingulate cortices, were not
modulated in this paradigm. In addition, the study contained
confounds related to attention and motivation that might ac-
count for the S1 modulation; subjects were instructed to be look-
ing for a date. Finally, the visual and posterior parietal areas
found in their connectivity analysis to modulate S1 are generally
implicated in salience and cross-modal integration, not affect.
McCabe et al. (2008) also reported a relationship between S1
activity and the perceived pleasantness of rubbing with a cream
labeled as “rich moisturizing” versus “basic.” However, this cor-
relation was opposite that found by Gazzola et al. (2012).

Several other studies suggest the involvement of S1 in affective
touch, but contain confounds that complicate their interpreta-
tion. Studies that have used visual stimuli to modulate touch
affect (Morrison et al., 2011; Bolognini et al., 2013) may have
altered S1 activity through the visual component of observed
touch, which has been shown to modulate S1 (Bolognini et al.,
2011; Kuehn et al., 2013). Certain visual inputs may enhance
sensorimotor-mirroring effects based on heightened attention or
affective engagement in other brain regions (Bufalari and Ionta,
2013). Similarly, studies that have used physical stimuli to mod-
ulate touch pleasantness have failed to control for differences in
texture, physical intensity, and perceived intensity of their stimuli
(Francis et al., 1999; Rolls et al., 2003; Gordon et al., 2013), which
strongly modulate S1 (Lin et al., 2003; Arthurs et al., 2004).

In sum, studies showing modulation of S1 by pleasantness
contain confounds that make it difficult to determine whether S1
was modulated by affect, attention, motivation, or sensorimotor
mirroring. The current study overcomes the majority of these
limitations by brushing with speeds that produce varied CT/A�
fiber stimulation and varied perceptual ratings of intensity and
pleasantness without changing the texture or physical intensity of
the touch stimulus itself. In addition, because fMRI can only
demonstrate coactivation of S1 with pleasant touch, we con-
ducted rTMS to test when S1 deactivation would affect touch
pleasantness causally. Although manual administration adds
some variability to the brushing, the experimenter brushing the
subjects was blinded to TMS location, so TMS-induced changes
in perception cannot be attributed to variability in the brushing
stimulus. With both correlational and experimental evidence, we
provide stronger evidence that S1 is not causally involved in per-
ception of touch pleasantness.

Pleasantness representations only outside of S1
The fMRI portion of our study found pleasantness correlations
that also differed significantly from intensity correlations only in
the pgACC. The ACC also responded more strongly to slow than
fast brushing on the back of the hand but not the palm, consistent
with the greater pleasantness of CT-optimal touch. The pgACC
has been reported previously to represent the pleasantness or
value of a stimulus (Grabenhorst and Rolls, 2011). Although the
dorsal ACC has consistently been implicated in the appraisal of
frightening and painful stimuli, the mPFC/OFC and the ventral
ACC, including the pgACC, have been consistently associated
with positive emotion and regulation of negative emotion (Etkin
et al., 2011; Grabenhorst and Rolls, 2011; Ellingsen et al., 2013).
pgACC activity has been correlated with the pleasantness, but not
intensity, of taste, smell, and temperature stimuli (de Araujo et
al., 2005; Grabenhorst and Rolls, 2008; Grabenhorst et al., 2008)
during both physical and cognitive manipulations of pleasant-
ness. The ACC was also the sole region identified as responding to

the pleasantness of touch massage by Lindgren et al. (2012), al-
though this was a main effect of massage and not a correlational
analysis. In addition, the unpleasantness of pain has been associ-
ated with activation in areas outside of S1, including the ACC
(Rainville et al., 1997; Hofbauer et al., 2001; Rolls et al., 2003;
Schreckenberger et al., 2005; Villemure and Bushnell, 2009; Lutz
et al., 2013).

Several other brain areas showed greater association with
pleasantness than with intensity, but these areas were not corre-
lated with pleasantness alone. These areas included a large cluster
in the frontal cortex including the ACC, in addition to clusters in
the cerebellum and superior frontal gyrus. Representations of
touch pleasantness have also been reported in the OFC (McCabe
et al. (2008)) and insula (Kress et al., 2011), areas not found in the
current study. Although there is evidence that CT input is pro-
cessed in the insular cortex (Olausson et al., 2002) and the poste-
rior insula often activates more strongly to CT targeted touch
(Olausson et al., 2002; Björnsdotter et al., 2009; Kress et al., 2011;
Gordon et al., 2013), only Kress et al. (2011) have reported a
correlation between pleasantness ratings and insula response.

We also observed several brain areas that increased in activa-
tion with lower intensity or pleasantness ratings, but these areas
did not show a significant difference between their representation
of intensity and pleasantness. These regions may reflect default
mode network engagement in the inferior parietal lobe (Buckner
et al. (2008)), although the rest of the default mode network was
not engaged. Occipital correlations might reflect wandering vi-
sual attention or greater attention to the visual brushing prompt
on the screen when participants were less focused on the brushing
sensation itself.

To demonstrate fully a double dissociation between represen-
tation of intensity in S1 and representation of pleasantness in the
ACC, it would be ideal to attempt deactivation of the pgACC.
However, selective stimulation of the pgACC is not yet possible.
Our conclusions about pleasantness representation outside of S1
thus rest on correlational brain-imaging data and the lack of
behavioral double dissociation remains a significant limitation of
our study.

How are sensory discrimination and intensity
perception related?
We found a significant correlation between TMS-induced
changes in 2PD performance and intensity perception. Opposite
to our original prediction, as discriminative ability decreased,
perception of brushing intensity increased. Reducing activation
of S1 could induce compensatory activity in other brain areas that
contribute to intensity perception (O’Shea et al., 2007), such as
S2. S2 was strongly correlated with intensity ratings in our fMRI
data and is causally implicated in judgments of pain intensity
(Lockwood et al., 2013). In addition, TMS to S1 has been shown
recently to cause changes in functional connectivity to a number
of brain areas; theta-burst stimulation of S1 was found to alter
functional connectivity with dorsal premotor cortex, cerebellum,
basal ganglia, and anterior cingulate cortex (Valchev et al., 2015)
and 1 Hz rTMS of left S1 was found to increase sensory response
in right S1 (Meehan et al., 2011).

The inverse correlation between changes in 2PD accuracy and
intensity ratings, however, occurred for both the S1 and vertex
rTMS locations. Although no mean change was found in the
vertex condition (and vertex stimulation generally produces null
effects; Duecker et al., 2013), individual shifts in attention might
shift the focus of sensory processing between sensory discrimina-
tion and intensity perception. Alterations in 2PD performance
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(strongly linked to S1) were correlated with changes in intensity
perception, but not with changes in pleasantness perception, pro-
viding further evidence of a link between intensity perception
and S1, but no link between pleasantness perception and S1.

Summary and future directions
In sum, our data support a causal role for right hemisphere S1 in
perception of touch discrimination, and likely also intensity, but
not touch pleasantness. Our fMRI study found pleasantness rep-
resentations in the ACC but not in S1. Subsequent (partial) de-
activation of S1 decreased spatial discrimination and altered
intensity but not pleasantness perception. Within-subject de-
creases in sensory discrimination were associated with increases
in perceived tactile intensity, potentially related to changes in
relative activation of S1 and other brain areas such as S2. Future
studies might investigate more closely S2 and its coding of inten-
sity when S1 activity is diminished. In addition, more work is
needed to clarify how S1 may be modulated indirectly by affect
through changes in attention, expectation, motivation, or visual
input and whether our finding generalizes to left hemisphere S1.
rTMS might also be applied to investigate the causal role of other
brain areas in the perception of touch pleasantness and affect
more generally, although TMS is currently unable to target
deeper cortical areas such as the pgACC selectively.
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ing roughness by sight: a 7-tesla fMRI study on responsivity of the primary
somatosensory cortex during observed touch of self and others. Hum
Brain Mapp 34:1882–1895. CrossRef Medline

Lin YY, Shih YH, Chen JT, Hsieh JC, Yeh TC, Liao KK, Kao CD, Lin KP, Wu
ZA, Ho LT (2003) Differential effects of stimulus intensity on peripheral
and neuromagnetic cortical responses to median nerve stimulation. Neu-
roimage 20:909 –917. CrossRef Medline

Lindgren L, Westling G, Brulin C, Lehtipalo S, Andersson M, Nyberg L
(2012) Pleasant human touch is represented in pregenual anterior cin-
gulate cortex. Neuroimage 59:3427–3432. CrossRef Medline

Lockwood PL, Iannetti GD, Haggard P (2013) Transcranial magnetic stim-
ulation over human secondary somatosensory cortex disrupts perception
of pain intensity. Cortex 49:2201–2209. CrossRef Medline

Loggia ML, Mogil JS, Bushnell MC (2008) Experimentally induced mood
changes preferentially affect pain unpleasantness. J Pain 9:784 –791.
CrossRef Medline
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