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A B S T R A C T

Subjective reports and physiological responses provide different appraisals of sensory input. The coherence
between subjective and physiological responses to repeated pleasant stimuli remains largely unexplored, and is
particularly important in situations where subjective responses are prone to cognitive or contextual bias. Here,
we investigate how subjective and physiological responses to repeated gentle touch correspond at two separate
sessions and compare these to responses obtained when smelling an odorant. Forty-eight participants underwent
60 trials of skin-to-skin slow stroking touch directed to the forearm. We collected subjective pleasantness reports,
recorded facial electromyography (EMG) of the corrugator and zygomaticus muscles and heart-rate variability
(HRV). With increasing touch repetitions, mean ratings of pleasantness decreased and corrugator muscle activity
increased during session 1, whereas zygomaticus activity remained largely unchanged during both sessions. HRV
was significantly higher during the first session, but did not increase from baseline during either sessions. Touch
was rated as more pleasant than odor, and demonstrated greater resilience to satiety than the odor responses.
Facial EMG recordings of the corrugator muscle appear to be a relevant measure for capturing satiety effects in
skin-to-skin touch. Zygomaticus and HRV responses were independent of the subjective appraisal of the gentle
touch. Rather than being blueprints of the subjective reports, physiological responses appear to reflect different
parts of the subjective experience. As such, an improved understanding of the subjective and physiological
responses to pleasant stimuli may improve our understanding of the dynamic interactions that take place in
shaping complex emotional phenomena, such as aversion and pleasantness.

1. Introduction

We express our emotions in many different ways: A subdued sigh of
delight from sensing the sunrays on our skin, or a loud roar when
scoring a goal in the decisive moment of a football match, are both
pleasurable expressions, yet their physiological manifestations are
vastly different. These multitudes of subjective expressions and phy-
siological manifestations of emotional states offer considerable possi-
bilities for understanding emotional responses [38]. However, sub-
jective explicit reports are constructed appraisals based on multiple
processes, such as autonomic responses and memory and thus represent
only selected fragments in a series of processes that ultimately shape an
experience [11]. Moreover, not all individuals may be capable of or
willing to report their emotional state [35]. In contrast, implicit phy-
siological responses are largely unedited by the conscious mind [38].
Thus, a combination of subjective and physiological measures is

required to further our understanding of complex emotional phe-
nomena [65].

Physiological responses to sensory stimuli can be measured by
changes in electrocardiogram (ECG) and electromyography (EMG) ac-
tivity. These physiological responses are frequently employed as auto-
nomic indicators of emotional arousal [7]. Heart rate variability (HRV)
is derived from an ECG and indicates the variation of heartbeats within
a given timeframe [51]. HRV is considered highly related to the acti-
vation of the autonomic nervous system (ANS). Broadly speaking, a
high HRV is associated with improved resilience to stress and emotion
regulation [2,53,22]. In contrast, facial EMG responses are believed to
reflect instantaneous responses to emotionally charged stimuli, due to
the high temporal resolution of the EMG signal [52]. Commonly, the
corrugator muscle is believed to indicate negative affect, by forming a
furrow of the brow (“frowning”). The zygomaticus muscle is believed to
indicate positive affect (“smiling“) [13]. The rapid detection of EMG
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signals allows for analysis of responses that are willingly or unwillingly
suppressed by the participants’ expressive behavior. For instance, in a
study of prejudices, white students verbally reported a preference for
working with black students, but displayed greater negative affect
(increased corrugator and reduced zygomaticus activity) towards black
students than towards white students [59]. The authors argued that the
facial EMG activity reflected uncontrolled, automatic responses that
were not accessible from self-reports.

Some diversion between subjective and physiological responses can
be found for virtually every measure intended to capture implicit re-
sponses to emotional stimuli [35]. For example, in a recent study on the
effect of music on emotion and HRV, the self-reported emotional re-
sponse to music and the HRV response were not related to each other
[32]. Specifically, while self-selected music led to higher ratings of
perceived joy and engagement than classical music, it also led to a
lower HRV than classical music [32]. This suggests a complex inter-
active process between subjective and physiological mechanisms that
are not always compatible.

With our background in affective touch, we set out to study the
coherence between subjective and physiological responses to skin-to-
skin touch. Such touch has the ability to elicit distinct and very pow-
erful subjective emotional responses [19,25], but the latter do not al-
ways seem to be reflected in concomitant changes of physiological re-
sponses. Pawling, Cannon, McGlone, and Walker [41] reported a
distinct zygomaticus EMG response to touch that was not discernible
from the subjective reports alone. However, recent findings by Mayo,
Linde, Olausson, Heilig, and Morrison [36] and our group [42] differ
somewhat to those results as pleasant touch led to a relaxation of the
corrugator muscle, but did not affect the zygomaticus activity. Con-
troversial results are also observed for the correspondence between
subjective ratings and HRV in response to touch. Participants rated
stroking touch applied for approximately 40 min as less pleasant to-
wards the end than at the start of the experiment [44,55], but the HRV
was reported to increase during stroking in another similar study [58].
In a clinical study of patients scheduled for aortic surgery, however, the
patients who received therapeutic massage reported a greater reduction
in anxiety levels than the control group, but the HRV did not differ
between the two groups [31].

We aimed to investigate comprehensively the subjective and phy-
siological responses to repeated gentle touch. This served as “Part 1″ of
the experiment. To this end, subjective ratings of pleasantness, facial
EMG and ECG data were collected in response to the repeated admin-
istration of a gentle, stroking touch. To verify these responses, the same
participants attended a second session with identical set-up. Moreover,
we aimed to compare the touch responses to those elicited by smelling
an odorant, previously reported as mildly pleasant [61]. This served as
“Part 2″ of the experiment and was included to control for modality
specific effects and effects related to the mere passage of time. Our
hypotheses may thus be summarized as follows: Firstly, in line with
previous studies on longer-lasting repeated touch [44,55,57], we ex-
pected that the subjective pleasantness ratings would drop with in-
creasing repetitions. Secondly, we expected the subjective drop in
pleasantness ratings to be accompanied by distinct physiological re-
sponses: Specifically, we expected a gradual increase in corrugator ac-
tivity (indicating increased negative affect towards the touch) and a
gradual reduction in zygomaticus activity (indicating decreased posi-
tive affect towards the pleasant touch). In line with Triscoli et al. [57],
we also expected the HRV to increase with repetitions. All these mea-
sures were expected to be similar in session 1 and 2.

2. Methods

2.1. Participants

The sample size was estimated using the online program “Power
ANalysis for GEneral Anova designs” (PANGEA) [62,63]. Using a fully

crossed within-subject design with an estimated medium effect size of
0.45, forty-five participants were deemed necessary for a power of 0.9.
In order to account for potential dropouts, forty-eight people were re-
cruited via flyers and information distributed at TU Dresden and the
University Hospital website. The participants reported to be healthy
men (N = 25) and women (N = 23) (mean age 27 ± 4 SD, range
21–38), with no subjectively reported sensory impairments of tactile
function. Forty-seven participants took part in two sessions. One par-
ticipant canceled the second session because of illness, therefore the
data for this participant was included for session 1 only.

The study was part of a larger project and included a brief in-
vestigation of olfactory responses. Olfactory function was tested using
the Sniffin’ Sticks Test [23]. Impairments of olfactory function in ad-
dition to insufficient comprehension of the German language served as
exclusion criteria. Three participants were pregnant at the time of
testing. Participants were compensated with 20 Euros for taking part in
both sessions. The study was approved by the ethics committee of the
Medical Faculty of TU Dresden.

2.2. Study design

The experiment consisted of two sessions (Fig 1). In both sessions,
each participant received and rated 60 trials of gentle stroking touch to
the left forearm. This constituted “Part 1″ of the experiment. After-
wards, in one of the sessions, each participant received and rated 30
trials of an odorant. This constituted “Part 2″ of the experiment. Im-
portantly, “Part 2″ of the experiment was always performed after the
completion of one of the touch sessions and was only repeated once for
each participant.

Each session lasted approximately 60 min, including the time for
preparation. All participants completed a set of questionnaires on per-
sonality and social life in-between session 1 and 2 (data reported
elsewhere). Questionnaires were filled in at home and online. Between
session 1 and session 2, a mean of 10.7 ± 4.4 SD days passed (range
6–20 days).

2.3. Setup

During the experiment, the participants sat comfortably in a chair in
front of a computer screen. Three people served as the main data col-
lectors (two women), of which one was always present during the data
collection and was in charge of the facial EMG and HRV preparations.
There were always two experimenters present, and the participants
were unable to see the actual touch or who was providing the stimu-
lation. This was done as previous studies have shown that participants’
responses may be facilitated by observing the actual touch itself [54],
by interpersonal dynamics [46,15,9,21,57,64], by being observed or
not [24] or by the gender of the experimenter [20,43]. The participant's
left arm was positioned on a pillow and shielded from the participant's
view by a curtain. A distance of 10 cm was marked on the dorsal
forearm to indicate the skin area to be touched. Electrodes for the facial
EMG and electrocardiogram (ECG) were applied and connected to the
receivers. The experimenter checked the impedance of EMG-electrodes
and, if necessary, readjusted the electrodes (see Fig 2 for experimental
set-up).

The appearance of an “X” on the screen announced a pending sti-
mulus for the participants. Immediately after the touch, the participants
were instructed to rate its perceived pleasantness on a visual analogue
scale (VAS) by using a mouse. The VAS was anchored by the words
“unpleasant” and “pleasant” (coded as −10 and +10). No time con-
straint was imposed for rating. The next trial started 30 s after the
participant's response. Prior to the experiment, participants completed
two practice trials to familiarize themselves with the use of the VAS.
The VAS and sounds for timing of the touch were presented via E-Prime
2.0 (Psychology Software Tools, Pittsburgh, PA).
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2.3.1. Touch stimulation
The touch was performed manually using the palmar surface of

digits 2–4. The experimenter was guided by auditory cues delivered
through a pair of headsets to ensure accurate timing and velocity of the
strokes. A distance of 10 cm was stroked with a velocity of 3 cm/sec in a
proximal-distal direction on the participant's dorsal left forearm. This
velocity has been shown to activate a group of afferent tactile fibers,
referred to as C-tactile fibers when applied to hairy skin [33] and has
been consistently found to be the most pleasant velocity [16,37]. Skin-

to-skin stimulation was used because of its greater ecological validity
[26] and because healthy participants’ responses are similar when
touched by hand and brush [49]. The experimenter was trained to
perform the touch with constant pressure and velocity using a scale and
visual feedback on a screen. Out of consideration for participants with a
potential touch aversion, a stop criterion was implemented. Whenever a
participant rated five consecutive strokes as “unpleasant” (ratings be-
tween −10 to −8), the experiment was prematurely terminated. This
criterion was applied to one participant after the 49th touch-trial of
session 1.

2.3.2. Odor stimulation
The odorant “Hedione” (Firmenich, Meyrin, Switzerland) was pre-

sented through a gap in the curtains for 3.3 s. The odorant was con-
tained within an unlabeled opaque glass bottle with a screw lid and an
inner diameter of 3 cm. Prior to the inhalation phase of the trial, the lid
was removed and the bottle was placed just in front of the participant’
lips before the participant was requested to inhale. After approximately
3.3 s, the odorant was removed and the lid was closed.

2.4. Apparatus

Facial EMG and ECG data were collected using the BioPac MP150
Nomadix wireless system (BioPac Systems Inc, Santa Barbara, CA,
USA). Data was recorded using AcqKnowledge software ([1] version
4.4, BioPac Systems Inc, Ca, USA) and sampled at 1000 kHz.

2.5. Electromyography

4 mm Ag/AgCl surface click electrodes with disposable adhesive
caps (BioPac Inc, Add204) were filled with electrode gel (BioPac
SignaGel 100) and positioned over the corrugator supercilii and

Fig. 1. In part 1 of the study, the participants underwent 60 trials of gentle stroking touch applied to the dorsal forearm in two separate sessions. After each trial, the
participants rated the pleasantness of the touch on a visual analogue scale. In part 2 of the study, a subset of 36 participants rated a mildly pleasant odorant following
the touch trials in one of the sessions. The odorant was presented 30 times. Facial EMG responses and the electrocardiogram were recorded during both modalities.

Fig. 2. Overview of the experimental set-up.
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zygomaticus major muscles of the left side of the face, as described by
Fridlund and Cacioppo [18] and Tassinary et al., [52]. The reference
electrode was placed on the participant's forehead. The impedance was
checked using the “EL-CHECK” (BioPac Inc, Ca, USA) and was kept
below 20 kΩ. The facial EMG data were amplified 5000x, filtered online
with 10–500 Hz band pass filter, a 50 Hz comb band stop filter to re-
move power line interference and a 50 Hz FIR high pass filter to remove
electrocardiogram artifacts [36,67]. The data were then averaged and
integrated over 20 samples for each participant. The 1 s immediately
preceding the onset of each stimulus was designated as baseline.

2.6. Electrocardiogram

ECG data were collected using a three-lead set-up with Ag/AgCl
surface click electrodes (BioPac Inc, EL 503) placed inferior to the right
and left clavicle and left 8th rib, as described by BioPac
(AcqKnowledge, 4.4). A separate 3-minute baseline was collected prior
to the start of part 1 of the experiment and prior to the start of part 2 of
the experiment. The data were processed offline and the peak-to-peak
R-R intervals were identified using the BioPac event-related analysis
routine. The data were then visually inspected on a participant-by-
participant basis to correct for missing heartbeats or multiple peak
identifications. Artifacts and multiple peaks were cross-referenced to
the raw ECG file and deleted as appropriate. In the rare case of missing
peaks, the R peak was manually inserted into the correct position, as
described by the [51]. The R-R intervals were saved as a tachogram and
exported to Kubios Standard 3.1.0 [Kubios Oy, Kuopio, Finland [50]]
for further data analysis. The primary measure of interest was the root
mean square of successive R-R interval differences (RMSSD) analyzed in
the time-domain [47].

2.7. Data analysis

The RMSSD is recommended for investigations of short time-periods
[47]. The RMSSD reflects the beat-to-beat variance in heart rate and is
used to estimate vagally-induced changes in HRV. The RMSSD was
analyzed in bins of 3 min, to assess how the HRV changed during the
session.

2.7.1. Data pre-processing
One trial was defined as containing a stimulus presentation (3.3 s)

and the subsequent rating by the participant. The facial EMG data were
baseline-corrected by subtracting the 1 s immediately preceding the
start of a trial from the raw EMG during the touch. Visual inspection
showed violations of normal distribution of the facial EMG data.
Therefore, the facial EMG residuals were categorized into standard
deviation units (i.e. distributed around a mean of 0 with a standard
deviation of 1). Thereafter, values outside the ± 2.58 standard devia-
tions were defined as outliers and excluded from the analysis, as de-
scribed by Field, [17]. In total, ~ 5% of the group facial EMG trials
were removed.

Each participant's ECG tachogram was analyzed in Kubios HRV
Standard 3.1.0 [Kubios Oy, Kuopio, Finland] [50] and visually in-
spected to verify that they were normally distributed. To calculate the
RMSSD, the tachogram was split into time bins of three minutes (see
below). Four tachograms from the first session and two tachograms
from the second session were artifactual and could not be analyzed in
Kubios. These datasets were removed from the statistical analyses. The
data of the three pregnant participants were scrutinized because preg-
nancy has been reported to affect several cardiac measures, including
HRV [e.g. Stein et al. [48]]. One of these subjects had RMSSD values
that were outside of the mean ± 2x SD in both sessions. Consequently,
the participant's RMSSD data were not analyzed any further.

For the touch investigations (part 1), data from 43 participants were
used for the ECG analysis for session 1, and from 44 participants for
session 2 (one participant canceled the second session due to illness).

The pleasantness and facial EMG analyses were based on responses
from 48 participants for session 1, and from 47 participants for session
2. For the comparisons between the touch and odor responses (part 2),
the pleasantness ratings, facial EMG responses and ECG responses from
36 participants were included.

2.7.2. Statistical analysis
In order to investigate how pleasantness ratings, facial EMG and

HRV responses changed during the course of the experiments, linear
mixed models were performed. In part 1, pleasantness ratings, corru-
gator and zygomaticus activity and RMSSD served as dependent vari-
ables. Separate analyses were run for each dependent variable. In the
analysis of pleasantness, corrugator and zygomaticus activity, “Session”
with 2 levels (session 1, session 2) and “Trial” as a continuous covariate
were included in the model as fixed factors. To investigate whether the
slope of the regression line (“Trial”) differed between session 1 and
session 2, an interaction term between “Session” and “Trial” was added
to the model. Significant interactions involving the factor “Session”
were followed up by separately interpreting and reporting the slopes for
session 1 and 2 across trials.

In the analyses of RMSSD, “Session” and “Bins” (11 levels: [base-
line + 10 three-minute bins] as a continuous covariate) served as fixed
factors. Similarly, the interaction term was included to test for differ-
ences in “Session” over “Bins”.

In part 2, the responses to 30 trials of tactile stimulation were
compared to the responses to 30 trials of odorant stimulation from the
same participant and the same session. In the analysis of ratings, cor-
rugator activity and zygomaticus activity, “Modality” (2 levels: [touch
and odor]), and “Trial” as a continuous covariate together with their
interaction term were included as fixed factors in the model. In the
analyses of RMSSD, “Bins” (6 levels: [baseline + 5 three-minute bins])
and “Modality” (2 levels: [touch and odor]) and their interaction effect
served as fixed factors. In all the mixed models, “Subjects” was included
as random intercept and “Trial” as random slope to take into account
the dependency in the data. Further, the statistical model for the ana-
lyses was built according to the principles described by Bolker et al. [4].
Specifically, residuals were plotted and inspected and found to display a
normal distribution. Then, Bayesian Information Criteria (BIC) was
used to choose the covariance structure, evident by a reduction in BIC
value of minimum 2. In the analyses of pleasantness and facial EMG an
unstructured covariance type was used, while in the RMSSD analyses,
scaled identity was used as covariance type to ensure convergence of
the model.

Effect sizes were calculated according to Edwards, Muller,
Wolfinger, Qaqish, and Schabenberger [14]. Specifically, the “semi-
partial R2” refers to the relationship between the degrees of freedom
numerator, degrees of freedom denominator and the F-value. The effect
sizes are thus expressed and interpreted as a semi-partial R2 of 0.02
indicating a small effect, a semi-partial R2 of 0.13 indicating a medium
effect, and a semi-partial R2 of 0.26 indicating a large effect [40]. The
data were analyzed using SPSS version 25.0 (IBM Corp., NY, USA).

3. Results

Part 1: Touch responses

3.1. Pleasantness ratings

The perceived pleasantness of the tactile stimulation dropped sig-
nificantly across trials in both sessions (Fig. 3, top left), as shown by a
main effect of “Trial” (F (1, 47) = 11.523, p = 0.001 [semi-partial R2=
0.1969). Pleasantness ratings in session 1 and session 2 were similar at
the start of the session, as the main effect of “Session” was not sig-
nificant (F (1, 5596) = 2.335, p = 0.127) [semi-partial R2= 0.0004).
The pleasantness ratings changed differently across the subsequent
trials during the two sessions. This was evident from a significant
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interaction between “Session” and “Trial” (F (1, 5598) = 7.071,
p = 0.008 [semi-partial R2 0.0013], for statistical overview, see
Table 1a. The drop in pleasantness ratings was slightly steeper during
session 1 than during session 2. For every trial, the pleasantness ratings
dropped on a VAS by 0.031 units during session 1 (p = 0.001) and by
0.022 units during session 2 (p = 0.007).

3.2.1. Facial EMG; corrugator
The corrugator activity increased slightly during both sessions, but

the main change occurred during session 1 (see Fig. 3, top right). There
was a significant main effect of “Trial” (F (1, 47) = 6.718, p = 0.013),
[semi-partial R2 = 0.13]), no significant main effect of “Session” (F (1,
5596) = 3.214, p = 0.073), [semi-partial R2 = 0.0006]), and a sig-
nificant interaction between “Session” and “Trial” (F (1,

5601) = 10.287, p = 0.001) [semi-partial R2 = 0.018], for statistical
overview, see Table 1b). Thus, corrugator activity was similar at the
start of the sessions, but developed differently across trials in session 1
and 2. In particular, the corrugator activity only increased significantly
during session 1, but not during session 2. Specifically, for every trial,
the corrugator increased by 0.0024 µV during session 1 (p = 0.001) and
0.0001 µV during session 2 (p = 0.817), which indicates that the main
effect of “Trial” was driven by session 1.

3.2.2. Facial EMG; zygomaticus
In contrast to the corrugator, the zygomaticus activity remained

largely unchanged throughout both sessions (Fig. 3, bottom left). There
was no significant main effect of “Trial” (F (1, 46) = 2.909, p = 0.095
[semi-partial R2 = 0.0595]), nor a main effect of “Session” (F (1,

Fig. 3. Top left: Mean pleasantness ratings with SEM. Pleasantness ratings in response to pleasant touch dropped gradually as the sessions progressed and were not
significantly different in session 1 and 2. Top right: Mean corrugator activity with SEM. The corrugator activity in response to pleasant touch increased during the
first session (full line). Bottom left: Mean zygomaticus activity with SEM. The zygomaticus remained largely unchanged in response to pleasant touch. Bottom right:
RMSSD with SEM. The RMSSD remained higher during session 1 than during session 2. However, the RMSSD did not increase significantly from baseline in either
session.

Table 1
Interaction effects from linear mixed model with pleasantness ratings, corrugator and zygomaticus activity as dependent variables. Legends: VAS; visual analogue
scale (-10 + 10), SE, standard error of the mean, dfd; degrees of freedom denominator, X; interaction between “Session” and “Trial”. Trials Session 1: effect of trials
in session 1, Trials Session 2: effect of trials in session 2.

Coefficient SE Dfd T P

a Session X Trial 0.009 0.003 5598 −2.66 0.008
Pleasantness ratings (VAS) Trials Session 1 −0.031 0.01 51 −3.86 0.001

Trials Session 2 −0.022 0.008 51 −2.79 0.007
b Session X Trial 0.0023 0.001 5601 3.21 0.001
Corrugator activity (µV) Trials Session 1 0.0024 0.001 107 3.99 0.001

Trials Session 2 0.0001 0.001 107 0.23 0.817
c Session X Trial 0.0009 0.0005 5546 1.759 0.079
Zygomaticus activity (µV) Trials Session 1 0.0004 0.0001 71 0.734 0.466

Trials Session 2 0.0013 0.0005 72 2.309 0.024

A. Ree, et al. Physiology & Behavior 222 (2020) 112903

5



5546) = 0.006, p = 0.938) [semi-partial R2 = 0.0001), nor any in-
teraction between “Session” and “Trial” (F (1, 5546) = 3.095,
p = 0.079) [semi-partial R2 = 0.0006]), for statistical overview, see
Table 1c.

3.3. Heart rate variability

The RMSSD was overall significantly higher during session 1 than
during session 2 (F (1, 679) = 43.036, p = 0.001), [semi-partial R2=
0.0596]. However, there was no significant main effect of “Bins” on
RMSSD (F (10, 753) = 0.694, p = 0.731) [semi-partial R2= 0.0091],
indicating that the RMSSD did not increase during the sessions com-
pared to baseline. There was no interaction between “Session” and
“Bins” (F (10, 686) = 1.093, p = 0.365) [semi-partial R2= 0.0157], see
Fig. 3, bottom right.

Part 2: Comparison of touch and odor responses in 30 trials
The main effect of “Trial” shows that the pleasantness ratings de-

creased significantly (F (1, 35) = 6.367, p = 0.016) [semi-partial
R2 = 0.1539], see Fig 4). Touch pleasantness ratings were significantly
higher than odor ratings at the start of the session, evident by a sig-
nificant main effect of “Modality”, (F (1, 2068) = 124.100, p = 0.001)
[semi-partial R2 = 0.0566]. In addition, the ratings changed differently
for the two modalities as the trials progressed. This was evident from a
significant interaction between “Modality” and “Trial” (F (1,
2071) = 4.660, p = 0.031) [semi-partial R2 = 0.0023], for statistical
overview, see Table 2a. Whereas odor ratings dropped significantly by
0.053 units for every trial (p = 0.003), touch pleasantness ratings
dropped by 0.024 units, but non-significantly, for every trial
(p = 0.149).

Regarding the comparison of the facial EMG responses, the main
effect of “Trial” shows that the corrugator increased by 0.0029 µV per
trial (F (1, 35) = 0.951, p = 0.336) [semi-partial R2 = 0.0265], see
Fig 4. At the start of the session, the corrugator activity was similar

during touch and odor presentation, evident by a non-significant main
effect of “Modality” (F (1, 1999) = 0.285, p = 0.593) [semi-partial
R2 = 0.0001]. However, corrugator activity changed differently for the
two modalities during the subsequent trials. This was evident by a
significant interaction between “Modality” and “Trial” (F (1,
2006) = 18.882, p = 0.001) [semi-partial R2 = 0.0093], for statistical
overview, see Fig 4 and Table 2b. Specifically, during odor presentation
corrugator activity decreased significantly by −0.0055 µV per trial
(p = 0.001). During touch, corrugator activity increased slightly, but
not significantly across trials (increased by 0.0029 µV per trial;
p = 0.086)

The zygomaticus activity did not change during the touch and odor
presentation as there was no significant effect of “Trial“ (F (1,
35) = 0.097, p = 0.757) [semi-partial R2 = 0.0028], see Fig 4.
However, the zygomaticus activity was significantly lower during the
touch than during odor presentation during all trials, as there was a
significant main effect of “Modality” (F (1, 2045) = 7.171, p = 0.007)
[semi-partial R2 = 0.0035]. There was no significant interaction be-
tween “Modality” and “Trial” (F (1, 2052) = 1.370, p = 0.242) [semi-
partial R2 = 0.0007], for statistical overview, see Fig 4 and Table 2c.

Lastly, the RMSSD responses were not different between odor and
touch, as there was no main effect of “Modality” (F (1, 239) = 1.309,
p = 0.254) [semi-partial R2= 0.0055], see Fig 4, bottom right. There
was no significant main effect of “Bins” (F (5, 264) = 0.580, p = 0.715)
[semi-partial R2= 0.0108], nor any significant interaction between
“Modality” and “Bins” (F (5, 238) = 0.901, p = 0.481) [semi-partial
R2= 0.0186].

4. Discussion

We aimed to investigate the correspondence between subjective and
physiological responses to repeated gentle stroking touch by using
subjective ratings, facial EMG and heart rate variability responses. In

Fig. 4. Top left: Mean pleasantness ratings with SEM. Touch was rated as significantly more pleasant than odor and the ratings decreased less as the session
progressed. Top right: Mean corrugator activity with SEM. The corrugator responses decreased for odor, but remained unchanged for touch. Bottom left: Mean
zygomaticus activity with SEM. The zygomaticus responses to tactile input was significantly lower than to odor input. Bottom right: RMSSD with SEM. The RMSSD
did not increase significantly from baseline in either modality. (Full line, touch condition, dotted line, odor condition).
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line with previous studies, subjective pleasantness ratings decreased
steadily and significantly with repeated exposure to gentle touch. The
reduction of the subjective pleasantness ratings across trials was ac-
companied by a concomitant increase in the corrugator activity.
However, the change in perceived pleasantness of the gentle touch was
not reciprocated by changes in the zygomaticus muscle or in the heart
rate variability. When comparing the touch responses to those elicited
by smelling a pleasant odorant, touch was consistently rated as more
pleasant than the odorant, but the zygomaticus activity was lower
during the touch trials than during the odor trials. However, the drop in
pleasantness ratings was more pronounced for the odor responses and
was also accompanied by a gradual reduction in corrugator activity.
Moreover, we sought to identify consistent response patterns by ex-
amining the participants at a second session with an identical set-up.
We found that the subjective pleasantness ratings to repeated touch
were similar during both sessions, but dropped quicker during session
1. The corrugator activity, however, only increased during the first
session, and not during the second session. Whilst the zygomaticus re-
mained largely unchanged during both sessions, the heart rate varia-
bility was significantly higher during the first session, but did not
change from baseline.

4.1. Pleasantness ratings

Our hypothesis that subjective pleasantness ratings drop with pro-
longed stimulation was confirmed. The drop is commonly interpreted as
a slow “touch satiety” [55]. In contrast to that study, where repeated
brush-stroking was applied by a robot [55], pleasantness ratings in the
present study remained at a rather high level even towards the end of
the session. This may indicate that skin-to-skin touch is more robust to
habituation than brush-stroking and could reflect a greater ecological
validity of skin-to-skin touch, as suggested by Kress et al. [26]. How-
ever, comparisons across the two studies should be interpreted cau-
tiously due to differences in methodology.

4.2. Facial EMG

We believe there is partial support for our second hypothesis:
Specifically, we predicted that a drop in subjective ratings would be
accompanied by physiological adjustments that indicate changes in
positive and negative affect towards the gentle touch. During the first
session, the reduction in pleasantness ratings coincided with increased
activity in the corrugator muscle, indicating a physiological response
that reciprocated the subjective response. Specifically, at the start of the
session, the touch was reported to be most pleasant and evoked lowest
corrugator activity, and at the end, the touch was reported to be less
pleasant and evoked highest overall corrugator activity. In line with our
findings, Larsen, Norris, and Cacioppo [29] proposed that the corru-
gator responds in a linear manner across the affective spectrum. Spe-
cifically, when participants were exposed to pictures, sounds and

words, negative affective stimuli led to increased activity and positive
affective stimuli led to reduced activity in the corrugator muscle. In the
present study, the corrugator activity increased as the pleasantness
ratings dropped during the first session only. The difference in corru-
gator activity during session 1 and 2 might reflect subtle differences in
attention, which has been reported to affect corrugator activity [10].
Attention can be assumed to be lower in session 2 when participants are
familiar with the task and setting.

We were unable to demonstrate a change of zygomaticus activity
with repeated touch, and consequently, a correspondence between zy-
gomaticus activity with the ratings. Despite that the zygomaticus has
been shown to respond to pleasant auditory [6] and visual input [28],
at present, two other studies have failed to identify touch-related re-
sponses in the zygomaticus muscle [36, 42], As such, these findings
contradict the findings of Pawling and colleagues (2017) who reported
increased activity in the zygomaticus to slow stroking touch. Three
alternative explanations may help to interpret these contradictory re-
sults. First, Larsen et al. [29] proposed that the zygomaticus responds in
a “J”-shaped manner. That is, stimuli that are either highly pleasant or
aversive will activate the zygomaticus, whereas neutral stimuli will not.
In the present study, it may be that the slow stroking touch was not
sufficiently pleasant or aversive to yield a response in the zygomaticus
muscle. Second, in the present study, the participants were shielded
from the experimenters, whereas in the study by Pawling et al. [41] the
participant was flanked on either side by two experimenters that ob-
served the participant as the VAS rating was provided. Being observed
by the experimenter may affect facial EMG responses, as demonstrated
in a study where facial EMG responses to pleasant odors were different
when the participants were observed by the experimenter compared to
when they were alone [24]. Third, in the present study the participants
were only evaluating one type of touch, as opposed to the participants
in the study by Pawling et al. [41]. Thus, the differences between the
present findings and those reported by Pawling et al. [41] might also
reflect the inability to make comparative affective responses between
different types of stimuli, which has previously been found to affect
touch ratings [55].

4.3. HRV

We were unable to identify a coherent response between the HRV
and the subjective responses to gentle touch. HRV did not change from
baseline during the tactile stimulation period. This was contrary to our
hypothesis. An increase in HRV is typically accredited to emotional
well-being and an increased resilience to stress responses [22, 34]. One
explanation could be that although the participants reported the re-
peated touch to be pleasant, it was not sufficiently pleasant to instigate
an increase in the HRV. A previous study reported an increase in HRV to
pleasant touch [57], however, that particular study used a different
HRV measure, the standard deviation of NeN intervals (SDNN). The
SDNN is commonly recommended for 24 hours’ measurements [51].

Table 2
Interaction effects from linear mixed model with pleasantness ratings, corrugator and zygomaticus activity as dependent variables. VAS; visual analogue scale
(-10 + 10), SE; standard error of the mean, dfd; degrees of freedom denominator, X; interaction between “Modality” and “Trial”, Trials Touch; effect of trials for
touch, Trials Odor; effect of trials for odor.

Coefficient SE Dfd T p

a Modality X Trial −0.029 0.013 2071 −2.16 0.031
Pleasantness ratings (VAS) Trials Touch −0.024 0.017 48 −1.47 0.149

Trials Odor −0.053 0.017 49 −3.17 0.003
b Modality X Trial 0.0083 0.002 2006 4.338 0.001
Corrugator activity (µV) Trials Touch 0.0029 0.002 78 1.736 0.086

Trials Odor −0.0055 0.002 79 −3.300 0.001
c Modality X Trial 0.0035 0.0030 2052 1.171 0.242
Zygomaticus activity (µV) Trials Touch 0.0011 0.0027 72 0.394 0.695

Trials Odor −0.0024 0.0027 73 0.909 0.366
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For shorter time intervals, the RMSSD is advocated [47]. Thus, the
differences in how HRV changes with repeated touch may be due to the
measures used. Alternatively, it may be that the contextual settings
were affecting the HRV more than the actual stimulus did, as we ob-
served a higher HRV in session 1 than session 2 although the stimulus
was the same. Future studies should investigate the clinical relevance of
these findings by comparing the effects of pleasant touch on HRV
measures to other interventions that have been reported to increase the
HRV, such as meditation [27] or exercise [45].

4.4. Touch and odor comparison

Our findings that pertain to the comparison of the touch and odor
responses may be interpreted in several different ways: Firstly, the re-
sults suggest that the ratings and corrugator activity are specific for the
type of stimulation used. Specifically, the greater reduction in plea-
santness observed in the odor ratings was accompanied by a decrease in
corrugator activity whereas the reduction in touch pleasantness ratings
was accompanied by an increase in corrugator activity. Thus, “satiety”
appears to develop differently for stimuli of different modalities and
their physiological characteristics are different. Previous findings on
odorant processing and corrugator activation report that the corrugator
decreased as a function of pleasantness when smelling 12 different
food-related odors [3]. However, in the present study, the participants
were limited to smelling one single odorant that was also not related to
food, making the results of these studies not directly comparable. The
development of olfactory satiety may depend on the type of odor
[12,56,8]. Secondly, these findings demonstrate that the change in re-
sponses is not simply due to the passage of time. If it were, we would
expect to see a greater activation of the corrugator during the odor
trials, which was always undertaken after the touch trials.

4.5. General discussion

The results from the present study demonstrate a coherence be-
tween the subjective pleasantness ratings and the corrugator activity
responses to gentle touch during the first session. However, the sub-
jective ratings, zygomaticus activity and HRV responses were non-co-
herent. Physiological and subjective measures may be incoherent be-
cause they reflect different aspects of the experience. For instance, the
subjective ratings reflect the conscious evaluation of the gentle touch
and the cognitive appraisal of the contextual settings. While partici-
pants try to achieve consistency in their ratings [60], they cannot de-
liberately influence their facial muscle activity or HRV in the same way.
Therefore, we speculate that the facial EMG responses in particular
reflect a “coarser” physiological evaluation of repeatedly being exposed
to a gentle touch that is more prone to change from one session to
another than the subjective ratings. Another putative reason for the lack
of coherence between the subjective and physiological measures may
be explained by the “mere-exposure effect” [66]. The “mere-exposure
effect” describes that ratings of stimuli that are repeated typically in-
crease first (i.e., become more positive), before they drop with the
number of repetitions. This response pattern can be explained by two
opposed processes: habituation and boredom [30 5,39]. It may be
speculated that physiological responses and subjective ratings each
reflect boredom and habituation to a different extent, therefore they
develop differently over time. In general, facial EMG and HRV respond
on different time scales. Whereas facial EMG reflects instantaneous
emotions, HRV may rather reflect long-term processes such as emotion
regulation [53,22]. Altogether, our findings indicate that physiological
responses are not blueprint read-outs of the subjective responses, and
that cognitive and contextual factors might affect the relationship be-
tween the subjective and physiological responses.

5. Limitations

Several limitations apply to the current study. This study collected
subjective and physiological responses to repeated pleasant touch and
odor. Naturally, due to the lengthy nature of the experiment, the par-
ticipants’ responses are prone to change due to several cognitive factors,
such as boredom and attention. Such ratings were not collected as we
did not want the participants’ perception of mood and boredom to in-
terfere with the evaluation of the gentle touch. However, the ratings
from session 1 and 2 were similar and we would expect a larger drop in
ratings in session 2 if the change was primarily due to boredom or lack
of novelty. Nevertheless, we cannot ascertain the extent to which the
detected responses represent a genuine effect of the applied sensory
stimulus or a general effect, representing novelty and saliency of po-
tentially any pleasant stimulus. Future studies could circumvent this
problem by comparing several types of pleasant stimuli applied for
fewer trials.

6. Conclusion

This study presents a comprehensive analysis of the dynamics of
subjective and physiological responses to repeated gentle touch ex-
amined at two separate sessions. Our findings demonstrate that the
drop in perceived pleasantness of repeated gentle touch may be re-
ciprocated by a gradually increasing activity of the corrugator muscle.
However, although the corrugator muscle appears to be a promising
measure of physiological responses to touch satiety, we were unable to
demonstrate coherent subjective and physiological responses during
both sessions. The zygomaticus muscle activity and the HRV responses
did not change in accordance with the subjective ratings and are likely
to reflect other processes that occur irrespective of the subjective ap-
praisal of the gentle touch.
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