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This research explored how the manipulation of interoceptive at-
tentiveness (IA) can inȠluence the frontal (dorsolateral prefrontal
cortex (DLPFC) and somatosensory cortices) activity associated with
the emotional regulation and sensory response of observing pain
in others. 20 individuals were asked to observe face versus hand,
painful/non-painful stimuli in an individual versus social condition
while brain hemodynamic response (oxygenated (O2Hb) and deoxy-
genated hemoglobin (HHb) components) was measured via func-
tional Near-Infrared Spectroscopy (fNIRS). Images represented ei-
ther a single person (individual condition) or two persons in social
interaction (social condition) both for the pain and body part set of
stimuli. The participantswere split into experimental (EXP) and con-
trol (CNT) groups, with the EXP explicitly required to concentrate
on its interoceptive correlates while observing the stimuli. Quanti-
tative statistical analyses were applied to both oxy- and deoxy-Hb
data. Firstly, significantly higher brain responsiveness was detected
for pain in comparison to no-pain stimuli in the individual condi-
tion. Secondly, a leȻt/right hemispheric lateralization was found for
the individual and social condition, respectively, in both groups. Be-
sides, both groups showed higher DLPFC activation for face stimuli
presented in the individual condition compared to hand stimuli in
the social condition. However, face stimuli activation prevailed for
the EXP group, suggesting the IA phenomenon has certain features,
namely it manifests itself in the individual condition and for pain
stimuli. We can conclude that IA promoted the recruitment of inter-
nal adaptive regulatory strategies by engaging both DLPFC and so-
matosensory regions towards emotionally relevant stimuli.
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1. Introduction
Can the manipulation of interoception affect the mirror-

ing empathic effect of observing another person receiving a
painful stimulation? Which effects does the attention to in-
ternal states produce at the cortical level? The term “intero-
ception” refers to the perception of the afferent signals on the
bodily status and homeostasis, primarily associated with the
physiological condition of the body. Nevertheless, recently
the construct definition has been expanded and encompass
the brain correlates and mental representations of the inter-

nal bodily changes, that is cognitive, and emotional processes
with varying degrees of awareness, spanning from uncon-
scious to conscious levels [1–3]. Interoception consists of
multiple different dimensions ranging from the brain-and-
body to the cognition level: interoceptive sensitivity (IS) is a
first dimension routinely measured as a person’s capacity to
sense and properly report one’s heartbeats at rest; while the
dimension of interoceptive awareness (IAw) corresponds to
subject’s confidence in his/her own behavioral performance
controlled on the basis of his/her accuracy performance in
Heart Beat Detection task [3, 4]. Previous studies conceived
those interoception dimensions (i.e., IS and IAw) as a rela-
tively stable trait that might alter both the subjective experi-
ence of emotion and the capacity to differentiate “self” from
“other” in the empathic resonance of action [5]. On the other
hand, experimentation showed that cortical representations
of interoceptive attention can bemodified by specific training
[6]. Interoceptive attentiveness (IA), that is “the focused at-
tention to a particular interoceptive signal for a given time
interval” [7], can be included in another dimension of in-
teroception that is a higher-level dimension (going beyond
metacognition, namely executive attribution) including exec-
utive processes such as the manipulation of attention or the
shifting from interoceptive to exteroceptive attention (for ex-
ample, within dual tasks or between tasks) [2, 3]. IA can be
modulated and can be trained by mindfulness training (MT):
specifically, it seems that MT increases the contribution of
interoception to perceptual experience [6].

In previous theoretical accounts, the interoceptive ability
has been linked to the observation of pain experienced by an-
other individual and to both cognitive and affective empathy
components [8]. Affective empathy refers to any emotion
that focuses on the other person’s well-being, and hence to
empathic concern, which is related to compassion. Cognitive
empathy refers to the capacity to comprehend others’ feelings
or, more broadly, other people’s perspectives [9]. It has been
shown that, when facedwith the observation of painful visual
stimuli, a greater ability to perceive one’s internal body states
was linked to a higher estimated pain intensity (evidence con-
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sidered as amarker of cognitive empathic response), aswell as
a higher level of arousal and compassion feelings (finding in-
terpreted as a marker of affective empathic response) [8]. In
fact, individuals recreate their body’s representations of pain
when they observe pain in others due to joint activation of
the pain matrix and empathy neural pathways, which results
in stronger empathic reactions [10, 11]. In line with this as-
sumption, Bowling and colleagues [12], claimed that direct-
ing one’s attention to internal physiological changes might
improve conscious vicarious pain perception (supported by
overactivity in brain regions involved in mirroring the states
of others, such as somatosensory cortex for observed touch)
in adults, despite the fact that the authors did not examine this
impact on a neurophysiological level. Therefore, it is possible
that manipulating IA might magnify the normal mirroring
effect, as well as both empathy for pain and the correspond-
ing brain processes elicited by witnessing pain in others.

Neuroscientific literature on the emotional and sensory
neural correlates of observing the painful state of others (i.e.,
observation of pain in others) has been differentiated from
research that deepened the direct experience of physical pain
(i.e., painful stimulation) [13–16]. The observation of oth-
ers’ pain activates mirror neural networks, which allow us to
comprehend a painful situation by stimulating the same brain
pathways as if we were personally experiencing the feelings
and emotions related to pain [17]. This phenomenon has
been noted by the perception-action model of empathy as an
anticipated perception of the condition of the subject receiv-
ing painful stimulation, which automatically triggers the rep-
resentation of the observer on the condition of the observed
subject: this representation automatically induces the corre-
sponding autonomous and somatic reactions in the observer
[18]. Nevertheless, the observation of pain in someone else
does not automatically trigger the somatic correlates of pain
because it is primarily amental experience, in which empathy
plays a key role in inducing emotional and cognitive repre-
sentations of the situation [16, 19].

Neuroimaging research also analyzed the brain processes
and cortical basis beneath the observation of pain in others
[13–15]. A comprehensive body of work has shown the role
of primary and secondary somatosensory cortices and mo-
tor regions in underlying the sensory qualities of others’ pain
[20]. Also, the somatosensory cortex shows a hemispheric
specialization: the left side activation correlates to pain sen-
sation [21] and empathy in situations involving nonphysical
contact [22], while the right side is related to empathy in cir-
cumstances linked to physical touch [22]. More specifically,
empathizing with others’ pain appears to activate the whole
pain matrix, including a group of frontal areas that are par-
ticularly engaged in the affective and motivational pain as-
sessment, as well as the cognitive attentional dimension of
pain [23–25]. Brain evidence indicates that empathy for pain
observed in others triggers brain portions that are not com-
monly associated with pain perception, but mainly to pro-
cesses of social cognition, such as interoception, emotional

regulation, and social-cue processing [17].
Among other brain regions, it has been found that the

dorsolateral prefrontal cortex (DLPFC) is activated by ob-
serving pain in others and is specialized in emotional regu-
lation towards salient emotional stimuli [26]. It was also re-
lated to strong subjective empathy and, therefore, might indi-
cate protective mechanism against emotional hyper-arousal
[27]. In terms of hemispheric lateralization, earlier research
has linked both left and right DLPFC activation to the down-
regulation of self-pain perception [28–30] and this modula-
tion appears to be linked to its primary function on general
emotional regulation processes, such as cognitive reappraisal
and attention modulation of the affective response [31]. Dif-
ferent emotional regulation methods are related with lateral-
ized DLPFC activity, according to Ochsner, Silver, and Buhle
[31]: whereas the left side is commonly engaged in mean-
ing reinterpretation of the affective response, the right side
appears to play a role in psychological distancing from the
emotional input.

Previous studies have mostly used neuroimaging tech-
niques, such as functional Magnetic Resonance Imaging
(fMRI) and magnetoencephalography to explore empathy
for pain phenomenon [15, 32]. Compared to those tech-
niques, functional Near-Infrared Spectroscopy (fNIRS) is
a relatively recent, non-invasive, and less expensive neu-
roimaging method capable of measuring cortical activity in
a natural position [33]. It measures variations in the concen-
tration of oxygenated and deoxygenated hemoglobin (O2Hb
and HHb, respectively) to track regional cerebral blood flow
(rCBF) [34]. Because of its high temporal resolution, its
greater spatial resolution with respect to EEG, and the sensi-
tivity to hemodynamic changes, fNIRS appears to be an ex-
cellent tool for studying the dynamically changing represen-
tation and integration of the empathic response among com-
plex, extended brain networks [35]. In healthy people, fNIRS
has been shown to be effective at distinguishing cortical re-
sponses to painful stimuli [36].

Based on previous evidence, two questions arise sponta-
neously. Could DLPFC and somatosensory activations re-
lated to the observation of pain in others be modulated by the
conscious focus on one’s interoceptive correlates? How can
different types of stimuli (pain, body part, contextual cues)
influence those brain activations? While, on the one hand,
the face is a highly salient stimulus in human interactions, on
the other hand, hand stimuli have been widely exploited for
evoking the physical sensation of pain. Also, the social com-
plexity of the background in which a pain stimulus is pre-
sented could influence its perception, and perceived agency
was shown to affect empathy for pain [37]. In studies focus-
ing on observation of pain in others’, the stimuli are often
presented in the individual condition (e.g., a single part of
the body that receives painful stimulation) or in a social con-
dition (e.g., two persons in an interactive dynamic, a person
who causes physical pain to another person), and this factor is
not usually controlled. Yet, it could be an intervening aspect
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because of the increase of complexity of the scene. A previ-
ous study highlighted that the observation of pain in socially
contextualized scenes led to a specific hemodynamic increase
in frontal and temporoparietal cortical regions involved in
representing social interaction, emotion regulation, and per-
ceived agency. However, in the set of stimuli adopted in that
study the pain stimulation could be self-inflicted or inflicted
by the other and it did not consist solely in perceiving the
presence of another individual [37]. Limited previous studies
explored empathy by using stimuli including the social con-
text or consisting of interpersonal situations, a gap in the lit-
erature that the present study intends to fill.

Given these premises, this study aims to explore if and
how the manipulation of IA modulates the neural correlates
of emotional and sensory processes occurring during obser-
vation of pain in others. The effects linked to emotional,
and sensory representations of observation of pain in oth-
ers are supposed to be amplified by the manipulation of IA
in the experimental group, which was explicitly asked to pay
attention to interoceptive feelings while observing a set of
painful/non-painful stimuli, confronted to the control group,
which was instructed to merely observe the stimuli.

Firstly, we hypothesized a higher DLPFC activation for
the experimental group compared to the control group, since
we expect that the increased attention towards the corre-
lates of the affective empathic response in the experimental
group could engage DLPFC for emotion regulation strate-
gies. Secondly, we also expect higher brain responsiveness
to face compared to hand stimuli, given the affective salience
of faces. Thirdly, we suppose higher brain responsiveness to
pain compared to non-painful stimuli. Fourthly, we expect
these effects to be enhanced in the individual compared to
the social condition, considering the mirroring effect of pain
observation. To summarize, we predicted that IA would en-
hance the mirroring effect of pain observation, resulting in a
distinct pattern of neural activity in which the most salient
conditions, such as face and painful stimuli, compared to
hand and non-painful stimuli, displayed in an individual con-
dition could elicit stronger neural reactivity.

2. Materials andmethods
2.1 Sample

Twenty participants (1 male, Mage = 23; SDage = 2.93)
were involved in this study: all caucasian right-handed uni-
versity students with a normal-to-corrected vision. Exclu-
sion criteria encompass any physiological and pathological
condition of acute or chronic pain, chronic illnesses, histo-
ries of seizures, pregnancy, any psychiatric or neurologic dis-
order, and cognitive deficits. Participants were randomly al-
located to one of two groups: experimental (EXP) or con-
trol (CNT). Groups were matched for age (MEXP = 23.27;
SDEXP = 3.64; MCNT = 22.66; SDCNT = 1.63) and indi-
vidual differences in IS. Before the screening phase, all indi-
viduals provided their voluntary consent to take part in the
study and signed a written informed consent form. No com-

pensation was provided for their participation in the study.
The study was approved by the local ethics committee of the
Department of Psychology of the Catholic University of the
Sacred Heart of Milan, Italy, and was carried out following
the latest version of the Declaration of Helsinki.

2.2 Heartbeat detection task

For checking and controlling individual differences in IS,
each subject completed the Heartbeat Detection task, which
assessed participants’ capacity to perceive heartbeats [4]. Par-
ticipants were placed in a sound-proofed room and told to
begin silently counting at the appearance of a starting cue
on a computer screen (grey desktop) until a visual stop sig-
nal appeared. They counted their heartbeat for four distinct
time intervals (25 seconds, 35 seconds, 45 seconds, 100 sec-
onds), which were randomly presented to them. At the con-
clusion of each period, participants must enter the number
of heartbeats counted. They were not permitted to monitor
their pulse throughout the task, and they received no feed-
back on the length of the counting phases or the quality of
their performance. By utilizing E-Prime 2.0 program (Psy-
chology Software Tools Inc., Sharpsburg, PA, USA), the tri-
als were showed randomly. Moreover, for the four inter-
vals, their Heart Rate (HR) was monitored through a physio-
logical recording tool (Biofeedback 2000-xpert, version 7.01,
Schufried GmbH,Mödling, Austria) sampling at 500Hz. The
system, via a photopletismographic sensor (4 mm diameter
Ag/AgCl electrode) placed in correspondence to the distal
phalanx of the forefinger of the non-dominant hand was able
to measure HR.

The Interoceptive Sensitivity Index (ISI) is ameasurement
of IS that was obtained from the HBD task by computing the
mean of the 4 heartbeat perception intervals using Schandry’s
formula [4]:

¼ Σ(1-(|recorded heartbeats–counted
heartbeats|)/recorded heartbeats).

This index ranges from 0 to 1 with higher values sug-
gesting small deviations between counted and recorded
heartbeats. An independent-samples t-test (IBM SPSS 25,
IBM Corp., Chicago, IL, USA) was applied to control ISI
homogeneity between groups and there were no significant
variations in the ISI score (MEXP = 0.51; SDEXP = 0.21;
MCNT = 0.62; SDCNT = 0.15) (all p> 0.05).

2.3 Procedure

Participants were situated facing a computer monitor po-
sitioned 70 cm from the subject for the experimental phase,
which was conducted in a quiet room. E-Prime 2.0 program
(Psychology Software Tools Inc., Sharpsburg, PA, USA) was
used to display the stimuli on a laptop with a 15-inch screen,
with a visual horizontal angle of 4◦ and a vertical angle of 6◦.
To present the experimental procedure, each participant was
given a systematic set of instructions.

During the recording of fNIRS hemodynamic data, partic-
ipants were required to observe a set of stimuli. The sample,
which had previously been divided into the EXP and CNT
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groups, was instructed to observe each stimulus and then rate
them, on the computer keyboard, by selecting the letter “K”
for pain stimuli and “L” for no pain stimuli on the computer
keyboard (with the right index or middle finger), to provide
the behavioral response. To manipulate IA, the EXP group
was asked to concentrate on their interoceptive variations
during stimuli observation, and they were given the follow-
ing instructions: “During this task, we ask you to focus your at-
tention on your bodily sensations. Try to observe how you feel and
if there are any variations in your body as you look at the pic-
tures”. Orally we added a further suggestion about focusing
for instance on the breath, as a further specification of writ-
ten delivery. The CNT group was not specifically instructed
to focus its attention on the interoceptive correlates, while
receiving generic instructions to observe the stimuli and as-
sess them for pain and no-pain.

The images were shown randomly for 5 seconds in the
center of the screen, with a 10-second inter-stimulus delay
during which participants fixed their gaze on a central cross.
To avoid any bias related to sequence effects, the order of
stimulus presentation was counterbalanced. The 160 stimuli
were separated into four blocks, eachwith 40 stimuli. During
the period after the stimulus had disappeared from the moni-
tor, participants may submit behavioral responses for painful
and non-painful stimulus features (for a graphical represen-
tation of the procedural steps, see Fig. 1, Ref. [38]). Final
manipulation checkswere used at the end of the task, and par-
ticipants reported to be completely conscious of the task and
indicated the amount of attention they gave to their physio-
logical feelings throughout this debriefing. They were asked
to tell how much they feel they have perceived changes in
their body (such as the breath) during the task and the exper-
imental group self-reported higher perception of this body-
related signal.

2.4 Stimuli
The stimuli included 32 images of a person (male or fe-

male, randomized) experiencing painful (needle penetration)
or non-painful (Q-tip touch) stimulation in two separate
body parts (face or hand). Pictures were also representing
a single person (individual condition; a single person that re-
ceives a painful stimulation in a specific part of the body) ei-
ther two persons in social interaction (social condition; two
persons in an interactive dynamic, a personwho causes phys-
ical pain to another person) both for the pain and body part
set of stimuli (Fig. 2A–D). The two individuals that are part
of the social scene could clearly be distinguished from one
another. Each image lasted 5 seconds and portrayed per-
sons with neutral facial expressions at a visual angle of 21◦
× 17◦ (width × height) at a viewing distance of 80 cm.
The following perceptual qualities of the stimuli were exam-
ined: position, size, brightness, content, content complex-
ity, and comprehensibility. Using an easy modified 5-point
version of the Self-Assessment Manikin scale (SAM) [39],
a group of independent judges, controlled for gender and
age, evaluated the emotional neutrality of the stimuli before

needle penetration/Q-tip contact (i.e., pain/no-pain) attribu-
tion. Stimuli were assessedwith average values for emotional
valence (M = 2.52; SD = 0.58) and arousal (M = 2.72, SD =
0.43). Emotional involvement towards the stimuli was con-
trolled through a manipulation check. After the experimen-
tal task, participants were asked explicitly to tell if they felt
emotionally involvedwith each category of stimuli (including
individual/social distinction) (“Have you felt any emotions
looking at these images?”), and no differences were found.

2.5 Acquisition and analysis of fNIRS data
The hemodynamic responses consisting of a change

in O2Hb and HHb concentrations were recorded using a
NIRScout System (NIRx Medical Technologies, LLC, Los
Angeles, California) composed of a 14-channel optodes ma-
trix. By employing a fNIRS Cap, eight light sources/emitters
and eight detectors were mounted over the scalp in accor-
dance with the international 10/5 standard [40].

Emitters positions were: AF3-AF4, F5-F6, FCC3h-
FCC4h, and CCP5h-CCP6h. Detectors were positioned in
AFF1h-AFF2h, F3-F4, FCC5h-FCC6h, and CCP3h-CCP4h.
For contiguous optodes, the emitter-detector distance was
preserved at 30 mm and near-infrared light with two wave-
lengths (760 and 850 nm) was employed. The following
channels were obtained in this manner: Ch1 (AF3-F3),
Ch2 (AF3-AFF1h), Ch3 (F5-F3), Ch4 (AF4-F4), Ch5 (AF4-
AFF2h), Ch6 (F6-F4) were consistent of the left and right
DLPFC (Brodmann Area 9, BA9); Ch7 (CCP5h-FCC5h),
Ch8 (CCP5h-CCP3h), Ch9 (CCP6h-FCC6h), Ch10 (CCP6h-
CCP4h), Ch11 (FCC3h-FCC5h), Ch12 (FCC3h-CCP3h),
Ch13 (FCC4h-FCC6h), Ch14 (FCC4h-CCP4h) correspond-
ing to left and right somatosensory areas (Brodmann Area
1, BA2, BA3) (see Fig. 3). In order to correlate our loca-
tions with Broadmann Areas, we analyzed the positions of
the sources and detectors, as well as the region between them,
that included the channel. Then we sought for the most ap-
propriate underlying functional region and Brodmann Area.
To accomplish this, we drew on a variety of sources, includ-
ing references and online atlases (see for example [41–43]).

Variations in the concentrations of oxygenated (O2Hb)
and deoxygenated (HHb) hemoglobin were recorded contin-
uously during the task using NIRStar Acquisition Software,
starting with a 120-second resting baseline. Signals obtained
from the 14NIRS channelswere collected at 6.25Hz sampling
rate and processed and transformed with nirsLAB software
(v2014.05; NIRxMedical Technologies LLC, 15Cherry Lane,
Glen Head, NY, USA), according to their wavelength and po-
sition, yielding results for variations in O2Hb and HHb con-
centrations for each channel, scaled inmmol·mm. Each chan-
nel’s raw O2Hb and HHb data was digitally band-pass filtered
at 0.01–0.09 Hz [44]. Raw time series were visually screened
for noisy channels (e.g., high motion errors or abrupt am-
plitude fluctuations), removing channels with poor optical
coupling, such as the absence of 1 Hz heartbeat oscillations
in raw data [45]. The mean concentration of each channel
was established by averaging data across trials, and an aver-
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Fig. 1. Set up of the experiment. The figure describes fNIRS registration when participants were performing the observation of pain in others’ task in the
experimental setting and the single trial procedure (retrieved and modified from [38]).

Fig. 2. Set of stimuli adopted in the study. Stimuli samples for painful (left) and non-painful (right) stimulation of the face in the (A) individual condition
(B) social condition; and for painful (left) and non-painful (right) stimulation of the hand in the (C) individual condition (D) social condition.

age value for each condition was determined for the next 6
seconds starting with the stimulus onset. The effect size in
each condition was determined based on the mean concen-
trations in the time series for each channel and subject. The
effect sizes (Cohen’s d) were computed by dividing the dif-
ference between the averages of the baseline and trial by the
baseline standard deviation (sd): D = (m1–m2) / s, where m1
and m2 are the mean concentration levels for baseline and
trial, respectively, and s is the SD of the baseline. To improve
the signal-to-noise ratio, the effect sizes from the 14 channels

were averaged. Despite the fact that fNIRS raw data were rel-
ative values that could not be directly averaged across partic-
ipants or channels, effect sizes normalized data could be av-
eraged regardless of the unit since the effect size is unaffected
by differential pathlength factor (DPF).

Factors such as the twoRegions of Interest (ROI) combin-
ing the Frontal (F), and Central (C), left/right correspond-
ing channels, as well as lateralization (left/right hemisphere),
were included in the statistical analysis of the data. The val-
ues obtained from Ch1-Ch2-Ch3 and Ch4-Ch5-Ch6 were
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Fig. 3. fNIRS montage. The locations of the fNIRS montage includ-
ing sources (red) and detectors (violet). Sources were in the subsequent
positions: AF3-AF4, F5-F6, FCC3h-FCC4h, and CCP5h-CCP6h. Detec-
tors were located on: AFF1h-AFF2h, F3-F4, FCC5h-FCC6h, and CCP3h-
CCP4h. The following 14 channels (yellow) were obtained: Ch1 (AF3-
F3), Ch2 (AF3-AFF1h), Ch3 (F5-F3), Ch4 (AF4-F4), Ch5 (AF4-AFF2h),
Ch6 (F6-F4), Ch7 (CCP5h-FCC5h), Ch8 (CCP5h-CCP3h), Ch9 (CCP6h-
FCC6h), Ch10 (CCP6h-CCP4h), Ch11 (FCC3h-FCC5h), Ch12 (FCC3h-
CCP3h), Ch13 (FCC4h-FCC6h), Ch14 (FCC4h-CCP4h).

averaged for the activity of the left and right DLPFC re-
gions, respectively, for the Frontal ROI. While for the Cen-
tral ROI, the values acquired from Ch7-Ch8-Ch11-Ch12 and
Ch9-Ch10-Ch13-Ch14 were averaged to reflect of the activ-
ity of the left/right somatosensory regions, respectively.
2.6 Statistical data analysis

Behavioral data consisting of response accuracies (ACC)
were collected using E-prime Software for each subject dur-
ing the task. ACC was calculated as the percentage of cor-
rect responses on the total responses for pain/non-pain stim-
uli. Then, to examine groups differences, an independent-
samples t-test (IBM SPSS 25, IBM Corp., Chicago, IL, USA)
was used. The statistical significance level was set toα = 0.05.
Levene’s test was used to check the equality of variances be-
tween groups and to adjust the calculation of subsequent in-
ferential tests accordingly.

Regarding fNIRS data, two mixed repeated measures
ANOVAs with independent within factors Pain (2: Pain, No
Pain)×Condition (2: Individual, Social stimuli)× Body part
(2: Face, Hand)× Lateralization (2: Left, Right)× Region of
Interest (ROI) (2: Frontal, Central), and as between factor,
the Group (2: EXP vs CNT) was applied to dependent fNIRS
data (O2Hb and HHb concentration values). The degrees of
freedom have been adjusted using Greenhouse-Geisser ep-
silon where suitable for all ANOVA tests. The statistical sig-
nificance level was set at α = 0.05. In the case of significant
effects, pairwise comparisons were performed on the data.
Pair-wise comparisonswere performed to double-check sim-
ple effects for significant interactions, and Bonferroni correc-
tion was employed to eliminate multiple comparisons possi-
ble biases. In addition, the normality of the data distribution
was checked using the kurtosis and asymmetry indices. Par-
tial eta squared (η2) indices was used to evaluate the magni-
tude of statistically significant effects.

3. Results
3.1 Behavioral accuracy data

Behavioral ACC was high for both groups. The accuracy
for painful stimuli was 99% for EXP and 96% for the CNT
group, whereas for non-painful stimuli, it was 99% for EXP
and 100% for the CNTgroup. No significant differenceswere
found for ACC (all p> 0.05).
3.2 fNIRS hemodynamic data

The following results concern the statistical steps per-
formed on D dependent measures for O2Hb and HHb con-
centration values.

3.2.1 O2Hb values
For the O2Hb signal a first interaction effect Body part×

ROI was found (F[1,18] = 4.692, p≤ 0.044, η2 = 0.207). Pair-
wise comparisons revealed significant highermean values for
face in frontal compared to central ROI (F[1,18] = 7.075, p
≤ 0.016, η2 = 0.282). Moreover, higher mean values were
found for face compared to hand in frontal ROI (F[1,18] =
7.148, p≤ 0.015, η2 = 0.284).

A second interaction effect Condition× Body part×ROI
was detected for O2Hb (F[1,18] = 10.356, p ≤ 0.005, η2 =
0.365) (Fig. 4A–C). Pairwise comparisons showed a higher
activation in the frontal compared to central ROI for face
in the individual condition (F[1,18] = 8.832, p ≤ 0.008, η2
= 0.329), and for face compared to hand in the frontal ROI
in the individual condition (F[1,18] = 0.066, p ≤ 0.001, η2 =
0.329). Moreover, significant greater activation was found in
the frontal ROI for hand stimuli in the social compared to in-
dividual condition (F[1,18] = 12.918, p ≤ 0.002, η2 = 0.418).
No other significant effects were found.

3.2.2 HHb values
Regarding the HHb signal, four significant interaction ef-

fects were found and will be reported below.

6 Volume 21, Number 1, 2022



Fig. 4. Oxygenated hemoglobin results. (A) The bar charts show O2Hb D values for condition × body part × ROI interaction. Data are represented as
mean± SE; all asterisks mark statistically significant differences, with p ≤ 0.05. (B) Heads representation for O2Hb. The red area represents the increase of
O2Hb in the individual condition in the frontal areas for the face (left head) compared to hand (right head). (C) In the head displays, the red area represents
the increase of O2Hb in the social condition in the frontal areas for hand (right head) compared to face (left head).
Abbreviations. F, frontal; C, central; Ind, individual condition; Soc, Social condition.

Firstly, it was observed a significant interaction effect for
Condition×Bodypart (F[1,18] = 6.807, p≤ 0.018, η2 = 0.274)
(Fig. 5A). Specifically, pairwise comparisons showed a signif-
icant decrease in deoxy signal for face confronted with hand
stimuli presented in the individual condition (F[1,18] = 7.279,
p ≤ 0.015, η2 = 0.288). In addition, according to pairwise
comparisons, this HHb decrease for face stimuli is signifi-
cantly more enhanced in the individual than social condition
(F[1,18] = 7.389, p≤ 0.014, η2 = 0.291) (Fig. 4B–C).

A second interaction effect emerged regarding Condition
× Pain (F[1,18] = 5.050, p ≤ 0.037, η2 = 0.219). A significant
decrease in deoxy signal was identified in the individual con-
dition for pain compared to no pain stimuli (F[1,18] = 6.562, p
≤ 0.020, η2 = 0.267) (Fig. 5B–C). Also, pairwise comparisons
showed lower HHb values for painful stimuli in the individ-
ual compared to social condition (F[1,18] = 5.063, p ≤ 0.037,
η2 = 0.220).

Thirdly, an interaction effect Bodypart × Group was de-
tected (F[1,18] = 6.042, p ≤ 0.024, η2 = 0.251). For the EXP
group, a significant decrease of HHb values were found for
the face compared to hand stimuli (F[1,18] = 7.426, p≤ 0.014,
η2 = 0.292) as revealed by pairwise comparisons (Fig. 6A–B).

As fourth result, an interaction effect Condition× Later-
alization was detected (F[1,18] = 6.590, p≤ 0.019, η2 = 0.268).
Pairwise comparisons revealed a significant decrease of HHb

signal in the right compared to left hemisphere in the social
condition (F[1,18] = 6.051, p ≤ 0.024, η2 = 0.252). More-
over, significant lower HHb values were found in the left
hemisphere in the individual versus social condition (F[1,18]
= 4.789, p≤ 0.042, η2 = 0.210) (Fig. 6C–D).

4. Discussion
This research offered novel evidence on the cortical ac-

tivation and hemodynamic response of DLPFC and so-
matosensory areas in the context of empathy for pain thanks
to the application of fNIRS. Specifically, in this context, IA
was modulated to observe the effects of the focus on body
correlates on targeted stimuli perception. The sample was
divided into an EXP group, asked to pay attention to the in-
teroceptive correlates, and a CNT group not receiving direct
interoception instructions. During the experiment, partici-
pants were asked to observe painful/non-painful stimuli be-
longing to different body parts (face vs hand), displayed in
individual or social conditions.

The main findings will be discussed below. Firstly, both
groups showed higher DLPFC activation for face stimuli pre-
sented in the individual condition confronted to hand stimuli
in the social condition. Secondly, in the individual condition
higher brain responsivenesswas detected for pain confronted
to non-painful stimuli. Thirdly, a relevant activation for face
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Fig. 5. Deoxygenated hemoglobin results. (A) The bar chart shows HHb D values for condition × body part interaction. (B) Bar graph shows HHb D
values for condition × pain interaction. (C) The head displays show the significant activation (decrease of HHb) for pain (left head) compared to no-pain
stimuli (right head) in the individual condition. For all charts, data are represented as mean± SE; all asterisks mark statistically significant differences, with p

≤ 0.05.
Abbreviations. Ind, individual condition; Soc, Social condition.

stimuli was mainly detected for the EXP group, suggesting
that this phenomenon has certain features, namely, it man-
ifests itself in the individual condition and for pain stimuli,
it mostly activates all subjects, but above all the EXP group
that is focusing on their interoceptive correlates. Lastly, a
left/right hemispheric lateralization effect was found for the
individual and the social condition, respectively.

Starting with the effects found for the oxygenated
hemoglobin, firstly, an increase of O2Hb was detected for
both groups in the frontal areas for face stimuli. The face
emerged as the most relevant body part, and it mainly acti-
vates anterior regions compared to central ones. Moreover,
this frontal activation is mainly enhanced for face compared
to hand stimuli and partially confirmed our second hypothe-
sis. This frontal activation could be justified by the role that
DLPFC plays in the modulation of emotional responses.

According to Ray and Zald [46], the DLPFC is thought
to be involved in cognitive reappraisal, which is the adjust-
ment of an emotional response based on one’s cognitive rein-
terpretation of emotional information. Therefore, DLPFC

may act as a regulatory structure of emotional response di-
rected towards a highly significant stimulus [47–49]. In hu-
man relationships, the face is a significant social stimulus [50–
54]. Face processing may be separated into a first perceptive
phase, in which the person completes the “structural codes”
of face and a second phase in which the subject completes
the “expression code” implicated in the decoding of emotional
facial expressions [55]. The first is thought to be processed
separately from complex facial information such as emotional
meaning [56–61]. Herewe argue that the simple presentation
of a face receiving painful or non-painful stimulation in the
context of pain observation in others activates frontal brain
regions connected to emotional regulation of the empathic
response, more than somatosensory areas.

Moreover, it is also noteworthy to observe that signifi-
cant variations between ROI activation were found for face
only and not for hand stimuli. A possible explanation for
this absence of significant difference in ROI activation could
be the strength of the social significance of face over the
hand stimulus. Empathy for pain studies frequently adopted
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Fig. 6. Deoxygenated hemoglobin results. (A) The bar chart shows HHb D values for body part × group interaction. (B) Heads’ representation of the
increased activation in the EXP group for the face (left head) compared to hand stimuli (right head). (C) The bar graph shows HHb D values for condition×
lateralization interaction. (D) In the head displays, it is represented the left hemisphere significant activation in the individual (right head) compared to the
social condition (left head). For all charts, data are represented as mean± SE; all asterisks mark statistically significant differences, with p≤ 0.05.
Abbreviations. Sper, Experimental group; Contr, Control group; Ind, individual condition; Soc, Social condition.

body parts where pain stimulationwas applied indistinctively
[13, 26, 62, 63]. However, here we argued that stimuli should
be controlled and distinguished since face per se brings with
it a “face effect” that specifically engages DLPFC.

This frontal activation for face stimuli, compared to cen-
tral areas and compared to hand stimuli, has been signifi-
cantly detected in the individual condition. This effect (face
vs hand significance in the individual condition) was detected
both for O2Hb and HHb and could be considered as a speci-
fication of the previous one. Going down with the specifics,
as previously mentioned, it appears in the individual condi-
tion that the frontal activation pattern for the face prevails,
and prevails over the hand stimuli, thus suggesting the face
has a strong widespread effect. Face it is a highly relevant
stimulus, from early in life, people display a keen sensitivity
to the occurrence of pain in others [64], and develop a highly
refined ability to evaluate pain intensity from facial displays
[65]. This ability usually develops in a one-to-one relation-

ship between the newborn and the mother, which is a situa-
tion closer to the individual condition of face here depicted.
Thus, when it comes to the process of recognizing pain in the
face, it can be deemed that it is an individual process.

In the framework of observation of pain in others, the
study of facial expression of pain has also found the involve-
ment of brain areas subserving the direct experience of pain
[66, 67]. Present results have been examined in relation to
“shared representations” theories of empathy, which claim
that all empathic processes, from emotional contagion to cog-
nitive empathy, start with a mapping of the expresser’s per-
ceived emotional state on a representation of the observer’s
equivalent condition [68]. When pain states are communi-
cated via facial expression, the neurobiological substrate of
this shared representation may encompass the human “mir-
ror neuron” system [69], possibly via interactionswith neural
regions engaged in emotions [70]. However, empathy could
potentially occur without the involvement of the classic mo-
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tor mirror mechanisms [71], but with the support of sev-
eral brain areas that go beyond the motor system and classic
pain matrix [72]. It follows that even face per se, given its
highly informative nature concerning the status of the per-
son, might have caught participants’ attention, and activated
frontal brain structures to modulate the empathic response.

Also, somatosensory resonance has been recently associ-
ated with empathy-related psychological closeness. In partic-
ular, the key activations seemed to be progressively decreased
as a function of the psychological closeness between the par-
ticipant and other models, with the strongest activation for
the human models (which are the most psychologically close
for the participants) [73]. Another possible interpretation
could be that in the present study the DLPFC face-related
activation in the individual condition was higher with re-
spect to hand-related activation in social condition because
the face-related individual (as it would be looking oneself in
a mirror) was a psychologically closer condition (and closest
with respect to all other conditions) compared to the psycho-
logically farther condition (hand-related social), and there-
fore elicited stronger facilitation to incorporate the stimu-
lus into the participants’ body schema. A left DLPFC acti-
vation was formerly detected during the observation of pain
in a close significant other [74]. It might be possible that
the focused attention on one’s interoceptive correlates might
enhance the psychological closeness effect, however, further
neuroimaging studies are needed to disentangle the link be-
tween interoception, empathy for pain and DLPFC activa-
tion.

Secondly, both groups were found to be more active
(given a significant decrease in HHb signal) for pain com-
pared to non-painful stimuli in the individual condition. This
effect is in line with our third hypothesis and previous neu-
roimaging studies underlying that the observation of pain
in others seems to recruit the whole pain matrix, including
somatosensory cortices and a set of frontal regions particu-
larly implicated in the affective and motivational evaluation
of pain and the cognitive attentional dimension of pain [23–
25]. Moreover, this extensive activation for pain stimuli is
significantlymore enhanced in the individual condition com-
pared to the social condition. Therefore, it is possible to
state that the attentional focus is primarily directed towards
painful face stimuli presented in the individual condition, as
if the pain became more evident and effective in face stim-
uli presented alone: these (individual more than social and
face more than hand) are the conditions in which pain in its
salience emerges. Perhaps one possible explanation could be
that pain is more effective when presented in an individual
dimension, evidence that could support our fourth hypothe-
sis.

Instead, regarding hand stimuli, there is a higher activa-
tion of frontal areas for hand presented in the social com-
pared to the individual condition. It follows that in our study
hand stimuli effect is evoked by the social context, that given
its complexity, perhaps requires more cognitive effort, high-

level executive function, and the recruitment of top-down
cognitive control, as represented by DLPFC activation. It
is possible to suggest that the social condition may function
as a drive for the response in the frontal brain regions for
hand stimuli, while the individual condition could evoke an
increase of O2Hb for face stimuli in the frontal areas. There-
fore, on the one hand, the activation of the DLPFC for face
stimuli in the individual condition suggests an effect of emo-
tional regulation and predisposition of the empathic response
in a typical relational situation, while, on the other hand, the
DLPFC activation for the hand stimuli in the social condition
suggests the effort to analyze a socially complex situation.

Thirdly, one of the most interesting effects that have been
found was a decrease of HHb for the face compared to hand
stimuli in the EXP group. This effect may suggest a relevant
activation for face stimuli for the EXP group. Again, the key-
stone, in this case, is related to body-part, indeed the evidence
that stands out above all is related to face. This “face effect”
has certain features, namely, it manifests itself in the individ-
ual condition and for pain stimuli. It mostly activates all sub-
jects and, above all, the EXP group, that is focusing on their
interoceptive correlates.

A possible explanation of this result could be that in this
group IA promoted the recruitment of internal adaptive reg-
ulatory strategies engaging both DLPFC and somatosensory
areas towards a potentially emotionally relevant stimulus,
thus partially confirming our first hypothesis, with a more
widespread effect at the cortical level. To support this no-
tion, in prior work Farb and colleagues [75] demonstrated
that IA training reduces the involuntary and automatic cog-
nitive elaboration, and promotes awareness of internal sen-
sation and emotional experiences. In addition, this improve-
ment in IA is associated with emotional regulation strategies,
in order to control the emotional mood response in case of
complex conditions [76].

Finally, a lateralization effect has been found for the HHb
signal, for which the left hemisphere results more active for
the individual condition compared to the social condition, 7
while the right side is more active compared to the left hemi-
sphere in the social condition. Regarding the ROIs consid-
ered for this study, the left DLPFC activation was found to be
involved with the meaning reinterpretation of the affective
response [31] while the left somatosensory cortex correlates
to pain sensation [21] and to empathy in situations related
to nonphysical contact [22], and it was found to be active
during empathy for pain task regardless of whether the par-
ticipants observed painful or non-painful stimuli [77]. The
right DLPFC activation was shown to play a role in psycho-
logical distancing from the emotional stimulus [31], while the
right somatosensory cortex is associated with empathy in sit-
uations related to physical contact [22]. According to these
previous studies, it might be plausible to state that the left-
hemispheric activation in the individual condition is related
to the cognitive regulation of the affective response towards
stimuli where the physical contact is not strongly enhanced.
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For instance, facial pain stimuli in the individual condition
require the adoption of regulatory strategies, thus engaging
more the left part of the DLPFC, which supports the down-
regulation of empathic response to pain. Conversely, the
right activation for the social condition could correspond to
an analysis of the social context in which is evident the dual
dimension and the physical contact between the two actors
in the scenario.

As a methodological note, it is interesting to point out
that in the present study most significant effects were also
found for the deoxygenated hemoglobin. The HHb signal
was here interpreted according to previous studies demon-
strating that neural activation is commonly followed by an in-
crease in fNIRS O2Hb and a corresponding decrease in HHb
signals [78]. Indeed, in studies comparing fNIRS to fMRI sig-
nal dynamic, it was shown how during stimulation, O2Hb
increases, whereas HHb decreases [79, 80], indicating an in-
crease in rCBF and regional cerebral blood volume (rCBV)
due to neurovascular coupling [81]. While, during the post-
stimulus period when rCBF returns to the baseline, O2Hb
was shown to decrease below, whereas HHb increases above
baseline values [82]. Herein, a decrease of HHb signal has
been interpreted as and results go in the direction of confirm-
ing previous O2Hb effects, but also in providing additional
interesting and relevant information.

This study is not without limitations. Indeed, firstly, in-
dependent verification of the effectiveness of interoceptive
attentiveness manipulation should be included in future re-
search, such as the inclusion of aVisual Analogue Scale (VAS)
monitoring and checking the attention to the internal state at
the end of each block. Secondly, future research should in-
tegrate a BIO-EEG-fNIRS recording to collect independent
and implicit measures of emotional response to the different
stimuli (in particular, about the individual/social condition,
that is a peculiarity of this experimental design). Thirdly, due
to the exploratory nature of this work, no sample size was
estimated based on the statistical power. Consequently, the
sample sizemust be expanded andmatched for gender to vali-
date and better generalize the observed findings. Because our
sample was small and mostly composed of women, its gener-
alizability and external validity are moderate and can be im-
proved in forthcoming works. To the best of our knowledge,
the literature on these processes is still limited and it would
be interesting to check the effect of gender variable in further
research.

5. Conclusions
To summarize, this study showed that, in the individ-

ual condition, higher brain responsiveness was detected for
painful confronted to non-painful stimuli, and a left/right
hemispheric lateralization was found for the individual and
social condition, respectively. In addition, both groups
showed higher DLPFC activation for face stimuli showed in
the individual condition confronted with hand stimuli in the
social condition. However, face stimuli activation prevailed

for the EXP group, suggesting this phenomenon has certain
features, namely it manifests itself in the individual condition
and for pain stimuli. It is possible to conclude that IA pro-
moted the recruitment of internal adaptive regulatory strate-
gies engaging mainly DLPFC regions towards emotionally
relevant stimuli.
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