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Laughter is a contagious prosocial signal that conveys bonding motivation;
adult crying conversely communicates desire for social proximity by signal-
ling distress. Endogenous mu-opioid receptors (MORs) modulate sociability
in humans and non-human primates. In this combined PET–fMRI study
(n = 17), we tested whether central MOR tone is associated with regional
brain responses to social signals of laughter and crying sounds. MOR avail-
ability was measured with positron emission tomography using high-
affinity agonist radioligand [11C]carfentanil. Haemodynamic responses to
social laughter and crying sounds were measured using functional magnetic
resonance imaging (fMRI). Social laughter evoked activation in the auditory
cortex, insula, cingulate cortex, amygdala, primary and secondary somato-
sensory cortex, primary and secondary motor cortex; crying sounds led to
more restricted activation in the auditory cortex and nearby areas. MOR
availability was negatively correlated with the haemodynamic responses
to social laughter in the primary and secondary somatosensory cortex, pri-
mary and secondary motor cortex, posterior insula, posterior cingulate
cortex, precuneus, cuneus, temporal gyri and lingual gyrus. For crying
evoked activations, MOR availability was negatively correlated with
medial and lateral prefrontal haemodynamic responses. Altogether our find-
ings highlight the role of the MOR system in modulating acute brain
responses to both positive and negative social signals.

This article is part of the theme issue ‘Cracking the laugh code: laughter
through the lens of biology, psychology, and neuroscience’.

1. Introduction
Humans and non-human primates use numerous vocalizations for maintaining
social bonds and proximity to their conspecifics. Laughter is a universally
recognized positive social expression occurring frequently in human social
interactions [1,2] and it is used for promoting social bonding [2,3]. Numerous
other primates [4,5] and rodents [6] also use laughter-like vocalizations for con-
veying prosocial motivation. For example, in macaques and chimpanzees
relaxed open-mouth vocalizations are associated with both play behaviour
and pair formation [4,7]. Functional and acoustic properties of this kind of
play signals are comparable in humans and other great apes, suggesting phylo-
genetic continuity on vocal communication of bonding motivation [8]. Crying is
also used for signalling the need for social contact in humans and other
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mammals [9,10]. Unlike laughter it is evoked when distress or
social distancing is experienced. Such distress cues engage
the separation distress circuit in the mammalian brain that
consequently modulate approach behaviour and social con-
tact seeking [11]. Due to the centrality of human social
attachment in well-being and mental health, it is imperative
to understand the molecular systems that support the proces-
sing of these distinct types of social attachment signals in the
human brain.

There are numerous functional and molecular parallels in
the cerebral processing of social bonding signals conveyed by
laughter and crying. Hearing adult laughter and crying
activate the amygdala, insula and auditory cortices [12–14],
whereas hearing infant crying activates the anterior insula,
the pre-supplementary motor area and dorsomedial prefron-
tal cortex and the inferior frontal gyrus, as well as thalamus
and cingulate cortices in adults [15]. At the molecular level,
human and animal studies converge in showing that the
endogenous mu-opioid receptor (MOR) system modulating
pleasurable and calm sensations [16] is an important mechan-
ism for modulating social motivation [17]. In vivo molecular
imaging studies in humans have shown that prosocial cues
including social laughter trigger central endogenous opioid
release [18], and that individual differences in MOR tone
are associated with stable patterns of socioemotional behav-
iour such as childhood and adult romantic attachment
styles [19,20]. Similarly to the effect of social laughter, sus-
tained sadness also induces endogenous opioid release [21],
while lowered endogenous MOR availability is associated
with depressed mood [22]. Furthermore, MOR antagonist
naltrexone amplifies negative feelings and subjective experi-
ence of pain when seeing others being hurt, suggesting the
opioidergic modulation of empathy evoked by distress sig-
nals [23]. In line of this, animal studies also suggest that
opioid agonists alleviate and antagonists potentiate separation
distress as quantified by crying-like distress vocalizations [24],
suggesting opioidergic contribution in processing distress
signals. However, it remains unresolved how the MOR
system tone is linked with phasic responses to vocal social
communicative signal.

Although it is generally agreed that MORs influence
sociability and emotions in mammals, the effects of MOR
on social behaviour seem to be species- and state-specific.
For instance, in non-human primates, opioid antagonist nal-
trexone increases social motivation while decreasing sexual
motivation [25,26], while in humans opioid agonists lead to
increased social motivation [27]. Human molecular imaging
studies on individual differences have found a predomi-
nantly positive association between baseline MOR tone
with trait-level sociability [18–20]. In the meanwhile, PET–
fMRI fusion imaging studies suggest that high MOR levels
may act as a buffer against arousing/alerting stimuli, thus
leading to lowered BOLD responses to corresponding stimuli
[28,29]. Against these findings, however, the interaction
between the trait-like MOR levels and the phasic BOLD
responses to social stimuli has not been studied. Based on
the previous studies, both positive and negative associations
could be expected. If the MOR system tone reflects the degree
of prosocial disposition, a positive association between MOR
availability and BOLD responses would be expected. How-
ever, if the MOR system provides a buffer against acute
responses to alerting or affectively arousing stimuli, a nega-
tive association between MOR tone and BOLD responses to

both positive and negative social communicative signals
would be expected.

(a) The current study
Here, we used fusion imaging with PET and fMRI to delin-
eate the functional and molecular brain systems involved in
the processing of social signals conveyed by laughter and
crying. We measured haemodynamic responses to social
laughter and crying sounds using fMRI while baseline
MOR availability was quantified with PET using high-affinity
agonist radioligand [11C]carfentanil. We then predicted
haemodynamic responses to laughter and crying with
regional MOR availabilities. We show that MOR availability
is linked with haemodynamic responses to both laughter
and crying, but that the spatial layout of these MOR–BOLD
interactions is distinct for the different vocalization types.

2. Methods
(a) Subjects
Seventeen healthy males (Age 29.2 ± 7.9; BMI 25.0 ± 2.2) volun-
teered for the study. The study was approved by the ethics
committee of the hospital district of South-Western Finland. The
study was conducted according to the declaration of Helsinki and
all subjects provided written consents for participating the study.

(b) PET data acquisition and preprocessing
PET data were acquired using a GE Healthcare Discovery 690
PET/CT scanner, on the same day with the fMRI measurement.
PET images were preprocessed using the automated PET data
processing pipeline Magia [30] (https://github.com/tkkarjal/
magia) running on MATLAB (The MathWorks, Inc., Natick,
MA, USA). Radiotracer binding was quantified using non-
displaceable binding potential (BPND), calculated as the ratio of
specific binding to non-displaceable binding in the tissue [31].
This outcome measure is not confounded with differences in
the peripheral distribution or radiotracer metabolism. BPND is
traditionally interpreted by target molecule density (Bmax),
although [11C]carfentanil is also sensitive to endogenous neuro-
transmitter release. Accordingly, the BPND for the tracer should
be interpreted as the density of the receptors unoccupied by
endogenous ligand (i.e. receptor availability). The binding poten-
tial was calculated by applying the basis function method [32] for
each voxel using the simplified reference tissue model [33], with
the occipital cortex serving as the reference region [34]. The para-
metric images were spatially normalized to MNI-space via
segmentation and normalization of T1-weighted anatomical
images, and finally smoothed with an 8 mm FWHM Gaussian
kernel. PET imaging with [11C]carfentanil has high test–retest
stability [35]. PET imaging always preceded fMRI to avoid the
potential impact of the fMRI tasks on measured MOR levels.

(c) fMRI data acquisition and analysis
(i) Experimental design and stimuli
In the vocal expression fMRI task, the subjects listened to short
laughter and crying vocalizations, or control stimuli that were
generated by the time-domain scrambling of the original
sounds. The original stimuli have been validated and described
in detail in [36]. The experiment was run using a blocked
design. In each 16.5 s block, five 2.5 s stimuli from one category
(i.e. laughter, crying sounds, scrambled laughter or scrambled
crying sounds) were played with a 1 s silent period between
stimuli (figure 1a). The blocks were interspersed with rest
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blocks lasting for 4–7 s. To keep participants focused on the task,
an animal sound (vocalization of an alpaca for 3 s) was presented
randomly with 50% chance during the rest blocks. The subjects
were instructed to press the response button whenever they
heard the alpaca, and the behavioural responses were inspected
to guarantee the focus of attention. A total of 32 blocks (eight
blocks per stimulus type) were run in randomized order.

(ii) fMRI data acquisition and preprocessing
Phillips Ingenuity TF PET/MR 3T whole-body scanner was used
for collecting the MRI data. Structural brain images with resol-
ution of 1 mm3 were acquired using a T1-weighted sequence
(TR 9.8 ms, TE 4.6 ms, flip angle 7°, 250 mm FOV, 256 × 256
reconstruction matrix). Brain structural abnormalities were
screened by a radiologist (JH). Functional MRI data were
acquired using a T2*-weighted echo-planar imaging sequence
(TR = 2600 ms, TE = 30 ms, 75° flip angle, 240 mm FOV, 80 × 80
reconstruction matrix, 62.5 kHz bandwidth, 3.0 mm slice thick-
ness, 45 interleaved slices acquired in ascending order without
gaps). A total of 290 functional volumes were acquired.

MRI data were processed using the fMRIPrep 1.3.0.2 [37].
Structural T1 images were processed following steps: correction
for intensity non-uniformity, skull-stripping, brain surface recon-
struction, spatial normalization to the ICBM 152 Nonlinear
Asymmetrical template version 2009c [38] using nonlinear regis-
tration with antsRegistration (ANTs 2.2.0) and brain tissue
segmentation. Functional MRI data were processed as follows:
co-registration to the T1 reference image, slice-time correction,
spatial smoothing with a 6 mm Gaussian kernel, automatic
removal of motion artefacts using ICA-AROMA [39] and resam-
pling to the MNI152NLin2009cAsym standard space. Image
quality was inspected visually for the whole-brain field of view
coverage, proper alignment to the anatomical image. Signal arte-
facts were assessed via the visual reports of fMRIPrep. All
functional data were thereafter included in the current study.

(iii) fMRI data analysis
The fMRI data were analysed in SPM12 (Wellcome Trust Center
for Imaging, London, UK, (http://www.fil.ion.ucl.ac.uk/spm).
The whole-brain random effects model was applied using a
two-stage process with separate first and second levels. For
each subject, GLM was used to predict the regional effects of
task parameters on BOLD indices of activation. Contrast
images were generated for laughter or crying sound versus
corresponding scrambled sounds and subjected to second-level
analyses. The statistical threshold was set at p < 0.05, FDR cor-
rected at the cluster level.

(d) PET–fMRI fusion analysis
(i) Region of interest definition
Seventeen region of interests (ROIs) were selected based on (i)
their role in emotional processing and high (ii) MOR expression
[16,28,40]. These ROIs include the frontal pole (FP), insula, orbi-
tofrontal cortex (OFC), anterior cingulate cortex (ACC) and
posterior cingulate cortex (PCC), and precuneus (PreCu), amyg-
dala, thalamus, ventral striatum, dorsal caudate, putamen,
hippocampus (HC) defined by the AAL atlas [41]. We also
included the subregions of the motor area, given their important
role processing social stimuli [42,43]; they were parcellated in the

Juelich Atlas with masks generated using the SPM Anatomy
toolbox [44]. These subregions include the primary motor
cortex (M1) corresponding to Brodmann areas (BA) 4a and 4b,
the supplementary motor area (M2) corresponding to BA6 [45],
the primary somatosensory cortex (S1) including BA3a, BA3b,
BA1 and BA2 [46,47], and the secondary somatosensory cortex
(S2) including parietal operculum 1–4 [48]. Finally, the auditory
cortex was defined using the Juelich Atlas combining TE 1.0,
TE1.1 and TE 1.2 [49] was included in the ROI set. Mean regional
MOR availabilities were extracted for each ROI.

(ii) Fusion analysis
Two different approaches were used for fusion analysis. In the
full-volume approach, voxel-wise BOLD responses to laughter
and crying were predicted with ROI-wise [11C]carfentanil avail-
abilities (i.e. separately for each ROI) using linear regression
analysis. The statistical threshold was set at p < 0.05, FDR cor-
rected at the cluster level. In a complementary methodological
approach, we also extracted subject-wise BOLD responses to
laughter and crying in the 17 ROIs described above. Sub-
sequently, MOR availabilities in these ROIs were correlated
(Pearson) with the corresponding regional BOLD responses to
characterize the regional interactions between MOR and BOLD
responses to laughter and crying. Correlation analysis was con-
ducted with R statistical software (v. 3.6.3).

Linear discriminant analysis (LDA) was used to test whether
the second-level contrast images obtained in the PET–fMRI
fusion analysis were statistically separable for laughter and
crying (17 images per category). First, voxel-wise parameter
estimates were extracted from all grey-matter voxels. The
dimensionality of the data was then reduced with principal com-
ponent (PC) analysis. The resulting PC scores for each image were
subjected to LDA with leave-one-out cross-validation, where the
classifier was trained on all but one contrast image and then
tested with the remaining image. This procedure was repeated
34 times so that each image was used as the hold-out image.

3. Results
Figure 2 shows the mean MOR distribution in the subjects.
MORs are widely distributed across the frontal, temporal,
parietal and subcortical brain regions.

Laughter versus scrambled laughter elicited activation inpri-
mary and secondary auditory cortices and adjacent temporal
regions, ACC and PCC, primary (S1) and secondary somatosen-
sory (S2) cortex, primary (M1) and secondary (M2)motor cortex,
medial frontal cortex, insula, amygdala, HC, striatum and thala-
mus (figure 3a). Crying sounds versus scrambled crying sounds
activated only the primary and secondary auditory cortices and
adjacent superior and middle temporal regions (figure 3b).
Direct contrast between laughter and crying showed signifi-
cantly stronger activations in regions including M1, S2,
thalamus, ACC and PCC, whereas the opposite contrast did
not reveal any significant activations (figure 3c).

(a) Fusion analysis
Next, we used regional MOR availabilities to predict BOLD
responses to laughter and crying. In general, the associations

2.5 s

1 s

16.5 s

1 s 1 s1 s

2.5 s 2.5 s 2.5 s 2.5 s
rest rest

4–7 s4–7 s

Figure 1. Experimental block design.
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were negative, but the spatial distribution of the effects was
markedly different for laughter and crying. Figure 4 shows
cumulative maps where voxel intensities indicate the
number of ROIs (out of 17) whose [11C]carfentanil BPND
was correlated ( p < 0.05, FDR corrected) with BOLD
responses to laughter and crying in each voxel. For laughter,
most consistent effects spanned the posterior cortical areas
including the M1, M2, S1, S2, posterior insula, PCC, inferior,
middle and superior temporal gyri, PreCu, cuneus, lingual
gyrus. For crying, the most consistent effects were found
for frontal cortical areas (including the inferior, middle,
superior and medial frontal gyri) and anterior insula. No
positive correlations were found for laughter. For crying
sound only limited number of ROIs showed positive corre-
lations with BOLD signals (electronic supplementary
material, figure S1), and these were limited in scope.
Region-wise fusion analysis maps are shown in electronic
supplementary material, figure S2. In a separate control
analysis, we generated the BOLD contrast between scrambled
laughter and scrambled crying sounds and predicted the
resultant BOLD contrast with the regional MOR availabilities.
This yielded only a limited number of small clusters focused
in the occipitotemporal cortices (electronic supplementary
material, figure S3), confirming that the primary analyses per-
taining opioidergic modulation of laughter and crying
evoked responses were specific to the socioemotional content
of the laughter and crying bursts.

(b) Linear discriminant analysis
The leave-one-out LDA classified the PET–fMRI fusion con-
trast images to the laughter and crying categories with the
accuracy of 97% (against naive chance level of 50%). Only
one contrast image obtained, when the BOLD responses to
laughter was predicted with amygdala BPND, was erro-
neously classified as belonging to the crying category.

(c) ROI-level correlations between MOR and BOLD
responses

For laughter, only the secondary somatosensory cortex (S2)
showed a correlation between MOR availability and BOLD
responses (figure 5a). For crying, no regional correlations
were found. In addition to within-region correlations, S2
MOR availability was correlated with BOLD response to
laughter in the auditory cortex. For crying, there were signifi-
cant correlations between MOR availability in M2 and BOLD
signals in the amygdala and the auditory cortex (figure 5b),
and these correlations were absent for social laughter. The
expanded plot of inter-ROI correlations is shown electronic
supplementary material, figures S4 and S5.

4. Discussion
Our main finding was that individual differences in cerebral
MOR availability are associated with functional BOLD
responses to both laughter and crying sound, yet the MOR-
dependent responses to laughter and crying have distinct
topographic patterns. MOR availability was associated with
haemodynamic responses to laughter in somatosensory and
motor cortices, posterior insula and temporal gyri, while
the corresponding effects for crying were focused in the
medial and lateral frontal cortex and anterior insula. These
data extend the prior work on MOR-dependent individual
differences in trait-level sociability by showing that the
MOR system governs human sociability also via modulating
acute processing of both prosocial and distress signals.

We observed, in general, a negative association between
MOR availability and haemodynamic responses to laughter
and crying. This accords with prior fusion imaging studies
showing that high MOR tone may downregulate acute
haemodynamic responses to both distressing and arousing
socioemotional events [28,29]. Yet, studies linking opioid
receptor signalling with trait measures of sociability have
typically observed a positive association between sociability
and MORs [19,20]. One way to reconcile these lines of evi-
dence is that while heightened MOR availability is linked
with increased trait-level sociability, it is simultaneously
associated with downregulation of arousing socioemotional
cues, such as vocal social bonding cues [50]. In other
words, although individual differences in (the relatively
stable) MOR tone are positively linked with sociability in
the long term, the acute effects of MOR system tone on
brain responses to social signals are opposite. This study
further highlights the complexity of opioidergic contribution
to social behaviour across different timescales.

(a) MORs modulate responses to prosocial signals
The BOLD-fMRI analysis revealed that while both laughter
and crying vocalizations reliably activated the auditory
cortices, laughter also increased activity throughout the
cingulate and somatosensory and motor cortices. Further-
more, laughter versus crying evoked significantly stronger
limbic and paralimbic activation patters. Laughter is a plea-
sant prosocial signal that is highly contagious [43], and
prior studies have consistently indicated that laughter also
induces activation of the motor and premotor areas [51].
This kind of ‘mirroring’ of social laughter may serve social
bonding purposes, as it allows laughter to effectively
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spread across large crowds [3]. At neuromolecular level,
social laughter evokes endogenous opioid release—an impor-
tant neurochemical response promoting social bonding [52].
Presumably, the laughter-induced opioid release and conco-
mitant pleasurable and relaxing sensations act a as a safety
signal, promoting future social engagement with the current
interaction partners. The present data imply that baseline
MOR availability could be a neurochemical proxy for indi-
vidual differences in responsiveness to prosocial cues, as
the haemodynamic responses to laughter vocalizations
depended on individual-specific MOR levels. These effects
were consistently observed in the somatosensory and motor
cortices. This finding accords with prior work on the role of

the MOR system in human social bonding which have
shown that individual differences in MOR tone are associated
with trait-like differences in social bonding motivation
[19,20]. Further, one human PET study has found that
social laughter increases opioid release in the thalamus and
insula, and that endogenous MOR tone positively predicted
the occurrence of laughter during social interaction [18].
Moreover, social laughter is associated with increased pain
threshold—an indirect assay of endogenous opioid release
[53], and pharmacological studies in non-human primates
suggest that opioid agonists and antagonists have a causal
role in modulating social bonding behaviour [26,54]. Here,
we extended these findings by showing that MOR tone also
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links with acute functional responses to perceiving others’
social bonding cues, i.e. the higher opioid tone an individual
had, the weaker the haemodynamic responses to laughter.

(b) MORs and distress signal processing
Previous PET studies have established that the MOR system
modulates responses to affiliative social cues such as laughter
and social touching [18,52]. We extended these data by show-
ing that MORs also modulated the processing of distress
vocalizations, possibly reflecting a MOR-mediated empa-
thetic response. This accords with prior pharmacological
studies showing that blocking the MOR signalling with nal-
trexone increases attention to both angry and happy facial
expressions [50], thus implicating MOR-modulated vigilance
towards both positive and negative social signals. Molecular
imaging studies in humans have found that sustained sad-
ness induces endogenous opioid release in humans [21],
and social rejection may trigger transient changes in
endogenous opioid peptide release [55]. Furthermore,
opioid-mediated placebo analgesia reduces empathetic con-
cerns and activity in the brain’s empathy circuit when
seeing others in pain. Conversely, the MOR blocker naltrex-
one increases negative feelings and subjective experience of
pain when seeing others being hurt [23]. Finally, one previous
PET–fMRI study found that striatal MOR availability is nega-
tively associated with haemodynamic responses in thalamus,
postcentral gyrus and insula during pain observation [28].
Although this study used naturalistic and uncontrolled
video stimuli, these results support the general role of
MORs in modulating responses to distress cues.

While MORs modulated responses to prosocial (laughter)
vocalizations primarily in the somatomotor and parietotem-
poral areas, the MOR-dependent responses to distress
vocalizations were found in the prefrontal lobe. This was
most prominently observed in the medial and prefrontal
cortex, which is well known for its role in for social inference
and decision making [56], and structural imaging studies
have shown that frontocortical volumes are associated with

the brevity of human social networks [57,58]. The present
studies raise the possibility that MOR-mediated responses
to others’ distress in the frontal cortex could be a putative
mechanism leading to helping those who are in distress
and concomitant strengthening of social bonds, highlighting
the MOR-dependent modulation of social motivation [59].
This distinction was also supported by the pattern classifi-
cation analysis, which was able to distinguish the MOR-
dependent response patterns to laughter and crying accu-
rately (97%) from each other.

The supplementary motor area (figure 4) showed the
greatest overlap for the MOR-dependent response to laughter
and crying. The supplementary motor area has crucial role in
action control [60–62], and it is possible that the presently
observed effects reflect MOR’s role in motor contagion of
emotions. Also, the peaks in the motor areas extended to
the most lateral regions of the motor cortices containing the
representation of facial movements, and thus it is possible
that the results reflect a MOR-mediated somatomotor ‘mir-
roring’ of the laughter and crying vocalizations. However,
the present data cannot provide direct evidence for this,
and we did not measure actual facial behaviour (e.g. using
facial EMG or video camera).

(c) Limitations
Our data are cross-sectional, and therefore we cannot con-
clude whether the links between MOR availability and
responses to bonding/distress cues reflect (i) genetically
determined individual differences in MOR availability [63]
contributing to differential patterns of social responsiveness
or (ii) downregulation of MOR neurotransmission resulting
from different social environments and social interaction pat-
terns. We also only scanned male participants and our results
may not generalize to females. Our sample size was limited
due to the complex PET–fMRI instrumentation; however,
the MOR density estimates based on [11C]carfentanil PET
are reliable even in small samples such as the current one
[35]. Finally, a single baseline scan cannot determine the
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Figure 5. ROI-level correlations between MOR availability and BOLD responses to laughter (a) or crying sound (b). Shaded area shows 95% CI. M2, secondary motor
cortex, S2, secondary somatosensory cortex.
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exact proportions for causal factors leading to altered recep-
tor availability which may be affected by changes in
receptor density, affinity or endogenous ligand binding [64].

5. Conclusion
We conclude that the central MOR system modulates the pro-
cessing of both prosocial and distress vocalizations with
different regional contributions. This significantly extends
the prior human work that has so far confirmed the contri-
bution of the MOR system to prosocial cues. The present
results also highlight that baseline MOR tone predicts acute
neural responses to both affiliative and distress cues, imply-
ing that MOR expression could underlie individual
differences in social and affiliative behaviour. Because social
attachment patterns are established over repeated exposures
to others social signals, individual differences in MOR tone
could explain why some individuals are more sensitive for
responding to social signals and consequently more likely
to establish social bonds. Taken together, the MOR system
is broadly linked with the processing of multiple aspects of
human social signals, and it may contribute to the modu-
lation of social closeness both when others are in distress
and seeking for social contact for enjoyment.

Ethics. The study was approved by the ethics committee of the hospital
district of South-Western Finland (permit no. 60/1801/2017). The
study was conducted according to the declaration of Helsinki and
all subjects provided written consents for participating the study.
Data accessibility. The current study is based on human subject PET–
fMRI data. Per Finnish legislation, the medical imaging data are con-
sidered sensitive personal information and cannot be publicly shared
even in anonymized format. Enquiries regarding the dataset can be
sent to Lauri Nummenmaa: by email to latanu@utu.fi or post to
Turku PET Centre c/o Turku University Hospital, Kiinamyllynkatu
4-8, FI-20520 Turku, Finland
Authors’ contributions. L.S.: conceptualization, data curation, formal
analysis, visualization, writing—original draft; L.L.: data curation,
writing—review and editing; V.P.: formal analysis, writing—review
and editing; H.K.: data curation, writing—review and editing; J.H.:
data curation, writing—review and editing; J.T.: writing—review
and editing; H.L.: writing—review and editing; S.S.: writing—
review and editing; L.N.: conceptualization, funding acquisition,
supervision, writing—original draft.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests Q2.
Funding. The study was supported by the Academy of Finland (grants
nos. 294897 and 332225, to L.N.), Valon Vuoksi Foundation (grants to
L.S. and L.L.) and Turku Collegium for Science and Medicine, the
University of Turku (to L.S.).
Acknowledgements. We thank the imaging team, especially the research
nurses, at the Turku PET Centre for facilitating the data collection.

References

1. Sauter DA, Eisner F, Ekman P, Scott SK. 2010 Cross-
cultural recognition of basic emotions through
nonverbal emotional vocalizations. Proc. Natl Acad.
Sci. USA 107, 2408–2412. (doi:10.1073/pnas.
0908239106)

2. Scott SK, Lavan N, Chen S, Mcgettigan C. 2014 The
social life of laughter. Trends Cogn. Sci. 18,
618–620. (doi:10.1016/j.tics.2014.09.002)

3. Dunbar RIM. 2012 Bridging the bonding gap: the
transition from primates to humans. Phil.
Trans. R. Soc. B 367, 1837–1846. (doi:10.1098/rstb.
2011.0217)

4. Preuschoft S. 1992 ‘Laughter’ and ‘Smile’ in Barbary
Macaques (Macaca sylvanus). Ethology 91,
220–236. (doi:10.1111/j.1439-0310.1992.tb00864.x)

5. Davila Ross M, J Owren M, Zimmermann E. 2009
Reconstructing the evolution of laughter in great
apes and humans. Curr. Biol. 19, 1106–1111.
(doi:10.1016/j.cub.2009.05.028)

6. Panksepp J, Burgdorf J. 2003 ‘Laughing’ rats and
the evolutionary antecedents of human joy? Physiol.
Behav. 79, 533–547. (doi:10.1016/S0031-
9384(03)00159-8)

7. Waller BM, Dunbar RIM. 2005 Differential
behavioural effects of silent bared teeth display and
relaxed open mouth display in chimpanzees (Pan
troglodytes). Ethology 111, 129–142. (doi:10.1111/j.
1439-0310.2004.01045.x)

8. Winkler SL, Bryant GA. 2021 Play vocalisations and
human laughter: a comparative review. Bioacoustics
30, 499–526. (doi:10.1080/09524622.2021.
1905065)

9. Newman JD. 2007 Neural circuits underlying crying
and cry responding in mammals. Behav. Brain Res.
182, 155–165. (doi:10.1016/j.bbr.2007.02.011)

10. Soltis J. 2004 The signal functions of early infant
crying. Behav. Brain Sci. 27, 443–458. (doi:10.1017/
s0140525(0400010x)

11. Panksepp J. 2003 Feeling the pain of social loss.
Science 302, 237–239. (doi:10.1126/science.
1091062)

12. Sander K, Scheich H. 2005 Left auditory cortex and
amygdala, but right insula dominance for human
laughing and crying. J. Cogn. Neurosci. 17,
1519–1531. (doi:10.1162/089892905774597227)

13. Sander K, Scheich H. 2001 Auditory perception of
laughing and crying activates human amygdala
regardless of attentional state. Cogn. Brain Res. 12,
181–198. (doi:10.1016/S0926-6410(01)00045-3)

14. Sander K, Brechmann A, Scheich H. 2003 Audition
of laughing and crying leads to right amygdala
activation in a low-noise fMRI setting. Brain Res.
Protoc. 11, 81–91. (doi:10.1016/S1385-
299X(03)00018-7)

15. Witteman J, Van Ijzendoorn MH, Rilling JK, Bos PA,
Schiller NO, Bakermans-Kranenburg MJ. 2019
Towards a neural model of infant cry perception.
Neurosci. Biobehav. Rev. 99, 23–32. (doi:10.1016/j.
neubiorev.2019.01.026)

16. Nummenmaa L, Tuominen L. 2018 Opioid system
and human emotions. Br. J. Pharmacol. (doi:10.
1111/bph.13812)Q3

17. Machin AJ, Dunbar RIM. 2011 The brain opioid
theory of social attachment: a review of the

evidence. Behaviour 148, 985–1025. (doi:10.1163/
000579511X596624)

18. Manninen S et al. 2017 Social laughter triggers
endogenous opioid release in humans. J. Neurosci.
37, 6125–6131. (doi:10.1523/JNEUROSCI.0688-16.
2017)

19. Nummenmaa L et al. 2015 Adult attachment style
is associated with cerebral μ-opioid receptor
availability in humans. Hum. Brain Mapp. 36,
3621–3628. (doi:10.1002/hbm.22866)

20. Turtonen O et al. 2021 Adult attachment system
links with brain mu opioid receptor availability in
vivo. Biol. Psychiatry Cogn. Neurosci. Neuroimaging
6, 360–369. (doi:10.1016/j.bpsc.2020.10.013)

21. Zubieta JK, Ketter TA, Bueller JA, Xu Y, Kilbourn MR,
Young EA, Koeppe RA. 2003 Regulation of human
affective responses by anterior cingulate and limbic
μ-opioid neurotransmissionQ4 . Arch. Gen. Psychiatry
60, 1145–1153. (doi:10.1001/archpsyc.60.11.1145)

22. Nummenmaa L et al. 2020 Lowered endogenous
mu-opioid receptor availability in subclinical
depression and anxiety. Neuropsychopharmacology
45, 1953–1959. (doi:10.1038/s41386-020-0725-9)

23. Rütgen M, Seidel EM, Silani G, Riečanský I, Hummer
A, Windischberger C, Petrovic P, Lamm C. 2015
Placebo analgesia and its opioidergic regulation
suggest that empathy for pain is grounded in self
pain. Proc. Natl Acad. Sci. USA 112, E5638–E5646.
(doi:10.1073/pnas.1511269112)

24. Herman BH, Panksepp J. 1978 Effects of morphine
and naloxone on separation distress and approach
attachment: evidence for opiate mediation of social

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

20210181

7379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

ARTICLE IN PRESS

RSTB20210181—25/7/22—17:11–Copy Edited by: Not Mentioned

http://dx.doi.org/10.1073/pnas.0908239106
http://dx.doi.org/10.1073/pnas.0908239106
http://dx.doi.org/10.1016/j.tics.2014.09.002
http://dx.doi.org/10.1098/rstb.2011.0217
http://dx.doi.org/10.1098/rstb.2011.0217
http://dx.doi.org/10.1111/j.1439-0310.1992.tb00864.x
http://dx.doi.org/10.1016/j.cub.2009.05.028
http://dx.doi.org/10.1016/S0031-9384(03)00159-8
http://dx.doi.org/10.1016/S0031-9384(03)00159-8
http://dx.doi.org/10.1111/j.1439-0310.2004.01045.x
http://dx.doi.org/10.1111/j.1439-0310.2004.01045.x
http://dx.doi.org/10.1080/09524622.2021.1905065
http://dx.doi.org/10.1080/09524622.2021.1905065
http://dx.doi.org/10.1016/j.bbr.2007.02.011
http://dx.doi.org/10.1017/s0140525(0400010x
http://dx.doi.org/10.1017/s0140525(0400010x
http://dx.doi.org/10.1126/science.1091062
http://dx.doi.org/10.1126/science.1091062
http://dx.doi.org/10.1162/089892905774597227
http://dx.doi.org/10.1016/S0926-6410(01)00045-3
http://dx.doi.org/10.1016/S1385-299X(03)00018-7
http://dx.doi.org/10.1016/S1385-299X(03)00018-7
http://dx.doi.org/10.1016/j.neubiorev.2019.01.026
http://dx.doi.org/10.1016/j.neubiorev.2019.01.026
http://dx.doi.org/10.1111/bph.13812
http://dx.doi.org/10.1111/bph.13812
http://dx.doi.org/10.1163/000579511X596624
http://dx.doi.org/10.1163/000579511X596624
http://dx.doi.org/10.1523/JNEUROSCI.0688-16.2017
http://dx.doi.org/10.1523/JNEUROSCI.0688-16.2017
http://dx.doi.org/10.1002/hbm.22866
http://dx.doi.org/10.1016/j.bpsc.2020.10.013
http://dx.doi.org/10.1001/archpsyc.60.11.1145
http://dx.doi.org/10.1038/s41386-020-0725-9
http://dx.doi.org/10.1073/pnas.1511269112


affect. Pharmacol. Biochem. Behav. 9, 213–220.
(doi:10.1016/0091-3057(78)90167-3)

25. Meller RE, Keverne EB, Herbert J. 1980 Behavioural
and endocrine effects of naltrexone in male talapoin
monkeys. Pharmacol. Biochem. Behav. 13, 663–672.
(doi:10.1016/0091-3057(80)90010-6)

26. Fabre-Nys C, Meller RE, Keverne EB. 1982 Opiate
antagonists stimulate affiliative behaviour in
monkeys. Pharmacol. Biochem. Behav. 16, 653–659.
(doi:10.1016/0091-3057(82)90432-4)

27. Chelnokova O, Laeng B, Eikemo M, Riegels J, Løseth
G, Maurud H, Willoch F, Leknes S. 2014 Rewards of
beauty: the opioid system mediates social
motivation in humans. Mol. Psychiatry 19,
746–747. (doi:10.1038/mp.2014.1)

28. Karjalainen T, Karlsson HK, Lahnakoski JM, Glerean
E, Nuutila P, Jääskeläinen IP, Hari R, Sams M,
Nummenmaa L. 2017 Dissociable roles of cerebral
μ-opioid and type 2 dopamine receptors in
vicarious pain: a combined PET-fMRI study. Cereb.
Cortex 27, 4257–4266. (doi:10.1093/cercor/bhx129)

29. Karjalainen T et al. 2018 Opioidergic regulation of
emotional arousal: a combined PET–fMRI study.
Cereb. Cortex (doi:10.1093/cercor/bhy281)

30. Karjalainen T et al. 2020 Magia: robust automated
image processing and kinetic modeling toolbox for
PET neuroinformatics. Front. Neuroinform. 14.
(doi:10.3389/fninf.2020.00003)Q5

31. Innis RB et al. 2007 Consensus nomenclature for in
vivo imaging of reversibly binding radioligands.
J. Cereb. Blood Flow Metab. 27, 1533–1539. (doi:10.
1038/sj.jcbfm.9600493)

32. Gunn RN, Lammertsma AA, Hume SP, Cunningham
VJ. 1997 Parametric imaging of ligand-receptor
binding in PET using a simplified reference region
model. Neuroimage 6, 279–287. (doi:10.1006/nimg.
1997.0303)

33. Lammertsma AA, Hume SP. 1996 Simplified
reference tissue model for PET receptor studies.
NeuroimageQ3 (doi:10.1006/nimg.1996.0066)

34. Frost JJ, Douglass KH, Mayberg HS, Dannals RF, Links
JM, Wilson AA, Ravert HT, Crozier WC, Wagner HN.
1989 Multicompartmental analysis of [11C]-carfentanil
binding to opiate receptors in humans measured by
positron emission tomography. J. Cereb. Blood Flow
Metab. 9, 398–409. (doi:10.1038/jcbfm.1989.59)

35. Hirvonen J, Aalto S, Hagelberg N, Maksimow A,
Ingman K, Oikonen V, Virkkala J, Någren K, Scheinin
H. 2009 Measurement of central μ-opioid receptor
binding in vivo with PET and [11C]carfentanil: a
test-retest study in healthy subjects. Eur. J. Nucl.
Med. Mol. Imaging 36, 275–286. (doi:10.1007/
s00259-008-0935-6)

36. O’Nions E, Lima CF, Scott SK, Roberts R, Mccrory EJ,
Viding E. 2017 Reduced laughter contagion in boys
at risk for psychopathy. Curr. Biol. 27,
3049–3055.e4. (doi:10.1016/j.cub.2017.08.062)

37. Esteban O et al. 2019 fMRIPrep: a robust
preprocessing pipeline for functional MRI. Nat.
Methods 16, 111–116. (doi:10.1038/s41592-018-
0235-4)

38. Fonov V, Evans A, Mckinstry R, Almli C, Collins D.
2009 Unbiased nonlinear average age-appropriate
brain templates from birth to adulthood.
Neuroimage 47, S102. (doi:10.1016/s1053-
8119(09)70884-5)

39. Pruim RHR, Mennes M, Buitelaar JK, Beckmann CF.
2015 Evaluation of ICA-AROMA and alternative
strategies for motion artifact removal in resting
state fMRI. Neuroimage 112, 278–287. (doi:10.
1016/j.neuroimage.2015.02.063)

40. Saarimäki H, Gotsopoulos A, Jääskeläinen IP,
Lampinen J, Vuilleumier P, Hari R, Sams M,
Nummenmaa L. 2016 Discrete neural signatures of
basic emotions. Cereb. Cortex 26, 2563–2573.
(doi:10.1093/cercor/bhv086)

41. Tzourio-Mazoyer N, Landeau B, Papathanassiou D,
Crivello F, Etard O, Delcroix N, Mazoyer B, Joliot M.
2002 Automated anatomical labeling of activations
in SPM using a macroscopic anatomical parcellation
ofQ3 the MNI MRI single-subject brain. Neuroimage
(doi:10.1006/nimg.2001.0978)

42. Lima CF, Krishnan S, Scott SK. 2016 Roles of
supplementary motor areas in auditory processing
and auditory imagery. Trends Neurosci. 39,
527–542. (doi:10.1016/j.tins.2016.06.003)

43. Warren JE, Sauter DA, Eisner F, Wiland J, Dresner
MA, Wise RJS, Rosen S, Scott SK. 2006 Positive
emotions preferentially engage an auditory-motor
‘mirror’ system. J. Neurosci. 26, 13 067–13 075.
(doi:10.1523/JNEUROSCI.3907-06.2006)

44. Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink
GR, Amunts K, Zilles K. 2005 A new SPM toolbox for
combining probabilistic cytoarchitectonic maps and
functional imaging data. Neuroimage 25, 1325–1335.
(doi:10.1016/j.neuroimage.2004.12.034)

45. Geyer S. 2004 The microstructural border between
the motor and the cognitive domain in the human
cerebral cortex. Adv. Anat. Embryol. Cell Biol. 174,
1–89. (doi:10.1007/978-3-642-18910-4)

46. Geyer S, Schormann T, Mohlberg H, Zilles K. 2000
Areas 3a, 3b, and 1 of human primary
somatosensory cortex. 2. Spatial normalization to
standard anatomical space. Neuroimage 11,
684–696. (doi:10.1006/nimg.2000.0548)

47. Grefkes C, Geyer S, Schormann T, Roland P, Zilles K.
2001 Human somatosensory area 2: observer-
independent cytoarchitectonic mapping,
interindividual variability, and population map.
Neuroimage 14, 617–631. (doi:10.1006/nimg.2001.
0858)

48. Eickhoff SB, Schleicher A, Zilles K, Amunts K. 2006
The human parietal operculum. I. Cytoarchitectonic
mapping of subdivisions. Cereb. Cortex 16,
254–267. (doi:10.1093/cercor/bhi105)

49. Morosan P, Rademacher J, Schleicher A, Amunts K,
Schormann T, Zilles K. 2001 Human primary auditory
cortex: cytoarchitectonic subdivisions and mapping
into a spatial reference system. Neuroimage 13,
684–701. (doi:10.1006/nimg.2000.0715)

50. Wardle MC, Bershad AK, De Wit H. 2016 Naltrexone
alters the processing of social and emotional stimuli

in healthy adults. Soc. Neurosci. 11, 579–591.
(doi:10.1080/17470919.2015.1136355)

51. Lavan N, Rankin G, Lorking N, Scott S, Mcgettigan
C. 2017 Neural correlates of the affective properties
of spontaneous and volitional laughter types.
Neuropsychologia 95, 30–39. (doi:10.1016/j.
neuropsychologia.2016.12.012)

52. Nummenmaa L et al. 2016 Social touch modulates
endogenous μ-opioid system activity in humans.
Neuroimage 138, 242–247. (doi:10.1016/j.
neuroimage.2016.05.063)

53. Dunbar RIM et al. 2012 Social laughter is correlated
with an elevated pain threshold. Proc. R. Soc. B
279, 1161–1167. (doi:10.1098/rspb.2011.1373)

54. Graves FC, Wallen K, Maestripieri D. 2002 Opioids
and attachment in rhesus macaque (Macaca
mulatta) abusive mothers. Behav. Neurosci. 116,
489–493. (doi:10.1037/0735-7044.116.3.489)

55. Hsu DT et al. 2013 Response of the μ-opioid system
to social rejection and acceptance. Mol. Psychiatry
18, 1211–1217. (doi:10.1038/mp.2013.96)

56. Amodio DM, Frith CD. 2006 Meeting of minds: the
medial frontal cortex and social cognition. Nat. Rev.
Neurosci. 7, 268–277. (doi:10.1038/nrn1884)

57. Lewis PA, Rezaie R, Brown R, Roberts N, Dunbar
RIM. 2011 Ventromedial prefrontal volume predicts
understanding of others and social network size.
Neuroimage 57, 1624–1629. (doi:10.1016/j.
neuroimage.2011.05.030)

58. Powell J, Lewis PA, Roberts N, García-Fiñana M,
Dunbar RIM. 2012 Orbital prefrontal cortex volume
predicts social network size: an imaging study of
individual differences in humans. Proc. R. Soc. B
279, 2157–2162. (doi:10.1098/rspb.2011.2574)

59. Meier IM, Van Honk J, Bos PA, Terburg D. 2021
A mu-opioid feedback model of human social
behavior. Neurosci. Biobehav. Rev. 121, 250–258.
(doi:10.1016/j.neubiorev.2020.12.013)

60. Hauk O, Johnsrude I, Pulvermüller F. 2004
Somatotopic representation of action words in
human motor and premotor cortex. NeuronQ3 (doi:10.
1016/S0896-6273(03)00838-9)

61. Willoughby WR, Thoenes K, Bolding M. 2021
Somatotopic arrangement of the human primary
somatosensory cortex derived from functional
magnetic resonanceQ3 imaging. Front. Neurosci.
(doi:10.3389/fnins.2020.598482)

62. Nachev P, Wydell H, O’neill K, Husain M, Kennard C.
2007 The role of the pre-supplementary motor area
in the control ofQ3 action. Neuroimage (doi:10.1016/j.
neuroimage.2007.03.034)

63. Weerts EM, Mccaul ME, Kuwabara H, Yang X, Xu X,
Dannals RF, James Frost J, Wong DF, Wand GS. 2013
Influence of OPRM1 Asn40Asp variant (A118G) on
[11C]carfentanil binding potential: preliminary
findings in human subjects.
Int. J. Neuropsychopharmacol. 16, 47–53. (doi:10.
1017/S146114571200017X)

64. Henriksen G, Willoch F. 2008 Imaging of opioid
receptors in the central nervous system. Brain 131,
1171–1196. (doi:10.1093/brain/awm255)

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

20210181

8442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

ARTICLE IN PRESS

RSTB20210181—25/7/22—17:11–Copy Edited by: Not Mentioned

http://dx.doi.org/10.1016/0091-3057(78)90167-3
http://dx.doi.org/10.1016/0091-3057(80)90010-6
http://dx.doi.org/10.1016/0091-3057(82)90432-4
http://dx.doi.org/10.1038/mp.2014.1
http://dx.doi.org/10.1093/cercor/bhx129
http://dx.doi.org/10.1093/cercor/bhy281
http://dx.doi.org/10.3389/fninf.2020.00003
http://dx.doi.org/10.1038/sj.jcbfm.9600493
http://dx.doi.org/10.1038/sj.jcbfm.9600493
http://dx.doi.org/10.1006/nimg.1997.0303
http://dx.doi.org/10.1006/nimg.1997.0303
http://dx.doi.org/10.1006/nimg.1996.0066
http://dx.doi.org/10.1038/jcbfm.1989.59
http://dx.doi.org/10.1007/s00259-008-0935-6
http://dx.doi.org/10.1007/s00259-008-0935-6
http://dx.doi.org/10.1016/j.cub.2017.08.062
http://dx.doi.org/10.1038/s41592-018-0235-4
http://dx.doi.org/10.1038/s41592-018-0235-4
http://dx.doi.org/10.1016/s1053-8119(09)70884-5
http://dx.doi.org/10.1016/s1053-8119(09)70884-5
http://dx.doi.org/10.1016/j.neuroimage.2015.02.063
http://dx.doi.org/10.1016/j.neuroimage.2015.02.063
http://dx.doi.org/10.1093/cercor/bhv086
http://dx.doi.org/10.1006/nimg.2001.0978
http://dx.doi.org/10.1016/j.tins.2016.06.003
http://dx.doi.org/10.1523/JNEUROSCI.3907-06.2006
http://dx.doi.org/10.1016/j.neuroimage.2004.12.034
http://dx.doi.org/10.1007/978-3-642-18910-4
http://dx.doi.org/10.1006/nimg.2000.0548
http://dx.doi.org/10.1006/nimg.2001.0858
http://dx.doi.org/10.1006/nimg.2001.0858
http://dx.doi.org/10.1093/cercor/bhi105
http://dx.doi.org/10.1006/nimg.2000.0715
http://dx.doi.org/10.1080/17470919.2015.1136355
http://dx.doi.org/10.1016/j.neuropsychologia.2016.12.012
http://dx.doi.org/10.1016/j.neuropsychologia.2016.12.012
http://dx.doi.org/10.1016/j.neuroimage.2016.05.063
http://dx.doi.org/10.1016/j.neuroimage.2016.05.063
http://dx.doi.org/10.1098/rspb.2011.1373
http://dx.doi.org/10.1037/0735-7044.116.3.489
http://dx.doi.org/10.1038/mp.2013.96
http://dx.doi.org/10.1038/nrn1884
http://dx.doi.org/10.1016/j.neuroimage.2011.05.030
http://dx.doi.org/10.1016/j.neuroimage.2011.05.030
http://dx.doi.org/10.1098/rspb.2011.2574
http://dx.doi.org/10.1016/j.neubiorev.2020.12.013
http://dx.doi.org/10.1016/S0896-6273(03)00838-9
http://dx.doi.org/10.1016/S0896-6273(03)00838-9
http://dx.doi.org/10.3389/fnins.2020.598482
http://dx.doi.org/10.1016/j.neuroimage.2007.03.034
http://dx.doi.org/10.1016/j.neuroimage.2007.03.034
http://dx.doi.org/10.1017/S146114571200017X
http://dx.doi.org/10.1017/S146114571200017X
http://dx.doi.org/10.1093/brain/awm255

	Mu-opioid receptor system modulates responses to vocal bonding and distress signals in humans
	Introduction
	The current study

	Methods
	Subjects
	PET data acquisition and preprocessing
	fMRI data acquisition and analysis
	Experimental design and stimuli
	fMRI data acquisition and preprocessing
	fMRI data analysis

	PET–fMRI fusion analysis
	Region of interest definition
	Fusion analysis


	Results
	Fusion analysis
	Linear discriminant analysis
	ROI-level correlations between MOR and BOLD responses

	Discussion
	MORs modulate responses to prosocial signals
	MORs and distress signal processing
	Limitations

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


