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SUMMARY

While research on facial expressions has traditionally focused on basic emotions, other spontaneous reac-
tions, especially those elicited through emotional contagion, are far more common in daily social interactions,
with facial movements playing a key role in conveying emotions. Here, we explore spontaneous facial expres-
sions of laughter, yawning, and mirror pain through a contagion experiment involving 32 participants. We
identified key facial action units and used landmark-based distances as morphometric features to capture
their dynamics. Our analysis revealed distinct patterns that separate these expressions from each other
and from neutral faces, particularly in the lower face. This work provides a curated set of action units and fea-
tures for the assessment of laughter, yawning, and mirror pain expressions, offering a valuable resource for
future spontaneous facial expression recognition studies.

INTRODUCTION

Emotional contagion, a fundamental mechanism in human social
dynamics, represents the tendency of individuals to automati-
cally mimic and synchronize their emotional states with others. '+
Two reflex-like mechanisms are involved in emotional contagion,
the unintentional imitation of the sender’s emotional expression,
the so called emotional mimicry, and some afferent feedback
from such mimicry eliciting the same emotional state in the
receiver.® This phenomenon plays a crucial role in shaping inter-
personal relationships facilitating empathy and social cohesion*
while allowing a better coordination of emotional responses and
behaviors within the group.® In environments with rapidly chang-
ing elements, the ability to learn from others’ emotional re-
sponses provides an evolutionary advantage for survival.
Indeed, groups can offer better prospects through communica-
tion and cooperation while rapidly sharing perceptions of poten-
tial threats.® The ability to share and understand emotions has
developed through several stages, suggesting that emotional
contagion developed gradually during evolution.”® In its early
stages, animals within a group displayed similar expressions in
response to a shared stimulus, like when all members became
alert in the presence of danger. Over time, this collective reaction
is transformed into something more complex: the expression of a
single individual could trigger the same response in others, even
without the original stimulus.® Social animals can indeed learn to
fear novel stimuli indirectly by witnessing the conspecific reac-
tions (@ phenomenon known as social fear learning), while hu-
mans can likely understand others’ feelings and anticipate their

actions often without conscious awareness.”'® As emotional
mimicry occurs through subtle, non-verbal cues, facial expres-
sions represent one of the primary channels for transmitting
and triggering social or defensive responses.’" The initial stages
of social cue encoding, such as the reaction to specific patterns
in facial expressions, may represent the initial phase of emotional
communication.

The way behavioral mimicry contributes to emotional conta-
gion varies across different species and expressions. Some-
times, it happens almost instantly, like when we quickly return
a smile, other times, it develops more slowly, as with yawning®'2
or mirror pain,'® with contextual factors and social goals that
significantly influence facial expressions’ occurrence and inten-
sity.™ In both humans and other animals, mimicry appears first
as a basic copying of facial movements that could or could not
lead to experience the emotion itself, thus creating a bridge be-
tween physical imitation and emotional sharing.® This process
aligns with the two-step model proposed by Dezecache
et al.,’® where emotional contagion first requires the observer
to recognize changes in the demonstrator’s behavior, followed
by the imitation of these behaviors along with experiencing the
corresponding emotion. Most importantly, this initial emotional
transmission occurs automatically, without necessarily requiring
conscious awareness of the other’s emotional state. This exten-
sive range of facial movements is allowed by the presence of
shared physical traits, influenced by different evolutionary pres-
sures and ecological niches that each species occupies. The
specific needs highlight the diversity of life and the complex
ways in which different species adapt to their surroundings.
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However, common anatomical features such as facial muscles
contribute to a growing body of evidence suggesting that the
evolution of facial expressions was not driven entirely by phylo-
genetic pressures, but that other socio-ecological factors had a
significant influence. Among the facial expressions most associ-
ated with this phenomenon, yawning, laughter, and mirror pain
are compelling examples of how possible emotional states can
spread quickly within social groups.

For example, while yawning serves several physiological func-
tions, such as brain cooling'® and increased alertness,'” its con-
tagious nature has gathered increased attention as studies
showed that observing or even thinking about yawning can
trigger the same response.'® The characteristic physiological re-
flex typically linked to boredom or drowsiness, according to Ka-
pitany and Nielsen'® may serve as a basic form of emotional syn-
chronization, potentially enhancing vigilance and social bonding,
as well as the broader concept of empathy.® Indeed, the sus-
ceptibility to contagious yawning appears to be linked to
empathic abilities: individuals with higher levels of empathy are
more likely to experience contagious yawning, while those with
conditions characterized by reduced empathy, such as autism
spectrum disorders, show decreased susceptibility.’> When
studying how yawning spreads between people, researchers
have found interesting patterns in facial responses.”’*?> Even
when people successfully stop themselves from yawning, their
facial muscles often show subtle activity patterns similar to
yawning. These small muscle movements indicate that our faces
automatically prepare to replicate others’ expressions, even if
we do not complete the action.?® This automatic response helps
explain why yawning is so contagious, as our facial muscles
react before we are even aware of it.° Additionally, studies
show that people are more likely to “catch” yawns from family
members and close friends than from strangers, implying that
social bonds strengthen this contagious response.®

Similarly, laughter plays a vital role in social interactions and
emotional regulation. The way humans laugh shares important
features with the “play face” expressions seen in other primates,
particularly in the brain areas involved and the way facial mus-
cles move. This similarity is not just coincidental, it means that
laughter started as a simple play signal and evolved into the
more complex social tool we use today; in fact, when people
laugh together, they use the same facial muscles and brain net-
works that other primates use during playful social interactions.”
Moreover, laughter appears very early in human development,
starting around 3-4 months of age, and typically happens during
playful interactions.?* As children grow, they develop the ability
to distinguish between genuine and social laughter, showing
how their understanding of social and emotional signals be-
comes more sophisticated.” Spontaneous laughter, opposed
to voluntary laughter,?® has specific properties and is more likely
to elicit contagious responses. Studies by Simonyan and Horo-
witz?® show that spontaneous laughter is preserved even in pa-
tients with bilateral damage to speech motor areas who cannot
speak or vocalize voluntarily, requiring less conscious control
and showing shorter response latencies.

Also mirror pain, the phenomenon where observers experi-
ence pain-like sensations when witnessing others in pain,
despite not undergoing any physical trauma themselves,*’
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shows comparing facial expressions during actual and observed
pain. Indeed, when people see others in pain, their facial muscles
often contract in patterns similar to those of the person actually
experiencing pain. These responses happen quickly and auto-
matically, demonstrating they are part of our basic social
connection system.® Brain imaging studies show that watching
others in pain activates some of the same brain regions that pro-
cess our own pain experiences.?®2° This shared neural activity,
supposedly mediated by the mirror neuron system,*° helps
explain why we might grimace when seeing someone hurt them-
selves.®'**? Shared and distinct neural networks for self-experi-
enced and empathized pain, support the idea that mirror pain ex-
tends beyond simple motor imitation to include deeply emotional
processes. The intensity of these responses is modulated by so-
cial context, indicating that external factors can influence the de-
gree of mirror pain experienced.*® Interestingly, these reactions
become stronger when we have closer relationships with the
person in pain, similar to how yawning and laughter spread
more easily between friends and family.®

Traditional methods of studying basic emotions have relied
heavily on behavioral observations and self-report measures.
However, the analysis of the action units (AUs) has become a
particularly promising approach for measuring and understand-
ing the relationship between facial expressions and the underly-
ing emotion.>* The Facial Action Coding System (FACS) and its
associated AUs have provided researchers with a standardized
method for describing facial movements.®>*¢ Each AU corre-
sponds to the movement of an individual muscle (Figure 1) or
specific muscle group of the face, identified by a number (AU,
AU2, etc.). AUs can manifest individually or in combination with
each other, and despite their limited number, over 7,000 different
combinations have been observed.

While FACS itself does not contain specific descriptions tied to
emotions, it is commonly used to interpret the nonverbal
communicative signals (i.e., facial expressions) associated with
emotional states. Although primarily focusing on basic emotions,
recently, some studies have identified particular AUs associated
with facial expressions of emotional contagion, providing foun-
dation for more systematic analysis on the more complex
emotional states (see Table 1 for a detailed description of AUs
in the emotional responses studied here).

Table 1 synthesizes current research on AUs associated with
laughter, yawning, and mirror pain. Laughter consistently fea-
tures AU12 (lip corner puller) and AU6 (cheek raiser) forming
the Duchenne smile pattern,®®®' typically accompanied by
mouth opening actions (AU25, AU26). Yawning is characterized
by pronounced mouth movements, particularly AU27 (mouth
stretch) as documented by Barbizet,”® along with eye move-
ments like AU43 (eye closure) and AU45 (blink).***” Mirror pain
displays a more complex pattern, presenting both upper face
movements (AU4, AU7, AU10) identified in Prkachin’s** work
and elaborated by Keltner®® and Goller et al.,*® along with various
lower face actions. The table also includes some selected com-
binations of AUs that have been observed to co-occur in this
emotional context.

Recent research on emotional contagion®” has identified gaps
in our understanding of facial dynamics. Specifically, re-
searchers have highlighted the need to expand beyond
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Frontalis (AU, AUZ) -

Corrugator supercilii (AU4) -
Depressor supercilii (AU4) -
Procerus .

Orbicularis oculi (AUE, AU7, AUZ2S,
AUAZ, AU43, AU44, AU4S, AUdE)

Nasalis -

Levator labii superioris
(AU9, AU10)

Levator anguli oris (AU13) -~

Orbicularis oris (AU22, AU23,
AlL24, ALZS)

Depressor labii inferioris (AU1E,
ALZ5,)

Mentalis (AU17, AU25) =

Depressor anguli oris (AU15)

measuring just basic muscle activations, like zygomaticus major
and corrugator supercilii, suggesting that a more comprehensive
analysis of multiple facial muscles would advance the under-
standing of how emotions spread. We address this research
gap by examining a broader range of AUs and their correspond-
ing facial landmark configurations in facial expressions linked to
contagious states. While emotional contagion involves the
broader process of emotional transmission, our study focuses
specifically on the observable facial expressions that initiate
this process. To avoid ambiguity, throughout this article we
reserve the term “mimicry” for discussing the theoretical
concept of expression replication, while referring to the observ-
able responses of our participants as facial manifestations. We
examine the facial expressions produced when participants
watch others’ emotional displays without any context. This
approach enables us to analyze how viewing someone else’s
expression leads to specific facial movements in the observer
without the influence of situational cues or conscious interpreta-
tion. Our study focuses on characterizing facial expressions
associated with laughter, yawning, and mirror pain, offering an
opportunity to obtain new insights of their distinctive manifesta-
tion through comprehensive AU analysis and corresponding
facial landmark measurements. Specifically, we aim to (1) iden-
tify and characterize specific AUs associated with each facial
expression resulting from emotional mimicry to laughing,
yawning and mirror pain reactions; (2) identify a set of morpho-
metric measures (in the form of landmark distances) associated
to every AU in exam; and (3) differentiate, on a statistical basis,
these facial responses from each other and from the neutral by
exploiting the descriptiveness of the selected morphometric
measures and, therefore, showing the validity of the proposed
AU mapping for these facial expressions.

To achieve these objectives, we implemented a two-phase
experimental protocol. In phase 1, we recorded spontaneous
facial expressions from participants viewing emotion-eliciting
video content, creating a validated stimulus set of facial displays
expressing laughter, yawning, and mirror pain. In phase 2, we
presented these isolated facial expressions (without audio or
contextual information) to a new participant group while

-~ Temporalis (AU28)

... Levator palpebrae (AUS, AUA4T)

- Zygomaticus minor (AU11)

= Zygomaticus major (AU12)

-= Pterygoids (AU26, AUZ7)

- Risorius (AU20)

"= Incisivil labii superioris (AU18)

~==-- Digastric (AU27)
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Figure 1. Examples of facial muscles and
their corresponding action units
Representation of key muscles, such as the fron-
talis, zygomaticus major and minor, orbicularis
oculi, and masseter, which contribute to expres-
sions related to emotions and communication.
This representation is illustrative rather than
exhaustive, showing selected facial muscles and
some of their associated AUs as representative
examples.®**’

Buccinator (AU14)

---- Masseter (AL2E)

recording their facial responses. We
analyzed these responses through both
qualitative and quantitative approaches.
The qualitative component involves vi-
sual observation of facial movements of
participants recorded during the visuali-
zation of emotional stimuli and their cor-
respondence to defined AUs. This is complemented by quantita-
tive analysis, which involves a statistical analysis of differences in
facial changes between neutral and emotional states and be-
tween different emotions using selected landmark distances.
This study allows for a detailed examination of facial expressions
that operate to express contagious emotional responses,
providing insights into the facial pattern of laughter, yawning,
and mirror pain expression.

Incisivii labii inferioris (AU18)

RESULTS

Identification of a consistent set of AUs and distances
for each emotion

An extended qualitative analysis identifying all AUs observed
across participants is provided in Method S1. Two to three
AUs were identified for each emotional category, selected from
those detected by the expert (FACS coder), that can be seen
in Figure S1 of the supplemental information. These sets were
chosen based on their consistency, representing the largest
number of subjects possible (n = 17), and their ability to be easily
identified through distances extracted from the positions of the
68 landmarks. The selected AUs were as follows: for laughter,
AU12 (lip corner puller) and AU25 (lip part) were identified as
characteristic for all subjects; for yawn, AU9 (nose wrinkler),
AU27 (mouth stretch), and AU43 (eye closure) were chosen; for
mirror pain, AU4 (brows lowerer), AU7 (lid tightener), and AU10
(upper lip raiser) were selected. A specific set of distances was
then defined for each AU, as indicated in Table 2 and in Figure 2.

Statistical results

We began processing the selected distances by evaluating their
median values and corresponding interquartile ranges in relation
to the neutral emotional state (AUOQ). To verify distance variations’
consistency for each specific AU compared to its neutral value,
we analyzed the expected behavior of each distance during
muscle activation involved in that AU. As shown in Figure 3, for
most distances, a decrease in value is expected compared to
AUO (distances associated with the eyebrows, nose, eyes, and
facial contour). However, certain distances, especially those
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Table 1. Facial action units reported in the literature for laughter, yawning, and mirror pain

AU12
Lip corner puller

AU6
Cheek raiser

AU25
Lip part

AU26
Jaw drop

AU27
Mouth stretch

AU7
Lid tightener

AU4
Brow lowerer

Laugh

Mirror pain

Laugh

Mirror pain

Laugh

Yawn

Mirror pain

Laugh

Yawn

Mirror pain

Laugh
Yawn
Mirror pain

Laugh
Mirror pain

Laugh

Yawn
Mirror pain

Keltner,® Littlewort et al.>° Sun
etal.’®

|.42 |.13

Lucey et al.”= Sun et al

Keltner,*® Niewiadomski and
Pelachaud*’

Prkachin,** Keltner,*® Cordaro
et al.*® Goller et al.*®

Keltner,*® Beermann et al.*® Drack
et al.®’
Vural et al.>* Menin et al.*’

Goller et al.*®

Keltner,*® Beermann et al.*® Drack
etal.”’

Li,*° Vural et al.>* Menin et al.*”
Littlewort et al.*®

Heesen et al.®' Kunz et al.***° Goller
etal.*®

Keltner*®
Li,*° Vural et al.>* Menin et al.*”
Goller et al.*®

Keltner,*® Beermann et al.*®

Prkachin,** Keltner,>® Cordaro
et al.*® Goller et al.*®

Darwin,®® Niewiadomski and
Pelachaud®’

Menin et al.*”

Prkachin,** Keltner,*® Cordaro
et al.*® Goller et al.*®

AU2
Outer brow raiser

AU20
Lip stretcher

AU43
Eye closure

AU45
Blink (ritmic AU43)

AU10
Upper lid raiser

AU17
Chin raiser

AU18
Lip puckerer

Laugh

Yawn

Laugh

Yawn

Yawn

Mirror pain

Yawn

Mirror pain

Mirror pain

Mirror pain

Drack et al.,*° Niewiadomski
and Pelachaud*’

Barbizet*

Drack et al.,*° Niewiadomski
and Pelachaud”’

Menin et al.*’

1,34 1,47

Vural et al Menin et al

Prkachin,** Keltner,*®
Cordaro et al.*®

Vural et al.,** Sikander and
Anwar*®

Prkachin,** Keltner,>®

Cordaro et al.,*> Goller et al.*®

Keltner,® Tessier et al.>*

Keltner*®

(Continued on next page)
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Table 1. Continued

AU5 Laugh Ruch and Ekman,® Niewiadomski AU23 Mirror pain Keltner,® Tessier et al.>*
Upper lid raiser and Pelachaud”’ Lip tightener
AU9 Laugh Ruch and Ekman,’® Niewiadomski AU24 Mirror pain Keltner®®
Nose wrinkler and Pelachaud”’ Lip pressor
Yawn Menin et al.*’
Mirror pain Prkachin,** Keltner,>® Cordaro
et al,*® Goller et al.*®
AU1 Laugh Drack et al.“® Niewiadomski and AU16 + AU25 Mirror pain Heesen et al.”’
Inner brow raiser Pelachaud*’ Lower lip depressor
+
Lip part
AU6 + Laugh Niewiadomski and Pelachaud,*’ AU6 + AU12 + AU25 Laugh Gironzetti et al.,*® Hofling
AU12 Dijk et al.°” Sachisthal et al®® Cheek raiser et al.,®® Niewiadomski
Cheek raiser + and Pelachaud”’
+ Lip corner puller
Lip corner puller +
Lip part

Includes Ekman’s visual representation,35 AU code, name, and relevant authors.
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Table 2. Distance sets for each emotional category and AU according to the 68 landmarks position

Emotion AU Distances
Laugh AU12 49-1, 49-2, 49-3, 49-37, 49-40, 49-28, 55-17, 55-16, 55-15, 55-46, 55-43, 55-28, 55-49, 61-65
AU25 62-68, 63-67, 64-66, 50-60, 51-59, 52-58, 53-57, 54-56
Yawn AU9 28-21, 28-22, 28-23, 28-24, 31-21, 31-22, 31-23, 31-24, 34-21, 34-22, 34-23, 34-24, 50-32, 54-36,
50-40, 54-43, 28-32, 28-33, 28-35, 28-36, 28-31, 40-32, 40-33, 40-35, 40-36, 43-32, 43-33, 43-35, 43-36
AU27 62-68, 63-67, 64-66, 50-60, 51-59, 52-58, 53-57, 54-56
AU43 38-42, 39-41, 44-48, 45-47
Mirror pain AU4 28-21, 28-22, 28-23, 28-24, 31-21, 31-22, 31-23, 31-24, 34-21, 34-22, 34-23, 34-24
AU7 38-42, 39-41, 44-48, 45-47
AU10 50-32, 54-36, 50-40, 54-43, 28-32, 28-33, 28-35, 28-36, 28-31, 40-32, 40-33, 40-35,

40-36, 43-32, 43-33, 43-35, 43-36

associated with the mouth, should instead increase to activate  pected change relative to the neutral condition for the AU to be
the specific AU properly. activated) and inconsistent activations (where the median varia-
A quantitative representation of the median values for each tion in distance does not align with the expected change relative
distance, along with the neutral reference and interquartile to the neutral condition for the AU to be activated) for each
ranges, is provided in Figures S2-S6, accompanied by a table distance.
detailing the numerical values of medians and interquartile Most features selected to represent the AU sets exhibited
ranges in Table S2. We evaluate and represent consistent activa-  consistent behavior with the activation of the corresponding
tions (where the median variation in distance aligns with the ex- AU (Table S2). However, three distances showed inconsistent

Selected AUs and distances for Laugh Selected Als and distances for Yawn Selected AUs and distances for Mirror pain
Wauiz Waus Waua
Wauzs Wauzy | EUN
Wavas Wauio
2l £
f #
I i
L] Jua Jaa m
! [l e
ol L - 4
Laugh: AU12 + AUZ5 distances Yawn: AUS + AU27 + AL43 distances ; Mirror Pain: AL + A7 + A0 distances
W consistert variation [ Consistort varintion B wot
[ mconsistont variation B Inconaistant variation nsistent variation

Bl inconaistent varintsan

Figure 2. Mapping facial distances across laughter, yawning, and mirror pain: identifying consistent vs. inconsistent AU behavior relative to
neutral

On the top, representation of initial distance sets for each emotional category and AU according to the 68 landmarks position. On the bottom, representation of
distances that exhibit consistent behavior (in green) and inconsistent behavior (in orange) compared to the expected one with reference to AUO (neutral facial
expression). From left to right, laughter (AU12, AU25), yawning (AU9, AU27, AU43), and mirror pain (AU4, AU7, AU10). See also Figure S2 for laughter (AU12,
AU25), Figure S3 for yawning (AU9), Figure S4 for yawning (AU27, AU43), Figure S5 for mirror pain (AU4, AU7), Figure S6 for mirror pain (AU10), and Table S2.

6 iScience 29, 115042, March 20, 2026
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LAUGH
Pk
AU 27 o
1k
MIRROR PAIN
AU 4 i AU7 —_n
: I I

Figure 3. Selected AU landmark distances and expected changes relative to neutral across laughter, yawning, and mirror pain
Representation of the selected AU and Euclidean distances with their corresponding landmarks and Ekman’s depiction alongside®® for laugh (AU 12, AU25), for

yawn (AU 9, AU27, AU43), and for mirror pain (AU 4, AU7, AU10). The distances in purple are those that should theoretically decrease compared to the neutral
state for activation of the corresponding AU, while those in blue should increase. See also Figure S1.
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Figure 4. BWV Results
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Diagram showing the BWV values for each distance, arranged in descending order. On the x axis there are distance labels, while on the y axis there are BWV
values. The discriminative distances are enclosed in a purple box (cut off BWV = 1, indicated by a dashed line), with their corresponding landmarks and Euclidean

distances displayed on the top right. See also Figure S14.

patterns. For AU9 (nose wrinkler) in yawn, features 54-36 and 50-
32 displayed higher median values compared to the neutral
reference, when ideally these values should be lower for correct
AU activation (Figure S3). Similarly, for AU10 (upper lip raiser) in
mirror pain (Figure S6), distance 40-36 deviated from the ex-
pected pattern, showing values higher than neutral when reduc-
tion was expected (complete median and interquartile range
values in Table S2). Figure 2 represents the initial distance sets
for each emotional category and illustrates the facial locations
of these features, highlighting distances with consistent activa-
tion (green) versus those with inconsistent behavior (orange).
Overall, the selected distances generally showed marked activa-
tions compared to neutral, except for AU10 in mirror pain, which
exhibited values similar to neutral (Table S2; Figure S6).

Analyzing the consistency relative to neutral values can pro-
vide valuable insights into facial patterns. Since some distances
are shared across multiple AUs and emotional categories, this
preliminary analysis helps identify movements common to
several facial expressions and those specific to a particular
emotional state.

The Friedman test results reveal that most features have a p
value below 0.05, indicating at least one significant difference
between emotional categories for each distance (see Table S3
for complete statistical results). Not significant distances, mean-
ing that these distances are not informative in discriminating our

8 iScience 29, 115042, March 20, 2026

set of emotional categories, are 34-22, 34-23, 40-35, 40-36, 43-
32, 43-33 (Figure S7). For the distances that were found to be
significant in the Friedman test, the post hoc Conover test iden-
tified additional distances as non-discriminative of the emotional
states considered, namely 31-22, 43-35, 31-23, 40-33, 28-31,
34-24, 28-23, 34-21, 28-35, 28-33 (as can be seen in Figure S7).

The between/within class variability (BWV) analysis led to the
results shown in Figure 4. The chart displays BWV values sorted
from highest (left) to lowest (right) for each distance. We can see
that the discriminative distances are 50-60, 54-56, 53-57, 51-59,
52-58, 54-36, 63-67, 62-68, 64-66, and 55-46, while all the other
distances have a BWV value lower than one.

The results of the post hoc Conover test for the distances
found to be discriminative from the BWV analysis can be seen
in Figures S8 and S9. Across all significant pairwise compari-
sons, a bootstrap analysis (n_boot = 1,000) estimating the vari-
ability of the mean r was conducted. The average standardized
effect size on the significant pairs was large (r = 1.105 + 0.313,
95% Cl, [1.050, 1.157]). Despite the overall large effect, vari-
ability across pairs suggests that some emotional distinctions
were stronger than others, see Figure 5.

The most discriminative features, identified through BWV anal-
ysis, are located in the mouth area (Figure 4). Post hoc Conover
test results showed that inner mouth distances (63-67, 62-68,
64-66, 55-46) had the strongest discrimination, with significant
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differences (p < 0.001) between all emotional category combina-
tions (laughter, yawning, and mirror pain) (as can be seen in
Figure S9). In contrast, outer mouth distances (50-60, 53-57,
51-59, 52-58) could not discriminate between laughter and
mirror pain (p values ranging from 0.056 to 0.150). Distance
54-36 was particularly effective at distinguishing laughter from
other emotions (p < 0.001), while yawn-related distances
showed significant differences against all other categories
except for distance 54-56 in the yawn-laugh comparison (p =
0.053) (Figure S8). Eye-related distances (38-42, 44-48) effec-
tively discriminated yawning against all other emotions
(p < 0.001) but could not distinguish laughter from mirror pain
(p > 0.290) (Figure S12). Eyebrow distances showed significant
results specifically for mirror pain versus all other emotional cat-
egories (p < 0.001) (Figure S13).

Emotional alignment and validation of stimuli

The percentage of participants who reacted at least once to a
stimulus for each emotion was computed as a measure of
emotional reactivity aligned with the presented stimuli. In total,
29 reactive participants and 3 who never showed emotional re-
action throughout the entire experiment were identified. Specif-
ically, 20 participants reacted to laughter, 23 to yawning, and 15
to mirror pain, out of a total of 32 participants, resulting in a
62.5% for laugh, 71.87% for yawn, and 46.88% for mirror pain.
The results of plots comparing the intensity of distances of par-
ticipants (n = 29), stimuli, and neutral conditions, along with the
corresponding statistical tests used to assess the significance
of distribution differences can be seen in Figure 6 for laugh
AUs (12, 25), in Figure 7 for yawn AUs (9, 43, 27) and in
Figure 8 for mirror pain AUs (4, 7). The neutral baseline (orange
violin’s boxplot in Figures 6, 7, and 8) was calculated using a
fixed group of 17 participants selected from the reduced dataset

Yawn
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Figure 5. Average pairwise heatmap of mean
effect size across emotional category for
post hoc Conover test

Each cell shows the mean absolute value of the
effect size r between two emotional conditions
(mirror pain, neutral, laugh, and yawn), averaged
over all significant features and pairs. The color in-
tensity reflects the magnitude of the effect: lighter
tones indicate smaller effects, while darker orange
areas represent stronger pairwise differences be-
tween emotions. See also Table S3.

- 1.0

Irl (mean effect size)

based on FACS coder validation, ensuring
standard neutral expressions. This group
was kept constant across all comparisons
with other emotions. Intensity analyses
included only participants who expressed
the target emotional state.

For laughter (Figure 6), the Mann-
Whitney U test showed that all distances
between the various groups were signifi-
cant, except for distances 49-28 and 55-
43 of AU12 between participants and stim-
uli. For yawning (Figure 7), AU43 was the
only one showing no significant difference between participants
and stimuli. For mirror pain (Figure 8), distances 44-48 and 45-47
of AU7 were not significant between stimuli and neutral
conditions.

Figure 9 shows the results of the unsupervised clustering (k-
means, k = 4), based on the mouth distance features (discrimina-
tive according to the BWV analysis). The plot in Figure 9A shows
the distribution of data along the first two principal components
(PC1 and PC2) differentiated according to the clustering assign-
ments, while the matrix in Figure 9B provides a quantitative sum-
mary of label representation within each cluster, illustrating both
the internal composition of clusters and the distribution of each
emotional category across them.

-0.9

DISCUSSION

Emotional alignment and quantitative and qualitative
analysis of AUs

The present study aimed to identify facial AUs associated with
laughter, yawning, and mirror pain, which exhibit contagious
properties. To investigate mediated emotional contagion, we de-
signed an experimental paradigm in which emotional states were
first elicited in a group of participants through audiovisual stimuli
and subsequently transmitted to a second sample via the re-
corded facial expressions alone. This design allowed us to test
whether emotional facial signals could propagate in the absence
of direct contextual cues, thus assessing the transitive nature of
emotional transmission.

Our results indicated that laughter and yawning can be vicar-
ious transmitted, albeit with reduced intensity and variability
across individuals, whereas mirror pain showed weaker and
less consistent resonance. Specifically, yawning elicited re-
sponses in 71.87% of participants, followed by laughter
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Figure 6. Laughter-related boxplots and violin plots of concordant emotional transmission and Mann-Whitney U test

Intensity values (y axis) and their distributions across participants (n = 29) for the subject (green), stimulus (purple), and neutral (orange) conditions are indicated for
each distance (x axis) at which a statistically significant difference between laughter and neutral conditions was detected by the Conover post hoc test. Laughter-
related action units are shown separately (AU12 at the top and AU25 at the bottom). Results of pairwise comparisons using two-tailed Mann-Whitney U test are
reported above each plot, with non-significant comparisons indicated as NS. See also method S2.1.

(62.50%) and mirror pain (46.88%). Participants rarely replicated
the exact facial configurations or intensity of the original stimuli.
This attenuation was expected, as transitive emotional conta-
gion is known to produce attenuated expressive responses
than direct emotional engagement, as previously discussed by
Dezecache et al.®®

Yawning emerged as the most consistently reactive expres-
sion, with responses occurring across variable temporal win-
dows. Intra- and inter-participant variability was evident in
both response modality and intensity. While some individuals

10  iScience 29, 115042, March 20, 2026

attempted to suppress their reactions (e.g., covering their
mouth), most exhibited attenuated yet observable facial re-
sponses. Whether yawning reflects a purely automatic motor
response or carries an emotional component remains an
open question.

Laughter also elicited valence-congruent reactions, typically
expressed as smiles rather than full laughter, likely due to the
absence of auditory cues. It is noteworthy that laughter involves
complex motor coordination, including rhythmic facial and dia-
phragmatic movements, whereas smiles may serve as its
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Figure 7. Yawning-related boxplots and violin plots of concordant emotional transmission and Mann-Whitney U test

Intensity values (y axis) and their distributions across participants (n = 29) for the subject (green), stimulus (purple), and neutral (orange) conditions are indicated for
each distance (x axis) at which a statistically significant difference between yawning and neutral conditions was detected by the Conover post hoc test. Yawning-
related action units are shown separately (AU9 and AU43 at the top and AU27 at the bottom). Results of pairwise comparisons using two-tailed Mann-Whitney U
test are reported above each plot, with non-significant comparisons indicated as NS. See also Method S2.1.

simplified counterpart, a weaker form of laughter, or its
precursor, retaining social and affective functions without
vocalization.>%:64-57

Mirror pain proved to be the most ambiguous emotional state.
Facial responses ranged from partial replication (often limited to
the upper face) to expressions of doubt, curiosity, or even cheer-
fulness. These findings suggest that mirror pain relies more
strongly on contextual and interpretive cues than laughter or
yawning, limiting its transmission through facial signals alone.
As discussed in prior literature, emotional mimicry may occur
automatically,®®®° even under subliminal or constrained percep-

tual conditions. However, contextual and social variables, such
as perceived similarity, social intent, group affiliation, and coop-
erative dynamics, can modulate the likelihood and intensity of
emotional contagion.”®”" Our findings suggest that certain
emotional states, particularly laughing and yawning, possess
transitive properties capable of propagating across individuals
even in the absence of direct context. In contrast, the replication
of mirror pain requires additional interpretive cues. Building on
the framework of Dezecache et al.,’® we agree that emotional
signal coordination between sender and receiver may be evolu-
tionarily stable only when reciprocation confers mutual benefit,
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Figure 8. Mirror pain-related boxplots and violin plots of concordant emotional transmission and Mann-Whitney U test

Intensity values (y axis) and their distributions across participants (n = 29) for the subject (green), stimulus (purple), and neutral (orange) conditions are indicated for
each distance (x axis) at which a statistically significant difference between mirror pain and neutral conditions was detected by the Conover post hoc test. Mirror
pain-related action units are shown (AU4 and AU7). Results of pairwise comparisons using two-tailed Mann-Whitney U tests are reported above each plot, with

non-significant comparisons indicated as NS. See also Method S2.1.

implying that, for some emotional states as mirror pain in our
case, individual and social factors are essential for decoding
and responding appropriately.

Qualitative and quantitative analyses revealed that specific
facial distances, particularly those related to vertical mouth
movements, provided strong discriminatory power across
emotional categories. Laughter was characterized by AU6
(cheek raiser), AU12 (lip corner puller), and AU25 (lip part),
consistent with prior literature.*'*°°° While AU7 (lid tightener)
and AU4 (brow lowerer), can appear in intense laughter,® they
were primarily associated with mirror pain in our sample, indi-
cating subdued laughter responses (Figure S1). The predomi-
nance of AU12 with AU6 confirms that eye squinting in laughter
results from AU6 activation rather than AU7.°%*® AU12 can
appear independently in subtle smiles or combined with AU25,
which shares distance parameters with AU27 (mouth stretch)
in yawning but induces smaller increases in mouth opening dis-
tances. AU12 corresponded to expected distance patterns,
including characteristic horizontal mouth expansion (distances
61-65, 55-49), effectively distinguishing laughter from other
emotions (see Table S2; Figure S2).

Yawning was the most frequently expressed emotional state,
primarily characterized by AU27 (mouth stretch) at varying inten-
sities. Suppressed yawns involved AU9 (nose wrinkler), AU43
(eye closure) at multiple intensities (AU43i-AU43iii), and AU45
(blink), with behavioral indicators such as mouth covering re-
flecting social inhibition.?” AU17 (chin raiser), shared with mirror
pain, was also present (Figure S1). AU9, which shares measure-
ment parameters with AU4 (brow lowerer) and AU10 (upper lip
raiser), typically yielded distance reductions; however, excep-
tions in measurements 54-36 and 50-32 showed increases due

12 iScience 29, 115042, March 20, 2026

to co-activation with AU27 (Table S2; Figure S3). Isolated
AU27 activation produced widespread distance increases char-
acteristic of traditional yawns, while combined AU27 and AU9
activation resulted in smaller values defining suppressed yawns.
Yawning exhibited greater facial expressiveness than mirror
pain, with wider interquartile ranges and participant variability.
AU43, defined by the same distances as AU7 (lid tightener),
demonstrated marked reductions consistent with full eye
closure, while AU27 produced substantial increases in mouth-
related distances, validating these metrics for distinguishing
yawning from laughter and mirror pain.

Mirror pain elicited the greatest inter-individual variability, pri-
marily featuring AU4 (brow lowerer), AU7 (lid tightener), and
AU10 (upper lip raiser) at low intensities. Additional less
commonly documented AUs included AU15 (lip corner
depressor), AU24 (lip pressor), and AU5 (upper lid raiser), with
one subject exhibiting AU14 (dimpler), interpreted as empathetic
expression. Eye narrowing resulted primarily from AU7 (orbicula-
ris oculi contraction) emphasized by concurrent AU4 (brow fur-
rowing), with participants displaying varied AU4 intensity levels
(Figure S1). Facial distances associated with AU4 and AU7
decreased as expected, with median values aligned with theo-
retical predictions. AU4 exhibited more pronounced reductions
than AU10 (marked decreases in distances 28-21, 28-22, 28-
23, 28-24 versus moderate changes in landmarks 31, 34), indi-
cating stronger upper-face expressiveness relative to the midfa-
cial region (Table S2; Figures S5 and S6). For AU10, distances
generally decreased versus neutral except for landmark 40-36,
which showed a slight increase. However, AU10 exhibited
lower-than-anticipated magnitude changes and modest devia-
tions from neutral, attributable to limited facial expressiveness,
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Figure 9. Results of the stimuli clustering using k-means with k = 4

(A) displays the distribution of data along PC1 (x axis) and PC2 (y axis) components, colored by cluster assignment (0 = blue, 1 = orange, 2 = green, 3 = pink).
(B) (B.1) shows the percentage of all samples from each label that fall into each cluster (i.e., label distribution across clusters) and (B.2) shows the percentage of
each emotional category within the cluster (i.e., cluster composition). The cells corresponding to the highest value for each label are highlighted in turquoise. See

also Method S2.2.

pronounced inter-individual variability, and potential landmark
detection imprecision in the upper face and nasal regions.

Interestingly, as shown in Table 1 and supported by prior liter-
ature, several AUs were shared across multiple emotional cate-
gories. AU12 (lip corner puller) and AU25 (lip part), prominent in
laughter, have been documented in mirror pain.'®%>¢ While
AUA43 (eye closure) appeared in yawning, it is also linked to mirror
pain in literature,*®***® though AU7 (lid tightener) was more
prevalent in our observations. AU27 (mouth stretch), observed
with varying intensities that some authors categorize as distinct
AUs including AU25 and AU26 (jaw drop),3**°*7° is typically
expected in laughter®® but predominated as AU25 in our sample,
with AU27 occasionally present in mirror pain. AU4 (brow low-
erer), amirror pain hallmark, is cited in the literature as potentially
present during yawning®” but was absent in our subjects. AU9
(nose wrinkler), strongly associated with yawning, is also
described in laughter and mirror pain contexts,®%%445° though
AU10 (upper lip raiser) was more consistently observed in our
mirror pain data while AU9 was absent in laughter.

The selective occurrence of AUs across emotional states rein-
forces the notion that facial expressions can be discriminated by
specific motor configurations, despite challenges in consistently
capturing all muscle activations. Indeed, several AUs reported in
prior studies were not observed in our data, including AU16
(lower lip depressor) in conjunction with AU25, AU18 (lip puck-
erer), and AU23 (lip tightener) in mirror pain; AU20 (lip stretcher)
in laughter and yawning; and AU26 (jaw drop) across all three
categories (see Table 1). Conversely, we identified AUs not
widely referenced in the literature, such as AU6 (cheek raiser),
AU17 (chin raiser), and AU38 (nostril dilator) in suppressed
yawns, as well as AU5 (upper lid raiser), AU14 (dimpler), and
AU15 (lip corner depressor) in mirror pain. Visual representations
of these AUs are provided in Table S1.

To enhance the robustness of our quantitative analysis in
capturing subtle facial expressions, we employed Friedman
and Conover statistical tests to identify non-significant distances
that do not effectively discriminate between emotional cate-
gories. The results indicated that the majority of distances
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yielded p values below 0.05, confirming statistical significance
for at least one emotional group comparison. The discriminatory
power of these distances was further validated through BWV and
Conover post hoc test statistical results, where numerous
emotion pairs also exhibited p values below the 0.05 threshold.
Conversely, distances that failed to demonstrate discriminatory
capacity (refer to Figure S7 for visual details) were primarily
located in the central region of the face, including the nose and
eyebrow areas. Notably, these non-discriminatory distances
corresponded with the lowest BWV values, suggesting limited
contribution to emotional differentiation (as can be seen in
Figure S14).

Yawning was the most distinctly differentiated emotional
state, as reflected in the median and interquartile range analysis
as well as in the Conover test. This trend was evident across
discriminative facial features, including distances 50-60, 54-56,
53-57, 51-59, 52-58, 63-67, 62-68, 64-66, and 55-46
(Figures S8 and S9). Laughter also displayed unique discrimina-
tive markers, with distances 54-36 and 55-46 and, also, 61-65
and 55-49 (Figure S11) yielding statistically significant p values
in comparison to other emotional categories, thereby reinforcing
their relevance in identifying laughter expressions. In the case of
mirror pain, inner mouth distances proved particularly effective
for differentiation, especially when contrasted with yawning
and laughter. Conversely, outer mouth distances showed stron-
ger discriminative power when compared to yawning alone.
These findings align with earlier analyses indicating that vertical
mouth metrics are good discriminators, not only for yawning, but
also for laughter and mirror pain. Overall, the features identified
through the BWV analysis have confirmed these features can
distinguish better than other facial regions between the targeted
emotional states.

Beyond the top ten discriminative distances, those with BWV
values below one were further analyzed using the Conover post
hoc test. Distances associated with the mouth, eyes, and facial
contour demonstrated strong discriminatory power for laughter
(Figure S10). Eye-related distances (Figure S12) showed statisti-
cal significance across nearly all emotional categories except
between mirror pain and laughter, reflecting shared mecha-
nisms, AU7 (lid tightener) in mirror pain and AU6 (cheek raiser)
in laughter both produce partial eye closure, reducing discrimi-
nation efficacy between these states.

Upper facial distances, particularly those associated with
eyebrow movement (28-24, 28-22, 28-21), effectively distin-
guished mirror pain from laughter and neutral conditions where
eyebrow activity is less prominent (Figure S13). However, differ-
entiating mirror pain from yawning proved more challenging due
to overlapping AU activation, AU4 (brow lowerer) and AU10 (up-
per lip raiser) in mirror pain (low intensities) and AU9 (nose wrin-
kler) in suppressed yawning, leading to expression convergence
that complicates classification.

Notably, distances with the lowest BWV values were concen-
trated in the upper facial region (Figure 4), indicating reduced
discriminative power and highlighting the need for future
research in this area. The limited performance of upper facial
metrics may be attributable to decreased landmark detection
accuracy (especially around eyebrows), potentially influenced
by electrode placement and image quality, and the inherent
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anatomical constraint that upper face musculature exhibits
less variability and motion compared to the more expressive
lower face. See Figure 10 for an integrated representation of
AUs and statistical results for each emotional state.

Validation of stimuli
Boxplots and violin plots were used to visually inspect the distri-
bution of distances across stimuli, participants, and neutral
reference conditions (Figures 6, 7, and 8). Mann-Whitney U tests
revealed distinct patterns for each emotional state (detailed re-
sults in Method S2.1).

For laughter, AU12 (Lip Corner Puller) and AU25 (Lip Part) ex-
hibited consistent directional trends between participants and
stimuli relative to neutral expressions, with statistically signifi-
cant deviations congruent with expected AU activation. Howev-
er, significant intensity differences emerged: participants typi-
cally displayed smiles (indicating perceived positive valence
with reduced intensity) while stimuli showed full laughter. AU12
was present in both groups, though AU25, more specifically
associated with laughter than smiling, exhibited significantly
greater variation in the stimuli group. Nearly all distance compar-
isons showed significant differences, with only two AU12 dis-
tances (49-28 and 55-43) showing no significant difference be-
tween participants and stimuli (Figure 6).

For yawning, AU9 (nose wrinkler) and AU43 (eye closure)
showed significant deviations from neutral in both groups,
aligned with theoretical predictions. AU27 (mouth stretch), the
defining AU for yawning, demonstrated markedly stronger acti-
vation in stimuli than participants, reflecting the exaggerated na-
ture of selected yawning stimuli (featuring pronounced mouth
openings) versus participants’ frequent yawn suppression. Dis-
tance changes were consequently attenuated in participants,
with frame exclusions necessary in some cases due to occlu-
sion. AU43 displayed similar intensity and distribution across
both groups (non-significant difference), suggesting eye closure
as the most reliably observed feature in both overt and sup-
pressed yawns (Figure 7).

Mirror pain presented the greatest challenge, likely due to its
contextual dependence. AU4 (brow lowerer) and AU7 (lid tight-
ener) demonstrated trends broadly aligned with neutral expres-
sions, with limited intensity variation across conditions. Mirror
pain was the only emotional state in which participant activations
were consistently lower than stimuli. Statistical analyses re-
vealed significant distributional differences for most group com-
parisons, with exceptions noted for AU7 distances 44-48 and
45-47 between stimuli and neutral. This pattern may reflect
different mechanisms: Phase 1 participants expressing mirror
pain in response to overtly painful scenes, while Phase 2 partic-
ipants displayed analogous furrowed expressions due to confu-
sion, uncertainty, or social discomfort rather than direct
emotional contagion (Figure 8).

K-means clustering (k = 4) performed on discriminative mouth
distance features validated their capacity to distinguish
emotional stimuli based on facial expression patterns
(Figure 9). The neutral category formed a well-isolated cluster
(Cluster 0), with 91.20% of all neutral samples grouped together,
confirming its role as a reference condition. The remaining
emotional states are distributed across three additional clusters.
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and BWV analysis

@ Discriminative (BWV)

. Highest-ranked non-discriminative (BWV)

. Moderately high-ranked non-discriminative (BWV)
. Moderately low-ranked non-discriminative (BWV)
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Representation of the AUs and starting distances integrated with the results obtained from the statistical analyses and the BWV for laugh (on the top left), yawn (on
the top right), and mirror pain (on the bottom left). Features highlighted in red are those excluded based on the Friedman and Conover statistical analyses, as they
were deemed not significant, and with the lowest BWV values among all non-discriminative distances according to BWV analysis (lowest-ranked non-
discriminative). Discriminative distances are marked in green, highest-ranked non-discriminative and moderately high-ranked non-discriminative ones,
respectively, in blue and purple, and moderately low-ranked non-discriminative features in orange.

Yawning samples were predominantly assigned to Cluster 1
(62.07% of all yawns), characterized by full mouth opening
(AU27), while laughter samples were primarily captured in Clus-
ter 2 (62.86% of all laughter), exhibiting moderate mouth opening
(likely AU12). Cluster 1 also contained some laughter samples

showing stronger AU25 activation. Mirror pain samples distrib-
uted across clusters associated with closed or semi-open mouth
configurations, rarely appearing in the open-mouth Cluster 1.
This spatial organization is visually evident in Figure 9A: moving
from left to right in PC1-PC2 space, we observe a transition from
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closed-mouth expressions (Cluster 0: mostly neutral and some
mirror pain) through intermediate configurations (Cluster 3:
increasing mirror pain; Cluster 2: mix of laughter and mirror
pain with moderate mouth opening) to fully open-mouth expres-
sions (Cluster 1: predominantly yawning with full AU27 activa-
tion, plus some laughter with AU25). This result is consistent
with unsupervised methods that reveal underlying structure
based on feature similarity rather than imposing categorical
boundaries, suggesting that contagious emotional activation
may exist along a continuum without abrupt discrete shifts.
Detailed cluster composition and statistical validation are pro-
vided in Method S2.2.

In summary, this study demonstrates that contagious
emotional states exhibit identifiable yet attenuated facial expres-
sion patterns that can be captured through a combined qualita-
tive and quantitative framework. Laughter and yawning showed
robust transmissibility, whereas mirror pain remained strongly
context dependent. The predominance of lower-face metrics un-
derscores their importance in facial expression recognition,
while the reduced discriminative power of upper-face features
highlights areas for methodological refinement. Together, these
findings support the integration of geometric and statistical ap-
proaches with traditional FACS analysis to better characterize
spontaneous and contagious facial expressions.

Limitations of this study

Several limitations of this study warrant consideration. First, the
inherently complex nature of emotional reactions poses chal-
lenges for experimental precision. Although the stimulus selec-
tion process prioritized recognizability and clarity, spontaneous
facial expressions are rarely entirely “pure,” even under
controlled laboratory conditions. Individual factors, such as par-
ticipants’ current mood, cognitive state, and personal disposi-
tion, may introduce variability in emotional responsiveness,
thereby affecting the consistency of observed facial reactions.
Furthermore, the reliance on facial stimuli may have constrained
participants’ emotional engagement. Unlike multimodal or im-
mersive approaches, facial expressions displayed in videos
may not fully evoke the intended emotional resonance. More-
over, the intrinsic nature of the emotional states examined in
this study remains a subject of ongoing debate. Some au-
thors'?727"* refer to laughter and yawning as emotionally laden
behaviors shared across species, serving crucial roles in social
communication and group cohesion. Others conceptualize
laughing and yawning either as physiological or neurocognitive
phenomena that involve advanced cognitive processing and
are not necessarily linked to universally recognizable emotional
content,”""® or as basic motor responses lacking intentional
emotional expression.”® Similarly, mirror pain is not uniformly
classified as an emotional state. Some researchers interpret it
as a cognitive response, involving mentalizing and perspec-
tive-taking,”” while others view it as an empathic response,
involving affective resonance and motor simulation.”®%° Com-
parable debates persist concerning the operational definitions
of emotional contagion and emotional mimicry, with variation in
how these constructs are distinguished, whether through auto-
matic sensorimotor responses, affective sharing, or context-
dependent social interpretation.’*"
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A second key limitation pertains to the final sample used for
analysis. Given their reliance on spontaneous emotional reac-
tions, a substantial number of participants did not produce
observable facial expressions and were consequently excluded.
While such exclusions are common in research on spontaneous
behavior, the resulting reduction in sample size impacts statisti-
cal power. We conducted a post-hoc power analysis to transpar-
ently assess this limitation. The analysis revealed that observed
Kendall’s W values ranged from 0.008 to 0.878, with correspond-
ing power estimates between 0.067 and 0.998. Notably, the ma-
jority of our significant findings exhibited large effect sizes (many
W > 0.60) well above the minimal detectable threshold (W, =
0.330 for power = 0.80), confirming the robustness of the identi-
fied discriminative patterns. While effects smaller than W = 0.33
may exist but remain undetected given our sample characteris-
tics, the large observed effect sizes indicate that the detected
facial configurations represent substantial and meaningful pat-
terns rather than subtle variations. To increase overall statistical
power and achieve broader identification and validation of
emotional expression patterns, future studies would benefit
from larger and more diverse samples, with greater indepen-
dence across emotional categories. Additionally, our sample
was composed exclusively of Italian participants, which may
constrain the cross-cultural applicability of the identified AU pat-
terns. Cultural and demographic differences can shape both
emotional expressiveness and interpretation; thus, the extent
to which these findings generalize to other populations remains
uncertain and warrants further investigation. Full methodological
details of the power analysis are provided in the quantification
and statistical analysis section.

Finally, all facial images used in the analysis were frontal,
though some exhibited slight tilting, as the study prioritized
capturing spontaneous rather than posed expressions. Accord-
ingly, landmark localization and distance calculations were per-
formed on 2D frame images and carefully validated for accuracy.
To preserve ecological validity, we did not exclude participants
based on appearance (e.g., facial hair, hairstyle) or minor head
movements, embracing a more naturalistic experimental design.
Future research could benefit from implementing three-dimen-
sional facial analysis techniques to better accommodate posi-
tional variability, improve detection accuracy in regions where
2D methods prove limited, and compute Euclidean distances
employing also the third dimension, funneling the research into
an overall enhanced fully pose/makeup/camouflage-indepen-
dent 3D perspective.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Alessia Celeghin (alessia.celeghin@unito.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Anonymized raw facial landmark coordinates (JSON files) calculated
Euclidean distance matrices (non-normalized and min-max normal-
ized), and processed datasets for the experimental phases have been
deposited at Mendeley data and are publicly available as of the date
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of publication. The accession number (DOI) is listed in the key resources
table: https://doi.org/10.17632/j96bffmhgc.1. Raw video recordings
cannot be shared due to participant privacy concerns and ethical re-
strictions imposed by the University of Turin’s Academic Bioethics
Committee.

® Custom Python scripts for facial landmark extraction, Euclidean dis-
tance computation, global normalization workflow, between/within-
class variability (BWV) calculation, and statistical analyses (Friedman
tests and K-means clustering) have been deposited at Mendeley data
and are publicly available as of the date of publication under the
same accession number of the data, as listed in the key resources
table: https://doi.org/10.17632/j96bffmhgc.1.

® Any additional information required to reanalyze the data reported in this
study is available from lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Facial landmark dataset and processed distance matrices This study https://doi.org/10.17632/j96bffmhgc.1

Software and algorithms

Python (v3.11.11)

Python Software Foundation

https://www.python.org

dlib (v19.24.6) King® http://dlib.net/

Pre-trained facial landmark predictor dlib http://dlib.net/files/shape_predictor_68_

(shape_predictor_68_face_landmarks.dat) face_landmarks.dat.bz2

G*Power (version 3.1.9.4) Faul et al.®® https://www.psychologie.hhu.de/
arbeitsgruppen/allgemeine-psychologie-
und-arbeitspsychologie/gpower

Custom Python analysis scripts This study https://doi.org/10.17632/j96bffmhgc.1

Others

Webcam AUKEY PC-W1 Full HD 1080p

Headphones Sennheiser PC5

EMG Acquisition System BIOPAC Systems, Goleta, CA Cat#MP160

EMG Modules BIOPAC Systems, Goleta, CA Cat#EMG100C

EMG Electrodes (Ag/AgCl, 4 mm) BIOPAC Systems, Goleta, CA Cat#EL254S

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Phase 1 participants - Stimulus creation

A selection of evocative video clips was presented to 30 Italian participants (15 women, 15 men; age range 19-50 years, M = 25.5,
SD =5.22). These facial expressions were further validated by a second group of 30 participants (21 women, 9 men; age range 20-56
years, M = 24.8, SD = 6.2).

Phase 2 participants - Main study

To determine the appropriate number of subjects, we used G*Power 3.1.9.4.%° We conducted an a priori power analysis (ANOVA,
repeated measures, within factors) with « = 0.05, power = 0.80 and an effect size of 0.25. The results indicated a required total sample
size of 32. Therefore, we recruited a group of 32 Italian participants (19 women, 13 men; age range 23-33 years, M = 28, SD = 5).

Ethics statement

Before starting Phase 1, participants provided informed consent and were briefed about the experiment’s timeline and procedure. As
for Phase 1, in Phase 2, participants provided informed consent after receiving information about the experimental procedure and
timeline and were not informed about video recording until after the experiment, at which point they provided additional consent
for the use of their facial recordings. This research was conducted in accordance with the Declaration of Helsinki. The study protocol
(Ref. No. 0183752, dated 28/02/2023) was approved by University of Turin’s Academic Bioethics Committee.

METHOD DETAILS

Experimental design overview

We implemented a two-phase experimental protocol to investigate facial expressions during emotional contagion through AU anal-
ysis. Phase 1 (Figure S15), which served as an instrumental role in our study, utilized evocative video clips selected from YouTube
platform, to elicit laughter, yawning, and mirror pain spontaneous responses in a group of participants, from which we recorded facial
expressions. A detailed description of each clip’s content and duration is provided in Table S4. The facial expressions recorded will
become the stimuli used in Phase 2 (Figure S16), our main experimental phase, where the isolated facial expressions of the partic-
ipants were presented without any contextual cues or audio. Since participants of Phase 2 responded only to facial displays, related
expressions that emerged during viewing could be studied as manifestations of emotional resonance. Participants were not given
any instructions to imitate or copy the expressions they saw. They were simply told to watch the videos. By removing contextual
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information and avoiding explicit instructions to mimic, we could observe whether participants would naturally produce similar facial
expressions in response to viewing emotional faces alone.

Phase 1 stimulus creation

This preparatory phase focused on generating facial affective stimuli for our main experiment. Participants were instructed to relax
and naturally express their feelings while watching the videos. To ensure optimal recording conditions, they were asked to avoid
excessive movement and remove glasses or anything that might obstruct facial visibility. To maintain genuine emotional reactions
and prevent self-consciousness, participants were not informed about video recording, or the specific facial expressions being stud-
ied, however, electrodermal activity was acquired to provide participants with a compelling research rationale and motivate the
necessary steadiness during the session. Following the viewing session, they were informed about the video capturing and asked
to provide additional consent for the use of their facial recordings. Those who did not agree were excluded from the study.

Participants were seated 50 cm from the screen, wearing Sennheiser PC5 headphones for audio clarity and isolation. A high-defi-
nition camera (AUKEY Webcam PC-W1 Full HD 1080p) covertly recorded facial expressions at 30 fps with 720px resolution. Partic-
ipants were isolated from their surroundings by three black panels placed around them to ensure the spontaneity of their emotions
and make them feel comfortable without feeling observed during the viewing, and room lighting was adjusted to maintain facial vis-
ibility while allowing clear screen viewing. Video sequences were randomized across participants to control order effects.

The faces of participants of Phase 1 were recorded, and each video acquisition was visually inspected. Clips with the most expres-
sive facial expressions for a specific emotional category were manually selected. This collection process involved identifying the
most salient response of each stimulus, such as the peak of an expression, a critical step in maximizing the clarity and effectiveness
of the stimuli. This screening procedure was carried out by the entire project team to gather multiple opinions on the detected facial
expressions and a montage of selected faces recorded during Phase 1 was created. To ensure the consistency of the stimuli, the
research team screened the clips to select only clear, authentic expressions and discard any that appeared ambiguous or forced.
These facial expressions were further validated by a second group of participants. Based on participants’ responses, we selected
the 10 stimuli per facial expression that received the highest number of correct emotional identifications from the evaluated set.
The faces from Phase 1 with the highest rate of correct identification would thus become the new emotional stimuli to be shown
to a third group of subjects during Phase 2 of the experiment.

Phase 2 contagion stimuli presentation

Phase 2 involved presenting the facial displays of laughter, yawning, and mirror pain collected during Phase 1. This main experi-
mental phase (Figure S16) aimed to examine how participants responded to facial displays alone, without contextual or auditory in-
formation, allowing us to analyze expressions that emerged purely from viewing others’ facial displays. The experimental setup was
the same as Phase 1.

The stimuli consisted of two sets of video clips presented in randomized order. Each set contained a series of emotional packages
featuring laughter, yawning, mirror pain, and neutral expressions. Each package (one for each emotion) featured 5 facial expressions
from Phase 1 subjects chosen for their expressiveness, totaling 20 faces per set, for a total of 40 facial expressions (10 for each
emotion). The specific structure and total duration of each emotional package are detailed in Table S5. The consecutive presentation
of five facial expressions per emotional category follows established protocols in emotional contagion research.'®*? This design was
intentionally chosen to provide sufficient exposure opportunities for automatic contagion mechanisms to activate naturally, given that
these responses occur independently of conscious intention or deliberate imitation. Stimuli were presented in randomized orders
across participants to control order effects. Participants received no instructions regarding facial expression production and re-
mained unaware of video recording during stimulus presentation, eliminating self-monitoring behaviors and minimizing potential de-
mand characteristics. EMG recording provided physiological validation that observed facial responses reflected genuine muscle
activation rather than performative displays, though detailed EMG analysis is beyond the scope of this study. To ensure a reset of
their focus, participants were subjected to a moment of neutral visual input; in detail, each video set display began and ended
with 6 s of a black screen. Furthermore, a 2-s black screen was inserted between each individual video clip to allow participants
to transition from one emotional expression to the next. The presentation of each video set was designed to last approximately
10 min, a duration chosen to maintain participants’ engagement and minimize potential effects of boredom or muscular fatigue,
and a 40-min break was implemented between the two video sets for questionnaire completion. The entire experimental session
lasted approximately 60 min for each participant. The acquired sequences were recorded at a frame rate of 30 fps, at a maximum
resolution of 720 pixels in mp4 format.

Data processing and selection

The adopted methodological approach involves qualitative analysis of facial expressions and quantitative analysis of extracted fea-
tures. To analyze participants’ responses, Phase 2 facial expressions recordings were reviewed. The aim was to detect and identify
unique features of expressions characterizing spontaneous emotional states based on geometrical properties. Therefore, as AUs
provide detailed descriptions of facial movements, we identified the Euclidean distances that best characterize each AU.
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Participants, EMG-based data processing and frames extraction

The initial dataset included recordings from 32 participants during Phase 2. The selection of participants and video segments fol-
lowed a two-step filtering procedure to ensure that only genuine, physiologically validated facial expressions were retained.

Visual screening for emotional contagion. All recordings were first reviewed to identify moments in which participants visibly re-
acted to the presented stimuli. For example, participants responding to laughter videos with a smile or laugh, or to yawning videos
with a yawn. Participants who did not exhibit any observable emotional response were excluded at this stage (3 participants), leaving
29 participants with at least one potential emotional reaction coherent with the emotional stimuli.

EMG-based validation of facial activity. For these 29 participants, EMG signals were analyzed from three key facial muscles: the
zygomaticus major (lifting the mouth corners, associated with smiling and laughter), the corrugator supercilii (involved in frowning,
associated with pain, sadness, and anger), and the orbicularis oculi (surrounding the eyes, important for differentiating types of smiles
and detecting yawning). A differential recording configuration was used, with shielded Ag/AgCl electrodes (EL254S, 4 mm diameter)
placed over the corresponding left-side facial muscles, and a seventh unshielded electrode on the left temporal bone serving as
reference. Signals were acquired at 1000 Hz using BIOPAC MP160 system (BIOPAC Systems, Goleta, CA) with three EMG100C
modules. An example of EMG acquisition and muscles activity can be found in Figure S17.

EMG recordings were preprocessed and segmented into overlapping 2-s windows with 50% overlap. Signal energy, computed as
the sum of squared amplitudes, quantified muscle activation for each window. The most energetic windows per muscle were
selected as candidate segments. Only intervals showing EMG-confirmed activation coherent with the expected emotional category
(laughter/smile, yawn, or mirror pain) were retained. EMG-defined epochs typically lasted between a few seconds and 10-15s (M =
9.2, SD = 3.4), depending on the intensity and duration of the emotional display.

As a result, the final dataset included 29 participants, each exhibiting at least one EMG-validated expression per emotional cate-

gory, ensuring that all retained video segments represented authentic, physiologically supported facial expressions, (Figure S17).
Frame extraction. Video frames were initially extracted at a rate of 30 frames per second (fps) to capture the full temporal dynamics
of facial expressions. Within each EMG-validated epoch, 10 representative frames per second was retained to achieve a temporally
balanced yet computationally efficient sampling of the expression dynamics with less redundancy. Consequently, the total number of
frames analyzed per emotion varied proportionally to the duration of the EMG-defined segment (M = 92, SD = 34). Given the size of
our dataset (n = 29), only automatic frame selection could have omitted important information. Therefore, an expert FACS coder re-
viewed the dataset and retained the most expressive frames while removing redundant ones for each participant.
Handling of off-target expressions. Rare expressions not elicited by the stimulus, such as laughing during a mirror pain segment or
yawning during other emotions, were excluded from all analyses. Overall, 19.21% of instances were discarded due to emotion-
expression mismatch, including smiling during yawning (4.19%) and mirror pain video (7.14%), and yawning during laughing facial
stimuli (2.69%) and mirror pain stimuli (4.43%). In cases where participants did not show any visible reaction to the emotional stimuli,
a neutral face was labeled and included if it provided a more functional image for analysis (e.g., a more frontal view).

Qualitative analysis

A certified FACS coder, i.e., a person that received a certification for recognizing AUs (later on called ‘expert’), analyzed the dataset
by thoroughly examining all images and carefully observing variations in facial muscles and features to catalog the movements asso-
ciated with each contagious expression. When multiple instances of the same emotion occurred, the instance with the highest
expression intensity, assessed based on the FACS coder’s expertise, was used, while other expressions were retained for contagion
assessment. This analysis identified all the AUs present in the dataset, ensuring comprehensive characterization useful for assessing
spontaneous facial expressions.

Among all the subjects involved in Phase 2, some did not show significant facial activations according to the expert, because, while
EMG recordings had revealed muscular activation, the corresponding facial expression in video were too subtle to be detected by a
visual inspection. As a result, the initial dataset was reduced, including only 17 subjects who exhibited meaningful facial expressions
pattern for one or more emotional categories. The detailed results of this qualitative analysis, including the complete characterization
of all observed AUs for each emotion, are provided in Method S1.

Quantitative analysis

Description of the distance extraction process

To identify facial distances, we positioned facial landmarks (LMs), which served as reference points for extracting geometric features
from faces. The code for extracting LMs was implemented in Python (version 3.11.11) in Google Colaboratory using dlib’s pre-trained
model (shape_predictor_68_face_landmarks) for the placement of 68 facial LMs as follows: 1-17 along the jawline, 18-27 on the eye-
brows, 28-36 on the nose, 37-48 on the eyes, and 49-68 on the mouth®? (Figure S18). The model outputs the 2D spatial coordinates of
each LM within the image. For each emotional category, facial landmarks were extracted from all frames selected by the FACS expert
(n =17, dataset for facial pattern identification) and all frames selected by EMG activations (n = 29, dataset for emotional contagion
assessment). The distances between landmarks were calculated for each frame individually. No temporal averaging across frames
was performed; instead, each frame contributed independently to the quantitative analysis, respecting the expert-driven selection of
the most expressive frames, ensuring no loss of critical facial information. To verify the accuracy of the placements, frames containing
the LM positions were saved for further evaluation. After manual review, some frames were discarded due to undetected faces or
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incorrect landmark placements (Figure S18), because of occlusion or lightning variation and face orientation. After expert validation
by a certified FACS coder, an average of 69 + 26 frames per subject were retained for analysis across all emotions (laughter: 95 + 88;
yawn: 43 + 85; mirror pain: 69 + 144 frames). Table S7 reports the mean number of frames per subject for each emotional category
after wrong landmarks positioning exclusion. Standard deviations indicate substantial variability between subjects due to differences
in expression duration, intensity, and the presence of suppressed expressions (particularly evident in mirror pain).

Among the set of AUs selected by the expert for each emotional category, some AUs could not be accurately described using the
distances derived from the available LM placements and were therefore excluded from the quantitative analysis. Next, we defined the
optimal set of distances to characterize every AU. These distances were calculated using the Euclidean distance formula in a 2D
space. To ensure independence from the subjects’ facial size, normalization was performed relative to the face width, i.e., each dis-
tance was divided by the facial width calculated approximately as the Euclidean distance between the right and left tragion land-
mark.®* Then, min-max scaling (Equation 1) was applied to each distance across all frames to guarantee scale-independent
measurements:

’ X — Xmin i
X = Pa——— (Equation 1)
In Equation 1, x represents the original distance value, while x,,;, and x4« indicate the minimum and maximum values within the dis-
tribution, respectively. The formula provides the value x’, which is the normalized version of x within the range of 0-1.

The selection of distances was based on two key principles. First, some distances were measured between a fixed point and a

moving point. Second, other distances were defined between two moving points.

Statistical analysis

After selecting the characteristic distances for each emotion and AU from the dataset filtered by the expert (n = 17), statistical tests
were conducted to assess the distribution of distances and the homogeneity of variance.

The Kolmogorov-Smirnov test revealed p-values significantly below 0.05 for all distances, indicating that the variables are char-
acterized by non-normal distributions, while the non-parametric Fligner-Killeen test yielded p-values significantly below the
threshold, suggesting that the data exhibit heteroscedasticity. Thus, we analyzed the behavior of the selected distances for charac-
terizing AUs by assessing changes in the median and interquartile range of each distance for each emotion relative to the neutral
expression (in the following referred as AUQ). The consistency of the distances was evaluated based on their expected behavior (in-
crease or decrease) relative to AUQ, as a function of the activation of the specific AU to which the distance is associated.

Furthermore, to capture the subtleties of spontaneous facial expressions of laugh, yawn and mirror pain, we assessed the discrim-
inative power of each distance across all emotions, and we determined whether the selected features not only characterized a given
AU effectively but also distinguished between different facial expressions. For this purpose, the Friedman test combined with the
False Discovery Rate (FDR) correction (Benjamini-Hochberg correction) was adopted and the effect size Kendall’s W was computed.
Then, to highlight the specific emotion pairs showing significant differences for each variable, the Conover post hoc test was applied,
and the effect size r was computed. Notably, multiple emotional responses for each subject were included, leading to the adoption of
dependent groups.

Following this analysis, a parallel evaluation was conducted to identify the most distinguishing features among the categories stud-
ied. This assessment examined the variability both within and between emotional groups across the 17 subjects. Specifically, the
ratio of inter-class variability (between emotions) to intra-class variability (within emotions), known as the Between/Within Class Vari-
ability (BWV),%° served as a key indicator. If the BWV value associated with a specific distance is greater than one, the inter-class
variability exceeds the intra-class variability, showing that the distance is discriminative.

The BWV is expressed as in Equation 2:

3 (m —m)’
:inl g:(x—m,)

) (Equation 2)

where, c represents the number of emotional categories considered, which includes the three contagion facial expressions and
neutral; m is the mean of all values across all frames and categories for a given distance, while ¢, refers to the set of frames associated
with that distance; n; is the cardinality of ¢;, which corresponds to the number of frames for the iy, emotional category, and m; is the
mean value for the iy, emotional category. Lastly, x is the value of the distance being considered. Within our analysis, integrating the
results of the Friedman and Conover tests with assessments of feature variability allows for a more robust evaluation of which fea-
tures reliably discriminate between different facial expressions.

Emotional alignment and validation of stimuli

Further analyses were conducted to investigate the emotional reactivity of participants in response to the stimuli. Thus, the consis-
tency between the behavior of the previously identified distances in the participants and in the stimuli was studied.
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Firstly, the percentage of participants (n = 29) who exhibited an observable emotional response to at least one stimulus for each
emotional state was computed; then, only the concordant responses occurring after each stimulus presentation were considered.
This dataset included solely those participants’ facial expressions for which concordance with the expected reaction to the stimuli
emerged (Table S6). Distances for each Action Unit (AU) and each emotional category were computed on this dataset and on the
emotional stimuli.

Emotional stimuli dataset

To compare participants’ responses with the observed stimuli at the level of facial patterns during moments of emotional contagion, a
dataset consisting solely of the stimuli was created. In this case, each stimulus corresponded to a different individual, each displaying
the proposed emotions. The stimuli were reviewed, and the precise onset and offset of each emotion were identified. 10 frames per
second were extracted, as for the other two datasets, and the frames were labeled according to the type of stimulus presented to the
participant. Euclidean distances were subsequently calculated following the placement of facial landmarks. The number of frames
selected in this case varied depending on the duration of the facial expression and the accuracy of landmark placement; some frames
were excluded if the landmarks could not be reliably positioned.

A comparison was conducted between the participants’ dataset (n = 29), the stimuli and the neutral responses. In detail, for each
AU and emotion, the distances that showed statistically significant differences according to the Conover test between the target
emotion and the neutral condition were considered. This analysis aimed to determine whether participants’ reactions, characterized
by the same significant AU distances as those found in the stimuli, reflected similar patterns of AU activation. To further explore dif-
ferences in the distributions of distances, we applied two-tailed Mann-Whitney U tests (p., = 0.05) to the following group compar-
isons: participants vs. stimuli, participants vs. neutral, and stimuli vs. neutral. This allowed for a more detailed examination of potential
differences in intensity and spread across conditions.

To further provide a data-driven validation of the stimuli, we conducted a k-means clustering analysis by combining the datasets of
neutral expressions and emotional stimuli. The goal was to assess whether the distances identified as discriminative by the BWV
analysis could reveal emotion-specific clusters, with an unsupervised approach. Prior to the application of the k-means algorithm,
for which k = 4 was set, principal component analysis (PCA) was performed to reduce noise and improve interpretability, following
the removal of outliers. For each resulting cluster, the percentage of each label within the cluster was computed, reflecting its internal
composition, as well as the proportion of all samples associated with a given emotional category, which shows the distribution of
emotional states across groups. This additional step allowed to verify whether the distances previously found to be discriminative
in participants’ responses could also distinguish between emotional stimuli in an unsupervised framework. Ultimately, this analysis
aimed to determine whether those same distances retain their discriminative power when applied directly to the stimuli.

QUANTIFICATION AND STATISTICAL ANALYSIS

Landmark extraction and data processing
Landmark extraction was implemented in Python (version 3.11.11) in Google Colaboratory using dlib’s pre-trained model (shape_-
predictor_68_face_landmarks) for the placement of 68 facial landmarks.®*

Sample size determination
Sample size for Phase 2 was determined using G*Power 3.1.9.4.%% An a priori power analysis (ANOVA, repeated measures, within
factors) with o = 0.05, power = 0.80, and an effect size of 0.25 indicated a required total sample size of 32 participants.

Distribution and variance analysis
The Kolmogorov-Smirnov test was applied to assess normality of distributions. The non-parametric Fligner-Killeen test was used to
evaluate homoscedasticity.

Statistical tests for discriminative analysis

The Friedman test combined with False Discovery Rate (FDR) correction (Benjamini-Hochberg correction) was adopted to assess the

discriminative power of each distance across emotions. Effect size was computed using Kendall’s W. The Conover post-hoc test was

applied to identify specific emotion pairs showing significant differences, with effect size r computed for each comparison.
Between/Within Class Variability (BWV) analysis was performed to identify the most distinguishing features among emotional cat-

egories. The BWV was calculated as the ratio of inter-class variability (between emotions) to intra-class variability (within emotions).

Group comparisons
Two-tailed Mann-Whitney U tests (p¢, = 0.05) were applied for the following group comparisons: participants vs. stimuli, participants
vs. neutral, and stimuli vs. neutral.

Unsupervised validation

K-means clustering analysis (k = 4) was conducted on principal components after outlier removal to validate discriminative distances
in the stimuli dataset.
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Significance level
Statistical significance was set at o = 0.05 for all tests.

Post-hoc power analysis - Estimated sensitivity and statistical power of friedman analysis
To evaluate the sensitivity of the statistical facial pattern analysis, we conducted a theoretically based approach: the estimation is
based on the relationship between the observed effect size, expressed as Kendall’s W, and the non-central chi-square distribution
of the test. Specifically, the non-centrality parameter A =n - (k— 1) - W (n = number of subjects and k = number of emotional conditions)
was used to calculate the probability that the test statistic exceeds the critical threshold at a significant level of a = 0.05.
Additionally, the minimal detectable W (W,,;,) was calculated for a target power of 0.80, indicating the effect size necessary to
obtain statistically significant results with the actual sample collected for each condition. Across all AU-distance comparisons,
the observed Kendall’s W values ranged from 0.008 to 0.878, corresponding to estimated statistical power between 0.067 and
0.998. The W,,;, required to achieve the target power was 0.330.
These results indicate that, for the design of the given study, only relatively large effect could be reliably detected (W > 0.33).

Reporting of statistical parameters

Detailed statistical results, including exact p-values, effect sizes (Kendall’s W for Friedman test and r for Conover post-hoc test), sam-
ple sizes (n), and measures of dispersion (SD) are reported in the main text, figure legends, and supplemental information. Complete
Friedman and Conover test results for all distance measures are provided in Table S3. Statistical parameters such as mean, median,
and interquartile ranges are reported throughout the results section and figure legends.
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