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Theory of mind (ToM) is the human ability to infer the mental states of others in order
to understand their behaviors and plan own actions. In the past decades, accumulating
evidence has shown that heart rate variability (HRV), an index of parasympathetic control
of the heart, is linked to behavioral regulation, social competence, and social cognition
abilities, all implicated—to some extent—in ToM. This study aims to systematically
review and meta-analyze the available studies, investigating the relation between ToM
and HRV in typically developing people. Six studies were eligible for the meta-analysis,
yielding a significant association between HRV and ToM of a small-to-medium effect
size (g = 0.44). This result was not influenced by publication bias. Due to the small
number of studies eligible for the meta-analysis, it was not possible to test for the effect
of categorical moderators. The moderating role of sex and quality of the studies was
examined by meta-regression analysis. Moderation analysis did not yield any significant
effect; however, at a descriptive level, studies yielding the largest effect size were
characterized by the use of high frequency-HRV assessment at rest and the Reading
the Mind in the Eyes Test to evaluate ToM abilities. The results preliminarily suggest that
tonic HRV might be used as an indicator of the ability to understand the content of mind
of others.

Keywords: heart rate variability, vagal tone, parasympathetic, theory of mind, social cognition, meta-analysis,
systematic review

INTRODUCTION

Theory of Mind and Social Behavior
Theory of mind (ToM) is a component of social cognition (Arioli et al., 2018) and it denotes the
ability to infer the inner states of others, such as doubts, purposes, intentions, beliefs, and thoughts
(Frith and Frith, 2003; Flavell, 2004). Since 1978, when Premack and Woodruff (1978) introduced
the expression of ToM in their pioneering study with primates, the interest toward this ability has
largely grown, allowing us to recognize its great impact on social life. During social exchanges,
people must constantly impute mental states of their interlocutors in order to correctly attribute a
meaning to their behaviors.
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As a whole, good ToM abilities facilitate the engagement
in social behavior. The majority of studies documented a
positive relation between ToM and social relationships (for
a review, see Hughes and Leekam, 2004), peer popularity
(for a meta-analysis, see Slaughter et al., 2015), prosocial
behavior (for a meta-analysis, see Imuta et al., 2016), and social
adjustment (Capage and Watson, 2001; Banerjee and Watling,
2005). However, other investigations—especially those regarding
bullying, machiavellianism, and conduct disorders (Astington,
2003; Lonigro et al., 2014)—pointed out a “dark side” of ToM,
revealing that the relation between ToM and prosocial conduct
is far from straightforward and simple. High levels of ToM
abilities at times may lead to negative outcomes, as demonstrated
by Hughes et al. (1998) in their study. The authors found that
controls outperformed children with conduct disorders on an
affective perspective taking task but no differences emerged
between the groups on a deception task. Evidence on the
maleficent use of ToM has led Astington to postulate that
“although false-belief understanding is necessary for some social
behaviors, it is never sufficient to guarantee the performance of
such behavior” (Astington, 2003, p. 33). In other words, some
people may decide to use ToM for prosocial purposes, namely,
nice ToM, but others may use it for antisocial purposes, such as
threatening, manipulating, or bullying (nasty ToM; Ronald et al.,
2005; McEwen et al., 2007).

At present, it is not completely clear why children with the
same ToM abilities may engage in different social behaviors.
Ronald et al. (2005) argued that the social use of ToM abilities
is difficult to understand because the ToM tasks that are
traditionally used (e.g., false-belief understanding) are neutral
with respect to the nature of the social behaviors involved. In
fact, in daily life, few situations requiring ToM are neutral.
In this regard, while some researchers have directed their
attention to the role of moral disengagement (Ettekal and Ladd,
2020), others have focused on empathy, in particular, affective
or emotional empathy pointing to its significant impact on
social behavior (e.g., Lonigro et al., 2014). ToM and empathy
are fundamental constructs for successful social interaction
and are often considered interchangeable. ToM refers to the
ability to infer the cognitive (e.g., thoughts and beliefs) and
affective contents (e.g., desires and emotions) of unobservable
mental states. Such ability requires the representation of a
propositional attitude, namely, meta-representation. Cognitive
empathy is commonly conceptualized as the ability to reason
about the emotions of others, whereas emotional empathy
concerns engaging in a congruent and immediate response with
such an emotional state. Thus, affective empathy encompasses
empathetic concern, sympathy, or compassion for the emotions
of others (Schurz et al., 2021). Dvash and Shamay-Tsoory
(2014) have proposed a model in which ToM and cognitive
empathy overlap, involving the same neural networks, while
affective empathy represents a different system (Tholen et al.,
2020). Notably, the development of mentalizing abilities
follows a distinct trajectory from that of affective empathy
(Sebastian et al., 2012; Slaughter et al., 2015). In this study,
we adopted the same approach used by previous meta-
analytic studies on ToM among typically developing people

(Slaughter et al., 2015; Imuta et al., 2016), thus excluding
affective empathy.

The Polyvagal Theory and the Social
Engagement System
From the early 2000s, the field of behavioral medicine has
identified several physiological correlates of different aspects
of social cognition. For example, within the framework
of the polyvagal theory (Porges, 2003), parasympathetic
influences on emotional and socio-cognitive processes
have been deeply investigated with the ultimate aim to
explain social behavioral development (Porges et al., 1996;
Porges, 2001). This theory considers cardiac vagal tone as
a behavior regulator responding to external and internal
environmental cues. In detail, Porges theorized that two
vagal circuits regulate affiliation and social behavior, i.e., a
more archaic branch called dorsal vagal, which regulates
visceral and homeostatic functions, and a more recent branch
composed of the myelinated vagal fibers (ventrovagal) that
form the neural substrate of the social engagement system
(Porges, 2007).

An indirect, well-validated measure of vagal modulation of
the heart is heart rate variability (HRV; Kuo et al., 2005),
a measure of beat-to-beat variations in heart rate over time.
Empirical evidence has shown that higher resting HRV is linked
to behavioral regulation (e.g., Calkins, 1997), social behavior
(e.g., Stifter and Corey, 2001), emotional regulation adaptive
strategies (e.g., Cole et al., 1996; Santucci et al., 2008), and
prosocial traits (e.g., Miller et al., 2017) in developmental
years. As a result, HRV is likewise linked to prosociality (e.g.,
Kogan et al., 2014), cooperative behavior (e.g., Beffara et al.,
2016a), compassion (Di Bello et al., 2020 for a meta-analysis),
emotional recognition (e.g., Quintana et al., 2012), memory
(e.g., Mattarozzi et al., 2019), empathy (e.g., Lischke et al.,
2018), and social connectedness (e.g., Kok and Fredrickson,
2010) in adulthood. Only a few studies, however, investigated
phasic HRV responses during tasks assessing ToM-related
abilities, although this would represent an important measure
of momentary physiological concomitants of such abilities
(Park et al., 2014).

Theory of Mind and HRV: The Present
Study
In the past decade, researchers investigated whether inter-
individual differences in vagally mediated HRV would be
associated with inter-individual differences in mindreading
ability. As a matter of fact, autonomic dysfunctions have
been found in atypical development syndromes, namely,
autism spectrum disorder (ASD) (Benevides and Lane,
2015; Saghir et al., 2017) and schizophrenia (Jáuregui
et al., 2011), which are characterized by social cognition
difficulties. In one of the few experimental studies, Colzato
et al. (2017) observed that transcutaneous vagus nerve
stimulation improves ToM, measured with the Reading
the Mind in the Eyes Test, during which participants must
infer what a person is thinking or feeling only by looking
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at photographs of the eye region of the face, with the
possibility to choose the correct answer among four words
(Baron-Cohen et al., 2001a).

An association between better social cognition abilities
and higher HRV, however, has not always been found
(e.g., see Hamilton et al., 2014). This may be due to the
fact that “social cognition” is a comprehensive term that
includes different abilities, including ToM (Baars and Gage,
2013), which are probably differently associated with vagal
modulation of the heart.

Adopting the same approach used by previous meta-analyses
on ToM (Slaughter et al., 2015; Imuta et al., 2016), this study
focused on tasks that evaluate the ability to understand the
mental states of others (e.g., intentions, desires, thoughts, and
knowledge). Thus, this study aimed to systematically review
and meta-analyze the available studies examining the relation
between (tonic and phasic) HRV and ToM in typically developing
people. The moderating role of sex was examined, due to sex
differences in autonomic function, with females showing greater
high-frequency HRV (HF-HRV) (for a meta-analysis, see Koenig
and Thayer, 2016). In contrast, sex differences in ToM appear
controversial. While in some studies males and females had the
same performance on ToM tasks (Di Tella et al., 2020), in other
studies females had better performance compared with males
during preschool and elementary school years (Charman et al.,
2002; Walker, 2005; Calero et al., 2013), adolescence (Gabriel
et al., 2021), and adulthood (Wacker et al., 2017).

METHODS

Search Strategy
A systematic analysis of the international literature was carried
out by searching articles on PubMed, PsycINFO, and Web
of Science databases. The last search was conducted on
January 22, 2020. The results were restricted to “from the
1980s,” considering the year in which ToM conceptualization
appeared in the literature for the first time (Wimmer and
Perner, 1983). The keywords used in the literature search
were as follows: “heart rate,” “autonomic nervous system,”
“heart rate variability,” “root mean square successive difference,”
“respiratory sinus arrhythmia,” “vagal,” “vagus,” “sympathetic,”
“psychophys∗,” “parasympathetic” (see Ottaviani et al., 2016)
in combination with each of the following key words,
using the Boolean connector and, “theory of mind,” “ToM,”
“mentalizing,” “mindreading,” “mind understanding,” “social
understanding,” “mental representations,” “mental states,” “false
belief,” “perspective taking,” and “social cognition” (see Imuta
et al., 2016).

Eligibility Criteria
In agreement with the above-mentioned definition provided for
ToM, we included studies in which ToM was evaluated with first-
order and/or second-order false belief tasks, perspective taking
tasks, and other tasks related to the ability to infer the mental
states of others. The studies had to include HRV assessment
in typically developing participants. The reports written in

English and Italian were considered. Single case and review
studies were excluded.

Selection and Coding of Primary Studies
The review was conducted according to the PRISMA statement
methodology (Moher et al., 2009; Crocetti, 2016). Once
the 1,772 duplicates were removed, the remaining 2,587
records were independently screened by the first (MZ)
and the last (AL) authors. Inter-coder agreement was
very high at the abstract stage (% agreement = 99.23%;
Cohen’s kappa = 0.84). When the independent coders
examined the full text of the 74 articles identified as
eligible, the agreement between the coders remained high
(% agreement = 97.26%; Cohen’s kappa = 0.77). Disagreements
were resolved through discussion. Figure 1 illustrates the
reasons for excluding 65 studies: 9 studies were included in
the qualitative synthesis and 6 of them were included in the
quantitative analysis.

The data from the studies of interest were extracted and
inserted in a structured dataset sheet. According to the PICOS
procedure (Liberati et al., 2009), names of authors, year of
publication, number of participants,% of females, mean age, the
country where the study was conducted, precautions taken before
the HRV assessment, HRV parameters, assessment duration,
ToM task(s), quality of the study, and main results were extracted.
All the authors reviewed the summary table of the included
studies. Only papers (published or sent by the authors) that
provided the data needed to compute the correlation between
measures of ToM and HRV were included in the meta-analysis.
Zero-order correlations were preferred to compute effect sizes.
The quality of selected studies was assessed with a modified
version of the Newcastle–Ottawa Scale (Wells et al., 2011)
previously adopted in a meta-analysis on psychophysiological
measures (e.g., Ottaviani et al., 2016). The scores are comprised
between 0 and 9, and a higher score is indicative of a higher
quality of the study.

Strategy of Analysis
Effect sizes were computed with the meta-analytic ProMeta 3
software (IDo Statistics-Internovi, Italy) using the random-effects
model. Hedges’ g was preferred over Cohen’s d due to the small
number of studies included in the meta-analysis. Heterogeneity
across studies was estimated with the Q statistic and the I2

index. Sex and the quality of studies were tested as possible
moderators using the meta-regression analysis. Publication bias
was estimated by using the Egger’s linear regression method
and Kendall’s tau.

RESULTS

The flowchart in Figure 1 reports the study selection process and
illustrates the results in each step. Unpublished studies were not
included in the meta-analysis because (i) dissertations did not
include correlational data; (ii) the results found in conference
papers were the same as reported later in published articles
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FIGURE 1 | PRISMA diagram (Moher et al., 2009).

(coded as “sample duplicate” in Figure 1); and (iii) the authors
did not respond to data requests.

Study Selection and Characteristics of
Included Findings
Nine articles were included in the qualitative systematic review
(see Table 1). All study samples were composed of adults, except
for one that involved children (Kushki et al., 2014).

Two studies (Cugnata et al., 2018; Deuter et al., 2018) were
not included in the meta-analysis because of multilevel analyses.

At present, the way to correctly extract the effect sizes from
these types of analyses continues to be controversial (Selya et al.,
2012). In the case of clinical studies (Jáuregui et al., 2011;
Kushki et al., 2014; Iorfino et al., 2016; Varas-Díaz et al., 2017),
we focused only on data related to the control group.

Theory of Mind Evaluation
In studies linking ToM with HRV, the Reading the Mind in
the Eyes Test (RMET; Baron-Cohen et al., 1997a,b; Baron-
Cohen et al., 2001a,b) is mostly used. This visual test, which

Frontiers in Physiology | www.frontiersin.org 4 July 2021 | Volume 12 | Article 611609

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-611609
July

5,2021
Tim

e:19:23
#

5

Zam
m

uto
etal.

H
R

V
and

Theory
ofM

ind

TABLE 1 | Summary of the studies included in the systematic review and in the meta-analysis.

Study Sample N Age M (SD) Females Country HRV
measure

Precautions Assessment ToM task Relation between HRV and ToM
performance

1. Cugnata
et al. (2018)

TD 91 26.78 (18–52) 48.35% Italy RMMSD n.s. RS RMET Effect of item difficulty and physiological
activation (p = n.s.)

2. Deuter et al.
(2018)*

TD 90 23.5 (3.5) 50% Germany RMMSD No medications RS MET Cognitive empathy and HRV (r = −0.05,
p = 0.65; sent by the authors)

3. Iorfino et al.
(2016)*

CG 25 23.96 (2.19) 0% Australia HF-HRV No alcohol and illicit substance
24 h prior to testing, and no
smoking, food, and drinking 3 h
before testing

RS and
Task

RMET split version HF at baseline and RMET score during no
facial cooling (p = n.s.)

4. Jáuregui
et al. (2011)*

CG 19 27.6 (6) 42.11% Argentina HF-HRV Abstain from smoking for 2 h,
no caffeinated beverages for at
least 6 h, and no strenuous
physical exercise for 24 h

RS and
Task

RMET and Faux
Pas Test (Stone
et al., 1998)

Performance on the Faux Pas Test and
HF-HRV during the test (r = 0.436,
p < 0.05)

5. Kushki et al.
(2014)

CG 34 12.5 (2.9) 44.1% Canada RSA No medications and no
premature birth

RS and
Task

RMET-C In response to the RMET-C, marginally
larger decrease in RSA in the ASD group
and larger RSA increase during recovery
from the RMET-C (p = n.s.)

6. Lischke et al.
(2017)*

TD 37 23.03 (3.56) 50% Germany HF-HRV No medications and oral
contraceptives

RS RMET Partial correlations# between HF-HRV and
correctly identified positive (r = 0.379,
p = 0.009)* and negative (r = −0.084;
p = 0.305) states

7. Okruszek
et al. (2017)

TD 25 35.9 (12.5) 48% United Kingdom RMMSD No psychotropic medications During daily
activities

Hinting Task
(Corcoran et al.,
1995)

Performance and HRV parameters during
daily life (8-h max recording period)
(p = n.s.)

8. Quintana
et al. (2012)*

TD 65 20.91 (6.16) 53.8% Australia HF-HRV No caffeine, nicotine, and
alcohol on the testing day. Not
current use of antidepressants

RS (after
Task)

RMET HF-HRV at rest (adjusted for covariates)
and RMET scores weighted for difficulty
(r = 0.290, p < 0.05)

9. Varas-Díaz
et al. (2017)*

CG 18 28.83 (3.36) 50% Chile RMMSD,
HF-HRV

Refrain from coffee and
medication 24 h before

RS and
Task

RMET % of RMET correct answers and (a) resting
RMSSD (r = 0.381, p = 0.119)* and HF
(r = 0.221, p = 0.379) and (b) RMSSD
(r = 0.477, p = 0.045) and HF (r = 0.470,
p = 0.049) during the task (sent by the
authors)

*Studies/analysis included in the meta-analysis.
TD, typical development; CG, control group; M, mean; SD, standard deviation; n.s., not specified; RSA, respiratory sinus arrhythmia; RMSSD, root mean square of successive differences; HF-HRV, high frequency-heart
rate variability; RMET, Reading the Mind in the Eyes Test (Baron-Cohen et al., 2001a); RMET-C, The Reading the Mind in the Eyes Test-Child version (Baron-Cohen et al., 2001b); MET, Multifaceted Empathy Test
(Dziobek et al., 2008); Faux Pas Test (Stone et al., 1998); Hinting Task (Corcoran et al., 1995); RS, Resting State; r, Pearson correlation coefficient; p, significance value.
#Controlling for sex, age, and psychopathology.
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is traditionally used to measure ToM abilities, consists of 36
pictures of the eye region showing different emotions and mental
states. Participants must infer the correct emotional/mental state
in the image, choosing one of four words presented in the
picture. The RMET scores are generally computed by summing
the correct answers. Specifically, seven of the included studies
(Jáuregui et al., 2011; Quintana et al., 2012; Kushki et al., 2014;
Iorfino et al., 2016; Lischke et al., 2017; Varas-Díaz et al., 2017;
Cugnata et al., 2018) used the RMET to evaluate ToM abilities
as a component of social cognition. Among these, two studies
conceptualized the RMET as an emotional recognition task, not
referring to ToM abilities (Varas-Díaz et al., 2017; Cugnata et al.,
2018). One of these studies (Kushki et al., 2014) examined a
developmental sample and therefore used the child version of
the test1 (Baron-Cohen et al., 2001b). All the authors calculated
the scores considering the total of the correct answers except for
one (Lischke et al., 2017) that computed the difference between
the percentage of correctly identified positive relative to neutral
states and the percentage of correctly identified negative relative
to neutral states. Jáuregui et al. (2011) also used other tests
besides the RMET, i.e., the Faux Pas Test2 (Stone et al., 1998;
Baron-Cohen et al., 1999), the Baron-Cohen Faces Test3 (Baron-
Cohen et al., 1997b), and the Happè ToM Story Test4 (Happé
et al., 1999). The authors, however, reported only results on
the relation among HRV, the Faux Pas Test, and the RMET
(Jáuregui et al., 2011).

Deuter et al. (2018) administered a PC-assisted short-
version of the Multifaceted Empathy Test (MET; Dziobek
et al., 2008) to assess cognitive empathy intended as a
social cognition measure. The participants were required
to infer the mental state of the person in the photo
and were asked to indicate the correct emotion from a

1Children were presented with a set of 28 photographs (selected from the adult
version of the task) depicting the eye region of the face and were asked to choose
the word that best described what the person was thinking or feeling from a total
of 4 items (only 1 correct). Performance was measured as the number of correct
responses (Baron-Cohen et al., 2001b).
2The test contained 20 stories, half of which including a social faux pas. The stories
were presented one at a time. The text of each story was printed on a single page
and posed in front of the participant. The researcher read the story aloud and then
asked a series of questions about it. The authors (Jáuregui et al., 2011) quantified
correct detections of unintentional Faux Pas (i.e., hits), correct rejections (i.e.,
detection of non-Faux Pas stories), and control questions designed to assess the
comprehension of the story (Stone et al., 1998; Baron-Cohen et al., 1999).
3This task consisted of 20 photographs of the frontal face of an actress displaying
different facial expressions, photographed under controlled and standardized
conditions: 10 photographs displaying emotions such as happiness (repeated 2
times), sadness, anger (repeated 2 times), sorrow, surprise (repeated 2 times),
disgust, and distress, and 10 photographs showing complex mental states, such as
scheming, guilt, thoughtfulness, admiration, quizzically, flirtatiousness, boredom,
interest (repeated 2 times), and arrogance. Each picture had two labels, giving
participants a choice between two emotions (one correct and the other incorrect).
The authors (Jáuregui et al., 2011) selected the label pairs out of a group of
20 emotions and arranged them pseudo-randomly. The participants were asked
to identify the label that most appropriately described the “thinking or feeling”
mental state of an actress (Baron-Cohen et al., 1997b).
4The verbal test consisted of 16 short stories, half of which invoking ToM. The
ToM stories involved the interaction between people and contained double bluff,
mistakes, persuasion, or white lies, with two examples of each type presented. Each
ToM story was followed by a question testing the ability of participant to make
inferences about mental states of others, usually the intentions of actors (Happé
et al., 1999).

list of four. The test consists of 30 picture stimuli with
people in emotionally charged situations, and in this case
(Deuter et al., 2018), the images were presented in 3 blocks
of 10 picture stimuli to detect the cognitive components
of empathy. The accuracy in the detection of emotional
states is usually considered an index of “cognitive empathy”
(Blair, 2008), conceptualized as the ability to create a theory
about the mental state of others and take their perspective
(Perry and Shamay-Tsoory, 2013).

Okruszek et al. (2017) used the Hinting Task (Corcoran et al.,
1995) consisting of 10 short vignettes that are read out to the
participants and left in front of the participants. The vignettes end
with one of the characters giving a hint to the other character.
The participant is asked what the character really meant with
his/her assertion. An appropriate inference scores two points. If
no inference is drawn, a second more obvious hint is added, and
the participant is asked to infer the intention again. A correct
response at this stage is given a score of 1, an incorrect response
is given a score of 0, and the next item is introduced.

Notably, tests that involve faces stimuli (i.e., the Faces Test and
the RMET) brought about phasic decreases in total HRV, while
the Happè ToM Stories Test produced modest and significant
increases in the SD of normal-to-normal intervals (Jáuregui et al.,
2011). When the study carried out in children was considered,
an increase in respiratory sinus arrhythmia (RSA) during the
task and a decrease during recovery after the task were observed
(Kushki et al., 2014).

Studies that did not use traditional ToM tasks (Okruszek
et al., 2017; Deuter et al., 2018) failed to report an association
between HRV and performance on (1) the MET (Dziobek et al.,
2008), which requires inferring mental states from pictures with
people in emotionally charged situations (Deuter et al., 2018),
not presenting neutral background as in the RMET and (2) the
Hinting Task (Corcoran et al., 1995), which is both a visual and
a verbal ToM task, and it also involves other comprehension
abilities (Okruszek et al., 2017).

To summarize, four out of the seven studies that used the
RMET found positive and significant associations between HRV
and ToM performance (Quintana et al., 2012; Lischke et al., 2017;
Varas-Díaz et al., 2017; Cugnata et al., 2018), although different
HRV indices were considered.

Characteristics of HRV Assessment:
Measures, Timing, and Precautions
Except for Kushki et al. (2014), who used RSA, the most
commonly used index of HRV was HF-HRV (Jáuregui et al.,
2011; Quintana et al., 2012; Iorfino et al., 2016; Lischke
et al., 2017; Varas-Díaz et al., 2017). Okruszek et al. (2017);
Cugnata et al. (2018), and Deuter et al. (2018) analyzed a time-
domain component, namely, the root mean square of successive
differences (RMSSD). Both indices are measures of vagally
mediated HRV (Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electrophysiology,
1996).

In most studies, the authors recorded physiological activity
for 5 min with a minimum of 4 and a maximum of 10 min in

Frontiers in Physiology | www.frontiersin.org 6 July 2021 | Volume 12 | Article 611609

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-611609 July 5, 2021 Time: 19:23 # 7

Zammuto et al. HRV and Theory of Mind

laboratory studies. Only one ambulatory study (Okruszek et al.,
2017) assessed HRV during 8 h for 6 days of activities, including
socializing moments.

Regarding the time of the day in which HRV was
assessed, Jáuregui et al. (2011) and Quintana et al. (2012)
recorded parasympathetic activity in the morning, while
Varas-Díaz et al. (2017) assessed it from 3 to 6 p.m. and Iorfino
et al. (2016) from 12 a.m. to 7 p.m.

Neurological, psychiatric, or psychological disorders, acute or
persistent neurological or cardiovascular disease, and disability
were excluded in all of the examined studies. Additional
exclusion criteria were to refrain from medication in general
(Kushki et al., 2014; Varas-Díaz et al., 2017; Deuter et al.,
2018), oral contraceptives (Lischke et al., 2017), antidepressants
(Quintana et al., 2012), psychotropic medication (Okruszek et al.,
2017), antiparkinsonian anticholinergic agents, beta-blockers,
and angiotensin-converting enzyme inhibitors (Jáuregui et al.,
2011). Most of the authors asked participants to refrain
from caffeinated beverages, food, and smoking before the
testing session, from a minimum of 2 h (Jáuregui et al.,
2011) to a maximum of 24 h (Varas-Díaz et al., 2017), and
not to engage in physical activities (Jáuregui et al., 2011).
Some authors also had alcohol consumption (Quintana et al.,
2012; Iorfino et al., 2016) and illicit substances (Iorfino
et al., 2016) as exclusionary criteria (see Table 1 for further
methodological details).

Resting (i.e., tonic) HRV was mostly assessed, sometimes
failing to show a significant association with performance
on ToM tasks (Iorfino et al., 2016; Okruszek et al., 2017;
Deuter et al., 2018). It has to be noted, however, that
when time trajectories of phasic HRV in response to
the task was examined, positive association between the
performance on the RMET and RMSSD (Cugnata et al.,
2018) and between performance on a verbal ToM test
(Faux Pas Test) and HF-HRV (Jáuregui et al., 2011) were
reported, respectively.

Meta-Analysis on the Association
Between HRV and ToM
Six of the nine studies included in the qualitative review were
included in the meta-analysis as (i) they included correlational
data on HRV and ToM (Jáuregui et al., 2011; Quintana et al.,
2012; Iorfino et al., 2016; Lischke et al., 2017) or (ii) such data
were provided by the authors on request (Varas-Díaz et al., 2017;
Deuter et al., 2018)5.

Analysis of the six studies (i.e., 255 participants; 119 females)
showed a significant association between HRV and ToM
performance [g = 0.44, 95% CI (0.07, 0.82), and p = 0.021],
revealing a small-to-medium effect size6. Figure 2 shows the
forest plot. No significant heterogeneity was detected Q (5) = 8.90,

5Varas-Díaz et al. (2017) provided HRV and ToM values, and we calculated the
Pearson’s correlation between RMSSD and HF at baseline and during the task and
ToM score (% of correct answers). The results are reported in Table 1. In the meta-
analysis, resting RMSSD was used, because all of the included studies used HRV
values at rest with the exception of the study by Jáuregui et al. (2011).
6The effect size was considered small, medium or large if equal to 0.20, 0.50, and
0.80, respectively (Cohen, 1988).

p = 0.113; I2 = 43.82. Egger’s test (intercept = 2.51, t = 1.92, and
p = 0.127) and Kendall’s tau (Z = 0.56 and p = 0.573) did not
detect the presence of publication bias.

Meta-regression analysis was computed considering sex
as a continuous variable (i.e., % of women). The meta-
regression analysis did not show a statistically significant
role of sex in moderating the association between resting
HRV and performance on ToM tasks (p = 0.712). The
quality of studies did not emerge as a significant moderator
(p = 0.988).

DISCUSSION

Summary of Main Findings
The aim of the present systematic review and meta-analysis was
to ascertain the relation between performance on tasks aimed
at assessing the ability to infer mental states of others, namely
ToM, and resting HRV. The effect size computed on the six
studies with available data (Jáuregui et al., 2011; Quintana et al.,
2012; Iorfino et al., 2016; Lischke et al., 2017; Varas-Díaz et al.,
2017; Deuter et al., 2018) revealed a significant association of a
small-to-medium size between tonic HRV and performance on
ToM tasks. Neither sex nor the quality of the study moderated
the relation between these two variables, likely due to the
paucity of studies.

When considered individually, only two of the included
studies were characterized by statistically significant results
(Quintana et al., 2012; Lischke et al., 2017). In both studies,
ToM was evaluated with the RMET, and HF-HRV was
assessed as a measure of vagally mediated HRV. Lischke
et al. (2017) evidenced a positive correlation between the
identification of positive (but not negative) mental states
of others and HF-HRV at rest. These findings are in line
with the notion that individuals with high resting HF-
HRV are more successful in initiating and maintaining social
relationships than the individuals with low resting HF-HRV (e.g.,
Shahrestani et al., 2015).

A significant association between resting HRV and ToM
performance also emerged when the RMET items were weighted
for difficulty and HF-HRV values were adjusted for covariates,
such as sex, body mass index, smoking habits, physical
activity, and levels of depression, anxiety, and stress (Quintana
et al., 2012). It has been reported that the RMET captures
ToM deficits shown by people with ASD more than other
tests do (Peterson and Slaughter, 2009) because it requires
not only the identification of primary emotions from facial
expression but also the recognition of mental states from a
specific portion of the face. In fact, the understanding of
inner states is more complex than the recognition of primary
emotions, which has been more deeply investigated in relation
to the vagal modulation of the heart (Bal et al., 2010; Park
et al., 2012; Quintana et al., 2012; Beffara et al., 2016b;
Lischke et al., 2017).

Two other studies that used the RMET failed to find a
significant association with HRV (Iorfino et al., 2016; Varas-Díaz
et al., 2017). In comparison with the previously examined studies,
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FIGURE 2 | Forest plot for meta-analysis on the association between HRV values and ToM performance.

Iorfino et al. (2016) used the split version of the RMET, and Varas-
Díaz et al. (2017) assessed vagally mediated HRV with time-
domain measures (i.e., RMSSD). Other studies that obtained
non-significant findings used the Faux Pas Test (Jáuregui et al.,
2011) or the MET (Deuter et al., 2018).

In summary, the use of HF-HRV at rest and the RMET appear
to best capture the relation between the vagally mediated HRV
and ToM. Notably, when HRV and ToM were examined in
children with ASD and controls (Baron-Cohen et al., 2001b), an
atypical parasympathetic modulation in the ASD group during
the RMET, but not at rest, was emerged (Kushki et al., 2014).

Limitations and Future Directions
The main limitation of this study is the paucity of studies included
in the meta-analysis; thus, caution is required when interpreting
the results. For this reason, the impact of categorical moderators
could not be considered.

Second, the current meta-analysis was not preregistered,
and we are aware that protocol registration is a highly
desirable practice that allows avoiding research duplications
or overlaps, ensuring a careful study plan and research
implementation promotion (Shamseer et al., 2015). However,
Xu et al. (2019) compared meta-analyses with and without
protocol, demonstrating that protocol registration was associated
with better quality of reporting but not with improved
methodological quality.

Third, the polyvagal theory, which together with the
neurovisceral integration model (Thayer and Lane, 2000, 2009;
Thayer et al., 2009) provided the theoretical background for
this study, has been criticized for the weak empirical evidence
on its phylogenetic basis. More specifically, Berntson et al.
(2007) have argued that the smart vagus is already present
not only in mammals but also across vertebrate species (e.g.,
cartilaginous fish). Moreover, these authors have pointed out the
difficulty to clearly distinguish the dorsal motor nucleus and
nucleus ambiguous contributions to human behavior, suggesting
that the association between specific behavioral patterns (e.g.,
adaptive behavior, mobilization, and immobilization response)
and the myelinated or unmyelinated vagus nerve appears to be
misleading (Berntson et al., 2007).

Meanwhile, the results from several meta-analytic works
suggested that vagal control is positively associated with social
functioning (Shahrestani et al., 2014, 2015) and positive effect
(Di Bello et al., 2020), as well as negatively correlated with
psychopathological symptoms and conditions (e.g., Chalmers
et al., 2014; Koenig et al., 2016; Ottaviani et al., 2016; Koch
et al., 2019). More recently, Marmerstein et al. (2021) have
questioned the link between vagal modulation and HRV, showing
a lack of association between HRV measures (e.g., RMSSD, HF-
HRV, and LF-HRV) and tonic vagal activity assessed in the left
cervical vagus and with a respiratory vagal difference in rats
with and without anesthesia. Conversely, other researchers have
asserted that HF-HRV and other time-domain metrics (e.g.,
RMSSD) constitute a good measure of vagal activity in humans, as
suggested by a seminal preclinical study on this topic (Ter Horst
and Postema, 1997). Such opposite views represent a challenge
for future research.

The neurovisceral integration model (Thayer and Lane,
2000, 2009; Thayer et al., 2009) provides an important
description of the network that includes neural, visceral, and
cardiac components, in regulating affective and social processes.
Considering the recent formulation of the model (Smith et al.,
2017), it is important to evaluate vagal modulation both at
rest and when social cognition reasoning is engaged. In fact,
based on the different levels of communication between the
cortex system, neural afferents, and cardiac circuits, which
are hierarchically organized, complex cognitive and emotive
functions can be carried on only if basic processes are satisfied.
Thus, we can view such integration capacity only during
specific tasks that require the engagement of more complex
networks. Resting HRV is generally mostly used as an index of
physical and psychological wellbeing (Task Force of the European
Society of Cardiology and the North American Society of
Pacing and Electrophysiology, 1996). On the other hand, phasic
fluctuations in HRV may reflect effortful emotional regulation
during ToM tasks.

Finally, it seems that frontal lobe contributions to ToM might
be important for representing mental states, whereas the parietal
lobe role might be more specifically involved in reasoning about
beliefs (Sabbagh, 2013). In future research, it would be useful to
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adopt measures of implicit ToM, such as the “Triangles Playing
Tricks” (Heider and Simmel, 1944; Abell et al., 2000), which
requires the understanding of the mental state of others using
social intuition.

CONCLUSION

The prevalence of studies included adult samples, used visual
ToM tasks, and considered RMSSD and HF-HRV as measures
of vagally mediated HRV. Given the variety of tasks used,
replication is warranted using more consistent experimental
methods. The assessment of vagally mediated HRV both at rest
and during the ToM tasks is also warranted as it provides
different and complementary information. Finally, longitudinal
and experimental studies on the association between the ability
to infer the mental states of others and vagally mediated HRV

are needed, since conclusions on directionality cannot be drawn
based on the existing data.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

MZ, CO, FL, and AL conceived the idea. MZ and AL performed
the systematic research. AL encouraged and supervised MZ’s
work. All authors discussed the results and contributed to the
final manuscript.

REFERENCES
Abell, F., Happe, F., and Frith, U. (2000). Do triangles play tricks? Attribution of

mental states to animated shapes in normal and abnormal development. Cogn.
Dev. 15, 1–16. doi: 10.1016/S0885-2014(00)00014-9

Arioli, M., Crespi, C., and Canessa, N. (2018). Social cognition through the lens
of cognitive and clinical neuroscience. BioMed Res. Int. 2018:4283427. doi:
10.1155/2018/4283427

Astington, J. W. (2003). “Sometimes necessary, never sufficient: false-belief
understanding and social competence,” in Macquarie Monographs in Cognitive
Science. Individual Differences in Theory of Mind: Implications for Typical and
Atypical Development, eds B. Repacholi and V. Slaughter (Hove: Psychology
Press), 13–38.

Baars, B., and Gage, N. M. (2013). “Social cognition,” in Fundamentals of Cognitive
Neuroscience: A Beginner’s Guide, eds N. M. Cage and B. J. Baars (Cambridge,
MA: Academic Press), 357–382.

Bal, E., Harden, E., Lamb, D., Van Hecke, A. V., Denver, J. W., and Porges,
S. W. (2010). Emotion recognition in children with autism spectrum disorders:
relations to eye gaze and autonomic state. J. Autism Dev. Disord. 40, 358–370.
doi: 10.1007/s10803-009-0884-3

Banerjee, R., and Watling, D. (2005). Children’s understanding of faux pas:
associations with peer relations. Hellenic J. Psychol. 2, 27–45.

Baron-Cohen, S., O’riordan, M., Stone, V., Jones, R., and Plaisted, K. (1999).
Recognition of faux pas by normally developing children and children with
Asperger syndrome or high-functioning autism. J. Autism Dev. Disord. 29,
407–418. doi: 10.1023/A:1023035012436

Baron-Cohen, S., Wheelwright, S., Hill, J., Raste, Y., and Plumb, I. (2001a).
The “Reading the Mind in the Eyes” Test revised version: a study with
normal adults, and adults with Asperger syndrome or high-functioning autism.
J. Child Psychol. Psychiatry Allied Disciplines 42, 241–251. doi: 10.1017/
S0021963001006643

Baron-Cohen, S., Wheelwright, S., Spong, A., Scahill, V., and Lawson, J. (2001b).
Are intuitive physics and intuitive psychology independent? A test with
children with Asperger Syndrome. J. Dev. Learn. Disord. 5, 47–78.

Baron-Cohen, S., Jolliffe, T., Mortimore, C., and Robertson, M. (1997a). Another
advanced test of theory of mind: evidence from very high functioning adults
with autism or Asperger syndrome. J. Child Psychol. Psychiatry 38, 813–822.
doi: 10.1111/j.1469-7610.1997.tb01599.x

Baron-Cohen, S., Wheelwright, S., and Jolliffe, A. T. (1997b). Is there a“ language
of the eyes”? Evidence from normal adults, and adults with autism or Asperger
syndrome. Vis. Cogn. 4, 311–331. doi: 10.1080/713756761

Beffara, B., Bret, A. G., Vermeulen, N., and Mermillod, M. (2016a). Resting
high frequency heart rate variability selectively predicts cooperative
behavior. Physiol. Behav. 164, 417–428. doi: 10.1016/j.physbeh.2016.
06.011

Beffara, B., Vermeulen, N., and Mermillod, M. (2016b). Resting high frequency
heart rate variability is not associated with the recognition of emotional facial
expressions in healthy human adults. bioRxiv [Preprint]. doi: 10.1101/077784

Benevides, T. W., and Lane, S. J. (2015). A review of cardiac autonomic measures:
considerations for examination of physiological response in children with
autism spectrum disorder. J. Autism Dev. Disord. 45, 560–575. doi: 10.1007/
s10803-013-1971-z

Berntson, G. G., Cacioppo, J. T., and Grossman, P. (2007). Whither vagal tone. Biol.
Psychol. 74, 295–300. doi: 10.1016/j.biopsycho.2006.08.006

Blair, R. J. R. (2008). Fine cuts of empathy and the amygdala: dissociable deficits
in psychopathy and autism. Q. J. Exp. Psychol. 61, 157–170. doi: 10.1080/
17470210701508855

Calero, C. I., Salles, A., Semelman, M., and Sigman, M. (2013). Age and gender
dependent development of Theory of Mind in 6- to 8-years old children. Front.
Hum. Neurosci. 7:281. doi: 10.3389/fnhum.2013.00281

Calkins, S. D. (1997). Cardiac vagal tone indices of temperamental reactivity and
behavioral regulation in young children. Dev. Psychobiol. 31, 125–135. doi:
10.1002/(sici)1098-2302(199709)31:2<125::aid-dev5>3.0.co;2-m

Capage, L., and Watson, A. C. (2001). Individual differences in theory of mind,
aggressive behavior, and social skills in young children. Early Educ. Dev. 12,
613–628. doi: 10.1207/s15566935eed1204_7

Chalmers, J. A., Quintana, D. S., Abbott, M. J., and Kemp, A. H. (2014). Anxiety
disorders are associated with reduced heart rate variability: a meta-analysis.
Front. Psychiatry 5:80. doi: 10.3389/fpsyt.2014.00080

Charman, T., Ruffman, T., and Clements, W. (2002). Is there a gender difference
in false belief development? Soc. Dev. 11, 1–10. doi: 10.1111/1467-9507.
00183

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences, 2nd Edn.
Mahwah, NJ: Lawrence Erlbaum Associates. doi: 10.1111/1467-9507.00183

Cole, P. M., Zahn-Waxler, C., Fox, N. A., Usher, B. A., and Welsh, J. D.
(1996). Individual differences in emotion regulation and behavior problems in
preschool children. J. Abnorm. Psychol. 105, 518–529. doi: 10.1037/0021-843X.
105.4.518

Colzato, L. S., Sellaro, R., and Beste, C. (2017). Darwin revisited: the vagus nerve
is a causal element in controlling recognition of other’s emotions. Cortex 92,
95–102. doi: 10.1016/j.cortex.2017.03.017

Corcoran, R., Mercer, G., and Frith, C. D. (1995). Schizophrenia, symptomatology
and social inference: investigating “theory of mind” in people with
schizophrenia. Schizophr. Res. 17, 5–13. doi: 10.1016/0920-9964(95)00024-G

Crocetti, E. (2016). Systematic reviews with meta-analysis: why, when, and how?
Emerg. Adulthood 4, 3–18. doi: 10.1177/2167696815617076

Cugnata, F., Martoni, R. M., Ferrario, M., Di Serio, C., and Brombin, C. (2018).
Modeling physiological responses induced by an emotion recognition task
using latent class mixed models. PLoS One 13:e0207123. doi: 10.1371/journal.
pone.0207123

Frontiers in Physiology | www.frontiersin.org 9 July 2021 | Volume 12 | Article 611609

https://doi.org/10.1016/S0885-2014(00)00014-9
https://doi.org/10.1155/2018/4283427
https://doi.org/10.1155/2018/4283427
https://doi.org/10.1007/s10803-009-0884-3
https://doi.org/10.1023/A:1023035012436
https://doi.org/10.1017/S0021963001006643
https://doi.org/10.1017/S0021963001006643
https://doi.org/10.1111/j.1469-7610.1997.tb01599.x
https://doi.org/10.1080/713756761
https://doi.org/10.1016/j.physbeh.2016.06.011
https://doi.org/10.1016/j.physbeh.2016.06.011
https://doi.org/10.1101/077784
https://doi.org/10.1007/s10803-013-1971-z
https://doi.org/10.1007/s10803-013-1971-z
https://doi.org/10.1016/j.biopsycho.2006.08.006
https://doi.org/10.1080/17470210701508855
https://doi.org/10.1080/17470210701508855
https://doi.org/10.3389/fnhum.2013.00281
https://doi.org/10.1002/(sici)1098-2302(199709)31:2<125::aid-dev5>3.0.co;2-m
https://doi.org/10.1002/(sici)1098-2302(199709)31:2<125::aid-dev5>3.0.co;2-m
https://doi.org/10.1207/s15566935eed1204_7
https://doi.org/10.3389/fpsyt.2014.00080
https://doi.org/10.1111/1467-9507.00183
https://doi.org/10.1111/1467-9507.00183
https://doi.org/10.1111/1467-9507.00183
https://doi.org/10.1037/0021-843X.105.4.518
https://doi.org/10.1037/0021-843X.105.4.518
https://doi.org/10.1016/j.cortex.2017.03.017
https://doi.org/10.1016/0920-9964(95)00024-G
https://doi.org/10.1177/2167696815617076
https://doi.org/10.1371/journal.pone.0207123
https://doi.org/10.1371/journal.pone.0207123
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-611609 July 5, 2021 Time: 19:23 # 10

Zammuto et al. HRV and Theory of Mind

Deuter, C. E., Nowacki, J., Wingenfeld, K., Kuehl, L. K., Finke, J. B., Dziobek, I., et al.
(2018). The role of physiological arousal for self-reported emotional empathy.
Auton. Neurosci. 214, 9–14. doi: 10.1016/j.autneu.2018.07.002

Di Bello, M., Carnevali, L., Petrocchi, N., Thayer, J., Gilbert, P., and Ottaviani, C.
(2020). The compassionate vagus: a meta-analysis on the connection between
compassion and vagally-mediated heart rate variability. Neurosci. Biobehav.
Rev. 116, 21–30. doi: 10.1016/j.neubiorev.2020.06.016

Di Tella, M., Miti, F., Ardito, R. B., and Adenzato, M. (2020). Social cognition and
sex: are men and women really different? Personal. Individ. Differ. 162:110045.
doi: 10.1016/j.paid.2020.110045

Dvash, J., and Shamay-Tsoory, S. G. (2014). Theory of mind and empathy as
multidimensional constructs: neurological foundations. Top. Lang. Disord. 34,
282–295. doi: 10.1097/TLD.0000000000000040

Dziobek, I., Rogers, K., Fleck, S., Bahnemann, M., Heekeren, H. R., Wolf, O. T.,
et al. (2008). Dissociation of cognitive and emotional empathy in adults with
Asperger syndrome using the Multifaceted Empathy Test (MET). J. Autism Dev.
Disord. 38, 464–473. doi: 10.1007/s10803-007-0486-x

Ettekal, I., and Ladd, G. W. (2020). Development of aggressive-victims from
childhood through adolescence: associations with emotion dysregulation,
withdrawn behaviors, moral disengagement, peer rejection, and friendships.
Dev. Psychopathol. 32, 271–291. doi: 10.1017/S0954579419000063

Flavell, J. H. (2004). Theory-of-mind development: retrospect and prospect.
Merrill-Palmer Q. 50, 274–290. doi: 10.1353/mpq.2004.0018

Frith, U., and Frith, C. D. (2003). Development and neurophysiology of
mentalizing. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 358, 459–473. doi:
10.1098/rstb.2002.1218

Gabriel, E. T., Oberger, R., Schmoeger, M., Deckert, M., Vockh, S., Auff, E., et al.
(2021). Cognitive and affective Theory of Mind in adolescence: developmental
aspects and associated neuropsychological variables. Psychol. Res. 85, 533–553.
doi: 10.1007/s00426-019-01263-6

Hamilton, H. K., Sun, J. C., Green, M. F., Kee, K. S., Lee, J., Sergi, M., et al. (2014).
Social cognition and functional outcome in schizophrenia: the moderating role
of cardiac vagal tone. J. Abnorm. Psychol. 123, 764–770. doi: 10.1037/a0037813

Happé, F., Brownell, H., and Winner, E. (1999). Acquired theory of
mind’impairments following stroke. Cognition 70, 211–240. doi:
10.1016/S0010-0277(99)00005-0

Heider, F., and Simmel, M. (1944). An experimental study of apparent behavior.
Am. J. Psychol. 57, 243–259. doi: 10.2307/1416950

Hughes, C., Dunn, J., and White, A. (1998). Trick or treat? Uneven understanding
of mind and emotion and executive dysfunction in “hard–to–manage
preschoolers. J. Child Psychol. Psychiatry 39, 981–994. doi: 10.1111/1469-7610.
00401

Hughes, C., and Leekam, S. (2004). What are the links between theory of mind and
social relations? Review, reflections and new directions for studies of typical and
atypical development. Soc. Dev. 13, 590–619. doi: 10.1111/j.1467-9507.2004.
00285.x

Imuta, K., Henry, J. D., Slaughter, V., Selcuk, B., and Ruffman, T. (2016). Theory of
mind and prosocial behavior in childhood: a meta-analytic review. Dev. Psychol.
52, 1192–1205. doi: 10.1037/dev0000140

Iorfino, F., Alvares, G. A., Guastella, A. J., and Quintana, D. S. (2016). Cold face
test-induced increases in heart rate variability are abolished by engagement
in a social cognition task. J. Psychophysiol. 30, 38–46. doi: 10.1027/0269-8803/
a000152

Jáuregui, O. I., Costanzo, E. Y., de Achával, D., Villarreal, M. F., Chu, E., Mora,
M. C., et al. (2011). Autonomic nervous system activation during social
cognition tasks in patients with schizophrenia and their unaffected relatives.
Cogn. Behav. Neurol. 24, 194–203. doi: 10.1097/WNN.0b013e31824007e9

Koch, C., Wilhelm, M., Salzmann, S., Rief, W., and Euteneuer, F. (2019). A
meta-analysis of heart rate variability in major depression. Psychol. Med. 49,
1948–1957. doi: 10.1017/S0033291719001351

Koenig, J., and Thayer, J. F. (2016). Sex differences in healthy human heart rate
variability: a meta-analysis. Neurosci. Biobehav. Rev. 64, 288–310. doi: 10.1016/
j.neubiorev.2016.03.007

Koenig, J., Williams, D. P., Kemp, A. H., and Thayer, J. F. (2016). Vagally
mediated heart rate variability in headache patients—a systematic review and
meta-analysis. Cephalalgia 36, 265–278. doi: 10.1177/0333102415583989

Kogan, A., Oveis, C., Carr, E. W., Gruber, J., Mauss, I. B., Shallcross, A., et al. (2014).
Vagal activity is quadratically related to prosocial traits, prosocial emotions, and

observer perceptions of prosociality. J. Personal. Soc. Psychol. 107, 1051–1063.
doi: 10.1037/a0037509

Kok, B. E., and Fredrickson, B. L. (2010). Upward spirals of the heart: autonomic
flexibility, as indexed by vagal tone, reciprocally and prospectively predicts
positive emotions and social connectedness. Biol. Psychol. 85, 432–436. doi:
10.1016/j.biopsycho.2010.09.005

Kuo, T. B., Lai, C. J., Huang, Y. T., and Yang, C. C. (2005). Regression analysis
between heart rate variability and baroreflex-related vagus nerve activity in
rats. J. Cardiovasc. Electrophysiol. 16, 864–869. doi: 10.1111/j.1540-8167.2005.
40656.x

Kushki, A., Brian, J., Dupuis, A., and Anagnostou, E. (2014). Functional autonomic
nervous system profile in children with autism spectrum disorder. Mol. Autism
5:39. doi: 10.1186/2040-2392-5-39

Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gøtzsche, P. C., Ioannidis, J. P.,
et al. (2009). The PRISMA statement for reporting systematic reviews and meta-
analyses of studies that evaluate health care interventions: explanation and
elaboration. J. Clin. Epidemiol. 62, e1–e34. doi: 10.1016/j.jclinepi.2009.06.006

Lischke, A., Lemke, D., Neubert, J., Hamm, A. O., and Lotze, M. (2017).
Inter-individual differences in heart rate variability are associated with inter-
individual differences in mind-reading. Sci. Rep. 7:11557. doi: 10.1038/s41598-
017-11290-1

Lischke, A., Pahnke, R., Mau-Moeller, A., Behrens, M., Grabe, H. J., Freyberger,
H. J., et al. (2018). Inter- individual differences in heart rate variability are
associated with inter-individual differences in empathy and alexithymia. Front.
Psychol. 9:229. doi: 10.3389/fpsyg.2018.00229

Lonigro, A., Laghi, F., Baiocco, R., and Baumgartner, E. (2014). Mind reading
skills and empathy: evidence for nice and nasty ToM behaviours in school-aged
children. J. Child Fam. Stud. 23, 581–590. doi: 10.1007/s10826-013-9722-5

Marmerstein, J. T., McCallum, G. A., and Durand, D. M. (2021). Direct
measurement of vagal tone in rats does not show correlation to HRV. Sci. Rep.
11:1210. doi: 10.1038/s41598-020-79808-8

Mattarozzi, K., Colonnello, V., Thayer, J. F., and Ottaviani, C. (2019). Trusting your
heart: long-term memory for bad and good people is influenced by resting vagal
tone. Conscious. Cogn. 75:102810. doi: 10.1016/j.concog.2019.102810

McEwen, F., Happé, F., Bolton, P., Rijsdijk, F., Ronald, A., Dworzynski, K., et al.
(2007). Origins of individual differences in imitation: links with language,
pretend play, and socially insightful behaviour in two–year–old twins. Child
Dev. 78, 474–492. doi: 10.1111/j.1467-8624.2007.01010.x

Miller, J. G., Kahle, S., and Hastings, P. D. (2017). Moderate baseline vagal tone
predicts greater prosociality in children. Dev. Psychol. 53, 274–289. doi: 10.1037/
dev0000238

Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G. (2009). Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. Ann.
Int. Med. 151, 264–269. doi: 10.1093/ptj/89.9.873

Okruszek, Ł, Dolan, K., Lawrence, M., and Cella, M. (2017). The beat of social
cognition: exploring the role of heart rate variability as marker of mentalizing
abilities. Soc. Neurosci. 12, 489–493. doi: 10.1080/17470919.2016.1244113

Ottaviani, C., Thayer, J. F., Verkuil, B., Lonigro, A., Medea, B., Couyoumdjian, A.,
et al. (2016). Physiological concomitants of perseverative cognition: a systematic
review and meta-analysis. Psychol. Bull. 142, 231–251. doi: 10.1037/bul000
0036

Park, G., Van Bavel, J. J., Vasey, M. W., Egan, E. J., and Thayer, J. F. (2012). From
the heart to the mind’s eye: cardiac vagal tone is related to visual perception of
fearful faces at high spatial frequency. Biol. Psychol. 90, 171–178. doi: 10.1016/j.
biopsycho.2012.02.012

Park, G., Vasey, M. W., Van Bavel, J. J., and Thayer, J. F. (2014). When
tonic cardiac vagal tone predicts changes in phasic vagal tone: the role of
fear and perceptual load. Psychophysiology 51, 419–426. doi: 10.1111/psyp.
12186

Perry, A., and Shamay-Tsoory, S. (2013). “Understanding emotional and cognitive
empathy: a neuropsychological perspective,” in Understanding Other Minds:
Perspectives From Developmental Social Neuroscience, eds S. Baron-Cohen,
H. Tager-Flusberg, and M. V. Lombardo (Oxford: Oxford University Press),
178–194. doi: 10.1093/acprof:oso/9780199692972.003.0011

Peterson, C. C., and Slaughter, V. (2009). Theory of mind (ToM) in children
with autism or typical development: links between eye-reading and false belief
understanding. Res. Autism Spectr. Disord. 3, 462–473. doi: 10.1016/j.rasd.2008.
09.007

Frontiers in Physiology | www.frontiersin.org 10 July 2021 | Volume 12 | Article 611609

https://doi.org/10.1016/j.autneu.2018.07.002
https://doi.org/10.1016/j.neubiorev.2020.06.016
https://doi.org/10.1016/j.paid.2020.110045
https://doi.org/10.1097/TLD.0000000000000040
https://doi.org/10.1007/s10803-007-0486-x
https://doi.org/10.1017/S0954579419000063
https://doi.org/10.1353/mpq.2004.0018
https://doi.org/10.1098/rstb.2002.1218
https://doi.org/10.1098/rstb.2002.1218
https://doi.org/10.1007/s00426-019-01263-6
https://doi.org/10.1037/a0037813
https://doi.org/10.1016/S0010-0277(99)00005-0
https://doi.org/10.1016/S0010-0277(99)00005-0
https://doi.org/10.2307/1416950
https://doi.org/10.1111/1469-7610.00401
https://doi.org/10.1111/1469-7610.00401
https://doi.org/10.1111/j.1467-9507.2004.00285.x
https://doi.org/10.1111/j.1467-9507.2004.00285.x
https://doi.org/10.1037/dev0000140
https://doi.org/10.1027/0269-8803/a000152
https://doi.org/10.1027/0269-8803/a000152
https://doi.org/10.1097/WNN.0b013e31824007e9
https://doi.org/10.1017/S0033291719001351
https://doi.org/10.1016/j.neubiorev.2016.03.007
https://doi.org/10.1016/j.neubiorev.2016.03.007
https://doi.org/10.1177/0333102415583989
https://doi.org/10.1037/a0037509
https://doi.org/10.1016/j.biopsycho.2010.09.005
https://doi.org/10.1016/j.biopsycho.2010.09.005
https://doi.org/10.1111/j.1540-8167.2005.40656.x
https://doi.org/10.1111/j.1540-8167.2005.40656.x
https://doi.org/10.1186/2040-2392-5-39
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.1038/s41598-017-11290-1
https://doi.org/10.1038/s41598-017-11290-1
https://doi.org/10.3389/fpsyg.2018.00229
https://doi.org/10.1007/s10826-013-9722-5
https://doi.org/10.1038/s41598-020-79808-8
https://doi.org/10.1016/j.concog.2019.102810
https://doi.org/10.1111/j.1467-8624.2007.01010.x
https://doi.org/10.1037/dev0000238
https://doi.org/10.1037/dev0000238
https://doi.org/10.1093/ptj/89.9.873
https://doi.org/10.1080/17470919.2016.1244113
https://doi.org/10.1037/bul0000036
https://doi.org/10.1037/bul0000036
https://doi.org/10.1016/j.biopsycho.2012.02.012
https://doi.org/10.1016/j.biopsycho.2012.02.012
https://doi.org/10.1111/psyp.12186
https://doi.org/10.1111/psyp.12186
https://doi.org/10.1093/acprof:oso/9780199692972.003.0011
https://doi.org/10.1016/j.rasd.2008.09.007
https://doi.org/10.1016/j.rasd.2008.09.007
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-611609 July 5, 2021 Time: 19:23 # 11

Zammuto et al. HRV and Theory of Mind

Porges, S. W. (2001). The polyvagal theory: phylogenetic substrates of a social
nervous system. Int. J. Psychophysiol. 42, 123–146. doi: 10.1016/S0167-8760(01)
00162-3

Porges, S. W. (2003). The polyvagal theory: phylogenetic contributions to social
behavior. Physiol. Behav. 79, 503–513. doi: 10.1016/S0031-9384(03)00156-2

Porges, S. W. (2007). The polyvagal perspective. Biol. Psychol. 74, 116–143. doi:
10.1016/j.biopsycho.2006.06.009

Porges, S. W., Doussard-Roosevelt, J. A., Portales, A. L., and Greenspan, S. I.
(1996). Infant regulation of the vagal “brake” predicts child behavior problems:
a psychobiological model of social behavior. Dev. Psychobiol. 29, 697–712. doi:
10.1002/(SICI)1098-2302(199612)29:8<697::AID-DEV5>3.0.CO;2-O

Premack, D., and Woodruff, G. (1978). Does the chimpanzee have a
theory of mind? Behav. Brain Sci. 1, 515–526. doi: 10.1017/S0140525X000
76512

Quintana, D. S., Guastella, A. J., Outhred, T., Hickie, I. B., and Kemp, A. H. (2012).
Heart rate variability is associated with emotion recognition: direct evidence for
a relationship between the autonomic nervous system and social cognition. Int.
J. Psychophysiol. 86, 168–172. doi: 10.1016/j.ijpsycho.2012.08.012

Ronald, A., Happé, F., Hughes, C., and Plomin, R. (2005). Nice and nasty theory
of mind in preschool children: nature and nurture. Soc. Dev. 14, 664–684.
doi: 10.1111/j.1467-9507.2005.00323.x

Sabbagh, M. A. (2013). Brain Electrophysiological Studies of Theory of Mind.
Understanding Other Minds: Perspectives From Developmental Social
Neuroscience. New York, NY: Oxford University Press.

Saghir, H., Dupuis, A., Chau, T., and Kushki, A. (2017). Atypical autonomic
nervous system complexity accompanies social cognition task performance
in ASD. Res. Autism Spectr. Disord. 39, 54–62. doi: 10.1016/j.rasd.2017.
04.004

Santucci, A. K., Silk, J. S., Shaw, D. S., Gentzler, A., Fox, N. A., and Kovacs,
M. (2008). Vagal tone and temperament as predictors of emotion regulation
strategies in young children. Dev. Psychobiol. 50, 205–216. doi: 10.1002/dev.
20283

Schurz, M., Radua, J., Tholen, M. G., Maliske, L., Margulies, D. S., Mars, R. B., et al.
(2021). Toward a hierarchical model of social cognition: a neuroimaging meta-
analysis and integrative review of empathy and theory of mind. Psychol. Bull.
147, 293–327. doi: 10.1037/bul0000303

Sebastian, C. L., Fontaine, N. M., Bird, G., Blakemore, S. J., Brito, S. A., McCrory,
E. J., et al. (2012). Neural processing associated with cognitive and affective
Theory of Mind in adolescents and adults. Soc. Cogn. Affect. Neurosci. 7, 53–63.
doi: 10.1093/scan/nsr023

Selya, A. S., Rose, J. S., Dierker, L. C., Hedeker, D., and Mermelstein, R. J.
(2012). A practical guide to calculating Cohen’s f(2), a measure of local
effect size, from PROC MIXED. Front. Psychol. 3:111. doi: 10.3389/fpsyg.2012.
00111

Shahrestani, S., Stewart, E. M., Quintana, D. S., Hickie, I. B., and Guastella, A. J.
(2014). Heart rate variability during social interactions in children with and
without psychopathology: a meta-analysis. J. Child Psychol. Psychiatry Allied
Disciplines 55, 981–989. doi: 10.1111/jcpp.12226

Shahrestani, S., Stewart, E. M., Quintana, D. S., Hickie, I. B., and Guastella, A. J.
(2015). Heart rate variability during adolescent and adult social interactions:
a meta-analysis. Biol. Psychol. 105, 43–50. doi: 10.1016/j.biopsycho.2014.
12.012

Shamseer, L., Moher, D., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al.
(2015). Preferred reporting items for systematic review and meta-analysis
protocols (PRISMA-P) 2015: elaboration and explanation. BMJ 350:g7647. doi:
10.1136/bmj.g7647

Slaughter, V., Imuta, K., Peterson, C. C., and Henry, J. D. (2015). Meta-analysis
of theory of mind and peer popularity in the preschool and early school years.
Child Dev. 86, 1159–1174. doi: 10.1111/cdev.12372

Smith, R., Thayer, J. F., Khalsa, S. S., and Lane, R. D. (2017). The hierarchical
basis of neurovisceral integration. Neurosci. Biobehav. Rev. 75, 274–296. doi:
10.1016/j.neubiorev.2017.02.003

Stifter, C. A., and Corey, J. M. (2001). Vagal regulation and observed social behavior
in infancy. Soc. Dev. 10, 189–201. doi: 10.1111/1467-9507.00158

Stone, V. E., Baron-Cohen, S., and Knight, R. T. (1998). Frontal lobe
contributions to theory of mind. J. Cogn. Neurosci. 10, 640–656. doi: 10.1162/
089892998562942

Task Force of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology (1996). Heart rate variability: standards of
measurement, physiological interpretation and clinical use. Circulation 93,
1043–1065. doi: 10.1161/01.CIR.93.5.1043

Ter Horst, G. J., and Postema, F. (1997). Forebrain parasympathetic control of
heart activity: retrograde transneuronal viral labeling in rats. Am. J. Physiol. 273,
H2926–H2930. doi: 10.1152/ajpheart.1997.273.6.H2926

Thayer, J. F., Hansen, A. L., Saus-Rose, E., and Johnsen, B. H. (2009). Heart
rate variability, prefrontal neural function, and cognitive performance: the
neurovisceral integration perspective on self-regulation, adaptation, and health.
Ann. Behav. Med. 37, 141–153. doi: 10.1007/s12160-009-9101-z

Thayer, J. F., and Lane, R. D. (2000). A model of neurovisceral integration in
emotion regulation and dysregulation. J. Affect. Disord. 61, 201–216. doi: 10.
1016/S0165-0327(00)00338-4

Thayer, J. F., and Lane, R. D. (2009). Claude Bernard and the heart–brain
connection: Further elaboration of a model of neurovisceral integration.
Neurosci. Biobehav. Rev. 33, 81–88. doi: 10.1016/j.neubiorev.2008.08.004

Tholen, M. G., Trautwein, F. M., Böckler, A., Singer, T., and Kanske, P. (2020).
Functional magnetic resonance imaging (fMRI) item analysis of empathy and
theory of mind. Hum. Brain Mapp. 41, 2611–2628. doi: 10.1002/hbm.24966

Varas-Díaz, G., Brunetti, E. P., Rivera-Lillo, G., and Maldonado, P. E. (2017).
Patients with chronic spinal cord injury exhibit reduced autonomic modulation
during an emotion recognition task. Front. Hum. Neurosci. 11:59. doi: 10.3389/
fnhum.2017.00059

Wacker, R., Bölte, S., and Dziobek, I. (2017). Women know better what other
women think and feel: gender effects on mindreading across the adult life Span.
Front. Psychol. 8:1324. doi: 10.3389/fpsyg.2017.01324

Walker, S. (2005). Gender differences in the relationship between young children’s
peer-related social competence and individual differences in theory of mind. J.
Genet. Psychol. 166, 297–312. doi: 10.3200/GNTP.166.3.297-312

Wells, G. A., Shea, B., O’Connell, D., Peterson, J., Welch, V., Losos, M., et al. (2011).
The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Nonrandomised
Studies in Meta-Analyses. Ontario: Ottawa Hospital Research Institute.

Wimmer, H., and Perner, J. (1983). Beliefs about beliefs: representation and
constraining function of wrong beliefs in young children’s understanding of
deception. Cognition 13, 103–128. doi: 10.1016/0010-0277(83)90004-5

Xu, C., Cheng, L. L., Liu, Y., Jia, P.-L., Gao, M.-Y., and Zhang, C. (2019). Protocol
registration or development may benefit the design, conduct and reporting of
dose-response meta-analysis: empirical evidence from a literature survey. BMC
Med. Res. Methodol. 19:78. doi: 10.1186/s12874-019-0715-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zammuto, Ottaviani, Laghi and Lonigro. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 11 July 2021 | Volume 12 | Article 611609

https://doi.org/10.1016/S0167-8760(01)00162-3
https://doi.org/10.1016/S0167-8760(01)00162-3
https://doi.org/10.1016/S0031-9384(03)00156-2
https://doi.org/10.1016/j.biopsycho.2006.06.009
https://doi.org/10.1016/j.biopsycho.2006.06.009
https://doi.org/10.1002/(SICI)1098-2302(199612)29:8<697::AID-DEV5>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1098-2302(199612)29:8<697::AID-DEV5>3.0.CO;2-O
https://doi.org/10.1017/S0140525X00076512
https://doi.org/10.1017/S0140525X00076512
https://doi.org/10.1016/j.ijpsycho.2012.08.012
https://doi.org/10.1111/j.1467-9507.2005.00323.x
https://doi.org/10.1016/j.rasd.2017.04.004
https://doi.org/10.1016/j.rasd.2017.04.004
https://doi.org/10.1002/dev.20283
https://doi.org/10.1002/dev.20283
https://doi.org/10.1037/bul0000303
https://doi.org/10.1093/scan/nsr023
https://doi.org/10.3389/fpsyg.2012.00111
https://doi.org/10.3389/fpsyg.2012.00111
https://doi.org/10.1111/jcpp.12226
https://doi.org/10.1016/j.biopsycho.2014.12.012
https://doi.org/10.1016/j.biopsycho.2014.12.012
https://doi.org/10.1136/bmj.g7647
https://doi.org/10.1136/bmj.g7647
https://doi.org/10.1111/cdev.12372
https://doi.org/10.1016/j.neubiorev.2017.02.003
https://doi.org/10.1016/j.neubiorev.2017.02.003
https://doi.org/10.1111/1467-9507.00158
https://doi.org/10.1162/089892998562942
https://doi.org/10.1162/089892998562942
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1152/ajpheart.1997.273.6.H2926
https://doi.org/10.1007/s12160-009-9101-z
https://doi.org/10.1016/S0165-0327(00)00338-4
https://doi.org/10.1016/S0165-0327(00)00338-4
https://doi.org/10.1016/j.neubiorev.2008.08.004
https://doi.org/10.1002/hbm.24966
https://doi.org/10.3389/fnhum.2017.00059
https://doi.org/10.3389/fnhum.2017.00059
https://doi.org/10.3389/fpsyg.2017.01324
https://doi.org/10.3200/GNTP.166.3.297-312
https://doi.org/10.1016/0010-0277(83)90004-5
https://doi.org/10.1186/s12874-019-0715-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	The Heart in the Mind: A Systematic Review and Meta-Analysis of the Association Between Theory of Mind and Cardiac Vagal Tone
	Introduction
	Theory of Mind and Social Behavior
	The Polyvagal Theory and the Social Engagement System
	Theory of Mind and HRV: The Present Study

	Methods
	Search Strategy
	Eligibility Criteria
	Selection and Coding of Primary Studies
	Strategy of Analysis

	Results
	Study Selection and Characteristics of Included Findings
	Theory of Mind Evaluation
	Characteristics of HRV Assessment: Measures, Timing, and Precautions
	Meta-Analysis on the Association Between HRV and ToM

	Discussion
	Summary of Main Findings
	Limitations and Future Directions

	Conclusion
	Data Availability Statement
	Author Contributions
	References


