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Our various daily activities continually require regulation of our internal state. These regulatory processes
covary with changes in High Frequency Heart Rate Variability (HF-HRV), a marker of parasympathetic
activity. Specifically, incidental increases in HF-HRV accompany positive social engagement behavior and
prosocial action. Little is known about deliberate regulation of HF-HRV and the role of voluntary parasym-
pathetic regulation in prosocial behavior. Here, we present a novel biofeedback task that measures the
ability to deliberately increase HF-HRV. In two large samples, we find that a) participants are able to
voluntarily upregulate HF-HRV, and b) variation in this ability predicts individual differences in altruistic
prosocial behavior, but not non-altruistic forms of prosociality, assessed through 14 different measures.
Our findings suggest that self-induction of parasympathetic states is involved in altruistic action. The
biofeedback task may provide a measure of deliberate parasympathetic regulation, with implications for
the study of attention, emotion, and social behavior.
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1. Introduction

As we go through the various activities of our day, our internal
milieu continually changes. The adaptations of our internal states
are mirrored in changes of autonomic system activity (Kreibig,
2010; Porges, 2007; Thayer & Lane, 2009). In this paper, we focus
on changes in parasympathetic activity, particularly activity of the
vagus nerve, which can be estimated by measuring the high fre-
quency band of heart rate variability (HF-HRV; e.g., Task-Force,
1996). Some behaviors, such as solving a cognitively demand-
ing task or coping with a stressful situation, are accompanied by
reductions in HF-HRV, indicative of vagal withdrawal (Duschek,
Muckenthaler, Werner, & del Paso, 2009; Graziano & Derefinko,
2013; Luque-Casado, Perales, Cardenas, & Sanabria, 2015). Other
behaviors, such as positive social engagement, have been linked to
increases in HF-HRV, indicative of vagal upregulation (Bazhenova,
Plonskaia, & Porges, 2001; Hastings et al., 2008; Miller et al.,
2013; Porges, 2003). The degree to which people show these
situation-dependent adaptations in HF-HRV, termed vagal flex-
ibility (Muhtadie, Koslov, Akinola, & Mendes, 2014), has been
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hypothesized to relate to psychological health (Beauchaine, 2001).
Indeed, it has been found that people who exhibit lower HF-HRV
in stressful situations and higher HF-HRV during positive social
engagement show better stress coping (Bazhenova et al., 2001),
fewer depressive symptoms (Oppenheimer, Measelle, Laurent,
& Ablow, 2013), and are less likely to be diagnosed with psy-
chopathology (Musser et al., 2011; Shahrestani, Stewart, Quintana,
Hickie, & Guastella, 2014).

The role of vagal upregulation in positive social engagement
led researchers to pursue the hypothesis that it is also involved in
altruistic feelings and behaviors (e.g., Barraza, Alexander, Beavin,
Terris, & Zak, 2015; Miller, Kahle, & Hastings, 2015). Following
Batson, (2014, p.6), we define behaviors as altruistically moti-
vated if they follow from a “motivational state with the ultimate
goal of increasing another’s welfare”. A link between altruism and
vagal upregulation is in line with the implication of the vagus in
the mammalian “care-system” (Panksepp, 2006, 2011; also called
“affiliative system”, Depue & Morrone-Strupinsky, 2005), a biolog-
ical system that evolved in mammals for the care of the offspring
but may lie at the basis of caring or altruistic acts in general
(Eisenberger & Cole, 2012; Gordon, Martin, Feldman, & Leckman,
2011; Panksepp, 2011; Preston, 2013). In rodents, the vagus
nerve closely interacts with the neuropeptide oxytocin, which
is a hallmark of the care/affiliative system (Charpak, Armstrong,
Miihlethaler, & Dreifuss, 1984; Depue & Morrone-Strupinsky, 2005;
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Dreifuss, Raggenbass, Charpak, Dubois-Dauphin, & Tribollet, 1988;
Panksepp, 2011; Tribollet, Charpak, Schmidt, Dubois-Dauphin, &
Dreifuss, 1989) to bring about the state of quiescence that is
involved in care-giving behaviors (McCall & Singer, 2012; Porges,
2003; Uvnds-Moberg, 1998). In humans, intranasal administration
of oxytocin increases HF-HRV (Kemp et al., 2012; Norman et al.,
2011) and facilitates parasympathetic responses to social stimuli
(Gamer & Biichel, 2012), underlining the implication of vagal acti-
vation in the care/affiliative system. Several studies support the
hypothesis that altruistic feelings and behaviors are accompanied
by increases in vagal activity. Intraindividual increases in HF-HRV
accompany the experience of compassion, induced by videos on
human suffering (Oveis, 2002; Stellar, Cohen, Oveis, & Keltner,
2015), and HF-HRV is elevated when people witness the altruistic
actions of others (Hutchinson, 2012). Children who show less HF-
HRV reduction when exposed to a toddler in distress display more
empathetic concern (Gill & Calkins, 2003), and those who maintain
higher HF-HRV when hearing about sick and incapacitated children
are more willing to share their own resources with them (Miller
et al., 2015). Similarly, in adults, the degree of HF-HRV upsurge
when viewing a video depicting human suffering positively pre-
dicts their readiness to donate money to a related charity (Barraza
etal, 2015).

All of these studies demonstrate that adjustments in HF-HRV
co-occur with certain emotions and behaviors. In particular, inci-
dental increases in HF-HRV accompany altruistic feelings and
behaviors. A possible explanation is that the upsurges in vagal
activity reflect deliberate self-regulatory efforts, specifically the
activation of emotional-motivational systems related to positive
social engagement and care-giving (Panksepp, 2011; Porges, 2003;
Thayer & Lane, 2009). This claim, however, has never been directly
tested. We therefore designed a task to measure deliberate upreg-
ulation of vagal activity. We hypothesized that people who more
readily activate the vagus in such a deliberate self-regulation
paradigm would also be more inclined to activate it in social inter-
action situations. Thus, higher ability to self-induce vagal activity
should relate to more altruistic behavior. This would indicate that
the biological processes which accompany altruistic actions are at
least partially under conscious regulatory control.

To study voluntary upregulation of vagal activity, we devel-
oped a procedure that continually (roughly every 2.5 s) feeds back
a short term estimate of HF-HRV to participants as the altitude of
a ball on a computer screen. We informed participants that the
ball mirrors some aspect of their mental-bodily state and asked
them to make it go up (which happened when HF-HRV increased).
Participants were not told which parameter is indicated by the
ball nor suggested any strategies to influence it (see Supplemen-
tary material for full instructions). This procedure is different from
previous HF-HRV feedback procedures (see Wheat & Larkin, 2010
for a review), in all of which participants were told to attain reg-
ulation by slower breathing (e.g., Druschky & Druschky, 2015;
Dziembowskaetal.,2015; Karavidas et al.,2007; Lehrer et al., 2003;
Nolan et al., 2005), or participants’ attention was drawn to breath-
ing as a possible way to take influence in the biofeedback (Cowan,
Kogan, Burr, Hendershot, & Buchanan, 1990; Lehrer et al., 1997).
First, an open instruction to regulate one’s mental-bodily state
is more conducive to measuring individual differences in partici-
pant’sinclination and ability to increase vagal activity than a purely
physiological approach. Second, and more importantly, restrict-
ing regulation of HF-HRV to breathing related strategies may be
problematic because of the complex relationship of breathing, HF-
HRV, and vagal activity: Although slower breathing may indeed
have stimulating effects on the vagus (Bernardi, Porta, Gabutti,
Spicuzza, & Sleight, 2001; Grossman, 1983; Pal & Velkumary, 2004;
Vaschillo, Vaschillo, & Lehrer, 2006), it may also be an artifact to the
measurement of vagal activity through HF-HRV because there is a

negative relationship between respiration rate and HF-HRV even in
the absence of changes in vagal activity (Grossman & Taylor, 2007;
Quintana & Heathers, 2014). Of course, in our task, participants
may also use breathing changes to influence HF-HRV. We therefore
measured respiration rate throughout the experiment and control
for it when using individual differences in the biofeedback as an
approximate measure for vagal upregulation. As this type of HF-
HRV biofeedback without any strategy instruction is novel, a first
aim of this study was to investigate whether people are able to
self-induce increases in HF-HRV in this task.

To assess aspects of prosociality and particularly altruistic
behavior, we used a large battery of classical behavioral mea-
sures and self-reports that have been assessed in the context of
the ReSource project, a longitudinal study on mental training,
from which we used baseline data for the purposes of the present
paper (for details Singer et al., in press). This task battery included
game theoretical paradigms (Berg, Dickhaut, & McCabe, 1995;
Camerer, 2003; Fehr & Fischbacher, 2004), ecologically valid com-
puter tasks (Hare, Camerer, Knoepfle, O'Doherty, & Rangel, 2010;
Leiberg, Klimecki, & Singer, 2011), hypothetical distribution tasks
(Jones & Rachlin, 2006; Van Lange, 1999), and self-reports on socio-
emotional dispositions (Caprara, Steca, Zelli, & Capanna, 2005;
Davis, 1983; Henning & Six, 1977). In a previous study (Bockler,
Tusche, & Singer, 2016), a factor analysis on these measures
yielded four factors representing largely independent subcom-
ponents of prosociality, namely Altruistically Motivated Behavior
(AMB), Norm Motivated Behavior (NMB), Strategically Motivated
Behavior (SMB), and Self-Reports (SR) of socio-emotional disposi-
tions. The first three factors are all comprised of different types
of behavioral measures that assess aspects of human prosociality,
whereas the last factor contained only trait-level questionnaires.
The first three factors distinguish between the motivations that
underlie prosocial behavior. In the case of NMB and SMB, proso-
cial behaviors are motivated by adherence to social norms and
strategic considerations to maximize one’s own profits, respec-
tively. In contrast, behaviors subsumed in the AMB factor involve
unconditional giving and helping based on generosity and altru-
istic motivation. AMB thus has the ultimate goal of fostering the
well-being of another (cf. Batson, 2014). Because of the associa-
tion of vagal upregulation with the care-system and altruism, we
hypothesized that the ability to activate the vagus would be related
to individual differences in AMB, but not other types of proso-
cial behaviors, which are not based in care-motivation but rather
in norm-adherence or self-focused motivation. When it comes to
the fourth factor, the self-report factor, an association to HF-HRV
upregulation seems unlikely, as self-reports of socio-emotional dis-
positions had previously been found to be only weakly related to
actual behavior (Bockler et al., 2016) and furthermore, no previous
study had shown any relationship between increases in HF-HRV
and self-reports of socio-emotional dispositions.

2. Methods
2.1. Participants

All measures were provided by participants in the ReSource
Project, a large scale study on the effects of meditation and men-
tal training, conducted in Leipzig and Berlin. Detailed descriptions
of the overall study design and participant recruitment procedure
are available in Singer et al. (in press). Briefly, all participants were
selected to be mentally and physically healthy and between 20 and
55 years of age. The present study only utilizes data that were col-
lected before the training began. Of the 332 participants enrolled in
the study, 248 (age M =39.94, SD=9.32; 138 female) had complete
data on all measures relevant to this paper (see Supplementary
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material, Section A, for details on missing data). Weight and height
of participants were assessed to compute the Body Mass Index
(BMI) which was included as a covariate because of its possible
influence on measures of heart rate variability (Koenig et al., 2014;
but also see Antelmi et al., 2004). BMI data of 5 participants were
missing due to scheduling reasons. Half of the sample was recruited
and tested in Berlin (n=126 age M=41.75,SD = 8.66, 75 females) the
other half in Leipzig (n=122,M age=38.07, SD=9.64, 63 female).
Data collection at each location was run by a different team of
experimenters with parallel technical setups.

2.2. Ethics

The study was approved by the Research Ethics Committee of
the University of Leipzig, number 376/12-ff and the Research Ethics
Committee of the Humboldt University in Berlin, numbers 2013-
02, 2013-29, and 2014-10. All participants gave written informed
consent.

The study was registered with the Protocol Registration System
of ClinicalTrials.gov under the title “Plasticity of the Compassionate
Brain” with the ClinicalTrials.gov Identifier: NCT01833104.

2.3. Physiological recordings

Heart rate and respiration rate were assessed throughout
baseline measurement and the biofeedback task. For heart rate
measurement, a standard Lead-II electrocardiogram was acquired
by placing disposable Ag/AgCl Electrodes on the right mid-clavicle,
left ribcage, and left outer clavicle. To measure respiration, a strain
gauge was attached around the torso of participants at the position
of the lower ribs to capture both chest and abdominal breathing.
Signals were recorded at 1000 Hz using a Biopac® (BIOPAC Sys-
tems Inc., Santa Barbara, CA) MP150 data acquisition system and
the software AcqKknowledge 4.3. Data were processed and cleaned
for artifacts with ARTiiFACT (Kaufmann, Siitterlin, Schulz, & Vogele,
2011) and custom MATLAB scripts (available on request).

2.4. Vagal activity parameter

The most commonly used parameter to estimate vagal activity
is the power of the high frequency band of heart rate variability
(HF-HRV), derived via Fourier transformation of interbeat inter-
val (IBI) series. As Fourier transformation requires a minimum
length of approximately two minutes of IBI series to be accurate
(Task-Force, 1996), such a measure is unfeasible for biofeed-
back, in which information about physiological activity should
be minimally delayed. Peak-to-trough RSA (Grossman, van Beek,
& Wientjes, 1990), another common measure, proved unfeasible
in pilot studies because online assessment of respiratory peaks
and troughs was prone to error. We thus developed a short term
estimate of HF-HRV that can be calculated and fed back to the par-
ticipant in real time. This measure, which we term Local Power
(LP), quantifies the power of the high frequency oscillations in heart
period twice per oscillation cycle (see Fig. 1 for an explanation of
the algorithm). Specifically, each time the heart period reaches a
local maximum, the differences to the preceding local minimum is
computed and vice versa. During a 5 min baseline measurement,
mean LP was highly correlated with HF-HRV (r=0.853, p<0.001)
and with RSA (r=0.976, p<0.001). The correlations remained high
during biofeedback (with HF-HRV: r=0.818, p<0.001; with RSA:
r=0.968, p<0.001). The intercorrelations of HF-HRV and RSA were
r=0.821 and r=0.785 at baseline and biofeedback, respectively.
Across both measurement periods, the LP measurement was thus
able to capture between 69.83% (HF-HRV) and 94.5% (RSA) of the
information represented by established measures of vagal activity.
Given that, in this sample, RSA and HF-HRV shared between 61.6%
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Fig. 1. Panel a shows the display of the biofeedback task. A spinning ball is displayed
on the screen. Its height is determined by Local Power (LP). Panel b and c illustrate
the computation of LP: Shown is the heart period (HP) of a single subject over the
course of 1 min (Panel b). Every time the direction of the HP curve shifts (vertical
lines), a new LP value (Panel c) is assigned, computed as the difference in HP to the
previous shifting point. An average of the last two LP values is used for feedback.

and 67.4% of variance over the same periods, we consider LP an
acceptable method for the assessment of vagal activity. The limits
of agreement (Bland & Altman, 1986) between LP and RSA were
[-0.431 sd; 0.431 sd]. Between LP and HRV they were [—1.063 sd;
1.063 sd]. Further details about the interrelationship between LP,
peak-to-trough RSA, and HF-HRV derived by Fast Fourier transform
can be found in the Supplementary material, section F.

2.5. Tasks

The baseline measurement and the biofeedback task were
recorded in a single session. Between one and four participants
were tested at the same time. When tested in groups, participants
were separated by wooden blinds (in Leipzig) or placed several
meters apart (in Berlin) to avoid distraction. Participants always
started with the baseline measurement and then performed the
biofeedback task either directly afterwards or following a heart beat
perception task and/or a short video task not reported here. Task
order did not influence any of the results. During both baseline and
biofeedback, participants were asked to assume identical postures,
with both feet on the ground and both hands separate from each
other in their lap.

The tasks assessing social behavior were administered in three
separate sessions in a multi-computer-lab (see Bockler et al., 2016;
for details). Questionnaires were assessed via an online platform.

2.5.1. Baseline measurement

For assessment of baseline HF-HRV, participants were asked to
just sit still and “not think of anything in particular” for 5 min, as
common for resting HF-HRV assessment (Task-Force, 1996).

2.5.2. Biofeedback task

Before the biofeedback task, participants were told that they
will see a ball on the screen which is related to some aspect of
their mental-bodily activity. They were informed that the more
they come into the desired mental-bodily state, the more the ball
will rise. They were asked to make the ball go up while remaining
physically still, without any further information about the target
state or advice about strategies to achieve it (see Supplementary
material, Section B, for exact instructions).

Then the biofeedback was started. A python-based program
(available on request), written in Vizard 4.0 (WorldViz, Santa Bar-
bara, CA) was used to display a red, spinning, three-dimensional
ball in the horizontal center of the screen. The vertical position of
the ball was determined by participant’s Local Power (Fig. 1). Based
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Fig. 2. Local Power during baseline measurement (BASE) and the biofeedback task (BF). Bigger Panels: raw data. Smaller Panels: aggregated data. Sample 1 from Berlin,

Sample 2 from Leipzig.

on the algorithm described in Fig. 1, LP could be computed every
2.46s (SD=0.64s), on average. To individualize the feedback range,
average LP and intraindividual standard deviation of LP was com-
puted for every participant during baseline measurement. During
the biofeedback task, when LP was at the participant’s baseline-
derived mean, the ball was two fifth of a screen length above the
lower screen boundary. The lowest possible ball position (at lower
screen boundary) represented an LP of M-2SD. The highest possible
ball position (upper screen boundary) represented an LP of M +3SD
(see Fig. 1a). Lower and higher values were cut at these boundaries
so that the ball never left the screen. The position was always deter-
mined by an average of the last two LP values, to make the signal
more stable. The biofeedback task lasted 5 min.!

After the biofeedback, participants were asked to freely describe
(in atext field on the screen) how they had approached the task (see
Supplementary material, Section D, for details).

2.5.3. Prosociality measures

Prosociality was assessed with 14 different measures (see
Bockler et al., 2016, for details on the task procedures). These
were acquired in the context of five game theoretical paradigms,
namely the Dictator Game (Forsythe, Horowitz, Savin, & Sefton,
1994), a Trust Game and a Risk Game (Berg et al., 1995; Bohnet
& Zeckhauser, 2004; Coleman, 1994), and a 2nd and a 3rd Per-
son Punishment Game (Fehr & Fischbacher, 2004); two interactive
computer tasks, namely the Zurich Prosocial Game (Leiberg et al.,
2011)and aDonation Task (Harbaugh, Mayr, & Burghart, 2007; Hare
etal., 2010); two hypothetical distribution tasks, namely the Social
Discounting Task (Jones & Rachlin, 2006) and the Social Value Ori-
entation Scale (Van Lange, 1999); and three trait questionnaires,
namely the Prosocialness Scale (Caprara et al., 2005), the Machi-
avelli Scale (Henning & Six, 1977), and the Interpersonal Reactivity
Index (Davis, 1983). In a previous study (Bockler et al., 2016), all of
these measures have been subdued to a factor analysis (Principal
Component Analysis with oblique rotation) to identify the under-
lying structure of human prosociality. The analyses yielded four
factors. The first factor was composed of the overall percentage of
helping in the Zurich Prosocial Game, the amount of money given
to charitable organizations in the Donation Game, the amount of
money given in the Dictator Game, the amount of money given in
the Trust Game minus money given in the Risk Game, the degree

1 For the initial 72 participants, we ran the biofeedback task for 10 min. However,
analyses revealed that information about the ability to self-induce increases in LP
could be gained in the first 5 min of the task (see Supplementary material, Section C).
The task was thus cut to 5 min for the remaining participants. All analyses reported
here use only the first 5 min of the BF task. As detailed in the Supplementary Material,
this does not influence any results.

to which participants maximize group payoffs rather than individ-
ual payoffs in the Social Value Orientation Scale, and the degree to
which participants favor an equal distribution of wealth over a dis-
tribution to close others in the Social Discounting Questionnaire. As
all of these measures reflect pure generosity or willingness to help
another person without the possibility to receive money in return
(with the exception of the Trust Game), this factor was termed
Altruistically Motivated Behavior. The second factor was composed
of the extent of punishment in the 2nd and 3rd Person Punish-
ment Game and of the reciprocity effect in the Zurich Prosocial
Game (how much more participants help if they have been helped
before). As these measures reflect adherence to or enforcement of
social norms, it was termed Norm Motivated Behavior. The third
factor was comprised of strategic giving in the game theoretical
paradigms and the cost effect in the Zurich Prosocial Game (how
much less participants help if it is costly). This factor was called
Strategically Motivated Behavior. The fourth factor was comprised
of all three trait questionnaire measures in the study, in which par-
ticipants described their socio-emotional dispositions. It was called
Self-Reports.

To assign individual scores to participants, all measures
were z-transformed and added within their respective dimen-
sion (Altruistically Motivated Behavior, Norm Motivated Behavior,
Strategically Motivated Behavior, and Self-Reports).

3. Results
3.1. Local Power during baseline and the biofeedback task

Our first hypothesis was that participants would be able to
upregulate LP in the biofeedback task. To assess this, LP values
were transformed using log. to reduce skew, following common
procedures for analyzing vagal activity measures (Berntson et al.,
1997; Grossman & Taylor, 2007). LP was significantly higher dur-
ing the biofeedback (BF) than during baseline measurement (BASE),
paired-sample t(247)=6.29, p<0.001, Cohen’s d =0.283. To test for
replicability, we split the sample according to the study sites, Berlin
(B)and Leipzig (L). Effects were reproduced in both sites (Fig. 2): The
differences in LP between BF and BASE were significant, p <0.001,
and of similar magnitude, dg = 0.295, d; =0.270, ps <0.001. Note that
higher LP does not necessarily mean higher vagal activity. Lower
respiration rate may also cause increases in LP without always
leading to increases in vagal activity (Grossman & Taylor, 2007;
Quintana & Heathers, 2014). An interindividual difference score
to index vagal upregulation should be controlled for respiratory
effects and should be related to individual differences in behaviors
which are theoretically linked to vagal activity.
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Table 1
Correlations between vuLPg and measures of prosociality.

Altruistically Motivated
Behavior (AMB)

Norm Motivated Behavior (NMB)

Strategically Motivated Behavior (SMB) Self-Reports of Prosocialty (SR)

vuLPg 0.234" -0.136'
AMB —0.006
NMB
SMB

—-0.079 0.023

-0.427 0.191"

—0.088 0.009
—0.058

Note: vuLPr denotes voluntary upregulation of Local Power controlled for respiration. The four factors of prosociality are derived from 14 different behavioral and self-report

measures (see Bockler et al.,, 2016).
™ p<0.001.
" p<0.01
" p<0.05.

3.2. Calculating upregulatory success

In the next step we calculated an individual upregulation suc-
cess parameter for each participant. In creating this parameter,
we were mindful of the role of respiration, which can be both a
way to change autonomic activity and a confound to the measure-
ment. On the one hand, breathing may have powerful effects on
the autonomous nervous system, with slower breathing inducing
relaxation and increases in vagal activity (Bernardi et al., 2001;
Pal & Velkumary, 2004; Vaschillo et al., 2006). On the other hand,
slower breathing may cause increases in measures of vagal activ-
ity, such as LP, without actually affecting the vagus (Grossman &
Taylor, 2007; Quintana & Heathers, 2014). To avoid this confound
we controlled increases in LP for changes in respiration rate as fol-
lows. We first computed voluntary upregulation of Local Power
(vuLP) as an increase in Local Power in BF compared to BASE, that is
VULP = LPgg — LPgasg. We then computed the same difference score
for change in respiration rate, RSPchange = RSPgg — RSPgasg. These
scores, increase in LP and increase in respiration rate, were corre-
lated at r=-0.615, p<0.001. To obtain a score that approximates
vagal upregulation, we computed a regulation success score that
is residualized for respiration rate changes (vuLPg = the residual of
a regression of RSPchange on vuLP). We then analyzed the rela-
tionships of voluntary upregulation of Local Power, residualized
for changes in respiration (vuLPg), to our indices of prosociality
(Table 1).

3.3. Relation of voluntary upregulation of Local Power to
prosociality

VuLPr was correlated with Altruistically Motivated Behav-
ior (AMB), r=0.234, p<0.001 (a medium sized effect of Cohen’s
d=0.481). Again, we split the analyses according to study site to
check for replicability (Fig. 3). We found the correlation to be signif-
icant in both samples with similar effect sizes, rg =0.250 (d =0.516),
p=0.005,and . =0.220(d=0.451), p=0.015. There was a weak neg-
ative association of vuLPg with Norm Motivated Behavior (NMB),

=-0.136 (d=0.274), p=0.032. This correlation did not hold when
splitting for study site to test for replicability, rg=—0.117, p=0.191,
r.=—0.155, p=0.088. There were no correlations of vuLPgx with
Strategically Motivated Behavior (SMB), r=—-0.079, p=0.216, or self
reports (SR) of socio-emotional dispositions, r=-0.023, p=0.717.
None of the constituent questionnaires of the SR factor or their
subscales were significantly related to vuLPg, all ps > 0.05 (see Sup-
plementary material for a full correlation matrix). The correlation
of vuLPg to AMB was significantly higher than the correlation of
vuLPR to NMB, z=4.174, p<0.001, SMB, z=2.95, p=0.003, or SR,
z=3.222,p=0.001.

The correlation between voluntary upregulation and AMB also
holds when using commonly used vagal activity estimates instead
of LP such as RSA, r=0.219, p<0.001, RMSSD, r=0.253, p<0.001,
or HF-HRV, r=0.173, p=0.006 (note though that use of traditional

Fourier-derived HF-HRV may underestimate the effects because
for some participants respiratory rate during BF is lower than the
conventionally used boundary of 0.15 Hz; also see Karavidas et al.,
2007). The correlation also holds when including 50 additional
participants who had incomplete data on the measures of AMB,
r=0.184, p=0.001.

We followed up on this correlational analysis by a regression
analysis with AMB as the criterion, where age, sex, and BMI were
entered as predictors in the first step, and vuLPg was entered in
the second step. The first step of the regression was significant,
F(3,239)=3.824, p=0.011, R =0.046. Specifically, the effect of age
was significant, 3 =-0.161, p=0.017, whereas sex and BMI did not
significantly predict AMB, ps>0.15. The second step of the regres-
sion was significant, too, F(4,238)=5.403, p<0.001, RZ=0.068 and
VULPg, significantly predicted AMB, 3=0.198, p=0.002. This indi-
cates that the relationship of vuLPg and AMB persists when
controlling for the effects sex, age, and BMI. When repeating
these analysis with NMB, SMB, or SR as the criterion, vuLPg was
never a significant predictor in the second step of the regression,
3=-0.116, p=0.075 (NMB), 3 =—-0.096, p=0.139 (SMB), 3 =0.039,
p=0.535(SR). When using voluntary regulation measures based on
other measures of vagal activity in the second step of the regres-
sion to predict AMB, voluntary regulation was always a significant
predictor, 3=0.184, p=0.004 (RSA), =0.209, p=0.001 (RMSSD),
3=0.161, p=0.011 (HF-HRV).

3.4. Therole of breathing

Participants breathed more slowly in the biofeedback task
(M=0.175Hz, SD=0.056) than during BASE (M=0.200Hz,
SD=0.060), t(247)=9.314, p<0.001. However, AMB was uncorre-
lated with changes in respiration rate from BASE to BF, r=0.016,
p=0.800, indicating that respiration rate changes do not explain
the observed relationship of vuLPg and AMB. When voluntary
upregulation of LP was not corrected for respiration changes, the
correlation to AMB was slightly diminished, r=0.174, p=0.006.
This decrease in correlation magnitude is marginally significant
(Fisher's z=1.537, Pone-tailed = 0.062), suggesting that controlling
for respiration helps to carve out the portion of vuLP variance that
is related to AMB.

3.5. Relationship of AMB to LP at BASE

AMB was uncorrelated to LP at BASE, r=-0.028, p=0.661. Fol-
lowing up on findings by Kogan et al. (2014), we also checked for
a quadratic relationships between LP at BASE and AMB, but found
this to be absent, r=0.028, p=0.661.

3.6. Therole of heart rate

Heart rate was significantly lower during BF (M=75.17 bpm,
SD=10.37) than during BASE (M=76.07, SD=10.97), t(247)=3.43,
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Fig. 3. Correlation of voluntary upregulation of Local Power, controlled for respiration (vuLPg) to Altruistically Motivated Behavior (AMB) as assessed by a multi-method

factor score. Sample 1 from Berlin, Sample 2 from Leipzig.

p<0.001. Moreover, there was a strong correlation of vuLPg with
decreases in heart rate from BASE to BF, r=0.424, p<0.001, also
when controlling for heart rate at BASE, r=0.354, p<0.001. This
finding indicates that participants who successfully upregulated
LP decreased in tonic cardiac arousal, supporting the idea of vagal
regulation, as upregulation of the vagus leads to decreased heart
rate (Parker, Celler, Potter, & McCloskey, 1984).

3.7. Upregulatory strategy analyses

After the completion of the biofeedback task, participants were
asked to freely describe how they had approached the task. Two
independent raters classified the described strategies according to
a fine grained categorical system (e.g., breathing changes, obser-
vation of the body, induction of positive or negative emotion,
relaxation), which was applied with good inter-rater reliability
(88.78% flag-wise congruency). The Supplementary material (Sec-
tion D) contains this categorical system and details on the analyses.
To summarize, there were no clear associations of employed strat-
egy with vuLPg. This finding indicates that no specific strategy was
more successful in influencing vagal activity than other strategies.
Importantly, the association of vuLPg to AMB is preserved across
all strategies. This result indicates that within subjects who used
a certain strategy for regulation, those who attained higher vuLPg
showed more altruistic behavior.

4. Discussion

In this study, we assessed the ability to deliberately upregulate
parasympathetic activity and its relation to prosociality, partic-
ularly altruistically motivated behavior. We employed a novel
biofeedback procedure in which participants were asked to upreg-
ulate Local Power (LP). LP is an ECG-derived measure that is closely
related to High Frequency Heart Rate Variability (HF-HRV; e.g.,
Task-Force, 1996) and peak-to-trough RSA (Grossman et al., 1990)
and indexes activity of the vagus, the body’s largest parasympathet-
ical nerve. Participants exhibited higher LP during the biofeedback
task than during a sitting baseline measurement, indicating suc-
cessful upregulation.

Secondly, based on the theorized role of the vagus in social
engagement (Bazhenova et al.,, 2001; Hastings et al., 2008; Miller
et al., 2013; Porges, 2003) and the motivational systems of care
and affiliation (Depue & Morrone-Strupinsky, 2005; Feldman &
Eidelman, 2003; Kemp et al., 2012; Norman et al., 2011; Panksepp,
2011; Tribollet et al., 1989; Uvnds-Moberg, 1994, 1998), as well
as earlier studies which had linked incidental upregulation of HF-
HRYV to altruistic feelings and behaviors (Barraza et al., 2015; Miller

et al., 2015; Stellar et al., 2015) we hypothesized that individual
differences in the ability to deliberately up-regulate LP would be
linked to individual differences in altruistic behavior. We oper-
ationalized altruistic behavior through a multi-method approach
that identified a latent construct called Altruistically Motivated
Behavior (AMB) which includes several commonly-used behavioral
measures of altruistic behavior (Bockler et al., 2016). Specifically,
AMB entails helping behavior in the Zurich Prosocial Game (Leiberg
etal.,2011), charitable donations (Harbaugh et al.,2007; Hare et al.,
2010), generosity expressed in a Dictator Game (Forsythe et al.,
1994) and in other-oriented distribution decisions in the Social
Value Orientation Scale (Van Lange, 1999), a measure of interper-
sonal trust (measured in a Trust and a Risk game, Berg et al., 1995;
Bohnet & Zeckhauser, 2004; Coleman, 1994), and the degree to
which participants favor an equal distribution of wealth over a dis-
tribution to close others in the Social Discounting Task (Jones &
Rachlin, 2006). Indeed, we found voluntary upregulation of Local
Power (vuLPg) in the biofeedback task, controlled for respiratory
confounds (Grossman & Taylor, 2007; Quintana & Heathers, 2014),
to be positively correlated to AMB. Also in line with and extending
previous literature (Barraza et al., 2015; Stellar et al., 2015), LP dur-
ing baseline was unrelated to AMB. This pattern of results was found
in two different matched samples assessed at two different study
sites (Berlin and Leipzig), where participants were measured using
identical procedures administered by different experimenters in
different facilities.

Furthermore, we had hypothesized that other types of proso-
ciality, which are not altruistically motivated would not be related
to voluntary regulation of LP. This was ascertained by relating
VUuLPg to three non-altruistic dimensions of prosociality which had
emerged from the factor analyses of Bockler et al. (2016). These
were Norm Motivated Behavior (e.g., helping behavior which can
be explained by adherence to reciprocity norms and punishment
behavior to enforce social norms; Fehr & Fischbacher, 2004; Leiberg
et al,, 2011), Strategically Motivated Behavior (e.g., giving more
money if a lack of generosity could be potentially punished and
helping more it is not costly for oneself; Fehr & Fischbacher, 2004;
Forsythe et al., 1994) and Self-Reports of socio-emotional disposi-
tions (Capraraetal., 2005; Davis, 1983; Henning & Six, 1977). Norm
Motivated Behavior showed a negative association with vuLPg
However, this association was weak and did not replicate across the
two samples. Interindividual differences in Strategically Motivated
Behavior were uncorrelated to differences in vuLPg. Self-Reports of
socio-emotional dispositions were also uncorrelated to vuLPg and
only weakly related to Altruistically Motivated Behavior (also see
Bockler et al., 2016). Our findings are in line with previous studies
that have demonstrated associations between incidental HF-HRV
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upregulation and altruistically motivated behavior (Miller et al.,
2015; Barraza et al., 2015), whereas no such association has been
reported for trait measures of socio-emotional dispositions based
on self-report. Taken together, our data indicate that the propen-
sity to upregulate HF-HRV is primarily related to social behaviors
which are oriented towards the well-being of others (i.e., altruistic
acts, cf., Batson, 2014), not other types of prosocial behavior which
are not based in altruistic motivation.

These findings underline the importance of HF-HRV flexibility
(Muhtadie et al., 2014) as a physiological correlate of regulated
behavior (Butler, Wilhelm, & Gross, 2006; Duschek et al., 2009;
Graziano & Derefinko, 2013; Oppenheimer et al., 2013; Segerstrom
& Nes, 2007). More specifically, we corroborate earlier findings on
arelationship between increases in HF-HRV and altruistic behavior
(Barrazaetal.,2015; Miller etal.,2015). Unlike earlier studies which
employed a single task to index altruism, our measure relies on a
validated multi-method factor score of altruistic behavior across a
variety of tasks (Bockler et al., 2016). Importantly, we extend earlier
work which had shown that HF-HRV increases incidentally when
people exhibit altruistic feelings and behaviors (e.g., Barraza et al.,
2015; Stellar et al., 2015), by demonstrating that individual differ-
ences in the ability to deliberately induce changes in HF-HRV predict
individual differences in altruistic behavior. Such a link between
the ability for deliberate physiological self-regulation and altruistic
behavior suggests that the emotional and behavioral adjustments
required to engage in altruistic action are at least partially grounded
in consciously accessible processes that regulate parasympathetic
functions.

We assume that both incidental and deliberate regulation of HF-
HRV demonstrate the readiness of an individual to transition into
an emotional-motivational state of caregiving. This is suggested
by the vagus’ role in the mammalian care- or affiliative system
(Depue & Morrone-Strupinsky, 2005; Kemp et al., 2012; Norman
etal, 2011; Panksepp, 2011; Tribollet et al., 1989), that is, the bio-
logical systems underlying caregiving behaviors toward offspring
which are also implicated in generosity and altruistic acts toward
strangers (Eisenberger & Cole, 2012; Feldman, Weller, Zagoory-
Sharon, & Levine, 2007; Gordon et al., 2011; Kosfeld, Heinrichs, Zak,
Fischbacher, & Fehr, 2005; Lee, Macbeth, Pagani, & Scott Young,
2009; Panksepp, 2011; Preston, 2013; Uvnds-Moberg, 1998; Zak,
Stanton, & Ahmadi, 2007). In the case of incidental upregulation,
the activation of this motivational system is triggered by outer
cues such as the sound of a crying baby (Gill & Calkins, 2003), a
narrative about a severely ill child (Barraza et al., 2015) or visual
depictions of human suffering (Klimecki, Leiberg, Lamm, & Singer,
2013; Klimecki, Leiberg, Ricard, & Singer, 2014; Stellar et al., 2015).
In the case of the biofeedback task, interindividual differences in
HF-HRV upregulation may be based on interindividual differences
in the degree to which the vagus as part of this care/affiliative sys-
tem can be called online by deliberate internal regulation. Our data
suggest that the availability of vagal activation is a physiological
characteristic of individuals which can be measured independently
from situations that would typically elicit it.

Previous studies (Barraza et al., 2015; Miller et al., 2015)
have attributed the incidental upregulations of HF-HRV that
precede altruisitc behaviors to the activation of the Social Engage-
ment System (Porges, 2007). Our explanation in terms of the
human care/affiliative system (Depue & Morrone-Strupinsky, 2005;
Panksepp, 2011) is clearly commensurable with this account. Our
account may however be a bit more specific in explaining why
caring and altruistic behaviors are related to HF-HRV upregula-
tion, whereas other prosocial behaviors (such as strategic or norm
motivated giving) are not. Future theoretical and empirical work
is warranted to more closely investigate the specific function that
vagal upregulation subserves or indexes in the context of care-
giving and altruistic behaviors. This should incorporate findings on

the role of HF-HRV upregulation in impulse control (Segerstrom
& Nes, 2007) and emotion regulation (Butler et al., 2006), both
of which may be implicated in altruistic action (Eisenberg, 2000;
Kanfer, 1979).

Our study has several limitations and stimulates further ques-
tions. First, our analyses of relationships between employed
strategy and biofeedback success did not provide evidence for
certain strategies to elicit stronger vagal activity increases than
others (see Supplementary material, Section D). However, the fact
that participants used strategies only briefly and mixed many
different strategies limits the scope of this finding. Future stud-
ies that assign participants to the use of a certain strategy and
prompt them to stick with it for a longer duration could shed
more light on the differential efficiency of self-regulation methods
to induce parasympathetic activity. Second, we found the predic-
tive validity of the BF task for altruistic behavior to be equally
good across different subsets of participants that used the same
strategy. This indicates that irrespective of strategy, those who
are more successful in recruiting parasympathetic activity show
more altruistic behavior. It is, however, well possible that restrict-
ing participants to certain regulatory strategies reduces the “error
variance” induced by strategy choice and makes the task even
more predictive of altruistic or other behaviors that are under
parasympathetic control. Third, our parameter of voluntary reg-
ulation (vuLPgR) is statistically controlled for changes in HF-HRV
that covary with changes in respiration rate, which is an important
concern when using HF-HRV changes to estimate changes in vagal
activity (Grossman & Taylor, 2007; Quintana & Heathers, 2014).
We also find vuLPR to be correlated with reductions in heart rate,
which further supports the assumption that our parameter actually
indexes vagal regulation (Grossman & Taylor, 2007; Parker et al.,
1984). However, it remains an indirect measure. Higher certainty
about the contribution of vagal activity in the observed cardiac reg-
ulation would require more complex regimes of respiration control
(Schulz, Ayala, Dahme, & Ritz, 2009) or pharmacological block-
age of other (sympathetic) contributors to heart rate variability
(Cacioppo et al., 1994). Fourth, we only investigated upregulation
of LP. Although upregulation is clearly more relevant in the con-
text of altruistic behavior, in other contexts (e.g., when coping with
stress) the degree of LP downregulation may be more informa-
tive to predict adaptive behavior (Duschek et al., 2009; Graziano
& Derefinko, 2013). It is an open question whether ‘upwards flex-
ibility’ is related to ‘downwards flexibility’ - both when measured
incidentally or in deliberate regulation paradigms as presented
here - and whether they predict different psychological abilities.
Fifth and finally, our study is correlational in nature and the two
parameters of interest, vuLPg and AMB, were measured in separate
experimental sessions. Thus, we cannot determine the temporal
sequence of or causal relationship between increases in HF-HRV
and altruistically motivated behavior in naturalistic settings. We
assume that increases in vagal activity occur when an individ-
ual activates an emotional-motivational state related to care and
affiliation (Depue & Morrone-Strupinsky, 2005; Kemp et al., 2012;
Norman et al., 2011; Panksepp, 2011; Tribollet et al., 1989) and that
these physiological adaptations play a role in preparing the organ-
ism for behaviors related to this motivation, i.e. altruistic behavior
(e.g. Porges, 2003; Segerstrom & Nes, 2007; Butler et al., 2006;
Eisenberg, 2000; Kanfer, 1979). Typically, we would expect acti-
vation of a motivational system and its respective physiological
adaptations to precede corresponding behavior, but it some cases
the reverse causality may also occur, such that an action increases
the activity of a motivational system (e.g. Harbaugh et al., 2007;
Huang, Galinsky, Gruenfeld, & Guillory, 2011; Reddish, Bulbulia, &
Fischer, 2014). Whether increases in vagal activity are by them-
selves sufficient to increase the likelihood of altruistic behavior
could be investigated in future studies by experimentally manip-
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ulating states of vagal activity and then studying the effects on
subsequent behavior.

To summarize, we have demonstrated that people are able
to self-regulate LP, a short term estimate of HF-HRV, when pro-
vided with continuous feedback about LP. Furthermore, individual
differences in the ability to up-regulate LP, indicative of parasym-
pathetic self-regulation, are related to individual differences in
altruistic behavior. This has important implications for the study
of altruistic behavior and the field of cooperation and prosocial-
ity in general as it points to underlying physiological mechanisms
of other-regarding behaviors. Because HF-HRV flexibility has been
linked to many other psychological processes such as attention and
emotion regulation (Butler et al., 2006; Duschek et al., 2009), the
employed LP biofeedback procedure may prove to be a useful mea-
sure of regulatory abilities across a broad range of psychological
study purposes. Due to its relatively fast assessment (5min), LP
biofeedback may be easily added as a complement to traditional
baseline measures of heart rate variability in cross-sectional stud-
ies on the regulation of attention, emotion, or behavior. It may also
be a valuable measure for longitudinal studies to both predict and
index change, particularly in studies on loving-kindness and com-
passion meditation or self-compassion programs which have been
found to affect affiliative feelings (Jazaieri et al., 2013; Klimecki
et al., 2013) prosocial behavior (Leiberg et al., 2011; Weng et al.,
2013) and parasympathetic function (Arch et al., 2014; Kemeny
et al,, 2012; Kok et al., 2013). Higher HF-HRV has also been linked
to better physiological health, particularly lower rates of inflamma-
tion (De Couck, Maréchal, Moorthamers, Van Laethem, & Gidron,
2016; Frasure-Smith, Lespérance, Irwin, Talajic, & Pollock, 2009;
Thayer, 2009) and cardiovascular problems (Kleiger, Miller, Bigger,
& Moss, 1987; Thayer, Yamamoto, & Brosschot, 2010; Tsuji et al.,
1996). The task may be useful in training programs for people at
risk for such problems, or to recover the reduced HF-HRV in patients
after cardiac infarct (Fei, Copie, Malik, & Camm, 1996). Investigating
the dynamics by which people activate biological systems related
to care-giving, such as self-induction of parasympathetic activity,
could generate important insights that help in fostering individual
health and building a more caring and cooperative society.
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