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a b s t r a c t
Openness to experience has important links to cognitive processes such as creativity, and to values, such
as political attitudes. The biological origins of variation in openness to experience are, however, obscure.
The centrality of ‘‘aesthetic chills’’ to high openness suggests that sympathetic nervous system activation
may play a role. Here, we tested this using the low-frequency heart rate variability power measure (LF) as
biomarker of sympathetic activation, tested under baseline and stress conditions in a sample of 952 subjects, and controlling for measured confounders of age, sex, height, weight and BMI. A signiﬁcant association was found between LF and openness to experience (b = 0.10, 95% CI [0.02, 0.17], p < .01). These
results suggest links between openness to experience and sympathetic nervous system activity explaining, at least in part, relationships of openness to such traits as aesthetic chills.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Openness to experience is one of a small number of basic domains of human personality (McCrae & Sutin, 2009). Understanding the mechanisms of variation in openness to experience is of
value in understanding its diverse correlates, which range from
creativity (McCrae, 1987) to political ideology and values (Lewis
& Bates, 2011). Openness to experience should also be associated
with speciﬁc neural activity to account for that part of individual
differences in trait levels which reﬂects biological function. Here
we test the hypothesis that higher levels of openness to experience
are reﬂected in increased autonomic activity, a potential biomarker
for further research on the mechanisms of openness to experience.
We begin by brieﬂy reviewing the idea that differences in reward/
motivation underlie openness.
In their review of the empirical literature on openness to experience, McCrae and Costa (1997) argue that while it is correlated
with higher education and with IQ (e.g. Silvia & Sanders, 2010),
openness to experience cannot be understood as a cognitive ability
or as an acculturated value-set but is, rather, a distinct multi-faceted motivational system affecting the ‘‘breadth, depth, and permeability of consciousness, and in the recurrent need to enlarge and
examine experience’’ (McCrae & Costa, 1997, p. 826). Such descriptors, they acknowledge, while they capture the experience of open⇑ Corresponding authors. Tel.: +44 131 650 3391.
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ness, require greater speciﬁcation and mechanistic explication to
form a theory. In particular, McCrae and Costa (1997) suggest that
the neural correlates of openness to experience could be differences in brain regions underpinning reward/motivational
structures.
One clue to the nature of potential biological links underlying
openness to experience was highlighted by McCrae (2007), who reported that the single best marker of openness to experience, irrespective of culture examined was the experience of ‘‘aesthetic
chills’’ deﬁned as ‘‘a transient emotional response to music or other
experiences of beauty’’ formed. Self-reported aesthetic chills, may,
then, provide a behavioral marker of the biological functions
underlying openness. Such biological functions that might in turn
be objectively measured.
One possible systematic difference in motivation that could
support openness to experience is alterations to sympathetic autonomic ‘‘ﬁght or ﬂight’’ functions: High openness to experience
could plausibly be linked to alterations in autonomic responding
promoting prolonged absorption in stimuli. In line with this, Blood
and Zatorre (2001) reported a monotonic relationship of cerebral
blood ﬂow changes correlated with the intensity of aesthetic chills,
regionalized the ventral striatum, midbrain, amygdala, orbito-frontal cortex, and ventral medial prefrontal cortex. Each of these areas
is associated with reward/motivation, emotion, and arousal. These
brain functional changes were accompanied by similar dosedependent changes in heart rate, electromyogram, and respiration.
Thus, the results of Blood and Zatorre (2001) indicate that
openness to experience is associated with alterations in heart rate,

I. Čukić, T.C. Bates / Personality and Individual Differences 64 (2014) 152–156

mediated by speciﬁc regional reward/motivation brain activation.
Based on these results, in the present paper, we tentatively explored the hypothesis that heart rate activity indices linked to sympathetic autonomic activation that is reﬂected in cardiovascular
function might provide an easily measured biomarker of openness
to experience.
The most speciﬁc measure of sympathetic activity accessible
from heart rate measures is the low-frequency (LF) component of
the heart rate variability measure of variance in beat-to-beat interval (Camm et al., 1996; Stajzel, 2004). Heart rate or R-wave to Rwave (the largest depolarization peak in an EKG recording of a
heart beat, corresponding to contraction of the left and right ventricles) interval information can be translated into the frequency
domain via Fast-Fourier transform, and subjected to spectral analysis (Fig. 1). A number of studies have identiﬁed a principal inﬂuence of sympathetic autonomic nervous system activity on lowfrequency power (0.04–0.15 Hz), whereas parasympathetic activity
and respiration are linked to higher power in the high-frequency
band (0.15–0.50 Hz) (Malik, 2008). Heart rate variability measures
demonstrate stable individual response patterns across situations
(e.g. stress-tasks), and these individual differences are also stable
across time (Berntson & Cacioppo, 2004). In this, they show traitlike characteristics similar to personality traits, and thus could
potentially act as their biomarkers (Koelsch, Enge, & Jentschke,
2012).
Factors linking openness to experience and sympathetic HRV
are, of course, not conclusive; Indeed, to the best of our knowledge
this association has not been tested. Suggestive evidence includes
research showing that HRV is linked to differences in attention
(Hansen, Johnsen, & Thayer, 2003) and with sympathetic cardiovascular inﬂuences inducing more adaptive attentional state
(Duschek, Muckenthaler, Werner, & del Paso, 2009). In addition,
music is a common elicitor of aesthetic chills, and cardiovascular
measures including heart rate and blood pressure vary greatly in
response to music, and even music conducting (Harrer & Harrer,
1977) In a further study, HRV was found to be responsive to music:
listening to sedative and excitative music increased LF power
component and LF/HF ratio, while both measures decreased in
the no-music condition, suggesting sympathetic nervous system
activation as a response to music stimuli (Iwanaga, Kobayashi, &
Kawasaki, 2005).
Based on these earlier research ﬁndings, we tested the prediction that higher openness to experience would be associated with
increased low-frequency power in the heart rate signal at baseline,
reﬂecting sympathetic activation. Conversely, we predicted that
this relationship would not hold for high-frequency power, which
reﬂects activity in the parasympathetic activity. More speculatively, because HR was recorded under both stress and baseline
conditions, we also explored whether these relationship would differ depending on whether LF heart rate power was elicited under a
non-task baseline condition or a cognitive stressor. Based on research indicating both that creative responding occurs primarily
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under non-task directed situations (Hennessey & Amabile, 2010),
and evidence that under stress, the heart-rate response is primarily
driven by emotional responding, we predicted that the link between O and LF heart rate power would be stronger under baseline
than under a stress (Pagani et al., 1991). We tested these hypotheses using data from Wave II of the MacArthur Foundation Survey
for Midlife Development in the U.S. (MIDUS II: Ryff & Almeida,
2009). All analyses controlled for covariates linked to heart function: age, sex, weight, height, and body mass index (BMI), as is
standard in analysis of cardiovascular ﬁtness measures (Aberg
et al., 2012).
2. Method
2.1. Participants
Participants were all eligible persons in Project 4 of Wave II of
the MacArthur Foundation Survey for Midlife Development in the
U.S. (MIDUS II: Ryff & Almeida, 2009). The Project 4 sub-sample
participants were assessed for major biomarkers, including HRV
(Love, Seeman, Weinstein, & Ryff, 2010). All 952 subjects for whom
biomarker and openness scores were available were included in
the analyses (mean age 54.6 years, SD = 11.6). In total, there were
429 males (mean age 55.3 years, SD = 11.9) and 523 females (mean
age 54.03 years, SD = 11.3).
2.2. Measures
2.2.1. Heart rate variability measures
The electrocardiogram (ECG) was recorded continuously during
the protocol. Analog signals were digitalized at 500 Hz and 16-bit
resolution with an analog-to-digital board (National Instruments,
Austin, TX), and then processed by proprietary event detection
software implementing an algorithm for identifying consecutive
ventricular depolarizations (or RR intervals) based on the recordings of maximum voltage. These maxima were detected automatically, with post-detection visual inspection of marked-up
waveforms to correct any software errors (Berntson, Quigley, Jang,
& Boysen, 1990; Dykes et al., 1986). Heart rate variability was computed from this beat-to-beat information. The resulting data were
used to calculate cardiovascular reactivity in frequency domain
with separate assessments of sympathetic and vagal activity based
on power in the low (LF: 0.04–0.15 Hz) and high (HF: 0.15–
0.50 Hz) frequency bands, respectively (Bootsma et al., 1994;
Camm et al., 1996). These measures have been shown to be reproducible in normal as well as clinical samples (Camm et al., 1996).
Heart rate was assessed in a seated position under two conditions: rest and cognitive stress. Stress was induced twice: once
with a math task (Turner, Sims, Carroll, Morgan, & Hewitt, 1987;
Turner et al., 1986), and once with an attentional-control stressor
(Stroop). In the arithmetic task, subjects perform addition and subtraction tasks that adaptively increased or decreased in difﬁculty to

Fig. 1. Processing from EKG signal interval RR-intervals and power spectrum. (LF: 0.04–0.15 Hz) and high (HF: 0.15–0.50 Hz).
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I. Čukić, T.C. Bates / Personality and Individual Differences 64 (2014) 152–156

create a cognitive stress. The second condition, the Stroop ColorWord Task involved adaptive presentation of Stroop stimuli as a
function of task performance in similar way to that used in the
arithmetic task. Both are standard stressors in heart rate research,
and full details about the presentation and a full list of measures
obtained during the protocol are provided elsewhere (Love et al.,
2010).
2.2.2. Covariates
The choice of covariates followed the work of Koelsch et al.
(2012). Weight and height were self-reported according to a
detailed protocol, including tape measure provided to subjects.
To remove the extreme values, heights greater than 84 inches were
set to 84 inches. Then, respondent’s weight in kilograms was
divided by their height in meters squared to form the BMI measure.
We treated height, weight, BMI, age and age2 as continuous variables. The age and sex interaction term is entered as a covariate
following Stein, Kleiger & Rottman (1997).
2.2.3. Personality
Openness to experience was assessed using the Big Five adjective rating scale developed for the MIDUS study, based on existing
trait lists and inventories (Lachman & Weaver, 1998). Participants
rated themselves on a set of adjectives using a Likert scale ranging
from 1: ‘‘Not at all’’ to 4: ‘‘A lot’’. The adjectives for openness were:
‘‘Creative’’, ‘‘Imaginative’’, ‘‘Intelligent’’, ‘‘Curious’’, ‘‘Broadminded’’, ‘‘Sophisticated’’, and ‘‘Adventurous’’. The scale showed
satisfactory reliability (a = .77).
2.3. Procedure
Heart rate measures were taken as part of a two-day collection
protocol conducted in a hospital clinic setting on the morning of
the second day of participants’ hospital stay. Testing consisted of
a 6-min baseline measure, a stress challenge, a 6-min recovery period/s baseline, followed by a second, 6-min, stressor task. The two
cognitive stressors were presented in randomized order. Total test
time was approximately half an hour.
3. Results

4. Discussion

All analyses were conducted using linear regression modeling in
the R environment (R Core Team., 2012). Descriptive statistics
for the personality and cardiovascular reactivity measures are
shown in Table 1. The two measures of heart function under stress

Table 1
Descriptive statistics for all variables examined.
Female

Openness
Height (feet)
Weight
(pounds)
BMI
Baseline SDRR
Baseline LF
power
Baseline HF
power
Stress LF power
Stress HF power

correlated highly (r values ranged from .81 to .91, all p-values were
less than .001 and HRV measures from the two challenge conditions were therefore combined in all subsequent analyses. For
those subjects who had valid data for only one task (n = 63) the single available measure was used in place of the average.
Our ﬁrst hypothesis was that higher levels of openness would
be associated with increased autonomic activation in the form of
greater low-frequency power at rest. This was examined using
multiple regression with openness as the dependent variable (following Koelsch et al., 2012) and LF power at baseline as the independent variable, and, entering age, sex, BMI, height, and weight as
covariates. This model showed a signiﬁcant overall effect. Importantly, LF had a signiﬁcant effect in the predicted direction
(p = .01: see Model 1, Table 2). We next tested our second hypothesis, that HF power, the marker of parasympathetic (rather than
sympathetic) activation, would be unrelated to openness to experience. The model tested was identical to that presented above,
including the same covariates, but had baseline-condition HF
power as the independent variable. In line with the hypothesized
effect, HF power at baseline was not a signiﬁcant contributor to
model ﬁt (t(1) = 1.45, p = .229, see Model 2, Table 2 for the
estimates).
We next tested our third hypothesis: whether the association of
openness to experience to either of LF or HF power would hold under the cognitive stress condition. Two models were constructed
with openness to experience as a dependent variable, and LF power
under stress (the marker of sympathetic activity under stress) as
the independent variable in the ﬁrst model, and HF power (the
marker of parasympathetic activity) under stress as the independent variable in the second model. Both models included the standard covariates, as above. Neither power measure signiﬁcantly
contributed to model ﬁt (t(1) = 2.68, p = .10 and t(1) = 0.55,
p = .50 for LF and HF models, respectively). Furthermore, dropping
LF power from the ﬁrst of the two stress models did not signiﬁcantly decrease the ﬁt (F(1, 900) = 2.68, p = .10). The same was true
for the HF model in the stress condition – excluding the HF power
measure did not signiﬁcantly change the ﬁt (F(1, 900) = 0.55,
p = .46).

Male

Total

N

M

SD

M

SD

M

SD

952
934
943

2.94
4.99
161.8

0.54
0.16
34.7

2.98
5.28
199.3

0.50
0.45
35.9

2.96
5.12
178.7

0.52
0.36
39.9

923
952
952

27.49
3.46
5.35

5.95
0.44
1.10

28.42
3.53
5.60

4.79
0.45
1.13

27.91
3.49
5.46

5.48
0.44
1.12

952

4.80

1.21

4.71

1.23

4.76

1.22

937
937

4.71
4.45

1.04
1.19

4.90
4.40

1.14
1.23

4.80
4.43

1.09
1.21

Note. Openness scores are given in raw units. All HRV measures are given in m sec2
and are log-transformed. M = Mean; SD = Standard Deviation; BMI = Body
Mass Index; SDRR = Standard Deviation of R-wave to R-wave interval;
LF = Low-frequency; HF = High Frequency.

Openness to experience was related to increased low-frequency
heart beat power, an indicator of increased sympathetic autonomic
activity. This association was speciﬁc to low-frequency power
recorded under the baseline non-task condition. Furthermore, it
was not present in the high-frequency power realm under either
condition. Results were robust to the inclusion of covariates
of age, sex, height, weight, and BMI. These results, then, support
the idea that openness is, in part, reﬂected in sympathetic
autonomic activity in the resting, non-task, condition and may account for the association of openness to experience with aesthetic
chills.
McCrae and Costa (1997) have argued that openness to experience must be viewed as a primarily non-cognitive system of
motivational structures and, moreover, that an autonomic effect –
aesthetic chills – forms the best single marker of openness to experience (McCrae, 2007). The results here linking autonomic function
to openness suggest a mechanism important pathway to a mechanistic understanding of openness. The ﬁnding that that dispositional autonomic activation may be a useful biological marker for
openness is important in its own right. The ﬁnding was strengthened by the fact that controlling for covariates potentially linked
to one or both of openness and heart function did not diminish
the relationship between openness and LF power. The ﬁnding that
the increased low-frequency cardiac power pattern was associated
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Table 2
Relationship of openness to experience with power measures of HRV at baseline condition.
Model 1: low-frequency power
Est.
Intercept
Age
Sex (F)
Age2
Age  sex
BMI
Weight
Height
HRV power

3.927
0.014
0.370
0.000
0.007
0.037
0.005
0.022
0.044

S.E.
1.586
0.013
0.171
0.000
0.003
0.025
0.004
0.023
0.017

Model 2: high frequency power

t

p-Value
2.475
1.034
2.164
1.020
2.357
1.445
1.250
0.954
2.617

.014
.301
.031
.308
.019
.149
.212
.340
.009

Est.

b
0.01
0.02
0.03
0.04
0.16
0.39
0.39
0.17
0.10

4.040
0.014
0.403
0.000
0.007
0.036
0.005
0.021
0.018

S.E.
1.590
0.013
0.171
0.000
0.003
0.026
0.004
0.023
0.015

t

p-Value
2.540
1.072
2.360
1.164
2.452
1.401
1.168
0.887
1.203

.011
.284
.019
.245
.014
.162
.243
.376
.230

b
0.04
0.01
0.01
0.04
0.17
0.38
0.37
0.15
0.04

Note. Model 1: R2 = 0.03, F(8, 914) = 3.09, p < .01; Model 2: R2 = 0.02, F(8, 914) = 2.40, p < .05.

with high-openness to experience only under baseline conditions
is of interest. It is possible that the reaction of the heart under
stress is driven by emotional factors, or perhaps openness is suppressed under conditions of stress or fear (Walker & Jackson,
2014). Alternatively, directedness of behavior is also known to suppress creative responding (Hennessey & Amabile, 2010) and may
suppress LF power-openness to experience links. Signiﬁcant associations with autonomic activity may, then, reﬂect a basic association of autonomic orienting to openness to experience.
4.1. Limitations
Within the present research design, we could not adjudicate between alternative causal directions in the observed relationship
between LF and openness to experience. Both directions of inﬂuence are plausible: It may be that higher autonomic nervous system activity in part underlies the enhanced orienting to novel
stimuli characteristic of high openness. Alternatively, cortical
mechanisms increasing the processing of novelty as rewarding
and resource consuming may trigger increased autonomic activity
medial pre-frontal cortical areas associated with anxiety, and
which directly project to brain stem autonomic centers perhaps,
causing decreased heart rate variability as a consequence of negative affective cognitions (Berntson & Cacioppo, 2004). Future research should assess HRV under creativity – and aesthetic
stimulation conditions to examine whether this modulates the
apparent effect.
In summary, an association of low-frequency power with openness to experience was found which, while modest in magnitude,
was signiﬁcant, and restricted to sympathetic (low-frequency)
and not parasympathetic (high frequency) power as predicted.
The association was restricted to non-task/low stress conditions,
and may reﬂect a biological mechanism underlying the drive to expand and consider experience characteristic of openness to
experience.
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