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Abstract

Human personality has brain correlates that exert manifold influences on biological processes. This study investigates relations
between emotional personality and heart activity. Our data demonstrate that emotional personality is related to a specific cardiac
amplitude signature in the resting electrocardiogram (ECG). Two experiments using functional magnetic resonance imaging show
that this signature correlates with brain activity in the amygdala and the hippocampus during the processing of musical stimuli with
emotional valence. Additionally, this cardiac signature correlates with subjective indices of emotionality (as measured by the
Revised Toronto Alexithymia Scale), and with both time and frequency domain measures of the heart rate variability. The results
demonstrate intricate connections between emotional personality and the heart by showing that ECG amplitude patterns provide
considerably more information about an individual’s emotionality than previously believed. The finding of a cardiac signature of
emotional personality opens new perspectives for the investigation of relations between emotional dysbalance and cardiovascular

disease.

Introduction

Personality is not only a psychological but also a biological
phenomenon: An individual’s personality is related to numerous
neurobiological processes, including regulation of neurotransmitter
systems (Hollander & Evers, 2001; Carver & Miller, 2006; Netter,
2006), hormones (Zuckerman et al., 1980; Rubinow & Schmidt, 1996;
Biondi & Picardi, 1999; Griffiths ez al., 2000), as well as of autonomic
(Eysenck, 1990; Lorber, 2004) and immune system activity (Adler &
Matthews, 1994; Segerstrom, 2000; Kiecolt-Glaser et al., 2002a,b;
Ader, 2006). Personality is also related to the activity of peripheral
organs, especially via the hormonal and the autonomic nervous
systems (Verrier & Mittelman, 2000; Armour & Ardell, 2004). The
organ that has been most extensively investigated in this regard is the
heart. It is well documented that emotional processes affect a variety
of parameters of heart activity, such as heart rate (HR), heart rate
variability (HRV) and contractility (Cacioppo et al., 2000; Verrier &
Mittelman, 2000; Armour & Ardell, 2004). A substantial body of
evidence indicates that affective disorders such as anxiety and
depressive disorders are associated with reduced HRV, as well as
reduced QT variability (Friedman & Thayer, 1998; Yeragani et al.,
1993, 2000; Carney et al., 2001), and that chronic negative emotions
such as fear, hostility, depression and anger increase the risk for
coronary heart disease and heart attack (Lesperance et al., 1996;
Rozanski et al., 1999; Kubzansky & Kawachi, 2000; MacMahon &
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Lip, 2002; Singh et al., 2002; Joynt et al., 2004; Smith et al., 2004;
Rozanski & Kubzansky, 2005; Stanton et al., 2007).

The present study aims at examining relations between amplitudes of
the electrocardiogram (ECG) and emotional personality. The type of
emotional personality we investigated is denoted here as tender
positive emotionality. It refers to the capability of producing tender
positive feelings that can be described, for example as soft, loving,
warm and joyful (as opposed to, e.g. aggressive, impulsive, hostile,
anxious, manic or depressive affect). Tender positive emotionality (or
its absence) may become apparent in facial expression, prosody,
gestural expression and use of tender emotional language (for
evaluation of emotional expression in these domains, see Andreasen,
1982; Russell & Fernandez-Dols, 1997; Lundh & Simonsson-Sarnecki,
2001; Pell, 2001). It is reminiscent of the facets positive emotion,
warmth and tender-mindedness of the Revised Neuroticism-Extraver-
sion-Openness Personality Inventory (NEO PI-R; Costa & McCrae,
1992), where positive emotion is described as tendency to experience
positive emotions, warmth as interest in and friendliness towards
others, and tender-mindedness as attitude of sympathy for others
(ibid.). However, in contrast to the NEO PI-R constructs warmth and
tender-mindedness, the concept of tender positive emotionality puts
more emphasis on emotionality than on attitudes or behaviour, and
considers that tender emotionality can also be directed towards oneself.

Quantitative measures for the assessment of tender positive
emotionality have, to our knowledge, not been reported so far,
although several diseases and disorders are related to a lack of
positive emotions, e.g. depression, chronic fear, Alexithymia (Taylor,
1984; Taylor & Bagby, 2004), and hyperathymia maxima (Siebel,
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Fi1G. 1. Basic ECG waves of a normal heartbeat (A), the P-wave reflects atrial
depolarization, the QRS complex depolarization of the ventricles, and the
T-wave ventricular repolarization. Standard ECG leads are shown in (B). The
six extremity leads (I, II, III, aVL, aVR, aVF) record voltage differences by
means of electrodes placed on the limbs (left panel of B). The triangle shows
the spatial relationships of the extremity leads, which record electrical voltages
onto the frontal plane of the body. The six chest leads (V1-V6) record voltage
differences by means of electrodes placed on the chest wall (right panel of B).
The oval indicates spatial relationships of the six chest leads, which record
electrical voltages transmitted onto the horizontal plane.

1994; Siebel & Winkler, 1996). We investigated correlations between
tender positive emotionality and interindividual differences in the
amplitude patterns of ECG waves (see Fig. 1A for illustration of
ECG waves), which have been proposed to indicate emotional
personality (Siebel & Winkler, in press). In Experiment 1, we
demonstrate relations between a cardiac amplitude signature and
emotional personality. In Experiment 2, we psychologically validate
this finding. Experiment 3 shows that the cardiac signature identified
in Experiment 1 predicts the amount of activity changes in an
individual’s limbic brain structures (amygdala and hippocampus)
during the processing of stimuli with emotional valence. Experiment
4 shows that this cardiac signature is also related to the autonomic
balance of individuals as indicated by HRV measures.

Experiment 1: a cardiac signature of emotionality

Experiment 1 was set out to identify relations between emotionality
and ECG amplitude ratios. Therefore, we acquired from each
individual a resting ECG, a narrative interview designed to obtain a
score of tender emotionality, and Alexithymia scores as measured with
the Revised Toronto Alexithymia Scale (see Materials and methods for
additional measures). Discriminant function analysis was then
performed to identify ECG amplitude patterns that correlate with
emotional personality.
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Materials and methods, Experiment 1
Subjects

Eighty healthy individuals without psychiatric disorders (age range
21-39 years, mean 25.3 years, 40 females) participated in the
experiment. As for all of the following experiments, informed consent
was obtained from all participants. The study was conducted in
accordance with the Declaration of Helsinki.

Procedure

After the ECG measurements (see below), body height and body
weight were obtained, then participants filled out the German version
of the Revised Toronto Alexithymia Questionnaire (TAS-26; Taylor
et al., 1992; Kupfer et al., 2000). This questionnaire consists of three
subscales: (1) the ability to identify one’s feelings; (2) difficulties in
describing emotions; and (3) external thinking. We were interested in
the scores of the first TAS-scale (TAS-1), because this subscale has
been reported to capture emotional impairment better than the two
other subscales (Haviland et al., 1988).

Subsequently, each participant underwent a narrative interview, in
which participants were asked to report three positive events. Based on
these interviews, the emotionality of subjects was rated on six visual
analogue scales by one of the authors (S.K.; in Experiment 2,
emotionality assessments will be performed by multiple raters): (1)
reports of own tender emotions; (2) use of tender emotional language;
(3) facial and eye expression of tender emotion; (4) prosodic
expression of tender emotion; (5) gestural expression of tender
emotion; and (6) global rating of tender emotionality. Scales 1 and 2
were used following the Alexithymia construct (Taylor, 1984; Lundh
& Simonsson-Sarnecki, 2001), and scales 3—6 were adopted from the
Affective Flattening subscale of the Scale for the Assessment of
Negative Symptoms (SANS; Andreasen, 1982; the SANS itself was
not used because it is designed to assess clinical symptoms of
psychotic patients). Each visual-analogue scale consisted of 50
adjacent circles, with the outermost left circle representing very low
tender emotionality, and the outermost right circle very high tender
emotionality. For each participant, ratings on the six scales were
averaged, resulting in an emotionality score for each subject (scores
with high values corresponded to ratings of high tender emotionality,
and vice versa).

ECG measurements

A 12-lead resting ECG (2 min duration) was obtained from each
participant placed in a supine position under standard conditions with
a sampling rate of 1000 Hz (see Fig. 1B for illustration of ECG leads).
For each lead of each participant, 100 P-, T- and R-waves were marked
at their maximum amplitude in the raw ECG, and averaged (separately
for each lead) to increase the signal-to-noise ratio. Then, amplitudes of
ECG waves were measured in the following way (for similar methods,
see Pan et al, 1992; McLaughlin et al., 1995; Soria-Olivas et al.,
1998; Martinez & Olmos, 2005): the R-peak amplitudes were
measured with respect to the baseline of the averaged ECG cycle
(this baseline was calculated by computing the mean amplitude value
of the time interval from 350 to 300 ms preceding the R-peak).
P-wave amplitudes were measured as the absolute difference between
P-wave peak amplitude and the baseline of the ECG cycle (this
baseline was calculated by computing the mean amplitude value of the
time interval from 180 to 130 ms preceding the peak of the P-wave).
Measurement of T-wave amplitudes aimed at finding the difference
between the T-wave peak and the first plateau-like wave shape
preceding the T-wave peak (for similar methods, see Pan et al., 1992;
McLaughlin et al., 1995; Martinez & Olmos, 2005). Therefore, the
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first derivative of the waveform was calculated (plateau-like wave
shapes result in small values of the first derivative), and the standard
deviation of the first derivative within the 100-ms time-window
preceding the T-wave peak (o) was computed. The value of the first
sampling point of the ECG wave (preceding the T-wave peak) for
which the value of the first derivative was smaller than 1/20 of G199
was then subtracted from the value of the T-wave peak (if this point
was located within the QRS-complex, the factor of 1/20 was enlarged
until this point was located beyond the QRS complex). RS-complexes
were measured as the absolute difference between R- and S-waves (if
there was more than one R- or S-wave, only the largest R- and S-peaks
were taken into account). Amplitude values of ECG waves were
measured electronically using Kardionoon 1.0 (http://www.kardio-
noon.net) and Matlab7.0 (MathWorks, Natick, MA, USA). (The
Matlab-Script for the measurements of ECG amplitudes is available on
request.) All measured (absolute) amplitude values were entered into
the discriminant function analysis. To compensate for differences in
the positioning of chest leads between subjects, maxima of absolute
values of P-, T- and R-waves, as well as of RS-complexes, were
calculated for all chest leads (and added as variables to the
discriminant function analysis).

Results, Experiment 1
Emotionality and ECG amplitude ratios

Emotionality scores as obtained from the narrative interviews had a
range from 7 to 45 (M = 30, SD = 12). These scores were ranked,
and for the lower and upper quartile of participants amplitudes of ECG
waves from all leads were subjected to a stepwise discriminant
function analysis (probability for entry: P = 0.05; for removal:
P = 0.10; body height, body weight and body mass index were also
entered as variables). The analysis identified four ECG waves as
discriminating variables: the RS complex of the aVL lead, the T wave
of the aVL lead, the R wave of lead III, and the maximal RS complex
of the chest leads (Fig. 2), 100% of cross-validated grouped cases
were correctly classified, and group centroids significantly differed
from each other (group centroids were —2.6 for low, and 2.6 for high
emotionality; Xﬁ = 74.6; P < 0.0001; Wilks’ A = 0.13). This finding
indicates that a combination of ECG amplitude values specifically
varies as a function of an individual’s emotionality.

Computation of E,. values

Discriminant function analysis, however, is based on a weighted linear
combination of ECG amplitudes, which are dependent on factors such
as body size and electric resistance of the body tissues between heart
and ECG leads. These factors substantially differ between individuals,
but are most likely unrelated to differences in emotionality (assuming
that an individual’s emotionality is not related, e.g. to body height). To
cancel down such factors, we computed ratios of ECG amplitudes by
placing ECG amplitudes with positive discriminant function coeffi-
cients (the T wave of the aVL lead and the R wave of lead III) in the
nominator, and those with negative ones (the RS complex of the aVL
lead and the maximal RS complex of the chest leads) in the
denominator (Fig. 2C). The result of this equation is an ECG-based
index FE,, with the advantage of a minimized dependence on
interindividual differences in tissue conductivity or strength of the
electric heart vector (given similar vector orientations). Confirming
this assumption, E,. values of participants did not correlate with body
mass index, body weight or body height (P > 0.49 in each test).

In the group quartile with low emotionality, £, values resulting
from this computation had a range of 0.04-0.32 (mean = 0.14,
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FI1G. 2. Cardiac signatures of emotionality: Averaged ECG cycles measured
from leads III, aVL and V3, plotted separately for a subject with high (A) and
low emotionality (B), ECG amplitudes identified by the discriminant function
analysis as discriminating variables are indicated in red: the R-wave of III (Ryy,
measured from the baseline preceding the P-wave), the T-wave of aVL (T,yr),
the RS-complex of aVL (RS,y1 ), and the RS-complex of the chest lead with the
maximal RS amplitude (RSynax). For each subject, the cardiac emotionality
index E\ is calculated using the formula shown in (C) (for a better readability
of E, values, values are scaled by a factor o= 10). The application of this
formula to the ECG amplitudes extracted from the recordings shown in (A) and
(B) results in an £ value of 2.34 for subject A (high emotionality), and of 0.16
for subject B (low emotionality). (D) The test/retest reliability of the ECG
amplitude signature: Each circle represents E,. values of one subject obtained in
an initial measurement [vertical axis] and a repeated measurement [horizontal
axis]. Pearson’s test/retest correlation was » = 0.90 (P < 0.0001).

SD = 0.08), E values in the group quartile with high emotionality
had a range of 0.81-2.06 (mean = 1.32, SD = 0.37). That is, notably
all E, values in the quartile with low emotionality were distinctly
lower than in the quartile with high emotionality. A #-test comparing
the E, values between group quartiles indicated a significant
difference (33 = 14.1, P < 0.0001).

E. values and questionnaire scores

In addition to the interviews and ECGs, we also obtained an index of
emotionality with the TAS-1 scale (see Materials and methods,
Experiment 1). The 80 subjects were divided into two groups (high,
low E, values) based on a median split of E, values (median was
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0.42). In the group of subjects with lower E, values, TAS-1 scores of
four subjects (out of 40) were one standard deviation above the mean
of the norm population (i.e. ~values of TAS-1 scores above 60); in the
group of subjects with higher £, values, two (out of 40) subjects had
TAS-1 scores outside this range (the German translation of the TAS-26
also provides r-values, unlike the original TAS-26; with regards to the
total TAS scores, four individuals of the group with lower, and three
individuals of the group with higher E, values lay within the range of
Alexithymia). However, when taking TAS-1 scores into account that
were one standard deviation above or below the mean of the norm
population (i.e. z-values of TAS-1 scores either above 60 or below 40),
TAS-1 scores of 13 subjects (out of 40) were outside this range in the
group of subjects with lower E,. values, whereas only three (out of 40)
were outside this range in the group of subjects with higher E,. values,
the difference between groups being significant (Pearson 3 = 7.81,
P < 0.005). That is, the prevalence of TAS-1 scores outside the norm
range was higher in individuals with low than in those with high £,
values.

Reliability of E, values

To evaluate the reliability of £, values, retest sessions were performed
in which ECGs were measured from 55 of the 80 subjects participating
in Experiment 1 (28 of them were females, age range was 20—
36 years, mean age 24.9 years). Test and retest sessions were
separated by at least 6 weeks. A Pearson’s test/retest correlation
between the £ values of test and retest sessions revealed a remarkably
high reliability of these values (» = 0.90, P < 0.0001; Fig. 2D). This
renders it impossible that factors such as normal variations in electrode
placement or normal circadian fluctuations in autonomic tone
considerably influence the E, values.

Discussion, Experiment 1

The E, values, which were derived by computing the coefficients
provided by the discriminant analysis, clearly differed between the
group quartile with high and the group quartile with low emotionality.
This indicates that a combination of ECG amplitude values specif-
ically varies as a function of an individual’s emotional personality.
Interestingly, the ECG pattern of individuals with low E, values
clearly resembles the ECG pattern described for individuals with
hyperathymia maxima (a putative disorder associated with persistent
lack of tender positive emotionality; Siebel & Winkler, 1996; Sicbel &
Winkler, in press). Furthermore, the finding that interindividual
differences in emotionality are related to differences in ECG amplitude
patterns is supported by the observation that more than 90% of the
individuals with higher E, values had TAS-1 T-scores within the norm
range, whereas about one-third of the individuals with lower E, values
had TAS-1 T-scores outside the norm range. This also corroborates the
assumption that lower E,. values correlate with aberrant emotionality.
The finding that the ECG amplitude patterns correlate with emotional
personality opens the interesting possibility to use ECG data as an
index of an individual’s emotionality. Compared with subjective
measures (such as the TAS), the ECG measure has the advantage of
being independent of subjective bias inherent to subjects and
investigators (but see also General discussion).

Experiment 2: validity of the cardiac signature

Experiment 2 aimed at testing whether the cardiac signature identified
in Experiment 1 also correlates with differences in emotional
personality when subjects’ emotionality is rated by multiple raters.
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Here, an independent group of 36 participants estimated each other’s
emotionality, so that average group ratings of the emotionality for each
individual were obtained, with the rationale that errors inherent in
individual ratings may tend to cancel out across individuals (Antaki
et al, 1988). We hypothesized that emotionality scores would
positively correlate with the E, values of subjects.

Materials and methods, Experiment 2
Subjects

Thirty-six healthy individuals without psychiatric disorders (age range
20-31 years, mean 26 years, 18 females) participated in the experi-
ment. None of the individuals had participated in Experiment 1.
Participants were students of a psychology seminar on physiological
correlates of emotion and emotional personality. In the course of the
seminar, the students were made acquainted with each other, and
during two seminar sessions prior to the rating, the students were
familiarized with the concept of tender positive emotionality.

Rest-ECGs were obtained as in Experiment 1. One ECG was
excluded from further analysis due to artefacts. Each participant had a
questionnaire with one visual analogue scale for each of the remaining
35 participants. Subjects were asked to rate the global tender
emotionality of the other participants on these scales. Visual analogue
scales consisted of 50 adjacent circles, with the outermost left circle
representing very low tender emotionality, and the outermost right
circle very high tender emotionality. Individual ratings were then
averaged, resulting in a score of emotionality for each participant.
None of the students was informed about the study prior to the rating
procedure (to ensure as high an independence of individual ratings as
possible), and none of the participants was familiar with any £, value
prior to the rating procedure.

Results and discussion, Experiment 2

Emotionality scores ranged from 19.1 to 35.2 (M = 27.6, SD = 3.8),
E, values from 0.04 to 2.4 (M = 0.72, SD = 0.55). A non-parametric
rank correlation of the emotionality scores and the E,. values indicated
a significant positive correlation (Spearman’s p= 0.46, P < 0.005).
That is, the E values significantly predicted the emotionality scores of
subjects (as obtained by the averaged emotionality ratings). In other
words, the cardiac signature of an individual predicts how the
emotionality of this individual would be rated by a number
of independent subjects. This finding validates the relation
between emotionality and the ECG amplitude signature observed in
Experiment 1.

Experiment 3a: relations between the cardiac signature
and emotional brain activity

To further validate the relation between this cardiac signature and
emotional personality, we carried out two experiments using func-
tional magnetic resonance imaging (fMRI) in which E, values could
be related to activity in brain structures known to be involved in the
processing of emotion. The fMRI experiments were designed to elicit
emotional brain activity in response to pleasant and unpleasant music.
Resting ECGs of participants were measured at least 1 day prior to the
functional imaging experiments (that is, ECGs were not measured
inside the MR scanner, and no stimulation was applied during ECG
measurements), £, values were then computed for each participant
according to the formula described in Fig. 2C.
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The first fMRI experiment (Experiment 3a) used an experimental
protocol identical to a previous study (Koelsch et al., 2006). Changes
in blood oxygen level-dependent (BOLD) signals were measured from
17 participants during the presentation of musical stimuli that had
either a positive (pleasant) or a negative (unpleasant) emotional
valence. The above-mentioned fMRI study reported activity changes
during the processing of the musical stimuli in limbic and para-limbic
brain structures (amygdala, hippocampus, parahippocampal gyrus and
temporal poles), which are well known to be crucially involved in the
processing of emotion. Therefore, the present experiment aimed at
investigating whether BOLD signal changes in these structures
correlate with the E, values of subjects (that is, with the cardiac
signature obtained in Experiment 1). It was hypothesized that
differences in the F, values (taken to indicate differences in
emotionality) are related to differences in brain activity in structures
that are involved in the processing of emotion.

Materials and methods, Experiment 3a
Subjects

Seventeen healthy individuals without psychiatric disorders (age
range 19-28 years, mean 24.6 years, nine females) participated in
the experiment. All participants were right-handed, free of known
chronic medical conditions, and were not taking any medication for
at least 4 weeks prior to the study. Participants’ range of E, values
was 0.04—1.45, mean = 0.53, SD = 0.34; three participants had
low E, values (below 0.4), nine participants had high E, values
(above 0.8) and five had intermediate £, values (between 0.4 and
0.8).

Stimuli, procedure and MR scanning were identical to a previous
study, and have been described in detail elsewhere (Koelsch ez al.,
2006). In brief, pleasant stimuli were eight excerpts of joyful
instrumental dance-tunes from the last four centuries (all major—minor
tonal music), recorded from commercially available CDs. Unpleasant
stimuli were electronically manipulated counterparts of the original
tunes (stimuli were processed using Syntrillium Cool Edit Pro 2.0).
For each pleasant stimulus, a new sound-file was created in which the
original (pleasant) excerpt was recorded simultaneously with two
pitch-shifted versions of the same excerpt, the pitch-shifted versions
being one semi tone above and a tritone below the original pitch
(samples of the stimuli are available at http://www.stefan-koelsch.de).
Pleasant and unpleasant excerpts were presented in alteration, the
duration of excerpts was 45-60 s (mean duration 55 s). All excerpts
were presented twice during the functional measurements to increase
the signal-to-noise ratio. Excerpts were separated by a 3-s interval with
no stimulation. During this interval, participants indicated on a five-
point scale how (un)pleasant they felt by pressing response buttons
according to a five-point scale (with —2 corresponding to very
unpleasant, 0 neutral and +2 very pleasant). Participants were
instructed to listen carefully to the music and to tap the metre of the
music with their right index finger. This task allowed to control if
participants paid attention not only to the consonant, but also to the
dissonant stimuli.

Scanning was performed on a 3 T Bruker Medspec 30/100
spectrometer. Nine axial slices (19.2 cm FOV, 64 x 64 matrix,
5 mm slice thickness, 2 mm interslice gap), parallel to the AC-PC
plane defined by the anterior and the posterior commissure (five slices
were above this AC-PC plane), using a single shot, gradient-recalled
EPI (flip angle 90°, TR = 3000 ms) were acquired. Two functional
sessions, each 360 time points, were run. Each time point sampled
over the nine slices. The relatively low number of slices and the

relatively long TR was used to reduce the scanner noise per time unit
(whole brain coverage will be used in Experiment 3b). fMRI data were
processed using the software package LIPSIA (Lohmann ef al., 2001).
After slicetime-, motion- and baseline-correction (filtering with cutoff
frequency of 1/132 Hz), and applying a spatial Gaussian filter with
5.6 mm FWHM, functional images were registered into stereotactic
space. Statistical evaluation for each subject was based on a least
squares estimation using the general linear model for serially
autocorrelated observations. The design matrix was generated with a
boxcar (square wave) function. Observation data and design matrix
were convolved using a Gaussian kernel of dispersion of 4 s FWHM.
The output image contains the computed beta-values, which are an
estimate for the slope of the regression. These images were evaluated
for each subject using a linear contrast. To test the correlation between
contrast values and ECG indices, a second-level statistical analysis
based on the aligned contrast images was performed using E, values
of subjects as a regressor.

Results, Experiment 3a
Behavioural data

The average rating for the consonant stimuli was 1.2 (on a five-point
scale ranging from —2 to +2), for the dissonant stimuli —0.7 (the
difference between ratings was significant, P < 0.0001, two-tailed #-
test). The ratings performed by the participants did not correlate with
the E, values (P > 0.9).

fMRI data

For each participant, a contrast image was computed for the contrast
unpleasant vs pleasant music. The contrast images were then
correlated within a second-level analysis with the individual £, values
of participants using voxel-wise correlations (Fig. 3A, see also
Table 1). Results indicated significant correlations between the E,
values (measured prior to the functional imaging session) and the
BOLD responses elicited by the musical stimuli in the left amygdala
(r = 0.68, P <0.0001), and in the right hippocampal formation
(r = 0.42, P < 0.0005): The higher the E, values, the stronger were
the BOLD signal changes within the amygdala and the hippocampal
formation in response to the unpleasant (compared with the pleasant)
music.

Experiment 3b

To replicate the findings of Experiment 3a, a second fMRI experiment
was conducted with an independent group of subjects, using an
experimental protocol similar to that of Experiment 3a, but with
whole-brain coverage and without interference between the auditory
stimuli and the scanner noise. Moreover, we directly compared two
groups of equal sample size: group 1 consisted of 12 subjects with
lower E, values (below 0.45), group 2 of 12 subjects with higher E,.
values (above 0.55).

Materials and methods, Experiment 3b
Subjects

Twenty-four healthy individuals without psychiatric disorders (age
range 22-33 years, mean age 25.3 years, 12 females) participated in
the second fMRI experiment. All participants were right-handed, free
of known chronic medical conditions, and were not taking any
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A Experiment 3a B Experiment 3b
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F1G. 3. Results of fMRI experiments. (A) In Experiment 3a, contrast images were first computed for each participant (n = 17, contrast: unpleasant vs pleasant),
and then correlated with individual E, values using voxel-wise correlations (second-level analysis; the Z-value threshold for depiction of statistical significance of
voxels was 2.6, corresponding to P < 0.005). Significant correlations between BOLD signal changes and E, values were found in the left amygdala (Am, upper
panel), and the right hippocampal formation (Hi, lower panel). (B) In Experiment 3b, a group of subjects with low E, values (below 0.45) was compared with a
group of subjects with higher £, values (above 0.55). The individual contrast images (n = 24, contrast: unpleasant vs pleasant) were compared between groups using
voxel-wise #-tests (second level analysis; the Z-value threshold for depiction of statistical significance of voxels was 2.6, corresponding to P < 0.005). As in
Experiment 3a, differences in haemodynamic responses were found as a function of the . values in the left amygdala (Am, upper panel), and the right hippocampal
formation (Hi, lower panel).

TABLE 1. Activations from the statistical parametric maps presented in Fig. 3 SDNN Poincaré/SD1 LF norm (n.u.) HF norm (n.u.)
8071ms 40 ms 04 ] 02
Talairach coordinates & 3
——  Maximum  Cluster “ 2 °4 o
Brain region x y z Z-value size (mm®) & 9
0 0 0.0 0.0
Experiment 3a RMSSD Poincaré/SD2 TINN LFHF
Left amygdala =26 -2 -12 4.02 216 60 1ms 1007ms 300y ms || 5
Right hippocampus 27 =21 -12 3.40 81 o Zg 200 :
Experiment 3b 20 40 100 2
Left amygdala -21 -6 -15 3.13 135 &) !
Right hippocampus 27 =23 -12 324 270 0 0 0 0

The Z-value threshold for statistical significance of voxels was 3.09
(P < 0.001, uncorrected). Coordinates refer to standard stereotactic space
(Talairach & Tournoux, 1998).

medication for at least 4 weeks prior to the studies. Participants were
divided into two groups, each group consisting of six males and six
females. The range of FE, values was 0.03-1.61 (M = 0.60,
SD = 0.53), the highest E\; value in group 1 was 0.45, the lowest
E, value in group 2 was 0.55.

Stimuli were similar to those used in the first fMRI experiment
(excerpts of joyful instrumental tunes and their electronically manip-
ulated, permanently dissonant counterparts). In this experiment, both
types of stimuli were also played backwards (this increased the degree
of unpleasantness of permanently dissonant excerpts). In contrast to
Experiment 3a (where continuous scanning was applied), the fMRI
data of Experiment 3b were recorded with a sparse temporal sampling
design (TR = 12 s, clustered volume acquisition of 2.1 s duration).
Such designs allow the presentation of auditory stimuli in the absence

H high E,. - Values 1 low E, - Values

FI1G. 4. Results of 35 min HRV measurements, separately for subjects with
higher E, values (> 0.45, corresponding to higher emotionality, dark blue bars)
and lower E, values (< 0.45, corresponding to lower emotionality, light blue
bars; error bars indicate standard errors of means). In both the time and the
frequency domain, clear group differences were observed, indicating significant
differences in tonic cardiac autonomic activity between groups. LF norm (n.u.):
low-frequency power in normalized units (0.04-0.15 Hz); HF norm (n.u.):
high-frequency power in normalized units (0.15-0.4 Hz); LF/HF: ratio of LF
to HF.

of fMRI scanner noise between two consecutive volume acquisitions
(Hall et al., 1999), so that the scanner noise does not interfere with the
auditory stimulation. This design had the additional advantage that
whole brain coverage (with 24 slices) could be used without
interfering with the auditory stimulation. To provide for a broad
sampling of the BOLD response, temporal jittering was applied by
presenting stimuli at 10 different time points relative to image
acquisition (i.e. relative to the trial onset). Onsets (in s) were 2, 2.7,
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34,4.1,4.8,5.6,6.3,7.0,7.7 and 8.4, resulting in durations of stimuli
between 3.6 and 10 s. At the end of each trial (i.e. during the
scanning), participants had to indicate how the music had influenced
their emotional state (positively or negatively) on a six-point scale.

Scanning was performed on a 3 T Magnetom Trio (Siemens,
Erlangen, Germany). Twenty-four axial slices (parallel to the AC-PC
plane) were acquired, using a gradient-echo EPI sequence
(TE = 30 ms, flip angle 90°, TR = 12 s, acquisition bandwidth
100 kHz). The acquired matrix was 64 X 64 and the FOV 19.2 cm,
resulting in an in-plane resolution of 3 mm?. The slice thickness was
4 mm and the interslice gap 1 mm. Analysis of the fMRI data was
identical to Experiment 1, except that a second-level analysis based on
the aligned contrast images was performed for two groups (groups
were assigned based on FE, values): this second-level analysis
consisted of a voxel-wise two-sample #-test across the contrast images
of both groups.

Results, Experiment 3b

As in Experiment 3a, contrast images were computed for the contrast
unpleasant vs pleasant, separately for each participant. Then, these
contrast images were compared between groups within a second-level
analysis using voxel-wise #-tests (Fig. 3B and Table 1). Results
replicated the findings of the first experiment. Activity changes in
response to the unpleasant (compared with the pleasant) music
differed between groups in both the left amygdala and the right
hippocampal formation (see Table 1 for statistical values). Again,
BOLD signal changes within these structures were stronger in subjects
with high E,. values than in subjects with low E, values.

Discussion, Experiments 3a and 3b

In both Experiments 3a and 3b, activity changes in the amygdala and
the hippocampal formation were stronger in subjects with high £\
values (corresponding to a higher emotionality) than in subjects with
low E, values (corresponding to a lower emotionality). The amygdala
is a central structure of the limbic system, and well known to be
crucially involved in emotional processing (Mega et al, 1997).
Patients with amygdala removal or amygdala lesions show impaired
appraisal of auditory signals with emotional valence, and functional
imaging studies have shown that the amygdala is involved in the
detection and generation of emotion (Gosselin et al., 2005; Phelps &
LeDoux, 2005). Moreover, activity changes in the amygdala have
previously been shown to correlate with personality parameters
related to emotion (such as extraversion and neuroticism; Canli et al.,
2002). The hippocampus proper (which is also considered a limbic
structure) is densely interconnected with the amygdala, and critically
involved in a number of emotion-related brain functions such as
encoding and retrieval of stimuli with emotional significance,
modulation of defensive behaviour, affective state regulation, atten-
tion and motivation (Siebel & Winkler, 1996; Mega et al., 1997). The
hippocampus has been shown to be sensitive to audiogenic stressors,
and the hippocampal region that was more strongly activated in
subjects with higher emotionality (Fig. 3) has been shown to be
damaged in patients with severe post-traumatic stress disorder
(Bremner, 1999), highlighting the involvement of the hippocampus
in emotional processing.

Our findings, thus, show that a specific cardiac signature predicts
the amount of activity changes in brain structures implicated in the
processing of emotion: higher E, values correspond to stronger
activity changes in those structures, whereas lower E, values

correspond to weak activity changes in those structures (possible
relations between £, values, HR and BOLD responses will be touched
upon in Experiment 4). Note that neither musical nor any other stimuli
were presented during the ECG measurements (ECG data were
acquired at least 1 day prior to the functional imaging experiments).
Thus, the ECG signature of an individual’s resting ECG predicted the
emotional brain activity elicited later on in the functional imaging
experiments.

These results show a close connection between limbic structures
and the heart in healthy humans. Previous research showed that
cardiovascular indices such as HR, HRV or blood pressure inform
about processes of the autonomic or hormonal system. Our data reveal
that cardiac signals also provide information about neurophysiological
processes located beyond the level of autonomic control, namely on
the level of neurophysiological processes linked to individual
characteristics of emotional processing. This implies that the interac-
tions between the brain and the heart are more complex than
previously believed, calling for a better understanding of these
interactions so that they can be taken into account when investigating
the aetiology of cardiovascular disease.

Experiment 4: relations between the cardiac signature
and autonomic balance

To further test the hypothesis of a cardiac signature of emotionality, we
correlated E, values with parameters of both the time and the
frequency domain of HRV, an established tool to assess cardiac
autonomic nervous system (ANS) activity (Malik et al., 1996). The
HR continuously varies in relation to breathing, blood pressure, as
well as physical, mental or emotional activity, and numerous other
factors (Stein et al., 1994). During inhalation, for example, the HR
slightly accelerates, while it decelerates during exhalation. This
variability of the HR has been shown to provide important information
about autonomic balance (i.e. balance or predominance of either the
sympathetic or the parasympathetic branch of the ANS), and
autonomic tone (i.e. strength of sympathetic and parasympathetic
activation).

Note that emotional activity always has effects on the activity of the
ANS, and that ANS centres located in the brain stem and in the
hypothalamus are densely interconnected with both the amygdala and
the hippocampus (which had shown higher BOLD responses in
subjects with higher emotionality). Especially the amygdala (in
concert with insular and orbitofrontal cortices) exerts direct influence
on neurons involved in autonomic cardiovascular control. Animal data
showed that the amygdala directly projects to autonomic neurons in
the hypothalamus, as well as to brainstem neurons located in the
parabrachial nucleus, the nucleus of the solitary tract and the dorsal
nucleus of the vagus (Cechetto, 2004). Site-dependent electrical
stimulation of the amygdala modulates HR (as well as blood pressure),
and microinjections of glutamate in the amygdala increase HR
(Gelsema et al., 1987; Iwata et al., 1987). Because of the close relation
between emotion and (cardiac) autonomic activity, it was expected that
differences in emotionality — as indicated by the E, values — are also
reflected in differences in HRV.

Materials and methods, Experiment 4
Subjects

Data from 66 healthy individuals without psychiatric disorders (age
range 19-34 years, mean 24.8 years, 32 females) entered the statistical
evaluation (participants with extremely high SDNN [> 100] or
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extremely low RMSSD [< 20] had been excluded from further
analysis; for explanation of SDNN and RMSSD, see following
paragraph). All participants had normal blood pressure (below
130/85 mmHg), a body mass index ranging from 18 to 26, and
reported to be free of any known medical diseases.

HRV measurements were performed using standard procedures
according to the guidelines of the Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology (Malik et al., 1996), except that HRV recordings
were performed while participants listened to the pleasant and
unpleasant musical stimuli also presented in the fMRI experiments.
We computed the SDNN (standard deviation of the time intervals
between consecutive heart beats, also denoted as NN intervals), the
RMSSD (square root of the mean squared differences of successive
NN intervals), and the TINN (triangular interpolation of NN intervals
histogram), which are prominent time domain measures of the HRV
(Stein et al., 1994; Malik et al., 1996). In addition to these parameters,
frequency domain measures were computed (i.e. power spectral
density analyses), which provide further information about autonomic
balance. A low-frequency component (LF, taken to reflect sympathetic
or perhaps both sympathetic and parasympathetic effects; Malik et al.,
1996) was computed for the frequency range from 0.04 to 0.15 Hz,
and a high-frequency component (HF, taken to reflect mainly
parasympathetic effects; Malik et al., 1996) was computed for the
range from 0.15 to 0.4 Hz. Low- and high-frequency components
were also calculated in normalized units, which particularly reflect the
controlled and balanced behaviour of the two ANS branches (Malik
et al., 1996). Finally, the SD of the instantaneous beat-to-beat
variability (Poincaré¢ SD1), and the SD of the continuous long-term R—
R intervals (Poincaré SD2) were calculated (these measures are taken
to reflect parasympathetic nervous system activity; Kamen et al,
1997; Lerma et al., 2003). HRV measures were computed using the
BIOSIG toolbox (Schlogl et al., 2007).

Results and discussion, Experiment 4

Subjects were divided into two groups based on a median split of E,.
values (median: 0.45). One-sided, two-sample #-tests on the HRV
parameters indicated clear differences in time and frequency domain
measures, as well as for the geometric measures of the HRV between
groups (Fig. 4, see Table 2 for results of statistical tests). This

TABLE 2. Results of the 35 min HRV measurements

Parameter Group 1 (high) Group 2 (low) P-value
SDNN (ms) 67.1 £29 573 +2.6 0.01
RMSSD (ms) 477 +£3.0 37.1+24 0.01
TINN (ms) 2723 £ 11.6 2523 +£9.2 0.05
Poincare SD1 (ms) 33.8+2.1 263 + 1.7 0.01
Poincare SD2 (ms) 89.2 +£3.7 76.5 +3.3 0.02
LF (ms?) 1169 + 148 1079 + 122 n.s.
HF (ms?) 578 + 60 404 + 53 0.05
LF norm (n.u.) 0.304 £ 0.01 0.347 £ 0.01 0.01
HF norm (n.u.) 0.157 +0.01 0.129 + 0.01 0.05
LF/HF 24 +0.28 3.8+049 0.02

Means (and standard errors of means) are indicated separately for subjects with
higher E,. values (> 0.45, corresponding to higher emotionality, group 1) and
lower E, values (< 0.45, corresponding to lower emotionality, group 2). The
outer right column provides P-values of two-tailed, independent samples #-tests.
Abbreviations as in Fig. 4.
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demonstrates a relation between the FE, values and the autonomic
activity of individuals.

Notably, compared with subjects with higher E, values (corre-
sponding to higher emotionality), subjects with low E,. values
exhibited significantly lower values of time domain HRV parameters.
Moreover, the frequency domain parameters revealed a significantly
lower HF component, and an increased LF/HF ratio in subjects with
low E, values. This pattern clearly reproduces the HRV pattern
previously reported in studies investigating patients with major
depression and pathologic anxiety (Yeragani et al, 1993, 2000,
2002; Friedman & Thayer, 1998), that is, with disorders that are
characterized by frequent phases of absence of positive emotions.
These studies thus suggest that decreased HRV (along with a low HF
component and increased LF/HF ratio) is related to decreased
positive emotionality. The finding that this HRV pattern is also
observed in individuals with low E, values hence supports the
assumption that lower E,. values are related to a reduction of tender
positive emotionality. However, increased negative emotionality in
individuals with pathologic anxiety and depression does not
necessarily mean that such individuals have a persistent lack of
tender positive emotions. Thus, it remains to be investigated whether
there is an association between anxiety or depression and lower E,
values.

As in Experiment 1, no correlations were found between E,. values
on the one hand, and body mass index, body height or body weight on
the other (» < 0.2 and P > 0.15 in all tests; this was to be expected
because only amplitude ratios are considered when calculating E,, see
Experiment 1). Likewise, no correlations between E, values and the
electrical axis of the heart (Engblom et al., 2005) or blood pressure
were indicated (» < 0.2 and P > 0.15 in all tests). This confirms that
the E, values are not related to body size, the heart’s electrical axis or
blood pressure. Notably, no differences were found in HR between
groups (mean HR was 71.2 in the group with low, and 71.4 in the
group with high E values), rendering it unlikely that differences in
HR account for the group-specific BOLD responses in Experiments 3a
and 3b.

General discussion

Our results reveal a clear relation between emotional personality and
ECG amplitude ratios. So far, modulations of T- (and P-) wave
amplitudes have been associated with vagal tone. By showing that
ratios of ECG amplitudes vary as a function of an individual’s
emotional personality, our results demonstrate that amplitudes of the
ECG bear considerably more information than previously believed.
This discovery has several important implications.

Interactions between the brain and the heart

The present data demonstrate that interactions between the brain and
the heart are not only involved in the regulation of vagal tone and
cardiovascular reflexes (Armour & Ardell, 2004), but that these
interactions also express intricate connections between personality and
biology. Given that heart disease is one of the major health problems
in both the USA and Europe, our findings call for a much better
understanding of these connections so that they can be taken into
account when investigating the aetiology of cardiovascular disease.
Moreover, although we did not show this directly, our results render it
likely that interactions between the brain and the heart (and thus heart
function and possible health risks) may be influenced by psychological
treatment.
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A physiological measure of emotionality

The relations between E, values and TAS-1 scores (Experiment 1),
averaged emotionality ratings (Experiment 2), brain activity reflecting
emotional processing (Experiments 3a and 3b), and (cardiac)
autonomic activity (Experiment 4) indicate that the £, values can be
used for the identification of interindividual differences in emotion-
ality. It is possible that the E, values are also affected by emotional
stress or other psychological variables (this remains to be further
specified), but the high correlation between test and re-test values
suggests that the £, values mainly vary as a function of emotional
personality, rather than of emotional states (note that this does not
exclude the possibility that an individual’s emotional personality can
change and that such changes can lead to different £, values).

Previous research on the biological basis of personality has
identified some correlations between personality traits and biological
measures (such as HR, HRV, cortical activation levels, skin conduc-
tivity and hormone levels, see Introduction), but literature on the
assessment of personality with physiological measures is surprisingly
scant. Thus, psychological and medical research on personality
differences has so far mainly relied on subjective measures of
personality, such as questionnaires and interviews (Davidson et al.,
2003). Compared with such measures, the cardiac signature reported
here has the advantage that it is not influenced by subjective bias,
although it may be affected by factors unrelated to personality.
Subjective personality instruments, on the other hand, are designed to
specifically examine aspects of personality. Thus, the use of E,. values,
perhaps in conjunction with standardized self-report and observational
personality indices, opens new perspectives for a more accurate
personality assessment, and thus for clinical investigations on relations
between emotional dysbalance and organic disease, as well as for a
preclinical diagnosis of emotional dysbalance and related health risks.

With respect to the diagnostic potential of the £, values, emotional
impairment associated with persistent lack of tender positive feel-
ings — previously described as hyperathymia maxima (Siebel, 1994;
Siebel & Winkler, 1996) — appears to be highly correlated with low
E, values. The correlation between E, values and TAS-1 scores
supports this assumption. Thus, future studies on biological correlates
of emotion could make use of the £, values to screen out subjects with
reduced emotional responses, and hence increase the signal-to-noise
ratio of experimental data.

Notably, the relation between reduced E, values and reduced HRV
would suggest that individuals with lower E, values have an increased
risk for cardiac mortality, particularly after myocardial infarction or
congestive heart failure (Hamaad ez al., 2004). It remains to be specified
whether extremely high E values are also related with health risks.

Possible modulators of ECG amplitude ratios

The exact mechanisms that lead to the differences in the observed
cardiac signatures remain to be specified. According to our data, E,
values are not simply dependent on blood pressure, body size or
electrical axis of the heart (no significant correlations were indicated
between these factors and E, values). One possible explanation for
interindividual differences in E, values is that differences in the
cardiac amplitude signatures are related to differences in lateralization
of autonomic control. Individuals with low E, values showed a greater
autonomic imbalance (as indicated, e.g. by the increased ratio of low-
frequency to high-frequency components of the HRV), and previous
work has shown that autonomic imbalance is associated with
lateralization of central autonomic drive (Craig, 2005). Central
autonomic drive is channelled ipsilaterally to the heart, where strongly

lateralized autonomic drive leads to a disruption of signal transduction
mechanisms on the anterior and posterior heart surface (Critchley
et al., 2005). The right cardiac nerve innervates the anterior surface of
the heart (including the sinoatrial node, the atrioventricular node, and
the anterior surfaces of the right and left ventricles), whereas the left
cardiac nerve innervates the posterolateral surface of the heart
(including the atrioventricular node and the posterior surfaces of the
right and left ventricles; Lane, & Schwartz, 1987). Thus, it is likely
that the autonomic imbalance of individuals with low E,. values results
in a left-right imbalance in autonomic drive across the surface of
the heart, which disrupts the electrophysiological homogeneity of
ventricular (re)polarization (Critchley et al., 2005).

Previous research also suggested that negative feelings, such as
discontent, anger and competitiveness, are associated with autonomic
functions involved in signal transduction mechanisms that might lead
to left ventricular hypertrophy (Agewall ef al., 1996), and it is possible
that such a morphological factor accounts at least partly for the ECG
pattern described in the present study. However, measurements of
N-terminal-pro brain natriuretic peptide (NT-pro BNP; Hall, 2004)
obtained from 16 individuals did not yield a correlation between £
values and NT-pro BNP serum concentrations. Because NT-pro BNP
is associated with left ventricular hypertrophy, and correlates with left
ventricular mass (e.g. Luchner ef al., 2002), this suggests that gross
morphological differences between the hearts of individuals with
higher and lower E\ values are highly unlikely, at least with respect to
left ventricular mass.

[Rest ECGs and blood samples were obtained from 16 healthy
individuals without psychiatric disorder (age range 21-31 years, mean
age 26.3 years, eight females), all individuals had normal blood
pressure (below 130/85 mmHg), and a body mass index between 18
and 27. Half of the subjects had E, values below 0.45 and the other
half had E\ values above 0.55. The range of NT-pro BNP serum
concentrations was 8-69 pg/mL, that is, for all subjects, NT-pro BNP
serum concentrations were within the norm range. A two-tailed,
independent samples #-test comparing the NT-pro BNP values between
groups did not indicate a difference (P > 0.90).]

Finally, it is important to note that the manifold effects of emotional
activity on autonomic activity, hormone and electrolyte regulation
modulate the regulatory role that some neurons in intrinsic cardiac and
intrathoracic extracardiac ganglia play in the control of regional
cardiac function (Armour & Ardell, 2004). It is conceivable that such
modulations also lead to specific signatures in the amplitude pattern of
the ECG in individuals with persistent emotional dysbalance. The
exact nature of such modulations, however, remains to be investigated.

Conclusions

Our results reveal strong correlations between emotional personality
and ECG amplitude ratios. This indicates that ECG amplitudes contain
more information than previously believed, and that connections
between the brain and the heart — which mediate regulation of cardiac
autonomic activity and cardiovascular reflexes — are considerably
influenced by an individual’s emotional personality, even in non-
clinical populations. The cardiac emotionality measure described in
our study opens the perspective for a more accurate assessment of
personality using ECG measures.
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