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Abstract
This study examined chronic and short-term stress effects on heart rate variability (HRV), comparing
time, frequency and phase domain (complexity) measures in 50 healthy adults. The hassles frequency
subscale of the combined hassles and uplifts scale (CHUS) was used to measure chronic stress. Short-
term stressor reactivity was assessed with a speech task. HRV measures were determined via surface
electrocardiogram (ECG). Because respiration rate decreased during the speech task (p < .001), this
study assessed the influence of respiration rate changes on the effects of interest. A series of repeated-
measures analyses of covariance (ANCOVA) with Bonferroni adjustment revealed that short-term
stress decreased HR D2 (calculated via the pointwise correlation dimension PD2) (p < .001), but
increased HR mean (p < .001), standard deviation of R–R (SDRR) intervals (p < .001), low (LF) (p
< .001) and high frequency band power (HF) (p = .009). Respiratory sinus arrhythmia (RSA) and
LF/HF ratio did not change under short-term stress. Partial correlation adjusting for respiration rate
showed that HR D2 was associated with chronic stress (r = −.35, p = .019). Differential effects of
chronic and short-term stress were observed on several HRV measures. HR D2 decreased under both
stress conditions reflecting lowered functionality of the cardiac pacemaker. The results confirm the
importance of complexity metrics in modern stress research on HRV.
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1. Introduction
For millennia we have understood that heart rate (HR) responds to stress. Two recent
developments allow one to examine measures of this linkage more precisely. The first
development differentiates between chronic stress exposure and responses to short-term
stressors, i.e., reactivity. The second development deals with different ways of characterizing
the fundamental properties of the HR itself and different ways of measuring its variability. This
study examines how short-term stressors and long-term stress exposure relate to measures of
HR and HR variability (HRV).
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Exposure to chronic stress is a good predictor of cardiovascular disease. Ongoing troubles and
the failure to resolve negative emotional states such as anger and anxiety generate imbalance
between the sympathetic (SNS) and the parasympathetic nervous system (PNS), the two
branches of the autonomic nervous system (ANS). An increase in the sympathetic-to-
parasympathetic ratio (SPR) is now being linked to increased cardiovascular morbidity and
mortality (Piccirillo et al., 1997; Gorman and Sloan, 2000; Rozanski and Kubzansky, 2005).

There are two major approaches how chronic psychosocial stress can be conceptualized in
research on HRV. One is based on the measurement of major life events and assumes that
experiencing major events such as divorce or death of a loved one requires adjustment that
leads to psychological and/or physical symptoms (Selye, 1956; Moss, 1973). The other
approach focuses on measures of minor incidents and hassles (e.g., argument with partner);
that approach suggests that minor events are more common than major events and, thus, may
be more salient for the individual at a single point in time (Kanner et al., 1981; DeLongis et
al., 1982; Weinberger et al., 1987).

Research on HRV has generally focused on acute, laboratory stressors as opposed to chronic
stress. Assessment of the impact of acute stress on HRV has been done utilizing cognitive (e.g.,
mental arithmetic), psychomotor (e.g., mirror tracing), or physical (e.g., cold pressor)
challenges. Moreover, as standard laboratory stressors do not always engage subjects’ affective
response, social interaction stressors such as public speaking tasks are often applied to provide
a more appropriate social context in which negative emotions might be elicited (Waldstein et
al., 1998).

Continuous changes in sympathetic and parasympathetic neural impulses exhibit alterations in
HR and cause oscillation of the R–R interval around its mean value (HRV). Increasingly refined
calculations have been developed to measure HRV. One of the more global and simple
measures of HRV is the standard deviation of the mean R–R interval (SDRR)(Berntson et al.,
1997). When healthy subjects are acutely stressed, HR increases and SDRR decreases
transiently (De Geus et al., 1990; Boutcher and Stocker, 1996). Chronically stressed
individuals, on the other hand, show decreased HR (Furlan et al., 2000; Lucini et al., 2005).
Respiration has a strong influence on HR changes and is commonly included as a covariate in
statistical analysis of the relation between stress and HRV changes (Berntson et al., 1997).
Respiratory sinus arrhythmia (RSA) is the HRV in synchrony with respiration and represents
the difference between the longest and the shortest heart period within the respiratory cycle
(Berntson et al., 1997). RSA is known as an index of cardiac parasympathetic activity and
usually decreases under acute psychological stress (Task force of ESC and NAPE, 1996;
Houtveen et al., 2002). However, despite their value in estimating overall HRV or components
of HRV related to respiration, these “time domain” measures have only limited application in
cases requiring a more precise parsing of HRV pattern (Berntson et al., 1997).

“Frequency domain” methods such as spectral analysis and autoregressive techniques are
applied to analyze an R–R interval time series on the basis of its frequency distribution. It is
proposed that the instantaneous balance between sympathetic and parasympathetic activities
can be captured by the ratio between low frequency band power (LF, 0.05−0.15 Hz) and high
frequency band power (HF, >0.15 Hz); the latter represents primarily respiratory components.
This ratio of LF/HF is sometimes referred to as a measure of “sympathovagal balance” (Pagani
et al., 1986; Malliani et al., 1991; Task force of ESC and NAPE, 1996). Studies on healthy
individuals show that acute stress increases LF/HF and decreases HF, suggesting activation of
the SNS as well as withdrawal of PNS activity under stress (Pagani et al., 1997). However,
data are far from being unequivocal that the LF/HF ratio represents a relative sympathetic
modulation (Eckberg, 1997). Moreover, a major proportion of HRV occurs over a large
frequency span showing broad, noise-like, irregular variability (Kobayashi and Musha,
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1982). Such evidence supports critics who argue that the proposed rigid scheme of the
frequency bands cannot cope with the complex and variable interactions between the different
rhythms (Koepchen, 1991; Grasso et al., 1997; Lambertz and Langhorst, 1998; Cammann and
Michel, 2002; Perlitz et al., 2004).

The interactions between multiple autonomic influences (e.g., PNS, SNS, hormones, preload,
and afterload) causes the output from the cardiac pacemaker to fluctuate in an apparently
random, i.e., chaotic manner (Denton et al., 1990). Moreover, under normal conditions, the
HR generating system tends to be homeokinetic (rather than homeostatic), i.e., it fluctuates
between a set of metastable states or attractors (Lipsitz and Goldberger, 1992; Lipsitz, 1995).
Such structural and functional diversity of the sinus node leads to a large repertoire of responses
and enables the heart to switch from one state to another quickly, perhaps a needed requirement
for adaptation to external and internal challenges of everyday life (Goldberger et al., 2002). In
this respect, a stronger regularity and decreased responsiveness of the cardiac pacemaker to
changing circumstances may be associated with increased risk of disease (Pincus, 1994).

In recent years, a third class of HRV measures, the “phase domain” methods, has been
developed in order to grasp the complex properties of the HR dynamics. These measures are
derived from chaos theory and non-linear system theory and differ from the conventional HRV
methods because they are not designed to assess the magnitude of variability but rather the
quality, scaling, and correlation properties of the HR dynamics (Beckers et al., 2006). No strict
definition of complexity exists (Kanters et al., 1997), and although irregularity and
unpredictability are important characteristics, they alone are not sufficient to comprehensively
describe complexity. The most widely applied complexity measure of HRV is the approximate
entropy (ApEntr). The ApEntr measures the amount of information needed to predict the future
state of a system thus providing an index of randomness or unpredictability of a system (Pincus,
1991). The higher the ApEntr, the smaller the likelihood that runs of patterns which are close
remain close on the next incremental comparisons (Mäkikallio et al., 1996). A decrease in HR
ApEntr has been found to be predictive of ventricular and atrial fibrillation and to correlate
with the risk of sudden infant death syndrome (Pincus, 2001). A second measure, the largest
Lyapunov exponent (LLE), captures the dynamical properties of the system orbiting within
the attractor (Elbert et al., 1994). The LLE quantifies the sensitivity of a system to initial
conditions, which manifests itself graphically as adjacent trajectories that diverge widely from
their initial close position. A positive LLE indicates sensitive dependence on initial conditions
and thus loss of predictability (Ruelle, 1979). Patients with major depression and no heart
disease have a significantly decreased LLE which may be related to the higher risk of
cardiovascular mortality in this group (Yeragani et al., 2002).

A third measure, the correlation dimension D2, focuses on the system's geometric (static)
structure (Elbert et al., 1994). The D2 gives information about the number of independent
functional components necessary to describe the underlying system and the degree of non-
linear coupling between these components (Grassberger and Procaccia, 1983). The higher the
D2 is, the more degrees of freedom of a system and, therefore, the greater the range of possible
adaptive responses. However, as the D2 cannot be validly applied to non-stationary data which
are typical for long epochs of biological data (e.g., ECG, electroencephalogram, EEG) the point
wise correlation dimension (PD2) is often alternatively used (Skinner et al., 1991, 1993). The
PD2 is based on the presumption that the variability of a time series is determined and patterned.
It provides a series of “point” dimensions irrespective of whether the system is stochastic or
deterministic or is stationary in time (Nahshoni et al., 2004). Skinner et al. (1993) found in
high-risk cardiac patients that PD2 reduction preceded lethal arrhythmias by hours, but was
not reduced in high-risk controls having only non-sustained ventricular tachycardia. However,
when the SDRR was used to characterize HRV, no difference was detected between the two
groups.
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As yet, only a few studies have investigated the impact of acute stressors on various HR
complexity measures in healthy individuals. Anishchenko et al. (2001) showed in healthy
young subjects that short-term psychological stress was associated with both decreases and
increases in HR complexity (i.e., normalized entropy) regardless of the type of stressor (i.e.,
noise exposure, mental arithmetic, arithmetic against noise, and examination stress). Moreover,
Hagerman et al. (1996) demonstrated in ten healthy individuals (33−51 years of age) that the
dominant LLE of HR significantly decreased during exercise stress. Finally, other authors
showed decreases in the fractal dimension of HR after subjects had been stressed by prolonged
exercise (Nakamura et al., 1993) and orthostatic hypotension (i.e., head-up tilt and lower body
negative pressure) (Butler et al., 1994). To date, no study has investigated the influence of
chronic psychosocial stress on HR complexity.

In this study, we applied a dimensional complexity measure, i.e., the D2, calculated via the
PD2, on HR time series and compared it with time and frequency based measures under two
stress conditions: when healthy subjects report chronic stress and in response to an acute,
psychologically challenging speech task stressor. This study assessed the influence of
respiration rate on the associations between stress exposure (acute, chronic) and HR and HRV
measures. We hypothesized that acute stress is associated with HR increases whereas chronic
stress is related to HR decreases. Furthermore, we hypothesized that acute and chronic stresses
are both associated with decreases in HRV, HF, RSA and D2, and with increases in LF/HF.

2. Methods
2.1. Subjects

Fifty subjects were recruited through advertisements and referral in this protocol, which was
approved by the University of California, San Diego (UCSD) Institutional Review Board. Of
the fifty subjects included in this study, 22 were men and 28 were women, 37 were Caucasian
Americans and 13 were African Americans. Participants were between 25 and 39 years old
(mean 30.32 ± 4.73) and had a body mass index (BMI) between 18 and 29 (mean 23.44 ± 2.65)
with an ideal body weight between 78 and 126% (mean 101% ± 0.11) as determined by
Metropolitan standards. All subjects were normotensive and had blood pressures (BP) less than
140/90 mmHg based on the average of three seated BP measurements. History and physical
examination verified that they were healthy subjects without illnesses that might affect ANS
activity. No subject was regularly taking prescription medication and none had a history of
current drug or alcohol abuse.

2.2. Combined hassles and uplifts scale
To assess chronic stress prior to stress testing we administered the combines hassles and uplift
scale (CHUS, Lazarus and Folkman, 1989). We selected the hassles frequency subscale as our
primary measure of this construct. This 53-item subscale determines perceived number of
events over the past month. The CHUS has been shown to have good reliability and validity,
predicting mood and somatic health outcomes (DeLongis et al., 1982; Zarski, 1984) as well as
being somewhat related to positive and negative affect (Kanner et al., 1981).

2.3. Speech task
Cardiovascular reactivity testing was used to perturb the heart and ANS. The subjects were
admitted to the General Clinical Research Center of the UCSD Medical Center the night prior
to testing. Reactivity testing was performed the next morning at 9:00 a.m., following a light
non-caffeine-containing breakfast. Subjects were brought to the testing laboratory,
instrumented, and then allowed to sit quietly for 30 min for habituation to the instrumentation
and testing environment. A 3-min baseline was determined at the end of the habituation period.
After this baseline period, the subjects were given instructions for a speaking task. This task
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involved preparing and presenting a speech in response to one of two situations (accused of
shoplifting and automobile dealer not honoring a warranty). These situations were randomly
presented to the subjects. Subjects were told that this speech would be videotaped and rated
by experts on poise and articulation. The video camera was displayed prominently during the
procedure. Subjects were given 3 min to prepare their speech and told that the speech should
cover certain points. Immediately after the preparation period, subjects spoke for 3 min. If
subjects stopped talking before the end of the period, they were reminded to continue the talk
by reiterating or summarizing the main points. This speech stressor has been used extensively
in our laboratory and other laboratories and elicits reliable changes in the measured parameters
(i.e., Nelesen et al., 1996; Hurwitz et al., 1993; Llabre et al., 1993; Bagget et al., 1996; Light
et al., 1999).

2.4. Heart rate variability
Time series of the R–R interval and the HR were determined from the electrocardiogram (ECG,
model 78352C; Hewlett-Packard; Andover, MA) in a lead I configuration. Respiration rate
was determined by chest movement with bands wrapped around the chest and with strain wiring
that went to the transducer in ECG monitor. The signals of ECG and chest movement were
relayed to an analog-to-digital converter (DT2801; Data Translation; Marlboro, MA), sampling
at 1 kHz per channel. Data were collected in 3-min epochs using Global Lab software (Data
Translation). The review and calculation were performed using a computer program developed
at University of Miami, Behavioral Medicine Research Center (Han et al., 1991; Nagel et al.,
1993). This program calculated the time domain measures of HRV, i.e., the mean and the
SDRR as well as respiration-related (RSA) and non-respiration-related (NRSA) components
of HRV. It also performed the frequency domain analyses to estimate spectral analysis of HRV.
Spectral power analyses were applied on R–R interval time series to obtain HF power (>0.15
Hz) and LF power (0.05−0.15 Hz). In addition, the ratio of LF/HF components was determined.

Because the RSA is correlated with the respiration, while the NRSA is not, the two components
can be separated by an adaptive filtering system. For this purpose, the instantaneous HR time
series, as well as respiration, were subsampled at a 4 Hz frequency. Details of the calculation
have been reported previously (Han et al., 1991; Nagel et al., 1993). In summary, adaptive
filtering is a time-domain measure that permits the temporal tracking of changes in HRV. The
reliability of this technique is very high and has many advantages: (1) it is free of the
susceptibility for violation of stationary assumptions to which the spectral analytic frequency
domain methods are subjected; (2) it extracts the variance in HR that is corresponding with the
ongoing respiratory signal, and thus it is not necessary to a priori define the spectral bandwidth
associated with respiration; and (3) it contains the ability to separate signal components of the
HR correlated or uncorrelated with respiration.

A technician who was blinded to the subjects performed scoring of HRV and impedance
cardiograph.

2.5. Estimation of the correlation dimension (D2) via calculating the pointwise correlation
dimension (PD2) of the time series

The so-called correlation dimension D2 (Grassberger and Procaccia, 1983)is used to estimate
the dimensional complexity or the number of the degrees of freedom of a time series. It is
calculated after embedding the time series into the phase space, i.e., the time series is used to
reconstruct an adequate representation of the dynamic system in the phase space. A phase space
is defined as an ideal, mathematical space with one point for every possible state of the system,
having as many dimensions as there are degrees of freedom in the system (Nicolis and
Prigogine, 1989). In non-stationary systems, the number of coupled variables at each time-
point is variable, which means that the system's trajectory occupies more or less phase space.
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The more phase space is occupied by the system, the higher is the dimensional complexity
(Vandenhouten, 1998; Kowalik, 2003). A fast and simple method of phase space reconstruction
is given by Takens (1981), which is used in the present publication.

According to Takens theorem, it is possible to construct a phase space trajectory of a system
from a single scalar time series of the observable quantity ξi (i =0, ..., N) by composition of
vectors with so-called delay coordinates:

with the embedding dimension m = 2n + 1 (with n being the degrees of freedom of the system)
and the delay τ for N → ∞ in the substitute phase space ( ) that is dynamically and
topologically equivalent to the trajectory in the original phase space. In practice, infinite time
series (with N → ∞) are not available. Therefore, in every experimental situation the so-called
embedding parameters m and τ have to be selected carefully in order to obtain an optimal
reconstruction from a finite time series. In this publication, the delay τ is determined as the
position of the first minimum of the first derivative of the autocorrelation function of the signal:

which has been shown to be a good choice for the general representation of an attractor in the
phase space of delay coordinates (Vandenhouten, 1998). Detailed descriptions of the
embedding process and the selection of τ are given elsewhere (Lambertz et al., 2000;
Vandenhouten, 1998).

The correlation dimension D2 can estimate the dimension of the trajectory in the substitute
phase space, gained by the embedding of the time series. From the theoretical point of view,
this is only useful if the trajectory has stationary states within the phase space. If a system
changes its behavior, i.e., passing phase transitions, its trajectory can consist of combined
tortuous attractors. In such situations D2 only can be usefully calculated as the mean of the
different degrees of dimension in the course of time.

In order to solve the problem with non-stationary time series Skinner and co-workers (Skinner
et al., 1991, 1993) developed the method of PD2. Estimating the global dimension of a time
series by calculating the mean of the PD2 is done much faster than calculating it by the D2
algorithm (Skinner et al., 1998; Kowalik, 2003). In the present publication the PD2s were
calculated using the Dataplore® software1 (Vandenhouten et al., 1999) in which the algorithm
is realized according to Skinner and co-workers by the formula:

Here r denotes the radius of a phase space neighbourhood around x. xi and xj are the phase
space coordinates, delayed by τ (as mentioned above in the description of the phase space
reconstruction). N is the length of the time series and θ is the Heaviside function, given by

1Distribution by Fa. ixellence GmbH Bahnhofstrasse, Halle VII, 15745 Wildau, Germany.
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For the embedding of the time series, the program needs the declaration of the values of τ and
the range mmin to mmax in which the embedding dimension m is varied automatically by the
algorithm during the calculation of the PD2.

The D2 values needed for further statistical comparison and evaluations in the present
publication were calculated as the mean from the resulting PD2 time series
( ).

2.6. Statistical analyses
Values are expressed as means ± standard deviation. This study used a natural logarithm
transformation to normalize distributions of the HRV indices (LF, HF and LF/HF). Analysis
of variance (ANOVA) was applied to test the effect of speech task on measures of HR and
HRV. In addition, analysis of covariance (ANCOVA) for repeated measures was used to assess
whether variance in respiration rate change can account for the effects of interest. Post hoc
comparisons applied the Bonferroni test, a correction for the number of comparisons. The effect
of speech task on respiration rate was tested via paired t test. Partial correlation was used to
assess the influence of baseline respiration rate on the relationship between chronic hassles
frequency and baseline measures of HR and HRV. The relationships between baseline data of
HR, SDRR, RSA, LF power, HF power, LF/HF, D2, and respiration rate were analyzed using
Pearson correlation coefficients. Results were considered statistically significant when they
met the p ≤ .05 criterion; all tests were two-tailed. All statistical analyses were done using SPSS
15.0 for Windows.

3. Results
During speech task stress, mean respiration rate decreased significantly from 0.24 ± 0.07 Hz
baseline to 0.19 ± 0.06 Hz (T = 3.89, d.f. = 46, p < .001). In Table 1, levels of the different HR
indices are presented for baseline and speech task. Repeated-measures ANOVA showed that
HR mean (F = 44.200, d.f. = 1, 46, p < .001), SDRR (F = 23.584, d.f. = 1, 46, p < .001), LF
power (F = 24.565, d.f. = 1, 46, p < .001), and HF power (F = 12.967, d.f. = 1, 46, p = .001)
increased significantly in response to the speech task, whereas D2 decreased significantly from
baseline to the stressor (F = 49.145, d.f. = 1, 46, p < .001). Both RSA (F = 1.96, d.f. = 1, 46,
p = .660) and LF/HF (F = 1.587, d.f. = 1, 46, p = .214) remained unchanged. Moreover,
repeated-measures ANCOVA showed that respiration rate was not accounting for these effects
(Table 1): HR mean (F = 44.259, d.f. = 1, 45, p < .001); SDRR (F = 16.047, d.f. = 1, 45, p < .
001); LF power (F = 15.237, d.f. = 1, 45, p < .001); HF power (F = 7.54, d.f. = 1, 45, p = .009);
D2 (F = 32.935, d.f. = 1, 45, p < .001); RSA (F = 0.569, d.f. = 1, 45, p = .455); LF/HF (F =
0.863, d.f. = 1, 45, p = .358).

Pearson correlation showed that baseline respiration rate was not significantly associated with
chronic hassle frequency (r = .001, p = .994). Table 2 shows the partial correlation coefficients
between chronic hassles frequency and baseline HR indices adjusted for baseline respiration
rate. The only baseline HR measure that was significantly correlated with chronic hassles
frequency was D2 (r = −.352, p = .019). There was no significant correlation between chronic
hassles frequency and baseline respiration rate. Moreover, chronic hassles severity correlated
significantly neither with any of the baseline measures of HR and HRV adjusted for baseline
respiration rate nor with respiration rate (data not shown).
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Table 3 shows the Pearson correlation coefficients among the baseline HR indices and between
respiration rate and baseline HR indices. HR at baseline did not correlate significantly with
any of the dynamic HR indices. SDRR at baseline was significantly positively correlated with
RSA, LF and HF band power, and was significantly negatively correlated with D2. RSA, LF
and HF band power correlated significantly positively. D2 showed significantly negative
correlations with SDRR, LF band power, and the LF/HF. Baseline respiration rate was
significantly negatively correlated with LF band power.

4. Discussion
HR contains an enormous amount of information, and diverse measures of HR offer distinctly
different parts of this information. Until recently, complexity analysis was very difficult to do.
While it is now feasible, it is still a new and relatively unfamiliar technique because of precise
time-locked acquisition of signals and complex mathematics. In this study, we compared one
type of HR complexity measure, the D2 (calculated via PD2) with time domain measures (i.e.,
SDRR, RSA) and frequency domain measures (i.e., LF, HF and LF/HF) of HRV under short-
term and chronic stress. We found that under acute stress HR complexity measure D2
decreased, whereas SDRR, LF, and HF increased (RSA and LF/HF remained unchanged,
respiration rate decreased). In addition, we found that HR D2 was the only HRV measure which
significantly correlated with chronic stress (i.e., HR complexity decrease). Respiration rate
showed no influence on the reported associations between stress and the various measures of
HR and HRV.

Our findings of reduced HR D2 in response to stress are in line with studies of the relationship
between acute physical stress and HR complexity (Nakamura et al., 1993; Butler et al., 1994;
Hagerman et al., 1996). Moreover, our findings partly confirm the Anishchenko et al. (2001)
study in which a group of healthy students subjected to various kinds of psychological stress
(i.e., noise exposure, mental arithmetic, arithmetic against noise, and examination stress) could
be divided into two subgroups of HR complexity (i.e., normalized entropy) reactors: those with
a decrease in HR complexity and those with an increase in HR complexity. Thus, this study's
findings of a loss of HR D2 in response to stress are consistent with results from other studies
in this research area.

What does decreased HR D2 under acute stress tell us about the underlying physiology and
possible consequences of stress-mediated HRV changes? Under normal conditions, the HR
generating system fluctuates between a set of metastable states or attractors ready to adapt to
internal or external challenges of an ever-changing environment (Lipsitz and Goldberger,
1992; Lipsitz, 1995). The higher the HR D2, the more degrees of freedom of the cardiac
pacemaker (Kresh and Izrailtyan, 1998) and, therefore, the greater range of possible adaptive
responses. In our study of 50 young healthy subjects, HR D2 decreased significantly from 3.5
to 3.2 under acute stress (Table 1). This change towards more stable and periodic behavior of
the HR under stress may be associated with stronger regularity, decoupling of multimodal
integrated networks and deactivation of control-loops within the cardiovascular system
(Pincus, 1994; Nahshoni et al., 1998, 2004). Thus, the reduction in HR complexity during
stressful conditions may represent a lower adaptability and fitness of the cardiac pacemaker
and a functional restriction of the participating cardiovascular elements.

The complex phenomena of HR control may represent activities of the SNS, PNS and renin-
angiotensin system as well as other feedback systems, e.g., PNS/SNS feedback loop (Osaka
et al., 1993). Systems may contribute differentially to HR complexity. Predominance of the
SNS feedback loop is accompanied by attenuation of HR dimensionality (Elbert et al., 1994),
whereas transition to a higher HRV dimension was shown to be associated with PNS
accentuation (Vaughn et al., 1995). This is supported by the observation that the restoration of
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functional order patterning in the transplanted heart during the donor-host assimilation process
can be ascribed to a long-term progressive rise from low dimensional (dimension ∼1 after 2
years) sympathetic to high dimensional (dimension ∼3 after 8 years) parasympathetic
dominance (Kresh and Izrailtyan, 1998). In addition, pharmacological trials show that
parasympathetic withdrawal through atropine is associated with a decrease in HR complexity,
whereas sympathetic withdrawal through propanolol either fails to alter HR complexity or
increases it (Osaka et al., 1993; Yamamoto and Hughson, 1994; Yamamoto et al., 1995;
Hagerman et al., 1996). Thus, one could speculate that the decrease of HR D2 in our study in
response to short-term stress is due to a “sympathovagal” imbalance characterized by a
decrease in PNS activity and a (relative) increase in sympathetic tone.

However, our conclusion from non-linear mathematics is only partly supported by the other
findings of this study on linear characteristics of the R–R interval time series. There was a
significant increase in HR and LF power when subjects were acutely stressed, suggesting a
rise in SNS activity. On the other hand, this study showed an increase in SDRR and HF power
under short-term stress without concurrent rise in LF/HF, reflecting an increase in PNS activity
(Akselrod et al., 1981). The short-term stressor is at the limit of the stationarity assumption;
thus the spectral measures might not pick up the changes appropriately. RSA, often used as an
index of cardiac parasympathetic activity, however, did not change under short-term stress.

Discrepancies between non-linear and linear findings on HRV have been shown in other studies
(e.g., Hagerman et al., 1996; Yeragani et al., 2002) and may be attributable to shortcomings
of the linear methods. It was shown that HRV especially in the range of LF- and HF-bands is
the result of complex non-linear interactions of different central and peripheral physiological
oscillators (Langhorst et al., 1984; Lambertz and Langhorst, 1998; Lambertz et al., 2000).
Involved in these non-linear interactions are at least three important rhythms: (1) the respiratory
rhythm (originating in the respiratory oscillator neurons of the brainstem), (2) rhythms of
vessels (originating in their smooth muscles), and (3) the reticular rhythm (originating in the
brainstem reticular formation; frequency range: ∼0.15 Hz ± 0.03 Hz). The frequencies of these
rhythms and their coupling strength change in the course of time depending on the momentary
activation level (e.g., relaxation vs. stress) of the organism (Perlitz et al., 2004). Coupling
phenomena of the rhythms extensively exceed their own basic frequency bands because
harmonics and sub-harmonics of each of them are widely involved, and different types of
frequency- and phase couplings of the interacting rhythms can be observed (Lambertz and
Langhorst, 1998; Lambertz et al., 2000; Perlitz et al., 2004). The interacting rhythms influence
the processing of baroreceptor input at their relay neurons in the NTS. Thereby, baroreceptor
feedback underlies these complex rhythmical changes causing non-linear rhythmical effects
on HR, HRV, blood pressure, respiration and – via ascending activation – on higher brain
functions (Lambertz et al., 2000; Perlitz et al., 2004).

Although spectral analyses of HRV are useful for a variety of physiological stresses, HRV
changes during mental stress tests such as a speech task should be interpreted with caution as
the respiratory changes produced by speech markedly alter variability and the spectral
component of the RR interval time series without necessarily involving respective changes in
autonomic activation (Brown et al., 1993; Hoshikawa and Yamamoto, 1997; Bernardi et al.,
2000; Beda et al., 2007). Beda et al. (2007) showed that for the tasks involving speech, the
respiratory pattern is far from being sinusoidal (short inspiration and longer expiration) and is
highly erratic. This pattern is associated with markedly broadband characteristics in HR power
spectrum, and with considerable power present in both the LF and HF bands. Moreover,
Bernardi et al. (2000) demonstrated that free talking and, in particular, doing stressful mental
arithmetics aloud were associated with a slowing in respiratory rate and a relative reduction in
ventilation, with a concomitant shift of respiratory power into the LF band, decrease in RR
interval mean, and increase in SDRR. Such evidence on the influence of speech-related
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respiratory patterns on linear HRV measures could explain why in our study speech task stress
was associated with increases and not with decreases in SDRR and HF power, independently
of changes in parasympathetic modulation of HR.

In our study, speech task stress was associated with a decrease in respiration rate which may
have been due to the vocal nature of the stress task (Bernardi et al., 2000). Moreover, the
observed change in respiration frequency did not interfere with the associations between speech
task stressor and the diverse measures of HR and HRV. This observation runs counter to the
assumption that speech task-related respiration could have been due to the discrepancies
between non-linear and linear findings on HRV in our study. However, given the high
variability and complexity of the respiratory patterns during speech (Beda et al., 2007), it is
possible that additional indices associated with the speech task which were not assessed in this
study (e.g., respiratory depth, central respiratory drive and metabolic demand) may have
influenced the stress-mediated HRV changes and masked or accentuated the relative
contribution of SNS and PNS to these changes.

Regarding HR D2 and its relationship to stress, it might be that the vocal nature of the speech
task did not influence the non-linear HRV changes to the same extent as the linear HRV
changes. Kanters et al. (1997) showed that HR D2 and the non-linear predictability of HR
remained unchanged during forced respiration.

Our findings on the association between chronic stress (i.e., frequency of hassles in the past
month) and various HRV measures further support the assumption that D2 expresses properties
not captured by the orthodox linear methods of HRV analysis (Nahshoni et al., 1998). HR D2
was the only variable which was significantly correlated with chronic stress (Table 2). In
addition, HR D2 was negatively correlated with many of the linear measures of HRV which,
for the most part, were positively correlated with each other (Table 3).

The finding of a decreased HR D2 in association with chronic stress has clinical relevance, as
cardiovascular disease is associated with decreased HR complexity (Lipsitz, 2004). More
irregular HRV may reflect the greater ability of HR to return to baseline condition after it has
been perturbed (Yamamoto et al., 1995). In addition, HRV reflects not only respiratory
influences but also regulatory influences on HR, e.g., when blood pressure is changed
(Hoshikawa and Yamamoto, 1997). Thus, chronically reduced HR complexity due to stress
may be associated with a chronic failure of the HR to return to baseline condition after
perturbation and a chronically reduced ability to respond with HR reduction when blood
pressure is increased. In this respect, chronically stressed people behave like aged people. There
is evidence that healthy aging is associated with a decline in the complexity of sinus rhythm
HR dynamics (Lipsitz, 1995), due to structural factors (e.g., loss of sinoatrial pacemaker cells)
and functional changes (e.g., altered coupling between these components) (Lipsitz and
Goldberger, 1992). It may be that chronic stress, like chronic depression (Yeragani et al.,
2002), aggravates this normal ANS aging process.

This study has some limitations. We only assessed the influence of respiratory frequency on
the relation between stress and linear and non-linear measures of HRV because of the nature
of the respiratory signal processing applied in this study. Future studies may also wish to
examine the interesting question whether the relation between stress and HR D2 is influenced
by respiratory D2. The current study did not assess the influence of respiratory indices other
than respiratory frequency (such as respiratory depth and central respiratory drive) on the
effects of interest. In further studies one could consider the metabolic demand of speaking by
applying a control speech task, in which individuals speak for the same amount of time, but
on an emotionally neutral topic without the stress of subsequent evaluation. Our findings cannot
be generalized to acute stressors other than the speech task or to complexity measures other
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than D2. Hassles frequency correlated negatively with HR D2; but hassles severity did not
correlate with any HRV measure. This could be because subjective reports of severity generally
show weaker correlation with physiological data than do self-reports of event frequency
(Herbert and Cohen, 1993). Other approaches to chronic and acute stressors, which deal more
adequately with the personal meaning of stress (e.g., Brown and Harris, 1989; Schubert et al.,
2003), could be more appropriate.

Further studies could apply larger sample size and a “toolkit” of various non-linear metrics to
probe different stress-related aspects of HR complexity (Goldberger et al., 2002). Such
investigations could be accomplished on healthy individuals as well as on patients suffering
from various pathophysiologic conditions characterized, for example, by imbalance of
autonomic innervation (e.g., obesity and post-traumatic stress disorder).

In conclusion, there is increasing recognition that quantification and interpretation of HRV in
adaptation to external challenges depend on an adequate appreciation of both linear as well as
non-linear characteristics. This study compared the influences of short-term and chronic stress
on various time, frequency, and phase domain measures of HRV and showed that only HR D2
correlated consistently (negatively) with both types of stressors. These findings provide further
evidence that stress-induced change in cardiac pacemaker functioning is more irregular than
can be revealed by applying conventional linear measures of HR.
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Table 1
Effect of speech task stress on heart rate and various measures of heart rate variability. Mean (±S.D.) baseline and
speech task of heart rate and various measures of heart rate variability. Repeated-measures ANCOVA considering the
influence of respiration rate change was used to assess the effect of speech task (F value and degrees of freedom).

Baseline Speech task F (1, 45)

HR (beats/min) 74.2 ± 9.46 87.4 ± 15.32 44.259***

HR variability (SDRR) 33.2 ± 23.83 96.0 ± 86.64 16.047***

RSA (beats/s2) 3.3 ± 2.5 3.6 ± 2.1 0.569

LF (ms2/Hz) 8.0 ± 5.93 19.7 ± 15.65 15.237***

HF (ms2/Hz) 6.9 ± 4.89 15.8 ± 17.83 7.54**

LF/HF 1.5 ± 1.11 1.8 ± 1.20 0.863

D2 3.5 ± 0.27 3.2 ± 0.33 32.935***

Abbreviations: SDRR, standard deviation of the mean R-R interval; RSA, respiratory sinus arrhythmia; LF, low frequency band power; HF, high frequency
band power; D2, correlation dimension; HR, heart rate.

**
p ≤ .01 (two-tailed).

***
p ≤ .001 (two-tailed).
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Table 2
Correlation between chronic stress and heart rate and various measures of heart rate variability. Partial correlation
coefficients (n = 50) between chronic hassles frequency and baseline HR indices adjusted for baseline respiration rate.

Chronic hassles frequency

HR (beats/min) r = .06

HR variability (SDRR) r = .14

RSA (beats/s2) r = .11

LF (ms2/Hz) r = .10

HF (ms2/Hz) r = −.10

LF/HF r = .17

D2 r = −.35*

Abbreviations: BL, baseline; HR, heart rate; SDRR, standard deviation of the mean R-R interval; RSA, respiratory sinus arrhythmia; LF, low frequency
band power; HF, high frequency band power; D2, correlation dimension.

*
p < .05 (two-tailed).
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