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Abstract

The aim of the present study was to advance the methodology and use of time series analysis to
quantify dynamic structures in psychophysiological processes and thereby to produce informa-
tion on spontaneously coupled physiological responses and their behavioral and experiential
correlates. Series of analyses using both simulated and empirical cardiac (IBI), electrodermal
(EDA), and facial electromyographic (EMG) data indicated that, despite potential
autocorrelated structures, smoothing increased the reliability of detecting response coupling
from an interindividual distribution of intraindividual measures and that especially the
measures of covariance produced accurate information on the extent of coupled responses.
This methodology was applied to analyze spontaneously coupled IBI, EDA, and facial EMG
responses and vagal activity in their relation to emotional experience and personality charac-
teristics in a group of middle-aged men (n = 37) during the administration of the Rorschach
testing protocol. The results revealed new characteristics in the relationship between phasic
end-organ synchronization and vagal activity, on the one hand, and individual differences in
emotional adjustment to novel situations on the other. Specifically, it appeared that the vagal
system is intimately related to emotional and social responsivity. It was also found that the lack
of spontaneously synchronized responses is related to decreased energetic arousal (e.g., de-
pression, mood). These findings indicate that the present process analysis approach has many
advantages for use in both experimental and applied research, and that it is a useful new
paradigm in psychophysiological research.

Keywords: Autonomic Nervous System; Emotion; Facial Electromyography; Individual Dif-
ferences; Spontaneous Responses; Time Series Analysis; Vagal System

Methodological and empirical advances in the quantitative
analysis of spontaneous responses in psychophysiological
time series
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Tiivistelmä

Tutkimuksessa käsiteltiin psykofysiologisten prosessien kvantitatiivista mallintamista
aikasarja-analyysin menetelmin. Pyrkimyksenä oli tuottaa tietoa spontaanien fysiologisten
vasteiden yhteisvaihtelusta ja sen yhteydestä käyttäytymisen ja kokemuksen tasoilla mitattuun
emotionaalisuuteen. Tutkimuksessa analysoitiin sekä simuloituja että empiirisesti mitattuja
syketaajuus, ihokonduktanssi ja kasvolihasten elektromyografia (EMG) -mittausten
muodostamia aikasarjoja. Tulokset osoittivat, että fysiologisten aikasarjojen ajallinen
keskiarvoistaminen paransi synkronisaatio -mittauksen luotettavuutta lisääntyneestä
autokorrelaatiosta huolimatta. Erityisesti absoluuttisen kovarianssin mitat tuottivat virheetöntä
tietoa spontaanien vastepattereiden esiintyvyydestä. Aikasarja-analyysin menetelmiä
sovellettiin tutkittaessa integroitujen fysiologisten vasteiden ja vagaalin järjestelmän
toimintatason yhteyttä emotionaaliseen kokemukseen, käyttäytymisen aktiivisuustasoon ja
persoonallisuuden piirteisiin. Syketaajuus, ihokonduktanssi ja kasvolihas-EMG mittaukset
suoritettiin jatkuvina Rorschach -testauksen aikana N = 37 miehen otokselle. Tulokset
osoittivat, että ajallisesti lyhytaikaiset, ilman ulkoista ärsykettä aktivoituvat vasteyhdistelmät
olivat monitasoisesti yhteydessä emotionaalisessa ja sosiaalisessa sopeutumisessa ilmeneviin
yksilöllisiin eroihin. Tutkimuksessa saatiin erityisesti uutta tietoa vagaalin järjestelmän
yhteydestä emotionaaliseen ja sosiaaliseen reagointityyliin sekä emootioiden
kasvoekspressioon. Spontaanien vasteyhdistelmien puuttuminen oli yhteydessä
madaltuneeseen energeettiseen aktivaatiotilaan. Tutkimus osoittaa, että lyhytaikaisten
vasteyhdistelmien prosessianalyysi on toimiva menetelmä sekä kokeellisessa että soveltavassa
tutkimuksessa ja muodostaa, yhdistettynä asianmukaiseen mittausasetelmaan, erittäin
potentiaalisen psykofysiologisen tutkimuksen paradigman.

Avainsanat: Autonominen hermosto; Emootiot; Kasvolihasten elektromyografia; Yksilölliset
erot; Spontaanit vasteet; Aikasarja-analyysi; Vagaali järjestelmä

Spontaanien psykofysiologisten vasteiden prosessianalyysi:
Metodologisia ja empiirisiä tutkimustuloksia
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Introduction

Individuals exhibit considerable differences in

their behavioral and emotional adjustment to psy-
chologically challenging situations such as an in-
terpersonal interview. The mechanisms that are
manifested in the form of emotion, or emo-
tion-related states, are continuously available and,
to some extent, at work to enable an individual to
adjust to the stream of demands made by internal
goals and external stimuli. Emotion itself may be
defined as a sequence of well-organized, biologi-
cally predisposed activities that aim to modify the
state of an individual to facilitate coping with the
environment. A closely related concept of behav-
ioral arousal, or simply arousal, is the intensity
and/or level of activation in individual coping
behaviors. Indeed, arousal has been regarded as a
basic dimension in emotion, the other being the
valence that ranges from a positive to a negative
emotional state (Russell, 1980).

Most theorists agree that the functional core of
emotional states is to interrupt the execution of
on-going functions in order to reorganize behavior
into purposeful action (e.g., Levenson, 1994;
Scherer, 1993). The adaptive nature of emotions,
such as a sequence of positively valenced imagery,
negative affect, or confrontational anger, can be
easily understood in the light of an operational,
three-level definition of emotion. In most circum-
stances, emotions have output on all of three quali-
tatively different levels.

First, measures of affective experience are
critical from the experimenter’s point of view in
order to qualify and classify emotional state.
Thayer (1989) has suggested that the
phenomenological experience of moods, for
example, serves an important function in
integrating information on a variety of different
physiological processes into a holistic representa-
tion of the present energetic state. Correspond-
ingly, individuals who lack interoceptive skills in
reading emotional reactions have often been
regarded as dysfunctional.

Second, operations at the behavioral level
serve (a) to communicate with the social environ-
ment and (b) to exert a direct influence on the
external world. Accordingly, a basic emotion such
as anger is conveyed to others by cul-
ture-independent patterns of facial expressions
(Ekman, 1973) and disposes action towards the
rapid removal of potentially harmful external
objects or states of affairs.

Third, each emotion or combination of
emotions must be paralleled by a discriminative
pattern of physiological activity. To date perhaps
the best-known is the association between
emotional reactions and the autonomic nervous

system (ANS; e.g., Ekman, Levenson, & Friesen,
1983). In 1929 Cannon observed that pronounced
emotional stress was paralleled by gross sympa-
thetic nervous system (SNS) reactivity that
promotes action dispositions by redirecting the dis-
tribution of blood flow in the circulatory system.
The ANS may have other functions in emotional
adjustment as well. First, the recruitment of blood
to the facial vasculature may have a signal value.
Second, feedback from the ANS through
baroreceptors, vagal afferent fibers, and circulating
catecholamines may serve to accumulate more
intense and prolonged emotional states; for
example, catecholamines that have a relatively
prolonged effect in the circulatory system provide
stable and selective modulation of activity in the
amygdala and hippocampus (LeDoux, 1998).
Third, changes in ANS activity may influence
sensory processing (Lacey, Kagan, Lacey, &
Moss, 1963; Sandman, 1984). Accordingly, a state
of anger is associated with dispositions to recruit
blood to the upper-limb muscles and to dilate facial
capillaries in order to facilitate confrontational
coping and, after the initiation of autonomic reac-
tivity, is likely to have a self-enhancing or
modulatory effect on the central nervous system
(CNS) through various feedback loops.

Porges (1995, 1997) has suggested that the
functional structure of the CNS-co-ordinated ANS
responses may reflect three major phylogenetic
stages in developing skills to cope with the envi-
ronment. First, the so-called old vagus, which orig-
inates from the dorsal motor nucleus of the
medulla, mediates processes that facilitate
metabolic restoration (e.g., increased blood flow to
the stomach and an overall decrease in heart rate)
for various reasons (e.g., digestion, healing). This
structure may, however, rarely control cardiac
chronotrophy in humans but is rather overridden
by the SNS, which fuels energy-consuming coping
strategies. The SNS is known as the traditional
mechanism that links the state of emotional stress
and excitatory effects on cardiac activity by both
direct neural innervation and slower adrenal
release of catecholamines to the circulatory system
(e.g., Papillo & Shapiro, 1990). The mammalian
repertoire of coping strategies has added one
further mechanism to cardiac control. The vagal
pathway that originates from the nucleus ambiguus
(NA) of the medulla has provided a rapid
mechanism for neural influence on cardiac output
that is less massive and more selective than the
SNS influence. This latest structure has been
suggested as having been developed to serve com-
municative and information processing purposes
by proving a fine-tuned alternative to massive
cardiac mobilization of SNS-mediated
“fight-or-flight” mechanisms. Interestingly, the
source nuclei of the facial muscles that are
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responsible for emotional expression are adjacent
to the NA, and they both evolved during the same
phase of phylogenetic development.

A closer view of the activity of these mecha-
nisms may provide important insights into the
mechanisms that underlie adaptation at an individ-
ual level. Lacey (1967) has already observed that a
pattern of physiological responses contains more
information than the activity of any single response
system. Given that central mechanisms must have a
key role in the temporal integration of peripheral
responses, it is surprising that their influence on
response patterning has only recently attracted
further attention (e.g., Lang, Bradley, & Cuthbert,
1997; LeDoux, 1987, 1998). The relative depend-
ence or independence of different physiological
indices, such as cardiac, electrodermal, and facial
muscle responses, may provide a unique view of
the central mechanisms that integrate the output of
these peripheral processes and are thereby, at least
in part, executive in emotional processing.

The patterning of physiological responses in
any situation is typically influenced by several
sources of variance. Situational response specific-
ity refers to variance that is influenced by stereo-
typic responses to certain situations. For example,
in humans, the sudden and unexpected presentation
of a loud noise elicits a so-called defensive
response that is shown as phasic shifts in cardiac
and electrodermal activity (Turpin, 1986; Dawson,
Schell, & Filion, 1990). Individual response speci-
ficity refers to the increased probability of certain
individuals to respond in a specific manner in a
variety of situations. For example, depressed indi-
viduals may have impaired phasic control of the
heart (Dawson, Schell, & Catania, 1977). Motiva-
tional response specificity refers to the interaction
between situational and individual characteristics.
For example, individuals with an inhibited temper-
ament may have an increased probability of
showing inhibited behavior only in novel (i.e.,
non-learned) social situations. Situational variance
is analogous to that found in nomothetic research
designs, whereas the latter two sources of variance
have some characteristics of an idiographic
research approach that aims to describe behavioral
processes as a function of individual differences.

There are other sources of confounding
variance in the identification and quantification of
physiological response patterns as well. First,
physiological measures may not always have been
adequate or selectively sensitive with respect to the
underlying mechanisms. For example, heart rate is
a composite of multiple mechanisms, and, in order
to be interpreted in terms of underlying mecha-
nisms, it needs to be partitioned into meaningful
components. Specifically, the amplitude of the
phase-locked respiratory-coupled oscillatory
component in heart rate, respiratory sinus arrhyth-

mia (RSA), provides a noninvasive index of vagal
activity that originates from the NA (Berntson et
al., 1997; Porges, 1995). Second, between-subject
and within-subject models of physiological
function have often been applied almost inter-
changeably. However, they provide crucially
different views with respect to the interdependency
of different response systems (e.g., Kettunen &
Keltikangas-Järvinen, submitted). Only
intraindividual modeling may provide information
on the mechanistic principles of a dynamic system.
In addition, only intraindividual analysis may
provide information on the individual differences
in response coupling. Third, it is important to dis-
tinguish between tonic and phasic (i.e., long- and
short-term) activity, since they may be governed by
different mechanisms. For example, the vagal
system is capable of producing changes in cardiac

chronotrophy within a latency time of 1–2 s,
whereas catecholamines have a much slower and
longer effect on the heart.

The present work makes an attempt to
advance the analysis of response patterns that are
intimately related to both nomothetic and
idiographic characteristics of the behavioral adap-
tation. The considerations presented above call
attention to the necessity of studying individuals as
a set of processes that are measured as time series
Yt of length T,

Yt = y1, y2, …, yT .

Note that the activity of many physiological
systems is naturally viewed as realizations of
dynamic time series processes that are always
dependent on the past. Table 1 presents the
strengths of the time series approach (Design C) in
comparison to the previous approaches. Despite
the potential strengths of the time series design,
only a few studies have applied this design or done
systematic research on the use of time series
analysis methodology to quantify spontaneous
physiological response patterns. This is surprising,
since many important emotional and social
phenomena may be only revealed in idiographic
situations that enable, for example, interactive
social behavior within a situation that is not struc-
tured with respect to the presentation of external
stimuli.

The fact that in psychophysiology and psy-
chological applications in general it is not useful to
be restricted to an intraindividual view on the
systemic dynamics, but rather to aggregate the
characteristics of intraindividual dynamics into an
interindividual distribution of intraindividual
patterns places special constraints on the applica-
tion of the time series method of quantifying
psychophysiological responses.

To summarize, the following series of studies
was motivated by the importance of studying the

2



3

physiological mechanisms that underlie the
process of coping with psychological and social
challenges. Individual differences in the use of
these mechanisms are important for their own sake
and also because of their potential relationship to
health and dysfunction. Specifically, it has been
observed that cardiovascular reactivity during
states of emotional stress is related to the progres-
sion of cardiovascular disease, but little is known
of the exact mechanisms and specific states that
mediate this cumulating effect (e.g., Blascovich &
Katkin, 1993; Turner, 1994).

The present work makes an exploratory
attempt to shed light on the following issues:

1. Given the wide variety of different analyti-
cal techniques and procedures that can be used to
extract information on the process dynamics, time
series analysis is occasionally referred to as being
more an art than a science. Studies I and II contrib-
ute to finding an optimal methodology for the
purposes of detecting dynamic relationships
between the activities of different response
systems. Specifically, study I examines the effects
of temporal averaging (i.e., smoothing or low-pass
filtering) on the probability of detecting response
coupling. Study II compares the efficacy of
different classes of time series methods, namely (a)
cross-spectral density function (CSDF), (b)
cross-correlation function (CCF), (c) pre-whitened
CCF (W-CCF), and (d) state-space dynamic factor
analysis modeling (DFA), to detect and differenti-
ate between different characteristics of response
coupling, such as the proportion of shared variance
(i.e., squared correlation; r2), the absolute
frequency and magnitude of common changes (i.e.,
covariance; cov), the direction and strength of rela-
tionship (i.e., a transfer function or regression rela-
tionship), and the time-lag of maximum coupling
(i.e., delay or phase;k). Of these methods, CSDF is
based on the spectral decomposition of the original
time series into different frequency components,
whereas CCF, W-CCF, and DFA are estimated in
the time domain. CSDF and CCF produce
non-parametric estimates of coupling, whereas
W-CCF incorporates a simple CCF that is
computed over linearly pre-whitened (i.e.,
autocorrelation-removed) time series. DFA incor-
porates the decomposition of the original signals

into a structural signal and irregular measurement
error on the basis of prediction-error decomposi-
tion. Interested readers are referred to studies II
and III and introductory texts on time series
analysis for further information (e.g., Chatfield,
1996; Diggle, 1990).

2. Study III examines the psychological and
behavioral correlates of cardiac-electrodermal syn-
chronization during a psychological testing
situation that facilitates relatively spontaneous be-
havioral adjustment. Within- and between-subjects
designs are evaluated in terms of their abilities to
associate phasic and tonic coupling of IBI and
EDA to energetic arousal in the short-term
affective and behavioral, and long-term depression
levels.

3. Previous reports have related inhibited and
non-inhibited infant temperament, as defined by
behavioral tendencies, to have strong associations
with the vagal control of the heart. In addition,
Fowles (1980, 1988) has proposed that the activi-
ties of the behavioral activation system (BAS) and
the behavioral inhibition system (BIS), which are
responsible for approach and withdrawal behavior,
and conditionability according to incentive and

punishing signals, respectively, can be separated in
terms of cardiac and electrodermal activity. Study
IV examines whether, in adults, proposed markers
of BAS and BIS disposition, strength of excitation
(SE) and strength of inhibition (SI) scales (Strelau,
Angleitner, & Ruch, 1989), can be defined in terms
of a distinctive psychophysiological profile.

4. The level of vagal tone has been proposed,
in itself, to be a trait-like physiological property.
Previous, still fairly inconclusive reports on infants
suggest that RSA may be related to emotional and
behavioral adjustment (Stifter & Fox, 1990; Stifter,
Fox, & Porges, 1989; Stifter & Jain, 1996). Infor-
mation on the integration of facial expression and
vagal control of the heart may provide a view of the
central mechanisms that control an individual’s ad-
justment to, for example, mildly stressful social sit-
uations. Study V focuses on the relationship of the
vagal system to the coupled autonomic-expressive
and affective responses in adults.

Table 1. Research Designs for the Analysis of Physiological Coupling

Design
Temporal
resolution

Stimulus
protocol

Response scoring Benefits Drawbacks

A Phasic Discrete events
Event-related
responses

Phasic temporal accuracy
Fixed stimulus
protocols

B Tonic Tonic events
Mean level or
change

Non-fixed protocol
Only tonic
information

C Phasic
Discrete events
in tonic intervals

Spontaneous
responses

Phasic temporal accuracy
on non-fixed protocols

Analytical
difficulties



Methods

Subjects
The subjects were 37 healthy men aged 33 to 58
years (M = 47.0, SD = 5.7) who participated in a
psychological-medical follow-up study examining
the metabolic and behavioral risk factors for
coronary heart disease (IV and V).

Physiological measures
Interbeat interval (IBI; ms), electrodermal activity

(EDA; � S) and EMG activity (� V) at the corruga-
tor supercilii (CS), zygomaticus major (ZM), and
the frontalis lateralis (FL) facial muscle regions
were recorded continuously during experiment
(V). IBI (and its reciprocal heart rate; HR) is a
measure of chronotropic cardiac control and is in-
fluenced simultaneously by both sympathetic and
vagal systems (Papillo & Shapiro, 1990), whereas
EDA has a linear relationship to neural activity in
sympathetic cholinergic fibers (Boucsein, 1992).
The total variance (lg[ms

2
]) within the respiratory

range (0.12–0.40 Hz) was added to index RSA
(Berntson et al., 1997; Grossman, van Beek, &
Wientjes, 1990). Increased activity in the CS and
ZM muscle areas has been associated with a state
of negatively and positively valenced emotions
(Lang et al., 1993). Figure 1 shows the locations of
the electrode placement for facial EMG.

Psychological measures
Various measures were used to obtain information
on the affective experience and style within a
temporal continuum that extends from phasic
changes in emotional state to constructs that have a
trait-like constancy: (1) the standard deviations of
the participants’ ratings in phasic affective experi-
ence using visual analogue scales (VAS) on the di-
mensions of positive and negative emotions and
arousal were used to index the frequency and
amplitude of transient changes in the state of
affective experience during task (V); (2) the pre-
vailing mood was measured before and after the
task using the Finnish translation of Thayer’s
(1989) Activation-Deactivation Adjective Check
List (AD-ACL; Kaartinen, Mäkiaho, Tolvanen, &
Lyytinen, submitted) on the dimensions of
energetic, tired, tension, and calmness, and general

activation mood (III-V); (3) depression was
measured with a modified version of the Depres-
sive Behaviour Survey Schedule (Cautela, 1979;
III); and (4) temperament was assessed with the
Strelau Temperament Inventory—Revised
(STI–R; Strelau, Angleitner, & Ruch, 1989) on the
dimensions of SE and SI that provide close approx-

imations to Gray’s (1979, 1982) dimensions of
behavioral activation (BAS) and behavioral inhibi-
tion (BIS) systems, respectively (IV).

The Rorschach test
The association phase of the Rorschach test (Exner,
1993), a mildly stressful psychological testing
protocol, was used to provoke individual differ-
ences in spontaneous emotional and social respon-
siveness (V). The Rorschach test comprises 10

tables, with a different inkblot stimulus in each
table. After the presentation of each table the

subject has to give oral answer(s) to the experi-
menter’s question “What might this be?” The use
of the Rorschach test as an unstructured stimulus

may have several strengths: (a) it has been shown
that it elicits idiographic emotional responses (i.e.,

some individuals experience positive and/or
negative emotions during the test, whereas others

may not be emotionally influenced by the test; e.g.,
Blatt & Berman, 1984; Exner, 1993; Lacey,
Bateman, & van Lehn, 1952) and therefore it may

increase the degree of spontaneous individual
variance in relation to situationally determined

variance; (b) it is a novel situation generating dif-
ferential individual adjustment, and it has previ-
ously been suggested that individual differences in
vagal tone and temperament typically manifest
themselves in novel situations (e.g., Fox, 1989;

Stifter & Fox, 1990); (c) it may be used as a passive
coping task, given its strong similarity with the pic-
ture-viewing protocols that have traditionally been
used to induce passive coping (Tomaka,

Blascovich, Kelsey, & Leitten, 1993), during
which the heart may be more under vagal control

(Obrist, 1976); (d) it is a social situation that
enables spontaneous responses and has some re-
semblance to interview situations that have often

been used as stressors in psychophysiological
research (Sherwood & Turner, 1992); and (e) it can

be used to collect data over a period of sufficient
length, and therefore it enables the use of time

series analysis to create intraindividual models of
physiological processes.

4

Figure 1. The bipolar electrode placement on the FL,
CS, and ZM facial muscle areas. Modified with the per-
mission of Cambridge University Press from Fridlund
and Cacioppo (1986).
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Procedure
After a short period of general instructions and fa-
miliarization with the apparatus, the electrodes
were attached to the participant. The physiological
measurement devices were calibrated and the
structure of the experiment was described to the
participants. Subjects were able to stop the experi-
mental procedure at any point and were informed
that the Rorschach administration would be
recorded on an audio tape. This was followed by a
4-min relaxation period.

The Rorschach test was administered by a
clinical psychologist following the Exner (1993)
protocol. The association phase was defined as a
period beginning 10 s before the presentation of the
first table and ending when the participant had
given his last oral response to the tenth table and
when at least 30 s had passed after the presentation
of this table; the duration of this period ranged from
10 to 36 min, M = 19.3, SD = 6.1. The association
phase was considered as the task condition, and
was followed by an inquiry phase (see Exner,
1993) during which the positive, negative, and
arousal experience associated with each oral
response was rated using VAS; emotional experi-
ence was measured after the association phase in
order to avoid interfering with the interview
situation. Valence was computed by subtracting
each rating in the scale of negative experience from
the corresponding rating of positive experience.
The within-subjects standard deviation of the
ratings was used to index the magnitude and
frequency of changes in the experience of valence
and arousal. The total number of oral Rorschach
responses was used to index behavioral activity.

The mood of the participants was measured
three times: (a) after the relaxation period before
the Rorschach testing, (b) immediately after the as-
sociation phase, and (c) about 30 min after the as-
sociation phase. The task-induced change in mood
was computed by subtracting the baseline mea-
surement from the first measurement after the asso-
ciation phase (III-V).

Time series analysis
All of the analyses performed on the coupling and
decoupling of different indices of emotion-related
processes were based on the analysis of phasic
intraindividual patterns in physiological time
series and are reported in studies I-III and V. In
short, a cross-covariance function, or a related
function of bivariate interdependency, was
estimated for each individual’s physiological re-
cordings. The individual estimates of bivariate in-
terdependency were then aggregated into an
interindividual distribution of intraindividual inter-
dependencies. The mean of the interindividual dis-
tribution (e.g., between-subjects averaged
cross-covariance function) describes nomothetic
information on the intraindividual dynamics,
whereas the variance of the interindividual distri-
bution corresponds to the individual differences in
the idiographic dynamics. Thus, the former
approach refers to the general characteristics of the
intraindividual dynamics, whereas the latter
approach refers to the individual variation in terms
of, for example, the direction, magnitude and lag of
interdependent responses. Table 2 summarizes the
time series analysis procedures that were used and
described in detail in studies I-V.

Results

Figure 2 shows an example of IBI, EDA, and CS
time series for a period of a few minutes during the
association phase of the Rorschach testing. Figure
3 shows an example of non-smoothed and
smoothed IBI and EDA time series. Figure 4 shows
the effects of non-weighted moving average
smoothing on the probability of detecting bivariate
coupling from simulated IBI and EDA time series
(I). This effect is due to increased signal-to-noise
ratio (i.e., ”temporal reliability”). Given that
smoothing did not increase the probability of
detecting coupling from non-coupled time series,
another important conclusion based on this study is
that a positively autocorrelated time series
structure does not confound or bias the analysis of
intraindividual correlational patterns if the analysis
is based on a between-subjects aggregated

Table 2. A Summary of Time Series Analysis Procedures That Were Used in Studies I–V.

Study Method(s) Measures Time window(s) Parameters Detrending

I CCF IBI, EDA, EMG 0.2, 1.0 cov moving polynomial

II
CSDF, CCF,
W-CCF, DFA

IBI, EDA 0.2 cov, r
2
, k, � quadratic

III DFA IBI, EDA 1.0, 3.0, 10.0 cov linear

IV FFT IBI, EDA, RSA 1.0 var quadratic

V CCF, FFT IBI, EDA, EMG, RSA 0.2, 1.0 cov, HF amp quadratic

Note. FFT = fast-Fourier transform, cov = cross-covariance, r
2

= cross-correlation, k = inter-channel delay, � =
regression (transfer) function, HF amp = high frequency amplitude. See text for other abbreviations.



distribution of individual time series (i.e., multi-
ple-time series instead of single-time series). When
applied to empirical time series, smoothing
enhanced the detection of response coupling

between the IBI-EDA and IBI-CS time series (I).
Different time series analysis methods

produced fairly comparable information on the
nomothetic (i.e., between-subjects averaged)

IBI-EDA interdependency. This information
shows that, on average, spontaneous electrodermal
responses were accompanied by cardiac accelera-
tion that preceded the onset of the electrodermal
responses by approximately 1.2–2.0 s (II). This is
in line with the topographical response properties
presented in Figure 6. Although clearly significant
in each case, the proportion of shared variance was
very dependent on the analysis technique, ranging
from 0.2% (W-CCF) to 60.4% (CSDF). On
average, a 250 ms cardiac acceleration was
followed by electrodermal fluctuations between

0.073 and 0.223 � S.
The simulation in study II revealed that, in

general, measures of covariance (i.e., the product
of the amplitude and probability of coupled
responses) produced less biased estimates of the
true IBI-EDA relationship than the measures of
correlation (i.e., shared variance). Figure 5 shows
the temporal correspondence of spontaneous
cardiac and electrodermal responses. Table 3 sum-
marizes the total mean square error (MSE) for the

measures of covariance and correlation. Figure 6
shows the distributions of theoretical and estimated
covariances for different methods. Note that CSDF
and CCF produced fairly unbiased estimates of the
underlying covariance structure. The relative lack
of bias of the measures of covariance was also
reflected in a higher reliability among the estimates
of coupled responses in the empirical car-
diac-electrodermal time series as produced by
different methods; mean correlation among the
estimates of coupled responses as produced by
different methods were r = .49 for the measures of
shared variance and r = .84 for the measures of
covariance. The corresponding mean correlations
for the estimates of regression relationship of IBI
from EDA and inter-channel delay were r = .36 and
r = .47, respectively. The time-domain indices of
covariance have the additional benefits of
producing (a) frequency-independent and (b) di-
rectional (i.e., a positive or negative coupling) in-
formation on the bivariate coupling and will be

therefore applied in further studies.
The results of study III may be summarized in

terms of a regression model revealing that, during
the association phase of the Rorschach testing, the

covariance (i.e., an index of both the frequency and
amplitude) of spontaneously synchronized
IBI-EDA responses was positively related to the

number of verbal responses (� = 0.38, p < .05),

variability in the self-reported arousal (� = 0.35, p

< .05), level of energetic mood (� = 0.34, p < .05),
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Figure 2. A sample of IBI, EDA, and CS time series
during the association phase of Rorschach testing.
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Figure 3. An example of non-smoothed (dashed) and
smoothed (solid) IBI and EDA time series in 200 ms
data windows. The time series were smoothed with a
non-weighted moving average smoother of 41-point
window size (see Study I for details).

Figure 4. The mean and standard error of the mean
cross-correlation coefficients for simulated time series
with different proportions of coupled physiological
responses (0%, 20%, and 40%) as a function of increased
non-weighted moving average smoothing. The simula-
tion replicated a sample of n = 30 bivariate time series
with length t = 3000 in 200 ms windows (i.e., 10 min).
Each sample consisted of 30 cardiac and electrodermal
responses (i.e., 3 responses/min) that were generated on
the basis of empirical data and added into a background
pattern of typical cardiac and electrodermal activity (see
Study I for further details).
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and negatively related to an individual’s depres-

sion score (� � �����	 p < .05). None of these rela-
tionships appeared when tonic measures were

analyzed in a between-subjects design.
Table 4 summarizes the pattern of results

obtained in study IV. Accordingly, a high score on
the SE scale was associated with an increased
number of spontaneously elicited verbal responses,

higher task-level of RSA, and attenuated decrease
or increase in RSA during the task, whereas a high
score in SI scale was associated with high levels of

energetic and calmness mood, a low level of
tension mood, decreased number of verbal
responses and NSCRs, and heightened

task-induced increase in HR and attenuation in
RSA.

The pattern of cross-correlation coefficients in
Figure 7 shows that spontaneous autonomic and

facial responses in the CS, FL, and ZM muscle
regions are coupled during the Rorschach testing
(V). The covariance of IBI-CS (M = 12.8, t = 3.11,

p < .05), IBI-FL (M = 17.0, t = 2.47, p < .05),

IBI-ZM (M = 41.5, t = 6.12, p < .001), EDA-CS (M

= 0.01, t = 2.71, p < .05), EDA-FL (M = 0.01, t =
2.98, p < .05), EDA-ZM (M = 0.03, t = 4.45, p <

.01), and EDA-IBI (M = 0.34, t = 5.99, p < .001)
were all statistically significant. As indicated in

Figure 7, the facial expressive responses tended to

precede cardiac and electrodermal responses by

approximately 2 s and 4 s, respectively.
Table 5 summarizes the pattern of associa-

tions between the RSA and emotional responsivity.
Note that the baseline and task-levels of, and

task-induced change in, RSA were positively
related to the physiological covariances, increase

in energetic mood, and increased variance in the
dimension of experienced valence (i.e., a

dimension ranging from positive to negative
affect). In addition to these changes, task-induced

change in energetic mood was correlated with the

covariances of IBI-CS, r = .47, p < .01; IBI-FL,

A. Theoretical B. CSDF

C. CCF D. TFA

E. DFA

Figure 6. Surface plots of the estimates covariance as a
function of linear increase in the relative proportion and
absolute frequency of coupled cardiac-electrodermal
responses; (a) theoretical distribution, (b)
cross-amplitude of CSDF, (c) CCF, (d) W-CCF, and (e)
covariance of level changes in DFA. The simulation
consisted time series of 100000 data points in 200 ms
windows with the number of responses ranging from 0.3
to 3.0 responses/min and the probability of response
coupling ranging from 0 to 1. The theoretical covariance
was obtained as the product of the frequency and proba-
bility of coupled responses. Cardiac and electrodermal
responses were generated on the basis of their empirical
properties and fitted into a (generated) background level
of the corresponding physiological system (see Study II
for further details).

Table 3. The Bias of the Estimates of Physiological
Coupling As Produced by Different Time Series
Analysis Methods and Assessed by an Increase in the
Total Mean Squared Error (MSE)

Property

Method Correlation Covariance

CSDF .096 .010

Weighted CSDF .130 -

CCF .161 .013

W-CCF .113 .058

DFA .125 .013

Note. Weighted CSDF = modified weighted squared
coherence (Henning & Sauter, 1996). See text for
other abbreviations.
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Figure 5. The temporal correspondence of spontaneous
cardiac and electrodermal responses. The average
waveforms were obtained by averaging all spontaneous

electrodermal responses that exceeded 0.05 � S in
amplitude, and temporally parallel IBI data, across all
individuals. The local baselines (i.e., the period before
the onset of the spontaneous response) were adjusted to
zero before the grand-averaging (see Study II for
details).
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r = .56, p < .001; IBI-ZM, r = .50, p < .01; and
EDA-FL, r = .41, p < .05, and change in tiredness
was correlated with the covariance of IBI-FL, r =
-.59, p < .001; IBI-ZM, r = -62, p < .001; and
EDA-FL, r = -.37, p < .05. None of these results
were found when tonic physiological measures
were analyzed in a between-subjects design.

Discussion

The studies reviewed provided both confirmatory

and exploratory evidence for the role of integrated
physiological responses and the vagal system in
emotional adjustment as revealed and preceded by
methodological advances in the time series analysis

of physiological processes. According to the main
results, (a) selective use of a time series analysis
methodology has the capacity to reveal unbiased in-
formation on the level of integration in spontane-
ously elicited physiological responses; (b) phasic

synchronization of activity in response systems that
have been traditionally associated with, although
not bound to, emotional processing, that is, cardiac,
electrodermal, and facial activity in CS, FL, and FL

muscle areas, may be an important characteristic of
an individual’s emotional responsivity to novel
social situations; and (c) the vagal system may be
intimately coupled to facial expression of emotion
and to emotional responsivity in general, as

revealed by the integration of phasic cardiac
activity with other end-organ responses and indi-
vidual differences in the behavioral and affective

8

Table 4. The Psychophysiological Profiles of SE and
SI Dimensions of Temperament.

STI–R dimension

Correlate SE SI

Mood level a

Energetic .25 .29*

Tiredness -.07 -.12

Tension -.05 -.35**

Calmness .04 .43***

Behavioral activity b

Freq. of verbal responses .52* -.35*

Task-period ANS
functionb

HR -.07 .15

RSA amplitude .62** -.31

Freq. of NSCRs .13 -.53**

Task-induced change
in ANS function b

HR .01 .42**

RSA amplitude .62** -.39**

Note. aCorrelation coefficients. bStandardized beta
coefficients after controlling for the other dimensions
in the STI–R questionnaire. ***p < .001, **p < .01, *p <
.05. See text for other abbreviations.

Table 5. The Relationship of RSA to Different Indices
of Emotion.

Measure of RSA

Correlate Baseline Task Change

Psychological
covariances

IBI-CS .41** .48** .31+

IBI-FL .25 .49** .62***

IBI-ZM .40* .57** .44**

EDA-CS .10 .28+ .23

EDA-FL .11 .33* .40*

EDA-ZM .07 .16 .25

IBI-EDA .43** .51** .11

Mood change

Energetic .26 .45* .57***

Tiredness -.32+ -.32+ -.33+

Variance in
affect

Valence .44** .37* -.09

Arousal .30+ .20 -.16

Note. ***p < .001, **p < .01, *p < .05, +p < .10. See
text for other abbreviations.
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responses to the Rorschach interview. Each of
these main findings is discussed below.

The present series of simulations and
empirical analyses provides the first systematic
evaluation of the use of a time series analysis meth-
odology to quantify intraindividual patterns of
coupled physiological responses and as such is an
essential step before the application of the process
analysis methodology to answering empirical
questions. Two technical issues are of particular
relevance to psychophysiological research. First,
the decomposition of the measured physiological
time series into structural signals (i.e., “trend”) and
irregular changes (i.e., “error”) by using, for
example, moving average smoothers (I) or
state-space modeling (II and III), decreases the
bias of the correlation estimates and may therefore
be used to enhance the efficacy of detecting the
mean interindividual structure and true variance in
the interindividual distribution of intraindividual
correlational patterns, thus facilitating the analysis
of both nomothetic and idiographic physiological
response patterns (I; cf. Kettunen &
Keltikangas-Järvinen, submitted). This effect is
due to an increased signal-to-noise ratio that is
achieved by separating a positively autocorrelated
structure (i.e., the state of an autocorrelated process
YT at a given time point yt is dependent on and
similar to the state at the preceding sequence, yt-1)
from an irregular or negatively autocorrelated
structure. This observation has two important con-
sequences. First, the facilitatory effect of
smoothing is generalizable to the activity of all
response systems that have a positively
autocorrelated structure. Second, the
autocorrelated structure does not impair the
inference on the statistical significance of the be-
tween-subjects averaged cross-correlational
structure if analyzed within an interindividual dis-
tribution of intraindividual cross-correlation coef-
ficients (I).

The comparison of the capacity of different
time series analysis methods (i.e., CSDF, CCF,
W-CCF, and DFA) to produce unbiased estimates
of the level of coupling between different response
systems is the second issue that deserves further
attention. Study II revealed that nomothetic, be-
tween-subjects averaged estimates of different
properties of response coupling–i.e., the proportion
of shared variance, absolute covariance, strength of
relationship, and inter-response delay–yielded
reliable estimates in terms of inter-approach
agreement on the properties estimated, whereas
only the measures of covariance produced
unbiased estimates of the interindividual distribu-
tion of intraindividual response coupling. Espe-
cially the non-parametric methods CSDF and CCF
produced accurate estimates of the intraindividual
distribution of covariance structure in coupled

response systems. It is important to notice,
however, that all of the methods reviewed have
their strengths and, to some extent, even if they
produce similar results and are therefore compara-
ble, the validity of each method used has to be
evaluated in terms of the response system proper-
ties (see study II for a detailed discussion). Besides
being unbiased, the measures of covariance have
the strength that they increase as a function of both
the frequency and amplitude of coupled responses,
thus being comparable to traditional measures that
are based on the absolute magnitude and frequency
of responses.

The pattern of results reviewed was conclu-
sive in that there is a tendency for the cardiac,
electrodermal, facial expressive response systems
to show integrated activity on a phasic level. Given
that no such associations were found for the tonic,
time-aggregated measures, it would appear that the
mechanisms that produce integrated responses or
the outputs of these mechanisms operate at a phasic
level. Accordingly, given that, for example, the
vagal but not the sympathetic system is capable of
producing phasic changes in cardiac activity
(Papillo & Shapiro, 1990), the amplitude of a spon-
taneous electrodermal response (i.e., the phasic
property of a response that is not related to a direct
external event) is linearly dependent on the sympa-
thetic discharge (Wallin, 1981), and that much of
the research on facial expression has been
concerned with phasic responses (e.g., Lang et al.,
1993), the separation of phasic activity from tonic
measures may be crucial in obtaining valid
measures of the response patterning. Several
indices suggest that phasic, EDA- and facial
EMG-coupled cardiac responses are vagally
mediated, and therefore the present data provide
evidence of the existence of complex organizing
mechanisms that integrate end-organ activity
through sympathetic, vagal, and somatic efferent
pathways (III and V). A related issue concerns the
selection of a data-analytic strategy since, in con-
nection with a tonic stimulus protocol (cf. Table 1),
phasic responses can be analyzed only by using a
within-subjects design and, according to the
previous reviews, only a within-subjects analysis
(cf. between-subjects) may reveal a positive inter-
dependency between the autonomic and expressive
activity (Cacioppo et al., 1992; Buck, 1980).

There were individual differences in the level
of coupling between the autonomic and expressive
response systems, the degree of coupling being
related to individual differences in the affective ex-
perience and behavioral activity. First, a tendency
to show synchronized cardiac-electrodermal
responses was identified as being related to a
dimension of energetic arousal in terms of higher
levels of prevailing energetic mood, increased
dynamics (i.e., variance) of the self-reported
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arousal, and higher levels of spontaneous behav-
ioral activity (III). Second, the coupling of cardiac
responses with facial expression especially was
related to a parallel increase in energetic mood and
a decrease in tiredness (V). Accordingly, it would
appear that the coupling of phasic physiological
responses during and affective responses to novel
social situations are associated with each other.
Although it is not possible to draw any causal infer-
ences concerning the relationship of mood to phys-
iological coupling, given the positive relationship
of energetic mood and the negative relationship of
depression to physiological coupling (III and V), it
is likely that, at least in part, the level of physiologi-
cal coupling is modulated by prevailing and rela-
tively stable indices of mood (V). In any case, it
appears that, as expected by emotion theory (Lang
et al., 1993; Levenson, 1994; Scherer, 1993), inte-
gration is a central phenomenon in emotional or
emotion-related mechanisms.

The present studies have provided the most
conclusive evidence to date for a relationship of the
vagal system to the subcomponents of emotional
responsivity in adults. The level of vagal input to
the heart appeared to have a strong relationship to
the degree of integration in physiological
responses, since a tendency to show frequent
coupled responses was related to a higher level of
RSA during the baseline and task periods and to an
attenuated task-induced decrease in RSA (V).
Given that, in a similar manner, the RSA levels
were related to a higher level of affective change in
the dimensions of arousal and valence on one hand
and task-induced increase in energetic mood on the
other hand (V), and given the above-described rela-
tionship of the vagal system to the phasic cardiac
responses, it would appear that the vagal system is
intimately involved with emotional responsivity to
novel social situations. An interesting addition to
this finding was that individual differences in tem-
perament, as reflected by a relatively persistent
emotional style of showing inhibited (i.e., with-
drawal) and disinhibited (i.e., approach) behavior,
were differentially associated with the level of
task-induced change in RSA, mood change, and
spontaneous behavioral responsivity (IV). Given
that the level of RSA has been regarded as a rela-
tively stable and trait-like characteristic (Sloan et
al., 1995), it would appear that the level of RSA
may be an important marker of an individual

specific response style to novel social stressors.
Multiple central mechanisms may influence

the coupling of phasic autonomic and somatic
responses. As already noted, there is evidence that
the RSA originates from the NA of the medulla,
which is adjacent to the nuclei that control somatic
facial activity (Porges, 1995). The present results
suggest that vagal and facial efferent activities are
functionally coupled. The midbrain periaqueductal

grey area has also been shown to have the capacity
to produce organized ANS responses that involve
vagal influences on the heart (Inui & Nosaka,
1993; Bandler & Shipley, 1994). The lateral hypo-
thalamus has been traditionally regarded as the
control center for the organization of many
affective ANS and behavioral response patterns,
having connections to the vagal, EDA, and facial
efferent pathways (Boucsein, 1992; Jordan, 1990;
LeDoux, 1990). Given that these structures have
well-established or hypothesized connections with
higher structures, including the amygdala, hippo-
campus, and cerebral cortex (Bandler & Shipley,
1994; Jordan, 1990; LeDoux, 1998), it is likely that
multiple mechanisms are involved in the integra-
tion of phasic responses. In any case, a careful ex-
amination of the organizing characteristics of
response patterns may provide valuable and
selective information on the mechanisms that
operate and produce differential response patterns.
For example, given that voluntary and spontaneous
facial expressions are governed by different neural
mechanisms (Rinn, 1991), the coupling and uncou-
pling of autonomic indices with facial muscle
responses may be used to differentiate between

different sources of variance in facial expression.
Pribham and McGuinness (1975) presented a

model in which phasic ANS responses (e.g.,
electrodermal responses, rapid changes in IBI) are
related to an attentionally controlled arousal
system, whereas tonic changes (e.g., sympathetic
influence on IBI) are related to an effort system.
According to them, this arousal system reflects per-
ceptual vividness and is modulated by its connec-
tion with the amygdala and hippocampus. The
inkblot stimuli used in this study is likely to
account for the perceptual vividness. In addition,
given that emotional responsivity and a capacity
for imagery have been closely linked in previous
research (Lang, 1984; Fiorito & Simons, 1994), the
present pattern of results may be interpreted as an
affective extrapolation of the Pribham and
McGuinness model.

The present pattern of results could not have
been extracted without the use of a novel method-
ological approach to quantify phasic response
patterns. First, only time series analysis of phasic
spontaneous response patterns succeeded in
providing a link between physiological responses,
emotional responsivity, and the vagal system.
Second, analysis of the physiological processes on
an intraindividual basis facilitated the exploration
of individual differences in response patterning.
Third, given that both the individual differences in
both vagal and temperament-related reactivity, as
well as individual differences in emotional and
social behavior in general, are more likely to be
provoked in a non-structured and relatively
long-term novel social situation (i.e., not
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event-related), the analysis of phasic responses
would have not been possible without the use of a
time series analysis methodology. After all, an
ideal research strategy aims to fit the conceptual,
data-analytic, and experimental levels of research
and therefore, any attempt to narrow the gap
between those entities should be justified.

The reviewed advances in time series analysis
methodology have wide implications for the study
of processes in psychophysiology and psychology
in general. First of all, the literature on the analysis
of multiple time series (e.g., a group of subjects) in
psychology or related fields is, if not non-existent,
very meagre. The present results bring confidence
to the exploratory and confirmatory use of time
series analysis to provide accurate information on
common structures in bivariate (or, multivariate)
time series. Second, the time series approach is of
especial value to areas of research that use experi-
mental protocols that require spontaneous or
“natural”, participant-driven behavior (cf.
event-driven protocol; Table 1), since it allows the
decomposition of otherwise tonic (i.e.,
time-aggregate) information into sequences of
phasic organization. The time series experimental
paradigm can be applied in several domains of
research. It can be used to examine, for example,
physiological processes and responsiveness during
user-paced human-machine communication, the
relationship of time-to-time psychophysiological
activity to changes in environmental conditions,
and the moderating effect of temperament on the
influence of situational demands to mood state.
Note that the study of the above-mentioned
phenomena would be difficult in an event-driven
experimental protocol. Third, in addition to the
psychophysiological measures that were used in
this study, the present time series analysis tech-
niques can be used to uncover interdependent
structures in multisite recordings of electroenceph-
alograph (EEG), or between EEG and muscular
and/or ANS activity, or behavioral measures, for
example. In sum, it is hoped that the our results
will facilitate the analysis of psychophysiological
and psychological phenomena as systems that are
revealed in terms of components and their dynamic
interrelationships.

Future study of emotions and their functions,
and especially their personality correlates and con-
sequences, should be directed towards concepts
that have a more solid basis in physiological con-
structs. For example, the mapping of individual
differences on the basis of physiological constructs
may resolve some of the psychometric difficulties
associated with the determination of temperament
traits using questionnaire data. The present models
of human function that have been constructed
using behavioral observation may be used as road
maps to reveal new aspects of physiological orga-

nization and function. From a more practical point
of view, the present time series analysis technology
allows the extrapolation and replication of labora-
tory studies in the field and may thereby facilitate
significant progress into, for example, the under-
standing of psychopathology and the development
of cardiovascular disease.
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