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STELLINGEN

1. Bij het onderzoek naar de invloed van psychologische processen op de adem-
haling wordt te weinig aandacht besteed aan de vraag of de waargenomen
ademhalingsveranderingen al dan niet samenhangen met veranderingen in de
metabole activiteit.

2. Psychofysiologisch onderzoek waarbij uitsluitend de ademfrequentie gemeten
wordt, is zinloos.

3. Wie psychofysiologen verwijt dat zij de ademhaling slechts als een 'nuisance
variable' beschouwen (P. Grossman (1983), Psychophysiology, 20, 284-300),
dient zich jaren later niet zelf aan deze praktijk te bezondigen (P. Grossman,
J. Karemaker óz W. Wieling (1991), Psychophysiology, 28, 201-216).

4. De 'hyperventilatie-provocatietest', die wordt gehanteerd bij het stellen van de
diagnose 'hyperventilatiesyndroom' is methodologisch corrupt en ontbeert
empirische fundering.

5. Het feit dat de paniekaanvallen van patiënten die lijden aan Paniek-stoornis
slechts sporadisch, en dan nog op weinig systematische wijze, gepaard lijken te
gaan met duidelijke fysiologische reacties, impliceert ofwel dat de stresstheorie
grondig herzien zou moeten worden, ofwel dat er een belangrijk kwalitatief
verschil bestaat tussen klinische vormen van paniek en 'normale' paniek. Het
laatste alternatief is aantrekkelijker dan het eerste.

6. Het gevaar dreigt dat de psychofysiologíe, bij het uitblijven van baanbrekende
theoretische ontwikkelingen, weinig meer zal blijken te zijn dan een specialis-
me dat al dan niet nuttige hand- en spandiensten verricht ten behoeve van de
cognitieve psychologie, geneeskunde, verrichtingspsychologie of psychotherapie.

7. De omstandigheid dat de chemicus Ossegal een bepaalde foto eerst aandachtig
bekijkt en hem vervolgens weer uit handen legt, nog vóór hij hem bekeken
heeft, versterkt op onbedoelde wijze het surrealistische karakter van de roman
waarin deze scene is beschreven (W.F. Hermans (1949), 'Tranen der Acacia's'
(17e druk), pagina 12).

8. De bewering dat Schopenauer de muziek ten onrechte voor de hoogste kunst
hield, dient weersproken te worden (A.G. Wientjes (1909), De Jacobo Geelio
phililogo classico (stelling XVII), Academisch Proefschrift, Leiden).

9. De overheidsorganisatie die onder de vlag 'Gezondheidsdienst voor Dieren'
verantwoordelijk is voor het oormerken van runderen, doet haar naam geen
eer aan.

10. Een land dat geen oog heeft voor de weinige van God gegeven luister die het
bezit: zijn rivierlandschappen, verdient forse dijkverzwaringen.



11. Verkrachting tijdens gewapende conflicten dient onverwijld als oorlogsmisdaad
aangemerkt te worden.

12. Het is te betreuren dat de produktie van de Traminer-druif in de Elzas is
gestaakt (cf. Traminer Chateau de Meywihr, Kuehn, Ammerschwihr, 1970).
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Introduction

Chapter 1

INTRODUCTION

1.1 Aim and scope of the thesis

The aim of this thesis is to provide a methodological, theoretical and empirical introduction
into respiratory psychophysiology. Although it would be exaggerated to claim that respiratory
psychophysiology deserves an independent and specialized status within psychophysiology,
there can be little doubt that the use of respiratory measures introduces not only specific
problems that have to be dealt with, but also unique opportunities that should not be
missed. Some of the most important problems revolve around respiratory measurement and
analysis. We believe that one of the reasons why respiration is still rather uncommon in
psychophysiological research, is that its measurement poses a serious dilemma: The
measurement techniques that most accurately and reliably track respiration (e.g. spirometry),
are by definition intrusive and thereby distort spontaneous breathing, the very phenomenon
of interest (Askanazi, Silverberg, Forster, Hyman, Milic-Emili 8c Kinney, 1980; Gilbert,
Auchincloss, Brodsky 8c Boden, 1972). On the other hand, noninvasive techniques that leave
spontaneous respiration intact (e.g. strain gauges or thermistors), are too unreliable and too
imprecise to provide valid measurement of respiratory volume. The majority of studies that
have included respiratory measures, has chosen to ignore this dilemma by limiting
respiratory assessment to one single measure: Respiration rate. Unfortunately, this measure
provides very little physiologically meaningful information unless it is combined with volume
measures. Not surprisingly, many of the studies that have only evaluated respiration rate
have produced rather inconclusive results (e.g. Boiten, Frijda 8z Wientjes, submitted; Cohen,
Goodenough, Witkin, Oldman, Gould 8z Shulman, 1975; Sternbach, 1966). This may have
produced the impression that the respiratory system behaves in too capricious a manner to
be taken seriously. As will be argued in this thesis, this impression is unfounded, provided
that the measurement issue is given careful consideration.

The only possible explanation for the indifferent attitude of psychophysiology regarding the
recording of respiration is that it has long been insufficiently appreciated that respiration
is not a simple, one-dimensional phenomenon, but that respiratory responses vary in a
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Chapter 1

complex manner along dimensions of volume and timing, and of pattern and intensity.
Psychophysiclogy has not only failed to develop measurement techniques and analytic

approaches that can adequately deal with the complexity of breathing, but has also largely
ignored important developments that took place in other scientific research communities.
For example, only very recently have psychophysiologícal investigators begun to become

interested in assessment techniques that have been developed in exercise physiology and in
clinical respiratory physiology (e.g. Chadha, Watson, Birch, Jenouri, Schneider, Cohn 8r
Sackner, 1982; Langer, Hutcheson, Charlton, McCubbin, Obrist 8z Stoney, 1985; Milic-Emili,
Grassino ót Whitelaw, 1981). Due to these circumstances, there has been relatively little
progress in respiratory psychophysiology since its promising start at the beginning of this
century (e.g. Féléky, 1914; Rehwolt, 1911). This is particularly regrettable in light of the fact
that respiratory behavior appears to be very closely coupled to a variety of important
psychological phenomena such as mental effort, emotions, personality characteristics, and

subjective distress (e.g. Bass á Gardner, 1985; Grossman, 1983; Grossman 8z Wientjes,
1989). The most striking feature of respiration might be its close connection to subjective
experience: The degree to which breathing is tied to various emotion and affect dimensions,

to moods and to the experience of psychosomatic symptoms, may well be unique in
psychophysiology. Thus, it seems that respiratory measures would be a splendid choice in
a type of studies that has often been advocated, but that have only very infrequently been
performed: Studies that investigate the covariation of physiological and subjective processes.

It will be argued in this thesis that successful application of respiratory measures requires
measurement techniques that combine unobtrusiveness with a satisfactory degree of
precision with regard to respiratory time and volume parameters, in addition to analytic
techniques that can extract relevant information concerning respiratory response dimensions.
As will be discussed in Chapter 2, such techniques have recently become available.

Many questions that are raised in this thesis will remain unanswered, and the line of
reasoning that is pursued does not always lead to firm conclusions. Given the ill-defined and
immature status of respiratory psychophysiology, it would be highly unrealistic to expect
more at this moment. This thesis recognizes that there is, at present, no common definition
of what the subject matter of respiratory psychophysiology should be, and that there are no
genarally accepted conventions regarding respiratory measurement techniques and regarding
respiratory response parameters. Hence, its goal is to try to contribute to the research tools
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that respiratory psychophysiology urgently needs, to empirically evaluate the questions that

we consider as basic for an understanding of the associations between respiration and

behavior, and to provide some suggestions concerning the direction in which respiratory

psychophysiology might develop in the future.

1.2 Research issues

Metabolic and cortical influences on breathing

As we see it, one of the main aims of respiratory psychophysiology is to establish empirical

links between behavioral and psychological states on the one hand, and identifiable

respiratory response patterns on the other. This task is considerably complicated by the fact
that the regulation of breathing depends upon an intricate interplay of basal metabolic and
homeostatic control processes on the one hand, and higher (forebrain and midbrain)
influences on the other (Bass óz Gardner, 1985; von Euler, 1977; Hugelin, 1986). Both types

of influences act upon the respiratory center in the brainstem, upon a number of reflex

pathways, and upon the respiratory musculature. Hence, during most behavioral conditions,
the observed breathing pattern is likely to reflect the multiple influences of cognitive,
emotional, metabolic, homeostatic and still other (e.g. circadian) processes. Of course, it is

precisely this close linkage between lower- and higher-order control aspects of respiration

which makes breathing so interesting for psychophysiologists. Unfortunately, the available
respiratory research has as yet provided very little insight into the manner by which higher-
and lower-order control mechanisms interact in normal daily life. For example, although
there are strong indications that there are, across situations and across individuals, important

differences in the degree to which respiratory alterations are tied to variations in metabolic
demands, only few researchers have actually assessed the metabolic appropriateness of these
alterations (e.g. Allen 8i Crowell, 1989; Allen, Sherwood óz Obrist, 1986; Dudley, 1969;

Dudley, Holmes, Martin óz Ripley, 1964; Freeman, Conway ór Nixon, 1986; Suess,
Alexander, Smith, Sweeny óz Marion, 1980). Furthermore, although it is widely recognized
that psychologically taxing conditions may induce important changes in breathing pattern,

it is not known whether psychologically-induced respiratory responses vary along the same
continuum as metabolically-induced responses, or whether there is a quantitative difference
between these types of response. Because much of the available evidence concerning

3



Chapter 1

respiratory control mechanisms has been obtained in exercise studies, very little details are
cunently known about respiratory regulation in behavioral conditions that involve little or
no physical activity. In order to be able to resolve these basic issues, a number of important
methodological, theoretical and empirical problems have first to be settled.

Respiratory analysis

Before we can obtain an accurate description of the respiratory patterns that may be
observed during various behavioral and psychological states, it is necessary to acquire at
least some rudimentary understanding of what constitutes an identifiable respiratory pattern
or response category. Hence, we first have to define the analytical categories that are to be
employed in the respiratory analysis. In this thesis, a number of practical respiratory
response dimensions will be proposed, that are assumed to be physiologically meaningful.
Their usefulness as descriptors of relevant dimensions of change in respiratory behavior will
subsequently be tested empirically. Furthermore, in order to be able to evaluate the
respiratory control processes that underlie changes in respiratory pattern, we will employ an
analytic method that provides estimates of the contributions of two central respiratory
control mechanisms, i.e. 1) The intensity of the inspiratory drive and 2) The periodicity of
the inspiratory phase-switching mechanism (Gautier, 1980; Milic-Emili 8z Grunstein, 1976;
Milic-Emili, Grassino 8c Whitelaw, 1981). We have utilized this analytic approach in order
to acquire insight into the effects of psychological influences upon the central respiratory
control mechanisms, and to determine whether these effects are different from those that
regulate the respiratory response to physical exercise. This latter issue is evidently of
importance because there are, as yet, no clues available that may help to distinguish
between metabolically-driven respiratory changes, and changes that are primarily due to
cortical influences.

The nature of the relationship between breathing and behavior

When trying to establish empirical relationships between breathing and behavior one should
have at least some notion of the types of relationships one is looking for. A theoretical
framework is needed that may help in generating specific hypotheses concerning the
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psychophysiological associations between breathing and behavior. One possibility would be

to employ energetical concepts (e.g. arousal, activation, effort) to describe associations

between psychological factors and respiratory patterns. These concepts would have the

advantage of corresponding with what appears to be the primary function of enhanced

respiratory activity, i.e. to provide energy to the organism during physical activity. Another

possibility is to proceed from the traditional psychological assumption that each distinct
psychological state is characterized by a specific pattern of physiological (i.e. respiratory)
activity. Still another possibility would be to analyze the relationships between breathing and

behavior in terms of functional models, e.g. 'flight~fight' (Cannon, 1929) and 'passive~active

coping' (Obrist, 1981). In this thesis, we will briefly examine these different options.

Individuu! differences

Another major issue in respiratory psychophysiology revolves around individual differences

in respiratory behavior. Although there are several empirical reports that suggest that there
are respiratory distinctions between individuals that differ with regard to negative affect
measures (see Grossman (1983) for a review), these distinctions have by no means been

unequivocally established. Therefore, in contrast to cardiovascular psychophysiology, where

the A~B typology has often successfully served to differentiate between normal and
exaggerated cardiovascular reactors (see Krantz 8r Manuck (1984) for a review), there is
presently no firm psychological criterion available that reliably distinguishes between distinct
respiratory dispositions. Yet, clinical evidence suggests that patients suffering from

Hyperventilation Syndrome, and groups of normal individuals who likewise combine a high

degree of negative affect with tendencies to frequently experience psychosomatic symptoms,
are often characterized by respiratory over-reactivity and by hyperventilation (see Grossman

á. Wientjes, 1989). Therefore, we have chosen to employ dispositions toward psychosomatic
symptom experience as a grouping criterion in the study of individual respiratory differences.

1.3 Overview

In the second chapter of this thesis, we present a brief survey of the most relevant aspects
of respiratory physiology, discuss the respiratory parameters that can conveniently be
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Chapter 1

assessed in psychophysiological studies, and examine some important recent developments
in respiratory assessment and analysis techniques.

The third chapter provides a concise review of the most important literature concerning
psychological influences upon respiration (e.g. mental effort, stress, emotions, and
personality characteristics). This research area has, in the past, suffered severely from the
use of inadequate methodologies. Therefore, the empirical contributions of the older
literature are only of a limited value, and will not be treated extensively. Fortunately, a
number of recent studies have employed more reliable, albeit invasive, measurement
techniques and sound experimental designs. Although the primary focus of some of these
studies was upon the cardiovascular system rather than upon respiration, they have provided
the first reliable and systematic description of the respiratory pattern under different
behavioral conditions.

The fourth chapter provides some background to the association between respiration and
psychosomatic symptoms that we mentioned earlier. Because the most articulate description
of this association can be encountered in the hyperventilation syndrome (HVS), this chapter
specifically concentrates upon this syndrome. HVS is a clinical disorder characterized by a
range of psychosomatic symptoms considered to result from hyperventilation. This chapter
describes the clinical manifestations of HVS, and critically examines the assumptions that
underlie procedures that are commonly used in the diagnosis and treatment of the
syndrome. These introductory chapters are followed by a brief chapter that summarizes the
research issues that are pertinent to the three empirical reports that are presented in
chapters 6-8.

The first of these studies concentrates upon the association between psychological demands
and breathing (chapter 6). Its goal was to systematically document the relationship between
psychological demands and changes in respiratory pattern. For this purpose, respiratory
responses were measured during differentially demanding conditions of a memory
comparison reaction time task. The rationale behind the second empirical study was
completely different (chapter 7). This study focussed upon individual differences in
respiration (in particular with regard to hyperventilatory tendencies), and their association
with psychosomatic symptom experience. The principal aim of this study was to assess
whether the alleged relationship between hyperventilation and symptom experience can be

6



Introduction

explained in terms of a common underlying psychological factor (i.e. arixiety), or whether

there is a direct association between psychosomatic symptoms and hyperventilatory

breathing, that is independent of psychological factors. The third report concerns a study

that combined the two key issues that were under scrutiny in the previous investigations

(chapter 8): the role of situational and dispositional psychological factors in respiration.

Additionally, this study provided replications of the previous findings. The design had two

main features: 1) The respiratory response to mental effort was compared with the response

to moderate physical exercise. The intention of this part of the study was to evaluate

whether there is a quantitative or a qualitative difference between psychologically- and

physically induced respiratory changes; 2) Respiratory responses of a group of subjects that

frequently experienced psychosomatic symptoms in daily life were compared to those of a

group of symptom-free controls.

The final chapter provides an evaluation of the empirical results and a discussion that

attempts to integrate the empirical evidence about the influence of psychological factors

upon respiration into a theoretical framework that describes functional relations between

situational- and individual-specific factors on the one hand, and respiratory response
patterns on the other.

7



Chapter 2

Chapter 2

PHYSIOLOGICAL AND METHODOLOGICAL ISSUES

2.1 Respiratory physiology

Control of respiration

The main function of respiration is to provide adequate exchange of oxygen (OZ) and carbon
dioxide (COZ) between the organism and the atmosphere. This is accomplished by several
processes: 1) rhythmic refreshment of air in the lungs (ventilation), 2) diffusion of gases
through the alveolar membrane in the lungs, 3) transport of gases by the blood from the
lungs to the tissues (and vice versa), and 4) exchange of gas between the blood and the
tissues. These processes interact with each other and with cardiovascular processes in order
to meet the highly variable metabolic demands of the organism and in order to maintain
homeostasis.

The organism adapts to varying external or internal demands by altering the refreshment
rate of the air in the alveoli of the lungs, (i.e. by changing the rate and~or depth of
breathing). Rate and depth of breathing are, in turn, controlled by a group of closely
interacting neural pools in the brain stem, that together are often referred to as'the
respiratory center'. The activity of the respiratory center is influenced by neural and humoral
factors. Among the most important humoral influences are the concentrations of COz and
hydrogen ions in the tissue fluids of the respiratory center, and the rate of firing of the
chemoreceptors in the carotid and aortic bodies. The chemoreceptors are responsive to
changes in COZ, hydrogen ions and O2 in the blood. During moderate changes in metabolic
rate (as, for example, during aerobic physical exercise), control of ventilation is primarily
accomplished by the response of the chemoreceptors and of the respiratory center to the
increase in the COZ and hydrogen ion concentration in the blood (Wasserman, Whipp,
Casabury, Golden 8~ Beaver, 1979). Although the precise role of humoral and neural
factors in respiratory control remains somewhat obscure, it is a well established fact that
ventilation increases during aerobic exercise to a degree that is directly proportional to the
production of COZ in the tissues. This increase in ventilation, in turn, results in an increase

8



Physiological and Methodological Issues

in the rate of elimination of COZ via the lungs. Via this feedback loop, the arterial PCO2
and Ph levels are normally kept within a very narrow range (Gennari óc Kassirer, 1982).

Our knowledge about the regulation of breathing is largely based upon exercise studies.
Most psychophysiological studies, however, are focused upon behavioral conditions in which
there is no, or only very little physical activity. Although these conditions often involve only
modest alterations in the rate of COZ production, control of respiration appears, under these
circumstances, also to be primarily under the influence of humoral factors. However, neural
factors may often override metabolic respiratory control mechanisms. Among these are
cortical and forebrain mechanisms that act upon the respiratory center and the respiratory
muscles (Bass 8z Gardner, 1985a; von Euler, 1977; Hugelin, 1986). Neural influences are
responsible for respiratory changes during the sleep~wake cycle, arousal, cognitive function-
ing, emotional states and speech (Bass 8t Gardner, 1985a). As yet, very little is known about
the interplay of neural and humoral influences upon respiration. Under most circumstances,
this process seems to be well-coordinated. During speech, for example, delicate control
processes serve to prevent hypo- or hyperventilation.

Hyperventilation

Under the influence of emotional and stressful stimuli, the coordination of respiratory
control mechanisms may break down. This type of breakdown is characterized by
exaggerated ventilatory activity (hyperventilation), which causes more COZ to be eliminated
from the body than is produced by metabolic processes. As a consequence, arterial PCOZ
levels decrease below normal values (hypocapnia), leading to a state of respiratory alkalosis
(reduction of the acidity of the arterial blood). Hyperventilation may produce various
somatic and psychological symptoms (such as cardiac and respiratory symptoms, dizziness,
paresthesias and tingling sensations), in addition to feelings of confusion, anxiety, and panic
(Clark 8t Helmsley, 1982; Huey óc West, 1983; Svebak 8i Grossman, 1985). Among the most
important physiological effects of hyperventilation are reductions in cerebral and myocardial
perfusion and OZ delivery, ECG and EEG changes, an increase in sympathetic activity,
withdrawal of cardiac vagal tone, muscle spasm and tetanus (see Grossman 8z Wientjes,
1985). In addition to psychological factors, hyperventilation may be produced voluntarily, by
passive (induced) body movement (Dixon, Steward, Mills, Varvis óc Bates, 1961), by
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Chapter 2

immersion in cold water (Cooper, Martin óz Riben, 1976), or by a number of pharmacologi-
cal and pathological conditions (Gennari ác Kassirer, 1982).

I
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inspiratory
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flow
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total cycle time

Figure 2.1 Time and volume components of the breathing cycle. See text for
an explanation.

T{ae breat{iing cycle

The respiratory cycle consists of an inspiration phase, followed by an expiration phase.
There often is a pause between termination of expiration and onset of the next inspiration
(see Figure 2.1). Respiration can be characterized by two parameters: tidal volume (VT; i.e.
the volume that is displaced during each single breath), and respiration rate (RR; the
number of breaths per minute). Furthermore, the total duration of each respiratory cycle
(Ttot) may be broken down into a number of phase components: Duration of inspiration
(Ti), duration of expiration (Te), and duration of the expiratory pause (Pe). The respiratory
volume is usually expressed in terms of the minute ventilation (MV; i.e. the volume of air
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that is displaced per minute), which is the product of RR and VT. Not all the air that is
displaced actually reaches the alveoli, where the gas exchange takes place. Therefore, a

measure of the physiologically effective ventilation is provided by the alveolar minute
volume, which is obtained by correcting VT for the dead space (i.e. the part of the lungs and
the airways that does not contain alveoli).

Although the mechanisms that control the various components of the breathing cycle have,
as yet, not been completely identified, the following picture may be drawn. At least two
interacting mechanisms appear to be involved in the regulation of the breathing cycle: the
central inspiratory drive mechanism, which determines the intensity of the inspiratory
stimulus, and the timing mechanism which cyclically switches the drive mechanism on and
off (Bradley, 1977; Gautier, 1980; Milic-Emily 8z Grunstein, 1976; Milic-Emily, Grassino 8z
Whitelaw, 1981; von Euler, 1977). The inspiratory drive mechanism is primarily controlled
by humoral influences. The contribution of the inspiratory drive and timing mechanisms
upon minute ventilation may be assessed by the following expression (Gautier, 1980; Milic-
Emili 8c Grunstein, 1976; Milic-Emili, Grassino 8c Whitelaw, 1981):

VT Ti
MV - RR x VT --- x----

Ti Ttot

where the mean inspiratory flow rate (VT~Ti) is an index of the intensity of the central
inspiratory drive, and inspiratory duty cycle (Ti~Ttot) reflects the timing of respiratory
control mechanisms.

It follows from the equation that a change in ventilation can result from a change in VT~Ti,
in Ti~Ttot, or in both (Milic-Emili, Grassino 8c Whitelaw (1981); see also Figure 2.2a, b, c,
d). A change in Ti~Ttot occurs when the relationship between Ti and Ttot changes. This
may be the case when Pe is shortened by an earlier onset of the inspiration of the next
respiratory cycle (Figure 2.2b), or when Ti increases disproportionally with respect to Te and
Pe (Figure 2.2d). Furthermore, ventilation may change as a result of a change in VT~Ti
(Figure 2.2c).
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(a) control

(d)

time

increased inspiratory flow

time

increased TilTror

Figure 2.2 Schematic spirograms illustrating ways in which ventilation can be
increased. (a) Control spirogram, reproduced as the broken line in (b-d). (b)
Inspiratory phase as in (a), but duration of expiration is shortened. (c)
Duration of respiratory phases as in (a), but mean inspiratory flow is
increased. (d) Mean inspiratory flow and total cycle duration as in (a), but
duration of inspiration is increased and duration of expiration is decreased
(adapted from Milic-Emili, Grassino 8c Whitelaw, 1981).

Breathing pattern

The breathing pattern consists of several distinct components; in addition to individual
breathing cycles of varying volumes and durations, there may be sighs, respiratory pauses
and periods of apnea. Depth and frequency of respiration are generally balanced in such a
way that the required ventilation can be accomplished at optimal efficiency, i.e. with
minimal energy utilization by the respiratory muscles (Milic-Emili, Petit 8c Deroanne, 1960).
As long as inspiratory drive does not change, there may be marked breath-by-breath
variations in VT and RR (Bradley, 1977; Milic-Emili, Grassino 8c Whitelaw, 1981). During
light to moderate physical exercise, ventilation is primarily elevated via an increase in V'T;
RR may also greatly increase during heavy exercise. There are some indications that there
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may be age and sex differences in breathing. During exercise, younger children have a
higher RR than older children (t~strand 8z Rohdahl, 1986). Females are reported to breathe
with a higher mean RR than males (Bendixen, Smith óz Mead, 1964). Sighs have been
observed to occur at an average rate of 9-10 per hour, and it has been suggested that their
function may be to reinflate unventilated airspaces in order to keep pulmonary compliance
within a normal range (Bendixen, Smith óc Mead, 1964). It has been suggested by some
investigators that the relative contribution of the thoracic and abdominal compartments may
vary in a systematic manner across individuals and situations (Grimby, Bunn 8~ Mead, 1968;
Sharp, Goldberg, Druz ót Danon, 1975). However, these reports are still lacking systematic
confirmation.

2.2 Measurement of respiration

Tifne and volu~ne components

Time and volume components of respiration can be measured by a variety of techniques.
These range from relatively intrusive techniques like spirometry and pneumotachography
to indirect estimation of respiratory parameters by means of strain gauges or noseclip
thermistors. Although intrusive measurement techniques provide very accurate assessment
of the timing and volume components of the breathing cycle, their major disadvantage is
that they typically employ equipment that adds dead space and resistance to breathing (e.g.
mouth piece, facemask and tubes with valves). Because it has been shown that VT, RR and
inspiratory flow rate can be greatly altered during spontaneous breathing with this type of
equipment (Askanazi et al., 1980; Gilbert et al., 1972), the validity of studies employing
these measurement techniques remains questionable. On the other hand, techniques
employing single strain gauges or thermistors only provide crude and often inaccurate
information concerning respiratory volume, and must therefore be considered to be
inadequate. Recently, however, techniques have become available that provide quantitative
estimation of both time and volume components of respiration without interference with
spontaneous breathing (Chadha et al., 1982; Cohn, Roa, Broudy, Birch, Watson, Atkins,
Davis, Stott 8z Sackner, 1982; Morel, Forster óc Suter, 1983; Sackner, 1980; Stagg, Goldman
8c IVewsom-Davis, 1978). These techniques employ measurement of the separate motions
of the rib cage and the abdomen by means of strain gauges or inductive plethysmography
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(Konno óc Mead, 1967; Morel, Forster 8c Suter, 1983; Watson, 1980). Estimation of

respiratory volume is based upon a model that was introduced by Konno 8c Mead (1967),

who argued that the chest wall may be regarded as a system that can move with only two

degrees-of-freedom. Thus, the volume of air that is displaced during each breathing cycle

can be calculated on the basis of the circumference changes of the rib cage and the

abdominal compartments. However, among different individuals, the contribution of both

compartments to the total volume displacement may be different. Therefore, rib cage and

abdominal contributions are considered to have variable gains. These gains are determined

during the calibration procedure. Based upon Konno 8c Mead's (1967) model, a number of

different calibration techniques have been developed (Chadha et al., 1982; Gribbin, 1983;

Morel, Forster óc Suter, 1983) that employ a calibration session during which the subject

either is breathing with a fixed and known volume, or during which VT is simultaneously

measured by means of a pneumotachograph or a spirometer. The rib cage and abdominal

gains are estimated by means of multiple regression. The general model describing the

estimation is (Gribbin, 1983):

Volume - x.RC t y.AB f e,

where RC and AB refer to the rib cage and abdominal signals, respectively, and the coeffi-

cients x and y are the gains for these signals. After proper calibration, measurement of rib

cage and abdominal circumference changes provides a reasonably accurate estimation of the
time and volume components of respiration (Chadha et al., 1982; Morel, Forster 8c Suter,

1983; Schafineister, Richter, Andresen 8c Thom, 1983; Watson, Poole ót Sackner, 1988;

Zimmerman, Conellan, Middleton, Tabona, Goldman, c4~ Pide, 1983). Nevertheless, some

investigators claim that accurate volume measurement is only possible with this technique

when a third degree of freedom (i.e. lateral excursions of the chest wall) is taken into

account (Bruce, Haacke, Gribbin 8r. Goldman, 1981; Goldman, Gribbin, Bruce 8c Haacke,

1981).

Artefacts

Respiratory assessment with strain gauges or inductive plethysmography may be sensitive
to movement artefacts. This may particularly pose problems during ambulatory monitoring,
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when the subject is moving around freely. To solve this problem, some investigators have
employed a digital bandpass filter, that allows frequencies that are common during breathing
(i.e. 6-40 cycles~min) to pass unhindered, but attenuates higher and lower frequencies, that
are likely to be associated with movement (e.g. Anderson óc Frank, 1990). Inductive
plethysmography has been reported to be less sensitive to movement artefacts than other
systems (Morel, Forster 8i Suter, 1983).

Gradual slipping of the strain gauges or inductive bands may cause the calibration to
become invalid. Slipping can be minimized either by taping the bands to the skin or by
employing an elastic vest that is worn over the bands. However, it is inevitable that the
validity of the measurements declines over time: in a measurement period of 5-10 min, the
average error of the volume estimation has been found to be about 60~0, provided that the
posture of the subject remains the same. During longer periods of ineasurement ( 2 hours
or more), however, the measurement error may increase to 15-20~70 ( Folgering, 1990).
Frequent recalibration of the system (e.g. after each experimental condition or measurement
session), is therefore strongly recommended. Investigators who want to employ inductive
plethysmography in the DC-mode for the measurement of functional residual volume, have
to take into account that the oscillator is electrically unstable unless preheated for a period
of minimally 30 min (Boonstra, Brinkhorst, Folgering ót Bernards, 1986). Furthermore, the
high-frequency oscillations that are generated by the coils in the inductive bands may
interfere with other physiological measurement systems that operate in the same frequency
domain (e.g. impedance cardiography).

End-tidal PCOZ

Regarding gas exchange measures, we will only discuss measurement of end-tidal and
transcutaneous PCOZ. Measurement of Oz consumption and COz production is beyond the
scope of this thesis. For a detailed account of the techniques regarding these measures, the
reader is referred to Langer, Hutcheson, Charlton, McCubbin, Obrist óc Stoney, 1985) and
Naimark, Wasserman óc McIllroy (1964).

Direct measurement of arterial PCOZ involves intra-arterial puncture, which is commonly
regarded as too hazardous to be performed in psychophysiological studies. However, in the
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normal lung, alveolar PCOZ is considered to be a valid approximation of arterial PCOz

(Gardner, Meah 8c Bass, 1986). Alveolar PCOZ, in turn, can be estimated by measuring the

PCOZ at the end of normal expiration (end-tidal PCOZ). The most commonly used

equipment for measurement of end-tidal PCOZ is the infrared gas analyzer. During the

measurements, expired air is sampled through a heated sample tube, that is either attached

to an open face mask, or to one of the subject's nostrils. The COZ content of the sampled

air is analyzed in a sample cell and the electrical output is converted into one of the
conventional physiological units (mmHg, Torr, kPa, percentage, etc.). When the COZ values

are expressed in partial pressure units, they should be corrected for variations in the

ambient barometric pressure and humidity. Care should be taken in selecting the proper gas

sample flow rate; sample rates that are to high may cause mixing of the expired air with
room air (resulting in underestimation of the true end-tidal PCOZ), whereas sample flow

rates that are to low may increase the transit time of the air from the face mask to the

sample cell beyond acceptable limits. Furthermore, the COZ waveforms should be carefully

inspècted before being included in the analyses. When respiration is very shallow, the
expired air will consist mainly of gases that have not been in direct contact with the alveolar

membrane and, therefore, the end-tidal PCOZ will, in this case, not be representative of the

true alveolar PCOZ. Breaths with a low percentage of alveolar air can easily be recognized
by the fact that the COZ waveform does not reach a horizontal plateau but, rather, increases
steeply and then breaks off suddenly (Bass 8z Gardner, 1985b). Such breaths should not be

included in the analyses. Before use, the infrared gas analyzer should be properly calibra-

ted. Calibration of the COz analyzer reyuires two steps. First a sample of COZfree gas is

used to set the zero-control to read zero. Then, a sample of gas of a known concentration
(e.g. So1o) is used to set the gain of the system to read that concentration. Often, the Oo1o

calibration gas is replaced by room air, that under normal, well ventilated conditions
contains 0.0307o CO2.

Although assessment of end-tidal PCOZ may appear to be rather complicated and intrusive,
this type of ineasurement has in fact repeatedly been employed in applied research
environments. For example, Harding (1987) measured end-tidal PCOz among pilots during
flight in a jet fighter plane. In his study, the sample tube was connected to the oxygen mask
of the pilot. The problem of pressure changes during flight were overcome by employing
repeated automatic in-flight calibrations.
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Transcutaneous PCO,.

Recently, new techniques have become available, employing transcutaneous measurement
of arterial PCOz by means of a heated electrochemical sensor (Baumbach, 1986;
Severinghaus, 1960). The output voltage of the sensor is proportional to the logarithm of the

COz concentration in the skin tissues. Heating the sensor to temperatures up to 45 o Celsius
causes vasodilatation of the capillaries in the skin and arterialization of the capillary blood.
Therefore, the COZ concentration in the skin tissues is assumed to be representative of the
arterial PCO2 (Severinghaus, Strafford 8z Bradley, 1978). The validity of the technique has
been tested both in vitro and in vivo. Several in vivo studies have shown that the between-
and within-subject correlations between arterial and transcutaneous PCOz vary between 0.85
and 0.99 (Cheriyan, Helms, Paky, Marsden 8z Chiu, 1986; Mindt, Eberhard 8c Schaefer,
1982; Pilsbury 8c Hibbert, 1987; Wimberley, Pedersen, Olsson 8c Siggaard-Andersen, 1985).
However, transcutaneous PCOZ values are consistently higher than the corresponding arterial
values, probably because the heating increases the PCOz level in the blood and elevates the

skin metabolism. Therefore, transcutaneous values are often corrected to obtain estimated
arterial values (Baumbach, 1986; Cheriyan et al., 1986). The main disadvantage of this
measurement technique revolves around its response characteristics. Dependent upon the
sensor temperature, the time lag of the response of the sensor to a change in arterial PCOz
may range between 30 sec and 2-5 min (Mindt et al., 1982; Pilsbury óc Hibbert, 1987).
Therefore, this technique may be of limited use in studies that are designed to assess short-
lived, phasic PCOz responses that are time-locked to discrete stimuli. On the other hand,
transcutaneous PCOz measurement has been shown to be very useful for ambulatory
monitoring of PCOZ (Hibbert 8c Pilsbury, 1988; Pilsbury óz Hibbert, 1987) and for applica-
tion during field studies (Wientjes, Frijstein, van Kuilenburg 8z Gaillard, 1990). Its reliability
and its value for research purposes, however, remain to be assessed precisely.

2.3 Analysis techniques

In principle, three types of approaches are available for computer analysis of the respiratory
signal: lj quantitative time domain analysis, 2) qualitative analysis, and 3) spectral analysis.
We will briefly discuss all three approaches.
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Quantitative time dornain analysis

This technique determines the parameters that quantitatively describe the respiratory cycle
(i.e. the time and volume components) by measuring peak amplitudes and the duration of
the time components. For this type of signal analysis, relatively straightforward computation-
al techniques and algorithms can be employed, like peak detection or assessment of turning
points in the digitized respiratory signal by means of repeated regression analyses across
series of successive sample values. An analysis program developed in our laboratory
(Wientjes, Grossman 8r. van der Meyden, 1988) provides breath-by-breath values for a range
of respiratory parameters (e.g. tidal volume, respiration rate, respiratory phase durations,
duty cycle, mean inspiratory flow rate, minute ventilation, and end-tidal PCOZ) in combina-
tion with breath-by-breath values for other physiological signals (e.g. heart rate, respiratory
sinus arrhythmia, and blood pressure). Similar computer programs have been developed for
the analysis of cardiopulmonary measures (Langer, Hutchson, Charlton et al., 1985).

Qualitative analysis

A second technique, which is currently under development, is designed to qualitatively
evaluate respiratory patterns (Boiten, 1988). This potentially important technique includes
assessment of different types of irregularities in the respiratory pattern (e.g. sighs, periods
of apnea, etc.), and of qualitative characteristics of respiratory behavior during inspiration
and expiration (e.g. concavity and convexity of the inspiratory and expiratory curves). The
feasibility and reliability of this type of analysis remains to be determined. Other approaches
have employed harmonic analysis (Fast Fourier Transform) to quantify the shape of the
airflow profile (Bachy, Eberhard, Baconnier 8c Benchetritt, 1986; Benchetrit, Shea, Pham
Dinh, Bodocco, Baconnier 8c Guz, 1989). One of the promising possibilities of this type of
analysis is that it may improve our understanding of the finer details of respiratory control
to an important degree.
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Spectral analysis

A third type of analysis also employs spectral analytic techniques. This approach is not
aimed at analyzing the frequency characteristics of the respiratory curve, but rather, at

determining the periodicity of the respiratory control process. It should be noted, however,
that much important information concerning control aspects of respiratory behavior is'drow-
ned' in spectral analysis. First, spectral analysis typically yields information concerning
periodicities in biological steady-states. Under many behavioral conditions and among many
individuals, however, respiratory behavior is highly variable. Assessment of the variability

of respiratory parameters may, in fact, be an important research tool when assessing
behavioral and emotional influences upon respiratory behavior (see Grossman 8t Wientjes,
1989). For this purpose, time domain analysis would clearly seem to be superior to spectral
analysis. Second, spectral analysis integrates both amplitude and frequency components of
an analogue signal into a single measure: the power density function. As we have seen,
volume and time components of respiration may often vary independently (Milic-Emili,
Whitelaw 8c Grassino, 1981). Therefore, in contrast to time domain analyses, measures
derived from spectral analysis of respiratory signals only allow for a limited description of
respiratory behavior. On the other hand, when combined with other spectral analytically
derived measures (like heart rate or blood pressure variability), respiratory spectral analysis
permits calculation of coherence and transfer functions. These measures may provide insight
into specific aspects of the covariation of respiration with other physiological processes (see
Mulder, 1988).
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Chapter 3

CORTICAL, BEHAVIORAL AND EMOTIONAL INFLUENCES

3.1 Introduction

Respiratory measures have since long been employed in psychophysiological studies
(pioneering studies have already been performed in the first decennia of this century; e.g.
Féléky, 1914; Rehwolt, 1911). However, the older studies generally lack methodological
sophistication. They have often included very small numbers of subjects, and have employed
deficient experimental control procedures or primitive statistical treatment of the data. Many
studies have only measured respiration rate. Those investigators that have attempted to
evaluate respiratory volume, have either utilized unvalidated and inaccurate respiratory
measurement techniques, or intrusive methods that modify the spontaneous breathing
pattern. Unfortunately, there are no psychophysiological studies available that have applied
analysis of drive and timing components of the breathing cycle, although a number of older
studies have employed related measures like I~E ratio (the ratio of inspiration and
expiration; Féléky, 1914; Rehwolt, 1911), or amount of'respiratory work' (depth divided by
cycle duration; Féléky, 1914).

Measurement of respiratory parameters has proved to be relevant for several psychophysio-
logical areas of investigation, such as mental effort and stress, emotions, and personality
characteristics. We will review the most important studies in each of these research areas.

3.2 Mental effort and stress

In the last three decades, a number of studies have assessed respiratory changes during the
performance of effort demanding or stressful challenges. Although the respiratory
parameters that were measured, and the measurement techniques that were employed, show
considerable variation across studies, the findings display a remarkably similar pattern.
Compared to baseline conditions, mental effort and mild stress are generally associated with
an increase in RR, a decrease in VT, and an increase in MV (e.g. Benson, Huddleston á
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Rolfe, 1965; Carroll, Turner 8z Hellawell, 1986; Carroll, Turner 8r Rogers, 1987; Kagan ót
Rosman, 1964; Langer, McC`ubbin, Stoney, Hutcheson, Charlton 8c Obrist (1985); Rousselle,
Blascovich 8t Kelsey, 1989; Sims, Carroll, Turner 8t Hewitt, 1988; Svebak, 1982; Svebak,
Storfjell ác Dalen, 1982; Turner, Carroll 8t Courtney, 1983; Turner ót Carroll, 1985).

However, the results are not completely consistent across studies: a few investigations have
not found the typical baseline-to-task decrease in VT, but rather no change, or even an
increase in VT (Allen át Crowell, 1989; Allen, Sherwood 8z Obrist, 1986; Benson,
Huddleston 8z Rolfe, 1965). A relatively larger VT was found to be associated either with
greater mental task demands (Benson, Huddleston ót Rolfe, 1965), or with painful passive
coping stress (Allen 8c Crowell, 1989; Allen, Sherwood 8z Obrist, 1986). This suggests that
there is a positive correlation between level of stress and VT. However, in at least one study
(Carroll, Turner 8z Hellawell, 1986), increased mental task difficulty was associated with a
greater reduction of VT, and conversely, with a greater increase in RR. However, this study
was rather exceptional in that not one of the six mental task conditions that were presented
did induce an increase in MV.

Although the study by Carroll, Turner 8c Hellawell (1986) suggests that RR increases with
greater task difficulty, this is by no means always the case. For example, when comparing
a single-task with a double-task condition, Benson, Huddleston 8z Rolfe (1965) found an
increase in MV and (plausibly) in VT, but not in RR. Although many studies have found
RR differences between task conditions, these findings are difficult to interpret, because the
task conditions that were employed were often very dissimilar with respect to task
parameters like vocalization, motor activity, threat, aversiveness, etc. (Allen 8c Crowell,
1989; Allen, Sherwood óc Obrist, 1986; Carroll, Turner 8c Rogers, 1987; Kagan 8z Rosman,
1964; Svebak, 1982; Svebak, Storfjell 8z Dalen, 1982; Turner 8~ Carroll, 1985). Hence,
contrary to traditional opinion, it is by no means an established fact that RR is a reliable
index of inental effort or stress (Cohen et al., 1975; Sternbach, 1966).

As we have seen, demanding mental task performance and stressful conditions usually
induce a modest increase in MV. Unfortunately, only a small number of the studies has
assessed whether these ventilatory changes were in accordance with metabolic activity. The
studies that have actually monitored end-tidal PCOZ are quite consistent in demonstrating
that active coping stress (i.e. tasks that challenge the subject to cope actively) is not
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associated with hyperventilation and hypocapnia (Allen, Sherwood 8z Obrist, 1986; Benson,

Huddleston ót Rolfe, 1965; Langer, McCubbin, Stoney et al., 1985). Therefore, the

ventilatory alterations that are induced by these tasks are most likely to reflect changes in

metabolic activity, as well as in mental effort. The metabolic changes are probably

associated with changes in somatomotor activity (e.g. due to response execution, speech or

muscle tension). When these responses that have been observed in active coping tasks are

contrasted with the ventilatory changes that are typically found during light-to-moderate

physical exercise, it becomes clear that the amount of inetabolic activity involved in the

performance of inental tasks is quite modest: the largest ventilatory changes that were

observed during mental task performance were equivalent to those produced by 25 Watt

bicycle exercise (Allen, Sherwood 8c Obrist, 1986), or by holding one leg straight in the air

while sitting in a chair (Carroll, Turner 8c Rogers, 1987). Yet, there might not only be

quantitative differences between the respiratory changes that are induced by mental tasks

and by physical exercise. It seems highly likely that there are also qualitative differences

between physical and mental conditions. For example, a recent investigation by Rousselle,

Blascovich 8t Kelsey (1989) has found that psychological and metabolic influences may

ínteract to produce a breathing pattern that is different from that obtained during exercise

or mental activity alone. More studies are certainly needed to compare the effects of

metabolic and psychological influences upon breathing.

A word of caution is necessary regarding the findings that were discussed in this section. The

majority of the studies that were mentioned has employed intrusive respiratory measurement

techniques (Benson, Huddleston 8c Rolfe, 1965; Carroll, Turner 8c Hellawell, 1986; Carroll,

Turner ác Rogers, 1987; Langer, McCubbin, Stoney et al., 1985; Rousselle, Blascovich 8z

Kelsey, 1989; Sims et al., 1988; Turner, Carroll 8c Courtney, 1983; Turner 8z Carroll, 1985).

As we have mentioned earlier, this type of equipment may modify the spontaneous

breathing pattern (Askanazi et al., 1980; Gilbert et al., 1972; see also chapter 2). It is

therefore necessary that these findings are replicated in studies that employ noninvasive

equipment.
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3.3 Emotions and affect

Attempts to differentiate between respiratory patterns during different emotional states
have, probably partly as a consequence of inadequate methodology, and partly as a result
of conceptual confusion about emotion categories, produced somewhat inconclusive results
(see Boiten, Frijda 8t Wientjes, submitted). In spite of its limitations, this extensive area of
research has yielded some valuable suggestions concerning the behavioral significance of
respiratory responses. An extensive review of the literature concerning respiratory changes
during emotional states is provided by Boiten, Frijda 8c Wientjes (submitted).

In contrast to the studies that were discussed in the previous section, emotion research has
largely focussed upon RR. There are only very few studies available that have reliably
assessed respiratory volume. Generally, emotional states like fear, arixiety and anger are
associated with an increase in RR. For example, Ax (1953) found that naturalistically-
induced fear and anger both produced an increase in RR, and that the increase was greatest
during anger. Schachter (1957) later confirmed these findings. Averill (1969) found that RR
increased during film-induced states of mirth, and decreased slightly (but nonsignificantly)
during sadness. Regarding painful stimulation, Schachter (1957) found a passive coping
condition (cold pressor) to only produce a small RR increase. This is consistent with findings
of Allen á Crowell (1989) and Allen, Sherwood óz Obrist (1986), who reported cold pressor
stress to produce a much smaller RR increase than stressful tasks. Yet, these investigators
observed a marked increase in ventilation during cold pressor stimulation, that was mainly
due to an increase in VT. Threat is also clearly associated with an overall respiratory
increase. Svebak, Storfjell 8r. Dalen (1982), for example, who assessed relative (i.e.
uncalibrated) differences in VT, reported that performance of a video game under threat
of shock induced a greater increase in RR and VT than performance of a video game alone.

In addition to assessing changes in RR, a number of studies has measured end-tidal PCOz
during emotional states. These studies show that aversive stimulation or pain, apprehension,
anxiety and fear, threat or anger, or hypnotic suggestion of these states, is often associated
with hyperventilation (Allen, Sherwood 8r Obrist, 1986; Dudley, 1969; Dudley et al., 1964;
Freeman, Conway 8t Nixon, 1986; Suess et al., 1980). It has been suggested that this type
of respiratory stress response may be functional when the organism becomes involved in
physical action, but that it becomes excessive and disproportionate with respect to metabolic
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activity when no appropriate type of action is feasible (Suess et al., 1980; Dudley, 1964).
Hence, in contrast to the isocapnic respiratory increase that is typically found during active
coping, excessive ventilation may probably be viewed as a typical 'passive coping' response
(Obrist, 1981).

Emotional states have also been linked to the relative contribution of the rib cage and the
abdomen to respiration. Negative affect states and threat were found to be associated with
predominantly thoracic breathing, and positive affect, relaxation and drowsiness with

abdominal dominance (Ancoli 8r Kamiya, 1979; Ancoli, Kamiya 8z Ekman, 1980; Svebak,

1982; Timmons, Salamy, Kamiya 8z Girton, 1972).

3.4 Personality traits and clinical groups

Negative, as well as positive dispositional affect traits appear to be broadly linked to
respiratory characteristics (see Grossman, 1983 for a review). Several studies have found that
higher scores on questionnaires measuring neuroticism, arixiety, introversion and depression
are associated with increased respiratory activity (i.e. increased RR and MV, reduced VT
and depressed levels of end-tidal PCO2 (McCollum, Burch 8z Roessler, 1969; Morgan, 1983;
Oken, Grinker, Heath, Korchin, Sabshin óz Schwartz, 1962; Wientjes, Grossman 8i Defares,
1984; Wientjes, Grossman, Gaillard, 1986; Wientjes, Grossman, Gaillard 8c Defares, 1986;
Wientjes, Gaillard, Grossman 8i Defares, 1987). On the other hand, positive affect measures
like extraversion have been found to be linked to increased levels of PCOz, and to a smaller
MV (Wientjes, Grossman 8t Gaillard, 1986). Interestingly, the association between
personality and breathing appears to be maintained when the respiratory behavior is altered
by therapeutic interventions: among a HVS-patient group, Grossman, de Swart óc Defares
(1985) observed significant changes in a number of personality measures after a successful
biofeedback-assisted respiratory treatment.

However, impressive as some of the findings concerning relationships between personality
and breathing may be, they seem to a considerable degree to be dependent upon the choice
of sufficiently extreme subject populations. When relatively large samples of normal subjects
are employed, correlations between psychological characteristics and respiratory measures
may often be weak or insignificant (Opmeer, Wientjes, Blom, Pokorny 8z Gaillard, 1992;
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Otten, 1991; Wientjes, Frijstein, van Kuilenburg, Opmeer 8z Gaillard, 1990). In this regard,

it has been argued by Pennebaker (1989), that individuals who combine dispositional
negative affects with strong tendencies toward somatization, might be more prone to have
enhanced levels of physiological activity than non-somatisizers.

The results of studies on subjects with clinical diagnoses are generally in support of the
findings concerning associations between personality traits and respiration. Breathing
patterns have been shown to differentiate between diagnostic groups such as patients with
anxiety neurosis, phobias, depression, psychoses on the one hand, and normal controls on
the other (e.g. Damas-Mora, Grant, Kenyon, Patel 8z Jenner, 1976; Damas-Mora, Souster
8z Jenner, 1982; Skarbek, 1970), and have served as a diagnostic tool for assessing such
groups. Irregularity of breathing was observed among patients suffering from amciety
disorder and from hyperventilation syndrome (Hormbrey, Patil, Jacobi 8z Saunders, 1976;
Stevenson óc Ripley, 1952).

3.5 Applied studies

Respiratory measures may for several reasons prove to be an important research tool in
applied studies: 1) they may help to evaluate the effects of inental workload and of
situational stressors, 2) certain respiratory parameters might be used to obtain an approxi-
mation of energy expenditure (see Harding, 1987), and 3) assessment of the occurrence of
specific respiratory response patterns (e.g. hyperventilation) may highlight undesirable and
potentially dangerous aspects of the task environment. The few applied studies that have
employed respiratory measures, have yielded potentially important results. For example, in
an extensive recent study by Harding (1987), respiration and end-tidal PCOZ were measured
among Jet fighter pilots during different flight profiles in a high-performance aircraft. The
results show that RR, peak inspiratory flow and MV were increased during all phases of
routine flight, and that marked elevations of respiratory activity occurred during manoeuvre-
ing flight phases. Mild, but sustained hyperventilation occurred during demanding
manoeuvreing phases of the flights. Hyperventilation was most pronounced during flight
phases that involved high G manoeuvres; this was probably both due to the active methods
that were applied by the pilots to increase their tolerance to f G acceleration ('straining'),
and to changes in the ventilation-perfusion ratio that may occur as a result of G forces.
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However, the end-tidal PCOZ values were, generally, well above the range that may be
considered dangerous. It should be noted, however, that the research flights did not include

stressful phases. It has frequently been suggested that stress during flight might lead to

substantial reductions in PCOZ, with potentially dangerous consequences (Gibson, 1979;

1984). One of the possible detrimental consequences of hyperventilation may be its

pronounced effect upon psychomotor performance (see Gibson, 1978). Such effects may

both be due to central factors (cerebral hypoxia) and by peripheral factors (tremors and
tetanus). However, there is very little substantial empirical evidence to support Gibson's
(1979; 1984) suggestions about the dangers of hyperventilation during flight.

Another series of applied of studies has measured end-tidal PCOZ during exposure to
vestibular stimulation (Bles, Boer, Keuning, Vermeij 8i Wientjes, 1988; Bles 8c Wientjes,
1988). In one study, that assessed subjective and physiological responses to different sea

states on board of a mine-hunter of the Dutch Navy, high withín-individual correlations were

found between degree of motion sickness, state arixiety, and end-tidal PCOZ decrease (Bles
et al., 1988). These findings were later confirmed in a laboratory study, although the
hyperventilation was much milder here (Bles óz Wientjes, 1988). They certainly suggest that
hyperventilation may serve as a useful index of the impact of an aversive stressor upon the

individual.
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Chapter 4

RESPIRATION AND PSYCHOSOMATIC SYMPTOMS:
HYPERVENTILATION SYNDROME (HVS)

4.1 Definition and clinical manifestations of HVS

Several investigations have suggested that excessive ventilation and depressed levels of

arterial and alveolar PCOZ may be associated with the experience of psychosomatic
symptoms. Correlations between symptom reporting and PCOz have been observed among
clinical groups as well as among normal subjects (Bass ót Gardner, 1985; Folgering ót Colla,
1978; Gardner, Meah 8c Bass„ 1986; van den Hout, Hoekstra, Arntz, Christiaanse,

Ranschaert 8z Schouten, 1991; Liebowitz, Gorman, Fyer, Levitt, Dillon, Levy, Appleby,
Anderson, Palij, Davies 8i HIein, 1985; Rapee, 1986; Wientjes, Grossman 8c Defares, 1984;
Wientjes, Grossman 8c Gaillard, 1986; Wientjes et al., 1987). Because voluntary hyperventi-
lation in the laboratory has been shown to produce somatic and psychological symptoms
closely resembling the symptoms that are typically experienced in daily life (Clark óc

Helmsley, 1982; Huey 8t West, 1983), it is often assumed that many presenting symptoms
are caused by hyperventilation and hypocapnia. Hence, it has long been customary to
consider individuals who frequently complain of these symptoms as suffering from hyper-
ventilation syndrome (HVS; Garssen, 1986; Lum, 1976; Magarian, 1982; Weiman, 1968).

Definition

HVS is a clinical psychosomatic disorder characterized by a range of somatic and
psychological symptoms, which are not secondary to any organic disease state, but are
considered to result from episodes of hyperventilation, or from more or less chronic levels
of hypocapnia (Lewis ác Howell, 1986). Individuals suffering from HVS typically report
respiratory, cardiac, central neural and~or gastrointestinal symptoms usually coupled
importantly to arixiety and fear responses (see e.g. Grossman 8~ de Swart, 1984). Although
investigators of the disorder frequently provide evidence suggesting that the incidence of
HVS in the general medical population is high (Brashear, 1983; Magarian, 1982; Pfeffer,
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1978; Weiman, 1968), basic scientific research aimed at validation of the syndrome as a
distinct disorder, inexorably tied to the consequences of aberrant ventilatory patterns, has
not been rapidly forthcoming. When the sparse strands of validation research are braided
together, it becomes apparent that a simple model in which all symptoms of HVS are
regarded directly or indirectly as consequences of hyperventilation or hypocapnia provides
a naive and inadequate approach to the disorder.

Clinical manifestations of HVS

The typical episodic, physical symptoms of HVS patients encompass a variety of functional
complaints that appear to be related to different physiological systems. The frequencies with
which various distinct complaints are reported by HVS patients and by normals, are given
in Table 4.1. The constellation of symptoms, furthermore, varies both in type, number and
severity between patients and often mimics organic disease states (Grossman áz de Swart,
1984). For this reason, it is obviously necessary for patients suspected of having HVS to be
subjected initially to a thorough medical examination to exclude organic disease.

In addition to the major presenting symptoms of a somatic nature, an important feature of

HVS patients is their great psychological vulnerability (Brashear, 1983; Lum, 1976; Garssen,

1980; Magarian, 1982). On standardized psychological inventories, HVS patients typically

manifest low levels of self-esteem and high levels of neuroticism and anxiety (Grossman, de

Swart á Defares, 1985). Combined clinical interviews and tests have also revealed that one-

half of a group of HVS patients were afflicted to a serious degree by psychiatric disorder
(Bass 8z Gardner, 1985a). Other reports suggest a frequent association between HVS and

both agoraphobia and panic disorder (Bass óz Gardner, 1985b; Garssen, van Veenendaal8t

Bloemink, 1983; van den Hout et al., 1991; van der Molen, 1988; de Ruiter, Garssen, Rijken
8z Kraaimaat, 1989; Wientjes, Grossman 8c de Wolf, 1988; Zandbergen, 1992).
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Table 4.1 Percentage of positive responses to psychosomatic symptom items
among 200 HVS patients and 200 non-HVS subjects (from: Grossman 8c de
Swart, 1984).

olo positive responses
Item HVS non-HVS sign.level

Fits of crying
Unable to breathe deeply enough
Suffocating feeling
Rapid heartbeat
Feeling of unrest, panic
Tingling in feet
Nausea
Confused or dream-like feeling
Feeling of heat
Pounding heart
Stomach cramps
Toe or leg cramps
Shivering
Irregular heartbeat
TingGng in legs
Feeling anxious
Chest pain around heart region
Stiffness in fingers or arms
Cold hands or feet
FeeGng of head warmth
Stiffness abou[ mouth
Stomach feels blown up
Pressure or knot in throat
Tingling in arms
Faster~deeper breathing than
Hands tremble
Di7ziness
Stiffness in legs
Blacking out
Tingling in body
Tenseness
Need for air
Fainting
Tingling in fingers
T'vedness
Headaches
Tingling in face

14.5 6.5 0.01
44.5 33.5 0.03
54.5 41.0 0.009
41.5 27.0 0.0O3
54.5 38S U.~NI?
20.0 17.0
38.0 31.5
35.0 27.5
42.0 34.0
50.0 27.0
19.0 18.0
10.5 12.5
25.5 16.5
18.5 11.5
16.0 11.5
30.(l 21.0
40.0 37.5
18.5 13.0
20.5 20.5
29.0 20.0
6.5 4.5

21.5 18.0
23.0 13.5
20.5 14.0

0.001

0.05

0.05

0.02

42.5 18.5 0.001
38.5 25.0 0.005
69.0 50.5 0.001

normal

7.5 5.0
45.5 35.5
5.0 4.0

0.05

51.5 36.5 0.003
27.5 16.0 0.008
15.0 15.5
26.5 17.5 0.04
64.0 55.5
47.0 51.0
10.0 4.0 0.03
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Finally, one group of investigators has observed an association between hyperventilation and

vestibular hyper-reactivity, in particular among HVS patients whose primary presenting

complaint is dizziness (Folgering, Theunissen 8c Huygen, 1985; Theunissen, Huygen 8z

Folgering, 1986). Because subsequent research has revealed that there is no specific relation-

ship between hyperventilation and vestibular hyper-reactivity, it seems most likely that both

phenomena may be induced by high arixiety states (Theunissen, 1987).

Types of HVS

Several investigators have proposed a distinction between two types of HVS (Gardner, Meah

óz Bass, 1986; Magarian, 1982). One form, termed acute HVS, is characterized by sudden

attacks of symptoms triggered by episodic hyperventilation. Between attacks, however,

patterns of breathing and levels of COz are within the normal range. The other type of HVS,

called chronic HVS, is marked by a persistent pronounced hypocapnia and by a decreased

base excess of the blood (Folgering, 1986). Whereas recent investigations provide support

for the existence of the two forms (Freeman, Conway át Nixon, 1986; Gardner, Meah 8i

Bass, 1986), there are no data yet available bearing upon differences among these forms

with respect to symptom constellation, etiological factors or incidence rates.

4.2 Diagnosis of HVS

Although several diagnostic procedures are in current use, correct identification of HVS

patients presents significant problems. First of all, HVS as a discrete clinical disorder is

predicated upon the assumption that hyperventilation is the proximal trigger of symptom

attacks. In order to verify this with an individual patient, it is necessary to monitor his~her

PCOZ during a symptomatic episode. However, these attacks are generally rather brief in

duration, and they are unlikely to occur during occasional contacts with doctors or

psychologists. Since ventilation may, specifically in acute HVS, be normal during non-

symptomatic periods, and other clear and objective physiological criteria are frequently

lacking, ventilatory or other physiological assessment often cannot serve as the decisive
diagnostic criterion. Secondly, a major problem revolves around the fact that subjective

perceptions and reports of somatic and psychological complaints play such a large role in

the definition of the syndrome. It is well established that various parameters of symptom
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reporting may be heavily influenced by psychological factors of a situational, historical and
personality nature, and that symptom reports are often more powerfully correlated with
psychological characteristics than with actual variations in physiological activity. In this
regard, it has been argued that the distinction between psychological and physical complain-
ing is arbitrary and inadequate, and that negative affect states and somatic complaints
represent a single pervasive trait of self-reported distress (Pennebaker, 1982; Watson 8c
Pennebaker, 1989). In the same vein, it has repeatedly been shown that seemingly typical
HVS symptoms often occur in the absence of hyperventilation, and that an increased
tendency to report such symptoms in everyday life is associated with a propensity to report
the same symptoms under stressful conditions in which no hyperventilation occurs
(Hornsveld, Garssen, Fiedeldy Dop 8c van Spiegel, 1990; Roll, 1987; Svebak 8z Grossman,
1985; Wientjes, Grossman 8z Gaillard, 1986; Wientjes et al., 1986; Wientjes et al., 1987).
Thus, tacit acceptance of certain reported symptoms as evidence of the involvement of
hyperventilation in their causation seems naive in the light of current evidence.

With rare exceptions (Bass 8z Gardner, 1985; Gardner, Meah óc Bass, 1986), research
investigations, as well as clinical practice, have chosen to ignore these critical considerations.
Hence, a positive diagnosis of HVS may often be exclusively based upon an anamnesis or
upon the score on a symptom checklist (e.g. van Dixhoorn 8z van Duivenvoorden, 1985;
Grossman 8c de Swart, 1984). Presenting symptoms that are, in the absence of disease, likely
to be related to hyperventilation are usually assumed to provide sufficient evidence for a
positive diagnosis.

A seemingly more sophisticated diagnostic procedure utilizes, along with symptom reports,
a ventilatory challenge, known as the hyperventilation provocation test (HVPT). After
obtaining information concerning presenting complaints, patients are required to hyperventi-
late voluntarily during a 3 min period so that a substantial level of sustained hypocapnia
ensues (see Grossman 8z de Swart, 1984; Magarian, 1982). After termination of the
hyperventilation, the patient is asked to identify those symptoms that were experienced
during the hyperventilation. A correspondence between these acute HVPT symptoms and
the major presenting symptoms is assumed to indicate a positive diagnosis. However, careful
consideration reveals this procedure to be a flawed procedure: 1) Although it is generally
assumed that the HVPT symptoms result specifically from the induced hypocapnic state, it
has been shown that other types of challenges, not involving or inducing hyperventilation,
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may produce comparable numbers and types of symptoms (Hornsveld et al., 1990; Roll,

1987; Svebak 8t Grossman, 1985; Wientjes et al., 1986; Wientjes, Grossman á Defares,

1986; Wientjes et al., 1987). Therefore, the assumption of symptom specificity of the HVPT
may often be unsubstantiated. 2) Even if certain HVPT-produced symptoms, indeed,
specifically result from the hypocapnia, generalization of this finding to the causal

mechanisms that are involved in symptom production in daily life may often be unwarranted.
Hence the HVPT is not a diagnostic tool capable of distinguishing between symptom
complexes resulting specifically from hyperventilation-associated factors, and those unrelated

to hyperventilation. Moreover, the test-retest reliability of the HVPT has recently been

shown to be clearly insufficient (Lindsay, Saqi óc Bass, 1991).

Some workers in the area have attempted to append a more objective physiological criterion
to the HVPT. Noting the sizeable amount of individual differences in the rate of recovery

of end-tidal PCOZ immediately after termination of voluntary hyperventilation, Hardonk 8r
Beumer (1979) suggested that HVS patients, in contrast to healthy controls, manifest a
delayed post-hyperventilation recovery of CO2. Although delayed posthyperventilation PCOZ

recovery has indeed been observed among HVS patients (Folgering ói Colla, 1978), the
phenomenon appears not to be diagnostically specific for HVS (Folgering óc Colla, 1978;
Gardner, Meah 8z Bass, 1986; Wientjes, Grossman óz Defares, 1984). Assessment of PCOZ
recovery therefore does not seem to provide a valid criterium for diagnosis of the syndrome.

Other diagnostic assessments ofpotential value evaluate the ventilatory responses of patients
suspected of HVS to hypnotically induced suggestions of personally relevant emotional
experiences previously reported to have been associated with symptom attacks (Freeman,
Conway 8c Nixon, 1986). Suspected HVS patients in this study typically showed much more
pronounced hyperventilation to such suggestions, compared to a healthy control group
presented with suggestions of emotionally aversive experiences. This procedure has the
advantage of taking into account the individually specific nature of circumstances likely to
produce an episode of complaints. However, individual differences in suggestibility present
a problem for this procedure. This potential problem appears to have been overcome in
another version of this procedure, where no hypnosis is employed, but where the patient
merely concentrates upon the threatening experiences (i.e. the 'think' test; Nixon 8c
Freeman, 1988). The results of these studies need to be replicated and extended before
these techniques can be clinically applied in a reliable manner.
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Finally, another potentially valuable diagnostic tool involves the use of ambulatory
monitoring of transcutaneous PCO2 (Buikhuisen 8c Garssen, 1990; Hibbert 8t Pilsbury, 1988;
Pilsbury 8c Hibbert, 1987). Ambulatory monitoring makes it possible to study whether
patients actually hyperventilate during symptom attacks, as well as to assess the incidence

of hyperventilation episodes in daily life, and their relation to symptom experience and

triggering stimuli. In summary, many of the commonly applied diagnostic procedures have
inherent inadequacies, but there appear to be promising avenues for diagnostic assessment

of HVS.

4.3 Treatment of HVS

Several types of behavioral therapies have been proposed as treatments for HVS. However,
there have been few well-controlled studies investigating the effectiveness of the different
procedures. Central to all treatment assessed techniques are attempts to alter the breathing

pattern of HVS patients. Thus, one approach has been to use repeated voluntary
hyperventilation initially to elicit symptom attacks. This is followed by an explanation to the
patient by the therapist concerning the causal relationship between symptom occurrence and
hyperventilation, with an emphasis placed upon the patient learning to re-attribute the cause
of the disturbing somatic sensations to the hyperventilation, as opposed to inferring some
threatening physical disease state. Lastly, slow breathing exercises are taught which are
incompatible with hyperventilation (Beck, 1988; Clark, Salkovskis ói Chalkley, 1985;
Compernolle, Hoogduin 8r Joele, 1979). Although quantitative evaluation of this procedure
remains inadequate, there are indications that either specific or non-specific components of
this therapeutic programme may provide substantial long-term reduction of attack frequency
among HVS sufferers (Beck, 1988; Clark, Salkovskis 8t Chalkley, 1985).

The other major approach to treatment has focused exclusively upon alternation of the
resting breathing pattern of HVS patients via respiratory feedback (Grossman, de Swart 8z
Defares, 1985), or by means of breathing exercises (Bonn, Readhead 8c Timmons, 1984).
Both techniques seem to achieve marked symptomatic improvement. In a study comparing
the effects of biofeedback-assisted changes in breathing pattern versus a placebo-treatment
control group (Grossman, de Swart 8z Defares, 1985), only the real-therapy group showed
improvements in both state and dispositional psychological characteristics. Additionally,
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differentially greater benefits were found for this group, in contrast to placebo subjects, with
respect to respiratory variables.

4.4 Aetiolo~ of HVS

As we have seen, the available evidence concerning various aspects of HVS points toward
an interwoven fabric of physiological and psychological factors being involved in the
aetiology of the disorder. A more detailed discussion of the potential psychophysiological
mechanisms that are involved will make it apparent that respiratory stress responses seem
to interact with both situational and dispositional psychological characteristics to determine
the formation of psychosomatic symptoms, and the development and maintenance of HVS.

Dispositional and situational variations in ventilation

As was mentioned before, many different studies indicate that patients suffering from HVS
and individuals who frequently complain of symptom complexes similar to HVS, tend to
have somewhat depressed end-tidal or arterial levels of PCOz, when compared to symptom-
free controls (Bass 8r, Gardner, 1985; Folgering 8z Colla, 1978; Gardner, Meah 8z Bass,
1986; van den Hout et al., 1991; Liebowitz et al., 1985; Rapee, 1986; Wientjes, Grossman
óc Gaillard, 1986; Wientjes et al., 1986; Wientjes et al., 1987). These ventilatory differences
appear to be very stable over time: depressed PCOZ levels among a sample of high symptom
reporters were still maintained one year after the first measurement session (Wientjes,
Grossman 8z Gaillard, 1986; Wientjes et al., 1986). Furthermore, there can be little doubt
that the observed reductions of PCOZ levels are associated with elevated levels of
ventilation: several studies have found minute ventilation volume to be elevated among
groups of high-complaint normals, compared to symptom-free individuals (Huey 8z West,
1983; Wientjes, Grossman óz Defares, 1984; Wientjes et al., 1986). One study found greater
irregularity of respiratory parameters during rest among HVS patients than among controls
(Hormbrey et al., 1986). Other recent investigations report that hyperventilatory reactions
of HVS patients or similar individuals to emotionally evocative, threatening or aversive
stimuli may exceed those of normal controls (Freeman et al., 1986; Liebowitz et al., 1985).
Exaggerated hyperventilation among HVS patients during emotionally stressful, naturally
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occurring situations has also been verified in a few case studies (Hibbert 8c Pilsbury, 1988;
Salkovskis, Warwick, Clark 8c Wessels, 1986). In sum, it seems to be well established that
clinical, as well as normal groups of psychosomatic symptom reporters manifest some degree
of ventilatory hyperfunction. However, the evidence is not completely unanimous: A number
of studies has demonstrated that spontaneous symptom attacks may frequently occur without
changes PCOZ (Buikhuisen á Garssen, 1990; Hibbert óz Pilsbury, 1988). These opposing
results suggest that the association between the experience of symptoms and hyperventilation
is not always as tight as might be expected.

Very little is known about the cause of the excessive ventilation of HVS patients and similar

symptom reporters. Some investigators have suggested that these groups may be charac-

terized by a specific over-responsivity of the ventilatory system, and that this property
distinguishes them in a qualitative fashion from symptom-free populations (e.g. Garssen,
1980; 1986). This claim is apparently supported by evidence that certain HVS patients

demonstrate exceptionally slow PCOZ recovery after a short period of voluntary hyperventila-

tion (Folgering 8c Colla, 1978; Folgering óc Durlinger, 1983; Hardonk óc Beumer, 1979). It
has been speculated that the phenomenon of retarded PCO2 recovery is brought about by
a reverberating circuit in the brainstem, which becomes more active when arterial PCOZ

decreases, thereby establishing a positive PCOZ feedback mechanism (Folgering 8c Colla,

1978; Folgering 8z Durlinger, 1983). Alternatively, it has been proposed that retarded PCOZ
recovery might be due to gradual, rather than stepwise elimination of catecholamines that
were released due to the stress of the voluntary hyperventilation (Folgering óc Colla, 1978).
The latter suggestion, however, appears to be unlikely in light of the finding that groups of
high and low psychosomatic symptom reporters showed no differences with regard to
catecholamines, cortisol, and other stress hormone plasma levels (Odink, Wientjes, T'hissen,
van der Beek 8z Kramer, 1987). Moreover, as we have mentioned earlier, delayed

posthyperventilation PCOZ recovery appears not to be specific for HVS patients and similar

groups of symptom reporters (Folgering 8c Colla, 1978; Gardner, Meah 8c Bass, 1986;
Wientjes, Grossman 8c Defares, 1984). Furthermore, other investigators have found no

differences between HVS patients and normals with regard to lower brain ventilatory control

mechanisms (Gardner, Meah 8t Bass, 1986; Pearson, Peattie, Auadiri 8z Finn, 1986).
Therefore, although the possibility should certainly further be explored that abnormalities
in ventilatory control mechanisms may occur among HVS patients and similar individuals,
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it is highly improbable that such abnormalities are characteristic for symptom reporters as
a group, or for the syndrome as such.

As an alternative explanation, it seems possible that the increased respiratory drive of HVS
patients and symptom reporters is caused by influences from cortical and forebrain
mechanisms. This hypothesis is supported by Gardner, Meah 8t Bass (1986), who have found
that the awake state, per se, is associated with depressed COZ levels in certain patients and
that COZ becomes normalized during sleep. It should be noted that cortical influences upon
respiration are absent during non-REM (rapid eye movement) sleep, when medullary
metabolic control of ventilation prevails (Phillipson á Bowes, 1986). Involvement of higher
brain mechanisms in respiratory control strongly suggests that psychological factors
associated with high levels of situational or dispositional distress may be implicated in the
ventilatory hyperfunction of HVS patients and other symptom reporters. That there are
strong links between respiration and psychoenvironmental stress is further supported by
evidence that hyperventilation is a normal respiratory response to situations that involve
threat, pain and passive coping (Allen, Sherwood 8z Obrist, 1986; Dudley et al., 1964;
Garssen, 1980; Suess et al., 1980), and furthermore by findings suggesting that increased
respiratory function and hypocapnia are characteristic of clinical populations suffering from
depression, anxiety neurosis and phobias (Grossman, 1983). An important implication of the
assumption that HVS is characterized by respiratory over-reactivity of a psychological origin,
is that ventilatory differences between HVS patients and healthy controls should be
conceived as one extreme end of a continuum of ventilatory responses to psycho-
environmental stressors that can be seen in a normal population.

Somatic symptom formation

As was mentioned earlier, there is ample evidence that voluntary hyperventilation can elicit
numerous somatic and psychological symptoms that seem very similar to the typical symptom
complexes of HVS patients (Clark 8t Helmsley, 1982; Huey ót West, 1983; Lindsay, Saqi 8c
Bass, 1991; Svebak 8c Grossman, 1985; Wientjes et al., 1984). However, this similarity does
not imply that hyperventilation should be considered a necessary and~or sufficient stimulus
for the triggering of symptom attacks. On the contrary, even if HVS patients proved to be
more prone to hyperventilation than normals (which has, as we have seen, by no means
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been strongly demonstrated), it remains to be explained why HVS symptoms may frequently
be reported in the absence of overbreathing (Buikhuisen ót Garssen, 1990; Hibbert á
Pilsbury, 1988; Hornsveld et al., 1990; Roll, 1987; Svebak 8c Grossman, 1985; Wientjes et
al., 1986; Wientjes, Grossman óc Defares, 1986; Wientjes et al., 1987). These findings
convincingly point to the involvement of psychological mechanisms in the formation and
reporting of somatic symptoms. Several investigations (e.g. Clark 8c Helmsley, 1982; Heim,
Blaser 8z Waidelich, 1972; Pennebaker, 1982; Watson 8t Pennebaker, 1989; Wientjes,
Grossman 8c Defares, 1984) have, indeed, found systematic relationships between degree
of symptom reporting and scores on questionnaires measuring dispositions to experience
aversive moods like arixiety, neuroticism, guilt, and depression. These traits, which Tellegen
(1985) has termed negative affectivity (or trait NA) represent a broad and pervasive
dimension of subjective distress. Other research indicates that high NA individuals generally
tend, in the absence of excessive physiological activity or organic disease states, to report
more somatic symptoms than others (Costa 8t McCrae, 1985; Kellner 8z Sheffield, 1973;
Morrell 8r Wale, 1976; Pennebaker, 1982; Watson óz Pennebaker, 1989). To explain these
findings, it has been proposed that high NA individuals are more likely to perceive,
overreact to, and complain about minor physical problems and somatic sensations. There
may be several causes for this tendency (Clark, 1986; Clark, Salkovskis, Gelder, Koehler,
Martin, Anastasiades, Hackman, Middleton 8z Jeavons, 1988; Costa 8t McCrae, 1985;
Mechanic, 1972, 1980; Pennebaker, 1982; Salkovskis 8t Clark, 1990; Watson á Pennebaker,
1989). First, high NA subjects have a more introspective perceptual style than others and
are therefore more likely to direct their attention to internal, rather than to external events.
Second, they may often interpret normal bodily sensations ín a negative, threatening or
catastrophic manner. Since ventilatory responses are insufficient to explain all the symptom
reports of HVS patients and since HVS is characterized by high levels of NA (Grossman
et al., 1985), this form of negative heightened somatic self-perception and negative appraisal
clearly contributes in a major way to the symptomatology of HVS.

A final important, but still unresolved issue concerns the developmental aspects of HVS. It
is conceivable that in the early stages of HVS, hyperventilation is indeed a necessary
prerequisite for symptoms to be experienced, but that once the syndrome has become estab-
lished, symptom production is predominately under the influence of psychological
mechanisms.
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Chapter 5

RESEARCH ISSUES

5.1 Situational psychological influences on breathing

The first important goal of the empirical studies that are reported in this thesis, was to
systematically document the relationship between psychological demands and changes in
respiratory pattern. For this purpose, a study was performed in which respiratory responses
were measured during differentially demanding conditions of a memory comparison task
(see chapter 6). In contrast to what is customary in the literature (e.g. Carroll, Turner óz
Hellawell, 1986; see also Wilson, 1992), task demands and effort investment were not
manipulated by varying task difficulty, but rather by influencing the motivation of the
subjects via instructions, feedback, and risk of loss of a financial bonus. The task was
performed under three different experimental conditions: 1) no feedback (NFB), 2) trial-by-
trial feedback of performance (FB), and 3) 'all-or-nothing' (AON), which was similar to the
FB condition, but where the subjects additionally could loose their monetary reward if they
failed to improve their best previous performance level. It was expected that the FB
condition would result in greater mental effort investment than the NFB condition, and that
the AON condition would, in turn, lead to greater effort investment than the NFB and FB
conditions. This study examined the usual respiratory phase and volume parameters), as well
as the central respiratory control mechanisms (i.e. inspiratory drive and timing) (Milic-Emily
óz Grunstein, 1976; Milic-Emily, Grassino 8c Whitelaw, 1981). This type of analysis has not
previously been utilized in psychophysiological studies. Finally, this study assessed whether
the observed respiratory changes were in accordance with homeostatic functioning, or
conversely, in excess of inetabolic demands (i.e. hyperventilation).

Whereas the study in chapter 6 addresses the question whether there are systematic and
orderly associations between respiratory pattern and mental demands, the experimental
report in chapter 8 broadens this question by comparing mental influences with those of
moderate physical exercise. The major aim of this study was to assess whether the functional
and regulatory changes vary in both instances along the same continuum, or whether there
is a qualitative difference between these types of responses. Additionally, in order to further
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document the range of respiratory changes to psychologically demanding conditions, this
study compared the respiratory response to the task that had also been employed in the
study in chapter 6, to that to a mental task that involved less motor activity, but posed
greater demands on memory.

5.2 Dispositional psychological influences on breathing

The second issue that was empirically studied in this thesis, revolved around dispositional
individual differences in respiratory behavior. In this instance, we decided to depart from
the evidence that has linked respiratory over-reactivity to HVS. We examined the
association between symptom experience and breathing among normal subjects, and
evaluated whether differences in symptom reports could serve as a grouping criterion in
studies assessing individual respiratory differences. However, a number of recent investiga-
tions has critically challenged the alleged association between symptoms and hyperventila-
tion, and has claimed that frequent psychosomatic symptom experience among apparently
healthy individuals is primarily due to psychological influences, i.e. to enhanced tendencies
of individuals who have high levels of trait NA to focus their attention upon bodily sensa-
tions and to evaluate these in a catastrophic manner (Salkovskis 8c Clark, 1990; Watson 8r
Pennebaker, 1989). Therefore, it was first necessary to precisely determine the pattern of
relationships between psychological dispositions, psychosomatic symptoms reports, and
respiration. We performed a study in which we evaluated the contributions of NA and PCOZ
to psychosomatic symptom formation among a group of 83 subjects by assessing relationships
between symptom experience in daily life, situational and dispositional anxiety, resting end-
tidal PCOZ (chapter 7). Because hyperventilation may be only one of a range of possible
physiological sources of symptoms, we also included heart rate in this study.

On the basis of the results of this study, we decided to indeed employ differences in
symptom reporting as a grouping criterion in our second study of respiratory individual
differences (chapter 8). The purpose of this study was not so much to determine which
factors are responsible for symptom formation, but rather to obtain insight into the respira-
tory control mechanisms that underlie the apparent hyperventilatory tendencies of symptom
reporters. Two groups of normal, healthy subjects participated in the study: A group that fre-
quently experienced psychosomatic symptoms in daily life, and that had recognized the
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majority of their daily symptoms during the HVPT ( HS group), and a symptom-free control
group (IS group). We performed a detailed analysis of the respiratory response pattern of
both groups.
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Chapter 6

RESPIRATORY AND CARDIAC RESPONSES
DURING MENTAL TASK PERFORMANCE:

THE EFFECTS OF INCENTIVES AND FEEDBACK'

Abstract

Noninvasive methods have recently been developed for the analysis of breath-
ing pattern and the assessment of respiratory control mechanisms. Indices of
central respiratory drive and timing mechanisms are provided by mean
inspiratory flow rate, and by the ratio of inspiration to total respiratory period
(i.e. duty cycle), respectively. The present study was designed to evaluate the
effects of inental demands upon mean inspiratory flow rate and duty cycle, as
well as upon the 'classical' respiratory measures (i.e. tidal volume and
respiration rate).

Respiratory parameters, end-tidal PCOZ and heart period were measured
nonintrusively among 44 healthy male subjects preceding and during
performance of a memory-comparison reaction-time task under three different
motivational conditions. Monetary incentives for good performance were
offered during all conditions. Two counterbalanced conditions were initially
presented differing only in the presence or absence of immediate visual
feedback of performance. An all-or-nothing (AON) condition was presented
last. Regarding this task condition, subjects were told that they would only
receive money previously won, when their performance exceeded that of any
previous phase.

Performance in the AON condition was clearly superior to that in the other
two conditions. Therefore, it was concluded that more effort was invested
during the AON period. The following respiratory results were obtained: 1)
Minute ventilation increased during the mental task performance; the greatest
increase occurred in the AON condition. 2) Respiration rate increased, and

'Cornelis J.E. Wientjes (TNO Institute for Perception, Soesterberg), Paul Grossman
(Psychophysiology Research Group, University of Freiburg, Germany) and Anthony W.K.
Gaillard (Institute for Perception TNO, Soesterberg).
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all individual phases of the respiratory cycle were considerably shortened
during the tasks; however, there were no differences in respiration rate
between task conditions. 3) In the AON condition, tidal volume was equal to
baseline levels, but in the less demanding conditions, tidal volume decreased.
4) Mean inspiratory flow rate covaried closely with investment of effort, but
duty cycle appeared not to be systematically related to mental effort. 5) The
changes in heart period were most closely matched to the changes in MV and
IF. 6) There were no significant changes in PCOZ between task conditions.
Hence, respiratory differences between tasks appeared to parallel differences
in metabolic activity. It was therefore concluded that the effects of variations
in mental effort upon breathing were confounded with the effects of variations
in metabolic activity.

6.1 Introduction

During many daily activities, alterations in respiration are primarily determined by variations
in metabolic demands. Nevertheless, higher neural influences often interact with or override
metabolic respiratory control mechanisms. Cortical mechanisms contribute to respiratory
control under conditions of inental activity, emotion, and other psychological states (Bass
8c Gardner, 1985a; von Euler, 1977; Grossman, 1983). Respiration may also be regulated
voluntarily, for example during vocal activities like speech and singing. Control of the
respiratory system is consequently accomplished via an intricate interplay of brainstem
metabolic control processes on the one hand, and voluntary, as well as involuntary, higher
CNS influences on the other. It is precisely this close linkage between lower- and higher-
order control aspects of respiration which is of interest to psychophysiological investigators.

Respiratory analysis in psychophysiology has hitherto been confined to the classical
breakdown of minute ventilation (MV) into tidal volume (VT) and respiration rate (RR):

MV - VT x RR.

This has limited our understanding of the psychophysiology of respiration, since these
variables convey incomplete insight into the underlying mechanisms of respiratory control.
For example, variations in RR, the most popular respiratory measure, provides almost no
physiologically meaningful information: Depending upon different factors, changes in
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respiration rate may be related positively, negatively or no at all to alterations of tidal

volume, minute ventilation, metabolic activity and indices of central ventilatory regulation.

There is considerable evidence that breathing is centrally controlled by a driving mechanism,
governing the firing rate of the inspiratory neurons, and by a timing mechanism, switching
on and off these inspiratory neurons (Gautier, 1980; Milic-Emily á Grunstein, 1976; Milic-

Emily, Grassino 8c Whitelaw, 1981). The driving mechanism is primarily under control of
chemoreceptor input. The timing mechanism reflects the periodicity of a central rhythm
generator, and is influenced by reflexes and other factors (Bradley, 1977; Gautier, 1980;
Milic-Emily óc Grunstein, 1976; Milic-Emily, Grassino óz Whitelaw, 1981; von Euler, 1977).
The effects of these mechanisms upon the breathing pattern may be estimated by
decomposing minute ventilation into a'drive' and a'timing' component:

MV - VT~Ti x Ti~Ttot.

Ttot is the total duration of the breathing cycle (i.e. the inverse of RR). Ttot includes the
inspiratory time (Ti), the expiratory time (Te), and the expiratory pause time (Pe). VT~Ti
('mean inspiratory flow rate') reflects the intensity of the inspiratory drive, and Ti~Ttot
('duty cycle') reflects the timing mechanism (Gautier, 1980; Mílic-Emily, 1982; Milic-Emili,
Grassino 8~ Whitelaw, 1981).

Although our knowledge concerning the influence of psychological factors upon breathing
is still very limited, it is possible to distinguish two broad classes of respiratory responses:
responses in which ventilation is in accordance with metabolic requirements, and responses
in which ventilation exceeds metabolic demands (i.e. hyperventilation). Hyperventilation is
operationalized in terms of reduced alveolar and arterial levels of carbon dioxide (i.e.
hypocapnia), and may be noninvasively assessed via measurement of end-expiratory PCOZ
(see Grossman, 1983; Grossman á Wientjes, 1989). Demanding and stressful laboratory
tasks that involve active coping, are generally associated with respiratory changes that are
in accordance with metabolic requirements (Benson, Huddleston 8z Rolfe, 1965; Allen,
Sherwood 8r Obrist, 1986; Langer, McCubbin, Stoney et al., 1985). These conditions typically
induce a modest increase in MV, that is brought about by an increase in RR, in combination
with changes in VT (e.g. Benson, Huddleston á Rolfe, 1965; Turner, Carroll 8c Courtney,
1983; Turner á Carroll, 1985; Allen, Sherwood 8t Obrist, 1986; Carroll, Turner 8c Hellawell,
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1986; Langer, McCubbin, Stoney et al., 1985; Carroll, Turner át Rogers, 1987; Sims et al.,
1988; Allen 8c Crowell, 1989; Rouselle, Blascovich 8c Kelsey, 1989). Strong negative
emotions, aversive or painful stimuli and passive coping, on the other hand, may produce
hyperventilation (Dudley et al., 1964; Grossman, 1983; Suess et al., 1980; Allen, Sherwood
óc Obrist, 1986; Freeman, Conway át Nixon, 1986).

Beyond this broad distinction of inetabolically appropriate and inappropriate respiratory
behavior, little is known about the variation in respiratory response when psychological

demands change. The few studies that have compared respiratory responses to different

laboratory tasks, have employed tasks that differed greatly with respect to important task

dimensions such as degree of motor activity, memory load, speed~accuracy emphasis,

aversiveness, etc. Accordingly, the available respiratory findings show great diversity. For

example, some studies have found greater psychological demands to be associated with an

increase in RR, and with a simultaneous decrease in VT (e.g. Carroll, Turner ót Hellawell,

1986). Other studies have similarly found links between RR and variations in psychological

demands, but have failed to observe changes in VT (e.g. Carroll, Turner 8c Rogers, 1987;

Turner 8c Carroll, 1985), and still others have found task-induced differences in VT, but not

in RR (e.g. Allen, Sherwood 8z Obrist, 1986). Furthermore, the respiratory changes that
were observed in these studies were often associated with an increase in MV, but not always

(e.g. Carroll, Turner 8~ Hellawell, 1986). On the basis of current psychophysiological

respiratory knowledge, it is impossible to decide whether these differences are due to varia-
tions in metabolic demands, or to psychological influences (i.e. active~passive coping, mental

effort, anxiety, etc.).

The aim of this study was to systematically delineate the association between mental effort
and breathing. Therefore, we assessed the influence of different levels of inental effort
investment upon the traditional respiratory parameters as well as upon the indices of central
respiratory drive and tíming. We decided not to compare different tasks, or different levels
of difficulty, but rather, to employ one task, and to try to manipulate the motivation of the
subjects to invest effort in the task. Subjects performed a memory-comparison task (MCT)
under three conditions, all employing monetary incentives proportional to the subjects'
performance: Two counterbalanced conditions were first presented, differing only with
regard to the presence or absence of immediate visual feedback of results. In the `all-or-
nothing' condition, that was presented last, feedback was provided, and sub~ects were
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punished by loss of a substantial money bonus if they did not improve upon their best
previous performance.

The rationale behind this design was that feedback of results may serve to stimulate
motivation and effort investment (Sanders, 1983; Hockey, 1986; Steyvers, 1991). Hence, it
was expected that performance as well as respiratory activity would be more greatly elevated
in the feedback (FB) condition, as compared to the no feedback (NFB) condition.
Furthermore, it was expected that threat of money loss in the all-or-nothing (AON) con-
dition would provide an even stronger incentive for effort investment. Hence, it was
predicted that performance measures and respiratory activity in the AON condition would
exceed the levels that were reached in the FB condition.

Respiration was measured via inductive plethysmography, a noninvasíve technique that
provides sufficient precision with regard to respiratory time and volume parameters, is easily
applied, and does not disturb the natural breathing pattern (Chadha et al., 1982; Cohn et
al., 1982; Morel, Forster óc Suter, 1983). This technique employs measurement of the
separate motions of the ribcage and the abdomen. In order to assess whether the respiratory
changes that were induced, corresponded to changes in metabolic processes, end-tidal PCOz
was also monitored throughout the experiment. As was mentioned earlier, reduction of end-
tidal PCOZ indicates that ventilation is in excess of inetabolic requirements. Finally, in order
to assess respiratory-cardiac covariation, heart period (HP) was also measured.

6.2 Method

Subjects

Forty-four male students, aged 20-31 years (mean - 23.5, SD - 2.4 years), participated in
this study. The subjects were interviewed before beginning measurement to ensure that no
medical condition existed. Subjects were paid for participation: they received a basic fee of
Dfl. 75, plus the monetary reward that they had won during the experiment (see Procedure).
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Apparatus

During the experiment, subjects were seated in a comfortable armchair in a sound-proof,
air-conditioned, electrically shielded cubicle (Philips Ampliphon). In front of them was a
V'T-100 computer display, that was placed upon a table at eye level (approximately 50 cm
distance). Also on the table was a panel with two microswitches that served as response
keys. The display and the response keys were connected with a PDP 1103 microcomputer
that presented the MCT and also stored the reactions of the subjects for later analysis.

Respiration was noninvasively monitored via inductive plethysmography (Respitrace, Inc.).
The Respitrace bands were attached around the chest (across the nipples), and abdomen
(between the navel and the xiphoid process), and were secured by an elastic vest (Bandafix).
Calibration of both channels was performed before commencement of the experiment,
employing a calibration procedure in which the subjects breathed into a small airbag
(Spirobag, Respitrace Inc.) with a volume of 1280 ml ( Chadha et al., 1982; Morel, Forster
8c Suter, 1983; Gribbin, 1983). In order to vary the relative motions of the ribcage and
abdomen as much as possible during calibration, subjects were instructed to first breathe
primarily thoracicly for 6-8 cycles, and subsequently abdominally (Chadha et al., 1982).
Gains for the ribcage and abdominal channels were calculated using a multiple regression
procedure ( see Gribbin, 1983). End-tidal PCOZ was measured via infrared analysis of the
expired air (Beckman LB-2). The sample tube of the LB-2 was attached to an open face-
mask. A sample flow rate of 500 ml~sec was used. Before each experimental session, the
capnograph was calibrated with medical calibration gas containing So7o CO2. The output of
the LB-2 was corrected for ambient barometric pressure and was expressed as partial
pressure (mm Hg). The electrocardiogram (ECG) was measured via Hellige electrodes and
a Hellige Servomed ECG monitor.

Task and Pay-off Schedule

During the task, subjects had to indicate as quickly as possible whether there was a target
letter present among the letters that were presented on the display, or not. Before
commencement of each 5-min. task session, two target letters were presented to be memo-
rized. During the task, trials were presented in which one, two or four letters appeared on
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the display (see Figure 6.1). Fifty percent of the trials contained one of the target letters.
The remaining letters were nontarget letters, that were chosen randomly from a letter set

that contained all consonants. Subjects were instructed to press the response key marked

YES as quickly as possible when one of the targets was presented among the displayed

letters, and the key marked NO when no target was present. 200 ms after the subjects'
reaction, the next trial was presented. After five minutes, the target set was changed.

NFB

51
F ~-
Q t

FB

Figure 6.1. Configuration of the display during presentation of the memory
comparison task (MCT). Upper panel: No Feedback (NFB) condition. There
is a fixation dot in the middle of the display. Around the fixation dot are the
four positions were letters could be presented (i.e. the number of letters that
was presented per trial varied between 1, 2 or 4letters). Empty positions were
indicated with a t. Lower panel: Feedback (FB) and all-or-nothing (AON)
conditions. The numerical score (above the letters) is updated at each trial.
The bar (below the letters) moves to the left when numbers are lost, and to
the right when number are gained.
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During task performance, a numerical score was calculated on a trial-by-trial basis. On each

trial, a number of points was added to, or subtracted from this score, according to a pay-off
schedule that added points upon correct reactions, and subtracted points upon incorrect
reactions. The number of points that was added or subtracted was proportional to the

reaction time (RT). In the NFB and FB conditions, the pay-off schedule was, for each
individual subject, based upon his best performance during the previous training session.
Thus, in order to obtain a positive score during the NFB and FB conditions, each subject
had to improve upon his best training performance. Each score-point represented a value
of one Dutch cent; the pay-off schedule was designed to yield average scores of approxi-
mately 250 points per 5-min task period. Although this average was indeed realized, there
were a few subjects who had quite high profits or losses. Before commencement of the AON
condition, subjects were informed about the total amount of money that they had won
during the NFB and FB conditions, and were additionally told that they would only actually
receive this if their performance in the AON condition would be better than their best
performance in the NFB and FB conditions. The pay-off schedule was then adjusted for
each individual subject to yield an expected positive score only if he performed better than
in his best NFB or FB task period. Those subjects that had, at this point, not obtained a
positive score greater than 10 guilders, or who had a negative score, received a bonus of ten
guilders which could be kept or lost, depending upon AON performance.

In the NFB condition, the subjects were not informed about their score until after
termination of this condition. During the FB and AON conditions, however, the score was
continuously displayed on the display, and updated during each trial. In addition, a
horizontal bar was shown, that moved to the right when points were gained, and to the left
when points were lost (see Figure 6.1).

Procedure

The experimenter first provided the subjects with a general outline of the experimental
procedure. He explained that good task performance could result in a substantial extra
monetary reward, but made no mention of the risk of losing money in the AON condition.
Then, subjects were instructed about the MCT, and practiced the task for 15 minutes
without feedback. Subsequently, the physiological sensors were attached, and calibration of
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the Respitrace was performed as outlined earlier. A baseline (BL) condition then followed,
during which subjects were asked to relax as much as possible. Subsequently the three task
conditions were administered in the following order: NFB or FB (order of presentation
balanced across subjects), and AON. Each separate task condition was preceded by a 5-min
pretask resting period. The BL condition had a duration of 10 min, the NFB and FB
conditions each had a duration of 20 min, and duration of the AON condition was 10 min.
Each task condition consisted of separate 5-minute sessions, after which the target letters
were changed (see Task section). Only the first two 5-min periods of each task condition will
be reported here.

Data Analysis

The respiratory, ECG and PCOz signals were fed on line to a PDP-15 computer, were

digitized with a sample frequency of 25 Hz, and stored on magnetic tape. Subsequently, all

signals were digitally low-pass filtered (f(-3dB) - 1.25 Hz). Respiratory time and volume
parameters (VT, Ti, Te, Pe and Ttot), HP and end-tidal PCOZ were determined on a breath-

by-breath basis employing a special-purpose computer program (Wientjes, Grossman 8c van

der Meyden, 1988). This program also calculated RR, VT~Ti, Ti~Ttot and MV. The PCOZ

curves were visually inspected in order to ensure that only breathing cycles in which the COZ
waveform reached a distinct end-tidal plateau were included in the analysis (e.g. see Bass

ót Gardner, 1985). All physiological parameters were screened for artefacts and averaged

across the BL and task periods. Performance data were scored by calculating the median

RT of the correct responses in each 5-min task period, and by averaging these for each
individual task condition. Error percentage (E) was similarly determined for each separate

task condition.

6.3 Results

Performance Measures

The performance measures were analyzed via one-way repeated-measures multivariate
analyses of variance (MANOVA's) across the NFB, FB and AON conditions. Because we
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were interested in the difference between NFB and FB, as well as in the difference between
these two conditions on the one hand, and AON on the other, these means were contrasted
by a set of two planned orthogonal comparisons: 1) NFB versus FB, and 2) the average of
NFB and FB versus AON. Order effects among the FB and NFB conditions were evaluated
via Order (NFB~FB first) x Conditions (NFB~FB) repeated measures analyses of variance
.that assessed differences between the conditions that were presented first and second.
Means and SD's for the performance measures are presented in Figure 6.2.

E
600

a~ 575
E~
c
0 550~
Uc9~
` 525

14

10

NFB FB
conditions

AON

Figure 6.2. Mean and SD for reaction time (RT; upper graph) and error
percentage (~o Error; lower graph) in the NFB, FB and AON conditions.
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The MANOVA's revealed that RT as well as E were significantly different across conditions
(RT: Wilks' Lambda F(2,42) - 22.86, p ~ 0.001; E: Wilks' Lambda F(2,42) - 16.9, p ~
0.001). Taken together, the pairwise comparisons demonstrate that there was a distinct
performance improvement from the combined NFB and FB conditions to the AON
condition: RT was shorter during AON, F(1,43) - 40.25, p ~ 0.001, and there were fewer
errors during AON F(1,43) - 29.14, p ~ 0.001. The evidence concerning the performance
difference between NFB and FB, however, was less unanimous. Although RT was shorter
in the FB condition, F(1,43) - 4.38, p ~ 0.05, E increased from NFB to FB, F(1,43) -
10.59, p ~ 0.01. Hence the increase in speed was counteracted by a decrease in accuracy.
Analysis of the order effects, furthermore, revealed a significant order x conditions interac-
tion, F(1,42) - 4.99, p ~ 0.05, indicating that the FB condition only produced a shorter RT
when it was presented first; when the order of presentation of the tasks was reversed, there
was no difference between NFB and FB. Order of presentation of the NFB and FB
conditions did not affect E.

Physiological measures

First, we performed one-way repeated measures MANOVA's across all experimental phases
(BL, and all periods within task conditions). In order to determine differences in
physiological activity between BL and individual task periods, we then performed a set of

six planned orthogonal comparisons (BL versus NFB period 1, versus NFB period 2, versus

FB period 1, versus FB period 2, versus AON period 1, and versus AON period 2; see Table
6.1 A). Furthermore, physiological differences between the task conditions were first
evaluated by Conditions (NFB~FB~AON) x Periods (periods 1~2) MANOVA's, and

subsequently by a set of two planned orthogonal comparisons, 1) NFB versus FB, and 2) the

average of NFB and FB versus AON (see Table 6.1 B). Order effects regarding the NFB
and FB conditions were evaluated via Order (NFB~FB first) x Conditions (NFB~FB) x

Periods (periods 1~2) repeated measures analyses of variance. Means for the respiratory

measures in all experimental phases are presented in Figures 6.3 and 6.4.
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Figure 6.3 Mean respiratory activity during baseline, and during the NFB,
FB and AON conditions. Upper left panel: tidal volume (VT). Upper right
panel: respiration rate (RR). Lower left panel: respiratory phase components
(black: inspiratory time (Ti); shaded: expiratory time (Te); white: expiratory
pause time (Pe)). Lower right panel: duty cycle (Ti~Ttot).
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Figure 6.4 Mean respiratory and cardiac activity during baseline, and during
the NFB, FB and AON conditions. Upper left panel: Mean inspiratory flow
(VT~Ti). Upper right panel: minute ventilation (MV). Lower left panel: end-
tidal carbon dioxide partial pressure (PCOZ). Lower right panel: heart period
(HP).
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Tida! Volume (VT). VT differed significantly across conditions, Wilks' Lambda F(6,38) -
6.24, p ~ 0.001 (see Figure 6.3). VT decreased from BL to the NFB condition, and

additionally, from BL to the second period of the FB condition (see Table 6.1A). The first

period of the FB condition, and both periods of the AON condition were not significantly

different from BL. The Conditions x Periods MANOVA revealed that VT differed signifi-
cantly across conditions, Wilks' Lambda F(2,42) - 6.56, p ~ 0.01, and decreased across

periods, F(1,43) - 9.98, p ~ 0.01. There was no difference in VT between the NFB and FB

conditions. On the other hand, VT did increase from the combined NFB and FB conditions

to the AON condition (see Table 6.1B).

Respiration rate (RR). RR was significantly different across conditions, Wilks' Lambda
F(6,38) - 19.65, p ~ 0.001 (see Figure 6.3). RR increased from BL to all task periods (see
Table 6.1A). Conditions x Period analysis revealed no significant main effects for Condition
or Periods. On the other hand, the Conditions x Periods interaction was significant, Wilks'
Lambda F(2,42) - 6.30, p ~ 0.01, due to the fact that RR decreased from period 1 to
period 2 in the AON condition, but not in the other conditions. Finally, the analysis for
order effects revealed a significant Order x Conditions interaction, F(1,42) - 9.39, p ~ 0.01,
which indicated that RR was higher in the FB condition when this condition was presented
first, but that there was no difference between the NFB and FB conditions when the order
was reversed.

Inspiratory Time (Ti). There were significant differences in Ti across conditions, Wilks'
Lambda F(6,38) - 4.01, p ~ 0.001 (see Figure 6.3). Ti was, in all task periods, shorter than
in the BL condition (see Table 6.1). Conditions x Periods MANOVA revealed no significant
effects.

Expiratory Time (Te). Te was significantly different across conditions, Wilks' Lambda F(6,38)
- 4.01, p ~ 0.01 (see Figure 6.3). Te decreased in all instances from BL to task (see Table
6.1A). Conditions x Periods MANOVA revealed no significant effects.

Expiratory Pause Time (Pe). Pe was also significantly different across conditions, Wilks'
Lambda F(6,38) - 9.39, p ~ 0.001 (see Figure 6.3). Pe decreased from BL to all task
periods (see Table 6.1A). Separate Conditions x Periods MANOVA revealed no significant
effects. The analysis for order effects revealed a significant Order x Conditions interaction,
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F(1,42) - 4.25, p ~ 0.05, indicating that the degree of shortening of Pe was larger in the
FB condition than in the NFB condition, when FB was presented first, but that both
conditions did not differ when the NFB condition was presented first.

Duty cycle (Ti~7'tot). There was a significant difference in Ti~Ttot across conditions, Wilks'
Lambda F(6,38) - 3.72, p ~ 0.01 (see Figure 6.3). Ti~Ttot increased from BL to the first
period of the AON condition, but was not different from BL in the other task conditions
(see Table 6.1A). Conditions x Periods analysis revealed that Ti~Ttot was marginally differ-
ent across conditions, Wilks' Lambda F(2,42) - 2.59, p- 0.089, and that there was a
significant decrease in Ti~Ttot across periods, F(1,43) - 5.20, p ~ 0.05. There was a
marginal increase from the combined NFB and FB conditions to the AON condition (see
Table 6.1B). Analysis of the effects of order of presentation of the NFB and FB conditions
yielded a significant Order x Conditions interaction, F(1,42) - 5.43, p ~ 0.05. Ti~Ttot was
higher in the FB condition when FB was presented first, but when the NFB condition was
presented first, there was no difference between NFB and FB. Furthermore, there was a
significant Order x Periods interaction, F(1,42) - 5.53, p ~ 0.05, which revealed that when
the FB condition was presented first, there was an increase in Ti~Ttot from period 1 to 2
across both conditions, but that, when the order was reversed, there was a decrease from
period 1 to 2.

Mean Inspiratory Flow (VT~1'i). VT~Ti was significantly different across conditions, Wilks'
Lambda F(6,38) - 10.50, p ~ 0.001 ( see Figure 6.4). There was a significant BL-to-task
increase for VT~Ti in all conditions (see Table 6.1A). The Conditions x Periods MANOVA
revealed that VT~Ti was significantly different across conditions, Wilks' Lambda F(2,42) -
5.05, p ~ 0.05, and decreased across Periods, F(1,43) - 11.30, p ~ 0.01. VT~Ti was not
different in the NFB and FB conditions, but increased from the combined NFB and FB
conditions to the AON condition (see Table 6.1B).

Minute I~entilation (Ml~. There was a significant change in MV across conditions, Wilks'
Lambda F(6,38) - 17.65, p ~ 0.001 (see Figure 6.4). MV increased, in all instances,
significantly from BL to the task conditions (see Table 6.1A). The Conditions x Periods
MANOVA indicated that MV differed significantly across conditions, Wilks' Lambda F(2,42)
- 5.93, p ~ 0.005, and decreased across periods F(1,43) - 16.91, p ~ 0.001. MV increased
from the NFB to the FB condition, and from the combined NFB and FB conditions to the
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AON condition (see Table 6.1B). The analysis for order effects revealed a significant Order
x Conditions interaction, F(1,42) - 7.51, p ~ 0.01, which indicated that MV was much
larger in the FB condition, when FB was presented first, but that the difference between
NFB and FB was negligible when the NFB condition was presented first. Furthermore, the
Order x Periods interaction was also significant, F(1,42) - 7.02, p ~ 0.05, indicating that
there was no difference in MV between period 1 to 2 when the FB condition was presented
first, but that MV decreased greatly from period 1 to 2 when the order of presentation was
reversed.

End-tidal PCOZ (PCO,j. There was a marginal difference in PCOZ across conditions, Wilks'
Lambda F(6,38) - 2.23, p- 0.06; see Figure 6.4). Compared to BL, PCOZ dropped slightly
in all three task conditions (see Table 6.1A). The Conditions x Periods MANOVA revealed
no significant effects.

Hean period (HP). HP was significantly different across conditions, Wilks' Lambda F(6,38)
- 14.94, p ~ 0.001 (see Figure 6.4). This was due to the fact that HP decreased in all
instances from BL to task (see Table 6.1A). The Conditions x Periods MANOVA yielded
a highly significant Conditions effect, Wilks' Lambda F(2,42) - 13.02, p ~ 0.001. There was
a marginally significant difference between NFB and FB, F(1,43) - 3.29, p ~ 0.08,
suggesting that HP was smaller in the FB condition. Furthermore, there was a highly signifi-
cant decrease in HP from the combined NFB and FB conditions to the AON condition,
F(1,43) - 26.43, p ~ 0.001. The analysis of the effect of order of presentation of the NFB
and FB conditions revealed a significant Order x Conditions interaction, F(1,42) - 13.30,
p ~ 0.001, which indicated that HP was shorter in the FB condition, when this condition was
presented first; there was no difference in HP between the NFB and FB conditions when
the order was reversed.

6.4 Discussion

The main objective of this study was to evaluate the association between variations in
mental effort and respiratory changes. This was accomplished by manipulating mental effort
investment by absence or presence of feedback of the results, and by threat of loss of a
monetary bonus. Before discussing the respiratory findings, we should therefore consider
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whether the task manipulations were successful in altering performance in a manner

consistent with our predictions concerning changes in investment of effort. Our results seem

at least partly to support the efficacy of the task manipulations: In comparison to both NFB
and FB conditions, RT was shorter in the AON condition, and there were fewer errors.

Hence, in the AON condition, speed as well as accuracy of performance were unparalleled.
This clearly confirms our prediction that threat of loss of money would cause more mental
effort to be invested in the AON condition, as compared to the NFB and FB conditions. In

contrast, differences in performance between the NFB and FB conditions were more
difficult to interpret: RT was shorter in the FB condition, but at the cost of more errors.
Thus, feedback of results seemed to influence the strategy that was employed during the task
performance; there was a trade-off between speed and accuracy in the NFB and FB con-

ditions. Similar effects of feedback of results were found by Steyvers (1991). Taken together,

the findings regarding task performance suggest that physiological differences between the
combined NFB~FB conditions and the AON condition may in a credible manner be
attributed to differences in effort investment.

The respiratory findíngs largely confirm our prediction that respiratory activity would covary
with the degree of effort invested. Several respiratory variables increased from BL to the
task conditions, and from the less demanding NFB and FB conditions to the more

demanding AON condition. Compared to BL, task performance induced a increase in MV,
brought about by means of the following changes in the breathing pattern: Firstly, there was
a consistent, substantial and parallel decrease in the duration of all respiratory phases (Ti,
Te, and Pe), resulting in an overall increase in RR. Secondly, changes in tidal volume (VT)

also sometimes occurred. This measure decreased from BL for both phases of the NFB
condition, and a reduction was also apparent for the second period of the FB condition. VT,
however, did not vary from BL level during the first FB period or during either period of
the AON condition. These task-related RR and VT responses correspond well with those
found in other studies reporting increases in RR to be associated with either a decrease in
VT (Carroll, Turner 8c Hellawell, 1986; Carroll, Turner óz Rogers, 1987; Rousselle,
Blascovich 8t Kelsey, 1989; Turner 8c Carroll, 1985), or no change in VT (Allen, Sherwood
8c Obrist, 1986; Allen ór. Crowell, 1989). Further support for the notion that there was an
orderly connection between variations in mental effort and breathing is provided by the
covariation of cardiac activity and specific respiratory measures. The HP responses were
particularly closely linked to the changes in MV, and to those in VT~Ti.
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How were these functional changes in ventilatory activity centrally regulated, as reflected
by our indices of inspiratory drive and timing? Mean inspiratory flow rate (VT~Ti) rose
considerably in all conditions. This implies that central inspiratory drive increased during
performance of the tasks. In contrast, the index of the timing component of respiratory
control, inspiratory duty cycle (Ti~Ttot), did not change consistently with regard to task
condition. Only in the most demanding task period ( the first task period in the AON
condition), could a reliable increase in Ti~Ttot be observed. An order x task effect also
revealed that subjects first presented the FB task showed a greater Ti~Ttot during FB in
comparison to NFB; the other subjects manifested identical levels to both conditions. It is
noteworthy how narrow the range of within-individual variation was in duty cycle. The sig-
nificant findings concerning this measure involved shifts of inerely one percent. This has also
been substantiated in other behavioral tasks that do not require speech or gross physical
effort (Grossman, unpublished results). This would suggest a remarkable stability with
regard to central regulation of the phase-switching mechanism under variations in psycho-
logical demands. Although the absolute durations of inspiration, expiration and total cycle
time may vary dramatically, the proportional relationship among these variables seems to
be tightly homeostatically regulated. Our findings, therefore, would seem to imply that
fluctuations in ventilatory activity, induced by variations of inental effort, are primarily
modulated by the central drive mechanism.

The respiratory changes also appeared to sensitively track adaptation to the task manipula-
tions. VT, RR and MV, as well as the central indices of drive and timing all demonstrated
more pronounced responding in the first five min of each task, in contrast to the second five
min. Nevertheless, levels for the second period generally remained significantly different
from BL values.

An important issue revolves around the relationship of the task-related changes in RR and
VT, particularly in view of the apparently conflicting reports in the literature concerning this
relationship (e.g. Allen 8L Crowell, 1989; Allen, Sherwood óc Obrist, 1986; Carroll, Turner
á Hellawell, 1986; Carroll, Turner 8r Rogers, 1987; Rousselle, Blascovich 8c Kelsey, 1989;
Turner óc Carroll, 1985). Our findings concerning VT and RR demonstrate that both
measures related differentially to changes in MV, and that the direction of the relationship
depended upon the level of effort investment. As we have seen, RR (as well as MV)
increased from BL to the task conditions, although VT decreased, or remained unchanged.
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Hence, the baseline-to-task increase in MV was primarily determined by an increase in RR.

On the other hand, VT (as well as MV) increased from the least demanding to the most
demanding task condition ( i.e. from NFB~FB to AON), although RR was not different in

these conditions. Therefore, the ventilatory response that was associated with the increase

in effort expenditure, was primarily determined by an increase in VT. These findings imply

that there was an effort-related shift in the relative contributions of VT and RR to MV

across conditions. This shift could also be observed with regard to inspiratory flow rate, as
can be illustrated by the variation in the contributions of VT and Ti to VT~Ti. In the less

demanding task conditions, VT decreased relative to BL, and the increase in VT~Ti was
therefore primarily determined by the shortening of Ti. With increased mental effort, as in
the AON condition, the influence of VT upon VT~Ti similarly increased, but that of Ti

remained quite the same. This effort-related shift in respiratory control from timing to

volume dominance could reflect a general underlying principle of respiratory adjustments
to behavioral demands involving different levels of inetabolic activity. With relatively low
levels of inetabolic rate and MV, changes in VT and respiration rate appear to be negatively

correlated, as for example during modestly demanding mental tasks (e.g. Carroll, Turner 8c

Hellawell, 1986). On the other hand, at higher levels of energy utilization (requiring greater
gas exchange and, hence, elevated MV), VT and respiration rate are often positively cor-

related, as, for example, in graded physical exercise (e.g. Allen, Sherwood á Obrist, 1986;

Carroll, Turner 8c Rogers, 1987; Turner 8c. Carroll, 1985). It may be that beyond a certain
RR, further elevations of rate become inefficient due to excessive use of the respiratory
musculature; to achieve a certain level of gas exchange, breathing deeper may then conserve

more energy than breathing faster (e.g. Milic-Emili, Petit óc Deroanne, 1960). In any case,
the directionality of covariation between VT and RR may reflect important information
concerning relationships between behavioral demands, energetical requirements and
respiratory control.

A critical issue related to the previous discussion concerns whether the observed respiratory
changes can, indeed, be explained by alterations in metabolic activity. There was a small,
often only marginally significant decrease in PCOZ that occurred from BL to task. However,
this effect was not very robust, and mean PCOZ values during the task conditions were well
within the range usually regarded as normocapnic (Thomas, 1981). Therefore, although the
psychological demands appear to have induced a very minor shift toward hyperventilatory
breathing, it may be concluded that the respiratory changes from baseline to task parallelled
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alterations in metabolic activity to a considerable degree. Moreover, there were no changes
in PCOz across task conditions. This implies that the respiratory differences between the
task conditions were also compatible with alterations in metabolic activity.

The implications of this study are quite clear: The respiratory changes that were observed
between the task conditions reflected the combined influence of variations in mental effort,
as well as metabolic activity. Moreover, because the mental and metabolic influences upon
respiration were in this instance completely integrated, separate assessment of the
respiratory impact of the mental processes is impossible. The intrinsic link between mental
and metabolic activity may be quite characteristic for adaptive coping processes (e.g. Obrist,
1981), and can probably best be understood in terms of an integrated response of the
organism to meet the mental, behavioral and energetical demands that are posed upon it.
In the present experimental setup, this linkage may be explained by the fact that greater
mental effort produced shorter reaction times, which in turn automatically resulted in a
greater the number of trials (i.e. motor reactions) per time unit. Hence, an important
conclusion that may be drawn from this experiment is that when there is a ventilation
increase without an apparent change in PCOZ (i.e. isocapnic hyperpnea), it may be impossi-
ble to unequivocally distinguish between the influence of inental and metabolic processes.
This does not imply that respiratory measurement is irrelevant for psychologists. To the
contrary, this type of ineasurement may be helpful in demonstrating that psychological and
energetical responses may often be highly integrated. On the other hand, this respiratory
measurement also be helpful in evaluating under which conditions this coordination
disintegrates.

To the best of our knowledge, this is the first investigation showing that graded variations
in mental effort are accompanied by clear respiratory changes. Our findings seem to
indicate, contrary to much psychophysiological belief, that respiration is sensitive to
psychological manipulations when physiologically meaningful parameters are assessed.
Merely employing respiration rate in our study would have yielded the same undifferentiated
respiratory task reactivity frequently reported in the literature. Taken together, these results
may provide new insights into the manner by which respiratory regulation and function is
altered under the influence of psychological factors, and into the role of energetical
mechanisms in these alterations.
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Chapter 7

OVER-REACTIVITY OF THE PSYCHE OR OF THE SOMA?
ASSOCIATIONS BETWEEN PSYCHOSOMATIC SYMPTOMS, ANXIETY,

HEART RATE AND PCOZ'

Abstract

Current research has all but refuted previous suggestions about the role of
hyperventilation and other physiological factors in the formation of psycho-
somatic symptoms. In contrast, it has been proposed that the experience of
psychosomatic symptoms is primarily associated with psychological mecha-
nisms, i.e. with enhanced tendencies of distressed individuals to focus atten-
tion upon bodily sensations and to evaluate these in a catastrophic manner.
Physiological influences have, however, not yet been fully explored. The
present study evaluates contributions of psychological and physiological
mechanisms to psychosomatic symptom formation among a group of 83
normal, healthy male subjects by assessing relationships between symptom
experience in daily life, situational and dispositional arixiety, restíng end-tidal
PCOZ and heart rate. Trait an~ciety and end-tidal PCOz each contributed
separately to the prediction of the psychosomatic symptom score; trait arixiety
explained nearly one-third of the symptom variance, and an additional four
percent was explained by PCOZ. Psychologícal symptoms were more strongly
associated with anxiety, and somatic symptoms more strongly with PCO2.
Heart rate was not significantly associated with symptom reporting. Analysis
of covariance among subgroups of extreme symptom reporters supported the
finding that high symptom reporters have depressed PCOZ levels, even when
psychological influences were partialled out. These data suggest that reports
of psychosomatic symptoms represent two distinct components: one that is
primarily psychological (and is unrelated to physiological factors), and a
second that reflects objective variance in physiological processes. The
influence of the first component may often be much greater than that of the
second.

'Cornelis J.E. Wientjes (Institute for Perception TNO, Soesterberg) óc Paul Grossman
(Psychophysiology Research Group, University of Freiburg, BRD).
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7.1 Introduction

Many apparently healthy individuals regularly complain about psychological and somatic
symptoms (Costa 8t McCrae, 1985; Kellner 8c Sheffield, 1973; Mechanic, 1980; Pennebaker,
1982; Watson 8z Pennebaker, 1989). It has often been suggested that various of their symp-
toms are a consequence of hypocapnia (low arterial levels of carbon dioxide), which, in turn,
is brought about by episodic or chronic overbreathing (hyperventilation) (Grossman 8c
Wientjes, 1989; Magarian, 1982; Weimann, 1962). This assumption is mainly based upon the
observation that voluntary hyperventilation often produces psychosomatic symptoms, which
may be highly similar to those typically reported in daily life (Clark óc Helmsley, 1982; Huey
8t West, 1983). Hence, for years it has been customary to consider individuals who
commonly complain of somatic and psychological symptoms and who recognize the majority
of these symptoms during voluntary hyperventilation, as suffering from hyperventilation
syndrome (Grossman 8c de Swart, 1984; Grossman óc Wientjes, 1989; Magarian, 1982).
However, claims concerning the role of hyperventilation and aberrant breathing in
spontaneous psychosomatic symptom formation have, as yet, lacked sound empirical
underpinning. Moreover, diagnostic tests aimed at identifying hyperventilation syndrome
patients by evaluating the recognition of symptoms during voluntary hyperventilation, have
repeatedly been shown to be methodologically and empirically flawed (Grossman 8z
Wientjes, 1989; Hornsveld et al., 1990; Roll, 1987; Svebak 8c Grossman, 1985). The most
effective refutation of the idea that psychosomatic symptoms are a simple consequence of
hyperventilation is provided by a number of studies that have shown that these symptoms
may also frequently be reported during laboratory stressors that induce no hyperventilation
(Hornsveld et al., 1990; Roll, 1987; Svebak 8z Grossman, 1985; Wientjes et al., 1986;
Wientjes, Grossman ót Gaillard, 1986). Hence, several authors have raised severe doubts
concerning the role of hyperventilation in somatic symptom formation, and concerning the
validity of hyperventilation syndrome as a distinct clinical disorder (Grossman 8t Wientjes,
1989; Hornsveld et al., 1990). In contrast, it has recently often been suggested that symptom
formation may be due to enhanced tendencies of amcious and distressed individuals to focus
attention upon bodily sensations, and to appraise these in a negative or catastrophic manner
(Pennebaker, 1982; Watson 8c Pennebaker, 1989). Thus, there currently appears to be
substantial consensus that the experience of psychosomatic symptoms is predominantly tied
to psychological, rather than to physiological, mechanisms (Clark et al., 1988; Ehlers óz
Margraf, 1989; Grossman 8t Wientjes, 1989).
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There is, however, a hitherto inadequately explained phenomenon that appears to be at
odds with the evidence that dismisses hyperventilation as a major factor in psychosomatic

symptom formation. Compared to symptom-free controls, individuals who regularly suffer
from psychosomatic symptoms have repeatedly been shown to have somewhat depressed
baseline levels of end-tidal PCOz (Bass óc Gardner, 1985; Bass, Lelliot 8c Marks, 1989;
Folgering 8t Colla, 1978; Gardner, Meah óc Bass, 1986; van den Hout et al., 1992; Rapee,
1986). Although this suggests that symptom reporters may be modestly hyperventilating, it
of course does not imply that hyperventilation contributes in a major way to the production
of symptoms. Because anxiety and stress have been shown to induce mild-to-moderate
hyperventilation (Allen, Sherwood 8z Obrist, 1986; Dudley et al., 1964; Grossman, 1983;
Suess et al., 1980) as well as psychosomatic symptoms (Pennebaker, 1982; Watson 8t
Pennebaker, 1989), an alternative explanation might be that the ventilatory and somatic-
perceptual over-reactivity of symptom reporters bear no direct association to each other, but
that their apparent co-occurrence is solely due to the underlying relationship that each
shares with situational or dispositional distress (Grossman 8t Wientjes, 1989). An important
implication of this proposition is that a substantial proportion of the variance in psychoso-
matic symptom reporting should be predictable on the basis of differences in situational and
dispositional distress, and that additional contributions of PCOz and other physiological

factors to the prediction of symptom reporting should be neglígible.

The present study attempts to clarify the role of psychological and physiological factors in
symptom formation by evaluating the degree to which individual differences in psychoso-
matic symptom reporting in daily life among normal individuals were predicted by resting
levels of end-tidal PCOZ and heart rate, and by dispositional and situation-specific anxiety.
In addition to end-tidal PCOZ, heart rate was included in the study to evaluate the specificity
of the association between ventilatory and symptom responses. In contrast to hyperventila-
tion, this measure has not been directly implied in psychosomatic symptom formation.

The design of the study was very simple: a group of 83 healthy normal male subjects filled
in a state~trait-arixiety questionnaire, and a psychosomatic symptom checklist. Subsequently,
end-tidal PCOZ and heart rate were measured during a 15-min resting period. Stepwise
multiple regression analyses were employed to assess the degree to which several categories
of psychosomatic symptoms were predicted by the psychological and the physiological mea-
sures. Furthermore, multivariate analysis of covariance was performed on extreme groups
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of symptom reporters in order to evaluate differences in physiological activity, corrected for
state and trait arixiety.

7.2 Method

Subjects

Ninety-one male students were recruited via advertisements in university periodicals. They
were paid for their participation. Before commencement of the measurement session,
subjects were interviewed in order to ensure that no medical condition existed. Due to
unexpected cardiac problems that emerged during ECG recording (e.g. ectopic beats), and
due to equipment failure, the data of eight subjects had to be excluded from the analyses.
Ages of the remaining 83 subjects ranged from 19-31 years (M - 22.8, SD - 2.5).

Apparatus

During the experiment, subjects were seated on an easy chair in the laboratory, with their
backs to the measurement equipment. End-expiratory PCOZ was measured via infrared
analysis of the expired air (Beckman LB-2). The sample tube of the capnograph was
attached to an open face mask. A sample flow rate of 500 ml~sec was used. Before each
experimental session, the capnograph was calibrated with medical calibration gas containing
SPIo COZ. The output of the LB-2 was corrected for the ambient barometric pressure and was
expressed as a partial pressure (mm Hg). The electrocardiogram (ECG) was measured via
a Hellige Servomed ECG monitor, employing three Hellige electrodes, that were placed on
either side and the middle of the sternum. The physiological signals were recorded on a
Watanabe 6-channel chart recorder. The data were hand-scored across three one-minute
segments (9`~, 12~ and 15~ minute of the 15-min resting period) and were subsequently aver-
aged. Scoring of the physiological data was performed without knowledge of the question-
naire data. Mean heart rate (HR) was obtained by counting the number of R-waves per
minute. Mean end-tidal PCOZ was scored by averaging the breath-by-breath end-tidal ampli-
tudes of the COZ waveforms that reached a distinct plateau (see Gardner, Meah 8c Bass,
1986).
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Two questionnaires were employed in this study. To measure situational and dispositional
anxiety, the Dutch version of Spielbergers' State-Trait Anxiety Inventory (van den Ploeg,
Defares 8c Spielberger, 1979) was utilized. Psychosomatic symptom experience in daily life
was evaluated via a 35-item checklist (see Table 7.1) that assessed the frequency with which
hyperventilation-related symptoms were experienced ín daily life on a four-point scale
ranging from "not at all" via "sometimes", "regularly" to "often" (Grossman 8c de Swart,
1984). These response categories were associated with weights ranging from zero to three.
The overall symptom score was obtained by summing the scores for all items. In addition,
scores were calculated in a similar way for six separate symptom subscales (I: gastro-
intestinal symptoms; II: tingling sensations; III: respiratory symptoms; IV: cardiac symptoms
and sensations of warmth; V: dizziness and fainting; VI: psychological symptoms; see also
Table 7.1). These subscales were based upon factor analysis of the checklist that was
previously performed on the data of 628 subjects (Otten, 1991).

Procedure

Upon arrival in the laboratory, subjects were given a brief outline of the experiment, and
were interviewed about their health status and other potentially relevant issues. Then, they
were asked to fill in the questionnaires. After completion, the physiological sensors were
attached. Subsequently, subjects were asked to relax as much as possible, and the resting
condition was administered. Total duration of the resting period was 15 min. During the first
8 min of the resting period, subjects were allowed to adapt to the experimental situation.
After this adaptation period, the face mask was attached, and physiological measurements
started. The resting condition was followed by a number of other experimental conditions
(i.e. paced breathing and voluntary hyperventilation) that are irrelevant for the present
study. The results concerning these experimental conditions have been published elsewhere
(Grossman ót Wientjes, 1985).
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7.3 Results

The percentages of positive responses to the individual items on the psychosomatic symptom

checklist are given in Table 7.1, separately for the response categories "sometímes",

"regularly" and "often". Overall response rates were surprisingly high: 98.8010 of the subjects

reported to sometimes experience at least one of the psychosomatic symptoms on the

checklist, and 49.4010 of the subjects reported to regularly experience at least one of the

symptoms on the checklist. On the other hand, only few symptoms were reported to be

experienced often: 7.2~o reported to often experience at least one of the symptoms on the

checklist. Positive response rates for the separate symptom categories are presented in Table

7.2.

Means and standard deviations of the psychological and physiological measures are given

in Table 7.3. Compared to the distribution of scores of a norm group of male Dutch
university students, the mean state anaciety (SA) and trait amciety (TA) scores fell in the

fourth and fifth deciles, respectively (van de Ploeg, Defares 8c Spielberger, 1979), and could

therefore be considered as normal. Mean HR also was normal, but mean end-tidal PCOZ
was rather low (normal PCOz values range from 35-45 mmHg Thomas, 1981).

Correlations between symptoms, psychological measures, and resting physiological measures

are shown in Table 7.4. Consistent with our expectation, psychosomatic symptom scores were

strongly associated with the arixiety measures. In this respect, correlations with TA were
generally higher than those with SA. On the other hand, several symptom categories (total
symptom score, gastro-intestinal symptoms, cardiac~warmth symptoms and dizziness~fain-

ting) were significantly related to depressed PCOZ levels. Although there were a few weak

tendencies for HR to be positively associated with the symptom scores, there were no

significant correlations between symptoms and HR. I~lot presented in Table 7.4 are the

correlations between the psychological and the physiological measures. The only (marginally)

significant r in this series was between SA and PCOZ (r --0.18, p ~ 0.10).
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Table 7.1 Percentage positive responses to items of the psychosomatic
symptom checklist.

Item " sometimes" "regularly" "often"
-------------------------------------------------------------------------------------------------------------------------
Gastro-intestina! symptoms
Nausea 39.8 1.2 -
Stomach cramps 34.9 1.2 -
Shivering 32.5 2.4 -
Stomach feels btown up 53.0 6.0 -
Tingling sensations
Tingling in feet 15.7 1.2 -
Tingling in legs 8.4 1.2 -
Tingling in arms 9.6 - -
Tingling in fmgers 16.9 - -
Tingling in face 7.2 - -
Respiratory symptoms
Unable to breathe deeply enough 28.9 1.2 3.6
Suffocating feeling 31.1 2.4 -
Need for air 14.5 2.4 -
Pressure on chest 15.7 - -
Cardiac symptoms and sensations of wam-tth
Rapid heartbeat 57.8 6.0 -
Feeling of heat 48.2 16.9 1.2
Pounding heart 55.4 4.8 -
Irregular heartbeat 20.5 1.2 -
Feeling of head warmth 25.3 3.6 -
Dizziness and fainting
Dizziness 34.9 - -
Blacking out 25.3 1.2 -
Fainting 4.g - -
Psychological symptoms
Feeling of unrest, panic 45.8 6.0 1.2
Feeling anxious 34.9 4.8 -
Tenseness 62.7 16.9 1.2
Unclassified symptoms
Confused or dream-like feeling 26.5 1.2 -
Fits of crying 14.5 - -
Toe or leg cramps 42.2 1.2 -
Hands tremble 43.4 3.6 2.4
Chest pain around heart region 31.3 1.2 -
Stiffness in fmgers or arms 8.9 2.4 -
Cold hands or feet 33.7 12.1 -
Pressure or knotin throat 41.0 3.6 -
Faster~deeper breathing than normal 36.2 2.4 1.2
Tiredness 62.7 18.1 1.2
Headaches qg.2 1.2 -
--------------------------------------------------------------------------------------------------------------------------
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Table 7.2 Percentage positive responses to the items in the different symptom
categories.

Symptom category "sometimes" "regularl~' "often"

Gastro-intes[inal
Tingling
Respiratory
Cardiac and warmth
Dizziness and fainting
Psychological

77.1 8.4
27.7 1.2
51.8 7.2 3.fi
83.1 20.5 1.2
43.4 1.2
86.8 19.3 1.2

Table 7.3 Mean, SD and range of state and trait atixiety scores, PCOZ and
heart rate.

PCOZ HR
SA TA mmbg bpm

Min. 20.0 21.0 28.7 42.5
Max 48.0 62.0 44.2 97.0
Mean 31.9 34.7 36.6 64.1
SD 6.3 7.8 3.8 9.5

Table 7.4 Pearson correlations between psychosomatic symptom scores, state
and trait anxiety, PCOZ and HR (decimal points have been omitted).

Symptoms SA TA PCOz HR
-----------------------------------------------------------------------------------------------------------
Total score 32~ 56~ -2T 20'
Gastro-intestinal 17 25' -24' 4
Tingling 19' 43`~ -5 2
Respiratory 23' 2T -15 21'
Cardiac~warmth 26' 31" -28' 19'
Dizziness~fainting 11 22' -24' 11
Psychological 35~ 68~ -15 14

' p ~ O.1Q ` p ~.05, " p ~.0 i, m p ~ 0.001
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The next question that was considered was whether the psychological and physiological
measures each contributed independently to the symptom scores. This was assessed via
stepwise multiple regression (with forward inclusion and alpha-to-enter and remove - 0.05),
using SA, TA, PCO2 and HR as predictors (see Table 7.5). Results indicate that, for several
symptom categories (total symptom score, gastro-intestinal symptoms and cardiac~warmth
symptoms), TA and PCOZ each contributed separately to the prediction of the symptom
scores. In the case of dizziness~fainting symptoms, PCOZ turned out to be the only signifi-
cant predictor. With regard to the total symptom score, trait arixiety and PCOZ together
accounted for 35010 of the criterion variance, with PCOZ contributing an additional 4qo over
the variance accounted for by trait arixiety. Regarding gastro-intestinal symptoms, the
percentages of variance accounted for by TA and PCOZ were comparable (6qo and Sqo,
respectively), whereas both predictors together explained 15070 of the variance in car-
diac~warmth symptoms (TA accounting for 10010, and PCOZ for an additional Sqo of the
criterion variance). Of the variance in dizziness~fainting symptoms, 601o was explained by
PCOZ, none of the other predictors adding significantly to the prediction. Conversely,
tingling, respiratory and psychological symptoms were only significantly predicted by TA
(percentages of variance accounted for being 18010, 701o and 46~10, respectively). SA and HR
did in no instance add significantly to the predictions, despite the fact that there were
several significant zero-order correlations between SA and the symptom scores (see Table
7.4). This, of course, reflects the significant correlation (r - 0.52) between SA and TA; once
the influence of TA was partialled out, SA was no longer significantly associated with the
symptom scores.

In order to add further evidence to the correlational findings, we formed two extreme
groups of symptom reporters ( lowest and highest 33~Io of the distribution of total symptom
scores; n- 27 in each group). As might be expected, multivariate analysis of variance
(MANOVA) indicated that the high symptom (HS) and low symptom (LS) groups differed
with regard to the anxiety measures, Wilks' Lambda F(2,51) - 8.35, p ~ 0.001. TA was
higher in the HS group ( LS: mean TA - 30.5 ( f 5.7); HS: mean TA - 38.4 ( f 8.2),
F(1,52) - 16.90, p ~ 0.001), but both groups were only marginally different in SA (I.S:
mean SA - 30.0 ( f 5.7); HS: mean SA - 33.3 ( f 7.1), F(1,52) - 3.59, p ~ 0.10).

70



Psychosomatic symptoms, anxiety, heart rate and PCOZ

Table 7.5 Stepwise multiple regressions of PCO2, heart rate, state and trait
anxiety on overall psychosomatic symptom score, and scores for symptom
subscales (gastro-intestinal symptoms, tingling sensations, respiratory symptoms,
cardiac symptoms, dizziness~fainting and psychological symptoms).

Criterion Predictor B' R RZ change
-------------------------------------------------------------------------------------------------------------------------------
Total symprom score
Step 1 Trait ana~iety 0.53 0.56 0.31~
Step 2 PCOZ -0.21 0.59 0.04'

Gastro-intestinal symptoms
Step 1 Trait an~tiety 0.22 0.25 0.06'
Step 2 PCOZ -0.21 0.33 0.05'

Tingling symptoms
Step 1 Trait anxiety 0.43 - 0.18"'

Respira[ory symptoms
Step 1 Trait anxiety 0.27 - 0.07"

Cardiac symptoms and warmth sensations
Step 1 Trait amciety 0.28 0.31 O.lOa
Step 2 PCOZ -0.24 0.39 0.05'

Dizziness~fainting
Step 1 PCOz -0.24 - 0.06'

Psychological symptoms
Step 1 Trai[ an~ety 0.68 - 0.46""

' Standardized regression coefficient
' p ~.05, ~ p ~.O 1, ~ p ~.001
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Next, we evaluated between-group differences in PCOZ and HR. Means and SD's for the LS
and HS groups are presented in Table 7.6. MANOVA revealed that PCOZ was significantly
lower in the HS group, F(1,52) - 5.62, p ~ 0.05, and that HR was marginally higher in this
group, F(1,52) - 3.45, p ~ 0.07. There was a significant multivariate groups effect, Wilks'
Lambda F(2,51) - 5.34, p ~ 0.01. Subsequently, in order to test whether these group differ-
ences would be eliminated after adjustment for the anxiety measures, we performed analysis
of covariance (ANCOVA). A preliminary test for homogeneity of slopes revealed no
significant group by covariate interactions (all F-ratio's ~ 1). Perhaps the most important
result emerging from the ANCOVA is that, when corrected for the amciety measures, PCOZ
was still significantly lower in the HS group, F(1,50) - 4.83, p ~ 0.05. HR, moreover,
remained marginally higher in the HS group, F(1,50) - 3.78, p ~ 0.06. The univariate
ANCOVA findings were substantiated by a significant multivariate groups effect, Wilks'
Lambda F(2,49) - 5.07, p ~ 0.01.

Table 7.6 Means and SD's of end-tidal PCOZ and heart rate for the High (HS)
and Low Symptom (LS) groups (n - 27 in each group).

Group Variable Mean SD

LS PC02 37.4 2.3
HR 61.6 8.2

HS PCOZ 35.4 3.3
HR 67.5 10.7

7.4 Discussion

The purpose of this study was to test empirically the hypothesis that individual differences
in psychosomatic symptom experience would exclusively be predicted by situational and
dispositional anxiety. Should this be true, then physiological factors would not add
significantly to the prediction of the symptom scores. Our findings, however, clearly failed
to support this hypothesis. The regression analyses demonstrated that although the influence
of psychological factors upon symptom experience was generally quite substantial, tendencies
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toward hyperventilation were independently associated with symptom reporting. This was
not only true with regard to the overall symptom score, but also with regard to particular
symptom categories. The regression results were supported by the analysis of covariance that
was performed on extreme symptom groups. When variance associated with arixiety was par-
tialled out, the HS group clearly had a lower resting PCOZ than the LS group. Our results
therefore demonstrate that physiological factors may play an independent role in psychoso-
matic symptom formation, in addition to psychological distress.

These findings, nevertheless, leave little doubt about the pervasive influence of psychological
mechanisms upon symptom formation. Nearly one-third of the variance in the total symptom
score was predicted by TA. This is consistent with a number of other reports (Costa 8z
McCrae, 1985; Kellner 8z Sheffield, 1973; Mechanic, 1980; Pennebaker, 1982; Watson á
Pennebaker, 1989), and appears to be in support of the suggestion of Watson 8z Pennebaker
(1989), that "... the distinction between psychological and physical complaining is clearly
arbitrary and inadequate", and that "... self-reported distress represents a single pervasive
trait that is expressed through a broad range of negative affect states and somatic
complaints" (page 248). However, the correlations between TA and scores in separate
symptom categories suggest that a further differentiation may be useful: TA was much more
closely associated with psychological, than with somatic symptoms. The percentage of
variance that was explained by TA ranged across somatic symptom categories from 1801o to
6~0 (with no significant contribution ofTA to the prediction of dizziness~fainting symptoms),
whereas the percentage of explained variance with regard to psychological symptoms was
46010. In contrast, the associations between PCOZ and symptom reporting were stronger for
somatic symptom categories, than for the psychological symptom category. There was no
significant relation between psychological symptoms and PCO2, whereas the percentages of
physiologically explained variance were in the order of Sqo-6~o for gastro-intestinal,
cardiac~warmth and dizziness~fainting symptoms. In this regard it is also noteworthy that
PCOz turned out to be the only significant predictor of dizziness~fainting symptoms.

Hence, psychological and somatic symptom reporting seem to be tied to different sources
of variance. Moreover, certain somatic symptoms appear to reflect, at least to some degree,
objective physiological phenomena. It might therefore tentatively be inferred that somatic
symptom reporting has two distinct components, one that is primarily psychological and
unrelated to physiological factors, and one that reflects the subjects' perception of genuine,
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objective variance in physiological processes. Actual symptom reports apparently embody

a blend of both components, although the influence of the first component may often be

much greater than that of the second. It seems fair to conclude on the basis of these findings

that, although symptom experience is generally strongly associated with subjective distress,

there may be a more direct association between ventilatory activity and somatic symptoms

than is often recognized in the current literature (Clark et al., 1988; Ehlers á Margraf, 1989;

Watson 8c Pennebaker, 1989).

Perhaps, our data can best be explained by taking Watson 8z Pennebaker's (1989) position

one step further. Given that anxious and neurotic individuals are likely to experience more

frequent, and more profound stress-related ventilatory reactions than others, it may be
conjectured that they have become sensitized to the associated bodily sensations, and have

developed enhanced tendencies toward negative evaluations of internal somatic perceptions.

This may explain why they may already experience distressing somatic symptoms during

relatively modest levels of hyperventilation (Grossman 8i Wientjes, 1989).

An intriguing question, in this respect, is whether the somatic component of symptom

reporting specifically reflects distinct physiological processes, or, rather, variations in general

physiological activation. Although our findings are far from conclusive in this regard, they
indeed suggest that some degree of specificiry is involved. Somatic symptoms were clearly

more closely tied to overbreathing than to cardiac activity. However, in addition to a

significant difference in PCO2, there emerged a marginal tendency for the subjects in the
high symptom group to have higher resting heart rates. Hence, although the most dominant
characteristic of high symptom reporters may be ventilatory hyperfunction, it might also be

true that cardiovascular activity is somewhat elevated among these individuals. The notion

of specificity, on the other hand, seems to be called into question by the fact that the
symptom categories seeming intuitively to be most closely tied to hyperventilation

(respiratory and tingling symptoms) were clearly unrelated to PCO2. More research is
obviously needed to further clarify the specificity issue.

The observed depressed resting level of PCOZ of the HS group is consistent with similar
findings among groups of patients suffering from hyperventilation syndrome and from panic
disorder (Bass 8c Gardner, 1985; Bass, Lelliot ót Marks, 1989; Folgering ót Colla, 1978;
Gardner, Meah ~c Bass, 1986; van den Hout et al., 1992; Rapee, 1986). Several authors
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(Grossman 8z Wientjes, 1989; van den Hout et al., 1992), have previously suggested that low
resting levels of PCOZ among symptom reporters might be reflective of great subjective
distress. Our data indeed demonstrate a marginal relationship between PCO2 and SA,
suggesting that higher situational arixiety is weakly associated with depressed PCOZ levels.
TA, on the other hand, was unrelated to PCO2. Therefore, the possibility that PCOZ is a
function of situational distress deserves further exploration.

Finally, we should note some of the limitations of the present study. First, it is conceivable
that the range of psychological factors that were assessed in the present study (state and
trait anxiety) was too limited to adequately determine psychological influences upon
symptom reporting. For example, somatic anxiety (i.e. specific fear for somatic symptoms)
might be more strongly associated with somatic symptom reporting than our acixiety
measures. Second, in contrast to the studies that have previously found depressed PCOZ
levels among symptom reporters (Bass ác Gardner, 1985; Bass, Lelliot á Marks, 1989;
Folgering 8c Colla, 1978; Gardner, Meah 8r. Bass, 1986; van den Hout et al., 1992; Rapee,
1986), the present study employed normal subjects. It is unknown whether our results may
be generalized to the clinical populations. In this respect, it is noteworthy that the present
sample might have been somewhat atypical for a normal, healthy population in that the
overall rate of responding on the psychosomatic symptom checklist was extremely high.
Mean percentage of positive responding per item was substantially higher in the present
study (35.8qo) than the percentages reported by Grossman 8c de Swart (1984), who
employed a slightly different version of the same symptom checklist. Among a group of 200
patients that did not meet diagnostic criteria for hyperventilation syndrome, these authors
found a mean positive response percentage per item of 27.2qo, and this percentage was
33.1 qo among a group of 200 hyperventilation syndrome patients. The reasons for the high
symptom response in the present study are unclear, although it seems possible that the
advertisement that was employed in the recruitment procedure--mentioning that the study
concerned psychosomatic symptoms--served to specifically appeal to individuals who had
problems with these symptoms. Also, differences in instruction and procedure between both
studies might be responsible for the observed differences in symptom reporting. Another
(potentially related) peculiarity of the present sample is the rather low mean resting PCOZ
level. In light of these potential sample biases, it is clearly important that the present
findings be replicated, both among normal subjects and among clinical populations.
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Chapter 8

RESPIRATORY AND CARDIOVASCULAR RESPONSES
TO MENTAL LOAD AND PHYSICAL EXERCISE

AMONG HIGH PSYCHOSOMATIC SYMPTOM REPORTERS
AND SYMPTOM-FREE CONTROLS

Abstract

This study addressed two issues: 1) Distinctions between psychologically- and
exercise-induced respiratory changes, and 2) Individual respiratory differences.
Respiration, heart period and blood pressure were measured during a reaction
time task, during a memory-loading task, and during moderate physical
exercise. Two groups of subjects participated in the study: A group that fre-
quently experienced psychosomatic symptoms, and a symptom-free control
group. Respiration was measured noninvasively via inductive plethysmography.
Respiratory measures included tidal volume, respiration rate, respiratory
phase durations, minute volume and end-tidal PCO2. On the basis of these
measures, mean inspiratory flow rate and duty cycle (reflecting central driving
and timing mechanisms, respectively), were calculated.

The results show that respiration rate was the only physiological measure to
reliably differentiate between the two mental tasks. Concerning differences
between the respiratory consequences of inental and physical load, the
following results were obtained: 1) Minute volume increased much more
during exercise than during any of the mental tasks; 2) Mean inspiratory flow
rate was much greater during exercise than during the mental tasks; 3) In
contrast to the mental tasks, exercise induced an increase in inspiratory time
and a decrease in the expiratory pause time, resulting in an increase in duty
cycle; 4) The respiratory responses to the mental tasks were primarily brought
about by an increase in respiration rate, whereas a tidal volume increase was
the dominating factor in the exercise response. These findings are discussed
in terms of the patterning of the respiratory adjustments to behavioral states
involving variations in energetical demands.

Analysis of the individual differences revealed that PCOZ levels were
depressed among the HS group, as compared to the LS group. Furthermore,
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the HS group responded stronger to the tasks with regard to inspiratory flow
rate, and overall levels of ventilation and of increased inspiratory flow rate
tended to be enhanced among the HS group. These findings corroborate
earlier reports concerning links between psychosomatic symptoms and
hyperventilatory breathing. It is suggested that the increased respiratory
reactivity among symptom reporters may be due to influences associated with
high levels of psychoenvironmental stress.

8.1 Introduction

The respiratory system is primarily under the control of automatic mechanisms that maintain
homeostasis and provide flexible adaptation to changes in metabolic requirements. However,
cortical influences may often overrule these mechanisms, and may sometimes even disrupt
appropriate homeostatic functioning (Bass 8z Gardner, 1985; von Euler, 1977). Hence,
changes in the pattern of breathing may reflect variations in metabolic, cognitive, emotional,
and other processes, as well as combinations of these.

Respiratory psychophysiology has, as yet, provided few details concerning the distinction
between the respiratory consequences of psychological and metabolic influences. The only
qualitative difference that has been firmly established revolves around to the metabolic
appropriateness of the ventilatory response. Whereas ventilation is normally in tune with
metabolic requirements (i.e. normocapnia), psychological influences of a threatening,
aversive or painful nature may induce hyperventilation (i.e. ventilation in excess of inetabolic
demands), causing depletion of the COZ stores in the body (e.g. Allen, Sherwood 8z Obrist,
1986; Dudley et al., 1964; Freeman, Conway 8c Nixon, 1986; Grossman áz Wientjes, 1989;
Suess et al., 1980). It is still unknown whether the occurrence of hyperventilation is centrally
mediated by the same respiratory control mechanisms that mediate normocapnic respiratory
responses, or whether different mechanisms are implicated. Similarly, it remains obscure
whether the normocapnic respiratory changes that can be observed under the influence of
psychological stimuli, are under the control of the same central regulatory mechanisms that
govern the response to metabolic changes.

A number of recent studies strongly suggest that it may frequently be impossible to unequiv-
ocally distinguish between the respiratory consequences of psychological and metabolic
influences because the two are often highly integrated (e.g. Allen 8t Crowell, 1989; Allen,
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Sherwood 8z Obrist, 1986; Benson, Huddleston ót Rolfe, 1965; Langer, McCubbin, Stoey et
al., 1985; Rousselle, Blascovich 8z Kelsey, 1989; Wientjes, Grossman ót Gaillard, submitted).
These studies have documented respiratory responses to a wide variety of psychological
demands. In all instances, ventilation increased when psychological demands increased.
Because PCOZ remained constant in these studies, it is apparent that the psychologically-
induced respiratory changes were directly linked to changes in metabolic rate.

When attempting to evaluate distinctions between psychological and metabolic influences

upon breathing, another approach might be to directly compare respiratory responses that
are primarily associated with psychological influences with responses that are mainly due to
metabolic influences, and to assess whether the functional and regulatory changes in both

instances vary along the same continuum. The present study was designed to perform this

comparison. We measured physiological responses to two mental tasks, and to moderate
physical exercise. In order to assess differences between the respiratory and cardiovascular

response systems, we also measured heart rate and blood pressure.

The second point that was addressed in this study concerned individual differences in
respiration. It is known that certain clinical groups (e.g. individuals suffering from hyperven-

tilation syndrome or panic disorder) are characterized by moderate levels of hyperventilation

(Bass 8t Gardner, 1985; Folgering 8z Colla, 1978; Gardner, Meah 8t Bass, 1986; Grossman
óc Wientjes, 1989; van den Hout et al., 1991; Magarian, 1982). Sinular respiratory differences
have been observed among normal, apparently healthy populations between groups that

frequently experience psychosomatic symptoms, and symptom-free controls (Huey 8z West,

1983; Wientjes 8z Grossman, submitted). Therefore, tendencies to experience psychosomatic
symptoms appear to be associated with respiratory over-reactivity, although there is
convincing evidence that psychological factors also play a decisive role in psychosomatic

symptom formation (e.g. Grossman á Wientjes, 1989; Watson 8t. Pennebaker, 1989). We
decided to employ tendencies toward symptom reporting as a criterion for the selection of

subjects in the present study. We expected that if it would be possible to select sufficiently

extreme groups of symptom reporters, this criterion would enable us to study individual
differences in respiratory behavior. By comparing the respiratory and cardiovascular

responses of these groups, we assessed whether psychosomatic symptom experience is

specifically tied to excessive respiratory activity, or whether similar associations may be
found with cardiovascular responses.
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At present, very few details are known about respiratory individual differences. One of the
few studies that has addressed the issue, has compared high and low ventilatory reactors that
were selected on a post hoc basis (Allen, Sherwood and Obrist, 1986). These investigators

found tidal volume (VT) and respiration rate (RR) to be enhanced, and end-tidal PCO, to
be depressed, among high ventilatory reactors to cold pressor stress. High ventilatory
reactors to an aversive reaction time task similarly had a higher RR and a lower PCOZ, but
they did not differ from low reactors with regard to VT. Unfortunately, this study did not
provide psychological information about the high and low reactive groups. However, these
findings appear to confirm that tendencies toward normo- or hyperventilation may play an

important role in distinguishing between dispositional respiratory characteristics.

In the present study, we measured respiration, end-tidal PCOz, heart rate and blood pressure

during a memory comparison reaction time task (MCT), a continuous memory task (CMT),
and moderate physical exercise on a bicycle ergometer. The MCT that was employed was
characterized by speed instructions. This task was identical to the MCT that was earlier used
in the Wientjes, Grossman 8z Gaillard (submitted) study. The CMT, in contrast, was a short-
term memory loading task that involved no speed instructions. Individual differences in the
respiratory responses were assessed by comparing two groups of subjects. One group had
reported to frequently experience psychosomatic symptoms in daily life, and had, in addition,
reported to recognize the majority of these symptoms during a brief period of voluntary
hyperventilation. The other group had reported to experience no, or few symptoms.

8.2 Method

Subjects

Subjects were twenty males (age 40-50 years; mean - 44.7 (-}- 3.0), who were divided into
two groups of 10 subjects each. The individuals in one group were selected on the basis of
their tendencies to experience psychosomatic symptoms (see below for a description of the
selection procedure). This group will be referred to as the High Symptom group (HS group).
The other group was selected on the basis of the absence of psychosomatic symptoms. This
group will be referred to as the Low Symptom group (LS group). All subjects were in good
health. They were paid for participation.
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Selection procedure

First, all male administrative employees between 40 and 50 from two local companies were
approached via their company physicians (approx. 110 individuals). They received a 35-item
psychosomatic symptom checklist that assessed the degree to which various symptoms were
experienced in daily life (Grossman 8~ de Swart, 1984). Symptoms were scored on a four-
point scale ranging from "not at all" via "sometimes", "regularly" to "often". These response
categories were associated with weights ranging from zero to three. The overall symptom
score was obtained by adding the scores for all items. About half of the questionnaires was
returned (approx. 60). Subsequently, the health status of the applicants with the highest
symptom scores was checked by the company physicians. Healthy individuals who had a
symptom score above 15, were invited to visit the laboratory for the second part of the
selection procedure. They were required to hyperventilate voluntarily for a 3 min period,
so that a substantial amount of hypocapnia ensued (i.e. end-tidal PCOZ ~ 20 mmhg). After
termination of the hyperventilation, they were again given a symptom checklist, and were
asked to indicate which symptoms had been experienced during the hyperventilation. This
procedure is known as the hyperventilation provocation test (HVPT), and is a commonly
employed procedure for diagnosis of hyperventilation syndrome (Grossman 8i Wientjes,
1989). A correspondence between the acute HVPT symptoms and the major chronic
symptoms is assumed to indicate a positive diagnosis. We applied the same principle, and
selected the individuals with the highest percentage of recognized symptoms for the HS
group. Among all ten HS-subjects, the recognition rate of chronic daily symptoms was
greater than SOqo. The LS group was formed out of the ten subjects with the lowest chronic
symptom scores, who were considered healthy. These subjects were not subjected to the
HVPT. T'he mean sum scores for chronic symptoms ( f SD) for both groups were: HS
group: 23.5 ( f 6.2); LS group: 1.2 ( f 1.0). In order to also provide a psychological charac-
terization of both groups, Spielberger trait anxiety (TA) scores (van der Ploeg et al., 1979)
were assessed. As expected, there was a highly significant difference between both groups
(t(18) --5.16, p ~ 0.001). The mean TA scores ( f SD) for both groups were: HS group:
41.6 ( f 10.6); LS group: 24.1 (-t. 1.7).
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Apparatus

During the experiment, subjects were seated on a comfortable chair in a soundproof cubicle.
In front of them was a computer monitor (DEC VT-100), that was placed upon a table at
eye leve] (distance approx. 50 cm). Also on the table was a panel with two microswitches
that served as response keys. The monitor and the response keys were connected with a
PDP 1103 microcomputer which presented the MCT and CMT, and stored the reactions of
the subjects for later analysis. The physical exercise task was performed on a Monark bicycle
ergometer. Respiration was noninvasively monitored via inductive plethysmography
(Respitrace, Inc.). The Respitrace bands were attached around the chest (across the
nipples), and abdomen (between the navel and the xiphoid process), and were secured by
an elastic vest (Bandafix). Before commencement of the measurements, Respitrace
calibration data were collected by recording rib cage and abdominal Respitrace signals along
with a volume signal from a wet spirometer (Mijnhardt Volutest). In order to vary the
relative motions of the rib cage and abdomen as much as possible during calibration,
subjects were instructed to first breathe primarily thoracicly for 8-10 cycles, and subsequently
abdominally. Gains for the rib cage and abdominal channels were calculated off-line via
multiple regression, on the basis of the rib cage, abdominal, and spirometer signals (Gribbin,
1983; Morel, Forster á Suter, 1983). End-expiratory PCOZ was measured via infrared
analysis of the expired air (Beckman LB-2). The sample tube of the capnograph was
attached to an open face mask. A sample flow rate of 500 ml~sec was used. Before each
experimental session, the capnograph was calibrated with medical calibration gas containing
So1o COZ. The output of the LB-2 was corrected for the ambient barometric pressure and was
expressed as a partial pressure (mmHg). ECG was measured via Hellige electrodes and a
Hellige Servomed ECG monitor. Blood pressure was continuously monitored via a
noninvasive TNO Finapress tonometer, employing the analogue outputs for systolic (SBP)
and diastolic (DBP) blood pressure. All physiological signals were recorded on a TEAC
MR-30 cassette data recorder for subsequent analysis.

Procedure

All measurement sessions took place in the second half of the afternoon. During the
morning and the first half of the afternoon, the subjects had participated in another part of
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the study, that involved sustained performance of demanding computer tasks. There was a
30-min break between termination of this part of the program, and commencement of the
physiological measurements. Early in the morning, subjects had been familiarized with the
experimental procedure, and had practiced both mental tasks until performance was satisfac-
tory. During the day that they spent at the laboratory, subjects were requested not to smoke,
and they drank no coffee. The measurement session started with calibration of the respira-
tory equipment. Respitrace bands were attached, and the calibration procedure was
performed as outlined in the Apparatus section. After calibration, the LB-2 face mask, ECG
electrodes and Finapress fínger cuff were connected, and a 10-min baseline measurement
session (BL) was administered. Subjects were instructed to relax as much as possible during
the BL. Then, both mental tasks and the exercise task were presented. All tasks had a
duration of 5 min, and they were separated by 10-min pauses. The mental tasks were
presented first; their order of presentation was counterbalanced. The exercise task was
always presented last.

Tasks

The MCT has also been used in an earlier study, and has been extensively described
elsewhere (Wientjes, Grossman 8z Gaillard, submitted). Briefly, during the task subjects had
to indicate as quickly as possible whether or not a target letter was present among a group
of letters that was presented on a display. Before commencement of the task, two target
letters were presented to the subjects to be committed to memory. During the task, trials
containing one, two or four letters were presented on the display, SOo1o of which contained
one of the memorized target letters. Subjects were instructed to press a response key
marked YES as quickly as possible when one of the targets was presented among the
displayed letters, and a key marked NO when no target was present. The letters were
presented on the display until one of the response keys was pressed, but never longer than
1000 ms. When no response had been given at that moment, the trial was designated as
missing. The next trial was presented 200 ms after the subjects' reaction. Total duration of
the MCT was 5 min. Feedback of the results was provided by a numerical score that was
presented on the display on a trial-by-trial basis. A number of points was added to this score
for each correct response (the amount depending upon the reaction time), and subtracted
for each error.
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There were several important differences between the MCT and the CMT. Instead of two,
there were four target letters. Furthermore, the maximum duration of the presentation of
the letters on the display was not 1000 ms, but 3500 ms. Lastly, although the instructions
about responding were similar to those in the MCT, they did not stress speed. Instead,
subjects had to keep count of the number of times each of the four target letters was
presented during the task, and to report the correct totals after termination of the task. To
ensure that all subjects would employ the same strategy, they were taught in the training
session to mentally keep track of four separate 'counters', one for each target letter. These
counters had to be updated upon each trial. Furthermore, the subjects were trained not to
press any of the response keys before the correct counter was updated, and they were not
allowed to make notes. There was no feedback of the results.

The physical exercise condition consisted of a continuous 5-min period of cycling on the
bicycle ergometer at a workload of 100 watts.

Treatment and analysis of the data

The respiratory, PCOZ and blood pressure signals were digitized with a sample frequency

of 25 Hz, and were subsequently digitally low-pass filtered (f(-3dB) - 1.25 Hz) and analyzed

on a PDP-15 computer. ECG was sampled at a frequency of 200 Hz, and heart period (HP)

was determined. All physiological parameters were screened for artefacts. The PCOZ curves

were visually inspected in order to ensure that only respiratory cycles in which the PCOZ

waveform reached a distinct end-tidal plateau were included in the analysis. After

preprocessing, all physiological signals were analyzed on a breath-by-breath basis by a

computer program that determined respiratory time and volume parameters, end-tidal PCO2,

HP, SBP and DBP (Wientjes, Grossman 8t van der Meyden, 1988). The respiratory data
were analyzed by a method that has recently been proposed (Gautier, 1980; Milic-Emili, 19-
82; Milic-Emili, Grassino 8t Whitelaw, 1981). The method provides an extension of the clas-

sical analysis of minute ventilation (MV) into the product of VT and RR by decomposing

MV into a'drive' and a'timing' component:

MV - VT~Ti x Ti~Ttot.

83



Chapter 8

Ttot is the total duration of the breathing cycle (i.e. the inverse of RR). Ttot includes the
inspiratory time (Ti), the expiratory time (Te), and the expiratory pause time (Pe). VT~Ti
and Ti~Ttot are both linked to different aspects of central respiratory control. VT~Ti ('mean
inspiratory flow rate') reflects the intensity of the central inspiratory drive, and Ti~Ttot
('duty cycle') reflects the periodicity of the timing mechanism (Gautier, 1980; Milic-Emili,
1982; Milic-Emili, Grassino 8c Whitelaw, 1981). The individual breath-by-breath values for
these parameters were determined and subsequently averaged across separate BL and task
periods.

8.3 Results

Physiological differences among the baseline and task conditions were assessed by Groups
(HS vs. LS) x Conditions (Baseline vs. MCT vs. CMT vs. Exercise) multivariate repeated
measures analyses of variance (MANOVA's). Pairwise differences among means of the
repeated measures were evaluated post-hoc by six Bonferroni-adjusted paired t-tests (base-
line vs. MCT, baseline vs. CMT, baseline vs. exercise, MCT vs. CMT, MCT vs. exercise, and
CMT vs. exercise). Furthermore, group differences in reactivity were evaluated by separate
Groups (HS vs. LS) x Tasks (MCT vs. CMT vs. Exercise) repeated measures MANOVA's
on the baseline-to-task change scores. Finally, order effects concerning the two mental tasks
were assessed via separate Order (MCT vs. CMT first) x Conditions (MCT vs. CMT)
repeated measures MANOVA's on the physiological measures.

Tidal I~olume (VT). See Figure 8.1. VT was not different across groups, and there was no
group difference with regard to the VT responses, either. On the other hand, VT was clearly
different across conditions (Wilks' Lambda F(3,16) - 92.51, p ~ 0.001). Post-hoc contrasts
indicated that VT was not different from baseline in the MCT and CMT conditions, and
that these conditions did not differ from each other. On the other hand, VT increased from
baseline to exercise (t(19) --17.70, p ~ 0.001), from MCT to exercise (t(19) --16.50, p
~ 0.001), and from CMT to exercise (t(19) --17.52, p ~ 0.001).

Respiration rate (RR). See Figure 8.1. The groups showed no difference in RR levels, and
there were no group differences in reactivity, either. The conditions effect was highly
significant (Wilks' Lambda F(3,16) - 44.28, p ~.001). The follow-up analyses indicated that

84



Responses to mental load and physical exercise, and individual differences

this was due to significant increases in RR from baseline to MCT (t(19) --7.13, p ~.001),
from baseline to CMT (t(19) --6.77, p ~ 0.001), and from baseline to exercise (t(19) --
11.25, p ~ 0.001). RR decreased from MCT to CMT (t(19) - 3.68, p ~ 0.05. On the other
hand, there was an increase from CMT to exercise ( t(19) --4.58, p ~ 0.001). In contrast,
RR did not change from MCT to exercise.

2500

2000

E
- 1500
~
Í

1000

500 ~
baseline MCT CMT exercise

28

24

20
c
S 16
U

~ 12

0
baseline MCT

~

CMT exercise

Figure 8.1 Mean values of the physiological measures of the Low Symptom
(LS) and the High Symptoms (HS) groups during baseline, memory compari-
son task (MCT), continuous memory task (CMT) and exercise. Left panel:
tidal volume (VT). Right panel: respiration rate (RR).

I

Inspiratory Time (Ti). See Figure 8.2. There was no difference between both groups with
regard to the Ti levels, or regarding the baseline-to-task changes in Ti. On the other hand,
Ti changed considerably across conditions (Wilks' Lambda F(3,16) - 10.05, p ~ 0.001), due
to a significant shortening from baseline to MCT (t(19) - 5.51, p ~ 0.001), from baseline
to CMT (t(19) - 4.72, p ~ 0.001) and from baseline to exercise (t(19) - 5.00, p ~ 0.001).
Interestingly, Ti increased from MCT to CMT (t(19) --3.27, p ~ 0.05) and from MCT to
exercise (t(19) --3.08, p ~ 0.05). There was no difference in Ti between CMT and
exercise.

Q LS ~
HSJ
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Expiratory Time (Te). See Figure 8.2. Te levels, nor Te reactivity were different between the
groups, but Te did change across conditions (Wilks' Lambda F(3,16) - 7.01, p ~ 0.01). This
was caused by a significant shortening from baseline to MCT (t(19) - 3.56, p ~ 0.05) and
from baseline to exercise (t(19) - 4.92, p ~ 0.001). Te did not change from baseline to
CMT, whereas MCT and CMT did not differ from each other. Similarly, there was no
difference between MCT and exercise, or between CMT and exercise.

Expiratory Pause Time (Pe). See Figure 8.2. The groups did not differ with regard to Pe
levels, and there were no differences in Pe reactivity, either. On the other hand, Pe was sig-
nificantly different across conditions (Wilks' Lambda F(3,16) - 44.13, p ~ 0.001). This was
due to a significant shortening from baseline to MCT (t(19) - 7.91, p ~ 0.001), from
baseline to CMT (t(19) - 6.46, p ~ 0.001, and from baseline to exercise (t(19) - 11.41, p
~ 0.001). Interestingly, duration of Pe increased from MCT to CMT (t(19) --3.07, p ~
0.05). In contrast, duration of Pe was reduced from MCT to exercise (t(19) - 9.11, p ~
0.001), as well as from CMT to exercise (t(19) - 7.99, p ~ 0.001).

Duty cycle (Ti~l'tot). See Figure 8.2. There was no difference in Ti~Ttot between the groups,
and there was no reactivity difference either. The conditions effect, on the other hand, was
significant (Wilks' Lambda F(3,16) - 18.09, p ~ 0.001). T-tests revealed the following
pattern of changes across conditions: There was no change from baseline to MCT, and from
baseline to CMT. On the other hand, Ti~Ttot increased from baseline to exercise ( t(19) --
3.16, p ~ 0.05). There was no difference between MCT and CMT, but Ti~Ttot increased
from MCT to exercise (t(19) --5.42, p ~ 0.001), and from CMT to exercise ( t(19) --7.88,
p ~ 0.001).

Mean Inspiratory Flow Rate (VT~Ti). See Figure 8.3. The MANOVA on the VT~Ti levels
revealed a marginally significant groups effect (F(1,18) - 3.48, p ~ 0.08), indicating that
inspiratory flow was higher in the HS group. More importantly, there was a significant group
difference in VT~Ti reactivity; (F(1,18) - 4.46, p ~ 0.05); the baseline-to-task increase was
greater in the HS group, compared to the LS-group. There were also significant differences
in VT~Ti across conditions (Wilks' Lambda F(3,16) - 90.46, p ~ 0.001). This was due to
significant increases from baseline to MCT (t(19) --5.00, p ~ 0.001), from baseline to
CMT (t(19) --5.91, p ~ 0.001), and from baseline to exercise (t(19) --16.60, p ~ 0.001).
In contrast, there was no difference between MCT and CMT. The importance of the
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influence of exercise upon VT~Ti was demonstrated by the highly significant increases from
MCT to exercise (t(19) --15.38, p ~ 0.001), and from CMT to exercise (t(19) --16.20, p
~ 0.001).
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Figure 8.2 Mean values of the physiological measures of the IS and the HS
groups during baseline, MCT, CMT and exercise. Left panel: respiratory
phase components ( lower part of columns: inspiratory time (Ti); middle part
of columns: expiratory time (Te); upper part of columns: expiratory pause
time (Pe)). Right panel: duty cycle (Ti~Ttot).

Minute I~entilation (Ml~. See Figure 8.3. There was a marginally significant effect for groups
(F(1,18) - 3.35, p ~ 0.09), indicating that MV was elevated in the HS group. Similarly, the
groups effect for MV-reactivity was marginally significant (F(1,18) - 3.49, p ~ 0.08),
indicating that the baseline-to-task increase was marginally higher in the HS group. The
highly significant conditions effect (Wilks' Lambda F(3,16) - 101.12, p ~ 0.001) was due
to a significant increase in MV from baseline to MCT (t(19) --5.81, p ~ 0.001), from
baseline to CMT (t(19) --5.84, p ~ 0.001), and from baseline to exercise (t(19) --17.77,
p ~ 0.001). There was no difference between MCT and CMT, but MV increased
substantially from MCT to exercise (t(19) --16.55, p ~ 0.001), and from CMT to exercise
(t(19) - -16.95, p ~ 0.001).
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Figure 8.3 Mean values of the physiological measures of the LS and the HS
groups during baseline, MCT, CMT and exercise. Left panel: mean inspiratory
flow (VT~Ti). Right panel: minute ventilation (MV).

End-tidal PCOZ. See Figure 8.4. The MANOVA revealed that PCOZ levels were significantly
lower in the HS-group (F(1,18) - 4.91, p ~ 0.05). However, there were no differences
between the groups with regard to the baseline-to-task changes in PCOZ. The conditions
effect was highly significant (Wilks' Lambda F(3,16) - 86.50, p ~ 0.001), which was mainly
due to the significant increase in PCOZ from baseline to exercise (t(19) --14.03, p ~ 0.001,
from MCT to exercise (t(19) --17.19, p ~ 0.001), and from CMT to exercise (t(19) --
15.77, p ~ 0.001). There were no changes in PCOZ from baseline to MCT, from baseline to
CMT, or from MCT to CMT.

Heart Period (HP). See Figure 8.4. There were no differences between groups with regard
to HP levels. However, contrary to the respiratory findings, the LS-group had a larger HP-
response than the HS group (F(1,18) - 4.73, p ~ 0.05). Because we suspected that this
unexpected finding might be associated with enhanced baseline cardiac activity of the HS
group, we performed a one-sided t-test on the baseline group difference. Baseline HP was,

HS
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indeed, significantly shorter in the HS group (t(18) - 1.91, p ~ 0.05). To test whether the
reactivity difference was due to this baseline difference, we then performed a between-group
analysis of covariance on the HP-responses with the baseline values as a covariate. Our
suggestion was corroborated by the fact that the original groups effect was completely
annihilated after correction for the covariate (F(1,17) - 1.14, ns). The main effect for
conditions, furthermore, was highly significant (Wilks' Lambda F(3,16) - 155.85, p ~ 0.001),
due to a significant decrease in HP from baseline to MCT (t(19) - 4.91, p ~ 0.001), from
baseline to CMT (t(19) - 4.07, p ~ 0.01, and from baseline to exercise (t(19) - 21.05, p
~ 0.001). There was no difference between MCT and CMT, but HP increased significantly
from MCT to exercise (t(19) - 19.54, p ~ 0.001), and from CMT to exercise (t(19) - 20.63,
p ~ 0.001). Analysis of the order effects revealed a significant order x conditions interaction
(F(1,18) - 5.62, p ~ 0.05), that was due to the fact that HP was shortest in the MCT when
the MCT was presented first. When the order was reversed, HP was comparable in both
tasks.

50
48
46
44

rn
2 42
E
~ 40
N

0 38
a
36
34
32
30

baseline MCT CMT exercise baseline MCT

Q LS
HS7

CMT exercise

Figure 8.4 Mean values of the physiological measures of the IS and the HS
groups during baselíne, MCT, CMT and exercise. Left panel: end-expiratory
PCO2. Right panel: heart period (HP).
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Figure 8.5 Mean values of the physiological measures of the LS and the HS
groups during baseline, MCT, CMT and exercise. Left panel: systolic blood
pressure (SBP). Right panel: diastolic blood pressure (DBP).

Systolic blood pressure (SBP). See Figure 8.5. The MANOVA's revealed no difference

between the groups regarding SBP levels and SBP reactivity. On the other hand, the effect

for conditions was highly significant (Wilks' L.ambda F(3,16) - 23.45, p ~ 0.001); this was

due to significant increases in SBP from baseline to MCT (t(19) --4.96, p ~ 0.001), from

baseline to CMT (t(19) --6.37, p ~ 0.001), and from baseline to exercise (t(19) --6.40,

p ~ 0.001). There was no difference in SBP between MCT and CMT. In contrast, this

measure increased from MCT to exercise (t(19) --3.55, p ~ 0.05), and from CMT to

exercise (t(19) - -3.29, p ~ 0.05).

Diastolic blood pressure (DBP). See Figure 8.5. There was no difference between the groups
for DBP or DBP reactivity. The highly significant conditions effect (Wilks' Lambda F(3,16)
- 55.40, p ~ 0.001) was mainly due to significant increases in DBP from baseline to MCT
(t(19) --6.40, p ~ 0.001), from baseline to CMT (t(19) --8.34, p ~ 0.001), and from
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baseline to exercise (t(19) --11.42, p ~ 0.001). There was no difference between MCT and
CMT, but DBP increased from MCT to exercise (t(19) --7.65, p ~ 0.001), and from CMT
to exercise (t(19) --6.97, p ~ 0.001).

None of the analyses that were performed yielded a significant groups x conditions
interaction.

8.4 Discussion

This study examined two issues. First, the difference between the respiratory consequences
of inental and physical load were assessed by comparing the respiratory pattern during two
mentally demanding tasks and during physical exercise. Secondly, respiratory individual
differences were evaluated by comparing the respiratory responses of a group that frequently
experienced psychosomatic symptoms with those of a symptom-free control group.

Differences between tasks

The respiratory responses to the MCT were very similar to those reported earlier (Wientjes,
Grossman 8c Gaillard, submitted). The MV increase closely approximated the increase that
had been observed in the earlier study, and the changes in respiratory pattern were also
highly comparable. In both studies, there was an increase in RR, a parallel reduction of all
respiratory phase measures (Ti, Te and Pe), a substantial increase in inspiratory flow rate,
but no change in VT and in duty cycle. Hence, the respiratory response to this type of
mental task appears to be quite reproducible across studies, as well as across subject popula-
tions and age groups. The former study had employed 20-30 years old male university
students as subjects, whereas the present study used 40-50 year old professional men.

Turning now to a comparison of both mental tasks, it appears that there were no reliable
differences between them in terms of degree of physiological activation: Both tasks did not
differ with regard to MV, HP, SBP or DBP. In contrast, there was a difference between the
MCT and the CMT with regard to the morphology of the breathing cycle: Ti as well as Pe
were shorter during the MCT, and RR was therefore higher during this task. Hence, the
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respiratory timing parameters revealed distinctions between these tasks that were not
apparent in the other physiological measures. Most probably, differences in the behavioral
demands of both tasks (e.g. emphasis on speed of response versus emphasis on sustained
memory load) were responsible for the differences in respiratory timing. In this regard, it
is noteworthy that RR has repeatedly been found to be higher in more difficult tasks, and
in tasks that require some form of overt responding, compared to tasks that merely require
cognitive activity (e.g. Carroll, Turner á Rogers, 1987; Turner 8z Carroll, 1985). It remains
to be explained why there was no difference in MV between both tasks. Inspection of the
means (see Figure 8.2) suggests that MV was indeed larger in the MCT (i.e. there was a 1.2
l~min difference in MV between both tasks); however, due to large individual variation in
the MV-responses, this was not corroborated by the rather conservative Bonferroni-adjusted
t-test (N.B. the unadjusted t-test was significant at Sqo).

Comparing the mental tasks with physical exercise, there emerged a substantial difference
in ventilatory and cardiovascular activity between the two. There can be little doubt that this
reflects the major increase in energy consumption that was associated with the exercise. In

addition to these quantitative distinctions, the mental and physical tasks also differed with

regard to the pattern of change in VT and RR. In the mental tasks, VT did not change with

respect to baseline, whereas there was a more than three-fold increase in VT in the exercise
task. On the other hand, RR increased during mental, as well as during physical load, but

the increase was quite equivalent. In other words, the rise in MV in the mental tasks was

primarily brought about by an increase in RR, whereas the MV rise in the exercise task was
primarily due to an increase in VT. Hence, there was a shift from timing to volume

dominance in respiratory regulation that appeared to be associated with the increased

energy utilization. There was a similar shift in the relative contributions of VT and Ti to the
changes in mean inspiratory flow rate (VT~Ti). Hence, although inspiratory flow rate

increased during mental as well as physical load, the mentally-induced increase appeared

to be primarily mediated by the shortening of TI, whereas the (much larger) exercise-
induced increase was primarily caused by higher levels of VT. Similar shifts from timing to

volume dominance were observed in an earlier study, that employed only mental tasks
(Wientjes, Grossman 8~ Gaillard, submitted).

There was another important distinction between the regulation of breathing during the
mental tasks, as compared to during physical exercise. In the mental tasks, duty cycle was
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not different from baseline. In contrast, there was a small, but significant increase in duty
cycle from baseline to exercise, and from the mental tasks to exercise. The latter increase
was due to a shift in the relative durations of Ti and Pe: Compared to the MCT, Ti was
longer during exercise, and Pe was shorter. Similarly, duration of Pe decreased from CMT
to exercise, although there was no increase in Ti in this instance (probably because Ti was
longer in the CMT than in the MCT). In this regard, it should be noted that there is an
important distinction between the Ti lengthening that was observed from MCT to CMT, and
the Ti lengthening that was a component of the exercise response. In the first instance, the
Ti response was associated with a decrease in RR. The exercise-induced Ti lengthening, on
the other hand, was a functional element in an increase in respiratory activity (i.e. an
increase in duty cycle). Interestingly, Te appeared, in contrast to Ti and Pe, to play no
specific role in the regulation of the respiratory changes. Taken together, these findings
illustrate the high degree of specificity of the regulation of the individual respiratory phases.

Summarizing the evidence, it appears that the characteristics of the respiratory exercise
response, as compared to the response to mental demands, revolved around the following
three aspects of respiratory regulation: 1) Physical exercise induced a much greater increase
in inspiratory drive; 2) Although RR increased during physical as well as mental load, the
patterning of changes in the individual phase durations produced an increase in duty cycle
during exercise, but not during mental load; 3) Whereas there was a relative dominance of
timing influences upon the ventilatory changes during mental activity, volume influences
dominated during physical exercise.

An important point that should finally be addressed is that (with the exception of the PCOZ
increase during exercise) there were no changes in PCOZ across conditions. The exercise-
induced increase in PCOZ is a normal phenomenon during the initial stages of aerobic
exercise (Allen, Sherwood 8z Obrist, 1986; Langer, McCubbin, Stoney et al., 1985;
Wasserman et al., 1979). Thus, the respiratory responses to the mental tasks covaried closely
with changes in metabolic activity. Other studies have also generally found PCOZ to remain
constant during demanding active coping tasks (Allen, Sherwood 8z Obrist, 1986; Langer,
McCubbin, Stoney et al., 1985; Wientjes, Grossman 8c Gaillard, submitted). Therefore, even
when mental processes exert a distinct influence upon the regulation of breathing, this influ-
ence may is often be confounded with the influence of inetabolic changes. In this case, the
psychological impact upon respiration cannot independently be assessed. The close linkage
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between psychological and metabolic factors suggests that the respiratory responses that may

be observed during many psychological states, can often best be understood in terms of

respiratory adjustments to variations in the energetical demands associated with these states.

In contrast, when the observed respiratory changes are apparently unrelated to changes in

metabolic demands (as may be the case when there are no overall changes in MV, or during

hyperventilation), cognitive, emotional and behavioral influences upon respiration may

become manifest in an independent manner. In this regard, it seems likely that the variation

in respiratory timing that emerged in the MCT' and CMT tasks reflects the influence of

different behavioral demands, as was suggested before. However, the available statistical

evidence is too inconclusive to decide with any certainty that there was no difference in MV

between the MCT and the CMT.

Individual respiratory differences

The present results corroborate earlier findings of ourselves (Wientjes, Grossman á
Defares, 1984; Wientjes et al., 1986; Wientjes, Grossman 8i Defares, 1986; Wientjes et al.,
1987; Wientjes, Grossman ói Gaillard, submitted) and others concerning associations
between the experience of psychosomatic symptoms and tendencies toward hyperventilation
(Bass 8c Gardner, 1985; Folgering 8c Colla, 1978; Gardner, Meah 8c Bass, 1986; van den
Hout et al., 1992). Although the clinical respiratory literature has traditionally assumed that
many of the psychosomatic symptoms are a direct consequence of the hyperventilation (e.g.
Magarian, 1982), there is little evidence available to support this idea (see Grossman á
Wientjes, 1989). Moreover, this interpretation is precluded by the fact that the mean PCOZ
values for the HS group (see Figure 8.2) were well within normocapnic limits (i.e. 35-45 mm
Hg; see Thomas, 1981). Although the precise nature of the association between breathing
and symptom experience is not yet clear, it has been suggested that anxiety may serve to
sensitize certain individuals to the bodily sensations that are associated with hyperven-
tilation. These individuals may, as a consequence, have lower symptom thresholds
(Grossman á Wientjes, 1989).

As far as we know, the present study is the first to exumine the respiratory mechanisms that
underlie the characteristic PCOz difference between symptom reporters and symptom-free
controls. The findings demonstrate in the first place that, as expected, PCOZ was depressed
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among the HS group, as compared to the L.S group. Furthermore, the HS group responded

stronger to the tasks with regard to inspiratory flow rate. Moreover, overall levels of

ventilation and of increased inspiratory flow rate tended to be enhanced among the HS

group. Both groups were also found to differ with regard to cardiac reactivity. However, the

cardiac group difference had a reverse orientation, and turned out to be primarily associated
with a ceiling effect that was due to elevated cardiac baseline activity of the HS group. The

fact that the respiratory difference between both groups was manifest across all tasks,

suggests that the hyperventilatory breathing of the HS group reflects a pervasive tendency
toward respiratory over-reactivity, that manifests itself across a wide range of situations. On
the other hand, there were also some (weak) indications that cardiac activity was elevated
among the HS group. Hence, it seems that although tendencies to experience psychosomatic

symptoms may be primarily linked to respiratory over-reactivity, the possibility should not

be ruled out that symptom reporters are also characterized by somewhat enhanced levels
of cardiac activity. Interestingly, there were no indications that the symptom reporting was
in any way associated with blood pressure.

Concerning the origins of the respiratory over-reactivity, the finding clearly point toward the

central drive mechanism as the factor that was primarily responsible for the respiratory
differences between the HS and IS groups. It remains to be established whether this greater
drive reactivity reflects a biological disposition (e.g. abnormal ventilatory regulatory funct-
ion), or whether it may be explained by psychological influences (see Grossman ór. Wientjes,

1989). In this regard, the observed difference in trait anxiety between the HS and LS groups
is of considerable importance. This tight association between negative affect traits and
psychosomatic symptom reporting has been substantiated by many reports (e.g. Grossman
8c Wientjes, 1989; Watson 8c Pennebaker, 1989; Wientjes, Grossman 8c Defares, 1984;

Wientjes et al., 1986; Wientjes óz Grossman, submitted). Hence, it seems highly likely that
psychological factors are, at least at some level, also involved in the respiratory differences.

Lastly, it must be emphasized that although the present results were obtained among
relatively small groups of subjects, the groups were scrupulously selected with regard to
breathing-related symptom experience. As a consequence, both groups were considerably

more extreme regarding symptom scores than the subjects that are usually employed in
psychophysiological studies of non-clinical populations.
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In conclusion, the results of this study demonstrate that under many circumstances and in
many behavioral states, the influences of inetabolic and psychological factors upon

respiration are intimately linked. Thus, they appear to cooperate to subserve a common
goal: adaptation of the organism to an ever-changing variety of behavioral demands. On the
other hand, the connection between psychosomatic symptom reporting and breathing also

illustrates how psychological (and maybe other) mechanisms may act to disrupt the
functional links between respiration and metabolic requirements.
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Chapter 9

GENERAL DISCUSSION

9.1 Introduction

The starting point of this thesis was the notion that the regulation of respiration is ac-
complished via a complex interplay of inetabolic regulatory mechanisms on the one hand,

and higher cortical influences on the other. Because relatively little is currently known about

the manner by which these influences interact during psychologically demanding conditions,

its first aim was to explore these interactions. This issue was examined in two investigations;

one studied the respiratory response to differentially demanding conditions of a memory
comparison task (chapter 6), and the other compared the respiratory response to two mental

tasks with the response to physical exercise (chapter 8). The second major goal of this study

was to obtain more insight into the mechanisms that are implicated in individual respiratory
differences. This issue was similarly assessed in two studies: one investigated the relationship
between psychosomatic symptoms, arvciety and hyperventilation (chapter 7). The second

study provided a detailed comparison of the respiratory responses of symptom reporters and
of symptom-free controls to mental tasks and to physical exercise (chapter 8).

9.2 Respiratory response dimensions

Before undertaking these experimental efforts, we sought to delineate, from a psychophysio-
logical point of view, the dimensions along which respiratory behavior can best be analyzed
and quantified. Three separate response dimensions were defined:

1) Ventilation. The quantity of air that is displaced as a consequence of respiration, is
expressed in terms of the minute ventilation (MV).

2) Morphology. The morphology of the breathing cycle reflects the manner by which
ventilation is accomplished. This is determined by two separate sets of parameters: the
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functional measures and the indices of central regulatory mechanisms. The functional
respiratory measures that were employed in this thesis are:

- tidal volume (VT)
- respiration rate (RR)

. - inspiratory time (Ti)
- expiratory time (Te)
- expiratory pause time (Pe)

The central indices are:

- inspiratory flow rate (VT~Ti)
- duty cycle (Ti~Ttot)

3) Metabolic appropriateness. This dimension reflects whether the changes in ventilation
are in accordance with metabolic requirements (normocapnia), or in excess of them
(hyperventilation). In this thesis, hyperventilation was operationalized in relative terms as
a statistically significant decrease in end-tidal PCO2, and in absolute terms as end-tidal PCOZ
values lower than 35 mm.hg (Thomas, 1981).

9.3 Situational psychological influences on breathing

Summary of the results

The results of the studies in chapters 6 and 8 clearly demonstrate that different types of
mental tasks, as well as moderate physical exercise, induce increased respiratory activity. As
expected, the exercise-induced increase in MV was much greater than the increase during
the mental tasks. Furthermore, the degree of MV increase during mental task performance
clearly reflected differences in task demands. Because there were no changes in end-tidal
PCOZ between task conditions, the respiratory changes in the mental tasks could be
considered to be metabolically appropriate. The task-induced changes in the morphology of
the breathing cycle can be summarized as follows (see also Table 9.1):
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1) Although mental as well as physical demands induced changes in VT, the direction, and
the degree of change appeared to be related to the degree of effort investment. Modest
mental effort was associated with a baseline-to-task decrease in V'T (e.g. the NFB~FB
condition in chapter 6). During greater effort investment, VT was equivalent to the baseline
level (e.g. the AON condition in chapter 6, and the CMT and MCT tasks in chapter 8).
Finally, physical exercise caused VT to increase well above baseline, as well as mental task
levels.

2) Regardless whether mental or physical demands were involved, the respiratory phase

durations were reduced, giving rise to an increase in RR. In chapter 6, there was an increase

in RR in all task conditions, but there were no differences between conditions. In chapter

8, the RR increase to physical exercise was equivalent to the increase in the MCT, but was
larger than the increase in the CMT.

3) In the study in chapter 8, there also emerged a difference in RR between the MCT and
the CMT, that appeared to be associated with differences in the behavioral demands of
these tasks (i.e. emphasis on speed of responding vs. emphasis on memory rehearsal).

4) Compared to baseline, duty cycle did not change during most of the mental tasks. In
chapter 6, this measure increased only in the first period of the most demanding condition
(AON). In the NFB~FB conditions, and in the second AON period, however, the changes
in the respiratory phase durations occurred in parallel, causing RR to increase, but duty
cycle to remain constant. Sinularly, duty cycle did not change during the CMT and MCT
tasks in chapter 8. Physical exercise, in contrast, clearly produced an increase in duty cycle
(chapter 8). This was due to a relative lengthening of Ti, and relative shortening of Pe.

S) Inspiratory flow rate increased very consistently during the mental tasks, as well as during

physical exercise. In chapter 6, the combined NFB~FB conditions induced a 1.4 times

increase in this measure, as compared to a 1.5 times increase in the AON condition. Hence,

a greater mental effort investment was associated with a greater increase in inspiratory flow

rate. In chapter 8, inspiratory flow increased 1.4 times during the CMT and MCT, and 4.4

times during exercise. The increase in inspiratory flow rate was therefore much larger during

physical exercise than during the performance of inental tasks.
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Table 9.1 Schematic representation of the direction, and degree of change
with respect to baseline in the task conditions of the studies in chapter 6 and
8. Experimental conditions in the study in chapter 6: combined no feed-
back~feedback conditions (NFB~FB), and all-or-nothing condition (AON).
Experimental conditions in the study in chapter 8: continuous memory task
(CMT), memory comparison task (MCT), and physical exercise (EXE).
Respiratory measures: Tidal volume (VT), respiration rate (RR), duty cycle
(DCT) and inspiratory flow rate (IF). Decrease: -; no change: 0; small
increase: t; moderate increase: t t; large increase: t f t. NB! Differences
between studies were not statistically evaluated.

NFB~FB AON CMT MCT EXE

VT - 0 0 0 ttt

RR tt tt t tt tt
Ti~Ttot 0 t~0 0 0 t t

VT~Ti t t t t t t t t

Discussion.

As we have already noted, end-tidal PCOZ remained constant across all mental task
conditions. This has also been observed by other investigators who have employed
challenging active coping tasks (e.g. Allen óz Crowell, 1989; Allen, Sherwood 8c Obrist, 1986;
Benson, Huddleston 8z Rolfe, 1965; Langer, McCubbin, Stoney et al., 1985). It may
therefore be concluded that in these tasks, the respiratory response mental demands covaries
closely with changes in metabolic activity. When we position our respiratory findings on a
hypothetical energetical continuum that ranges from behavioral states that involve very little
metabolic activity, to states that involve increasing levels of inetabolic activity, it turns out
that the observed respiratory responses are controlled by three regulatory mechanisms:

1) Increased energetical demands are clearly associated with an increase in inspiratory flow
rate (i.e. stronger inspiratory drive). This is consistent with evidence suggesting that the
inspiratory drive mechanism primarily reflects changes in chemoreceptor drive (Milic-Emili,
1982; Milic-Emili, Grassino 8c Whitelaw, 1981).
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2) During respiratory changes along the lower extreme of the energetical continuum, duty
cycle tends to remain constant. When energy utilization increases (e.g. during extremely

demanding mental tasks and during physical exercise), duty cycle increases. Due to this

increase, a greater proportion of the respiratory cycle can be effectively engaged in

inspiration (Milic-Emili, 1982; Milic-Emili, Grassino 8c Whitelaw, 1981).

3) As energetical requirements increase, there appears to be a shift in the relative

contributions of VT and RR to MV. At low metabolic levels, changes in MV appear to be
primarily due to changes in RR, and these may often be associated with a(compensatory)
decrease in VT. At higher levels of inetabolic activity, changes in ventilation appear to be
primarily determined by changes in VT, rather than by RR changes. The dominance of VT
over RR during moderate increases in metabolic load is also known from exercise
physiology; however, further increases in metabolic requirements (e.g. during heavy physical

exercise) appear again to be associated with an increase in RR (Ástrand 8c Rodahl, 1986).
The differential role of VT and RR in respiratory regulation may reflect a strategy that
seeks to optimally and efficiently balance the respiratory effort to the metabolical
requirements (Milic-Emili, Petit 8t Deroanne, 1960). In this regard, it is noteworthy that an

increase in VT is by definition more effective in increasing alveolar ventilation than an
increase in RR. A related aspect of the distinction between the contribution of volume and
frequency changes to MV is that the direction of the correlation between VT and RR shifts
from negative to positive when metabolic requirements increase. As we have seen, increases
in RR are typically coupled with (compensatory) decreases in VT during low levels of
energy consumption (see chapter 6; see also Carroll, Turner 8t Hellawell, 1986). In contrast,
these measures are often positively correlated at higher levels of energy utilization, e.g.
during graded physical exercise (see chapter 8; see also Allen, Sherwood 8c Obrist, 1986;
Carroll, Turner 8t Rogers, 1987; Turner 8t Carroll, 1985). Regarding central respiratory
control mechanisms, increases in the level of inetabolic activity cause a similar shift in
respiratory control from timing to volume dominance: At lower levels of inetabolic activity,

alterations in VT~Ti are primarily determined by Ti. At higher levels of energy utilization,
the influence of VT upon VT~Ti increases greatly, and that of Ti tends to remain the same,
or to increase only modestly.

It may be concluded from these observations that variations in RR may be the most
important determinant of psychologically-induced respiratory changes, in particular when no,
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or rather small changes in metabolic activity are involved. VT often appears to play only a
secondary, compensatory role under these conditions, but is the dominating mechanism by
which ventilation is increased to meet conditions that involve greater energetical demands.

9.4 Individual differences in breathing

Summary of the results

The main findings of the study in chapter 7 demonstrate that apparently healthy individuals
who frequently complain of psychosomatic symptoms, have lower resting levels of end-tidal
PCOZ than symptom-free controls. This finding confirms a number of earlier reports (e.g.
Bass á Gardner, 1985; Folgering 8c Colla, 1978; Gardner, Meah át Bass, 1986; van den
Hout et al., 1991; Liebowitz et al., 1985; Rapee, 1986). Furthermore, although negative
affect traits appeared to be very strongly associated with the experience of psychosomatic
symptoms, it was established that the relationship between hyperventilation and symptom
experience is not appreciably mediated by psychological factors (i.e. trait arixiety). Hence,
this study provided strong support for claims that psychosomatic symptom formation is
largely due to the influence of psychological factors like negative affectivity (e.g. Clark et
al., 1988; Costa ~ McCrae, 1985; Mechanic, 1972, 1980; Pennebaker, 1982; Salkovskis 8r
Clark, 1990; Watson 8c Pennebaker, 1989), but it also clearly demonstrated that hyperven-
tilatory breathing is independently associated with the experience of certain symptoms.

T'hese findings were to a large degree substantiated by the study in chapter 8. This study
demonstrated that symptom reporters not only tend toward hyperventilatory breathing
during resting conditions (as was found in the study in chapter 7), but also during mental
task performance and during physical exercise. Detailed analysis of the respiratory responses
showed that symptom reporters are characterized by higher inspiratory flow rate reactivity
and by tendencies toward higher minute ventilation. Hence, the experience of psychosomatic
symptoms is associated with an increased reactivity of the central drive mechanism which
manifests itself across a wide range of situations and behavioral states. Furthermore, it was
found that psychosomatic symptom experience is specifically tied to respiratory over-
reactivity, and not, or much less strongly, to cardiovascular reactivity.
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Discussion

To explain the exaggerated ventilatory activity of psychosomatic symptom reporters, two
alternative hypotheses have been proposed (chapter 4; see also Grossman ác Wientjes,

1989). The first hypothesis conjectures that symptom reporters may be characterized by

certain biological dispositions, that distinguish them in a qualitative fashion from symptom-

free groups. The other hypothesis explains the association between hyperventilatory

tendencies and symptom experience in terms of a common underlying causal factor:
psychological distress.

Unfortunately, the experimental evidence that was presented in chapter 7 and 8 provides
insufficient clues to allow for an unequivocal choice between these hypotheses. Regarding

the psychological hypothesis, there can be little doubt that there is an important psychologi-

cal distinction between symptom reporters and normals: Symptom reporters characteristically

have much higher scores on questionnaires that measure psychological distress (Costa 8~
McCrae, 1985; Grossman á Wientjes, 1989; Kellner 8c Sheffield, 1973; Morrell 8t Wale,
1976; Pennebaker, 1982; Watson á Pennebaker, 1989; Wientjes, Grossman 8c Defares, 1984;
Wientjes et al., 1986). However, in chapter 7 we have not found a significant correlation

between our arixiety measures and PCOZ. A similar lack of association between negative
affect measures and PCOZ was found in a study among 50 male white-collar workers
(Wientjes, Frijstein, van Kuilenburg, Opmeer 8~ Gaillard, 1990). On the other hand, PCOZ
was found to be positively correlated (r - 0.25, p ~ 0.05) with a positive affect measure (i.e.

extraversion) in a study among male students (Wientjes, Grossman 8c Defares, 1984), and
it has repeatedly been found that PCOz is reduced among patients suffering from clinical
depression (Damas-Mora et al., 1976; Damas-Mora, Souster 8~ Jenner, 1982; Skarbek, 1970).

Hence, it seems possible that our investigations have failed to address the relevant
psychological dimensions. On the one hand, it is conceivable that specific somatic forms of
arixiety are more strongly associated with PCOZ than the anxiety measures that we employed.

On the other, it also seems possible that deficiencies in positive affectivity are more tightly

coupled to hyperventilation than negative affect per se. In this regard, it is noteworthy that
low levels of positive affectivity, rather than negative affectivity, appear to be the most

distinctive markers of depression (Watson, Clark 8z Carey, 1988; Watson 8t Kendall, 1989).
Further research is necessary to evaluate this possibility.
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Regarding biological explanations, the evidence is also rather inconclusive. As was shown
in chapter 8, the respiratory over-reactivity of symptom reporters manifested itself not only
during the psychologically demanding tasks, but also during physical exercise. Hence, the
enhanced reactivity was not specifically tied to psychological stress, but appeared to be
reflective of a general respiratory characteristic of symptom reporters. Thereby, our findings
seem to confirm earlier suggestions concerning abnormal ventilatory regulation among
psychosomatic symptom reporters (e.g. Folgering óc Colla, 1978; Folgering óc Durlinger,
1983). In this regard, it is noteworthy that although the mean PCOZ levels of the HS group
was significantly lower than those of the LS group, they were well within the normal range
of 35-45 mmHg (Thomas, 1981). In fact, only two subjects in the HS group had PCO2levels
that could be considered lower than normal. This suggests that the main distinction between
both groups may relate to differences in chemosensitivity, or in the PCOZ setpoint, rather
than to hyperventilation as such. However, empirical efforts to differentiate between the
COZ sensitivity of clinical groups like HVS and panic disorder patients on the one hand, and
normal controls on the other, have produced inconclusive results (Grossman 8t Wientjes,
1989). In this regard, it has recently been suggested that the characteristically low PCOZ
levels of panic disorder patients and related groups might not directly be associated with
COZ hypersensitivity as such, but rather with a faulty setpoint of a hypothetical 'suffocation
monitor' (Klein, 1992). These groups are hypothesized to systematically maintain relatively
low COZ levels in order keep out of the alarm range of the suffocation monitor. There is,
as yet, little empirical evidence available to support the suffocation false alarm theory.

In view of the evidence, it seems most likely that the respiratory differences between
symptom reporters and controls cannot be incorporated in a simple explanatory model, but
are a consequence of interactions between the psychological and biological factors.
Furthermore, certain developmental aspects should also be taken into account (Grossman
8c Wientjes, 1989). For example, it may be speculated that, among arixious and neurotic
individuals, excessive breathing and the experience of symptoms may be closely coupled to
distinct episodes of distress in early developmental stages, but that the respiratory over-
reactivity and the symptom experience have, in later developmental stages, become to some
degree disconnected, but enduring traits.
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9.5 Respiratory response categories

Summarizing the available evidence with regard to the respiratory changes that can be
observed under the influence of psychological factors, three types of responses can be

distinguished: isocapnic hyperpnea, isovolumetric morphological changes, and hyperventila-

tion.

1) [socapnic hyperpnea. This response category encompasses responses that are character-

ized by an increase in ventilation that is associated with a constant PCO2. In this instance,

the ventilatory increase is proportional to the COZ production, and hence to metabolic

activity. The prevalence of this type of response illustrates that during many daily activities,
cortical and metabolic influences tend to covary. Hence, even if psychological factors exert
a specific influence on respiratory contro(, this influence is confounded with that of

metabolic factor during states of isocapnic hyperpnea, unless specific experimental
manipulations are employed (e.g. Rousselle, Blascovich 8c Kelsey, 1989). Given that

respiration often appears to be so closely coupled with metabolic processes, it appears that
the respiratory responses that may be observed during many psychological states can often
only be properly understood in terms of respiratory adjustments to the variations in the
energetical demands that are associated with these states. Few investigators have provided
a more suggestive evaluation of the degree to which physiological changes may reflect the
integrated influences of psychological and energeticial demands as Obrist (1981, p. 200) has
done regarding the cardiovascular system:

Considering the manner in which the cardiovascular system has evolved to
maintain homeostatic processes and the complex extrinsic and intrinsic control
mechanisms that serve to carry out this function with rapidity and efficiency,
it is not obvious why it has also evolved to be attuned to how motivated we
are, or what type of emotion we are experiencing, or whether we attending to
some event. Why should evolution place so much responsibility on the
cardiovascular system when we have evolved such a complex central nervous
system to carry out these matters of behaving? I am beginning to believe that,
to whatever extent cardiovascular adjustments are uniquely sensitive to
behavioral events (independent of inetabolic processes), they are but ripples
on a wave and can at any time be inundated by the wave.
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2) Isovolumetric morphological changes. This response category encompasses responses that
are characterized by a range of variations in the morphology of the breathing cycle, which
are not associated with overall changes in ventilation (and in PCOZ). Because ventilation is
dualistically regulated via a combination of specific levels of VT and RR, the morphology
of the breathing cycle can be considerable altered without overall changes in MV. As long
as such respiratory changes are unrelated to variations metabolic activity, they may reveal
the influence of cognitive, emotional or behavioral factors. For example, the difference in
respiratory timing that emerged in chapter 8 between the MCT and CMT tasks may have
reflected distinctions between the behavioral demands of the tasks (e.g. emphasis on speed
of response versus emphasis on memory rehearsal) that were not apparent in the other
physiological measures. Another example of this type of coupling between behavioral factors
and respiration is provided by an important study in which psychologically challenging tasks
with three different levels of difficulty were performed (Carroll, Turner ác Hellawell, 1986).
The tasks were primarily cognitive in nature, and involved very little motor activity. In both
tasks, VT decreased and RR increased, and there was no overall change in MV and in
oxygen consumption. Although the degree of RR increase became greater when task
difficulty increased, this increase was compensated by a simultaneous decrease in VT.
Perhaps the best example of the influence of cognitive activity upon breathing is provided
by activities like speech or singing. In these activities, the breathing pattern is modulated via
subtle alterations of VT, the inspiratory and expiratory phase durations, and inspiratory and
expiratory flow rate. That speech or singing normally induce no hypo- or hyperventilation,
is an impressive example of the degree to which humans have learned to coordinate and
integrate cognitive and metabolic influences upon the control of breathing.

3) Hyperventilation. This response category encompasses responses characterízed by an
increase is ventilation that is associated with a decrease in PCOz. As we have seen, the
influence of psychological processes on breathing is often well coordinated with metabolic
activity. Under certain conditions, however, the efficiency of this coordination is interfered
with. Then, psychological influences may cause a profound disruption of the normal
respiratory homeostatic function by increasing ventilation out of proportion to the metabolic
activity. In this regard it is interesting to note that the human organism is equipped with a
complex system of controls to prevent potentially dangerous reductions in oxygen delivery
to the brain and the tissues due to hypoventilation, but that there appear to be no effective
built-in controls to prevent excessive ventilation. It has even been suggested that the
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objective or subjective consequences of hyperventilation may, via positive feedback loops,
serve to reinforce the excessive breathing (e.g. Clark et al., 1988; Folgering óc Colla, 1978;
Folgering 8t Durlinger, 1983).

9.6 The nature of the relation between breathing and behavior

As was shown in this thesis, there is compelling evidence that respiratory responses may, on
the one hand, be closely tied to various situational demands, and on the other, to certain
characteristics of the individual. Given this combined influence of situational- and
individual-specific factors, which theoretical framework are we to employ in the interpreta-
tion of respiratory behavior? Or, to reverse this question, in which way can the study of
respiration be helpful in the understanding of psychological phenomena like emotions,
mental effort, stress, etc? There are several options. In particular instances, there might be
specific associations between particular respiratory responses, and distinct psychological
phenomena. In this case, the data can best be described by a specificity model. More often,
however, it will not be possible to find one-to-one relationships between psychological
processes and breathing. In these instances, it may often be more fruitful to analyze
associations between breathing and behavior with global models that describe relationships
between psychological and physiological processes in terms of categories that cut across
specific instances of psychological or behavioral states (i.e. energetical and functional
models).

1) Specificity models. Specificity models assume that there are specific connections between
psychological or behavioral states on the one hand, and distinct respiratory patterns on the
other. The classical example of this type of model is that of James (1884). It is not surprising
that the specificity model has implicitly or explicitly been adopted in many of the older
studies, specifically in studies of the influence of emotions on breathing (see Boiten, Frijda
á Wientjes, submitted). In a limited number of instances, the specificity approach has
proved to be useful. It provides, for example, the most appropriate approach to the analysis
of the role of respiration in speech and singing. Likewise, there are some indications that
joy (laughter), and sadness (crying) may be characterized by specific breathing patterns
(Averill, 1969; Santibanez 8t Bloch, 1986; Svebak; 1975). Furthermore, specificity models
might apply to respiratory changes during the orientation reaction and the startle response,
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which are characterized by a brief suspension of breathing (Sokolov, 1963). However,
specificity models are generally not suited to adequately describe respiratory-behavioral
associations, because they cannot accommodate for the energetical and functional aspects
of this relationship.

2) Energetical models. In contrast to specificity models, energetical models, such as general
arousal theory (Lindsley, 1951), or theories that distinguish between arousal, activation and
effort (e.g. Kahneman, 1973; Pribram 8t McGuiness, 1975; Sanders, 1983), are relatively
global an nonspecific. Given the frequent covariation of the respiratory influences of
psychological and metabolic processes, energetical models appear to be much better suited
for the analysis of associations between breathing and behavior. For example, the respiratory
difference between the NFB~FB and AON conditions in the study in chapter 6 can
conveniently be explained in terms of additional effort investment. As was strongly suggested
by this study, the psychological concept of 'mental effort' (i.e. as a nonphysical energetical
metaphor) may frequently have a physical counterpart in terms of inetabolic activity. Yet,
as is suggested by studies that have observed respiratory changes in the absence of
alterations in metabolic activity (e.g. chapter 8; Carroll, Turner 8c Hellawell, 1986), mental
effort and metabolic activity are not necessarily identical. In this regard, respiratory
measures might turn out to be useful in distinguishing between tasks that predominantly
require mental effort, and tasks that additionally require metabolic activity. Regarding our
understanding of specific associations between respiratory patterns and emotions, however,
it is questionable whether general concepts like arousal, activation and effort are very
helpful. Although emotions certainly incorporate arousal and activation processes, they can
not be properly understood in terms of patterns of changes across arousal and activation
continua alone. Changes in arousal and activation might not characterize particular emotions
as such, but only particular instances of the emotions under study. For instance, typical fear
and typical anger differ in degree of motor involvement, although specific instances of fear
and anger may be located across the whole activity continuum (Boiten, Frijda 8z Wientjes,
submitted).

3) Functional models. Another approach, that is not incompatible with energetical models,
is provided by theories that assume that there is a functional relationship between
psychological processes and physiological changes. In a functional model the respiratory
response is not considered to be an automatic, reflexive response to the energetical
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requirements that are associated with the behavioral demands, but is rather seen as
instrumental in realizing the specific behavioral goal of the organism. Hence, the functional
viewpoint assumes that the physiological response is a component of a process that actively
anticipates and coordinates the energetical support for behavior. The classical example of
a functional model, that has frequently been associated with respiratory activity, is the flight-
fight mechanism (Cannon, 1929), which efficiently and swiftly prepares the organism for
massive action and mobilizes the necessary resources. In addition to the flight-fight
mechanism, the active-passive coping dimension (Obrist, 1981) can also in a meaningful way
be linked to what may be considered to be the primary function of enhanced respiratory
activity: To provide energy to the organism during physical action. In this regard, Dudley et
al. (1964, 1969) have argued that respiratory changes are primarily related to action or
nonaction orientations. These notions are supported by observations that mere orientation
toward action may already induce respiratory responses that are characteristic for physical
activity: Imagery or hypnotic suggestion of physical exercise has repeatedly been observed
to induce an increase in respiratory activity that mimics the respiratory exercise response
(Morgan, 1985; Wuyam et al., 1992). The close connection between respiratory activity and
action orientation can also be illustrated by the observation that induction of pressure
headache only induced hyperventilation when it elicited overt, action-oriented anger or
anxiety (Dudley et al., 1964). In this regard, respiratory responses may help to distinguish
between psychological states that are characterized by passive withdrawal from the environ-
ment, and states that involve active engagement. This distinction may be partícularly useful
in emotion research, for example to distinguish between specific instances of emotions that
differ in degree of action orientation or motor involvement (see also Boiten, Frijda 8z
Wientjes, submitted). Similarly, it seems possible that respiratory responses are linked to
particular dispositional psychological concepts, such as anger-in and anger-out (Spielberger,
Johnson, Russell, Crane, Jacobs, 8z Worden (1985).

Functional models also provide a suitable framework for the analysis of the phenomenon
of hyperventilation. As such, hyperventilation appears to represent a particular instance of
strong action-oriented respiratory behavior, and this respiratory state has therefore by
several investigators been associated with the flight-flight mechanism (Cannon, 1929; Suess
et al., 1980; Dudley, 1969). Although it is indeed appealing to connect hyperventilation with
preparation for massive physical action, some reservations are in place. First, it is
questionable whether the respiratory increase, and the other physiological responses that are
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characteristic for the flight-fight mechanism, are really functional in preparing the organism
for impending action (see Obrist, 1981). Furthermore, it can be argued that the most
significant aspect of hyperventilation is not so much the respiratory increase as such, but
rather the striking discrepancy between the respiratory increase, and the simultaneous
absence of inetabolic activity. In other words, the most significant aspect of hyperventilation
might be the fact that there is an unresolved conflict between action tendencies on the one
hand, and perceived possibilities for action on the other. In this sense, hyperventilation
appears to primarily signify an unsuccessful outcome of the coping process, either because
the individual fails to mobilize the adequate resources, or because the challenge is simply
too overwhelming. As such, hyperventilation impressively reflects the impact that physical
and psychosocial stressors may have upon the individual (e.g. Freeman, Conway ót Nixon,
1986; Bles et al., 1988; Suess et al., 1980). In this regard, it is not surprising that hyperventi-
lation has been implicated in the profound stress reactions of soldiers in combat situations
(Da Costa, 1871; Lewis, 1919).

It should be noted that there appears to be an important distinction between respiratory
over-reactivity (i.e. hyperventilation), and excessive (sympathetically-mediated) cardiovascu-
lar reactivity. Whereas metabolically inappropriate cardiovascular responses have been
primarily observed during psychological tasks that are engaging, effort-demanding,
competitive and challenging (i.e. 'active coping' tasks; see Obrist, 1981), such tasks have
generally not been associated with hyperventilation (e.g. Allen 8t Crowell, 1989; Allen, Sher-
wood ót Obrist, 1986; Langer, McCubbin, Stoney et al., 1985; see also chapters 6 and 8).
Rather, inappropriate respiratory activity appears to be primarily linked to situations of a
threatening, aversive or painful nature (e.g. Allen, Sherwood óc Obrist, 1986; Dudley et al.,
1964; Freeman, Conway 8t Nixon, 1986; Suess et al., 1980; see also Grossman 8c Wientjes,
1989). The individual is helpless in such situations, and has no other choice than to try to
accommodate to the stressor and to reduce its impact as much as possible. This type of
coping may best be characterized as 'passive coping' (Obrist, 1981).

Finally, as an illustration to the preceding sections, we provide a number of examples of
typical relationships between breathing and behavior. Three common breathing patterns will
be distinguished:
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1) Deep, slow breathing with a low inspiratory flow rate. This pattern is characteristic of
relatively relaxed states, in which the energetical requirements are low, and which may be
characterized by relaxation (e.g. chapter 6 and 8). Rather extreme instances of this state may
be observed during slow-wave sleep (Snyder 8c Scott, 1972), and during deep relaxation
(Grossman, 1983). There are very few observations that have linked this pattern of breathing
to specific types of psychological or behavioral activity. Therefore, this respiratory pattern
seems to represent the ideal psychophysiological baseline condition.

2) Rapid, shallow breathing with a moderate inspiratory flow rate. This pattern has
frequently been associated with relatively modest mental effort investment (e.g. Benson,
Huddleston Bi Rolfe, 1965; Carroll, Turner óc Hellawell, 1986; Carroll, Turner 8z Rogers,
1987; Langer, McCubbin, Stoney et al., 1985; Rousselle, Blascovich ~ Kelsey, 1989; Turner,
Carroll 8r. Courtney, 1983; Turner 8c Carroll, 1985; see also chapter 6) or with sustained
attention (Kagan 8c Rosman, 1964). Emotion research has also observed this pattern has
during tense affects, during tense expectation (Boiten, Frijda 8z Wientjes, submitted), and
during states of moderate anxiety, tenseness and fear (Ax, 1953; Schachter, 1957). Hence,
rapid shallow breathing appears to be correlated with behavioral demands that are
associated with precise and controlled action tendencies (e.g. reaction times), with states of
attention and alertness, and emotionally with a range of affects characterized by tenseness.

3) Rapid, deep breathing with a high inspiratory flow rate. This pattern appears to be
lacking the control aspect that is characteristically associated with rapid shallow breathing
patterns. Behaviorally, this variety of breathing is linked to states that involve appreciable
metabolic activity. Psychologically, this pattern seems typical for excitement and high
arousal, states that are characterized by unrestrained and massive action orientation
(Dudley, 1969). Emotionally, this respiratory pattern may be associated with extreme
instances of different kinds of emotions, such as fear or anger, or joy and extasy. The action
orientation aspect may also be aimless or undirected, as, for example, during mere
excitement (Boiten, Frijda 8t Wientjes, submitted). If the strong action tendencies are
blocked, this pattern may also encompass hyperventilation.
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9.7 Concluding remarks

The most important conclusion that may be drawn from this thesis is that during many daily
activities and tasks, there appears to be a remarkable degree of coordination between
cortical and metabolic influences upon respiratory regulation. T'he respiratory responses that
were observed during demanding and engaging laboratory tasks reflect this coordinated
activity by the fact that they are not associated with changes in end-tidal PCOZ. As such, this

cortical~metabolic respiratory coordination provides a remarkable example of the high
degree of integration of higher- and lower-order respiratory control processes in the process
of copíng with psycho-environmental demands. It was suggested that breakdown of this
cortical~metabolic relationship may be typical for unsuccessful coping attempts. Further-
more, this thesis has provided suggestive evidence concerning individual differences in the
degree of cortical~metabolic coordination. In this respect, evidence was presented which
clearly demonstrates that individuals with high levels of negative affectivity, who frequently
experience psychosomatic symptoms, are characterized by tendencies toward enhanced
respiratory reactivity, and by somewhat depressed levels of PCO2. Although an unequivocal
explanation of this phenomenon is still lacking, it would seem likely that it can at least
partially be explained in terms of increased influence of cortical and forebrain processes
upon respiratory control mechanisms.

If anything, the findings that are reported in this thesis stress the necessity of adequate
measurement when respiratory measures are employed: Psychophysiological studies that
measure respiration without provisions to assess MV and end-tidal PCO2, are bound to yield
data that can not satisfactorily be interpreted. In any respiratory study, it is first essential to
know whether changes in MV have at all occurred, and second, whether these changes were
in accordance with metabolic activity. Finally, it is also apparent from this thesis that much
basic knowledge concerning the influence of psychological factors upon respiratory behavior,
and about the manner by which cortical~metabolic coordination is accomplished, is still
lacking. Specific areas in which further empirical studies are urgently needed, include the
influence of relatively small changes in energy requirements upon respiration, the analysis
of functional aspects of respiratory responses, individual differences, respiratory regulation
during speech, developmental aspects, the influence of emotions upon respiration, and other
research issues.
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SUMMARY

This thesis attempts to provide a methodological, theoretical and empirical introduction into
respiratory psychophysiology. In order to contribute to the research tools of respiratory
psychophysiology, a review is provided of important new developments in noninvasive
respiratory measurement and in the analysis of the breathing pattern. Measurement of
respiration can easily be accomplished via inductive plethysmography, a noninvasive
technique that provides sufficient precision and does not disturb spontaneous breathing
pattern. Breathing pattern may be analyzed in terms of the 'classical' respiratory measures
(i.e. tidal volume and respiration rate), as well as in terms of changes in central respiratory
control mechanisms. Indices of central respiratory drive and timing mechanisms may be es-
timated, respectively, by mean inspiratory flow rate (tidal volume divided by inspiration
time), and by the ratio of inspiration to total respiratory period (i.e. duty cycle).

Starting point of the empirical part of this thesis was that regulation of breathing depends
upon an intricate interplay of inetabolic and homeostatic control processes on the one hand,
and higher cortical influences on the other. Hence, changes in breathing pattern are often
likely to reflect the compound influences of cognitive, emotional, metabolic and homeostatic
processes. Two experiments were performed in order to investigate situational psychological
influences on breathing.

The first experiment investigated whether there is an orderly relationship between
psychological demands and identifiable changes in respiratory pattern (Chapter 6). 44
Subjects performed a memory-comparison task under three different conditions. Monetary
incentives for good performance were used during all conditions. Two counterbalanced
conditions were initially presented differing only in the presence or absence of immediate
visual feedback of performance. An all-or-nothing (AON) condition was presented last.
Regarding this task condition, subjects were told that they would only receive money
previously won, when performance exceeded that of any previous phase. Results showed that
performance in the AON condition was superior to that in the other two conditions.
Therefore, it was concluded that more mental effort was invested during the AON period.
Minute ventilation increased during the mental task performance; the greatest increase
occurred in the AON condition. Respiration rate also increased, but there were no
differences between task conditions. In the AON condition, tidal volume was equal to
baseline levels, but in the less demanding conditions, tidal volume decreased with respect
to baseline. Mean inspiratory flow rate covaried closely with investment of effort, but duty
cycle did not. Because there were no significant changes in PCO2, respiratory differences
between tasks appeared to parallel differences in metabolic activity. The main conclusions
that were drawn from this study were therefore that the there are indeed systematic and
orderly connections between variations in mental effort and breathing, but that the mental

113



Summary

influences may be confounded with the effects of task-related variations in metabolic
activity.

In a second experiment (which also addressed individual differences; see below) we assessed
whether psychologically-induced respiratory responses vary along the same continuum of
breathing patterns as metabolically-induced responses (Chapter 8). This 20 Middle-aged
male subjects performed two mental tasks and a bicycle ergometer task. Dependent
measures were respiration, PCO2, heart period, and blood pressure. Timing aspects of the
breathing cycle were the only physiological measures to reliably differentiate between the
two mental tasks. The main distinctions between the respiratory consequences of inental and
physical load indicated that minute volume and mean inspiratory flow rate increased much
more during exercise than during any of the mental tasks. Furthermore, in contrast to the
mental tasks, exercise induced an increase in duty cycle. The respiratory responses to the
mental tasks were brought about by an increase in respiration rate, whereas tidal volume
was the dominating factor in the exercise response. Again, there were no changes in PCOZ
during the mental tasks, but this measure increased during exercise. It was again concluded
that the respiratory effects of inental effort and metabolic activity were confounded.

On the basis of these studies, it was suggested that respiratory analysis should take the
following response dimensions into account: 1) Ventilation (i.e. the quantity of air that is
ventilated per time unit); 2) Morphology (i.e. the relative contributions of the classical
respiratory parameters, and of the indices of central regulatory mechanisms); 3) Metabolic
appropriateness. Furthermore, it was suggested that with regard to the respiratory changes
that are observed during psychologically demanding or stimulating conditions, three types
of respiratory states should be distinguished: 1) States in which ventilation increases, but
where no changes occur in PCOZ (isocapnic hyperpnea); 2) States in which there are no
overall changes in ventilation and in PCOZ, but in which the morphology of the breathing
cycle may vary (isovolumetric morphologic changes); 3) States in which the ventilatory
increase is accompanied by a drop in PCOZ (hyperventilation). During isocapnic hyperpnea
there is covariation of cortical and metabolic influences upon breathing. In contrast,
influences of psychological factors upon breathing may directly and independently been
observed during isovolumetric morphological changes, and during hyperventilation.

Dispositional psychological influences on breathing were also investigated in two
experiments. Starting point for this research was that individuals who combine high negative
affect with tendencies to frequently experience psychosomatic symptoms, appear to be
characterized by increased ventilation and depressed levels of PCOZ.

We evaluated the contributions of psychological and physiological mechanisms to psychoso-
matic symptom formation among a group of 83 subjects (Chapter 7). Results showed that
trait anxiety and PCOz each contributed separately to the prediction of the psychosomatic
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symptom score; trait arixiety explained nearly one-third of the symptom variance, and an
additional four percent was explained by PCOZ. Psychological symptoms were more strongly
associated with anxiety, and somatic symptoms more strongly with PCO2. These data suggest
that psychosomatic symptom reports represent two distinct components: one that is primarily
psychological (and is unrelated to physiological factors), and a second that reflects objective
variance in physiological processes (predominantly hyperventilation).

The second investigation into dispositional influences on breathing formed the between-
subject part of the study that assessed differences between the respiratory effects of inental
and physical load (Chapter 8; see above). Purpose of the investigation was to obtain insight
into the respiratory mechanisms that underlie the PCOZ difference between symptom
reporters and symptom-free controls. Two groups of subjects participated in the study: A
group that frequently experienced psychosomatic symptoms in daily life, and that had
recognized the majority of their daily symptoms during a brief period of voluntary
hyperventilation (HS group), and a symptom-free control group (LS group). Analysis of the
individual differences revealed that PCOz levels were depressed among the HS group, as
compared to the LS group. Furthermore, the HS group responded stronger to the tasks with
regard to inspiratory flow rate, and overall levels of ventilation tended to be enhanced
among the HS group. The findings clearly point toward the central drive mechanism as the
main factor that was responsible for the respiratory differences between the HS and IS
groups. It remains to be established whether this difference reflects a biological disposition,
or whether it may be explained by psychological influences. In light of the considerable
difference in trait anxiety between the HS and LS groups, it seems highly likely that psych-
ological factors are, at least at some level, also involved in the respiratory differences.
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SAMENVATTING

Dit proefschrift wil een methodologische, theoretische en empirische inleiding bieden in de
respiratoire psychofysiologie. Teneinde een bijdrage te leveren aan het onderzoeksínstru-
mentarium van de respiratoire psychofysiologie, wordt in dit proefschrift veel aandacht
besteed aan recente ontwikkelingen op het gebied van de niet-invasieve ademhalingsregis-
tratie, en van de analyse van het adempatroon. Meting van de ademhaling kan op
eenvoudige wijze plaatsvinden via inductieve plethysmografie, een non-invasieve techniek
die een voldoende mate van nauwkeurigheid biedt, en die het spontane adempatroon niet
beïnvloedt. Het adempatroon kan geanalyseerd worden in termen van de 'klassieke'
ademhalingsparameters (d.w.z. teugvolume en ademfrequentie), of in termen van
veranderingen in centrale respiratoire controlemechanismen. In het laatste geval worden de
bijdragen van de centrale 'drive' en 'timing' mechanismen geschat aan de hand van
respectievelijk de gemiddelde 'inspiratoire flow rate' (teugvolume gedeeld door inspiratie-
tijd), en de ratio van inspiratietijd en totale cyclustijd ('duty cycle').

Uitgangspunt bij het empirische deel van dit proefschrift was dat de regulatie van de
ademhaling plaatsvindt via een complex samenspel van metabole en homeostatische
regelprocessen enerzijds, en corticale processen anderzijds. Als gevolg daarvan reflecteren
veranderingen in het adempatroon dikwijls de gecombineerde invloeden van cognitieve,
emotionele, metabole en homeostatische processen. Er werden twee experimenten
uitgevoerd om de invloed van situationele psychologische invloeden op de ademhaling te
onderzoeken.

In het eerste experiment werd onderzocht of er een systematische samenhang bestaat tussen
mentale inspanning en identificeerbare veranderingen in het adempatroon (Hoofdstuk 6).
44 proefpersonen voerden een geheugenzoektaak uit onder drie verschillende condities. In
alle condities werd er een financiële beloning uitgeloofd voor een goede taakprestatie. Eerst
werden twee condities aangeboden, die alleen verschilden met betrekking tot de aan- of
afwezigheid van visuele feedback van de taakprestatie. Als laatste werd een 'alles-of-niets'
(AON) conditie aangeboden. Voorafgaande hieraan werd de proefpersonen verteld dat zij
het geld dat zij eerder gewonnen hadden, alleen mochten houden wanneer zij in de AON
conditie beter presteerden dan in de voorafgaande condities. De taakprestatie in de AON
conditie was veel beter dan die in de beide andere condities, en het lijkt daarom
aannemelijk dat er in de AON conditie sprake was van een grotere mentale inspanning. De
minuutventilatie nam tijdens de taken toe; het meest in de AON conditie. Ook de
ademfrequentie nam toe, maar er waren geen verschillen tussen de taakcondities. Het
teugvolume was in de AON conditie even groot als tijdens de baseline, maar in de minder
belastende condities nam het teugvolume af ten opzichte van de baseline. De gemiddelde
'inspiratoire flow rate' werd groter bij toename van de mentale inspanning, maar de 'duty

116



Samenvatting

cycle' veranderde niet systematisch. De afwezigheid van veranderingen in de PCOZ maakt
het aannemelijk dat de ademhalingsverschillen tussen de taakcondities verschillen in
metabole activiteit reflecteerden. Geconcludeerd werd dat er inderdaad een systematische
samenhang bestaat tussen variaties in mentale inspanning en de ademhaling, doch dat
psychologische en metabole invloeden op de ademhaling niet van elkaar te onderscheiden
zijn.

In een tweede experiment (waarin tevens individuele verschillen werden onderzocht; zie
onder) werd nagegaan of ademhalingsveranderingen die onder invloed van psychologische
factoren tot stand komen, via hetzelfde continuum van adempatronen variëren als metabole
ademhalingsveranderingen (Hoofdstuk 8). Hiertoe werden twee mentale taken en één
fysieke taak (fietsergometer) aangeboden, er werd ademhaling, PCO2, hartperiode en
bloeddruk gemeten. Het enige fysiologische verschil tussen de beide mentale taken deed
zich voor ten aanzien van de ademfrequentie. De belangrijkste verschillen tussen de mentale
taken en fysieke inspanning wezen erop dat minuutventilatie en 'inspiratoire flow' tijdens
fysieke inspanning meer toenamen dan tijdens mentale inspanning. Voorts deed zich tijdens
de fietstaak een toename van de 'duty cycle' voor; hiervan was tijdens de mentale taken
geen sprake. Het teugvolume veranderde tijdens mentale inspanning niet ten opzichte van
de baseline, maar nam aanzienlijk toe tijdens de fysieke inspanning. Anderzijds was de
toename in de ademfrequentie tijdens en mentale en fysieke taken gelijk. Tenslotte bleek
opnieuw dat de ademhalingsveranderingen tijdens de mentale taken samenhingen met
veranderingen in de metabole activiteit; het bleek dus wederom onmogelijk een goed onder-
scheid te maken tussen de invloed van psychologische en van metabole factoren op de
ademhaling.

Uit de genoemde experimenten blijkt dat bij analyse van de ademhaling uitgegaan moet
worden van ten minste drie respons-dimensies: 1) De ventilatie (d.w.z. de hoeveelheid lucht
die per tijdseenheid geademd wordt; 2) De morfologie (d.w.z. de relatieve bijdragen van de
klassieke ademhalingsparameters, en van de centrale indices); 3) De afstemming op de
metabole behoefte. Voorts blijkt dat er met betrekking tot de ademhalingsveranderingen,
die zich onder invloed van psychologische factoren voordoen, drie klassen te onderscheiden
zijn: 1) Toename van de ventilatie zonder verandering in de PCOZ (isocapnische hyperpneu);
2) Veranderingen in de morfologie van de ademhalingscyclus zonder veranderingen in de
ventilatie (isovolumetrische morfologische veranderingen); 3) Toename van de ventilatie,
gepaard gaande aan een verlaging van de PCOz (hyperventilatie). Tijdens isocapnische
hyperpneu is er sprake van een covariatie van psychologische en metabole invloeden.
Tijdens isovolumetrische morfologische veranderingen, en tijdens hyperventilatie is de
invloed van psychologische factoren op de ademhaling is daarentegen op directe en
onafhankelijke wijze herkenbaar.
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Dispositionele invloeden op de ademhaling werden eveneens in twee experimenten
onderzocht. Uitgangspunt was hierbij dat groepen personen die een sterke neiging hebben
tot het ondervinden van negatieve emoties, en die eveneens frequent psychosomatische
klachten ondervinden, volgens vele onderzoeken een verhoogde ventilatie hebben, en
verlaagde PCOZ niveau's.

Er werd een eerste onderzoek uitgevoerd bij 83 personen waarin werd nagegaan in hoeverre
de mate, waarin in het dagelijks leven klachten werden ondervonden, voorspeld kon worden
door de angst-dispositie en door PCOZ en hartslag (Hoofdstuk 7). Angst-dispositie en PCOZ
verklaarden elk apart een deel van de variantie in de klachtenscores; de hoeveelheid
variantie die door angst-dispositie werd verklaard was echter veel groter dan die welke door
de PCOZ verklaard werd. Somatische klachten bleken sterker met neigingen tot hyper-
ventilatoire samen te hangen dan psychologische klachten. Geconcludeerd werd dat met
betrekking tot psychosomatische klachten twee componenten onderscheiden dienen te
worden: 1) een psychologische component, die samenhangt met negatieve emoties, maar niet
met fysiologische processen, en 2) een somatische component die een direct verband
vertoont met fysiologische processen (voornamelijk hyperventilatie).

Het tweede experiment dat in het kader van het onderzoek naar individuele verschillen
werd uitgevoerd, werd gecombineerd met het onderzoek naar de invloed van mentale en
fysieke inspanning op de ademhaling (Hoofdstuk 8; zie boven). Doel van dit experiment was
meer inzicht te verkrijgen in de regulatiemechanismen die verantwoordelijk zijn voor de
PCOZ verschillen tussen personen met en zonder psychosomatische klachten. Twee groepen
proefpersonen namen deel aan het experiment. De eerste groep ondervond dikwijls
psychosomatische klachten in het dagelijks leven, en herkende het merendeel van deze
klachten tijdens een korte periode van vrijwillige hyperventilatie (HS groep). De andere
groep was een symptoom-vrije controlegroep (LS groep). Uit de resultaten bleek dat de HS
groep zowel tijdens baseline als taken lagere PCOz niveau's had dan de LS groep. Daarnaast
vertoonde de HS een grotere reactiviteit met betrekking tot de gemiddelde 'inspiratoire
flow', en verhoogde minuutventilatie-waarden. Deze resultaten wijzen erop dat het centrale
'drive' mechanisme als de factor die primair verantwoordelijk is voor de PCOZ-verschillen
tussen de HS en LS groepen. Het is vooralsnog onduidelijk of de verhoogde centrale 'drive'
bij personen met psychosomatische klachten toegeschreven moet worden aan een
biologische dispositie, of aan emotionele invloeden. Gezien het duidelijke verschil in angst-
dispositie tussen de HS en de LS groep, lijkt het aannemelijk dat psychologische factoren
mede een rol spelen met betrekking tot de ademhalingsverschillen.
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LIST OF ABBREVIATIONS

AB signal of the abdominal channel
ANCOVA analysis of covariance
AON 'all-or-nothing' condition
BL baseline condition
CMT continuous memory task
COZ carbon dioxide
DBP diastolic blood pressure
ECG electrocardiogram
EEG electroencephalogram
EXE physical exercise condition
FB feedback condition
FRV functional residual volume
HP heart period
HR heart rate
HS group high symptom group
HVPT hyperventilation provocation test
HVS hyperventilation syndrome
LS group low symptom group
MANOVA multivariate analysis of variance
MCT memory comparison task
MV minute ventilation
NA negative affectivity
NFB no feedback condition
OZ oxygen
PCOZ carbon dioxide partial pressure
Pe expiratory pause time
pH potential of hydrogen
RC signal of the rib cage channel
RR respiration rate
RT reaction time
SA state anxiety
SBP systolic blood pressure
TA trait anxiety
Te expiratory time
Ti inspiratory time
Ttot total respiratory cycle time
VT tidal volume
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