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Abstract

The vagus nerve constitutes a major portion of the parasympathetic nervous system. It
innervates several vital organs, among others the heart, where it elicits a decrease in HR,
therefore minimizing metabolic costs and counterbalancing sympathetic influences. Low
vagal activity is associated with several risk factors, morbidity and mortality, while vagal tone
can be interpreted as a resource and index of the functional state of an organism. Stress, as a
major risk factor, is known to decrease cardiovagal activity, but data are inconsistent,
presumably due to methodological problems in association with the high sensitivity of the
ANS. On the other hand, interventions increasing vagal activity show beneficial effects on
health and well-being. The purpose of the present work was to prove the negative effect of
acute stress and the positive effect of auricular stimulation on vagal activity. Additionally, we
aimed to examine the role of vagal functionality as a resource during stress.

We therefore conducted two studies. Thirty-three healthy male subjects participated in
random order in a psychosocial stress and control condition. Stress was induced by the
Montreal Imaging Stress Task (MIST). To examine whether vagal functionality can be
interpreted as resource during stress, a functional diagnostic test was further conducted (cold
face test, CFT). In the stimulation study, manual and electroacupuncture were applied to the
ear in 14 healthy male subjects while controlling for several confounding factors (among
others placebo effect). Vagal activity was measured with the LifeShirt System 200
(Vivometrics, CA, USA).

Analyses identified a significant stress-induced decrease in vagal activity and mood, while
provoking an increase in sympathetic and HPA axis activity. Vagal functionality was revealed
to be inversely related to the biopsychological stress response. In contrast to stress, electric

but not manual stimulation to the ear revealed a significant increase in vagal activity.

I



In the present work, we were able to underline the harmful character of stress on several body
systems while boosting the role of vagal functionality for health. Additionally, electrical
stimulation to the ear possibly constitutes a simple, mildly invasive method to improve

individual health status, adaptability and flexibility.
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1. INTRODUCTION

“If the pattern of the heart beat becomes as regular as the tapping of a woodpecker or the

dripping of rain from the roof, the patient will be dead in four days”
(Wang, cited by Cheng, 2000, p. 2082)

The positive association between low variability of the heart rate (HRV) and morbidity and
mortality was recognized early on, as demonstrated by the above quotation from the Chinese
medical practitioner Wang Shuhe in the 3™ century AD. Since then, several disorders have
been found to be associated with a reduced HRV as an index of the activity of the vagus nerve
(VN) (for an overview, see Thayer & Brosschot, 2005). The VN constitutes a major portion of
the parasympathetic nervous system, showing connections to a multitude of vital organs such
as the heart. Interestingly, the VN is not only an output structure of the central autonomic
network but reveals a huge portion of afferents, therefore influencing the activity of several
central nervous structures. As mentioned above, the activity of the VN is reduced in several
disorders such as depression, anxiety disorders, schizophrenia, eating disorders and
cardiovascular diseases. Nowadays, it is additionally recognized that vagal activity is not only
associated with morbidity but also with several risk factors present in (apparently) healthy
subjects (e.g. Thayer & Lane, 2009). Some of these risk factors cannot be actively
manipulated (e.g. age or gender), while others can (e.g. BMI, smoking, drinking or physical
exercise). Therefore, the VN offers an explanation or mode of action regarding how risk

factors harm our health.

A risk factor in everybody’s life is stress. Stress is known to be an important factor in the
development and progression of several disorders. Stress can elicit a multidimensional

biopsychological stress response, such as an activity increase of the HPA axis and the SAM



system. The latter can be subsumed to the sympathetic nervous system, eliciting further
responses to prepare the body in terms of the fight-or-flight response. Besides these two
systems, which were discovered early on in stress research, stress is also known to elicit a
decrease in parasympathetic activity (Porges, 1995). Nevertheless, data on this stress-induced
effect are inconsistent. Several studies detected a decrease in parasympathetic activity, but in
some of them, disturbing factors (e.g. motion, postural changes) might also, at least in part,
explain the results (e.g. Klinkenberg et al., 2008). Furthermore, some results were presented
showing no effect of acute stress on parasympathetic activity (e.g. Altemus et al., 2001).
There are even data revealing an increase of parasympathetic activity during stress (e.g. Sahar
et al., 2001). This inconsistency acts as a counterbalance to the clear theoretical assumption.
Therefore, methodological aspects in stress research have to be reconsidered, especially with
regard to the stress tasks. The Montreal Imaging Stress Task (MIST; Dedovic et al., 2005) is a
newer, standardized computerized stress task combining challenging arithmetic problems with
social-evaluative threat. It was originally developed for imaging purposes in stress research,
and has revealed interesting insights into central nervous responses during acute stress (e.g.
Pruessner et al., 2008). Due to the requirements regarding motionlessness in an fMRI
environment, the MIST shows several characteristics that also make the task ideal for the
examination of stress-induced autonomic activity alterations. While the task was shown to
consistently excite the HPA axis and the sympathetic nervous system (Pruessner et al., 2004,
Soliman et al., 2008), no study to date has examined its effect on the parasympathetic nervous
system. Therefore, one purpose of the present work was the examination of the effectiveness

of the MIST to elicit a parasympathetic decrease with a special focus on cardiovagal activity.

Stress in terms of the transactional stress model is present if the appraisal of demands is
higher than the appraisal of the counterbalancing resources (Lazarus & Launier, 1981). In the

framework of the neurovisceral integration model, the activity of the VN can be interpreted as



a physiological resource due to its reciprocal influences and associations with the central
nervous system, especially the inhibitory prefrontal cortex (Thayer & Lane, 2009). Evidence
exists showing the inverse relationship between HRV and cortisol in overnight urine (Thayer
et al., 2006) and cortisol during stressful cognitive tasks (Johnsen et al., 2002). Since the
findings supporting an association between cortisol and HRV are scarce, a second aim of the
present study was to examine this relationship by measuring the cortisol response during the
MIST on the one hand and resting vagal activity and vagal functionality during the cold face
test on the other. The cold face test elicits a trigeminal-vagal-mediated bradycardia, therefore

imitating the diving reflex (Khurana & Wu, 2006).

To summarize, the VN is thought to be an important physiological resource sensitive to
several risk factors such as stress, and is negatively associated with morbidity and even
mortality. Therefore, the question arises of whether the VN can also be used as a target for
interventions. This question can be answered in the affirmative, since physical training,
pharmacological and nutritional interventions can increase vagal activity, and one therapeutic
method in particular has attracted attention in the past ten years: the invasive vagus nerve
stimulation (VNS). The VNS is a highly invasive treatment entailing wires attached directly
to and electrically stimulating the left VN. It is predominantly applied in therapy-resistant
epilepsy and depression (Schachter & Saper, 1998). Its effect on primary symptomatology
(number of epileptic seizures, depressive mood) was repeatedly confirmed, even though a
placebo effect was also recently recognized in VNS therapy (Rush et al, 2005a).
Furthermore, studies examining central and autonomic nervous activity alterations were
conducted, showing positive effects on the activity of the structures subsumed in the central
autonomic network (Benarroch, 1997; activations in structures positively associated with
vagal activity), and inconsistent results on cardiovagal activity (Galli et al., 2003; Setty et al.,

1998; Stemper et al., 2008). Altogether, the effects of the VNS are satisfactory, but due to its

3



high invasiveness, VNS is restricted to therapy-resistant patients only. An intervention
increasing vagal activity applicable to all (sub)clinical patients or even in healthy subjects in
terms of prevention would be appealing. Therefore, the interest in alternative methods has
increased, with a focus on Asian medicine. Meditation, yoga, acupressure and acupuncture
have been examined, revealing inconsistent results with regard to autonomic nervous effects.
Some evidence exists suggesting vagoexcitatory effects of mildly invasive body and auricular
acupuncture (e.g. Haker et al., 2000; Hiibscher et al., 2007; Karst et al., 2007; Streitberger et
al., 2008). Nevertheless, methods and interpretations from several acupuncture studies can be
criticized, possibly contributing to the heterogeneous findings of these studies. The mode of
action is often unclear. The examination of the effects of auricular stimulation (manual and
electroacupuncture) on cardiovagal activity was the purpose of the second study presented in
this thesis. The ear was chosen as the target organ due to the presence of vagal afferents
(Fallgatter et al., 2003; Lang, 1992; Tekdemir et al., 1998), therefore providing a basis for the
explanation of possible vagal effects. Additionally, several problems encountered in
acupuncture research were controlled, such as placebo and pain effects. To summarize, the
aim of this study was the examination of vagal activity during confrontation with a risk factor
(stress), the role of the VN as a physiological resource during stress, and the appropriateness

of auricular stimulation to induce an increase in vagal activity.

In the following, structural and functional properties of the VN, factors negatively associated
with vagal activity and interventions increasing vagal activity are presented in the theoretical
background (chapter 2). Following this, the two studies (stress and stimulation study)
conducted as part of the present doctoral thesis are presented including the results (chapter 3),

before concluding with a general discussion (chapter 4).



2. THEORETICAL BACKGROUND

The VN is often called the “health nerve” and has gained interest in clinical research in the
last years. In the following, structural and functional properties are presented, culminating in
two theories promoting the importance of the VN for (clinical) behavioural research (chapter
2.1). Following this, studies examining vagal functionality in association with several risk
factors and disorders are reported, in an attempt to underline the importance of the thus far
often neglected role of the VN in clinical research (chapter 2.2). A newer area of research
focusing on interventions increasing the activity of the “health nerve” is then presented, with

a focus on affective, central and autonomic effects (chapter 2.3).

2.1 The vagus nerve: structural and functional properties

The vagus nerve (VN) is part of the autonomic nervous system (ANS). Before going into

detail about the VN, which is of special interest in this thesis, the ANS will be discussed.

2.1.1 The autonomic nervous system

The ANS, together with the somatic nervous system, constitutes the peripheral nervous
system (Pinel & Pauli, 2007). In contrast to the somatic nervous system, the ANS is not
subject to conscious and arbitrary control to the same extent and is therefore termed
autonomic (Birbaumer & Schmidt, 2003). It consists of the sympathetic (SNS),
parasympathetic (PNS), and enteric nervous system (Heim & Meinlschmidt, 2003).
Sometimes, the enteric nervous system, which controls the gastrointestinal system, is
considered independent and therefore ignored when referring to the ANS. Since the present

work focuses mainly on the cardiac system, the enteric nervous system is left out when
5



referring to the ANS. From another perspective, the ANS can be divided structurally into the

central and peripheral ANS.

2.1.1.1 The central autonomic nervous system

The central autonomic network (CAN) consists of several structures: the ventromedial
prefrontal cortex (PFC), insular cortex, anterior cingular cortex (ACC), central nucleus of the
amygdala (CeNA), paraventricular nucleus (PVN) and related nuclei of the hypothalamus,
periacqueductal grey (PAG), nucleus parabrachialis (PBN), nucleus of the solitary tract (NTS),
nucleus ambiguous (NA), ventromedial and ventrolateral medulla, and medullary tegmental
field (Benarroch, 1997). These structures show complex and reciprocal, direct and indirect
connections (fig. 2.1). The insular cortex, with its organotropic organization, constitutes the
primary visceral sensory cortex (Saper, 2002). It shows, among others, connections with the
NTS and PBN relaying visceral afferent information. The ventromedial PFC modulates
emotional responses through connections with the amygdala and constitutes an important
inhibitory control on the latter (Thayer & Lane, 2000). The amygdala possesses several
connections and plays a critical role in emotional response, integrating autonomic, endocrine

and motor responses with emotion (Amaral et al., 1992).
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Figure 2.1 Interconnections of some structures associated with the CAN (adapted from
Brown & Gerbarg, 2005)

The ACC is involved in the initiation, motivation, and execution of emotional and goal-
directed behaviours. A magnitude of nuclei of the hypothalamus has various connections and
functions. One of them, the PVN, contains a main portion of autonomic output of the
hypothalamus (Benarroch, 2004). The PBN receives input from the NTS and projects to the
thalamus, hypothalamus and amygdala, and plays an important role in cardiovascular activity
and respiration, but also gastrointestinal activity (Benarroch, 2004). The NTS relays
viscerosensory information to all central autonomic regions, including the PVN, PBN and
medial orbitofrontal cortex. The premotor neurons of the ventrolateral medulla contain
sympathetic output to preganglionic vasomotor neurons, and further control cardiac and
respiratory functions. Sympathetic input to preganglionic neurons is further provided by
neurons of the ventromedial medulla thought to play a role in arterial pressure (Benarroch,
2004). The dorsomotor nucleus (DMN) and NA contain parasympathetic efferents (Porges,

2003).



2.1.1.2 The peripheral autonomic nervous system

The cell bodies of preganglionic neurons of the peripheral ANS lie in the central nervous
system (CNS). The short sympathetic preganglionic fibers leave the spinal cord to the near
chain of sympathetic ganglia and activate long, unmyelinated postganglionic nerve fibers
through chemical cholinergic synapses. Postganglionic neurons principally release
norepinephrine (NE). By contrast, the PNS mediates its effects by leaving the CNS, among
others, out of the brain stem through cranial nerves containing long and in part myelinated
preganglionic fibers. The PNS releases acetylcholine (ACh) in the parasympathetic ganglions
situated near to or in the walls of the target organs, where in contrast to the SNS, they release
ACh (Birbaumer & Schmidt, 2003).

The ANS adapts the processes of the body to the rapidly changing demands of the

environment and coordinates two major roles: homeostasis and the adaptive responses to

stress (fight-or-flight response). To fulfil these two functions, it can fall back on the mostly

antagonistic functions of the SNS and PNS on most of the innervated organs (tab. 2.1).

Table 2.1 Functions of the ANS (Hamill & Shapiro, 2004)

Organ SNS PNS
Eye (pupil) Dilation Constriction
Eye (ciliary muscle) Relax (far vision) Constrict (near vision)
Lacrimal gland Slight secretion Secretion
Parotid gland Slight secretion Secretion
Submandibular gland Slight secretion Secretion
Heart Increased rate; pos. Inotropism Slowed rate; neg. inotropism
Lungs Bronchodilation Bronchodilation
Gastrointestinal tract Decreased motility Increased motility
Kidney Decreased output -
Bladder Relax detrusor; contract Contract detrusor; relax

sphincter sphincter

Penis Ejaculation Erection
Sweat gland Secretion Palmar sweating
Piloerection muscles Contraction -
Blood vessels: arterioles | Constriction -
Muscle (arterioles) Constriction or dilation -
Muscle (metabolism) Glycogenolysis -
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2.1.2 The vagus nerve

The VN (X. cranial nerve) constitutes the main portion of the PNS, innervates a multitude of
organs and is vitally important (Benninghoff, 2008). It contains visceromotoric,
viscerosensoric, and somatosensitive nerve fibers (Trepel, 2004), while the viscerosensitive
afferents constitute 80% of the vagal fibers (Porges, 2003). The fibers of the VN are
associated with four interconnected nuclei: the DMN contains visceromotor nerve fibers
innervating among others the heart and lung, the NA contains visceromotor nerve fibers
innervating organs superior to the thoracic diaphragm, the nucleus spinalis nervi trigemini
(NSNT) receiving somatosensitive afferents and the NTS receiving viscerosensitive input and
afferent information from the N. glossopharyngeus, N. facialis, and the NSNT (Chien et al.,
1996; Trepel, 2004). The NTS, as mentioned above, possesses a multitude of direct and
indirect connections to the other structures of the CAN. The VN leaves the brain stem behind
the olive and extends through the foramen jugulare in the skull to the head, neck, chest and
abdomen (Trepel, 2004) and divides into several branches. In general, the VN is involved in

digestive and restorative somatic function (Swanson, 2003).

2.1.2.1 Vagal innervation of the heart

Two branches, the rami cardiaci cervicales superiores and inferiores, quit the DMN to
innervate the plexus cardiacus of the heart. The right rami of the bilaterally organized VN
mainly connects with the sinoatrial node, while the left rami innervate mainly the
atrioventricular node. Conversely, viscerosensitive afferents reach the NTS through the same
rami (Trepel, 2004). The heart is innervated by both branches of the ANS, which at the plexus
cardiacus constitutes the major modulator of heart activity (Cacioppo, Tassinary & Berntson,

2007). The heart is active per se, since it contains cardiac myocytes and some of them are
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subsumed in the sinoatrial node functioning as a pacemaker (Thews & Vaupel, 2005). The
heartbeat of the denervated heart has a pace of about 100 beats per minute (bpm; Ganong,
2005; cited after Chai et al., 2008, p. 695), while sympathetic innervation produces an
increase and vagal innervation a decrease of the heart rate (HR) (Cacioppo et al., 2007).
However, an increase of HR can also be produced by a reduced vagal activation. As described
by Thayer and Lane (2009), the increase of HR can be initiated in the CAN (fig. 2.8). The
bidirectional and interacting forebrain structures can activate sympathoexcitatory neurons of
the rostral ventrolateral medulla (RVLM), therefore increasing HR. But the structures of the
CAN can simultaneously inhibit the NTS, thereafter eliciting a decreased activity of the
visceromotor neurons in the DMN and NA, which results in a reduced vagal input to the heart
leading to an increase in HR. Additionally, a CAN-mediated reduced activation in the NTS
leads to a decrease of inhibition on the sympathoexcitatory neurons of the RVLM, again
eliciting an increase in HR.

The normal contraction rate of 72 bpm at rest (Andrassy, 2007) compared to the 100 bpm in a
denervated heart, underlines the dominance of the vagal input to the heart. In general, the VN
possesses a negative chronotropic, dromotropic, and inotropic effect, resulting in a decrease in
HR, an increase in time of intracardiac signal transmission, and a decrease in contractility
(Lewis et al., 2001; Thews & Vaupel, 2005). An important difference between vagal and
sympathetic innervation characteristics is the kinetics. While vagal inputs effect and decay
rapidly and within a heartbeat, sympathetic inputs are much slower (Franchini & Cowley,
2004; Spear et al., 1979).

The bidirectional connection between the brain and the heart plays an important functional
role in the fight-or-flight response but also in emotional, cognitive and attentional regulation.
Vagal tone, further to be an output variable, can additionally be seen as a resource of the

individual in a challenging environment (Thayer & Lane, 2009).
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Although the main factor influencing cardiac activity is the impact of autonomic innervation
described above, several other factors can influence the activity of the heart. Some of the most
prominent factors controlling the heart besides the direct autonomic innervation are
neuropeptides (for example neuropeptide Y (NPY), which is often present in autonomic
synapses), indirect autonomic influence through catecholomines predominantly secreted after
activation of the sympatho-adrenomedullary (SAM) system, activity alterations of the renin-
angiotensin system (RAS), and the respiratory-related mechanical stretch of the sinoatrial

node (Berntson et al., 1997).

2.1.2.2 Vagal innervation of the ear

The ear is an important organ, among other things in social interaction or in the detection of
the direction of auditory threat signals. However, it is not a vital organ, but since the ear and
its innervation plays a crucial role in the present work, the neuroanatomical basis of the ear is
nevertheless presented. The ear is innervated among other things by the VN (Fallgatter et al.,
2003; Lang, 1992; Tekdemir et al., 1998). The auricular branch of the VN, the ramus
auricularis nervi vagi, is also called the Alderman’s or Arnold’s nerve. The Arnold’s nerve
contains vagal afferents leading from the skin of the external auricular canal (external acoustic
meatus), through the fissura tympanomastoidea and the mastoidal canal into the superior
ganglion, relaying the information through the foramen jugulare into the NSNT (Benninghoff,
2008). However, afferents are also reported in the concha (Lang, 1992), and there is
additional evidence for vagal afferents in the helix and antihelix of the ear (Gao et al., 2008)
and the presence of heterogeneous nerve fibers in one and the same area (Folan-Curran &
Cooke, 2001).

The NSNT projects to the NTS (Chien et al., 1996), which leads bottom-up information to the

structures of the CAN and might also influence affective state (Kraus et al., 2007). However,
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together with the NSNT, the NTS can also interact with the visceromotor vagal nuclei,
integrating these inputs with top-down information affecting cardiac function. The NSNT was
shown to elicit a bradycardia and a hypotension in rabbits during electrical stimulation of the
NSNT (Kumada et al., 1977). After several adjuvant pharmacological and chirurgical
interventions, the authors came to the conclusion that the stimulation of the NSNT leads to a
reflex activating cardiovagal efferents and an inhibition of cardiosympathetic nerve fibers,
while baroreceptors do not seem to be too affected. The authors report that this reflex can be
elicited through the stimulation of different cranial nerves such as the N. trigeminus (V.), the
N. glossopharyngeus (IX.) and the somatosensitive nerve fibers of the NV (X.). Therefore, the
stimulation of the ear, but also the reflex mediated through application of a cold stimulus like
in the CFT, are thought to be mediated at least among other things through the stimulation of
the NSNT. Aside from bradycardia as part of the diving reflex, stimulation of the ear can
provoke different reflexes such as ear-palatal and the ear-vomiting reflexes attributable to

vagal stimulation (Gupta et al., 1986; Majer, 1953).

2.1.2.3 Indicators of vagal activity: markers not referring to the heart

The PNS innervates several organs affecting their activity by some means or other. Normally,
the innervated organs have several influencing factors and therefore their activity cannot
uniquely be linked to parasympathetic input. Nevertheless, they provide some information on
the activity of the PNS.

Pupillary responses are frequently used indicators of autonomic state. Alterations of the
pupillary aperture are mediated through the ANS. While the SNS leads to a dilation of the
pupil through activation of the radial fibers, the PNS leads to a pupillary constriction through

innervation of circular fibers of the iris (Andreassi, 2007). This latter response is indicative of
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the activity of the parasympathetic efferents along the III. cranial nerve (oculomotor nerve),
but might not be associated with the activity of the VN.

The VN innervates, among others, the thyroid gland, thymus and pancreas. In these organs,
vagal stimulation can alter the secretion of several substances. In the thyroid gland, vagotomy
and stimulation studies suggest, among other things, a positive association between vagal
activity and the secretion of calcitonin gene-related peptide (CGRP; Grunditz et al., 1986),
substance P (Grunditz et al., 1988), and vasoactive intestinal peptide (VIP; Ito et al., 1987)
and an inhibitory influence of the VN on thyroid hormone secretion (Melander et al., 1979).
Referring to the thymus, the VN is thought to heighten lymphocyte release (Antonica et al.,
1994). In the pancreas, the vagal stimulation can increase the secretion of amylase (Vega et al.,
1977), while 2-3 months after a vagotomy, pancreatic gland weight and the amount of
Langerhans islets were found to decrease (Tiscornia et al., 1981). The latter are important for
the release of insulin and amylin.

These findings are only a small selection of the effects of the VN on the body. The problem
about these parameters is that they can only be measured invasively and are susceptible to
many influencing factors. Therefore, the markers above can indicate the state of the VN, but
due to the many influencing factors cannot be seen as proper marker of vagal activity.
Measuring vagal activity markers associated with cardiac and cardiorespiratory activity seems
to be much more useful and reliable, since alterations of these markers allow a clearer

attribution to vagal state and since a continuous measurement is possible.

2.1.2.4 Indicators of vagal activity: electrocardiographic markers

When considering the heart, several measures are used to indicate vagal activity.
Electrocardiac markers thereby hold a great advantage compared to the determination of the

non-cardiac markers mentioned above: the simplicity of determination, since electrocardiac
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markers can be measured non-invasively on the body surface with stationary but also small
and easy-to-wear ambulatory devices. Therefore, subjects can be examined in nearly every
situation all day long.

All cardiac markers discussed in the following rely on the electrocardiogram (ECG). The
early measurement of heart activity took place with galvanometers around 1900. The
underlying phenomenon is based on the fact that a part of the electrical impulses passing the
heart during its contraction spreads to the body’s surface and can therefore be detected by
electrodes on the skin. Thus, the ECG is the record of amplified cardiac electrical potentials

on body surface. The ECG shows several signal alterations (fig. 2.2).

as
P Wave QRS Complex
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Figure 2.2 Electrocardiogram (reproduced with permission from Porter, 2003, available:

http://www.merck.com/media/mmhe2/figuress MMHE 03 021 01 eps.gif)

The most important ones determine the QRS complex, representing currents generated in the
ventricles (fig. 2.2) during depolarization prior to ventricular contraction. The P wave refers
to the current generated before the contraction of the atria and the T wave the repolarisation of

the ventricles (Andreassi, 2007).
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For psychophysiological research, the most interesting characteristic extracted from the ECG
is the RR interval (or NN interval; interval between two R waves). The time in-between two
beats is called heart period (HP) or inter-beat-interval (IBI). Based on the HP, the heart rate
(HR) can be reciprocally determined. In fact, the HR is based on the number of beats per unit
of time (normally per one minute), and can therefore be determined with the following
formula (Vossel & Zimmer, 1998): HR (bpm) = 60’000 (ms) / HP (ms).

Besides variations of HR called heart rate variability (HRV; see below), resting HR can be
interpreted as an index of vagal activity, since under resting conditions, the heart is under
predominant vagal inhibition (Thayer & Sternberg, 2006). Additionally, the HR change after
cessation of physical exercise, called HR recovery, is used as an index of vagal activity
(Thayer & Lane, 2007). An alternative and more complex variable is HRV, which offers the
basis for several markers indicating the state of the ANS. At the beginning of
cardiophysiological research, HR was thought to be a stable rhythm. As noted by Porges
(2007), in the past, HRV was often misleadingly interpreted by several prominent
psychophysiologists as an artefact due to poor experimental control. However, some authors
noticed the simplest detectable marker of HRV early on: the alterations of HR in association
with respiration. Hales (1733; cited following Berntson et al., 1997) was one of the first
researchers to observe a respiratory pattern in the pulse and blood pressure of a horse. The
alteration in the pulse associated with breathing is called respiratory sinus arrhythmia (RSA;

fig. 2.3).
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Figure 2.3 Association of RR interval alterations (middle) from the ECG (bottom) with

respiration (top)

Hering (1910, cited following Berntson et al., 1997, p. 624) was one of the first researchers to
support the association between the amplitude of RSA and vagal tone. In general, respiration-
associated changes in HR are a sign of healthy autonomic state (Brotman et al., 2007) and
more generally speaking of somatic and mental health (chapter 2.2.2). RSA is thought to be
mediated predominantly by fluctuations of vagal-cardiac nerve traffic and therefore provides
an index of vagal activity. Even if RSA is mediated predominantly by parasympathetic inputs
on the sinoatrial node, the parasympathetic influence is not a simple one (Vaitl & Petermann,
2004), since several aspects of parasympathetic control are relevant (Berntson et al., 1997):

1. Respiration-associated phasic variation of vagal effects on the heart,

2. Central vagal output to the heart,

3. The mean level of vagal effect on the heart (meaning here a difference in mean RR

interval between a resting intact baseline and a complete vagal blockade),
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4. Dynamic vagal responses such as the parasympathetic baroreflex response affecting
RR interval (by afferent carotic, aortic, and cardiopulmonary baroreceptor responses
to short-term systemic blood pressure variations).

Therefore, the influence of the VN on the heart consists of different aspects of the VN and is
not only unidimensional. Since the factors mentioned above are all dimensions of the
parasympathetic control on the heart, they are normally correlated with each other.
Nevertheless, lacking correlations have also been reported (for an overview, see Berntson et
al., 1997). For example, respiratory patterns can have an influence on some of the aspects
listed above; therefore, breathing alterations can minimize intercorrelations between the
different parasympathetic factors. Thus, the consideration of respiratory patterns is normally
recommended (e.g. Grossman & Taylor, 2007). In the present work respiratory parameters
were not controlled. On the one hand, the additional analysis and statistical consideration of
different respiratory parameters would go beyond the scope of this work, since it is very time
consuming. On the other hand, the tasks and interventions were chosen to control for several

disturbing factors influencing respiration (e.g. speaking, postural changes, motion).

As alternative variables of HRV, several time- and frequency-domain variables (besides rarer
non-linear measures; see Task Force, 1996) are most often used in the literature indicative of
several autonomic phenomena. Although they are more complex and newer indicators of
autonomic control of the heart, in the following, the frequency-domain variables will be
discussed before the time-domain variables due to their clearer association with RSA.
Akselrod introduced power spectral analysis of HRV in order to evaluate beat-to-beat
cardiovascular control (Akselrod et al., 1981). With spectral analysis, different frequency

bands can be extracted out of the raw data (tab. 2.2).
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Table 2.2 Established frequency-domain measures of HRV (adapted from Task Force, 1996)

Variable Units Description Frequency range
Total Power | ms2 | Variance of all NN intervals Approximately < 0.4
Hz
ULF ms2 | Power in the ultra low frequency range <0.003 Hz
VLF ms2 | Power in the very low frequency range 0.003-0.04Hz
LF ms2 | Power in the low frequency range 0.04-0.15Hz
LFnorm n.u. |LF power in the normalized units
LF/(Total Power-VLF)*100
HF ms2 | Power in the high frequency range 0.15-0.4Hz
HFnorm n.u. | HF power in the normalized units
HF/(Total Power-VLF)*100
LF/HF-ratio Ratio LF[ms2]/ HF[ms2]

Central frequency intervals were determined in association with autonomic interpretations.

The ULF has a slow period duration of more than 5.5 minutes (1/0.003=333), and the
physiological interpretation is less clear, but it is thought that circadian, monthly and seasonal
rhythms play a role. The VLF has a period duration of 25 seconds (1/0.04=25) up to about 5.5
minutes (1/.003). It is suggested that thermoregulatory processes and the effects of the RAS
play a role in the VLF. The long periods of the ULF and VLF can be interpreted with
increasing reliability with longer data acquisition times. When analyzing shorter segments of
electrocardiographic data the LF and HF bands are more appropriate. The LF possesses period
lengths of 6.6 (1/0.15) to 25 (1/.04) seconds. Sympathetic activity is thought to be the source
of the LF, but there is also evidence for parasympathetic influences on this frequency band
(Thayer & Lane, 2007). This is also evident from the high correlation of HF and LF (Liao et
al., 2002). Therefore, the interpretation of alterations of this marker is not so clear. Thus, the
ratio of LF to HF appears to be more promising. The HF band possesses the shortest periodic
alterations of 2.5 (1/0.4) to 6.6 (1/0.15) seconds (Breitenbach, 2003). The peak is around 4
seconds and therefore parallels the respiration rate, with about 15 cycles per minute. Often,
the HF is also used synonymously with RSA (Breitenbach, 2003; Kleiger et al., 2005) and is

thought to be under parasympathetic control, as is apparent from stimulation and vagotomy
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studies (see Task Force, 1996). The HF or HFnorm are very often used when authors are
interested in determining parasympathetic activity. As noted above, an often used measure of
HRYV is the ratio of LF/HF. Due to the problems in the interpretation of LF, some authors use
the ratio as an index of sympathovagal or sympathetic modulation (Berntson et al., 1997).

An alternative method to characterize HRV and the autonomic state of an individual is the
determination of time-domain HRV measures. These are statistical and geometricmeasures
(Task Force, 1996), but the latter are less frequently applied in the literature. They are easy to
calculate from the ECG data. In the following, only a selection of the most common time-

domain variables are discussed (tab. 2.3).

Table 2.3 Selection of time-domain measures of HRV often used to characterize autonomic
activity (Task Force, 1996)

Variable Units Description
SDNN ms Standard deviation of all NN intervals
RMSSD ms Square root of the mean of the sum of the squares of differences
between adjacent NN intervals
NNS50 count Number of pairs of adjacent NN intervals differing by more than

50ms in the entire recording. Three variants are possible,
counting all such NN intervals pairs or only pairs in which the
first or the second interval is longer.

pNN50 % NNS50 count divided by the total number of all NN intervals

Applied to a 24-hour ECG recording, these time-domain variables show approximate
correspondence to frequency-domain variables. While the SDNN is associated with the total
power, RMSSD, NN50 count and pNN50 are related to the HF measure of HRV (Task Force,
1996) and therefore constitute alternative variables determining the activity of the VN.
Among the time-domain variables, pNN50 and RMSSD were shown to be highly correlated

with each other (Kleiger et al., 2005), underlining their common parasympathetic derivation.
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2.1.2.5. Determination of vagal functionality

The vagal markers mentioned above (chapter 2.1.2.4) can be determined during rest (normally
named vagal tone) or during periods of phasic changes (e.g. during tests). Tests inducing
phasic alterations of vagal activity (e.g. stress, exercise or reflexive tests) have different
theoretical, anatomical and therefore different interpretative value. If the interest is in the
functionality of the VN in terms of the reagibility of the “hardware” to react with an activity
increase, an often used method is the cold face test (CFT; e.g. Khurana & Wu, 2006). In the
CFT, a cold stimulus is applied to the face (the whole or a part of it), inducing the so-called
diving reflex (Reyners et al., 2000). Besides a stimulation of the SNS, the CFT leads to an
increase of the vagal activity through a trigeminal-vagal stimulation, provoking a bradycardia.
The CFT is one of the most effective procedures to induce a stimulation of the VN (Arnold,
2000). Several studies used different cold stimuli such as the immersion of the face in cold
water (e.g. LeBlanc et al., 1975), exposure to cold wind (LeBlanc et al., 2004) or the
application of bags filled with iced water or cold gel (cold packs; e.g. Khurana & Wu, 2006).
Methodological inconsistency also exists in terms of the temperature of the cold stimulus.
Some authors use stimuli with a temperature between 0 degrees Celsius (Lin et al., 2004) and
+6 degrees Celsius (Muth et al., 1998). Furthermore, the period of stimulation lasts between 1
(e.g. Hilz et al., 1999) and 4 minutes (e.g. Muth et al., 1998). Therefore, no standardization
exists regarding the methodological characteristics of the CFT.

To summarize, following a neuroanatomical and functional description of the VN, several
markers indicative of vagal activity were presented. These markers can be measured under
different conditions (e.g. under rest or inhibiting or excitatory periods). The theoretical and
methodological aspects reported above represent the basis upon which to understand findings
regarding the VN (chapter 2.2 and 2.3). Two psychophysiologists, more then by the sum of

their studies examining health variables associated with vagal activity, contributed to the
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understanding of the role of the VN: Steven W. Porges and Julian F. Thayer. Both authors
embedded the VN in physiologically higher-ranking theories of emotion and behaviour,
which are supported by several (of their own) findings. In the following, the polyvagal theory

(Porges, 1995) and the neurovisceral integration model (Thayer & Lane, 2000) are presented.

2.1.2.6 The polyvagal theory

The polyvagal theory by Porges (1995; 2001; 2003; 2007) constitutes a model that boosts and
underlines the importance of the VN for different aspects of survival and well-being in
general. Emotion, stress, orientation, attention and social engagement are central constructs
for which the theory tries to deliver an explanation, and in return, the theory is also sustained
by these constructs. As the name of the theory suggests, an important aspect of the model is
based on the fact that humans, contrary to lower-developed species (tab. 2.4), possess more
than one vagal system. Porges named the two vagal systems the dorsal (DVC) and ventral

vagal complex (VVC).

Table 2.4 Regulation of the heart as a function of vertebrate phylogeny (Porges, 2001). ‘+’

indicates a cardioexcitatory and ‘- a cardioinhibitory influence

Animal group | Chromaffin [Dorsal vagal| Spinal SNS Adrenal |Ventral vagal
tissue complex medulla complex
Jawless fish + +)
Cartilaginous fish + -
Bony fish + - +
Amphibians + - +
Reptiles + - + +
Mammals + - + + -
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According to Porges, the two vagal systems possess structural and functional differences.
From an evolutionary point of view, the DVC is the older, unmyelinated system, present even
in more primitive life-forms, while the VVC is present only in mammals. Efferents of the
DVC leave the DMN in the medulla oblongata to reach structures predominantly under the
diaphragm, but also the heart. Vagal afferents of the DVC terminate in the NTS. By contrast,
the myelinated vagal efferents of the VVC leave the NA via general visceral efferents to
innervate structures mainly superior to the diaphragm such as the heart and the bronchi, and
via special visceral nerve fibers to innervate striated muscles in the face and mouth. The
functional output on the heart by the vagal pathways originating in the NA may be monitored
by RSA (Porges, 2007). Dynamic changes in RSA and HR are suggested to be indicative of
the status of the social engagement system (Porges, 2001). The afferents of the VVC are
constituted via the NTS and the trigeminal and facial nerve.

In line with the more general dissolution theory of Jackson (1958), Porges postulates a
hierarchical response of the organism when confronted with stressful challenges (2001). He
proposes that distinct adaptive behavioural strategies lie under each stage. Older structures,
which are still present in higher developed systems, are only activated in extreme cases. In
mammals (including humans), the first choice of response is shown by engagement or
disengagement from the environment (e.g. social communication, self-soothing, calming;
Porges, 2003). In this case, the VVC can handle the demands of the environment. When the
demands are too high to be met within the limits of the VVC, the older structures of the SNS,
including the SAM system, are disinhibited to increase metabolic output to induce
mobilization as part of the fight-or-flight response (active avoidance). Under extreme
situations, the next phylogenetic older system, the DVC, can be mobilized and produces
immobilization behaviours which are metabolically conservative and adaptive for primitive
vertebrates (e.g. feigning death, defecation, apnoea and bradycardia; passive avoidance). The

response does not have to be an all-or-nothing one, with only one system being activated or
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disinhibited respectively. In mammals, it is possible for the responses of the three newest
hierarchical stages (VVC, sympathetic-adrenal system, DVC) to co-occur. The hierarchical
lower levels are not only present during (life-threatening) challenges, but are sometimes
associated with dysfunctional behaviour and disorders.

To respond to the demands of the environment with an appropriate biological and behavioural
response, the individual has to regularly evaluate whether a situation is safe or dangerous.
This evaluation of risk does not require conscious awareness and is termed neuroception. It
describes a neural process that can distinguish environmental (and visceral) features of safety
and danger and matches neurophysiological state with actual risk evaluation of the
environment (Porges, 2007). Neuroception enables the engagement in social behaviours,
when it functions adequately and when the environment is safe. However, neuroception can
also be maladaptive, as seen for example in social anxiety, inappropriately evaluating the
environment as threatening and showing social disengagement. Neural circuits based in the
temporal cortex are thought to be involved in neuroception (Porges, 2007).

Porges postulates a functional association of the VN and social engagement (Porges, 2001).
This association is based on the neuroanatomical co-occurrence of the special and general
visceral afferents of the VVC, whereas the cranial nerves regulate social engagement via
facial expression and vocalization (fig. 2.5). The connection of the VN with facial expression
emerged evolutionary, promoting, besides restoration and growth, spontaneous social

engagement.
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Figure 2.4 The social engagement system: Social communication is determined by the

cortical regulation of brainstem nuclei (adapted from Porges, 2007)

Interestingly, Porges does not only argue that due to the association of the VN and social
engagement a functional link between (low) vagal activity and (dysfunctional) behaviour
exists. He also assumes a potential role of the functional and neuroanatomical association for
therapeutic manipulations. Therefore, to stimulate the VN, one could intervene on different
levels such as pharmacologically, with conditioning or psychotherapy, or by biological-
behaviourally stimulating the neural regulation of the social engagement system (e.g. with
auditory stimulation or rocking and swinging) (Porges, 2003). Results from invasive VN
stimulation (VNS) also show beneficial effects on autistic-like behaviours associated with low
social skills and communication (Murphy et al., 2000), offering further evidence for the
association between the VN and social aspects.

In conclusion, the polyvagal theory boosts the role of the VN by highlighting the evolutionary
development of the ANS with augmenting (poly-vagal) dimensions in higher-developed

species. Therefore, the polyvagal theory underlines the benefits of the phylogenetic newer
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neuroanatomical connection to a social network, allowing fine-tuning vegetative and
behavioural responses in response to demands of the environment. Furthermore, the
connection of the VN with the social engagement system offers an augmentation of possible
therapeutic interventions to influence both systems. The polyvagal theory therefore offers a
theoretical background in which the empirical studies presented in this thesis can be
embedded, since the applied interventions are based on the interconnection of the different

cranial nerves.

2.1.2.7 The neurovisceral integration model

The neurovisceral integration model was introduced by Thayer and colleagues (Thayer &
Lane, 2000, 2009) and describes a link between neural structures involved in affective,
cognitive, autonomic regulation and HRV, while highlighting and focusing on HRV.
Interested in the associations between psychological phenomena and physiological properties,
Thayer began the examination of the ANS with a special interest in HRV and studied this
marker in animals, healthy subjects and patients, looking at normal and pathological
phenomena associated with resting HRV. He also examined phasic or interventional changes
in HRV.

Structurally, the neurovisceral integration model is based on the CAN (Benarroch, 1997),
consisting of structures of the CNS (chapter 2.1.1.1). These reciprocally interconnected
structures are not haphazardly pooled together but represent a functional unit controlling
visceromotor, neuroendocrine and behavioural responses, which are critical for adaptability,
goal-directed behaviour and health in general (Thayer, 2007; Thayer & Lane, 2000). The
CAN is therefore associated with the process of response organisation and selection and
serves to control psychophysiological resources in emotion and attention. Within the

framework of the neurovisceral integration model, the CAN structures can additionally
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flexibly revert to additional structures or networks when changing demands of the
environment require it, therefore maximizing flexibility of the organism.

Autonomic output is mediated via preganglionic sympathetic and parasympathetic neurons.
One direct output variable is therefore HRV, but since the VN also possesses afferents (to a
greater extent than efferents), it can also feed back information from the heart to structures of
the CAN. Thus, HRV can be interpreted as an indicator of CNS and ANS integration but also
of central-peripheral neural feedback (Thayer, 2007). Individual differences in HRV can
therefore be indicative of differences of the whole system. A low HRV can be symptomatic of
a rigidly coupled or entirely uncoupled network unable to dynamically recruit specific,
response-adequate structures.

The neurovisceral integration model points to the potential role of neural inhibition. One
central component of inhibition is assured through the PFC, which during rest shows
inhibitory control over subcortical structures (Thayer, 2006). There is evidence from
pharmacological and neuroimaging studies showing a link between HRV and the PFC, but
also some other structures of the CAN (left (mid-)insula, left amygdala-hippocampal complex,
PAG, caudate nucleus, ventral ACC) (Ahern et al., 2001; Gianaros et al., 2004; Lane et al.,
2009; Matthews et al., 2004). The inhibitory control of the PFC in controlling subcortical
sympathoexcitatory circuits can therefore be indexed by HRV, as suggested by the
neurovisceral integration model.

A functional loss of inhibition through the PFC is present when the environment requires
allostatic processes to reach homeostasis, such as during stressful, fearful or threatening
situations (= neuroception). However, subcortical disinhibition due to reduced PFC activity is
also present in psychopathology (Thayer, 2007), and therefore findings of reduced HRV and
rigid maladaptive behaviour in several disorders (chapter 2.2.2) are possibly associated with a

loss of inhibition by the PFC.
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Further evidence for the role of HRV as an index of inhibitory control of the PFC is provided
by findings of associations of HRV with several constructs associated with inhibition ability
and PFC activity as well as with emotional regulation. Associations between cognitive
performance have been found, for example, in attentional, working and prospective memory
tasks and HRV (Hanson et al., 2003, 2004, 2009; La Marca et al., in prep.), indicating better
performance in subjects with high compared to low HRV. Interestingly, in contrast to the
overall group, the low HRV group showed improved performance in a task during threat of
shock (Hanson et al., 2009), a similar finding compared to the association found between low
HRV and enhanced performance under conditions of high stress (Morgan et al., 2007).
Associations of HRV with affective regulation were also found. In this regard, appropriate
affective regulation promotes flexible adaptation to rapidly changing demands of the
environment (Thayer & Lane, 2000). A failure to recognize safety signals by conscious
perception or neuroception (Porges, 2007) can lead to prolonged, rigid readiness and
heightened sympathetic output. Reduced differentiated emotion-modulated eyeblink startle
responses to pleasant, neutral and unpleasant pictures were found in subjects with low HRV
compared to subjects with high HRV (Ruiz-Padial et al., 2003). This finding supports the
potential role of the PFC to inhibit amygdala output (Thayer, 2007).

To summarize, the neurovisceral integration model boosts the role of the VN by not only
recognizing its characteristic as an index of state activity of the X. cranial nerve but also by
promoting its relevance as part of a more complex and important network, the CAN. Within
this complex network, HRV plays a more important role than merely an output variable. The
VN and its activity are recognized to index inhibitory control predominantly of the PFC and
to constitute an inhibitory control mechanism per se. Therefore, vagal activity can be
interpreted as resource, since inhibition of subcortical structures is the best strategy to respond

flexibly to demands. The neurovisceral integration model therefore constitutes an appropriate
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basis for the interpretation of the results of the empirical studies presented in this thesis, since

a special focus lies on the characteristic of the VN to form a resource.

2.2 Factors negatively associated with vagal activity

In the above chapters, a theoretical and methodological background was presented allowing
an understanding HRV. HRV can be determined non-invasively on the body surface and
offers a basis for the interpretation of the activity of the ANS and especially the VN,
possessing a predominant influence on cardiac activity. On the one hand, the polyvagal theory
and the neurovisceral integration model support the importance of the VN as an indicator of
somatic and mental well-being, since flexibility, adaptability and social engagement are
recognized to be structurally and functionally associated with HRV. On the other hand,
morbidity is recognized to be associated with poor vagal activity. In the present empirical
studies, the effect of stress, considered to be an important factor in the development and
progression of numerous disorders, on vagal activity is examined. Disorders and stress, as risk
factor, are reported to be associated with low HRV, but also other risk factors have also been
studied in the past. In the following, generally known risk factors are discussed in terms of the
association with HRV, before presenting possible evidence for reduced vagal activity in
several disorders. On the one hand, this would support the role of the VN for health and well-
being, and on the other hand an association would have several methodological implications,

which should be considered in the empirical studies.

2.2.1 Risk factors

A multitude of factors are thought to be associated with decreased vagal activity and it would

go beyond the scope of the present work to deliver a complete list of them. In the following, a
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selection of prominent factors will therefore be discussed. The factors co-occur with
decreased vagal activity and thus no direction of causality, underlying mechanism or
independence of influence is suggested.

Besides the factors discussed in the following, other factors such as race, diet, social networks,
job control, cholesterol, hypertension, diabetes and genetics have been found in the literature
to be associated with HRV, but also cardiovascular morbidity and mortality (see chapter

2.2.2.5).

2.2.1.1 Age

Cardiovascular disorders are associated with age, and therefore alterations in ANS activity
can be assumed. In a sample of 1,984 healthy subjects, Liao et al. (1995a) were able to
demonstrate significant differences between a group of 45-54-year-old and a group of 55-64-
year-old subjects in terms of cardiac activity. While the older group showed lower HF and LF
values than the younger group, there were no clear differences in the LF/HF-ratio. In a
younger sample of 1,780 subjects of both genders (age range 24-39 years), age was inversely
related to all measured time- and frequency-domain values besides LF/HF-ratio (Koskinen et
al., in press), indicating a decrease in autonomic control of the heart. As described below
(chapter 2.2.1.3), Britton et al. (2007) found different changes over time depending on gender
(5-year follow-up). Tasaki et al. (2000), who examined 10 women and 5 men in a 15-year
follow-up, found significant decreases in SDNN, LF, LF/HF-ratio and significant increases in
HR and NN50, whereas HF was unchanged. These data from a mixed-gender sample are
difficult to interpret, but according to be authors might be interpreted as a decrease in
sympathetic and a slight increase in vagal activity. Therefore, similar to the results concerning

gender effects, findings on the relationship between age and HRV are also inconsistent.
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2.2.1.2 Body mass index

In a current study (Koskinen et al., in press) examining young adults with ages ranging
between 24 and 39 years, an inverse association between body mass index (BMI) and several
HRYV indices in the time- and frequency-domain (except LF/HF-ratio) has been found.
Similarly, Hemingway et al. (2005) found a significant inverse relationship in 2,197 male
subjects between waist circumference and quartiles of SDNN, LF and HF and a positive
association with quartiles of HR. In a longitudinal study, Britton et al. (2007) found BMI
(three groups: <25, 25-30, >30) to be a predictor of being in the worst quartile of HR and
HRYV (SDNN, LF, HF) at the follow-up five years later. In a study of 1,742 subjects aged >50
years (Felber-Dietrich et al., 2006), SDNN, LF and LF/HF-ratio on average decreased
significantly by at least 0.7% per unit of BMI. Therefore, high BMI seems to be associated

with a decreased autonomic control of the heart.

2.2.1.3 Gender

While some studies found no difference in HRV between women and men (e.g. Lampert et al.,
2005), others found lower LF and higher HF in large samples of women compared to men
(e.g. Britton et al., 2007; Liao et al., 1995a). In line with these findings, Koskinen et al. (in
press) were able to demonstrate higher values of HF, lower values of LF and LF/HF-ratio in
young women compared to young men. Therefore, it can be assumed that men show higher

sympathetic and women higher parasympathetic activity.
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2.2.1.4 Alcohol consumption

Subjects showing a high alcohol consumption (>28 units of alcohol per week; 1 unit=8g)
revealed significantly higher HR and lower SDNN, LF and HF (Hemingway et al., 2005).
This result was supported by Britton et al. (2007), who found an increased predictive value of
high alcohol consumption (>21 U / week in men; >14 U / week in women) to be in the worst
quartile of HR and HRV five years later. Felber Dietrich and colleagues (2006) found further
evidence for decreased HRV wvalues (SDNN, LF and VLF) associated with alcohol

consumption. In conclusion, the latter seems to diminish autonomic control on the heart.

2.2.1.5 Smoking

Cigarette smoking is a well established risk factor, for example, for cardiovascular diseases.
Therefore, a negative influence of smoking on vagal activity seems conceivable. Indeed, a
multitude of studies have examined the effects of smoking.

Karakaya et al. (2007), for example, examined the effect of acute smoking on the ANS.
Although we do not necessarily agree with the authors’ interpretation of the presented raw
data, the mean values of RMSSD and HF do seem to reveal a decrease in vagal activity in the
first 5 and 10 minutes, respectively. Simultaneously, LF and LF/HF ratio increased as a sign
of heightened sympathetic activity. This interpretation would be in line with the similar
effects of chronic smoking on autonomic activity.

Foetuses from smoking mothers revealed significantly decreased HRV (Zeskind & Gingras,
20006), similar to data presented on boys, but not girls, in smoking compared to non-smoking
breast-feeding mothers (Dahlstrom et al., 2008). HRV was negatively correlated with the
number of smoked cigarettes and nicotine concentration in the milk. Similar results were also

found in smoking adults. Habitual smokers show an increased LF and LF/HF-ratio and
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simultaneously decreased SDNN, RMSSD and HF values compared to non-smokers (Alyan et
al., 2008). In line with the findings in infants and foetuses, Alyan and colleagues found
correlations between HRV parameters (LF, LF/HF-ratio) and the number of cigarettes smoked
per day but not the duration of smoking. Burutcu et al. (2005) compared heavy smokers and
non-smokers and found lower SDNN and RMSSD values and higher LF/HF-ratio values in
smokers. HF and LF were not significantly different. Additionally, they found a positive
correlation between the duration of smoking and LF/HF-ratio and a negative correlation
between duration and RMSSD and HF. To summarize, these findings indicate that smoking
leads to an autonomic imbalance by increasing sympathetic and decreasing parasympathetic

activity.

2.2.1.6 Air pollution

Nowadays, a factor of increasing societal and political interest is air pollution, which has been
associated with cardiovascular morbidity and mortality (Samet et al., 2000; Schwartz, 1999).

Using different parameters of air pollution and gaseous pollutants (particulate matter <2.5 um
in aerodynamic diameter (PM2.5), particle number concentration, black carbon, ozone, sulfur
dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide), Park et al. (2005) examined their
relation to HRV in 497 male subjects by matching the effects of different duration (4hr, 24hr,
48hr) and associated moving averages of air pollution to the time of ECG measurement for
each subject. The authors reported a significant inverse relationship predominantly between
PM2.5 and HF and a positive relationship with LF and LF/HF-ratio. Min et al. (2008)
examined the effects of air pollution on HRV in 1,349 subjects and found, similar to Park et al.
(2005), a negative association between PM10, SO2 and NO2 and HRV. SO2 further showed
stronger effects in smokers compared to non-smokers (Min et al., in press). In contrast, Felber

Dietrich et al. (2008) examined the effect of long-term exposure to NO2 and found a negative
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association with SDNN, LF and LF/HF-ratio but not with HF or total power in women but not
in men. These results, albeit inconsistent, indicate that an increase in cardiovascular morbidity
and mortality associated with air pollution might be at least in part attributed to harmful

alterations of ANS activity.

2.2.1.7 Little or no exercise

Exercise is recognized to be beneficial for health and well-being. Indeed, Hemingway et al.
(2005) found significantly higher values of SDNN, LF and HF and a lower HR in a group of
subjects who exercised (n=714) compared to a group that did little or no vigorous exercise
(<lh/week; n=1329). Accordingly, Lampert and colleagues (2005) compared subjects who
exercised on more than or less than three days per week in a sample of 360 outpatients. They
found higher values of SDNN and all frequency-domain variables in subjects who did more
exercise, but differences reached significance only when SDNN and ULF were taken into
consideration. Felber Dietrich et al. (2006) found, in a large sample (n=1,742), higher HRV
values with increasing amount of exercise. For every weekly hour of exercise (“get out of
breath or sweat”), SDNN, HF, LF, VLF and ULF, but not LF/HF-ratio increased significantly
by at least 2%. The beneficial effects of sport with health might therefore be mediated by

increased cardiac control by the ANS.

2.2.1.8 Low socio-economic status

As part of the Whitehall II study, Hemingway et al. (2005) examined the association of HRV
and, among other things, socio-economic status (SES) in 2,197 male subjects. The latter was
measured using salary and work role (termed employment grade) and divided into a low,

medium and high group. The employment grade was inversely associated with HR and
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positively associated with HF, LF and SDNN. Lampert et al. (2005) examined the association
of HRV and social class defined as three dichotomous scales (education, occupation, income)
in 360 outpatients undergoing ambulatory ECG monitoring. Similar to the findings of the
Whitehall II study, HF was significantly higher in the high education group and higher, but
not statistically significant, with regard to occupation and income. Additionally, LF, ULF,
VLF and SDNN were significantly higher within the high education, occupation and income
group compared to the low social class group.

These findings support the assumption of a chronically impaired autonomic function in
subjects with low SES and might therefore offer an explanation for increased coronary risk in

subjects with lower SES.

2.2.1.9 Circadian rhythm

Normally, circadian rhythm is not a usual risk factor. However, since it has important
methodological implications when examining vagal activity, and there is a relationship
between cardiovascular disorders and time of day, a short overview is warranted.

The body adapts to environmental factors in order to maximize functionality and promote
well-being. The activity of all cells and organs of the body have a circadian rhythm. The so-
called master clock of the body is the suprachiasmatic nucleus (SCN) of the hypothalamus.
The SCN synchronizes the circadian rhythm of all other cells of the body. The main Zeitgeber
affecting the SCN and thus also the rest of the body by inducing circadian oscillations is light.
Additional Zeitgeber are, for example, food intake, sleep habits and work (Panda et al., 2002).
When not disturbed, for instance by shift work, the circadian rhythm is not a risk factor per se,
but acute cardiovascular events are not distributed homogeneously over the day. In fact,

pathological events are most prominent between 6 a.m. and 12 noon (Muller et al., 1989).
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The activity of the heart also shows circadian rhythms. Vagal activity is highest during
sleeping hours (Burgess et al., 1997; Furlan et al., 1990), while sympathetic activity is lowest
during this time (Furlan et al., 1990). In line with the reduction of sympathetic activity and the
increase in vagal parasympathetic activity, the sympathovagal balance is deepest during the
night and highest during waking hours. According to Fallen and Kamath (1995), the rise in
HRYV during the night is predominantly due to the vagal increase, whereas changes in HRV
during the day are due to more complex interactions between sympathetic and vagal
modulation of sinus node activity. An association of low HRV and cardiovascular diseases is
also recognized (chapter 2.2.2.5). Nevertheless, the circadian distribution of acute cardiac
events cannot solely be associated with the circadian variation of cardiac activity, since other
important health-influencing variables also show circadian alterations, such as cortisol,
catecholamines, fibrinogen activity, platelet aggregability and alpha adrenergic tone (Fallen &

Kamath, 1995), therefore making interpretation of causality difficult.

2.2.1.10 Psychological factors

Several psychological factors have been found to be negatively associated with HRV and
health in healthy subjects. In the following, a short overview of some factors showing an
association with vagal activity is presented.

Bleil et al. (2008) found an inverse association between the construct negative affect and HF
HRV. The construct was built on depression, anxiety and anger questionnaires, with the
former two also revealing a negative association with vagal activity. Similarly, subjects with a
comparable health constitution and increased ratings of anxiety showed a heightened baseline
HR and reduced SDNN in a study by Kawachi et al. (1995). Hughes and Stoney (2000) found
an increased reduction of HF during mental stress and a smaller increase of HF during CFT in

subjects with higher compared to lower depressive symptoms. These findings indicate a
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dysfunctional vagal imbalance in more depressed subjects. In fact, this is in line with results
in depressed patients (chapter 2.2.2.1). Further support was presented by Schwarz et al.
(2003), who found a negative association between rated hopelessness/helplessness and HF
HRYV in subjects playing chess.

Furthermore, hostility was also shown to be negatively associated with vagal activity.
Negative correlations were reported among other things between hostility ratings and HF and
LF (Sloan et al., 2001). A study examining HR during a CFT revealed reduced capacity to
induce a bradycardia in healthy subjects within the high compared to the low hostile group
(Ruiz et al., 2006). This finding supports a reduced vagal functionality in hostile subjects,
therefore offering an explanation for the association between coronary heart diseases and
hostility. Additionally, in a large population of 2,197 apparently healthy men, Hemingway et
al. (2005) found lower social networks to be negatively associated with resting HF HRV. In
conclusion, several psychosocial factors seem to be related to low vagal (re-)activity and

should therefore be considered when examining vagal activity.

2.2.1.11 Stress

Stress is thought to have a negative influence on vagal activity. Since in the empirical part of
the present work, the effect of stress on cardiac markers, but also the potential role of vagal
functionality as a physiological resource in buffering the effects of stress, was focused upon, a
deeper insight into the phenomenon of stress is offered in the following. First, an attempt is
made to provide a definition of stress. Second, effects of stress on different body systems are
described, with a special focus on responses of the hypothalamic-pituitary-adrenal (HPA) axis,

the SNS and PNS.
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2.2.1.11.1 Definition

The definition of stress as used in health sciences has changed considerably over the years.
Stress was associated with different terms such as activation, emotion, fear, conflict and
frustration (Lazarus, 1966). Depending on the purpose, stress was defined in a more stimulus-,
reaction-, situation- or relation-oriented manner (Lazarus & Launier, 1981). Although stress
possesses a negative connotation, another differentiation was introduced in association with
the valence: pleasant stress was termed eustress and unpleasant stress distress (Selye, 1981).
Since the focus of the present work lies on biological aspects of stress, one would be tempted
to use a reaction-oriented definition of stress. Selye, for example, defined stress as an
unspecific response of the organism to each demand (Selye, 1981). Nowadays, it is known
that interindividual differences in responses exist (Steptoe, 1991). For this reason, the
unspecificity concept of stress was abandoned. Mason (1971, 1975a, 1975b) was one of the
first authors to call the concept of unspecificity into question. In animal experiments, he was
able to demonstrate that a physical stressor (change in temperature) elicited an increase of
glucocorticoid metabolite only when the increase in temperature was conducted quickly and
unexpectedly, but not when implemented gradually (Mason, 1971). Therefore, appraisal
played an important role in the stress concept used by Mason.

This notion was integrated into a new stress concept: the transactional stress model. The
authors presumed that stress results from a transaction between a person and its environment
(Lazarus & Folkman, 1984). In this still established model, two central concepts play an
important role: appraisal and coping. Internal and external events therefore elicit stress by
being processed by primary and secondary appraisal and in connection with the selected
coping. To simplify, stress emerges when perceived demands of a situation (primary appraisal)
exceed the perceived resources (secondary appraisal) and therefore activation persists

(Lazarus & Launier, 1981). The notion of coping refers to the processes of handling the
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external and internal demands, which are evaluated by the organism as exceeding one’s own
resources. The transactional model of stress additionally considers individual as well as
environmental factors. Furthermore, personality traits and learning history constitute
important influencing factors on cognitive appraisal as well as coping (Lazarus & Folkman,
1984). In conclusion, a transaction is stressful depending on the (im)balance between the
demands and resources (Lazarus, 1966).

Additional factors to those considered in the transactional stress model have also been
discussed: the emotional and motivational factors. The latter refers to the importance of being
able to cope with a demand (McGrath, 1970). Emotions were discussed by Zajonc (1981,
1984), who suggested that emotions can precede cognitions and that the two are based on
different (physiological) modes. Additional factors were discussed thought to modulate the
impact of stress. The most important of these are time pressure, work load, novelty, control,
predictability, social evaluation and ego involvement (e.g. Cannon, 1915; Dickerson &
Kemeny, 2004; Mason, 1968).

A further concept in association with stress was promoted by McEwen (1998), although the
term was first introduced by Sterling (1988): allostasis. Differently to homeostasis, which
describes a process of keeping vital body systems (milieu interieur) in a stable range (Noll,
2002), allostasis defines the process applied actively to maintain homeostasis. It supports the
adaptation to stress and the coping with stress. When the demands on the organism are too
high or the allostatic process has to be maintained for too long, allostatic load develops,
referring to the costs of the body arising from adapting to the demands (McEwen, 1998, 2000).
McEwen therefore described four types of allostatic load: (i) repeated normal stress response,
(i1) response without adaptation, (iii) prolonged reactivity, and (iv) inadequate response to

stress.
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2.2.1.11.2 Stress response

The systematic biological stress research began with the experiments of Cannon at the
beginning of the 20th century, who focused on the somatic basis of emotions (Cannon, 1914a)
and the differentiation of the biological concept of equilibrium under the term homeostasis
(Cannon, 1929). Cannon propagated the importance of the SAM system and the secretion of
epinephrine (EPI) as an unspecific stress response. This adrenergic emergency reaction as part
of the fight-or-flight response was interpreted by Cannon as mobilization of energy to re-
establish homeostasis (Cannon, 1914b).

In animal experiments, Selye (1936a,b) found a triad of morphological indicators associated
with stress: adrenal enlargement, thymolymphatic involution and gastrointestinal ulcer. To
describe the time response of this morphological syndrome and the underlying physiological
process, Selye introduced the general adaptation syndrome, consisting of three stages (Selye,
1937, 1946): alarm, resistance and exhaustion. In contrast to Cannon, Selye focused on the
HPA axis and the secreted glucocorticoid. Therefore, the SAM system and the HPA axis are
the oldest and best examined biological stress systems. Nevertheless, a variety of additional
biological stress responses not (directly) associated with these two prominent stress systems
are known. In the following, an overview of the biological stress reactivity of the markers

examined in the present work is given.

2.2.1.11.2.1 Cortisol

Cortisol is a hormone secreted from the adrenal cortex and is an index of the neuroendocrine
HPA axis (fig. 2.6). Corticotropin-releasing-hormone (CRH) is synthesized in the whole body.
The highest impact on the HPA axis is exerted by CRH, originating in the PVN of the

hypothalamus, which activates the secretion of adrenocorticotropic hormone (ACTH) at the
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anterior lobe of the pituitary gland. ACTH for its part reaches the adrenal cortex over the
blood stream, eliciting the secretion of the glucocorticoid cortisol in humans (cortisol in most
mammals, corticosterone in rodents). Biologically meaningful, unbound cortisol in terms of a
negative feedback loop can inhibit the activity of the HPA axis (Mendel, 1989; Kirschbaum &

Hellhammer, 1999, 2000).
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Figure 2.5 Schematic representation of the HPA- axis

The level of cortisol can nowadays be detected not only in blood but also in saliva, since the
diffusion of unbound cortisol into saliva happens passively and is independent of salivary
flow rate (Kirschbaum & Hellhammer, 1994). The correlation of the cortisol levels in both
fluids is high (r=.71 to =.96; Gunnar et al., 1989; Harris et al., 1990; McCracken & Poland,
1989; Reid et al., 1992; Tunn et al., 1992; Woodside et al., 1991). Similar to plasma, the level
of cortisol in saliva peaks about 20-30 minutes after termination of acute stress exposure

(Kirschbaum & Hellhammer, 1994; O’Connor & Corrigan, 1987).
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Several studies have examined the influence of physical and psychological stressors on the
activity of the HPA axis. Physical stressors normally induce an increase of ACTH and cortisol
(Luger et al., 1987; Mason et al., 1973; Wittert et al., 1991), often with no changes in CRH,
but possibly explained by the changes in arginine vasopressin (AVP), coexisting in some
neurons with CRH (Whitnall, 1990). While cortisol shows a delayed peak, ACTH reaches a
maximum about 15-30 minutes earlier (Kirschbaum & Hellhammer, 1999). An increase of
both HPA indicators is also evoked by psychological stressors. In particular, psychosocial
stressors that provoke social evaluative threat induce the strongest increases (Dickerson &

Kemeny, 2004).

2.2.1.11.2.2 Alpha-amylase

Alpha-amylase (AA) is an enzyme synthesized in and secreted from the salivary glands, with
the paired parotid gland being the most important with regard to AA (Buddecke, 1981; Morse
et al., 1983). AA plays a central role in the predigestion of food by splitting starch into
glucose and maltose, but also possesses several protective characteristics (Edgar, 1992;
Scannapieco et al., 1993). The activity of the salivary glands is controlled by the ANS
(Malfertheiner & Kemmer, 1987; fig. 2.7). Stress, through an increase in SNS activity, is
thought to induce a viscous salivary fluid (Malfertheiner & Kemmer, 1987; Morse et al.,

1981).

41



D Parasympathicus - Sympathicus
— Cortex
; A
Glandula \ N auriculo- | Ganglion Hypothalamus
parotis ) oticum
temporalis
Glandulq \ Ganglion ] ]
Subflna'?dl submandi - N intermedius 1
bularis bularis : Ncl. salivatorius
Glandula v +

sublin

: Ncl. intermediolateralis
gualis

Figure 2.6 Simplified illustration of the autonomic innervation of the three major paired

salivary glands (La Marca, 2005)

When observing the activity of AA, physical stress studies (e.g. Chatterton et al., 1996) reveal
a clear result: AA concentration is increased during physical stress. The effects provoked by
psychological stressors on AA concentration are indeed not as consistent, possibly due to
some methodological problems, although more recent studies with established standardized
stressors seem to provide similar results to those provided by physical stressors (e.g. Nater et
al., 2006; Nierop et al., 2006; Rohleder et al., 2006). Therefore, AA is assumed to show an
increase in concentration during psychological stress.

Furthermore, an interesting role of AA as an indicator of SAM activity during stress was
suggested due to correlations with NE (Chatterton et al., 1996; Rohleder et al., 2006). Due to
the small amount of evidence and the weak association of the two markers, the indicative role

of AA for SAM activity has to be considered with caution and needs to be examined further.
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2.2.1.11.2.3 Heart rate

The heart is innervated by the ANS, which constitutes the main influencing factor. As
described above (chapter 2.1.2.1), a denervated human heart would show an HR of about 100
bpm but is decreased predominantly by vagal activity. Traditionally, an increase in HR due to
stress would be explained by an increase in sympathetic activity, but an increase in HR can
also be explained by reduced vagal activity or a combination of both. As described by Thayer

and Lane (2009), the increase in HR is normally initiated in the CAN.
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Figure 2.7 Effects of the CAN on heart rate (adapted from Thayer & Lane, 2009)

The interacting forebrain structures can activate sympathoexcitatory neurons of the RVLM,
therefore increasing HR. The tonic inhibition from the PFC on subcortical structures is
weakened under stress, meaning that the latter structures show increased activity resulting in
excitation of the RVLM and leading to the final increase in HR. At the same time, under

stress, the structures of the CAN can simultaneously inhibit the NTS through excitation of
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inhibiting subcortical structures. The inhibited NTS elicits a decrease in activity of the
visceromotor neurons in the DMN and NA due to inhibition of the excitatory pathway. The
reduced activation in the DMN and NA results in a decreased vagal input to the heart, finally
increasing HR also. In addition to these parallel pathways, an interaction of the two pathways
exists. A CAN-mediated reduced activation of the NTS during stress leads to a decrease of
inhibition on the sympathoexcitatory neurons of the RVLM, again augmenting the excitatory
effect of the direct pathway, resulting in an increase in HR.

Several studies examining the effect of physical stressors on HR show consistent outcomes.
Physical stress leads to an increase of the HR (e.g. Theurel et al., 2008), which seems obvious
considering the main function of the heart: to supply blood, with all its nutriments and oxygen,
to the tissues of the body. An increase of the HR is therefore a result of an increase in energy
expenditure and metabolic requirements. Findings of psychological stress effects on HR are
also consistent, showing higher values during stress (see above). For example, a cognitive
stress task (paced auditory serial addition test, PASAT) induced a significant increase in HR
(Carroll et al., 2007). Stress tasks combining a cognitive task with psychosocial stress were

also shown to provoke significantly heightened HR (e.g. Klinkenberg et al., 2008).

2.2.1.11.2.4 Heart rate variability

The pathway regarding how HRYV is decreased during stress was explained above (chapter
2.2.1.11.2.3) and is the same as for HR (fig. 2.8). Therefore, at this point, only a short
overview of results referring to the effects of stress is provided.

Physical stress was shown to produce a decrease of vagal activity. Hatfield et al. (1998) found
that RSA decreased during exercise and increased progressively during recovery. This effect

is seen during acute exercise stress. By contrast, chronic exercise training produces an
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increase of resting HF (Sandercock et al., 2005) and is in line with the known beneficial
effects of exercise training on health and well-being (chapter 2.3.5).

Psychological stress shows similar effects to physical stress in terms of acute effects, but
differs when it comes to chronic stress exposure, as chronic psychological stress leads to
allostatic load (chapter 2.2.1.11.1). With regard to acute psychological stress, several
laboratory and real-life stressors were examined in their capacity to alter vagal activity. It is
recognized that the PNS is inhibited, while the SNS is normally activated under stress.
Therefore, a decrease of vagal activity can be assumed (Porges, 1995), although results are
inconsistent. Several studies found a decrease of vagal activity (Carrere et al., 2005; Hall et al.,
2004; Isowa et al., 2006; Klinkenberg et al., 2008; Li et al., 2005; Mezzacappa et al., 2001;
Sato et al., 2004; Sloan et al., 1994; 2001; Steptoe & Marmot, 2005; Yin et al., 2004), while
some were unable to find a significant decrease (Altemus et al., 2001; Hjortskov et al., 2004;
Lin et al., 2001; Yoshino et al., 2005). Others found alterations only in a subgroup of the
whole sample (dependent on hostility: Shapiro et al., 2000; dependent on verbalization of
answers: Bernardi et al., 2000; Sloan et al., 1991).

As the results are inconsistent, two methodological problems should be considered in future
studies addressing stress effects on vagal activity: orthostatic challenges (postural changes,
motion) and verbalization of answers. Postural changes and motion are required by some
stressors due to changes of control and examination rooms (e.g. in the Trier Social Stress Test,
TSST, Kirschbaum et al., 1993). In fact, postural changes and walking were shown to alter the
highly sensitive ANS (Chan et al., 2007; Nater et al., 2006). Therefore, changes of HRV
might be attributable at least in part to orthostatic challenges and not solely to the stressor.
The influence of verbalization of the answers was examined by Sloan et al. (1991), who found
that HRV during mental arithmetic decreased only when the subjects’ answers were not

verbalized. Similar findings were reported by Bernardi and colleagues (2000), who similar to
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Sloan examined mental arithmetic with and without verbalization. HF was reduced compared
to spontaneous breathing only when the answers were written on a blackboard, but not when
given aloud. The TSST, in which answers are verbalized, shows inconsistent results. While
Altemus et al. (2001) found no effect on RSA, Klinkenberg et al. (2008) reported significant
time effects on HF. Mental arithmetic is thought to be an appropriate stressor to induce HRV
alterations (Pagani et al., 1995). Due to the disturbing factors mentioned above, an
appropriate stress task should not require verbalization of answers and postural changes or
motion. Therefore, computerized mental arithmetic might be an ideal stressor, at least when
the focus lies on vagal activity alterations.

Another problem when examining stress responses of the vagal nerve, but also stress
responses in general, relates to interpretation. Different vagal stress responses might be
explained differently. For instance, a reduced response might be interpreted such that a
subject does not feel stressed, or that he possesses a high stress resistance, or that he cannot
respond adequately to a demand. Therefore, further information, such as additional
dimensions of the stress response, resources, personality or functionality, should be evaluated

in order to appropriately interpret a result.

2.2.2 Morbidity and mortality

The association between the activity of the VN and morbidity was recognized early in VN
research. Eppinger and Hess (1910) suggested the importance of changes in vagal tone when
they investigated RSA and bradycardia. Based on their observations, they suggested that the
individual character of vagal tone was connected to psychiatric pathology (e.g. neuroses) and
therefore emphasized a possible pharmacological influence by cholinergic agents (Eppinger &
Hess, 1910; Porges, 2007). Nowadays, vagal dysfunction is recognized in a huge amount of
different somatic and psychiatric disorders through evidence of altered resting vagal activity

46



or phasic vagal activity alterations (Birkhofer et al., 2005; Thayer & Brosschot, 2005).
Furthermore, an association between the activity of the VN and mortality, especially
associated with cardiovascular disease, was identified and discussed (e.g. Birkhofer et al.,
2005; Carney et al., 2005; Kudaiberdieva et al., 2007; Singh et al., 2002; Thayer & Lane,
2007). It is recognized that autonomic alterations are associated with hemodynamic,
metabolic, trophic and rheologic abnormalities constituting a risk for cardiovascular
morbidity and mortality (Brook & Julius, 2000). Additionally, autonomic or vagal activity
alterations are associated with physiological systems and processes of importance for
allostasis such as the HPA axis, inflammation and glucose regulation (Thayer & Sternberg,
2006). Therefore, the possible findings of associations between low HRV and morbidity and
mortality might not be explainable by a direct linkage.

It would go beyond the scope of this work to deliver a full list of existing evidence for
associated disorders; thus, a selection of disorder-specific studies are listed below in order to
provide an overview of the role of the VN in morbidity and mortality. Besides the discussed
disorders (depression, anxiety disorders, eating disorders, schizophrenia, cardiovascular
disease), several other disorders were examined regarding autonomic dysfunctions (e.g.
alcoholism (Thayer et al., 2006); chronic fatigue syndrome (Boneva et al., 2007; Stewart et al.,
1998; Yamamoto et al., 2003; Yoshiuchi et al., 2004); hypertension (Pavithran et al., 2008);
gastroesophageal reflux disorder (Lee et al., 2004, 2006); irritable bowel syndrome (Jarrett et
al., 2008; Mazur et al., 2007); Down syndrome (Baynard et al., 2004; Figueroa et al., 2005);
human immunodeficiency virus (HIV)-positive patients (Mittal et al., 2004; Sakhuja et al.,
2007)). Evidence and interpretations for an association between vagal dysfunction and
symptoms / disorders is restricted due to small numbers of studies and medical treatment of
some study samples. In the following, a selection predominantly of studies with unmedicated

subjects was aimed at.

47



2.2.2.1 Depression

Depression is assumed to be associated with a reduced vagal activity. Agelink et al. (2002),
for example, found significant group differences between non-depressed healthy subjects,
patients with a moderate major depression (MD) and patients with a severe MD referring
among others to HF. The decreased values in the patients were also confirmed when
examining only the pharmacologically untreated patients. Interestingly, the authors also found
a negative correlation between depression scores and HF. This association reached a trend
level when considering the whole group and a significant level when regarding only the
pharmacologically untreated patients. Similarly, van der Kooy et al. (2006) found decreased
vagal activity values (RMSSD, HF) in patients with an MD compared to non-depressed
controls. Additionally, a decrease in LF power was apparent. Phasic changes of HF in healthy
subjects were studied by Hughes and Stoney (2000) during two tests: a stress task and a CFT.
Subjects in the high compared to the low depressed mood group revealed no difference in
baseline values, but a higher decrease in HF during stress and a smaller increase during the
CFT. These findings reveal decreased vagal baseline and altered reagibility values associated

with depression or depressive mood.

2.2.2.2 Anxiety disorders

Several studies examined different anxiety disorders with regard to tonic activity or phasic
changes during different tasks. The topic has been examined by some of the most well-known
authors with regard to the VN such as Sloan, Porges, Thayer, Grossman and Wilhelm.

Thayer et al. (1996) examined clients with a generalized anxiety disorder (GAD) compared to
non-anxious controls during rest, relaxation and worry periods. Among other things, they

found lower HF across all task conditions in the GAD clients compared to the controls.
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Additionally, worry was associated with lower HF, indicating less cardiac parasympathetic
activity. The same group (Friedman & Thayer, 1998) examined the autonomic cardiac control
in panickers (PD), blood phobics and controls. Controls showed significantly higher HF than
PD and blood phobics and a lower LF/HF-ratio than PD but not blood phobics. PD subjects
for their part showed lower HF and higher LF/HF-ratio than blood phobics. Sahar et al. (2001)
studied the association of VN activity and posttraumatic stress disorder (PTSD). They found
no significant difference in resting RSA between outpatients with PTSD compared to controls
who had no current or past PTSD but had experienced a trauma in the past. Differently, in a
mental arithmetic task, the PTSD group revealed no significant increase of RSA, while the
non-PTSD group showed a significantly higher increase in RSA. This is astonishing, since a
decrease in RSA would be expected during mental arithmetic (chapter 2.2.1.11.2.3).
Nevertheless, in the non-PTSD group, changes in HR and RSA were highly correlated, but no
significant correlation was found within the PTSD group. This suggests that HR changes are
influenced more by vagal influences in the subjects from the non-PTSD group. The coupling
between HR and vagal activity is normally reported in healthy subjects. Another study
compared PTSD patients, PD patients and healthy controls (Blechert et al., 2007). In contrast
to Sahar et al. (2001), they found resting differences. PTSD patients showed elevated HR and
lower RSA than the other two groups. In contrast to Friedman and Thayer (1998), PD showed
no decreased vagal activity compared to the controls. To summarize, anxiety disorders show
predominantly decreased activity of the VN and dysfunctional alterations under challenge, but

the data are not entirely consistent.

2.2.2.3 Eating disorders

Patients with chronic anorexia nervosa (AN) were compared with non-anorexic women

during 24-hour Holter monitoring, revealing decreased HF, RMSSD, pNN50, SDNN and LF,
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while HR and LF/HF-ratio did not differ between groups (Melanson et al., 2004). The same
values were all non-significant during rest with metronomic breathing. In contrast, Ishizawa
and colleagues (2008) found contrary results. They examined patients with AN compared to
healthy controls and found decreased HR and LF/HF-ratio during rest with spontaneous
breathing, while HF and total power were significantly higher compared to the control group,
indicating an enhanced parasympathetic activity, which is astonishing considering the
increased risk of cardiac sudden death in AN patients. The authors suggest that this change
might be seen as an adaptive response to caloric deprivation in AN. The opposite findings
underline the need for further examination. Another study examining binge eating disorder
(BED) in obese women compared to obese women without BED revealed no differences in
HR and HF during rest, but an enhanced HF decrease in the BED group during mental stress,
therefore showing an increased vagal suppression during stress (Friederich et al., 2006). This
could be indicative of higher stress vulnerability and/or (associated) decreased vagal

reagibility.

2.2.2.4 Schizophrenia

Schizophrenia was shown to be negatively associated with vagal activity. Bér et al. (2005)
examined untreated schizophrenic patients and healthy controls. Patients showed an increased
HR and reduced HF and RMSSD values compared to the controls. This effect was not
significant after the start of medication therapy. Additionally, the authors found an association
between several HRV variables and the duration of the illness. After multiple regressions, a
parasympathetic variable (mean circular resultant; measured in a deep breathing test and a
measure of the synchronization between HR variation and respiration) significantly explained
the variation of duration of illness, indicating lower parasympathetic activity in patients

suffering from the disease over a longer period of time. In an additional study (Bir et al.,
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2008), the author and his colleagues were able to replicate their findings of significantly
decreased HF and RMSSD values in unmedicated patients compared to controls. Additionally,
they found a negative trend correlation between severity of psychotic symptoms and HF and a
positive trend correlation between severity and LF/HF-ratio. Similar to the results in
depressed subjects, schizophrenic patients show reduced activity of the VN, and an

association with the duration and severity of the symptoms is suggested.

2.2.2.5 Cardiovascular events, disorders and mortality

Cardiac and vascular diseases are among the most prevalent disorders and constitute major

reasons of mortality in western countries, including Switzerland (Liischer et al., 1999; fig.

2.9).

[] other causes

[(] Cardiovascular causes

Figure 2.8 Cardiovascular events represent the main cause for mortality (43.3%; left) and

hospitalization (53%; right) in Switzerland (adapted from Liischer et al., 1999)

The examination of associated and predictive factors are therefore of great interest. Since the
ANS constitutes the most important influencing factor on the heart, it follows that indicators
of autonomic activity should be examined in terms of their potential predictive value for
possible autonomic imbalance (for reviews, see Kudaiberdieva et al., 2007; Singh, 2003;
Thayer & Lane, 2007). Below, the focus of interest is placed on the predictive value of HRV,

especially of the indicators for VN activity. Several studies have focused on this topic in
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longitudinal studies. Before reporting these data, it must be mentioned that even if a statistical
prediction of HRV for cardiovascular morbidity and mortality is found, a vagal dysfunction as
a unique and deterministic cause cannot be unequivocally postulated, since it could still be an
epiphenomenon. It could still be argued that another factor influencing vagal functionality
might be the prime cause of cardiovascular morbidity and mortality, for example altered
cardiac demands for oxygen (Routledge et al., 2002).

Risk of all-cause death increases in tandem with resting HR. Habib (1999) demonstrated a
threefold increase in mortality in subjects with a resting HR over 90 bpm compared to the
group with a HR below 60 bpm, while resting HR can be seen as an indicator of vagal activity
(chapter 2.1.2.4). As part of the Framingham Heart Study (Tsuji et al., 1996), the association
between HRV and the incidence of new cardiac events in the follow-up (3.5 years later) was
studied in 2,501 subjects with no clinically apparent coronary heart disease and congestive
heart failure by history and clinical examination. After controlling for age, sex and clinical
risk factors (e.g. smoking), several time- and frequency-domain variables (SDNN, pNN50,
rMSSD, HF, LF, VLF, but not LF/HF-ratio) were significantly associated with risk for a new
cardiac event. The lower the tertile of the respective HRV variables, the higher the incidence
of the events was. Similar results were reported by Gerritsen et al. (2001), who examined a
glucose-tolerance-stratified sample from a general population (n=605) during 9 years of
follow-up, examining the predictive value of HRV (SDNN, HF, LF, LFnorm) for mortality.
The authors found significantly lower values of SDNN, HF and LF for all-cause mortality but
also specifically for cardiovascular mortality.

Patients after myocardial infarction (n=1284) rather than healthy subjects were studied in a
21-month follow-up in order to examine the predictive role of HRV on cardiac mortality (La
Rovere et al., 1998). The only HRV variable examined was SDNN. The findings revealed that

low values were significantly related to increased risk for mortality.
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HR recovery after exercise, as mentioned above, is an index of vagal functionality (chapter
2.1.2.4). Nishime et al. (2000) examined 9,454 patients, who had been referred specifically
for exercise ECG to a clinic, regarding the predictive value of abnormal HR recovery (a
decrease of less than 12 bpm during the first minute after peak exercise) for all-cause
mortality (follow-up: 5.2 years). They found an increased hazard ratio of 4.16 in subjects with
abnormal HR recovery compared to patients with normal HR recovery. In a sample of 132
emergency department patients with sepsis (Chen et al., 2008), non-survivors were compared
to survivors, revealing significantly lower SDNN, VLF, LF and LF/HF-ratio. With regard to
the indicators of the VN, the results are not entirely clear. While RMSSD did not differ
between the two groups (p=.983), HF tended to be lower (p=.070), while HFnorm (p=.012)
was significantly increased in the non-survivors. Multiple regressional models identified only
SDNN and HFnorm as significant independent variables predicting the in-hospital mortality.
Therefore, autonomic imbalance indicated by HRV could predict mortality, while the findings
of vagal activity are not as clear and are not in line with the other data found regarding the
prediction of mortality by HRV. Given the importance of the VN in inflammatory processes
(Tracey, 2002), the possibly heightened VN activity reported by Chen might be associated
with immunological alterations in sepsis. The VN constituting the cholinergic anti-
inflammatory pathway is also discussed as a therapeutic intervention site in sepsis (Parrish et
al., 2008).

These findings suggest decreased autonomic and more specific vagal functionality to be
predictive of predominantly cardiovascular events and mortality in healthy subjects and

patients.
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2.3 Interventions increasing vagal activity

As seen above, low vagal activity is associated with several risk factors, disorders and
mortality. Therefore, the emerging idea of vagal stimulation is corollary in preventing
morbidity and mortality or improving health and well-being in general. If one were to assume
that vagal stimulation is possible, what would be the explanation for the underlying mode of
action? On the one hand, beneficial effects are suggested on the heart: through a direct
influence on cardiovagal activity and through indirect inhibitory effects on the SNS, cardiac
effort and oxygen consumption would decrease. On the other hand, in terms of the
neurovisceral integration model, a vagal stimulation could be interpreted as an increase in a
physiological resource affecting the balance of the whole CAN, possibly boosting the
neuroinhibitory influence of the PFC on subcortical areas. Both explanations would promote
health outcome. In the following, a selection of more and less invasive interventions is

discussed.

2.3.1 Pharmacological interventions

When searching for interventions to influence the ANS, pharmacological options have to be
mentioned. Besides animal studies, evidence comes predominantly from studies examining
the effects of medication in patients with cardiovascular diseases. Therefore, a large
proportion of research was conducted with beta-blockers, a typical pharmacotherapeutic
intervention. Negative effects (cardiotoxic, cytotoxic, hypertrophic effects, apoptosis) of high
levels of NE are recognized (Routledge et al., 2002). An increase of vagal activity would thus
not only elicit beneficial direct effects on the sinoatrial node, but could also indirectly prevent
negative health outcomes by inhibiting sympathetic activity through pre- and postsynaptic

interactions of the PNS and SNS. Betablockers are thought not only to have an antiadrenergic
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action in the periphery, but also a centrally mediated increase in cardiac vagal activity. In fact,
in a placebo-controlled study, Vaile et al. (1999) demonstrated that beta-blockers (atenolol,
metoprolol) were able to increase HF HRV under different conditions in healthy subjects.

Additionally, studies were conducted examining the effects of angiotensin-converting enzyme
(ACE) inhibitors, another drug often used in cardiovascular disorders. Kontopoulos et al.
(1996) were able to demonstrate that in patients with uncomplicated myocardial infarction, an
ACE inhibitor (quinapril) produced higher pNN50 and RMSSD values compared to a placebo
group after 35 days. Vagal activity increased to a similar degree to with an examined beta-
blocker (metoprolol). The two pharmacological interventions did not differ statistically from

each other, therefore underlining the effectiveness of both drugs to stimulate the VN.

2.3.2 Invasive vagus nerve stimulation

Vagus nerve stimulation is a newer medical intervention with interesting effects. Before
discussing the effects and typical disorders treated with VNS, a short introduction to the

device and its neuroanatomical basis is presented.

2.3.2.1 General introduction

A newer medical intervention targeting the activity of the VN is vagus nerve stimulation
(VNS). VNS is the electrical stimulation of the VN. The term is normally attributed to a
subcutaneously implanted device producing electrical stimuli transmitted by wires to the left
branch of the VN (fig. 2.10). Surgery is needed for the implantation of the device, therefore
holding some risks.

The left branch is chosen since it possesses more afferents (approximately 80%; Walsh &

Kling, 2004) compared to the right branch and the primary aim of the VNS is activity
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alterations in the CNS, while cardiac arrhythmia is to be avoided. The device can be

programmed regarding the intensity, frequency and impulse width (Schachter & Saper, 1998).

Figure 2.9 Vagus nerve stimulation (reproduced with permission from Bryan Christie Design

LLC, available: www.bryanchristiedesign.com/uploadfiles/2840005 med_vns.jpg)

2.3.2.2 Neuroanatomical basis of VNS action

The exact mode of action is still not completely clarified (Dorr & Debonnel, 2006; Milby et
al., 2008). It seems that the elicited physiological effects are dependent on the examined
clinical population. While in epileptic patients, the activity of the thalamus was shown to be
increased (Henry et al., 1999), no activity changes were found in depressed patients (Lomarev
et al., 2002). In the latter, functional magnetic resonance imaging (fMRI) study, the authors
were able to demonstrate dose-dependent significant alterations in several CAN areas
associated with emotional regulation such as the orbitofrontal cortex, hypothalamus and left
amygdala. In a single photon emission computed tomography (SPECT) study (Zobel et al.,
2005), regional cerebral blood flow (rCBF) changes were assessed from before VNS to after 4
weeks of VNS treatment. An activity increase was found in the middle frontal gyrus, while
activity decreased in the amygdala, left hippocampus, left subgenual cingulate cortex,

bilateral ACC, right thalamus and brain stem. Similarly, a positron emission tomography
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(PET) study was able to show increased rCBF in the orbitofrontal cortex, ACC and right
superior and medial frontal cortex, and decreased rCBF in the temporal cortex and right
parietal area during VNS activity (on-phase) compared to an off-phase. In an animal model,
Dorr and Debonnel (2006) examined short-term (1 hour to 3 days) and long-term (14 to 90
days) effects of VNS on electrophysiological firing rates in the dorsal raphe nucleus (RN)
containing 5-HT neurons and the locus coeruleus (LC) containing NE neurons. During the
first 3 days, the VNS resulted in a significantly heightened activity in the LC but not dorsal
RN. The long-term intervention revealed significantly increased activity in both structures of
the rats. These results are in line with the recognized neuroanatomical connections of the VN

as part of the CAN.

2.3.2.3 Treated disorders

In the initial phase, the VNS was developed for application in therapy-resistant epilepsy,
where the VNS shows beneficial effects (Bernstein et al., 2006; Rychlicki et al., 2006). The
first VN stimulator was implanted in a human subject in 1989 (Vonck et al., 2001). Since
several authors reported a concomitant amelioration of mood, VNS was also introduced in
treatment-resistant depression (Milby et al., 2008). In a recently published multicenter study
(Schlaepfer et al., 2008), a beneficial effect of VNS on treatment-resistant depression was
reported with a response rate of 37% (decrease of depression scores >50%) and a remission
rate of 17% after 3 months. After a total of 12 months, the values were 53% and 33%,
respectively, while 44% of patients showed no relapse in the first 12 months. Similar results
to this European study were found in an American examination (Rush et al., 2000, 2005b). In
a sham-controlled trial, Rush and colleagues (2005a) found a symptom reduction in
depression. Interestingly, the improvement was higher than in a sham intervention, but the

difference did not reach statistical significance. Therefore, like other interventions, VNS too
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seems to possess a placebo effect, and results referring to VNS need to be interpreted with
caution.

In terms of epilepsy and depression, which constitute the two disorders most frequently
treated with VNS, this invasive treatment form is also applied with interesting results in terms
of other (comorbid) symptoms or disorders such as migraine (Hord et al., 2003; Mauskop,
2005), Alzheimer’s disease (Merrill et al., 2006; Sjogren et al., 2002) and anxiety (George et

al., 2003; Rush et al., 2000).

2.3.2.4 Cardiac effects

Several studies examined the effect of VNS on cardiac activity. The results are quite
inconsistent, which might be attributable to methodological problems such as small sample
sizes, medication (in epilepsy, VNS is normally applied together with pharmacotherapy),
different VNS characteristics and different study designs (comparison from pre- and peri-
intervention period or on- and off-phases). Nevertheless, data supporting a positive effect on
autonomic characteristics of cardiac activity is prevalent.

Kamath et al. (1992a) explored early on the effects of VNS on cardiac activity. The authors
compared a high (30Hz, 500ms pulse) with a low stimulation group (2Hz, 130ms pulse)
regarding cardiac activity before and 2 weeks after VNS implantation. They found a
significant decrease in LF/HF-ratio in the high stimulation group after implantation, while the
low stimulation group showed no change in HR, HF and LF/HF-ratio over time. During the
intervention, the high stimulation group showed a significantly higher HF value than the low
stimulation group. In the same year, the authors (Kamath et al., 1992b) published data
referring to the difference between on- and off-phase of stimulation in a medium stimulation
group (20Hz, 300ms pulse). During the on-phase, HF HRV was increased, while LF HRV and

LF/HF-ratio were reduced compared to the off-phase. Beneficial effects were also reported in
58



more recent examinations. Stemper et al. (2008) found an increase of HF and LF during on-
phases of VNS compared to off-phases. Similarly, Koenig et al. (2008) reported an increase in
HF, LF and VLF during the on-phase of VNS in a case report of Lennox-Gastaut Syndrome
with severely impaired HRV.

As already noted, findings are inconsistent. In contrast to Kamath (1992a), Barone et al. (2007)
were unable to find any changes in HRV after three months of VNS. Setty et al. (1998), who
compared short-term baseline, stimulation and post-stimulation periods, did not find
differences either in the time domain or in the frequency domain. Contrary to most findings
and expectations, Galli et al. (2003) found a trend towards a nocturnal decrease in HF from
pre- to peri-intervention of 36 months. Concurrently, they found a significant flattening of
day-to-night changes of sympathovagal balance. Due to these inconsistencies, further
examinations of the effects of acute stimulation (on-phase) and long-term effects during oft-
phases should be conducted. A potential role of VNS in cardiovascular disorders could be a
consequence of further supporting evidence for a beneficial cardiac effect, even though a
direct, efferent stimulation through VNS is not assumed, but rather a primary bottom-up
effect of VNS with subsequent top-down regulation of the activity of the heart (Frei & Osorio,

2001; Kamath, 1992b; Ronkainen et al., 2006).

2.3.2.5 Adverse effects

Besides the beneficial effects of VNS, some adverse effects were also documented such as
hoarseness, voice alterations, cough, dyspnoea, dyspepsia, vomiting, pain and insomnia
(Ansari et al., 2007; Schlaepfer et al., 2008). However, since these effects are present only
while the VN stimulator is active, the authors note that in the worst case scenario, the device
can be turned off with a magnet. Additionally, the adverse effects seem to be mild and tend to

diminish over time (Ansari et al., 2007). Additionally, some adverse effects can occur due to
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the surgery needed for the implantation and maintenance of the device or battery exchange
(Smyth et al., 2003).

Due to these adverse effects, and since VNS is reserved to treatment-resistant patients,
alternative non- or mild-invasive interventions should be examined with regard to a potential
therapeutic or preventive benefit. Some alternative methods, which are associated with
increased vagal activity and can be applied to nearly all patients, are dealt with in the

following.

2.3.3 Transcutaneous electrical nerve stimulation

Transcutaneous electrical nerve stimulation (TENS) is a non-invasive method which is easy to
apply. Predominantly, the non-invasive electrostimulation is used for pain disorders. The
device is similar to a VNS, but the point of application is different. The TENS is applied on
the skin and stimulates nerves transcutaneously. The stimulation characteristics are not
standardized (Sulka & Walsh, 2003). Since vagal afferents are recognized in the ear (chapter
2.1.2.2), TENS has also been applied to stimulate the VN. Some authors therefore named the
intervention also transcutaneous VNS (tVNS: Dietrich et al., 2008; Kraus et al., 2007), which
might be critical, as reported evidence for the effective stimulation is still scarce. Activation
of the NSNT, which is thought to be elicited in the stimulation of the vagal afferents in the ear,
was shown to elicit a bradycardia and an increase in blood pressure when stimulated
electrically or pharmacologically in rabbits (Kumada et al., 1977).

After measuring far-field potentials in the electroencephalogram (EEG) associated with
precedent stimulation of the ear, Fallgatter et al. (2003) proposed the ear to be a target organ
to stimulate vagal afferents. Recently, Kraus et al. (2007) applied TENS in the left outer
auditory canal in healthy subjects and demonstrated affective and central activity alterations

similar to those seen in VNS (decreases in the amygdala, hippocampus, parahippocampal
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gyrus, middle and superior temporal gyrus and increases in the insula, precentral gyrus and
thalamus). These effects were not seen in a sham condition applied in the ear lobe.
Additionally, they were unable to find any alterations in HR and blood pressure. Similarly,
Johnson et al. (1991) were unable to find any effects of TENS in the concha on HR and blood
pressure. Therefore, to our knowledge, no studies have been able to prove a cardiovagal effect

of TENS in humans.

2.3.4 Acupuncture

An increasing number of interventions from the Asiatic continent are reaching Western
countries: meditation (Phongsuphap et al., 2008; Wu & Lo, 2008), yoga (Khattab et al., 2007,
Raghuraj et al., 1998; Shapiro et al. 2007), Tai Chi (Audette et al., 2006), acupressure (Arai et
al., in press) and acupuncture have all been studied regarding their effects on the so-called
health nerve. In the following, only acupuncture is discussed referring to its potential role to
alter ANS activity.

Studies examining the effects of acupuncture on the activity of the ANS were conducted in
animals and humans, with inconsistent results. The inconsistency is possibly due to the high
heterogeneity of the applied methods. Animal and human studies (Agelink et al., 2003;
Bicker et al., 2008; Imai et al., 2008; Hsu et al., 2006; Huang et al., 2005; Imai & Kitakoji,
2003; Li et al., 2003, 2005; Nishijo et al., 1997; Ouyang et al., 2002; Sakai et al., 2007,
Shinohara, 1997; Sparrow, 2007; Streitberger et al., 2008; Wang et al., 2002; Wu et al., in
press; Zhang, 2006; 2007) found augmenting effects of body acupuncture on vagal activity
indicated by cardiac and/or gastric activity. Only a small number of studies failed to find an
effect of body acupuncture on the activity of the VN (Hiibscher et al., 2007), which is
suggested to be at least in part due to publication bias. Similar inconsistency was also found

during auricular acupuncture, with some studies showing a positive effect on vagal activity
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(Gao et al., 2008; Haker et al., 2000; Hsu et al., 2007; Saxena et al., 1976), while others found
no effect (Karst et al., 2007; Wang & Kain, 2001; White & Ernst, 1999). In acupuncture
research, the high heterogeneity of applied methods (chapter 3.2) and the often unclear mode
of action of the heterogeneous interventions represent a problem. Some authors argue that the

effects of acupuncture are mediated by ANS, placebo or pain effects.

2.3.5 Physical training

Physical training is recognized as promoting health and well-being. An association with the
activity of the VN can be assumed, even though training presumably leads to a multitude of
changes not solely restricted to the VN. An association between physical training, cardiac
vagal control and mortality was also discussed (Buch et al., 2002). Several studies have
examined the potential role of physical training to increase vagal activity.

Sztajzel et al. (2008) examined differences in ambulatory 24-hour ECG during all-day activity
in three different groups: untrained controls, hockey players and endurance athletes. Both
trained groups revealed significantly higher levels of RMSSD, pNN50, HF, LF and lower
LF/HF-ratio compared to the controls. Additionally, endurance athletes but not hockey
players showed statistically higher SDNN levels than untrained controls. These findings
support a beneficial effect of physical training with a slightly better outcome of endurance
athletic activity on ANS activity. Similar results were presented by Martinmiki et al. (2008)
in a longitudinal study examining the effects of 14-week endurance training in untrained
subjects. Subjects showed no pre-post changes in HR, HF and LF during rest, but showed a
decrease in HR and an increase in HF and LF at submaximal exercise intensities, underlining
the beneficial effect of physical training. Further evidence for a beneficial effect of training is
provided by Gamelin et al. (2007), who examined the effects of training and detraining in

healthy young men. The 12-week-long intensive training resulted in an increase of HF, LF
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and “total power” (HF + LF), while only LF and “total power” reached statistical significance.
After 8 weeks of detraining, the differences were no longer significant. This negative effect of
detraining was also found by Hansen et al. (2004), who examined a group that continued
physical training for 4 weeks after an initial training period of 8 weeks. They compared
cognitive function and HF HRV with a second group who stopped training after the initial 8
weeks. They found a significant difference in HF after detraining, with the detrained group
showing lower values, while HF did not differ before the detraining. Additionally, they found
changes in cognitive functioning of both groups only in the post-detraining test but not at

baseline, which they interpreted as support for the neurovisceral integration model.

2.3.6 Nutrition

Fish oil containing omega-3 polyunsaturated fatty acids is thought to have a beneficial
outcome on health. Therefore, the association between omega-3 fatty acids and HRV was
recently studied and reviewed (Christensen, 2003; Christensen & Schmidt, 2007). Christensen
reports antiarrhythmic, antiatherogenic, antithrombotic, and antiinflammatory properties of
the fatty acids, therefore offering an explanation for the beneficial effects on cardiovascular
morbidity and mortality. A positive correlational association between cellular levels of
omega-3 fatty acid and HRV in post-myocardial infarction (MI) patients was presented.
Additionally, a significant dose-dependent increase of HRV was documented when
distributing marine omega-3 fatty acids daily over 12 weeks to post-MI patients. Christensen
(2003) suggests a sodium or calcium channel, adrenergic receptors or central mediated effect
on vagal activity. In a recently published study (Mozaffarian et al., 2007), the authors found a
positive association between SDNN and RMSSD and dietary consumption of omega-3 fatty
acids assessed by a questionnaire evaluating the frequency of consumption among other

things of tuna and other broiled or baked fish. Subjects with a higher consumption revealed
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higher baseline SDNN and RMSSD values, while 24-hour Holter recording revealed
significantly higher HFnorm and reduced LFnorm values and a reduced LF/HF-ratio. HRV
markers in association with the frequency of consumption furthermore revealed a lower
relative risk for coronary heart disease after a mean follow-up of 10.8 years (comparison of

subjects with the highest compared to the lowest quintile of consumption).

2.4 Conclusions

The VN is often called the health nerve, since on the one hand, as a major constituent of the
PNS, it innervates several vital organs such as the heart and the lung, functionally promoting
“rest and digest” contrary to “fight or flight ” promoted by the SNS. On the other hand,
several associations with common risk factors, morbidity and mortality are recognized,
suggesting a mediating role of the VN in the development and progression of disorders. Stress
is also recognized as an important risk and etiological factor in several disorders. In this
regard, it stands to reason that the VN possibly plays a mediating role also in stress. Therefore,
we aimed to examine the effect of stress on vagal activity indicated by HRV and the potential
role of vagal functionality to buffer the stress response in terms of a physiological resource. If
stress were to elicit a loss of inhibition indexed by vagal activity and the VN were to
constitute a resource, the question of the potential role of the VN as a therapeutic target
emerges. This suggestion is supported by beneficial effects of invasive VNS. Therefore, a
further aim of this thesis was the evaluation of an alternative, mildly invasive method to
increase vagal activity. In a second study, we examined the effects of manual and electrical
stimulation by applying acupuncture at the vagally innervated ear. A stimulating effect could
possibly be used in prevention and therapy in terms of a resource-cumulative intervention. In
the next chapter, the empirical studies are presented, controlling for several of the disorders,

disturbing factors and risk factors mentioned in this chapter.
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3. EMPIRICAL STUDIES

Below, the two studies underlying this doctoral thesis are presented consecutively. First, the
stress study examining the protective role of vagal functionality is presented, and second, the

stimulation study is reported.

3.1 Vagal functionality as a physiological resource reducing stress-induced

biopsychological responses1

A short introduction is provided, before reporting the applied methods and the results. A

study-specific discussion follows, which embeds the results in a theoretical background.

3.1.1 Introduction

Vagal activity has been proposed as an index for the ability to adapt to changing demands
from the environment (Thayer, 2007). However, an association between vagal functionality
and acute biopsychological stress responses has not been systematically investigated. A
theoretical framework to integrate these systems is provided through the neurovisceral
integration model, which is based upon the central autonomous network (CAN; Benarroch,
1997; Thayer and Lane, 2000). The structures underlying the CAN are the ventromedial
prefrontal cortex (PFC), insular cortex, anterior cingular cortex (ACC), central nucleus of the
amygdala (CeNA), paraventricular nucleus (PVN) and related nuclei of the hypothalamus,
periacqueductal grey (PAG), nucleus parabrachialis, nucleus of the solitary tract, nucleus

ambiguus, ventromedial and ventrolateral medulla, and medullary tegmental field (Benarroch,

" Parts of this study are submitted or in preparation for submission (La Marca, Waldvogel, Thorn, Tripod,
Pruessner & Ehlert, 2009; La Marca, Thérn, Waldvogel, Tripod, Pruessner, Arnold & Ehlert, 2009).
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1997). These structures are complexly interconnected by parallel, reciprocal, direct and
indirect connections, and modulate psychophysiological resources in emotion (Thayer and
Friedman, 2002). Additional to the CAN structures, the neurovisceral integration model
describes the possibility to flexibly revert to other neuronal networks when demands of the
environment require it (Thayer, 2007). Thereby, in this dynamical model, neuronal inhibitory
processes represent an important basis for the ability to rapidly adapt to internal or external
demands (Thayer and Friedman, 2002). A breakdown of inhibitory processes is associated
with a reduced and rigid behavioral repertory, as indicated, for example, by a reduced
differentiated emotion-modulated startle response in subjects with low heart rate variability
(HRV) (Ruiz-Padial ef al, 2003). Similar to the PFC eliciting an inhibitory control on
subcortical structures, HRV as an indicator of cardiovagal activity is associated with this
inhibitory process (Thayer and Friedman, 2002), and therefore represents an additional
indicator for the negative feedback mechanisms that are important for the self-regulation of
behavior (Thayer and Lane, 2000). The vagal nuclei contain direct and indirect connections to
the PVN (Benarroch, 1997; Palkovits, 1999; Porges, 2001), where vagal afferents are thought
to have an inhibitory influence. In actual fact, Thayer et al. (2006) reported an inverse
relationship between HRV and overnight urinary cortisol in a sample of 542 healthy men.
Further evidence was also reported by Johnsen et al. (2002), who found a higher salivary
cortisol response to stressful tasks in subjects with low HRV compared to those with high
HRYV. However, to the best of our knowledge, to date, there has been no examination of the
association between cardiovagal reagibility and biopsychological stress responses to a
standardized stressor.

When examining this relationship, psychosocial stressors might be the first choice. On the one
hand, social evaluation is a potent contributor to the secretion of cortisol during stress
(Dickerson and Kemeny, 2004). On the other hand, a link exists between neuronal structures

underlying the social engagement system and vagal structures, but also stress reactivity,
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(Porges, 2001). Besides social evaluation, further important factors such as novelty,
uncontrollability, unpredictability, and ego involvement are capable of inducing an acute
stress response (Mason, 1968; Wirtz et al, 2007). Different psychological stressors are applied
in stress reactivity research. While stressors containing both uncontrollable and social-
evaluative elements emerged as the most effective to increase the activity of the HPA axis
(Dickerson & Kemeny, 2004), mental arithmetic is thought to be appropriate to decrease
vagal activity (Pagani et al, 1995). Typical acute psychosocial laboratory stressors containing
these elements are public speaking tasks (e. g. Trier Social Stress Test, TSST, Kirschbaum et
al, 1993). Thus, in the current study, we employed the Montreal Imaging Stress Task (MIST;
Dedovic ef al, 2005), a recently published standardized computerized stress task combining
challenging arithmetic problems with social-evaluative threat. We chose the MIST because it
allows potentially disturbing factors such as postural change or motion to be controlled for, as
the MIST was designed for application in an fMRI environment. Pruessner and colleagues
were repeatedly able to show the ability of the MIST to increase cortisol concentration
(Dedovic et al, 2005; Pruessner et al, 2004, 2008; Soliman et al, 2008), sympathetic activity
(Pruessner et al, 2004, Soliman et al, 2008), and induce electromyographic responses
(Soliman et al, 2008). Neuronal activity alterations in several brain structures related to the
CAN have also been identified within healthy subjects using functional magnetic resonance
imaging such as deactivations in the medio-orbitofrontal cortex, ACC, amygdala,
hypothalamus, and hippocampus (Pruessner et al, 2008). Heightened striatal activity was
further found during the MIST in students reporting negative symptom schizotypy, possibly
indicative of reduced frontal lobe function (Soliman et al, 2008).

Thus, we aimed to investigate the association between acute biopsychological stress responses

and vagal functionality using the MIST in healthy young men.
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3.1.2 Materials and Methods

3.1.2.1 Participants

Subjects were recruited by advertisement at the Universities of Zurich. Inclusion criteria
included male sex and an age range of 18 to 40 years and dexterity. Exclusion criteria
included depression, self-reported acute and chronic somatic or psychiatric disorders,
medication in the last two months, the consumption of psychoactive substances, and excessive
consumption of alcohol (>2 alcohol beverages / day) or tobacco (>5 cigarettes / day).
Participants received monetary compensation for their participation. The study was conducted
in accordance with the Declaration of Helsinki and was approved by the cantonal ethics

committee. Subjects provided written informed consent prior to participation.

3.1.2.2 Procedure

After arriving at the laboratory, subjects were fitted with the cardiorespiratory ambulatory
device, and were seated in a comfortable chair. All tests were conducted in the same room at a
constant temperature (21° celsius), while subjects were sitting in front of a table with a
computer and several available magazines. After a rest period of thirty minutes, subjects were
asked to fill out mood questionnaires. This was followed by the MIST. Subjects were exposed
in random order to the stress (MIST-S) and control condition (MIST-C), on two separate
occasions two weeks apart. Mood questionnaires were again handed out after the termination
of the task. To include cortisol stress recovery, the examination lasted for an additional 60
minutes. At the end of the control examination, the CFT was conducted, while at the end of
the stress examination, subjects were debriefed and informed about the cover story

(examination of interaction between cognitive skills and physiological marker). Subjects who
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first participated in the stress condition were reassured that on the next occasion, a cognitive
but not a stress task would take place. At the end of the second examination, participants gave

a second written informed consent allowing the further use of their data.

3.1.2.3 Interventions

Montreal Imaging Stress Task

To induce a stress response, a slightly modified version of the MIST (Dedovic et al, 2005)
was used, since the task was originally developed for fMRI environments. The MIST is a
standardized computerized stress task combining challenging arithmetic problems with social-
evaluative threat and can be carried out with or without time pressure and social evaluation
(MIST-S vs. MIST-C). During the MIST-S, the program adapts the difficulty and time
provided to solve the problems impeding a good performance (45 to 50 percent of correct
answers). During the MIST-C, the difficulty of the arithmetic problems is randomly chosen
and neither time pressure nor social evaluation is applied. In both conditions, three blocks of 4
minutes each were run, with feedback of 2-3 minutes provided by the examiner in-between
blocks. The first feedback of the MIST-S consisted of informing the participants that their
performance was poor, with the examiner inquiring whether the subjects were experiencing
any methodical problems (e.g. with the keyboard). A fictitious study leader then informed the
examiner by telephone to repeat the test. In the second feedback of the MIST-S, the study
leader entered the examination room and interrogated the participants about individual
problems (e.g. about school performance). Participants were then informed about the high
costs due to a possible exclusion if they did not achieve a better performance. The last block
was then started, while the study leader remained in the examination room during the first 3.5
minutes. Before leaving the room, he instructed the examiner to continue with the normal

procedure. At the very end of the stress examination, participants were debriefed and asked
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how much they believed that their bad performance was due to a bug in the program
(credibility of the stress task: 10-point Likert scale). During the first and second feedback of
the MIST-C, participants were provided with a neutral feedback. They were asked to perform
a second and third block, respectively, in order to evaluate the time course of interactions

between cognitive and physiological characteristics.

Cold Face Test

The Cold Face Test (CFT) mimics the diving reflex by inducing a trigeminal-vagal-mediated
bradycardia and can be used to determine cardiovagal function (Khurana, 2007; Khurana,
Watabiki et al, 1980; Khurana and Wu, 2006). Bradycardia was induced by using a full-face
mask (Dr. Winkler GmbH, Ainring-Mitterfelden, Germany) covering wide parts of the face,
with openings for the eyes avoiding an occulocardiac reflex, and for the nose and mouth
allowing normal breathing. An additional cold pack (Nexcare™, 3M, Health Care, MN, USA)
was affixed to the full-face mask to augment the cold mass. While the room temperature was
kept constant (21° celsius) the temperature of the cold stimulus was 1° celsius and was
applied for two minutes, while subjects were sitting in a comfortable chair. Subjects were
instructed in advance not to move or talk and to continue breathing normally during the CFT.
Six visual analogue scales (VAS; feeling stressed, exhausted, queasy, relaxed, good
humoured, and pain sensation) were additionally handed out two minutes before and after the
CFT to assess any changes in subjective sensation. The effects of the CFT were measured as
alterations in HR and RSA from one minute before until one minute after the CFT. The HR
over the one-minute period preceding the CFT was set as baseline. Maximum response of HR
was determined as the difference between the baseline and peak response due to the CFT
(CFTax), and the latency of response was defined as the time interval from the first instance
of three successively slowing beats below baseline until peak bradycardia (CFTiatency)

(Khurana and Wu, 2006).
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3.1.2.4 Measures

Biochemical measures

Examinations started in the afternoon between 1:30 and 4:15 p.m. to control for circadian
fluctuations of the different markers (e.g. Burgess et al, 1997). Salivary samples were
repeatedly collected with salivettes (Sarstedt, Sevelen, Switzerland) before, during and after
the interventions by collecting unstimulated whole saliva: immediately before the MIST
instruction (baseline), during the third block, and at +10, +20, +30, +45 and +60 minutes.
Subjects placed a salivette under the tongue and kept the head slightly inclined for two
minutes. Salivary flow rate was determined by weighing each salivette before and after
collection. Afterwards, the samples were stored at -20°C before the biochemical analysis took
place.

After thawing, saliva was centrifuged at 3000 rpm for 5 min before free cortisol/ was analyzed
using an immunoassay with time-resolved fluorescence detection (Dressendorfer et al, 1992).
The activity of salivary alpha-amylase was analyzed with a kinetic colorimetric test using
assay kits and the automatic analyser Cobas Mira (Roche, Switzerland). The procedure is

described elsewhere (Nater et al, 2006).

Electrophysiological measures

The LifeShirt system 200 (Vivometrics, Ventura, CA, USA) was used to measure HR and
RSA. This ambulatory cardiopulmonary measurement device consists of a garment with two
integrated inductive plethysmography (IP) bands surrounding the midthorax and midabdomen
and a connected palm, which additionally saves electrocardiographic data measured by three
electrodes. The device was recently evaluated and shown to possess a good accuracy of
detection and timing of beat-to-beat values (Heilman and Porges, 2007). After volume

calibration of the IP bands by the subjects breathing repeatedly into a fixed volume bag
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(800cc) data recording started. The record was then examined for artifacts and edited
manually to correct for ectopic beats and arrhythmias by using linear interpolation.

The corrected inter-beat-interval allowed the calculation of HR and RSA, which were
determined for 5 minute intervals during the MIST and 1 minute intervals during the CFT.
Both markers were determined using the VivoLogic 3.1 software package (Vivometrics,
Ventura, CA, USA). The CFT response was further analyzed by visual examination of the HR

trace.

Psychological measures

Depressive mood was measured with a German version (Allgemeine Depressionsskala-
Langform, ADS-L: Hautzinger and Bailer, 1992) of the Center for Epidemiologic Studies
Depression Scale (CES-D: Radloff, 1977) in order to exclude subjects with a possible
depressive disorder (cut-off score >23). State mood was determined repeatedly, immediately
before and after the MIST. To assess different aspects of mood, subjects filled out the
Multidimensional Mood State Questionnaire (German original version: Multidimensionaler
Befindlichkeitsfragebogen, MDBF; Steyer et al, 1997) consisting of three dimensions: ‘good-
bad mood’, ‘calmness-nervousness’, and ‘wakefulness-tiredness’. Furthermore, a visual
analogue scale (VAS) was handed out asking subjects to rate how ‘stressed’ they felt at that
moment. The distributed questionnaires have been broadly used and have shown satisfactory

internal consistency and validity.

3.1.2.5 Data Analysis

Analyses were performed using SPSS (15.0) software packages (SPSS, Chicago, IL, USA).
Homogeneity of variance was assessed using the Levene test. Besides raw data, the trapezoid

formula for total response (area under the curve with respect to the ground AUCg) and total
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change of response in consideration of individual baseline (area under the curve with respect
to increase, AUC;) were computed (Pruessner et al, 2003).

For comparisons between groups, the Student’s t-test was used, while repeated-measures
analyses of variance (ANOVA) were computed after Greenhouse—Geisser corrections to
reveal possible time, condition and interaction effects. Partial correlations controlling for the
credibility of the stress task were calculated to examine associations between the MIST
responses and vagal indicators. Linear regression analyses were used to examine the
relationship between predictors and dependent variables, adjusting for the credibility of the
stress task and baseline values where appropriate. Explained variance of the whole regression
model is reflected by R”. In condition x time interactions, the effect size was determined by
partial eta-square (partial eta2) using the possibly conservative cutoffs of .01 (small), .06
(medium), and .14 (large) (Green et al, 2000). All analyses were two-tailed, with the level of

significance set at p<.05.

3.1.3 Results

Sample characteristics

Of the initially 34 healthy subjects who agreed to participate, one subject was excluded
because of acute illness during the examination period. Low saliva amounts in some samples
further reduced the available number of data points for some measures (cortisol AUC: N=28,
alpha-amylase-AUC: N=24). The mean age of participants was M=24.06 (SD=4.56, range 19-
34) and the mean BMI was M=23.63 (SD=2.94, range 19.47-29.70). Depression scores were
in a normal range of values (M=7.84, SD=4.14, range 2-21). Randomization resulted in two
groups, with 16 subjects undergoing the control condition first and 17 subjects undergoing the
stress condition first. The two groups did not differ with respect to demographic (BMI, age)

or physiological (salivary flow rate, cortisol, alpha-amylase, HR, RSA) or mood changes
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(MDBF) during the stress condition (all p=n.s.). Referring to the control condition, the
corresponding variables did not differ, with the exception of the wakefulness-tiredness
dimension of the MDBF, whereas subjects participating in the control condition in the second
session became less tired compared to subjects who started with the control condition (t3;=-

2.93, p=.006). The randomization was therefore successful.

Responses to the stress task

Biochemical responses

The stress condition of the MIST resulted in a significant decrease in salivary flow rate
(F(4.94/148.27)=13.36; p<.001), while the control condition revealed no significant
fluctuations (F(5.15/154.35)=.97; p=.44). The interaction of condition and time was highly
significant (F(5.23/156.89)=4.96; p<.001; partial eta2=.14), while this finding was not
supported by the total scores of the AUC (AUCqg: t30=1.06, p=.296; AUC;: t30=.42, p=.677),
although a significantly lower salivary flow rate was evident during the MIST (t3p=-4.94,
p<.001).

Cortisol levels over the course of the stress task showed a significant increase over time
(F(2.02/54.51)=16.59; p<.001), while under the control condition, a significant decrease
typical for the circadian course of cortisol was observed (F(1.83/45.65)=24.55; p<.001). Thus,
conditions differed significantly, with the cortisol response over time during the stress
condition showing a significantly higher response (F(2.27/56.69)=20.94; p<.001; partial
eta2=.46; Fig.3.1). This result was also reflected by significant differences in the AUCg and
AUC; of cortisol (AUCg: t25=-4.98, p<.001; AUC;: t5=-5.58, p<.001). The MIST resulted in a
peak increase of 164% compared to the equivalent time point in the rest condition (+20:

Mmist-s79.04, SDmist-s=5.86; Mmist-c=3.43, SDmist-c=1.39).
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The interaction of condition and time was significant, with higher levels during the stress
condition (F(3.34/73.55)=4.64; p=.004; partial eta2=.17; Fig. 3.2). A significant difference
could also be observed for salivary alpha-amylase AUCq (t;=-2.15, p=.043) but not AUC;

levels (ty;=-1.49, p=.15).

Electrophysiological responses

HR changed significantly during the stress as well as the control condition (MIST-S:
F(2.34/75.04)=53.07, p<.001; MIST-C: F(3.10/99.23)=17.36, p<.001). The interaction was
significant, with higher values during the stress condition (F(2.53/80.94)=39.93, p<.001,
f2=.23; partial eta2=.56; Fig. 3.3). AUCg and AUC; differences further supported this finding

(AUCg: t33=-3.53, p=.001; AUC;: t33=-5.33, p<.001).
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Under the control condition, RSA increased significantly during the MIST-C

(F(3.48/111.32)=2.81, p=.035) and decreased significantly during the MIST-S
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(F(3.49/111.57)=7.16, p<.001). Both conditions differed significantly over time
(F(5.01/180.34)=8.80, p<.001; partial eta2=.22; Fig. 3.4). The trapezoid formulas revealed a
significant difference of the total change of response (AUC;: t33=2.21, p=.034) but not of total

response (AUCg: t33=1.05, p=.30).
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Mood responses

During the MIST-S, mood assessed by the MDBF decreased significantly from immediately
before to immediately after the stress task (F(1/32)=27.80, p<.001), while there was no
significant alteration during the control condition (F(1/32)=.52, p=.476). The interaction
condition x time was highly significant (F(1/32)=25.51, p<.001, partial eta2=.44) due to lower
values following the MIST-S (before MIST: t3,=.83, p=.413; after MIST: t5,=-5.494, p<.001).
Calmness (MDBF) decreased significantly under the stress condition but not under the control
condition (MIST-S: F(1/32)=64.90, p<.001; MIST-C: F(1/32)=1.27, p=27), and the
interaction was highly significant (F=(1/32)=52.30, p<.001, partial eta2=.62) due to

heightened nervousness after the MIST-S (before MIST: t3,=1.823, t=.078; after MIST: t3,=-
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6.814, p<.001). There were no significant changes concerning wakefulness (MDBF) under
both conditions. Indeed, both conditions showed an inverse course over time (F(1/31)=4.41,
p=.044, partial eta2=.12), although the values did not differ either before or after the MIST
(before MIST: t3,=1.652, p=.11; after MIST: t3=-1.02, p=.314).

Finally, the MIST-S elicited a significant increase in the subjective rating of how stressed
participants felt (VAS: F(1/32)=28.53, p<.001), while MIST-C showed no significant effect
(F(1/32)=3.25, p=.081). The interaction condition x time was highly significant
(F(1/32)=25.97, p<.001, partial eta2=.45) due to higher values of rated stress immediately

after the MIST-S (before MIST: t3;=-.32, p=.753; after MIST: t5,=8.19, p<.001).

Responses to the Cold Face Test

The CFT induced a significant decrease in HR (F 2.17/69.48)=39.94, p<.001, partial eta2=.56)
and accordingly, a significant rise of RS4 (F(2.34/74.97)=8.25, p=.001, partial eta2=.20). The
bradycardia during the CFT peaked after M(CFTiaency)=29.85sec (SD=19.95sec) and resulted
in a maximum decrease of M(CFTp,x)=24.80% (SD=7.64%). The CFT influenced neither
subjective mood ratings (VAS: feeling stressed, exhausted, queasy, relaxed, good humoured:

all p>.1) nor pain sensation (VAS: F(1/32)=.008, p=.930).

Associations between Vagal Functionality and Biopsychological Stress Response

Analysis of Correlation

Partial correlations controlling for the credibility of the stress task revealed no significant
associations between the baseline of RSA and mood and biological responses to the stress
task (all p=n.s.), with the exception of the AUCg of RSA during the MIST-S (r=.852, p<.001;

table 3.1) due to the mathematical determination of the trapezoid formula.
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Table 3.1 Partial correlation coefficients between vagal reagibility and stress responses

controlling for credibility of the stress task and, where appropriate, the MDBF baseline values

RSAgL CFThax CFTlatency
(relative)
SFR AUCg 184 -.162 -.123
AUCi -.223 -.052 -.093
Cortisol | AUCg .140 -.091 326
AUCi -.015 -.035 A4971%*
Amylase | AUCg 222 130 .077
AUCi 208 .366 -.009
HR AUCg -.320 .018 270
AUCi -.095 -.292 .140
RSA AUCg 852k 382% -.085
AUCi -.033 .104 -.081
MDMQ Good/ 123 -.085 -.628H**
bad mood
Wakefulness/ 303 375% -.307
Tiredness
Calmness/ 174 018 -.290
Nervousness
VAS Stressed -.200 .000 273

#p<.05, **p<.01, ***p<.001

Similarly CFTy.x correlated significantly with the AUCg of RSA (r=.382, p=.028), but also
with the baseline of RSA (r=.399, p=.021), underlining the vagal participation in the CFT.
Furthermore, CF Ty« significantly correlated with the wakefulness-tiredness dimension of the
MDBF (r=.409, p=.020), even when additionally considering individual baseline (r=.375,
p=.038). Furthermore, CFTiawency significantly correlated with cortisol AUCi (r=.491, p=.009),
and the mood dimension of the MDBF without controlling for baseline values (r=-.615,

p<.001) and with controlling for baseline values (r=.628, p<.001).
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Regression Analysis

We calculated linear regression analyses with AUCi of cortisol, mood or wakefulness as the
dependent variables. As independent variable, we entered the credibility of the stress task, and
with regard to psychological responses, the respective baseline values. Finally, based on the
analysis of correlation, we entered CFTax O CFTiaeency as independent variable. CFTpax as a
predictor explained 12.7% (p=.36, p=.038) out of 22.6% (R*=.23) of the dimension
wakefulness-tiredness of the MDBF. The model with CFTiyeney as independent variable
predicted 27.7% of cortisol AUCi in the stress condition (R2=.28), of which CFTiaency

independently predicted 23.0% (B=.49, p=.009; Fig. 3.5).
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Figure 3.5 Stress reaction of salivary cortisol in subjects with fast (white circles) and slow
(black circles) vagal reagibility determined after median split. Values represent mean +-

standard error of the mean values

When referring to the mood dimension of the MDBF, the regression model was able to

explain 40.2% (R?=.40), 38.9% attributable to CF Tiaency (B=-.63, p<.001; Fig. 3.6).
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vagal reagibility determined after median split. Values represent mean +- standard error of the
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3.1.4 Discussion

One of the objectives of the present study was a multidimensional biopsychological
evaluation of a recently published standardized psychosocial stress task in a laboratory setting
taking into account parasympathetic (vagal) effects. Replicating earlier studies, the stress
condition of the Montreal Imaging Stress Test induced a significant increase in salivary
cortisol levels, salivary alpha-amylase levels, and HR, and a significant decrease in salivary
flow rate and RSA, when compared to the control condition. With regard to subjective ratings,
participants reported a decline in mood and a rise in nervousness, tiredness and stress in
response to the stress task. Interactions of time and condition revealed large effect sizes for all
variables. The second objective of the present study was to test the hypothesis that the vagus
nerve constitutes a resource that can be utilized during acute stress. In this context, we

measured vagal tone and additionally vagal reagibility during the CFT. The latter test induced
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a significant short-term fall in HR and rise in RSA. Maximal response latency during the CFT
(CFTiaency) but not vagal tone significantly predicted the cortisol and mood stress response,

while CFT .« predicted the grade of tiredness in response to the stress task.

The MIST possesses all stress elements believed to induce changes in the activity of the HPA
axis, the sympathetic and parasympathetic nervous system, and affect (Dickerson and
Kemeny, 2004). In fact, in the present study, we found a significant increase in rated stress,
nervousness and tiredness, and a significant worsening of mood during the stress condition
compared to the control condition. These ratings correspond to the results of prior studies
(Pruessner et al, 2004, Soliman et al, 2008) demonstrating an increase of stress rating and
state anxiety due to the MIST. Furthermore, our findings replicate those of prior
investigations showing an increase in cortisol concentration (Dedovic ef a/, 2005; Pruessner ef
al, 2008; Soliman et al, 2008) and markers mainly associated with sympathetic activity
(Pruessner et al, 2004; Soliman et al, 2008). The stress task in the present study in fact
induced a significant increase in HR and salivary alpha-amylase concentration, indicating an
increase in sympathetic activity. While HR increased continuously throughout the stress
condition, suggesting a successive increase in stress load from block to block, which
recovered immediately after termination of the MIST, salivary alpha-amylase levels peaked
ten minutes after the end of the stress task. We suggest that this delay could be explained by
the reduction in salivary flow rate during the MIST-S, which was possibly too low to
transport the salivary enzyme through the glandular canal system in real time, causing a peak
delay. Supporting this, and contrary to Rohleder et al. (2006), we found a positive correlation
between salivary alpha-amylase concentration and salivary flow rate in the stress condition
(data not presented). Significant alterations in salivary flow rate during the stress task could
be expected because salivary glands are innervated by both branches of the autonomic

nervous system (Malfertheiner and Kemmer, 1987). Therefore, a decrease in salivary flow
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rate can be interpreted as an increase in sympathetic or decrease in parasympathetic activity,
or both. Nevertheless, reported stress responses of salivary flow rate are inconsistent, often
reporting no influence of acute stress (e.g. Nater ef al, 2006). This is perhaps to be explained
by measurement time, since we collected saliva during the period of maximum stress
exposure without interrupting the stress procedure.

This is the first study to examine the effects of the MIST on parasympathetic, in particular
cardiovagal activity. In accordance with theoretical assumptions (Pagani et al., 1995; Porges,
1995), RSA decreased during the stress task, with a peak depression during the final block
followed by a rapid recovery after the termination of the task. In contrast to other psycho-
social stress tasks, the cardiorespiratory responses in the present study can be exclusively
attributed to the stress task, since disturbing factors like postural changes or walking (Chan et
al, 2007; Nater et al, 2006), which influence the highly sensitive autonomic nervous system,
were controlled for. When examining vagal activity, any vocalization is considered a
significant confound (Bernardi et al, 2000; Sloan et al, 1991). In the current study, this was
partially controlled for, since during the MIST, speaking is limited to the feedback periods in-
between the blocks. Thus, the MIST is particularly useful to investigate the relationship

between different response variables not equally susceptible to the disturbing factors.

Another aim of the current study was to investigate vagal functionality as index of
adaptability of the organism to stress. Structural and functional assumptions would suggest a
protective role of high vagal functionality during stress, although evidence for this is sparse.
In fact, we found an inverse relationship between the cortisol response elicited by the MIST
and vagal reagibility during the CFT but not vagal tone. With regard to the CFT, subjects with
a slow bradycardia showed a larger cortisol stress response. Similarly, Johnsen et al. (2002)

reported a significant difference in cortisol response to stressful cognitive tasks between a
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group with high compared to a group with low vagal tone. Thayer and Sternberg (2006) found
an association between the overnight urinary cortisol concentration and vagal tone in healthy
subjects. Further support for this inverse association is provided by O’Keane et al. (2005),
who examined responses to the corticotropin-releasing-hormone (CRH) challenge test in
eleven patients with chronic depression before and after three months of treatment with vagus
nerve stimulation (VNS). They reported significantly increased responses of
adrenocorticotropic hormone (ACTH) and cortisol before treatment compared to
intraindividual posttreatment responses, and in comparison to a control group. The negative
correlation might point to direct and indirect bidirectional connections between vagal nuclei
in the medulla oblongata and the hypothalamus (Benarroch, 1997; Palkovits, 1999).
Furthermore, evidence from imaging studies supports interconnections between CAN
structures, the hypothalamus and the vagus nerve. For example, the salivary cortisol in
response to stress has been shown to be positively associated with hypothalamic activity (Ahs
et al, 2006), and negatively correlated with medial PFC (Ahs et al, 2006; Kern et al, 2008),
suggesting a possible phasic loss of inhibitory control of the medial PFC over subcortical
regions during stress. Similarly, under stressful conditions, associations between High
Frequency (HF) HRV (Task Force, 1996) as an index of cardiovagal activity and the activity
of several structures of the CAN were demonstrated (Gianaros et al/, 2004; Lane et al, 2009,
Matthews et al, 2004).

With regard to our CFT results, it is proposed as a method to test cardiac vagal function
(Khurana and Wu, 2006). Although unfortunately, no study has examined the neural
associations of latency and maximum bradycardia, the CFT was found to elicit cerebral blood
flow alterations (Brown et al, 2003). More specifically, Harper et al. (2003) were able to
demonstrate in an fMRI study that the CFT affects CAN activity in healthy subjects.
Significant activity increases during the application of the cold stimulus were found among

other things in the insula, ventral midbrain, and dorsal, medial, and ventral medulla, while
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activity decreased significantly in the hippocampus. Interestingly, the CFT was reported to be
associated also with psychological variables known to be associated with HPA axis and vagal
dysregulations. Hughes et al. (2000) categorized healthy subjects as having high or low
depressed mood following a median split and found a higher increase in HF HRV in response
to the CFT in the latter group. This finding indicates an impaired vagal regulation in subjects
with higher depressive mood, while depression was often reported to show increased cortisol
concentrations (e.g. Wang et al, 2000) and decreased vagal tone (e.g. van der Kooy et al,
2006). Similarly, more hostile students showed less HR deceleration during the CFT when
compared to low hostile peers (Ruiz ef al, 2006), while an inverse association between anger
control and cortisol reactivity was also determined (e.g. Gouin et al, 2008). The CFT might
thus be a methodological addition to the measurement of vagal tone in order to determine the
functionality of the vagus nerve and, moreover, the whole network underlying the
neurovisceral integration model and therefore to examine the (in-)ability of individuals to

flexibly respond to rapidly changing demands of the environment.

Analyses of the role of vagal functionality during acute stress revealed a protective role not
only with regard to cortisol but also to mood. Subjects with a slower bradycardia during the
CFT showed a more negative affect in response to the stressor. This is in line with the
assumption of vagal activity as being a type of resource when demands of the environment
request emotional regulation (Thayer and Lane, 2009). Evidence for this was provided among
others by Ruiz-Padial et al. (2003), who demonstrated a more differentiated emotional startle
response to emotional pictures in subjects with high HRV compared to the group with low
HRV. Additionally, HRV was shown to be inversely correlated with negative mood but
positively with positive mood in a population of alcoholics and healthy controls (Ingjaldsson
et al, 2003). In the present study, we found that the maximum response to the CFT predicted

tiredness after the stress task. Subjects with smaller relative bradycardia were therefore more
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tired after the stress task compared to subjects with stronger bradycardia. This is in line with
the reported positive association between HRV and efficient attentional regulation (Johnsen et
al, 2003), which might offer an explanation for the present findings. Additional support for
this interpretation is provided by the findings of an inverse course of effort and HRV in
burnout patients and healthy controls during a repeated Stroop color word task over one day
(Zanstra et al, 2006). Controls showed a decrease in HRV and effort over the day, while at the

same time, burnout patients revealed an increase in HRV, effort and tiredness.

Although our hypotheses were mostly supported, the current study holds a number of
limitations. First, we examined a small sample size, including only healthy and medication-
free subjects. Therefore, results are restricted to a group of healthy, well-educated, middle-
aged men and can not be generalized to the general population. Referring to the MIST, it
cannot be excluded that subjects felt bored in the control task, and angry or anxious in the
stress task, and thus findings might not solely be attributed to stress. Moreover, the CFT in
this study was used to determine vagal functionality, suggested by us to be indicative of the
flexibility of the whole CAN. It should be mentioned on a critical note that CFT responses are
initially mediated by the trigeminal nerve and therefore responses could also be influenced by
the latter responsiveness. However, due to its role in emotion and social engagement and its
structural and functional associations with the CAN, the trigeminal nerve might also be
allocated to the neurovisceral integration model in terms of a flexibly reverted structure to
meet demands of the environment. Despite these limitations, however, our study does have a
number of methodological strong points. First of all, the present study is the first to examine
the role of vagal functionality for cortisol stress response using a standardized psychosocial
stress task. Second, several disturbing factors were controlled for, thus leading to a cleaner
study design. Third, we examined several indicators of vagal activity by examining not only

vagal tone but also phasic responses to the CFT. Therefore, the line-up of vagal characteristics
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was enhanced to examine different levels of the underlying associations between the vagus

nerve and the HPA axis.

In summary, our results underline the capacity and validity of the MIST to provoke a stress
response of affect, the HPA axis, the sympathetic and parasympathetic nervous system. The
inverse relationship between the vagal reagibility and biopsychological stress responses
suggest that the former can be applied as a test to examine the stress adaptability of the
neuronal network underlying the neurovisceral integration model. We speculate that vagal
tone might reflect the tonic state of the interconnected network, while the CFT response might
reflect the dynamic capacity of the organism to respond to rapidly changing environmental
demands. However, the mechanisms underlying latency and maximum of bradycardia during
the CFT and its relationship with different brain regions are not entirely understood. Further
research is therefore needed to study functional and structural correlates of the CFT response.
Moreover, the reported association should be examined in subjects with (sub-)clinical somatic

and psychiatric disorders with primarily or assumed comorbid autonomic dysfunctions.

3.2 Effects of auricular manual and electrical stimulation on vagal activity”

After a short introduction the methods and results of the stimulation study are reported, before

a discussion embedding the results in a theoretical background is provided.

3.2.1 Introduction

The activity of the vagus nerve (VN) is associated with health and well-being, and questions

concerning its role for therapeutic manipulation are emerging (Routledge et al., 2002). The

% This study is submitted for publication (La Marca, Nedeljkovic, Yuan, Maercker & Ehlert, 2009)
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VN constitutes the main part of the parasympathetic branch of the autonomic nervous system
(ANS), which plays an important role in regeneration. Its action is associated with “rest and
digest” (Rohen, 1994). The VN consists of afferents and efferents, and it controls, among
other things, respiration and heart rate. Heart rate fluctuations are called heart rate variability
(HRV), which can be measured non-invasively (Task Force, 1996). HRV indicates the regula-
tory capacity of the ANS (Berntson et al., 1997) and moreover the ability of the whole
organism to respond to rapidly changing demands of the environment (Thayer & Friedman,
2002). Low vagal activity or responsiveness is associated with specific personality factors
such as hostility (Ruiz et al., 2006; Sloan et al., 2001), type A behavior (Sato ez al. 1998), and
several risk factors (Thayer & Lane, 2009). Furthermore, stressful events can promote a
phasic decrease of HRV (Klinkenberg et al., 2008; La Marca, Waldvogel et al., 2009; Nater et
al., 2006; Pagani et al., 1995; Porges, 1995), and chronic stress leads to allostatic load accom-
panied by dampened vagal activity (Lucini et al., 2005; Thayer & Sternberg, 2006). In
addition to these risk factors, evidence shows a link between low vagal activity and somatic or
psychiatric morbidity and mortality (Thayer & Brosschot, 2005; Thayer & Lane, 2007), pos-
sibly mediated by associations between vagal activity and glucose regulation, hypothalamic-
pituitary-adrenal (HPA) axis functioning, and inflammatory processes (Thayer & Sternberg,
2006). All these negative associations are paralleled by an augmenting interest in intervene-
tions targeting the VN. In recent years invasive vagus nerve stimulation (VNS) emerged as a
treatment applied predominantly in epilepsy and depression (Milby et al., 2008). Since the
body of data especially referring to its long-term effects is still insufficient and VNS shows
several limitations due to its invasivity and restriction to therapy-resistant patients (Rijkers et
al., 2008; Schlaepfer et al., 2008; Smyth et al., 2003), the focus has been on alternative and
less invasive interventions, such as acupuncture, with regard to their effectiveness in influen-
cing vagal activity. Studies examining the effects of acupuncture on the activity of the ANS

were conducted in animals and humans, with inconsistent results at least in part due to the
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high heterogeneity of the applied methods. Imai and colleagues (2008) found increases in
gastric motility and cardiovagal activity and a decrease in sympathovagal balance in rats
during and after electroacupuncture (stomach channel, ST36), indicating an overall increase in
vagal activity. A similar result regarding gastric and cardiac activity was found in dogs during
but not after electroacupuncture on ST36 and PC6 (pericardium meridian) (Ouyang et al.,
2002). In line with these animal studies, several reports from human studies support an
increase in vagal activity and/or a decrease in sympathovagal balance during acupuncture on
PC6 (Huang et al., 2005; Li et al., 2003; Wu et al., 2008), whereas others found no effects
(Hiibscher et al., 2007) or found an effect predominantly on sympathetic activity (Chang et al.,
2008). Similar results supporting heightened cardiovagal and/or reduced sympathetic activity
were found also during acupuncture on other body points (Agelink et al., 2003; Bicker et al.,
2008; Hsu et al., 2006; Imai & Kitakoji, 2003; Li et al., 2005; Nishijo et al., 1997; Sakai et al.,
2007; Shinohara, 1997; Sparrow, 2007; Streitberger et al., 2008; Wang et al., 2002; Zhang,
2006; 2007).

Auricular acupuncture is a special form of acupuncture, and somatotopic organization of the
ear is postulated as containing 168 acupuncture points (Ulett et al., 1998). Differently, from
an anatomical point of view, just a few areas are defined, due to the occurrence of different
neuronal afferents (Lang, 1992). Some authors even restrict the mode of action of auricular
acupuncture to just vagal manipulation in the concha (Ulett et al., 1998). A recent study
examining the influence of manual and electroacupuncture on different ear points (inferior
concha, helix, antihelix) of the rat found the best effect on the ANS (heart rate, mean arterial
pressure, intragastric pressure) when stimulating the inferior concha (Gao et al., 2008). Since
effects were also evident in those latter areas, the authors suggest that there is no specific
functional map but rather a variable intensity depending on the area of stimulation. White and

Ernst (1999) conducted a similar study in humans and examined manual acupuncture in the
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concha and a control area of the helix. They found a marginal decrease in heart rate (HR)
during stimulation of the concha but not the helix. Because the findings were not statistically
significant, White and Ernst concluded that they did not find evidence supporting the
representation of the body in the ear. Similarly, Kraus et al. (2007) studied the effect of
transcutaneous electrical nerve stimulation (TENS) on the outer auditory canal, which is
thought to be vagally innervated, while stimulation of the ear lobe served as a sham
intervention. They found central activity alterations in the fMRI similar to the ones induced
by VNS but could not find a significant effect on HR. Two other studies examining the effects
of auricular acupuncture found no effect on HR, as well (Karst et al., 2007; Wang & Kain,
2001). Nevertheless, some studies found evidence that auricular acupuncture increases vagal
activity and/or induces a shift in sympathovagal balance indexed by HR, HRV, and/or gastric
variables (Haker et al., 2000; Hsu et al., 2007; Saxena et al., 1976), but interpretations of the
these results are not unambiguous.

The inconsistent results on the effects of acupuncture on the ANS might be explained by the
high degree of freedom regarding the methodological aspects of the different studies. These
concern participants (healthy subjects vs. patients), point selection, type of stimulation (sham,
magnetic, laser, manual, electrical), amount of interventions (singular vs. repeated), duration
of stimulation, and interval between interventions, control condition (none, intervention using
placebo needles, subcutaneous acupuncture, stimulation of presumably ineffective insertion
points), statistical analyses (verum vs. control intervention, pre vs. peri/post intervention),
blinding, interpretation of results (effects on the ANS, placebo effect, effects mediated
through pain), exclusion criteria, and controlled disturbing factors.

The main purpose of the present study was to evaluate the effects of auricular manual and
electroacupuncture on the activity of the VN in healthy men in a three-armed randomized trial.
Furthermore, we wanted to examine factors supposed to influence dependent variables such

as effects of time, placebo, pain sensation, and belief in the effectiveness of acupuncture.
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3.2.2 Materials and Methods

3.2.2.1 Participants

Participants were recruited by advertisement at two universities in Zurich. Inclusion criteria
were male sex and age ranging from 20 to 40 years, while exclusion criteria were depression,
self-reported acute and chronic somatic or psychiatric disorders, medication in the last two
months, consumption of psychoactive substances and excessive consumption of alcohol (>2
alcohol beverages / day) or tobacco (>5 cigarettes / day). Of the initial 15 men who
volunteered to participate in the present study, 14 met the study criteria. One person was
excluded due to medication. To control for disturbing factors, participants were instructed not
to drink caffeinated beverages 48 h, to avoid excessive physical exercise and smoking 24 h,
and to avoid eating in the last 2 h prior to the examination.

Participants received no monetary compensation, but they were given individual feedback on
their responses. The study design was in accordance with the declaration of Helsinki and

approved by the ethics committee of the Canton of Zurich.

3.2.2.2 Procedure

The participants came to the laboratory on four occasions, always in the afternoon between
1:30 p.m. and 4:00 p.m. to minimize possible circadian fluctuations of the dependent variable
(Burgess et al., 1997; Fallen & Kamath, 1995). After arriving, participants signed written
informed consent forms, and the cardiorespiratory ambulatory device (LifeShirt system,
VivoMetrics, Ventura, CA, USA) was connected and calibrated. The participants then sat on a
comfortable chair. Each examination lasted 90 minutes, consisting of 30 minutes of
habituation and baseline measurement, 30 minutes of intervention, and 30 minutes of post

intervention. After baseline measurement the acupuncturist (LY) entered the room,
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disinfected the participant’s ear, and then opened an instruction envelope placed in the
examination room. Depending on the instructions, the acupuncturist placed no, placebo, or
verum acupuncture needles before leaving the room. In the electroacupuncture condition the
acupuncturist additionally attached the wires of the electronic acupunctoscope. After 30
minutes of intervention the acupuncturist entered the room for removal of the needles and
disinfection in all conditions but the control condition. During all examinations, the
participants were allowed to read popular magazines (such as National Geographic and
Anima) before, during, and after the acupuncture intervention; this was to keep participants
active to a minimum. The control condition was identical to the different acupuncture

conditions, with the exception no needle was inserted after disinfection.

3.2.2.3 Interventions

Acupuncture Interventions

All participants came to our laboratory on four occasions, each one week apart. They took
part in random order in a control condition with no needling (nonAP), a condition with
placebo acupuncture (pAP), manual acupuncture (mAP), and electroacupuncture (eAP).
Randomization was controlled by the author (RL) by writing all of the possible combinations
on slips of paper, which were then put into a box, before drawing one for each participant.
Each participant thus underwent a different sequence of conditions across the four occasions.
Placebo and verum needles were inserted into the left cavum conchae inferior, a region that is
known to be innervated by vagal afferents (Lang, 1992; Schnorrenberger, 1994). Additionally,
this area corresponds to lung and heart points according to auricular acupuncture theory
(Rubach, 2000). In all acupuncture sessions two needles were placed 5 mm apart to allow an

electrical flow in the eAP and to keep the number of needles equal in all interventions.
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After disinfection of the participant’s ear and application of the adhesive plaster, the
acupuncturist applied the appropriate needles (see Blinding). In the nonAP condition no
needles were set after disinfection. For the pAP two Streitberger placebo needles (0.3 x 30mm,
asiamed, Germany) were used (see Streitberger & Kleinhenz, 1998). For the mAP and eAP
visually identical but smaller verum needles were used (special needle nr. 12, 0.2 x 15mm,
asiamed, Germany), while participants in all conditions were shown the same needles by an
examiner during disinfection (special needle nr. 16, 0.3 x 30mm, asiamed, Germany). In the
meantime the acupuncturist, who was situated to the left and behind the participants and was
therefore outside of their visual fields, placed the placebo or the verum needles. In the eAP
condition the acupuncturist additionally attached an electronic acupunctoscope (WQ-6F,
Beijing Xindonghua Electronic Instrument Company Ltd., China). The frequency of
stimulation was 10 Hz (Rubach, 2000), and the intensity of the current was adjusted by the
examiner by asking the participants to let him know when the current passed the detection

threshold without being painful.

Blinding

The study was partially blind in design in accordance with recommendations (White et al.,
2001). For one, the participants were blinded regarding the application of placebo needles.
Similar to Backer et al. (2008) the participants in the present study were told that different
kinds of acupuncture interventions would be examined. For another, they were not told about
the dependent variables or about the expected effects of acupuncture. Additionally, the
examiner was completely blinded until the end of the habituation and baseline period to avoid
any differences in the conducting of the experiment. When the acupuncturist applied the
needles with or without electrical stimulation, the examiner was no longer blinded, but he was
instructed to behave identically during all conditions and to leave the examination room

together with the acupuncturist immediately after needle insertion. This reduced the contact
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time between participants and examiner and acupuncturist to a minimum. Further, the
acupuncturist was blinded as long as possible. After randomization of the order of conditions,
the author noted the interventions (control, placebo, manual, electrical) on separate pieces of
paper and placed them in closed, opaque envelopes in the examination room before the
participants arrived. The acupuncturist opened the envelope only after disinfecting the
participant’s ear and was then no longer blinded to the condition. Additionally, physiological

data was coded so that data analysis was also blind.

3.2.2.4 Measures

Assessment of Subjective Judgments

A German version of the Center for Epidemiologic Studies Depression Scale (CES-D)
(Radloff, 1977) was distributed at the beginning of the first examination (Allgemeine Depres-
sionsskala, Langform, ADS-L: Hautzinger & Bailer, 1992) to exclude participants with a
possible depressive mood (values >23). The CES-D questionnaire was developed to measure
depressive symptoms and is often used for non-clinical populations and has shown satis-
factory internal consistency and validity. Next, before the first intervention the participants
were given two items asking them to estimate on a five-point Likert scale (from not at all to
very strong) their belief in effectiveness of acupuncture to induce physical effects (phE). To
validate the effectiveness of the sham intervention, the participants were asked immediately
after the intervention whether they sensed the insertion of one or two needles. Afterwards,
they answered on a seven-point Likert scale (from not at all to very strong) how painful the
insertion of the needles was and how painful they found the whole intervention. To further
check the placebo manipulation using the Streitberger placebo needles, the participants were
asked three questions at the very end. First, they were asked if they had noticed anything

special during the four examinations; here nobody suspected the use of a sham procedure.
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Second, they were told that some participants had received a placebo intervention and were
asked whether they believed that they themselves were one of those participants; no
participant stated that he was sure that he had received a placebo intervention (“yes, sure”); all
participants chose the answers “no, not at all” (n=6) or “not sure, maybe” (n=8). Next, the
participants were told how the Streitberger placebo needles work and were asked if they
thought they had received a Streitberger placebo intervention; all of the participants answered

“no, not at all” (n=7) or “not sure, maybe” (n=7).

Electrophysiological measures

RSA was measured using the LifeShirt system 200 (VivoMetrics, USA). This ambulatory
cardiopulmonary measurement device consists of a wearable garment with two integrated
inductive plethysmography (IP) bands surrounding the midthorax and midabdomen and
piezoelectrical signals are recorded on a palm. Electrocardiographic data are collected through
three electrodes. The device was recently evaluated and showed accurate detection and timing
of beat-to-beat values (Heilman & Porges, 2007). Before the data collection was begun, the
participant breathed repeatedly into a fixed volume bag (800cc) for calibration of the IP bands.
Following the last examination of the study, cardiorespiratory data were examined for
artefacts and edited manually to correct for ectopic beats and arrhythmias. To do this, linear
interpolations were applied. The corrected inter-beat-interval (IBI) allows the determination
and extraction of RSA. Five-minute intervals were determined using the VivoLogic 3.1
software package (Vivometrics, Ventura, CA, USA). After importing data to a statistical
program, the five-minute segments were averaged for the time during the intervention and the

post-intervention period.
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3.2.2.5 Data analysis

All analyses were performed using the SPSS (15.0) software package (SPSS, Chicago, IL,
USA). Homogeneity of variance was assessed using the Levene test. In addition to raw data
for five minutes, averages for the intervention and post-intervention period, the absolute
increase of RSA from baseline to intervention and post-intervention, respectively, and the
trapezoid formula for total change of response in consideration of individual baseline (area
under the curve with respect to increase, AUCi) were computed to detect effects due to the
different interventions (Pruessner et al., 2003; Scholz et al., 2009).

For comparisons between intervention-specific alterations, repeated measures analysis of
variance (ANOVA) was computed after Greenhouse—Geisser corrections to reveal possible
time, condition, and interaction effects. If appropriate, covariates (pain sensation, belief in
effectiveness) were considered (ANCOVA). All analyses were two-tailed, with the level of

significance set at p<.05.

3.2.3 Results

Sample Characteristics

The participants’ mean age was 28.14 (SD=4.50) and mean body mass index (BMI) was
23.43 (SD=3.8). Mood scores were in a normal range of values (M=7.36, SD=4.91). The
participants took part in the four conditions in random order, with no order of condition
assigned more than once. To control for successful randomization, levels of RSA were tested
and revealed no significant differences between the different conditions (RSA: .280<p<.889).

The randomization can thus be considered as successful.
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Effects of Pain

Pain sensation did not differ significantly when the needles were inserted, but it was revealed
to be significantly elevated during the halt-hourly eAP as compared to the pAP (p=.007) and
mAP (p=.034), with the latter two conditions not differing (Figure 3.7). Therefore, differences

in pain ratings during the interventions were considered as covariates when analyzing effects
of eAP on vagal activity.
nap
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Figure 3.7 Mean and SEM of ratings of pain sensation from a Lickert scale during the

different interventions

Effect of Belief in Effectiveness of Acupuncture

Belief in the effectiveness of acupuncture to induce physical effects (phE) was divided by a
median split (phE-low: n=6, phE-high: n=8), since some of the five answer alternatives were
chosen by only one or two participants. Univariate ANOVAs revealed a significant effect of
phE on RSA increases during eAP (F(1/14)=5.32, p=.040) and a trend after eAP (1/14)=3.92,
p=.071). Overall increase indexed by AUCi revealed a significant effect of phE (F(1/14)=6.06,

p=.03) with phE-low showing higher RSA values. No effect on RSA increase was evident
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during or after the other interventions or in AUCi. Therefore, belief in the ability of

acupuncture to induce physical effects was further considered when analyzing effects of eAP.

Placebo Effect

Regarding the placebo intervention, all participants stated that they had sensed the insertion of
one or two needles. None of them affirmed having received a placebo. Streitberger placebo
needles thus seem to be applicable also on the ear. pAP did not differ from nonAP regarding
RSA (during intervention: p=.954; post-intervention: p=.615; AUCi: p=.861), indicating no
significant placebo effect during the pAP, and it was therefore neglected in the following

analyses.

Time Effect

To detect changes of RSA over time ANOV As with repeated measures were conducted for all
four conditions. With the exception of the mAP (F(1.73/22.43)=2.28, p=.132), all of the
conditions revealed a significant effect of time (nonAP: F(1.65/18.17)=6.026, p=.013; pAP:
F(1.12/13.41)=6.09, p=.025; eAP: F(1.71/22.25)=10.80, p=.001; Figure 3.8). During the
nonAP some Smin segments differed significantly or on trend level as compared to baseline,
whereas during the whole intervention period RSA was not significantly heightened (p=.103).
In contrast, the post-intervention period was significantly increased (p=.012). Similarly,
during the pAP the last Smin segment was significantly elevated, whereas there was no
significant difference regarding the whole half-hourly pAP intervention (p=.127). Instead, the
post-intervention again revealed a significant increase in RSA as compared to the baseline
(p=.021). With the exception of one significant heightened 5min segment in the post-
intervention period, both the intervention and the post-intervention period missed significance
(p=.125, p=.101). The strongest effect was obvious in the eAP, where the intervention and
post-intervention periods revealed a significant increase when compared to baseline (p=.008

and p=.001 respectively). All 5Smin segments with one exception (p=.058) showed a
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significant heightened RSA (.001<p<.018). RSA seems to increase over time, independent of
the chosen intervention. Therefore, increases in RSA were analyzed pairwise to detect

acupuncture specific effects.
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Figure 3.8 Mean and SEM of AUCi of RSA during the different examinations

Effect of Manual Acupuncture

When regarding the RSA increase from before to during the intervention the mAP revealed no
significant difference from the nonAP and pAP (p=.954, p=.719), but lower values during the
post-intervention period of the mAP were obvious compared to the nonAP and pAP (p=.060,
p=.043). The missing effect of mAP on RSA was also evident when using the AUCi (mAP-

nonAP: F(1/11)=1.09, p=.319; mAP-pAP: F(1/12)=1.24, p=.287).

Effect of Electroacupuncture
With regard to the eAP condition, the pain rating during the eAP and belief in the
effectiveness of acupuncture to elicit physical effects (phE) were controlled as covariates (see

above). The RSA increase was significantly higher during the eAP than during the nonAP
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(F(1/9)=13.25, p=.005), pAP (F(1/10)=9.13, p=.013), and marginally higher than during mAP
(F(1/11)=3.46, p=.090). Similarly, the increase was higher after termination of the eAP as
compared to the post-intervention period during the other conditions but did not reach
significance in all comparisons (€AP-nonAP: F(1/10)=1.45, p=.257; eAP-pAP: F(1/11)=3.87,
p=.075; eAP-mAP: F(1/11)=5.51, p=.039). AUCi indicating the overall increase due to the
interventions from baseline to the intervention and post-intervention period revealed clearer
results (eAP-nonAP: F(1/9)=7.64, p=.022; eAP-pAP: F(1/10)=7.00, p=.024; eAP-mAP:

F(1/11)=4.82, p=.051; see Figure 3.8).

3.2.4 Discussion

The main purpose of this study was to evaluate the capacity of auricular acupuncture to
increase vagal activity. This was examined by conducting a three-armed randomized trial with
a control condition without intervention (nonAP) and a condition with sham acupuncture,
manual acupuncture (mAP), and electroacupuncture (¢AP). eAP but not mAP was effective in
increasing respiratory sinus arrhythmia (RSA). This result was found after the control of
several variables that are supposed to influence acupuncture effects, which represented a
second purpose of the present study. In fact, we found differences in pain sensation during the
various interventions, cardiorespiratory differences associated with belief in the effectiveness
of acupuncture, and significant time-associated increases of RSA. This second purpose will be
discussed first.

Since pain is known to elicit autonomic nervous responses (Burton et al., 2009) and is dis-
cussed as a mode of action of acupuncture (Irnich & Beyer, 2002), the participants were asked
to estimate their pain sensation at insertion of the needles and during the half-hourly
intervention. Results indicated differences in pain sensation during the various interventions,

with the highest pain rating during the eAP. Due to the potential role of pain to elicit
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physiological alterations, this difference should be taken into account in further studies. In the
present study pain sensation during the interventions was considered as covariate in the
statistical analyses regarding effects of acupuncture.

Furthermore, participants rated their belief in the effectiveness of acupuncture to provoke
physical effects (phE). High vs. low responders revealed a significant difference in RSA
increases during the eAP. Contrary to our hypothesis of stronger effects in participants with
higher belief, we found that the low-belief group showed higher increases in RSA. One
possible explanation could be that participants having higher expectations were more
cognitively loaded, whereas the low-belief group could perhaps show a higher degree of
relaxation, as they did not expect the interventions to have any effect.

Different sham interventions have been discussed in acupuncture literature. There is no ideal
method (Li et al., 2005), because all sham interventions show advantages and disadvantages.
Whereas some studies used placebo needles (e.g., Kong et al., 2005, 2008; Streitberger &
Kleinhenz, 1998; Streitberger et al., 2008), others applied real needles on points that are
thought to have no meaningful effects (e.g., Chang et al., 2008; Wang et al., 2002; White &
Ernst, 1999), subcutaneously on acupuncture point sides without reaching them (e.g., Haker et
al., 2000; Li et al., 2005), or even using a combination of both methods (e.g., Agelink et al.,
2003; Bécker et al., 2008). Furthermore, when examining electrical stimulation some studies
used an electronic device that is turned off, although participants are told that there is
stimulation subliminal to conscious perception (Kong et al., 2005, 2008). To our knowledge
this is the first study to apply Streitberger placebo needles on the ear, whereas a comparable
device was reported elsewhere (Karst et al., 2007). Since all of the participants reported
having felt the needle insertion, the use of this device seems appropriate to control for any
placebo effects in auricular acupuncture. In the present study we were not able to find any

difference between the pAP and the nonAP, even though the placebo effect is known to play
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an important role in acupuncture (Backer et al., 2006; Ernst, 2007). Ernst (2007) names
different components contributing to the perceived placebo effects in clinical trials: the true
placebo effect, clinician-patient interaction, natural history, regression towards the mean,
social desirability, concomitant therapies, and other effects. A possible explanation of the
missing effect in the present study is that participants were blinded regarding the dependent
variables, and the expected effects on these variables therefore possibly minimized the
placebo effect. A further explanation could be that participants in the nonAP were more
relaxed and less alert, since they could not expect any effects due to the lack of intervention.
Interestingly, when analyzing the pAP a significant increase in RSA was evident over time,
respectively at the end and after termination of the intervention. Similar results were found
also in previous studies and interpreted as effects due to the intervention (e.g., Haker et al.,
2000). As we conducted a three-armed trial, we were able to attribute this effect not to the
intervention itself, since the increase was obvious even in the nonAP. Therefore, several
studies seem to neglect possible phenomena associated with time, such as habituation to the
examination environment (room, setting, examiner), anticipatory stress due to the expectation
of pain or novelty especially in singular interventions, and relaxation due to the absence of
activity. Therefore, the use of an adequate control condition seems to determine placebo
effects on the one hand, and on the other hand to interpret alterations of dependent variables
that might be attributable to variables associated with time rather than to the intervention itself.
Without a control condition in the present study one might also have been tempted to interpret
the results of increasing RSA as effects due to the various interventions.

Because we found time-associated changes during all examinations, we analyzed specific
effects of verum acupuncture by comparing alterations in verum and nonAP and pAP,
respectively. Results indicate a beneficial effect of eAP but not mAP on RSA. Since from a
methodological point of view we wanted to apply comparable conditions, we decided to

conduct the mAP by just placing the needles and leaving them in place for 30 minutes, and
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therefore not providing further stimulation by twisting. Even if our result is in line with
literature suggesting a higher effect of electrical than manual stimulation (Gao et al., 2008;
Lux et al., 1994), it can not be excluded that a repeated manual stimulation would have
induced similar effects as the eAP. The increase of RSA during the eAP underlines the
capacity of electrical auricular stimulation to influence the activity of vagal afferents. After
controlling for pain sensation and individual belief in the effectiveness of acupuncture there
was an additional augmenting effect of eAP as compared to the increases during the other
three conditions. This eAP-specific increase reached significant or at least trend level with
regard to RSA.

In the present study we did not measure central nervous activity, but the literature offers
evidence for different activity alterations also in the central nervous system. Kraus et al. (2007)
found similar (de-)activations as provoked during VNS, therefore underlining the capability
of singular auricular stimulation to affect the activity of vagal afferents. Whether or not
repeated auricular TENS or eAP can be used as an intervention to induce long-lasting
beneficial effects on vagal activity, and therefore the activity of the reciprocally
interconnected structures of the central autonomic network (Benarroch, 1997), can not be
answered based on the present findings and is notional (Routledge et al., 2002). A long-
lasting increase of HRV, which constitutes an index of adaptability of the whole organism to
respond to rapidly changing demands of the environment and furthermore can constitute a
type of resource when these demands request emotional regulation (Thayer & Lane, 2009),
should be examined in future studies. Effects of the invasive VNS are being examined in an
increasing field of mental, somatic, and cognitive disorders (Ansari et al., 2007), but the
intervention is normally restricted to therapy-resistant patients. Therefore, auricular
electroacupuncture might constitute an interesting, mildly invasive, adjuvant intervention in

clinical and subclinical populations or even a preventive intervention in healthy subjects.
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The current study has several limitations. First, we examined a small sample including only
healthy and medication-free subjects. Therefore, the present results are restricted to a group of
healthy, well-educated, middle-aged men and cannot be generalized to the male population as
a whole or to women. Second, an effect on RSA due to skin irritation cannot be excluded in
the placebo condition, but it seems implausible due to the lack of difference between the
nonAP and the pAP conditions. Additionally, we conducted mAP without stimulation during
the intervention, therefore perhaps minimizing any possible specific effect. Furthermore, our
sham intervention was ideal with regard to the mAP, since in consideration of the results of
Gao et al. (2008) the choice of a different point in the ear might have also elicited some
effects. But possibly there are better sham interventions when focusing on the eAP, since it
cannot be excluded that mAP and eAP elicits different placebo effects (Kaptchuk et al., 2000).
A sham eAP session with an attached electrical device without current but telling participants
that they are receiving low subliminal stimulation (Kong et al., 2005, 2008) might be the best
possible sham intervention in the evaluation of eAP.

One strength of the present study — besides the control of pain sensation, the collection of data
on belief in the effectiveness, and the use of a three-armed randomized trial — is the fact that
the participants were provided with sufficient time to calm down, and therefore, time effects
within a condition were minimized due to a sympathovagal balance in favour of vagal activity.
In previous studies there was often no clear evidence for habituation periods before the
initiation of the intervention, and therefore, a higher increase in vagal activity during the
examination can be expected.

In conclusion, our results show that electrical stimulation in the concha seems to be an
interesting method for the stimulation of the VN in a mildly invasive manner. To our
knowledge this is the first study revealing a stimulating effect of auricular electrical
stimulation on cardiovagal activity in humans. Our results further underline the necessity to

control for pain and for belief in the effectiveness of acupuncture and to use potentially less
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painful interventions such as TENS. Future studies should evaluate the effects of eAP in

(sub-)clinical populations or possible beneficial effects even in healthy subjects.
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4. GENERAL DISCUSSION

One aim of this doctoral thesis was to examine the NV as a physiological resource during a
major health-threatening state, namely stress. Studies have demonstrated that the majority of
the population in Western countries feel stressed, which leads to individual and societal
burdens and provokes high financial costs. During stress, resources constitute an important
buffering and health-protecting factor. While, to our knowledge, only one study has examined
the potential role of resting vagal activity as a resource for the HPA axis stress response
(Johnsen et al., 2002), no replication has been conducted so far. Additionally, no study has
been conducted to examine the role of dynamic characteristics of the NV as a component of
the neurovisceral integration model on the stress response. The second aim of this thesis was
the examination of an alternative mildly invasive intervention to induce an acute, short-term
increase of vagal activity. The ear is recognized to possess vagal, somatosensory afferents.
While invasive VNS was shown to have healthful effects on some disorders, first results of
auricular stimulation in animals and humans show interesting results on cardiovagal, affective
and central nervous activity. Thus, we examined the potential role of a single session of
auricular (electro-)acupuncture to induce an increase in vagal activity.

In the following, the results of the two empirical studies are summarized, before discussing
the findings in the framework of the theoretical background. Limitations and strengths of the
present studies, with a special focus on the methodological aspects, are presented, followed by

suggestions for implications and directions for future studies.

4.1 Summary of the results

Below, a brief overview is provided of the findings of the stress and the stimulation studies.
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4.1.1 Vagal functionality as physiological resource reducing stress-induced

biopsychological responses

In the present examination, the slightly modified MIST proved to be an appropriate laboratory
task to induce a multidimensional biopsychological stress response, additionally offering an
adequate control condition. In fact, the MIST, measured by comparing the responses during
the stress and control condition, elicited a significant increase in the cortisol level. Similarly,
the MIST resulted in a rise of SNS activity, indicated by significant increases of HR, salivary
alpha-amylase and EDA (EDA data not presented in this work; see Setz et al., submitted).
Furthermore, the stressor produced a significant decrease of PNS activity indicated by a
decline in RSA and salivary flow rate. To test the role of vagal functionality in terms of a
physiological resource, the VN was tested under different conditions: resting vagal activity
and vagal reagibility during the CFT. While the finding of Johnsen et al. (2002), indicating a
protective effect of vagal tone on the stress response of the HPA axis, could not be replicated,
vagal reagibility was shown to be negatively correlated with the stress-induced cortisol
secretion and worsening of mood. All effect sizes for the biopsychological stress and CFT

responses (indicated by partial eta square) were large.

4.1.2 Effects of auricular manual and electrical stimulation on vagal activity

To detect stimulating effects of auricular acupuncture and electrostimulation on vagal activity,
a randomized, partially blind, three-armed trial with a crossover design was chosen,
controlling for several disturbing factors. Auricular electroacupuncture, but not manual
acupuncture, was effective in increasing RSA. This effect emerged after controlling for time-

associated changes, pain ratings and the belief in the effectiveness of acupuncture. At the
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same time, placebo acupuncture with Streitberger needles revealed no difference regarding
RSA compared to the control condition without intervention, which might be explained by the
blinding of the subjects with regard to the possible parasympathoexcitatory -effect.
Interestingly, the examinations all revealed an effect of time, therefore indicating the
necessity to apply an additional control condition without intervention. An alternative would
be to use appropriate statistical analyses, searching for differences between verum and sham
conditions. Furthermore, pain sensation during the interventions differed significantly,

speaking in favour of its consideration in future studies.

4.2 Discussion and embedding in the theoretical background

In the following the findings of phasically reduced vagal activity during acute stress, the
health-protecting role of fast vagal reagibility for the biopsychological stress response and the
possibility to stimulate the VN are discussed.

The effects of the MIST on the affective ratings are in line with previous studies (Pruessner et
al., 2004, Soliman et al., 2008) and indicate a flexible and dynamic emotional adaptation of
the organism to changing demands. According to previous studies by Pruessner and his work
group (Dedovic et al., 2005; Pruessner et al., 2008; Soliman et al., 2008), the slightly
modified version of the MIST adapted to a non-fMRI environment was effective in increasing
cortisol levels.

The increase seems to be higher compared to previous studies, which is suggested to be
attributable to the differences in the trial characteristics. In contrast to prior studies, the MIST
was conducted outside the fMRI, therefore allowing the subjects to be permanently
confronted with the examiners. Even though there is some evidence that stress-induced
cortisol increases are independent of the visual presence of a panel (in or outside a room) and

the number of judges (one or two) (Andrews et al., 2007), we suggest that the social-
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evaluative threat in sum was higher in the present study compared to previous ones. Social
evaluation is known to be a powerful stimulus boosting cortisol secretion (Dickerson &
Kemeny, 2004). Andrews et al. (2007) examined subjects during the TSST by introducing one
or two examiners to the subjects, and during the stress task, the investigators were present in
the examination or in an adjacent room with a one-way mirror. Subjects verbalized their
answers. By verbalizing their answers, the social-evaluative threat was permanently present in
the subjects, since verbalization is probably the most important form of maintaining social
interaction. In contrast, in the original MIST in the fMRI environment, the answers are given
via a keyboard without verbalization. Therefore, social-evaluative threat might not be
sustained over the whole stress exposure, since the awareness of it might be interrupted by the
arithmetic problems. By contrast, in the present study with the slightly modified MIST, the
investigators were continuously present in the examination room, thus highlighting the social-
evaluative component of the task.

Additional to the cortisol response, the MIST was able to induce an activation of the SNS.
The increase in sympathetic activity is indicated by the rise in HR, salivary alpha-amylase and
EDA (data not reported; Setz et al., submitted) measured in this study, and is in accordance
with the results of previous studies applying the MIST (Pruessner et al., 2004; Soliman et al.,
2008). HR showed a rapid and progressive increase for the duration of the stressor, and
decreased immediately after cessation of the task. From a biological and health-promoting
point of view, this pattern, starting with stress exposure and finishing with its cessation, is
reasonable, since energy is needed as part of the fight-or-flight response but becomes health-
threatening when unnecessarily prolonged.

In contrast, salivary alpha-amylase peaked only ten minutes after cessation of the stressor and
was still significantly increased 60 minutes after the task. It is assumed that the peak is

delayed due to a significantly decreased salivary flow rate during the task, therefore possibly
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impeding the transport of the whole enzyme amount secreted in the acini of the salivary
glands. Contrary to the HR, where a slow or delayed decrease after the end of a stressor could
be harmful, alpha-amylase decreases slowly. So far, no health-threatening consequence of a
delayed decrease of alpha-amylase is known.

Besides the activation of the HPA axis and the SNS, the MIST resulted in a dampening of the
PNS activity. This was indicated by decreased RSA and salivary flow rate. Theoretically, a
decrease in salivary flow rate can be assumed even if evidence of stress-induced alterations
are seldom found (e.g. Nater et al., 2006). The successful detection of the decrease in our
study might be due to the measurement of salivary flow rate during maximal stress
confrontation, therefore allowing the theoretically expected decrease to be found. Furthermore,
we measured unstimulated whole saliva, possibly avoiding confounding effects attributable to
mastication. The latter affects salivary flow rate to a high extent, thus possibly overlapping an
effect of stress.

From a theoretical point of view, a decrease in RSA can also be expected (Porges, 1995), and
was successfully detected in the present study, therefore showing for the first time an
inhibitory effect of the MIST on PNS. Nevertheless, several studies failed to find such a
decrease, possibly due to the high sensitivity of the ANS and the VN in particular for a huge
amount of factors. This is not surprising, since the ANS / VN permanently try to adapt the
organism to the huge amount of internal and external demands in order to improve
functioning of the organism while keeping costs low. Factors known to be associated with
autonomic adaptations are, for example, respiration and vocalization, changes in body posture
and motion (Bernardi et al., 2000; Chan et al.,2007; Nater et al., 2006; Sloan et al., 1991).
Several stress examination paradigms contain one or more of these disturbing factors,
therefore challenging the detection of decreased PNS activity during stress. In real-life
settings, for example, subjects normally show several factors complicating the measurement

and interpretation of stressor-associated alterations. However, even popular laboratory stress
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tests often contain ANS disturbing factors. The TSST, for example, is such a laboratory test.
It was proved to effectively induce an HPA axis stress response (Dickerson & Kemeny, 2004)
and was repeatedly recognized to affect also the ANS (e.g. Nater et al., 2006). Nevertheless,
subjects in the original TSST have to move between different rooms, therefore entailing
changes in body posture and motion. Furthermore, subjects have to verbalize their answers.
Thus, changes occurring during the TSST are not solely attributable to the stressor. Nater et al.
(2006), for example, identified an effect of standing on NE while no stressor was applied.
Similarly, Chan et al. (2007) were able to demonstrate an effect of postural changes on HRV,
which is the consequence of muscle activation and changes in hemodynamic demands. It is
evident that motion in terms of physical stress elicits changes of ANS activity (chapter
2.2.1.11.2).

Additionally, it was recognized that vocalization of answers can impede the detection of
cardiovagal decrease under stress (Bernardi et al., 2000; Sloan et al., 1991). In fact, the
applied stress tasks elicited a reduction of HRV only when subjects gave their answers
without verbalization, but not when verbalizing them.

From a methodological point of view, an effective stress task to elicit changes in cardiovagal
activity should therefore control for major motion requests, postural changes and
verbalization. Moreover, since mental arithmetic was proposed to be an effective stressor
influencing cardiovagal activity (Pagani et al., 1995), the MIST seems to be an appropriate
choice to detect a stress response free of several well-known disturbing factors. The
successful detection of a vagal brake during stress in the present study is in line with theory
and was probably found at least in part due to the controlling of several disturbing factors.

The controlling of disturbing factors is not only important in terms of finding a stress-induced
response of vagal activity, but is of major importance when the aim is to find an association

between different variables. Since in the present study, the aim was to examine the
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relationship between vagal characteristics and the biopsychological stress response,
controlling for disturbing factors was of major importance. With regard to the vagal
characteristics, resting baseline values but also reagibility to a proposed diagnostic test was
measured. Resting vagal activity (vagal tone) was therefore assessed in all subjects prior to
the MIST-S while subjects sat quietly in a comfortable chair filling out some questionnaires.
Therefore, the disturbing factors mentioned before were all excluded. Additionally, the chair,
posture and room were the same for the whole examination and all interventions.

The vagal diagnostic test (the CFT; Khurana, 2007; Khurana, Watabiki et al., 1980; Khurana
& Wu, 2006) was applied at the end of the control condition, revealing an association
between vagal reagibility and biopsychological stress response during the MIST. In the
context of the neurovisceral integration model, the VN, indexed by HRV, is interpreted as a
physiological resource, among other things for emotional regulation. Furthermore, a
connection between the VN and the HPA axis is recognized (Benarroch, 1997; Palkovits,
1999; Porges, 2001) and a correlational finding at least between the CFT and the HPA axis
stress response was hypothesized. As mentioned before, disturbing factors are assumed to
play an important role when examining existing associations. Therefore, the CFT was
conducted in the same set-up as the baseline and the MIST. Additionally, subjects were asked
to behave passively during the minutes of the CFT, i.e. not to talk to the examiner and not to
move during the whole test. Furthermore, they were asked to breathe regularly during the
whole test.

The CFT in the present study was effective in eliciting a significant bradycardia through vagal
excitation. This was apparent by the finding of increased vagal activity (RSA) and a phasic
decrease of HR. Immediately after cessation of the cold stimulation, HR and RSA again
reached pre-test levels. Peak bradycardia was successfully induced during the CFT, while not

affecting mood or pain ratings measured via visual analogue scales (VAS) two minutes prior
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to and after the CFT. Therefore, cardiorespiratory alterations were not induced by changes in
mood or pain.

Contrary to Johnsen et al. (2002), who found a significant difference in cortisol response to
stressful cognitive tasks between the high and low vagal tone groups determined by a median
split, we found no association between resting vagal tone and biopsychological stress
responses. The finding by Johnsen et al. (2002) and the inverse association between urinary
cortisol and vagal tone found in a large sample of apparently healthy subjects (n=542; Thayer
et al., 2006) can be interpreted as evidence for the role of the VN as a resource for stress
response or level. The latter is also in line with the structural evidence of negative inhibitory
connections between the VN and the hypothalamus, especially the PVN, which constitutes the
most important hypothalamic nucleus for CRF influence on the HPA axis (Benarroch, 1997;
Palkovits, 1999; Porges, 2001). Despite the evidence for an association, to our knowledge,
only Johnsen and colleagues (2002) found a negative relationship between vagal tone and
acute cortisol stress response. Considering resting vagal activity, our results could not
underline this association, independent of statistical method (median split, correlation).
Nevertheless, we were able to find a clear association between vagal functionality and the
cortisol stress response when considering the CFT response. In fact, the speed with which a
maximal bradycardia was reached was able to statistically predict cortisol values during the
stress condition. The faster the maximal bradycardia was reached, the smaller the stress
response of the HPA axis was.

Furthermore, vagal speed predicted mood changes during the stress task, while the magnitude
of bradycardia was predictive for alterations in wakefulness due to the MIST-S. Subjects with
a fast or strong bradycardia thus showed significantly less worsening of mood and less
increased fatigue due to the stress task. Therefore, good vagal reagibility during the CFT can

be interpreted as a physiological resource during stress.
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This is in accordance with the interpretation of Thayer and his group in the context of the
neurovisceral integration model. Within this model of structural and functional associations
between its components, especially the structures of the CAN, the VN plays a central role as
an indicator of inhibitional capacity of predominantly the PFC (Thayer & Lane, 2000). The
neurovisceral integration model is a dynamic model highlighting the importance of the
capacity of an individual to respond to rapidly changing demands of the (internal and external)
environment (Thayer & Friedman, 2002). If the structures underlying the CAN and the
reverted networks as components of the neurovisceral integration model are not able to
rapidly and flexibly “respond” to the demands of the environment, a rigid behaviour is
assumed. This rigidity in response repertoire is seen in several disorders, while some of these
were recognized to possess reduced vagal tone or altered task responsiveness compared to
healthy subjects (chapter 2.2.2). It can be hypothesized therefore that the response shown
during the CFT is diminished in patient populations showing a reduced or inappropriate
repertoire (e.g. Hughes et al., 2000).

The question that emerges is why we found an association between the biopsychological
stress response and vagal reagibility but not vagal tone. Vagal tone describes resting activity
of the VN and thus indicates the resting activity of the structures underlying the neurovisceral
integration model, or more specifically the resting state of inhibitional control of
predominantly the PFC on subcortical structures. It can be assumed that there is an
association between tonic, resting HRV and inhibition on the one hand and phasic alterations
of HRV and inhibition on the other hand. By contrast, the response during the CFT, which
was initially propagated as a vagal diagnostic test (Khurana & Wu, 2006), is shown to
influence several structures subsumed in the neurovisceral integration model, as was
recognized among other things in imaging studies (Brown et al., 2003; Harper et al., 2003).
This is of course also the case under rest. However, differently to vagal tone, the CFT

demands a (fast) response of the body to an external demand (cold stimulus eliciting the
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diving reflex) and therefore might constitute a better variable to indicate the flexibility of the
whole CAN discussed in the neurovisceral integration model. A vagal test of a phasic
response to a stimulus / demand might be a better indicator for a system which is postulated to
be important in terms of flexibility to respond to demands of the environment.

In conclusion, vagal tone and vagal reagibility to the CFT are presumably two related
qualities of the VN and of the whole system underlying the neurovisceral integration model
respectively, while we suggest the CFT response to be a more appropriate indicator for the
system flexibility. In terms of the present study, we were at least able to find a predictive
value of the response to the CFT for the HPA axis and mood responses to a standardized
laboratory stress task, therefore underlining the important role of the VN in handling stressful

demands.

HRYV as an index of the VN cannot only be seen as an output variable, but also constitutes an
important feedback system to the structures of the CAN (Thayer, 2007). In fact, the
importance of the bidirectional connections between the brain and the heart were recognized
early on (Thayer & Lane, 2009). The VN does not only possess efferents; on the contrary, it
possesses more afferents (Walsh & Kling, 2004). Therefore, good vagal characteristics, such
as indicated by a fast and strong response to the CFT, can be assumed to be a physiological
resource during stress. The question of the second examination was as follows: Is it possible
to stimulate the VN non- or mild-invasively in healthy subjects? A stimulation of the VN
could be interpreted as an increase in physiological resources, and a positive vagal effect of
such an intervention could have implications for prevention and therapy. Several methods
stimulating the VN were discussed above (chapter 2.3). We examined the effect of manual
acupuncture and electroacupuncture to induce a vagal activity increase and found a significant

effect on RSA by electrical stimulation.
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From a theoretical point of view, the VNS constitutes an interesting method to examine the
role of the VN in health, since it directly stimulates the cranial nerve, while other methods
(physical training, nutrition) are non-directly linked to the VN. The VNS was repeatedly
shown to possess beneficial effects, best established in epilepsy and depression. Evidence for
positive outcome, albeit sometimes scarce and inconsistent, is provided among other things
for affective, cognitive and cardiovascular measures. In epilepsy, a decrease in the amount of
seizures is also recognized. The problem with regard to the VNS is the highly invasive
character of this intervention. Therefore, the VNS is often restricted to application in therapy-
resistant patients, who have been suffering for many years or who showed no beneficial effect
of different pharmacotherapies in the past (Rijkers et al., 2008; Schlaepfer et al., 2008; Smyth
et al., 2003). One problem in examining the effects of the VNS is, on the one hand, the fact
that VNS is normally an adjuvant therapeutic intervention, and therefore effects are not solely
attributable to the VNS. Often, the medication of the patients is continued after the device is
implanted. On the other hand, medication is often reduced after first benefits are shown,
therefore complicating the attribution of symptom alterations to the VNS. Some studies
examining medication-free patients reveal promising results, even though placebo effects also
seem to be present in this newer therapy form (Rush et al., 2005a). Some side effects were
also reported, and together with the high-invasive character of this intervention, make VNS
appropriate only for a restricted spectrum of subjects.

Acupuncture was repeatedly studied in terms of its effectiveness in altering the activity of the
ANS. The mode of action regarding how acupuncture elicits positive effects is not clear.
Different explanations have been discussed and examined scientifically. Evidence for pain-,
placebo- and ANS-mediated effects were repeatedly reported, but the methods used are not
always ideal and the interpretations offered are sometimes not sufficiently adequate or critical.
When a stimulation of the VN is focused upon, there is virtually no possibility to do this

directly, since the VN predominantly innervates organs not reachable from the body surface.
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Evidence is provided for some areas of the ear, where vagal afferents were recognized (e.g.
Benninghoft, 2008; Folan-Curran & Cooke, 2001; Gao et al., 2008; Lang, 1992). Therefore,
the ear seems to be a good target organ to stimulate the VN. The difficulty in acupuncture
interventions is the attribution of effects to the suggested mode of action. As mentioned
before, a detected vagal effect could be explained by placebo, pain or direct stimulation. Even
if some authors name applications at the ear VNS (transcutaneous VNS, tVNS: Dietrich et al.,
2008; Kraus et al., 2007), possible effects could be explained in alternative ways. Therefore,
appropriate study designs are a challenging problem.

Some recommendations were published referring to sham interventions and information that
has to be published to adequately interpret and compare studies and their results (MacPherson
et al., 2001; White et al., 2001). Referring to placebo and acupuncture recommendations, in
the present work a three-armed trial (Ernst, 2007) was chosen in combination with a
maximum of possible blinding (White et al., 2001). With the combination of a partially-blind
three-armed trial, containing besides the verum also a control and a placebo condition, and a
questionnaire asking subjects to estimate their belief in the effectiveness of acupuncture, we
aimed to control for possible placebo effects. To further minimize interindividual differences
between the control, placebo and verum conditions, subjects were invited to participate in
random order in all conditions in a crossover design.

To further control for pain effects, singular items were distributed at the end of each
intervention. Furthermore, we examined two verum interventions: a manual acupuncture
without repeated stimulation and an electroacupuncture to examine different effects of manual
and electrical stimulation.

The stimulation study revealed several interesting findings. On the one hand, we found
significant differences in pain ratings during the three acupuncture interventions (placebo,

manual, electro), a significant vagal association of the rating regarding the belief in the
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effectiveness, while the placebo intervention per se was not able to elicit a significant vagal
increase, and significant increases of RSA over time in all conditions, therefore not
attributable to the stimulation.

On the other hand, the main outcome of the stimulation study was the successful increase of
vagal activity considering the influencing / disturbing factors (rating of belief of effectiveness,
rating of pain, time-associated alterations). Electroacupuncture, but not placebo or manual
acupuncture, was able to significantly elicit a vagal stimulation. Therefore, it seems that the
vagal afferents were stimulated directly by the electrical stimulation, while the insertion of
needles alone in the area of interest resulted in no effect. To our knowledge, this is the first

human study to reveal an excitatory effect of auricular electrical stimulation on the VN.

To summarize, we found a vagal decrease during acute psychosocial stress, while identifying
trait vagal reagibility determined with a CFT as a physiological resource during stress.
Furthermore, we found a positive effect of auricular electrical stimulation on vagal activity,
therefore possibly offering interesting implications in the treatment of several disorders

associated with low vagal functionality and stress.

4.3 Limitations and strengths

Two different studies were reported in the present work, both possessing some limitations and
strengths. The latter are discussed after the limitations.

First, in both studies, only healthy male subjects were examined, therefore restricting the
findings to that particular group. The applied tasks and interventions (stress task, CFT,
electrical stimulation) are thought, in accordance with the literature, to show similar but
presumably altered effects in patients (e.g. Hughes & Stoney, 2000). Nevertheless, the

association between the CFT response and the HPA axis stress response might not be found in
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patients due to a breakdown of connectivity. Thayer et al. (2006) reported an association
between urinary cortisol and vagal tone in apparently healthy subjects. However, the inverse
relationship was not significant in the high alcohol-consumption group, suggesting a
breakdown of the “functional connectivity” between CAN structures (Thayer & Sternberg,
2006). Therefore, the results of the present study might not be generalisable and consequently
need further examination.

Second, the diving reflex imitated by the CFT is first mediated by the trigeminus nerve.
Differences in responses induced by a cold stimulus thus might be attributable to
interindividual trigeminal differences and not (solely) to vagal differences or CAN differences
indexed by vagal characteristics. Nevertheless, the trigeminus nerve can possibly also be
integrated in the neurovisceral integration model in terms of a flexibly reverted structure,
which might be helpful in dealing with social demands of the environment. Additionally, the
trigeminus nerve shows structural and functional connections to the VN, both recognized and
incorporated by Porges in the social engagement system (Porges, 2001). Since the response
during the CFT is suggested to be an index that is not merely restricted to vagal functionality
but presumably to the functionality of several participating CAN structures with a focus on
the VN, it does not seem so problematic that the trigeminus nerve is integrated in the reflex.
Furthermore, subjects with a history of facial and dental pain or neuropathy were excluded
from the study in order to rule out known pathological differences.

Third, sample sizes with respect to some questions were small. The association between vagal
tone and cortisol baseline or stress response would perhaps reach significance only when
examining large sample sizes. In fact, Johnsen et al. (2002) examined 56 healthy male
subjects while Thayer et al. (2006) examined 542 apparently healthy men. Additionally, with

respect to the intervention-specific responses, great interindividual differences were shown.
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Some differences in the present study reached only the trend level or lacked significance,
possibly attributable to the small sample size.

Fourth, since the subjects in the stimulation study were all healthy, vagal activity might was
in an ideal range. Therefore, stimulation might be possible only to a small extent. Subjects
with known low vagal tone (e.g. patients with cardiovascular disorders) could perhaps benefit
to a higher extent from stimulation.

Fifth, the MIST-S may not only produce stress but also aggressive responses, which might
elicit a different physiological response. With regard to the control condition, a feeling of
boredom can arise, presumably resulting in different interindividual responses.

Sixth, even though we were unable to find any difference between the control and placebo
condition in the stimulation study, it cannot be excluded that the irritation of the skin by the
tip of the Streitberger placebo needles per se could elicit an effect. Furthermore, since
different nerves are presumed to be existent in the ear (Folan-Curran & Cooke, 2001), the
elicited effect might also have been mediated by the activation of other nerves interacting
with vagal structures in the midbrain.

Seventh, the placebo condition was appropriate regarding the manual acupuncture session and
less adequate for the electroacupuncture intervention. Since a different placebo effect of the
two verum interventions cannot be denied, it would be possible that the vagal effect during
electroacupuncture was elicited by a higher placebo effect. An ideal placebo condition for the
electroacupuncture intervention would have been the application of the same device without
electrical stimulation but with an appropriate cover story (e.g. different stimulus intensity,
amplitude and frequency with similar expected effects, but not consciously perceivable).
Eighth, the items used to evaluate pain perception and the belief in the effectiveness of
acupuncture might not be the ideal method to capture both constructs. The measurement of
beta-endorphin in blood secreted due to pain would possibly reflect a more objective variable

for the determination of pain-induced effects. The belief in the effectiveness should
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furthermore have been assessed in more detail, asking about intervention-specific

effectiveness.

Besides all of these limitations, several strengths are present in the discussed studies, resulting
in the successful confirmation of all major hypotheses. Moreover, to our knowledge, both
studies are the first to provide such results with regard to some of the assumptions.

First, several disturbing factors were controlled for. Besides the verbalization, motion and
postural influences minimized during the examinations and especially during the interventions
(MIST, CFT, acupuncture), several influencing factors were kept constant by selecting a
homogenous sample and instructing participants to adhere to some rules. Inclusion and
exclusion criteria considered several factors known to be associated with vagal activity and
discussed previously (chapter 2.2): age, gender, neuropathy (due to the CFT), BMI,
depression, smoking, alcohol consumption, consumption of psychoactive substances, acute
and chronic somatic or psychiatric disorders, acute medication, colour blindness (due to the
MIST) and handedness (due to the MIST). Furthermore, subjects were asked to comply with
some instructions: no consumption of beverages containing caffeine 48 hours prior to the
study, no excessive physical exercise 24 hours prior to the examination, cessation of smoking
in non-habitual smokers at least 24 hours prior to the examination, no physical exercise or
food intake 2 hours prior to the examination.

Second, the stress and acupuncture interventions were evaluated and controlled for using
resting and placebo conditions for comparison. Therefore, the different conditions could be
statistically tested each against each other. Statistical analyses revealed significant effects of
the interventions. On the one hand, the MIST was developed so that it can be used as a stress
and control task, thus constituting an ideal tool for stress research. On the other hand, in the

stimulation study, in contrast to most previous studies, a three-armed trial was chosen,
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therefore providing the opportunity to distinguish between verum, placebo and control
conditions. In this respect, it was possible to recognize that vagal activity can significantly
increase over time while no intervention is applied. This result is of huge importance since
evidence from several previous studies is based on comparisons between pre- and peri- or
rather post-values, and therefore the latter have to be reconsidered.

Third, subjects from both studies were blinded to a possible maximal extent, therefore trying
to avoid any effects not attributable to the measured construct or intervention. For example, a
cover story was told to the subjects in the stress study (“study about the relationship between
cognitive skills and physical and mental variables™) in order to avoid anticipation of stress or
any influence on the stress responses due to early identification of the task as stress
manipulation. In the acupuncture study, subjects were blinded regarding the use of a placebo
and the expected effects.

Fourth, subjects from both studies participated in a crossover design in random order in all
conditions, therefore minimizing interindividual differences, while randomization was
revealed to be effective.

Fifth, in the acupuncture study, several staff members were also blinded in line with
recommendations (White et al., 2001), such as the data analyst, the acupuncturist and
examiner, at least until the moment immediately after the disinfection of the ear.

Sixth, even if not definitively attributable to an effective stimulation of the VN, the findings
seem to be directly associated with the VN, since structural evidence, and evidence from
stimulation studies reveal the presence of the VN at the place of stimulation. Alternative
explanations (placebo, pain) were controlled for.

Seventh, although measured only with single items, we asked subjects to rate their pain during
the interventions. Therefore, it was possible to detect significant intervention-specific

differences, which could be statistically considered as covariates.
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Eighth, some authors suggest the control of respiration when examining HRV. Analytical
procedures considering breathing patterns would probably contribute to more accurate data.
Due to the huge amount of data and the timeframe of this work, it was not possible to
consider this recommendation. In the present study, a control of respiration and verbalization
was undertaken by using control conditions comparable to the interventions (stress task,
acupuncture sessions) and by asking subjects to breathe normally and to avoid speaking if
possible. Furthermore, the stress task was chosen due to its advantages, including a
comparable control condition and minimizing verbalization. Additionally, the CFT was
analyzed with a special focus on bradycardia, meaning that breathing patterns can be

neglected.

4.4 Implications and directions for future studies

First of all, it must be underlined that the major aims of the presented studies were
successfully achieved. The stressor induced a significant stress response, while the CFT
response was able to determine a predictive value for mood and HPA axis responses during
stress. Furthermore, electrical stimulation at the ear was able to elicit a significant excitatory
effect on vagal activity. Therefore, all of this evidence provides support for the theory of
neurovisceral integration model, and speaks in favour of a potential preventive and
therapeutic role of electrical stimulation.

In the first study, the CFT was shown to statistically predict the stress response. This
association was evident when considering the magnitude of, but more importantly the speed
until, maximal bradycardia. We suggest that the CFT constitutes an indicator for the
flexibility and adaptability of the structures underlying the neurovisceral integration model to

respond to demands of the environment. Nevertheless, only a few studies were conducted to
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examine structures, constructs or variables associated with the CFT, especially regarding its
speed in inducing bradycardia. Therefore, further studies are needed to detect possible
associations with neuronal structures and processes but also different psychosocial constructs.
Furthermore, the CFT should be examined in patient populations with associated vagal
imbalance and should further be considered as a diagnostic tool and indicator of behavioural
disturbances. In basic sciences, the CFT should further be examined to detect its possible
predictive value for other markers known to respond to stress such as NE, EPI and
chromogranin A or markers of the immune system. Furthermore, other laboratory and daily
stressors, but also the cortisol awakening response (CAR), should be examined in association
with the CFT response.

The influence of interventions known to have an increasing effect on vagal activity should be
evaluated in terms of beneficial effects not only on vagal tone and symptoms but also on the
CFT response. It would be interesting to examine invasive VNS for possible increasing
effects on speed and magnitude of bradycardia and whether such increases are associated with
symptom improvements.

An advantage of the CFT is the low methodological costs. With regard to materials, only a
freezer, cold stimulus and ECG device are needed. Subjects can be examined after a short
adaptation period since the ANS adapts very quickly to new situations. Additionally,
consistency between intraindividual responses on different days, different times of day and
different seasons has been proven (Heath & Downey, 1990).

Low vagal activity shows an inverse relationship with several risk factors, morbidity and
mortality (chapter 2.2). Since invasive VNS seems to possess a positive effect on symptoms
and the activity of the CNS and ANS, vagal stimulation might show beneficial effects also in
healthy subjects and in subclinical or clinical populations, and not only in therapy-resistant
patients. Some common interventions such as physical training show beneficial effects on

mental and somatic health and an increase in vagal activity. Nevertheless, causality is not so
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clear compared to invasive VNS. Effects are directly attributable to the electrical stimulation
of the VN, even though a placebo effect was also recognized (Rush et al.,, 2005a).
Nevertheless, restrictions are given by the high cost, adverse effects and high invasive
character, therefore limiting the intervention to patients in whom other therapies did not work
or pathology is severe. Some findings with TENS together with the evidence of the present
stimulation study indicate a potential role of auricular electrical stimulation to induce an
increase in vagal activity. Therefore, future studies should investigate the effects of auricular
electrical stimulation in healthy subjects but also in several somatic and psychiatric patients.
Furthermore, an application during (chronic) stress, when vagal activity is reduced, might be
of interest. Electrical stimulation might be effective in confronting allostatic load in terms of
an external resource.

Even though auricular electrical stimulation has several interesting implications for the
application in non-, sub- and clinical populations, some further basic research is needed. First
of all, the findings need to be replicated, since to our knowledge, this is the first human study
to show an excitatory effect of auricular electrical stimulation on cardiovagal activity.
Furthermore, the effects need to be really attributable to a real stimulation of the VN.
Therefore, future studies should examine the effects of verum- and sham-electrical
stimulation on different ear points. Additionally, with regard to the methods used by
Fallgatter et al. (2003), far-field potentials during electrical stimulation with different
stimulation characteristics can be applied to detect the best individual stimulation parameters.
Furthermore, a beneficial effect of repeated, long-term electrical stimulation should be
evaluated multidimensionally. What effect would repeated electrical stimulation induce with
regard to ANS, CNS, affect and cognition? Furthermore, since subjects reported pain during
the interventions with electroacupuncture, the use of a device without needles (e.g. TENS)

would possibly elicit less disturbing effects.
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