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Abstract

This thesis aimed to increase understanding of the underlying physiological sources of
the substantial inter-individual variability in heart rate (HR) and blood pressure (BP) reactions to
acute psychological stress. This aim was achieved using a multi-method approach that included
meta-analysis, laboratory studies, and prospective secondary analysis of epidemiological data.
Chapter 2 implicated beta-adrenergic sympathetic activation and parasympathetic withdrawal in
the cardiovascular stress response and showed that autonomic changes vary as a function of
stress task, age, and sex. Chapter 3 demonstrated that individual differences in a uniqgue HR
complexity marker accounted for a significant amount of the observed variance in HR reactivity
and that this effect was independent of task performance and changes in autonomic activity and
respiration. Chapter 4 revealed that individual differences in resting physiological allostatic load
related to HR reactivity such that higher allostatic load indicated lower reactivity. Finally, in
Chapter 5, multivariate cluster analysis of HR, systolic and diastolic BP reactivity resolved a
large sample into four homogenous clusters, each displaying significantly different reactivity
patterns and risk of hypertension at 5-year follow-up. The research reported in this thesis
confirms already suspected physiological sources of individual difference but also reveals novel

sources that deserve further inquiry.
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General Introduction



Chapter 1

The Cardiovascular Response to Exercise and Mental Stress

In response to physical exercise, heart rate (HR) and blood pressure (BP) increase in
precise proportion to augmented metabolic demand. In a highly coordinated physiological
cascade, blood flow is diverted to working muscle groups and increases in cardiac output (CO)
and BP assure adequate tissue perfusion, regulate body temperature, and remove metabolic
waste (McArdle, Katch, & Katch, 2001). From a metabolic perspective, such a physiological
reaction is appropriate, necessary, and healthy (Astrand, Cuddy, Saltin, & Stenberg, 1964).
However, similar increases in HR, BP, and CO are observed in response to numerous
psychological stress tasks despite only minimal changes in metabolic demand (Balanos et al.,
2010; Carroll, Turner, & Prasad, 1986a; Carroll, Turner, & Hellawell, 1986b; Carroll, Phillips, &
Balanos, 2009a; Sherwood, Allen, Obrist, & Langer, 1986; Turner & Carroll, 1985). Similar
cardiovascular adjustments are also seen in novice parachutists preceding jumping (Stromme,
Wikeby, Blix, & Ursin, 1978) and in helicopter pilots during difficult flights (Blix, Stromme, &
Ursin, 1974). In such cases, metabolically uncoupled increases in HR, BP, and CO challenge
homeostasis as the heart is working harder than the rest of the body. This notion formed the
foundation for the reactivity hypothesis which considers that individuals who mount large
magnitude cardiovascular responses to acute mental stress are at increased risk of cardiovascular

disease (Obrist, 1981).

Exaggerated Reactivity is related to Adverse Health Outcomes

The reactivity hypothesis (Obrist, 1981) has fueled over 30 years of research examining
the health consequences of exaggerated cardiovascular reactions to acute psychological stress.
Support has come from laboratory studies and several large-scale prospective studies that have

established links between large magnitude cardiovascular reactions and future blood pressure
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status (Carroll, Smith, Sheffield, Shipley, & Marmot, 1995; Carroll, Smith, Shipley, Steptoe,
Brunner, & Marmot, 2001; Carroll, Ring, Hunt, Ford, & Macintyre, 2003; Matthews, Woodall,
& Allen, 1993; Newman, McGarvey & Steele, 1999; Treiber, Turner, Davids, & Strong, 1997),
hypertension (Borghi, Costa, Boschi, Mussi, & Ambrosioni, 1986; Everson, Kaplan, Goldberg,
& Salonen, 1996; Markovitz, Matthews, Kannel, Cobb, & D’ Agostino, 1993; Markovitz,
Raczynski, Wallace, Chettur, &Chesney, 1998), systemic markers of atherosclerosis (Barnett,
Spence, Manuck, & Jennings, 1997; Everson et al., 1997; Lynch, Everson, Kaplan, Salonen, &
Salonen, 1998; Matthews, Owens, Kuller, Sutton-Tyrrell, Lassila, & Wolfson, 1998; Roemmich
et al., 2011; Roemmich, Lobarinas, Joseph, Lambiase, & Archer, 2009), increased left
ventricular mass (Georgiades, Lemne, De Faire, Lindvall, & Fredrikson, 1997; Kapuku, Treiber,
Davis, Harshfield, Cook, & Mensah, 1999), and ventricular wall thickness (al’ Absi et al., 2002;
al’Absi et al., 2006) and increased cardiovascular disease mortality (Carroll et al., 2012).
Qualitative reviews (Gerin et al., 2000; Schwartz et al., 2003; Taylor, Kamarck, & Dianzumba,
2003; Trieber et al., 2003) and a meta-analysis (Chida & Steptoe, 2010) also support this

contention.

Blunted Reactivity is related to Adverse Health and Behavioural Outcomes

As a corollary of the reactivity hypothesis and its empirical support, low or blunted
cardiovascular reactions to acute stress were assumed to be benign or even protective (Carroll,
Lovallo, & Phillips, 2009b). From a metabolic standpoint, this reasoning makes sense since little
metabolic change occurs in response to acute psychological stress (Balanos et al., 2010; Carroll
et al., 2009a). However, recent evidence has begun to show this line of reasoning to be faulty as
blunted reactivity has been linked to a host of adverse health and behavioural outcomes (Carroll

et al., 2009b; Lovallo, 2011; Phillips, Ginty, & Hughes, 2013). Specifically, evidence from two
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independent large-scale epidemiological studies, the West of Scotland Twenty-07 Study and
Dutch Famine Birth Cohort Study, have shown blunted cardiovascular and cortisol reactions to
acute psychological stress relate cross-sectionally to negative life events (Carroll, Phillips, Ring,
Der, & Hunt, 2005; Phillips, Carroll, Ring, Sweeting, & West, 2005), obesity (Carroll, Phillips,
& Der, 2008; Phillips, Roseboom, Carroll, & de Rooij, 2012), depressive symptomatology
(Carroll, Phillips, Hunt, & Der, 2007; de Rooij, Schene, Phillips, & Roseboom, 2010), low
cognitive function (Ginty, Phillips, Der, Deary, & Carroll, 2011a: Ginty, Phillips, Roseboom,
Carroll, & de Rooij, 2012), and poor self-reported health (de Rooij & Roseboom, 2010; Phillips,
Der, & Carroll, 2009a) and prospectively predict increased likelihood of becoming obese
(Carroll et al., 2008; Phillips et al., 2012), suffering from cognitive decline ( Ginty, Phillips, Der,
Deary, & Carroll, 2011b), developing depressive symptomatology (Phillips, Hunt, Der, &
Carroll, 2011; Phillips, 2011), and reporting poor health (Phillips et al., 2009a). It should be
noted that these two studies employed different stress tasks in independent populations.
Supportive evidence comes from smaller lab-based studies as well; blunted stress reactions have
been linked to increased depressive symptomatology (Brindle, Ginty, & Conklin, 2013;
Ehrenthal, Herrmann-Linge, Fey, & Shauenburg, 2010; Salomon, Bylsma, White, Panaite, &
Rottenberg, 2013; Salomon, Clift, Karlsdottir, & Rottenberg, 2009; York et al., 2007), smoking
status (al’ Absi, Hatsukami, & Davis, 2005; al’ Absi, Wittmers, Erickson, Hatsukami, & Crouse,
2003; Ginty et al., 2014; Girdler, Jamner, Jarvki,Soles, & Shapiro, 1997; Kirchbaum,
Strasburger, & Langkrar, 1993; Phillips, Der, Hunt, & Carroll, 2009b; Roy, Steptoe, &
Kirschbaum, 1994), substance abuse (Lovallo, Dickensheets, Myers, Thomas, & Nixon, 2000;
Panknin, Dickensheets, Nixon, & Lovallo, 2002; Sorocco, Lovallo, Vincent, & Collins, 2006),

disordered eating (Ginty, Phillips, Higgs, Heaney, & Carroll, 2012; Koo-Loeb, Pedersen, &
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Girdler, 1998), and exerise dependency (Heaney, Ginty, Carroll, & Phillips, 2011). Thus it
would appear that cardiovascular reaction profiles located at either end of the reactivity spectrum

are disadvantageous for health (Lovallo, 2011).

Sources of Individual Differences in Cardiovascular Stress Reactivity

As the two preceding sections demonstrate, HR and BP reactivity have proven to be
relatively reliable indicators of adverse health and behavioural outcomes. Admitedly though,
measurements of HR and BP alone can hide large amounts of inter-individual variability that
could be potentially useful from a research or clinical perspective (Lovallo, 2005; Lovallo &
Gerin, 2003; Manuck, 1994). This is because both HR and BP are multiply determined
cardiovascular endpoints that are controlled by numerous upstream cardioregulatory processes
(e.g., autonomics, hemodynamics, local tissue processes, central command, etc., Kasprowicz,
Manuck, Malkoff, & Krantz, 1990; Sherwood, Dolan, & Light, 1990). Hence, it may be time to
alter the approach taken with regard to the reactivity hypothesis so that we may continue to use
HR and BP reactivity as biomarkers of future health. One way in which this could be
accomplished is to focus on the up-stream physiological individual differences that contribute to

the large amount of observed inter-individual variability in HR and BP stress reactivity.

The Autonomic Basis of Cardiovascular Stress Reactivity

Although the heart possesses intrinsic automaticity, regulation of HR results primarily
from dual innervation by the parasympathetic and sympathetic nervous systems (Katona,
McLean, Dighton, & Guz, 1982). The parasympathetic nervous system innervates both the sino-
atrial (SA) and atrio-ventricular nodes and through acetylcholinergic mechanisms decreases HR;
the sympathetic nervous system innervates the SA node and myocardium and increases HR and

myocardial contractility primarily through norepinephrine release (Pappano, 2013). Peripheral
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vasculature on the other hand is singly innervated by the postganglionic sympathetic fibers that
induce vasoconstriction through norepinephrine release and activation of alpha-adrenergic
receptors (Sparks & Rooke, 1987). Given the cardioregulatory role of the autonomic nervous
system, there potentially exists a large amount of inter-individual differences in the autonomic
response to acute psychological stress that cannot be fully captured by measuring HR alone.

A substantial number of studies have measured and reported indices of autonomic
function (e.g., Mezzacappa, Kelsey, & Katkin, 2001; Mills, Dimsdale, Ziegler, Berry, & Bain,
1990; Willemsen, Ring, Carroll, Evans, Clow, & Hucklebridge, 1998) within the acute stress
reactivity paradigm and several quantitative (Mills & Dimsdale, 1991; Stemmler, Grossman,
Schmid, & Foerster, 1991) and qualitative reviews (Berntson, Cacioppo, & Quigley, 1991,
19933, 1993b) have attempted to outline the role of the autonomic nervous system in responding
to acute psychological stress. Currently, studies have implicated vagal withdrawal (Berntson,
Cacioppo, Binkley, Uchino, Quigley, & Fieldstone, 1994; Grossman, Stemmler, & Meinhardt,
1990; Grossman, Watkins, Willhelm,, Manolakis, & Low, 1996; Sloan, Korten, & Myers, 1991)
and sympathetic activation (Cacioppo, Berntson, Binkley, Quigley, Uchino, & Fieldstone, 1994a;
Mills & Dimsdale, 1991; Mills, Dimsdale, Nelesen, Jasiewicz, Ziegler, & Kennedy, 1994;
Winzer, Ring, Carroll, Willemsen, Drayson, & Kendall, 1999) in driving cardiovascular stress
responses. Despite this effort, the autonomic basis of cardiovascular reactivity remains
somewhat equivocal, mainly due to small sample size, post-hoc analyses, and a lack of studies
specifically designed to probe autonomic stress reactivity. Hence, there is a need to more firmly
establish the autonomic basis of cardiovascular stress reactivity; this was the aim of Chapter 2 of
this thesis. If either/both branches of the autonomic nervous system are firmly implicated in the

cardiovascular stress response further research could explore how individual differences in
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autonomic activation translate into individual differences in HR and BP reactivity, and ultimately

disease risk (Cacioppo, Uchino, & Berntson, 1994b).

Cardiovascular Stress Reactivity and HR Complexity

The regulation of HR is complex. The brain (Wager, Waugh, Lindquist, Noll,
Fredrickson, & Taylor, 2009a; Wager, van Ast, Hughes, Davidson, Lindquist, & Ochsner,
2009b), peripheral autonomic nervous system (Katona et al., 1982), hormonal and cellular
mechanisms (Marsland, Manuck, Wood, Rabin, Muldoon, & Cohen, 1995; Mills, Dimsdale,
Ziegler, Berry, & Bain, 1990), and hemodynamic processes (Pappano, 2013; Spaker & Rooke,
1987) have all been extensively characterised in the context of HR. Needless to say, it is not
surprising that HR data appears extremely complex and chaotic (Persson, 1996). This
observation has motivated the development and application of HR complexity measures to HR
data. These measures differ from the more conventional HR variability measures derived from
linear spectral analysis and their time-domain analogs in that they are based on nonlinear
dynamics and chaos theory and are designed to quantify the nonlinear, dynamical, and chaotic
properties of HR data that are not easily captured using linear spectral methods (Beckers,
Verheyden, & Aubert, 2005). Some commonly utilised HR complexity measures are contained

in Table 1.1 at the end of this chapter.

Researchers have contended that the more regulatory processes an organism has, the
greater its ability to functionally adapt to environmental stimuli. Put another way, the more
regulatory elements an organism has the greater its degrees of freedom (Beckers et al., 2006;
Goldberg, Peng, & Lipsitz, 2002; Lipsitz, 2002; Schubert Lambertz, Nelesen, Bardwell, Choi, &
Dimsdale, 2009). In line with this notion, researchers have begun to explore how HR complexity

measures change in response to acute psychological stress. However, not many studies exist that

6
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have rigorously utilised HR complexity measures in the context of acute psychological stress and
as a result the there is a large amount of inconsistency in its reported relationship with acute
psychological stress (Table 1.1). Also, there are many outstanding questions regarding the
application of HR complexity measures to the stress reactivity paradigm. Are changes in HR
complexity measures independent of changes parasympathetic and sympathetic activity? Are
HR complexity measures influenced by changes in respiration? Do changes in HR complexity
relate to changes in HR? Since HR complexity measures may represent an unexplored pool of
individual differences that could advance our understanding of the cardiovascular stress response
(Anishchenko, Igosheva, Yakusheva, Glushkovskaya-Semyachkina, Khokhlova, 2001a), Chapter
3 aimed to systematically address these questions with regard to correlation dimension, a HR
complexity measure that has been shown to decreasae in response to mental stress both in the

field (Melillo, Bracale, & Pecchia, 2011) and in the laboratory (Schubert et al., 2009).

Cardiovascular Stress Reactivity and Baseline Allostatic Load

Allostatic load has been recently discussed as a candidate mechanism though which
chronic stress influences future cardiovascular responding to acute psychological stress (Danese
& McEwen, 2011; Gallo, Jiménez, Shivpuri, de los Monteros, & Mills, 2011; Glei, Goldman,
Chuang, & Weinstein, 2007). Despite some evidence linking trauama to exaggerated
cardiovascular and cortisol stress reactions reactivity (Ashman, Dawson, Panagiotides, Yamada,
& Wilkinson, 2002; Heim, et al., 2000; Heim, Newport, Wagner, Wilcox, Miller, & Nemeroff,
2002; Leucken, 2000), emerging evidence suggests that individuals who report suffering from
chronic or having experienced significant child trauma display blunted cardiovascular and
cortisol reactions to acute psychological stress. Specifically, from the childhood trauma

literature, those having reported experiencing childhood trauma displayed blunted cardiovascular
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and cortisol responses to acute stress later in life (Carpenter et al., 2007; Carpenter, Shattuck,
Tyrka, Geracioti, & Price, 2011; Elzinga, Roelofs, Tollenaar, Bakvis, van Pelt, & Spinhoven,
2008; Feldman, Vengrober, Eidelman-Rothman, & Zagoory-Sharon, 2013; Lovallo, Farag,
Sorocco, Cohon, & Vincent, 2012; MacMillan et al., 2009; Voellmin, et al., 2015). Moreover
those reporting trauma in adulthood (DePierro, D’Adnrea, & Pole, 2013) or a greater number of
negative life events also appear to mount blunted cardiovascular stress responses (Carroll et al.,
2005; Musante, Treiber, Kapuku, Moore, Davis, & Strong, 2000; Phillips et al., 2005). Finally, a
large meta-analysis also provided qualified support for the link between high levels of chronic
stress and blunted BP reactivity (Chida & Hamer, 2008). Based on this, the allostatic load model
may provide a unique mechanism through which to explore how individual differences in past
experience, influence basal physiology, and result in individual differences in cardiovascular

stress reactivity.

Unlike the traditional concept of homeostasis, where physiology is tightly regulated via
negative feedback around an immovable set point (Gross, 1998), allostasis emphasises flexible
regulation where physiology is constantly passing through different allostatic states, each of
which has a different set point (Sterling, 2012). However, whereas allostasis is acutely adaptive,
some allostatic states are not ideal and can comprise functionally should they be maintained
indefinitely; this is the central tenet of the allostatic load model (McEwen, 1998a,b). The
prototypical example of this process is hypercortisolism. Acutely, cortisol secretion is necessary
to deal with stress, however, prolonged secretion negatively impacts on the glucocorticoid
receptors located in the hippocampus, and over time erodes the negative feedback branch of the
cortisol regulatory cycle leading to more cortisol secretion (Logan & Barksdale, 2008). In this

case, the result of allostatic load would be a state of heightened basal activity, but, other
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functional phenotypes have been outlined (McEwen, 1998b), of which, hypoactivation is
particularly relevant to the discussion of chronic stress and blunted cardiovascular stress
reactivity. However, no study has directly tested the relationship between individual differences
physiological allostatic load and cardiovascular stress reactivity in healthy sample free of disease

processes. This was the aim of Chpater 4 of this thesis.

Multivariate Individual Differences in Cardiovascular Reactivity

Physiology is inherently complex; HR is controlled by, among other factors, autonomic,
hemodynamic, cellular, and humoral regulatory processes (Klabunde, 2005) and BP is controlled
by autonomic, hemodynamics, and local metabolic and myogenic influences, to name a few
(Pappano, 2013; Spaker & Rooke, 1987). Moreover, HR and BP regulate each other through
changes in CO and by activation/deactivation of the baroreflex (Persson, 1996). How
physiology relates to disease is also complex. For example, the development of hypertension has
been linked to changes in autonomics, hemodynamics, and the renin-angiotensin system (Oparil,
Zaman, & Calhoun, 2003; Persson, 1996). Consequently, a case can be made that the univariate
statistics commonly employed to test the reactivity hypothesis are not entirely appropriate as
they do not properly model the complexity of physiology, or its relationship to disease. This
oversimplification of end-point physiology and the use of univariate statistics have been cited as
a possible source of inconsistency in and underestimation of the link between stress reactivity
and hypertension (Pickering & Gerin, 1990). As a result, some have advocated examining
individual differences in multivariate patterns of cardiovascular reactivity (Lawler et al., 2001;

Llabre, Klein, Saab, McCalla, & Schneiderman, 1998).

Initial support for such an approach dates from the 1950s when Wolf and colleagues

(1951, 1955) noted that additional inter-individual difference existed when, instead of BP
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reactivity, the patterns of CO and total peripheral resistance (TPR) modulation in response to a
stress interview were considered. It was not until later that the terms cardiac and vascular
reactors emerged to describe individuals who reliably increased BP under stress by augmenting
CO or TPR, respectively (Kasprowicz et al., 1990). Numerous other classifications, loosely
based on this original conception emerged thereafter (Allen, Boquet, & Shelley, 1991; Kline et
al., 2002; Lawler et al., 2001; Light, Turner, Hinderliter, Girdler, & Sherwood, 1994; Llabre et
al., 1998; McCaffery, Muldoon, Backen, Jennings, & Manuck, 2000). With regard to disease,
classifying individuals based on multivariate patterns of reactivity appeared initially successful.
It was observed that cardiac reactors were significantly more likely to be currently classified as
mildly hypertensive and had increased ambulatory BP (Light, Turner, Hinderliter, & Sherwood,
1993; Llabre et al., 1998). However, others have reported evidence that increased vascular
reactivity may confer greater hypertension risk (Kline et al., 2002). Despite initial success and
the recognised value of exploring individual differences in multivariate stress reactivity patterns
(Kline, 2002), this approach was not fully embraced and remains underutilised (Llabre et al.,
1998). This is probably because BP and HR alone can be easily measured and it is harder to
establish a reactivity pattern as a dispositional trait compared to establishing a single variable
(Manuck, 1994). Further, there is no standard classification scheme and external criterion
validity, that is the ability of reactivity patterns to predict future disease, has not been established
(Llabre, 1998). In response to some of these criticisms it was the final aim of this thesis (Chapter
5) to explore multivariate inter-individual patterns of HR and BP reactivity in a large sample and

prospectively relate them to future hypertension risk.

10
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Present Thesis

The present thesis is comprised of one meta-analysis, two experimental studies, and one
secondary analysis of epidemiological data that yielded four papers that explore inter-individual
difference in the context of cardiovascular reactivity to acute psychological stress. The first
paper aimed to summarise the existing literature concerning the autonomic basis of
cardiovascular stress reactivity. It was hypothesised that the parasympathetic and sympathetic
nervous systems would both be perturbed by acute psychological stress and related to HR and
BP reactivity. The second paper aimed to determine if measures of HR complexity represented a
novel source of individual difference with regard to HR reactivity. It was hypothesised that
individual differences in HR complexity would relate to individual differences in HR reactivity
and withstand adjustment for changes in parasympathetic and sympathetic activity, the
sympathetic-parasympathetic interaction, and respiration. The third paper aimed to determine if
individual differences in resting physiological allostatic load, measured across cardiovascular,
neuroendocrine, and anthropometric domains, related to individual differences in cardiovascular
stress reactivity. It was hypothesised that cumulative allostatic load would relate to
cardiovascular stress responses. The fourth paper examined, using clustering algorithms,
multivariate patterns of HR, SBP, and DBP and how individual differences in reactivity patterns
related prospectively to future hypertension diagnosis. It was hypothesised that several
homogenous clusters of individuals would be identified and that they would carry significantly

different risk of hypertension diagnosis.

My Contributions to the Studies in this Thesis
The idea for Paper 1 was mine. The meta-analysis was jointly designed by all four

authors. | undertook the collection and screening of articles and the extraction of data with
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reliability checks by DC. | undertook the statistical analyses with input from all authors. All
authors contributed to the final version of the manuscript. Study 1 of Paper 2 was jointly
designed by all authors. | carried out the recruitment of participants and data collection and
processing. | undertook the statistical analyses with input from all authors. Study 2 of Paper 2
was designed by ATG. | helped in data collection and conceived of the idea to look at HR
complexity. The statistical analyses were conducted with input from all authors. The manuscript
was written under the supervision of DC and all authors contributed to the final version. The
study design for Paper 3 was mine with input from all authors. The idea to look at allostatic load
was prompted by ATG. Technical aspects of the protocol, including the ELISA and cellular
assays were carried out under the supervision of ACP. | received substantial help from Dr Jon
Hazeldine, Professor Janet Lord, and Hema Chahal (not authors) in flow cytometry. Statistical
analyses were performed by me with input from ATG. I initially drafted the manuscript and all
authors contributed to the final version. The idea for Paper 4 was jointly discussed among me,
ATG, ACP, and DC. | was granted access to the Dutch Famine Birth Cohort dataset with thanks
to SDR and TJR, with whom DC, ACP, and ATG have a collaboration. Statistical analyses were
conducted under the supervision of DC. The initial manuscript was drafted with input from DC

and all authors contributed to the final version.
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Table 1.1 Summary of HR complexity measures and acute psychological stress

Chapter 1

Complexity Measure

Meaning

Response to
Mental Stress

Stress Task

References

Correlation Dimension
(D2)

Standard Deviations of
Poincaré Plot
(SD1, SD2)

Detrended Fluctuation
Analysis (al, a2)

Entropy

Characterises the
number of attractors in
a time series

Describes the short
term (SD1) and long
term (SD2) correlation
between successive RR
intervals in a time
series

Measures the short
term (al) and long
term (a2) correlation
within a time series

Measures irregularity
in a time series

University Exam
Speech Task
Driving Stress
Mental Arithmetic

Driving Stress

Driving Stress
Mental Arithmetic
Driving Stress
Mental Arithmetic

Mental Arithmetic,
Driving Stress

University Exam
Performance Stress

Mental Arithmetic

Melillo et al., 2011
Schubert et al., 2009
Brisinda et al., 2015
Saperova et al., 2015

Brisinda et al., 2015

Brisinda et al., 2015
Saperova et al., 2015
Brisinda et al., 2015
Saperova et al., 2015

Anishchenko et al., 2001b,
Brisinda et al., 2015

Anishchenko et al., 2001a
Williamon et al., 2013

Saperova et al., 2015
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Chapter 2

Abstract

A series of meta-analyses was undertaken to determine the contributions of sympathetic
and parasympathetic activation to cardiovascular stress reactivity. A literature search yielded
186 studies of sufficient quality that measured indices of sympathetic and/or parasympathetic
activity. A range of psychological stressors perturbed blood pressure and heart rate. There were
comparable aggregate effects for sympathetic activation, as indexed by increased plasma
epinephrine and norepinephrine, and shortened pre-ejection period, and parasympathetic
deactivation, as indexed by heart rate variability measures. Effect size varied with stress task,
sex, and age. In contrast to alpha-adrenergic blockade, beta-blockade attenuated cardiovascular
reactivity. Cardiovascular reactivity to acute psychological stress would appear to reflect both

beta-adrenergic activation and vagal withdrawal to a largely equal extent.

Keywords: Cardiovascular Reactivity; Meta-analysis; Parasympathetic; Stress; Sympathetic
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Introduction

During exercise a metabolically driven increase in heart rate (HR) and blood pressure
(BP) is observed. Within a highly coordinated physiological cascade blood flow is diverted to
working muscles and increases in HR and BP assure that oxygen demands are met, temperature
is regulated, and metabolic waste is removed (McArdle, Katch, & Katch, 2001). Similar
cardiovascular adjustments are seen in response to acute psychological stress despite an absence
of augmented metabolic demand. This has led researchers to suggest that, when uncoupled from
metabolic demand, large magnitude increases in HR and BP are detrimental to health (Obrist,
1981).

Indeed, research has shown that exaggerated physiological stress responses are associated
with future hypertension (Borghi, Costa, Boschi, Mussi, & Ambrosioni, 1986; Carroll, Ring,
Hunt, Ford, & Macintyre, 2003; Carroll, Smith, Sheffield, Shipley, & Marmot, 1995; Chida &
Steptoe, 2010a; Everson, Kaplan, Goldberg, & Salonen, 1996; Jennings, et al., 2004; Markovitz,
Racynski, Wallace, Chettur, & Chesney, 1998; Markovitz, Matthews, Kannel, Cobb, &
D’Agostino, 1993), atherosclerosis (Everson et al., 1997; Roemmich et al., 2011; Roemmich,
Lobarinas, Joseph, Lambiase, & Archer, 2009) and increased cardiovascular disease mortality
(Carroll et al., 2012). By logical extension, small magnitude stress responses were previously
assumed to be, not only more appropriate from a metabolic perspective, but also indicative of
positive health. However, recent research has shown this line of reasoning to be flawed as
blunted HR and BP responses have been linked with depression (Brindle, Ginty, & Conklin,
2013; Carroll, Phillips, Hunt, & Der, 2007; de Rooij, Schene, Phillips, & Roseboom, 2010;
Ehrenthal, Herrmann-Linge, Fey, & Shauenburg, 2010; Phillips, Hunt, Der, & Carroll, 2010;

Salomon, Bylsma, White, Panaite, & Rottenberg, 2013; Salomon, Clift, Karlsdottir, &
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Rottenberg, 2009; York et al., 2007), obesity (Phillips, Roseboom, Carroll, & de Rooij, 2012;
Phillips, 2011; Singh & Shen, 2013), disordered eating (Ginty, Phillips, Higgs, Heaney, &
Carroll, 2012; Koo-Loeb, Pedersen, & Girdler, 1998), and cognitive decline (Ginty, Phillips,
Der, Deary, & Carroll, 2011). Consequently, it would appear that reactions that fall within the
normative range are indicative of functional homeostatic regulation and that extreme (i.e.,
blunted or exaggerated) cardiovascular responses to psychological stress signal system

dysregulation that can lead to adverse health and behavioural outcomes (Lovallo, 2011).

At the present however, the results of research focused on elucidating the underlying
physiological determinants of the cardiovascular stress response remain somewhat equivocal.
Some research has suggested that the cardiovascular stress response is primarily the result of
sympathetic mechanisms (Marsland et al., 1995; Mills, et al., 1994; Mills & Dimsdale, 1991;
Mills, Dimsdale, Ziegler, Berry, & Bain, 1990; Pacak et al., 1989) while others implicate the
vagal system (Grossman, Watkins, Willhelm, Manolakis, & Lown, 1996; Hjortskov et al., 2004;
Jiang et al., 1993; Sloan, Korten, & Myers, 1991) in driving stress reactions. Still others
implicate interactions between the two autonomic nervous system branches (Allen & Crowell,
1989; Berntson et al., 1994a; Cacioppo, Uchino, & Berntson, 1994; Gianaros, Quigley,
Mordkoff, & Stern, 2001; Lane, Adcock, & Burnett, 1992), fluctuations in baroreflex sensitivity
(Duscheck, Dietel, Schandry, & Reyes del Paso, 2008; Gianaros, Onyewuenyi, Sheu, Christie, &
Critchley, 2012; Steptoe & Sawada, 1989) and peripheral tissue influences in cardiovascular
stress reactions (Lovallo, 2005; Lovallo & Gerin, 2003; Shapiro, Sloan, Bagiella, Bigger, &

Gorma, 1996; Sloan, Shapiro, & Gorman, 1990).

Consequently, research focus on the physiological mechanisms responsible for HR and

BP responses to psychological stress is warranted for three reasons. First, a large amount of
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inter-individual variability exists with respect to HR and BP stress responses (Wager et al.,
2009). However, given that HR and BP are both multiply determined cardiovascular endpoints,
the physiological mechanisms responsible for HR and BP potentially represent a novel
physiological level at which to assess cardiovascular stress responses. At this level, individual
differences could exist in hemodynamic regulation, autonomic activation (both central and
peripheral), and peripheral tissue and end target organ effects; individual differences that are
missed if only HR and BP responses are assessed (Llabre, Klein, Saab, McCalla, &
Schneiderman, 1998; Lovallo, 2005; Lovallo & Gerin, 2003; Manuck, 1994). Second, inter-
individual variability at the physiological level more proximal to HR and BP could potentially
carry disproportionate health risk (Kline et al., 2002; Llabre et al., 1998). For example, HR can
increase as a result of parasympathetic withdrawal, sympathetic activation, or an interaction of
the two autonomic branches (Berntson et al., 1994a; Berntson, Cacioppo, Quigley, & Fabro,
1994b; Berntson, Cacioppo, & Quigley, 1991). Likewise, BP is modulated by both cardiac (HR,
cardiac output, and stroke volume) and vascular (total peripheral resistance; TPR) parameters.
Consequently, any single HR or BP stress reaction could be caused by a number of physiological
mechanisms. Given that hypertension is a vascular pathology linked with enhanced sympathetic
activity, it is possible that a stress response driven by sympathetic activation or enhanced
vascular reactivity could carry disproportionate risk for hypertension (Kline et al., 2002).
Further, research has shown that individual response patterns remain relatively stable across
stressors, lending more support to the notion that individual response stereotypy can potentially
have pathogenic consequences (Hassellund, Flaa, Sandvik, Kjeldsen, & Rostrup, 2010; Hawkley
et al., 2001; Kasprowicz, Manuck, Malkoff, & Krantz, 1990; Kline et al., 2002; Sherwood,

Dolan, & Light, 1990a; Sherwood, Turner, Light, & Blumenthal, 1990b). Third, if extreme
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cardiovascular reactivity is conceptualized as a biomarker of underlying pathology then
exploration of the physiological mechanisms responsible for the cardiovascular stress responses
could inform research focused on the negative health outcomes associated with such reactions

(Chida & Steptoe 2010b; Chida & Steptoe, 2010c ; Lane et al., 2009a; Lane et al., 2009b).

For these reasons, a series of meta-analyses was conducted to assess the autonomic basis
of cardiovascular stress reactions. Summary effects of stress reactivity of both sympathetic and
parasympathetic indices are reported, as well as the combined effects of pharmacological
autonomic blockade on cardiovascular reactivity. The value of such an analysis lies in the
aggregation of a large body of literature, deploying a variety of experimental procedures to
address the same question; in this case, what are the autonomic contributions to cardiovascular
reactivity? In addition, subgroup analysis allowed for a comprehensive examination of
physiological and non-physiological factors (i.e., sex, age, stress task, receptor type) that may

influence stress reactivity.

Method

Data Sources

The protocol for data searching was based on approaches described previously (Counsell,
1997; Higgins & Green, 2011; Meade & Richardson, 1997) and the results are reported in line
with the guidelines contained in the PRISMA Statement (Moher, Liberati, Tetzlaff, Altman, &
PRISMA group 2009). Electronic searches of the following databases were performed: Google
Scholar, MedLine, PubMed, and PsycINFO, ProQuest Dissertation and Theses, ProQuest COS
Conference Paper Index, Index to Theses, and Open Grey. Theses, conference proceedings, and

grey literature searches were undertaken to minimize the effect of publication bias (Tak, Meijer,
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Manoharan, de Jonge, & Rosmalen, 2010). The search strategy for sympathetic meta-analyses
consisted of connecting a single primary (cardiovascular reactivity OR cardiovascular reactions)
and secondary word (sympathetic nervous system OR sympathetic activation OR sympathetic
agonist OR sympathetic antagonist OR agonist OR antagonist OR beta adrenergic OR alpha
adrenergic OR sympathetic blockade OR blockade) using the Boolean operator AND
(Figure2.1). Searches for parasympathetic reports consisted of the same primary words
connected to the following secondary words (parasympathetic nervous system OR blockade OR
atropine OR respiratory sinus arrhythmia (RSA) OR high-frequency heart rate variability (HF-
HRV) OR root mean square of successive differences (RMSSD)) with the Boolean operator
AND (Figure 2.2). Dates of searches were restricted from 1967 to January 2013 to allow
comparison with an earlier systematic review of sympathetic blockade studies (Mills &
Dimsdale, 1991). Relevant online journals were searched using the criteria outlined above, i.e.,
search terms and Boolean operators, and the reference sections of articles retained for detailed

inspection were manually screened.

Study Selection and Quality Assessment

Due to the heterogeneity of definitions of the term “acute psychological stress” (Chida &
Steptoe, 2010a) we defined, for the purposes of this review, acute psychological stress as an
active, but metabolically undemanding, time-limited psychological task performed in a
laboratory under controlled conditions. Specific focus was given to cardiovascular reactions to
psychological stress because of the long established association between individual differences
in stress reactions and health risk. In this context, understanding the underlying autonomic
mechanisms is crucial to more fully characterise these relationships. For inclusion, studies had

to meet the following criteria: 1. scientific report in the English language, i.e., peer-reviewed
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articles, dissertations, abstracts, conference proceedings, 2. measured cardiovascular and
sympathetic reactions to a task that was consistent with the definition of acute psychological
stress provided above, 3. the stress task must have elicited a statistically significant increase in
cardiovascular activity as indexed by a faster heart rate, and/or increased systolic (SBP) and
diastolic blood pressure (DBP), 4. in the case of observational studies there must be at least one
measure of sympathetic nervous system function (pre-ejection period (PEP), plasma epinephrine
or norepinephrine), 5. in the case of intervention studies, there must be at least one measure of
cardiovascular function (HR, SBP, or DBP). 6. in the case of observational studies,
cardiovascular function must be measured at baseline prior to stress exposure, 7. for intervention
studies, there must be a control element in the form of a within subjects crossover design or a
between groups design with a no-treatment group, and 8. when results from the same sample
appeared in separate publications, publications registering either a lower quality score or having
a smaller sample size were excluded (Chida & Steptoe, 2010a). PEP has been validated, using
pharmacological blockade, as a marker of beta-adrenergic activity (Harris, Schoenfeld, &
Weissler, 1967; Mezzacappa, Kelsey, & Katkin, 1999; Winzer et al., 1999) and may represent a
superior measure of sympathetic activity as it does not require indirect derivation or calculation
used to estimate stroke volume (SV) and TPR (Newlin, & Levenson, 1979; Newman, &
Callister, 1999). Only studies reporting statistically significant increases in HR or BP were
included because the aim of the study was to examine the underlying mechanisms of
cardiovascular reactions to mental stress and only in these studies could significant perturbation
of the cardiovascular system and possible upstream autonomic mechanisms be assured.

Sources selected for detailed review were screened using an 11-item quality assessment guide

designed for the present study (Meade & Richardson, 1997). The purpose of the guide was to
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screen prospective sources in a standardized fashion that would, if included, yield a quality score
that could be used to highlight potential bias resulting from heterogeneous study quality. Quality
scores did not factor into the decisions regarding inclusion. Examples of details included in the
guide are variables measured, variables controlled for (e.g., body mass index (BMI), medical
history), pharmacological techniques (i.e., agent, dose), cardiovascular impact of stress task, data
handling techniques (i.e., artefact screening), and study design details (i.e., task
counterbalancing, blinding procedures). A corresponding scoring key was created that was
scored from 0 to 16. For eight of the questions, a score of 1 point was awarded if the study
design element was present and 0 points if it was absent (e.g., task counterbalancing). Two
questions regarding confounding variables had a scale of 0-3 and awarded points based on how
many variables were controlled for. The final question was concerned with data processing and
had a scale of 0-2 and awarded points based on how many steps were taken to assure quality data
(i.e., screening for artifacts). Although results of each study had to be read in order to complete
the quality assessment, no information regarding the study findings were recorded at this stage in
an effort to eliminate inclusion bias. For included studies a separate data extraction sheet was
completed. Manuscript screening and study quality assessment was carried out by one author
(R.C.B). To verify inclusion and study assessment 20% of the retained reports were randomly

reviewed by an additional author (D.C.).

Data Extraction and Synthesis

Several a priori data extraction criteria were established for included studies: 1. if there
were > 2 measures of cardiovascular or sympathetic function in a single study each measure was
analysed independently, 2. if > 1 distinct, i.e., separated by a rest period, acute psychological

stress task was used in a single study, each stress task was analysed independently, and 3. when
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separate data were available for sex or age group, each subsample was analysed separately. Data
were extracted from included studies in the form of means, standard deviations, and reactivity
change scores, calculated as the difference between stress and baseline means. Where necessary,

the author(s) of a study were contacted for additional data.

Meta-Analysis Procedures

Random effects modelling was employed in the present study according to procedures
outlined by Hunter and Schmidt (2004) and Lipsey and Wilson (2001). For observational
studies, means and standard deviations for baseline and stress phases were used to calculate
effect sizes. In the case of blockade studies, effect size was calculated from derived reactivity
change scores (stress - baseline) pre- and post-blockade. Hedge’s g (Hg) was chosen as it
improves on Cohen’s d by correcting for small sample sizes and provides a more conservative
estimate of aggregate effects (Borenstein, Hedges, Higgins, & Rothstein, 2009). Where data
were presented only in figures, means and standard deviations were abstracted using an open
source Web plot digitizer (http://arohatgi.info/WebPlotDigitizer) designed specifically for
abstracting raw data from published figures. Overall effect sizes were calculated by weighting
studies using the inverse variance method (Lipsey and Wilson, 2001) which gives more weight

to studies with greater precision.

We employed Higgin’s |2 statistic to quantify the percentage of total variance due to
heterogeneity (Higgins, Thompson, Deeks, & Altman, 2003). Publication bias was
quantitatively assessed using Egger’s unweighted regression asymmetry test (Egger, Davey
Smith, Schneider, & Minder, 1997) and Rosenthal’s Fail-safe N (Rosenberg, 2005; Rosenthal,

1979). Study quality bias was assessed by regressing study quality scores onto effect sizes.

41



Chapter 2

Subgroup analyses on unweighted effect sizes were conducted for cardiovascular and autonomic
variables to test for variations in effect size with stress task, age, sex, pharmacological agent, and
receptor target using one-way ANOVAs. Stress task subgroup analyses were restricted to the
following tasks as these were the only stress exposures reported in sufficient studies to make
meta-analysis appropriate: mental arithmetic, Stroop, reaction time, and speech tasks. All
analyses were performed using MI1X 2.0 meta-analysis software (Bax, 2011) and SPSS version

20 (SPSS Inc. Chicago, Illinois, USA).

Sympathetic Meta-analyses

Two separate, yet complimentary, meta-analyses were carried out to assess the role of
sympathetic activation in cardiovascular reactivity. First, the overall ability of acute
psychological stress tasks to elicit a sympathetic response, indexed by peripheral sympathetic
markers, was addressed. Next, studies were aggregated that examined the effectiveness of
sympathetic pharmacological blockade in attenuating HR and BP responses to acute mental
stress. Conducting two meta-analyses on experimentally distinct bodies of literature that utilise
different empirical methods to the same end allowed for the most comprehensive assessment of
the role of sympathetic activation in cardiovascular reactivity. Figure 2.1 shows the number of

studies at each stage of the review process.
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Sources screened from Sources screened from Sources screened from
electronic searches reference searches journal searches
N = 7043 N =9528 N=1709

Articles excluded on
basis of title and

- abstract
N =17998
Articles retained for detailed screening
N =282
Articles excluded after
> qualitative review
N =169
A\ 4
Articles included in quantitative review
N=113
v A 4
Articles included in meta-analysis of Articles included in meta-analysis of
sympathetic markerg f)f cardiovascular sympathetic blockade of cardiovascular
reactivity reactivity
N=383 N =30

Figure 2.1 Flow diagram of sympathetic nervous system systematic review.

Parasympathetic Meta-Analyses

Two additional meta-analyses, focused on assessing the role of the parasympathetic
nervous system in cardiovascular reactivity to acute psychological stress, were carried out using
an identical protocol to the above. The inclusion criteria were the same as applied above, save
that in this case, studies had to include at least one measure of parasympathetic activity defined

as HF-HRV, RMSSD, or RSA. For the purpose of this analysis studies reporting RSA or HF-
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HRV were collapsed as both, in theory, capture vagal activity related to respiration (Grossman &
Taylor, 2007). Thus, parasympathetic indices were reduced to frequency and time domain

indices. Figure 2.2 shows the number of studies at each stage of the review process.

Sources screened from Sources screened from Sources screened from
electronic searches reference searches journal searches
N = 3200 N = 5951 N=1222

Articles excluded on
basis of title and

i’ abstract
N = 10246
Vv
Articles retained for detailed screening
N=127

Articles excluded after

5| qualitative review
N =54

v

Articles included in quantitative review
N=73

A\ 4 \ 4

Articles included in meta-analysis of Articles included in meta-analysis of
parasympathetic markers of parasympathetic blockade of
cardiovascular reactivity cardiovascular reactivity

N=72 N=1

Figure 2.2 Flow diagram of parasympathetic nervous system systematic review.
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Results

Blood Pressure and Heart Rate Stress Reactivity

Figure 2.3 shows that a range of acute psychological stress tasks reliably perturbed
overall cardiovascular activity (Hg = 1.119 [1.068-1.170]; p <.001), SBP (Hg = 1.249 [1.151-
1.348]; p < .001), DBP (Hgy = 1.130 [1.036-1.224]; p < .001), and HR (Hg = 1.021 [0.946-1.095];
p <.001). Ineach case hemodynamic function increased with exposure to psychological stress.
The effects of acute stress were greater for SBP reactivity than HR reactivity, F(2,479) =5.04, p

=.007.

Sympathetic Nervous System Reactivity

A total of 83 studies were included in the present analysis. Table 2.1 outlines the
summary characteristics of the included studies. Acute psychological stress produced
significant increases in overall sympathetic activity (Hg = 0.551 [0.497-0.605]; p <.001), plasma
epinephrine (Hg = 0.620 [0.528-0.712]; p <.001), plasma norepinephrine (Hg = 0.452 [0.360-
0.545]; p <.001), and PEP (Hg =-0.574 [-0.668 - -0.481]; p < .001). Subgroup analyses revealed
no significant differences between the effect sizes for the different sympathetic variables (Figure

2.3).

Sympathetic Blockade of Cardiovascular Reactivity

Thirty studies evaluated the effects of sympathetic blockade on cardiovascular reactivity
(Table 2.2). A significant reduction in overall cardiovascular reactivity (Hg = -0.339 [-0.417- -
0.260]; p <.001), SBP reactivity (Hg = -0.218 [-0.321- -0.116]; p < .001), and HR reactivity (Hq
=-0.670 [-0.830- -0.509]; p < .001) was observed. Subgroup analyses revealed significant

differences between reductions in HR, SBP, and DBP reactivity, F(2,149) = 16.43, p <.001. HR
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reactivity was attenuated significantly more than SBP or DBP reactivity by sympathetic blockade

(Figure 2.4).

Sympathetic Blockade Subgroup Analyses

Subgroup analyses of pharmacological receptor targets revealed significant differences in
the attenuation of overall cardiovascular reactivity, F(2,146) = 4.63, p =.011. Where non-
selective beta () and beta-1 (P1) specific antagonists significantly attenuated overall
cardiovascular reactivity, drugs targeting alpha-1 (a1) receptors failed to influence stress
reactions (Figure 2.4). When the effect of drug intervention on individual cardiovascular
variables was examined, ANOVAs revealed a significant drug effect for HR reactivity, F(2,52) =
6.82, p =.002. Non-selective beta blockers attenuated reactivity significantly more than alpha-1
blockers which was actually associated with a slight increase in heart rate reactions (Figure 2.5).
Analyses of individual sympathetic antagonists were carried out (data not shown) but these

analyses failed to uncover any significant differences between individual drugs.

Parasympathetic Nervous System Reactivity

A total of 76 studies were included in this meta-analysis. Table 2.3 outlines the summary
characteristics of the included studies. Significant overall vagal withdrawal was observed in
response to psychological stress (Hg = -0.513 [-0.592 - -0.434]; p <.001). Subgroup analyses of
individual parasympathetic indices revealed significant effects for HF-HRV/RSA (Hg = -0.529 [-
0.636- -0.429]; p <.001), RMSSD (Hg =-0.582 [-0.748- -0.416]; p < .001, but failed to show any

significant differences between the indices (Figure 2.3).
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Effect Size Heterogeneity
Measure N Hedge's g (95% CI) P F (95%CT)
Owerall cardiovascular 21202 1.119(1.068 - 1.170) =001  0.77(0.73-0.79) I
SBP 6277  1.249(1.151 - 1.348) =001  0.79(0.73-0.82) - —
DBP 5773 1.130(1.036 - 1.224) =001  0.77(0.73-0.80) - #
HE 8620  1.021(0.946 - 1.005) = 001  0.70(0.66-0.74) —+—1 |
Owerall sympathetic 8336  0.551(0.497 - 0.605) =001  0.66 (0.61-0.70) H
Plasma epinephrine 1976  0.623 (0.529 - 0.716) =001  0.46(0.29-0.60) -
Plasma norepinephrine 2003 0455 (0361 - 0.548) = 001 056 (0.42-0.66) -
Pre-ejection period 4223 0.582(-0.676 - -0.487) =001  0.77(0.72-0.82) -
Owerall parasympathetic 5631 0513 (-0.592 - 0.434) =001  0.60(0.32-0.68) HH
HF-HRV/RSA 3390  -0.529(-0.636 - -0.429) =001  0.68 (0.60-0.74) -
EMSSD 1641 0.582 (-0.748 - -0.416) =001  0.00(0.00-0.40) HH
T T T T 1
10 45 03 11 L5

Figure 2.3 Cardiovascular, sympathetic, and parasympathetic reactivity to acute psychological stress. Results of meta-analysis and
subgroup and sensitivity analyses. Overall reactivity variables represent an aggregate effect of each variable’s three respective sub-
variables. HR-HRV = high frequency heart rate variability, RSA = respiratory sinus arrhythmia, RMSSD = root mean square of

successive differences *indicates p <.05.
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Table 2.1 Characteristics of included studies for the meta-analyses of sympathetic indices

Included studies

Characteristic Number Percentage
Total studies 83 100.00
Average sample size 41
Range 5-902
Cardiovascular variables measured*
Heart rate 81 97.59
Systolic blood pressure 56 67.46
Diastolic blood pressure 55 66.26
Sympathetic indices measured*
Plasma epinephrine 42 50.60
Plasma norepinephrine 44 53.01
Pre-ejection period 45 54.21
Stress tasks?
Mental arithmetic 37 44.05
Stroop task 20 23.81
Reaction time task 7 8.33
Speech 17 20.24
Other tasks 16 19.05
Sample characteristics?
Male only 46 54.76
Female only 16 19.28
Mixed sex 26 30.95
Average age 32.19
Age range (years) 9.60 - 68.50
Sample health
Healthy 77 92.77
Hypertensive 6 7.14
Study quality
Mean quality score 8.16
Range 2.00-12.00

Categorical sums are > 84 because of studies capturing multiple cardiovascular and
sympathetic measures
2Study designs utilized multiple stress paradigms and samples hence categorical sums > 84

48



Chapter 2

Table 2.2 Characteristics of included studies for meta-analysis of sympathetic blockade

Included Studies

Characteristic Number Percentage
Total studies 30 100.00
Average sample size 15
Range 5-48
Cardiovascular variables measured*
Heart rate 30 100.00
Systolic blood pressure 26 86.67
Diastolic blood pressure 24 80.00
Pharmacological blockade*
Alpha-1 5 16.67
Non-selective beta 17 56.67
Beta-1 17 56.67
Stress tasks?
Mental arithmetic 15 50.00
Stroop task 20.00
Reaction time task 6.67
Other tasks 30.00
Sample characteristics?
Male only 14 46.67
Female only 0 0.00
Mixed sex 17 56.67
Average age 37.90
Age range (years) 23.00 - 60.00
Sample health?
Healthy 15 50.00
Hypertensive 13 43.33
Cardiovascular disease 3.33
Post myocardial infarction 6.67
Study quality
Mean quality score 6.29
Range 1.00 - 12.00

Categorical sums are > 30 because of studies capturing multiple cardiovascular and sympathetic

measures

2Study designs utilized multiple stress paradigms and samples hence categorical sums > 30
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Effect Size Heterogeneity
Measur= N Hedge's g (93% CI) P P (95%CT)
Ohverall cardiovascular 2421 0339(0417-02600  =0001 044(032-05%
SBF 732 D218 (-0321--40.1168) =0001  0.0000.00-033) —
DBP 720 0099 (-0.203 - 0.006) =0064  0.0000.00-035H L — |,
*

2 70 (<0830 -0, 580440 I I _ |
HE. 812 0.670 (-0.830 - 0.50%) 0001 058 (0.44-0.69)
Alpha-1 blockers 348 0063 (0237-01100 =0474 018 (000035 |
Mon-selectve beta 901 0480 (-0633-40327  =0001 0.35(041-0.66) ] *
blockers ' ¢
Beta-1 blockers 1120 0322 (0419-0225  =0001 027(0.03-045%

10 0 0z

Figure 2.4 Cardiovascular stress reactivity in response to sympathetic blockade. Results of meta-analysis, and subgroup and

sensitivity analyses. SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate
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Figure 2.5 Subgroup analysis of the influence of sympathetic blockade on individual
cardiovascular variables. Numbers in bars denote number of studies in each subgroup. SBP =
systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate *indicates p < .05.

Parasympathetic Blockade of Cardiovascular Reactivity

Since only one study was uncovered that fulfilled the inclusion criteria no meta-analytic
analysis was carried out. Cardiovascular stress reactivity was not directly assessed but changes in
heart period suggest that despite a large increase in baseline, stress reactivity was mildly

attenuated, albeit not as much as under beta-blockade (Reyes del Paso, Langewitz, Robles, &

Pérez, 1996).
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Table 2.3 Characteristics of included studies for meta-analysis of parasympathetic

indices
Included Studies
Characteristic Number Percentage
Total studies 72 100.00
Average sample size 34.64
Range 6218
Cardiovascular variables measured*
Heart rate 72 100.00
Systolic blood pressure 39 54.17
Diastolic blood pressure 33 45.83
Parasympathetic indices measured*
High frequency heart rate variability 39 54.17
Root mean square of successive differences 17 23.61
Respiratory sinus arrhythmia 20 27.78
Stress tasks?
Mental arithmetic 28 38.89
Stroop task 12.50
Reaction time task 9.72
Speech 12 16.67
Other tasks 24 33.33
Sample characteristics?
Male only 29 40.28
Female only 23 31.97
Mixed sex 31 43.06
Average age 32.17
Age range (years) 9.00 - 82.50
Sample health?
Healthy 71 98.61
Hypertensive 3 4.17
Study quality
Mean quality score 8.06
Range 4.00-12.00

Categorical sums are > 72 because of studies capturing multiple cardiovascular and sympathetic

measures

2Study designs utilized multiple stress paradigms and samples hence categorical sums > 72
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Subgroup Analyses

Stress task.

Subgroup analysis of stress tasks indicated that effect sizes varied with task for SBP,
F(3,111) = 4.22, p =.007, DBP, F(3,102) = 6.79, p < .001, and overall sympathetic, F(3,158) =
3.18, p =.026, and parasympathetic activity, F(3,77) = 3.58, p =.018. Post-hoc analyses
revealed that speech tasks were significantly more provocative than mental arithmetic. Speech
tasks also provoked larger DBP reactions than reaction time tasks. Sympathetic activation was
greater for reaction time tasks than mental arithmetic and greater parasympathetic withdrawal for
Stroop than for speech tasks also emerged (Figure 2.6).

Age group.

Study samples were divided into three groups (18-30, 31-49, 50+ years). One-way
ANOVA revealed that effect sizes for HR varied with age, F(2,190) = 3.57, p = .030, as did
overall sympathetic reactivity, F(2,200) = 9.62, p < .001 (Figure 2.7). Post hoc analysis
confirmed that the youngest age group exhibited the largest HR reactions and the greatest overall
sympathetic nervous system reactions. Significant age variations in effect size were also found
for plasma norepinephrine, F(2,68) = 4.88, p =.010, and PEP, F(2,64) = 6.65, p =.002. In both
cases, effect sizes decreased with age.

Subgroup analysis for sympathetic blockade revealed significant effect size variations
with age for SBP, F(2,45) = 5.19, p =.009, and HR, F(2,52) = 4.52, p = .016, reactivity (Figure
2.8). In both cases, greater attenuation of reactivity was observed in the 18-30 age group
compared to the 31-49 age group. No significant differences were observed between the 50+ age

group and the other age groups on any cardiovascular measure.
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Sex.
Subgroup analysis for sex revealed effect size differences in SBP, F(1,105) = 16.89, p <

.001, DBP, F(1,101) = 5.38, p =.022, and overall sympathetic reactivity, F(1,147) = 6.21, p =

.014 (Figure 9). In all cases, males were characterized by larger effect sizes.
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Figure 2.6 Subgroup analysis of stress task. Numbers in bars denote number of studies in each
subgroup. MA = mental arithmetic task, RXN = reaction time task, SBP = systolic blood

pressure, DBP = diastolic blood pressure, HR = heart rate, SNS = overall sympathetic reactivity,
PNS = overall parasympathetic withdrawal

Studies with Simultaneous Sympathetic and Parasympathetic Measurement

Twenty seven studies included in the above analyses reported markers of both
sympathetic and parasympathetic reactivity. Due to the possibility of task selection bias in

separate studies of sympathetic and parasympathetic reactivity, analyses restricted to these 27
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studies were undertaken. The aggregate effect sizes for sympathetic (Hg = 0.585 [0.436 -0.735];
p <.001) and parasympathetic (Hg = -0.530 [-0.655 - -0.406]; p < .001) reactivity were virtually
identical to those that emerged from the original analyses (Figure 10).

2.0 A

Aggregate Effect Size (H)

EER 18-30
/1 31-49
B 50+

'1.0 1 I

I I I

SBP DBP HR SNS PNS

Mindicates p < .05, Study Yecsb

Figure 2.7 Subgroup analysis of age group. Numbers in bars denote number of studies in each
subgroup. SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate, SNS
= overall sympathetic reactivity, PNS = overall parasympathetic withdrawal *indicates p < .05.

Correlation Analysis of Effect Sizes

An exploratory correlation analysis of effect sizes was conducted to assess the relatedness
of effects sizes (Table 2.4). Briefly, all cardiovascular variables were significantly correlated (all

p <.05). Plasma epinephrine was significantly related to SBP and HR (all p < .05) while PEP

55



Chapter 2

was also significantly correlated with HR (p <.01). Overall sympathetic activation and
parasympathetic withdrawal were associated with HR (all p < .05) but not with each other (p =

.081). Finally, PEP was directly related to overall vagal withdrawal (p <.01).

Study Variable
SBP DBP HR
0.0
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N
(7]
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214 4
m— 18-30
-16 1 | =3 3149
N 50+
-18 -

Mindicates p < .05,

Figure 2.8 Subgroup analysis of age group for sympathetic blockade. Numbers in bars denote
number of studies in each subgroup. SBP = systolic blood pressure, DBP = diastolic blood
pressure, HR = heart rate *indicates p < .05.

Sensitivity Analysis

When study quality scores were regressed onto aggregate effects, significant relationships
emerged for HR, f=-.22,t = -3.19, p = .002, AR?=.047, PEP, B= .30, t =2.68, p = .009, AR?=
.091, and DBP blockade, B=.39, t = 2.88, p =.006, AR?= .155. Publication bias analysis of all
meta- and subgroup analyses with Rosenthal’s Failsafe N produced a range of values from 84-

21645.
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Figure 2.9 Subgroup analysis of sex. Numbers in bars denote number of studies in each
subgroup. SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate, SNS
= overall sympathetic reactivity, PNS = overall parasympathetic withdrawal *indicates p < .05.
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Effect Size Heterogeneity
Ieasure N Hedge's g (93% CI) P FF (95%CI)
Overall sympathetic 4878 05850436 - 0.735) =001 0.72(0.63-0.78) ——
Plasma Epinephrine 73 0,619 (0447 -0.791) =001 016 (0.00-0.67) -
Plasma Norepinephnne 743 0.458 (0.062 - 0.854) =0023 0.81(0.65-0.89) . .
Pre-ejection peniod 3396 -0615(-0.816- 0414 =001 0.73(0.62-0.81) -
Overall Parasympathetic jode 0530 (-0.633 - -0.4086) =001 0.54(0.34-0.68) e
HE-HRV/ESA Jld6 0564 (-0.722 - -0.406) =001 0.63(0.45-0.75) —a—
EMSSD JBE 0448 (0630 - -0.243) =001  0.00(0.00-0.71) ——y
04 04 @5 DE 1D

Figure 2.10 Autonomic reactivity to acute psychological stress in studies measuring both sympathetic and parasympathetic reactivity
simultaneously (27 studies). Results of meta-analysis and subgroup analysis. Overall reactivity variables represent an aggregate effect
of each variable’s three respective sub-variables.

58



Chapter 2

Table 2.4 Correlation analysis of effect sizes

1. 2. 3. 4. S. 6. 7. 8.
1. SBP 1
2. DBP .641** 1
3. HR 545*%*  338** 1
4. EPI 312 .080 .304* 1
5. NE 331 215 .198 A441** 1
6. PEP .069 -.037 -424** - 307 -583 1
7. SNS .065 .046 178* - - - 1
8. PNS -.111 -468* -316* 141 143 .520** 247 1

Notes: SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate, EPI =
plasma epinephrine, NE = plasma norepinephrine, PEP = pre-ejection period, SNS = overall
sympathetic activation, PNS = overall vagal withdrawal. Values represent Pearson Product
Moment Correlations. * = p < 0.05, ** = p < 0.01. Since SNS was derived from EPI, NE, and
PEP values no correlation analysis was carried out.

Discussion

Despite a substantial number of studies reporting indices of autonomic function within

the stress reactivity paradigm, the autonomic basis of cardiovascular stress reactions has

remained largely unclear due to small sample sizes, the post-hoc nature of the analysis of

autonomic indices in some instances, and the relative scarcity of studies designed specifically to

probe autonomic reactivity. Consequently, the present study used meta-analytic techniques to

aggregate the current literature in an attempt to help clarify the autonomic basis of cardiovascular

stress reactivity. Overall, the analyses revealed a pattern of autonomic activity during acute

stress exposure that involved both beta-adrenergic sympathetic activation and vagal withdrawal

to a roughly equal extent. When the analyses were restricted to just those studies that had
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included both sympathetic and parasympathetic indices, in order to avoid task selection bias, a

virtually identical result was obtained.

Subgroup analyses revealed several significant differences in effect size among
cardiovascular and autonomic reactivity with regard to variations in stress task, sex, and age.
Speech tasks appeared to provoke larger overall BP responses than the other exposures whereas
HR reactions remained fairly constant across stress paradigms despite reaction time tasks
eliciting a significantly stronger overall sympathetic response. Advancing age was associated
with a decrease in sympathetic activation under stress; a finding that was mirrored by a decrease
in HR reactivity with increasing age. Finally, men appeared to mount significantly higher BP
and sympathetic responses than women. At the very least, these outcomes suggest that

researchers should pay heed to the sex and age characteristics of their sample.

The present results are consistent with the notion that sympathetic activation and vagal
withdrawal contribute in relatively equal magnitudes to cardiovascular stress reactivity.
Significant sympathetic activation, indexed by PEP, a measure of myocardial contractility, and
plasma epinephrine suggest that increases in HR are mediated by beta-adrenergic mechanisms, a
finding in line with several studies that examined the relationship between beta-receptor
physiology and reactivity (Marsland et al., 1995; Mills et al., 1994; Mills et al., 1990; Pacék et
al., 1989). Under stress, PEP decreased (contractility increased) and epinephrine increased and
both measures were highly correlated with HR. Pharmacological blockade studies have
established PEP as a reliable indicator of cardiac beta-adrenergic activity (Harris, Schoenfeld, &
Weissler, 1967; Mezzacappa, Kelsey, & Katkin, 1999; Newlin, & Levenson, 1979; Winzer et al.,
1999), whereas epinephrine increases the chrontropic and inotropic properties of the heart,

primarily through the activation of 1 receptors located on the myocardium (Klabunde, 2005; van
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Zwieten, 1988; van Zwieten, 1986). The combination of these effects results in an increased HR
and cardiac output under stress. This in turn contributes to increased BP given the vascular
system is a closed circuit. Aggregate effects of blockade studies support the role of beta-
adrenergic mechanisms in stress reactivity. Omnibus analysis of all sympathetic blockers
revealed significant attenuation of both HR and SBP reactivity. However, subgroup analysis of
drug class revealed that only non-selective and B1-blockers significantly reduced HR, with the
non-selective blockers being more effective. This finding accords with the results of an earlier
review of pharmacological blockade in cardiovascular stress reactivity (Mills & Dimsdale,
1991). It is an outcome that makes good sense as the myocardium hosts both 31 and 2 receptors
(Brodde, Zerkowski, Borst, Maier, & Michel, 1989; Summers et al., 1989) and both regulate HR
in a similar direction; accordingly, selective blockade that fails to inhibit 2 receptors will
necessarily have a less profound effect on HR. Beta blockade exerted only modest non-
significant effects on SBP reactivity and failed to influence DBP stress reactions. This may be
due to the presence of vascular a-receptors that when left unopposed by B2 receptors act to
constrict vessels (Klabunde, 2005). Alternatively, this may suggest that regulation of phasic
changes in BP is paramount (Julius, 1988) as several studies have shown that stress-induced
changes in BP, which in most cases are triggered by an increase in cardiac output and decrease in
vascular resistance, are instead initiated by increased vascular resistance under beta-blockade
(Andrén & Hansson, 1981; Schmieder, Rueddel, Neus, Messerli, & VVonEiff, 1987; Ulrych,
1969). Significant increases in plasma norepinephrine were also observed but its role is less
clear as the aggregate effect was relatively small compared to that of PEP and epinephrine and

correlated only with SBP reactivity. Given that norepinephrine has a larger affinity for alpha-
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adrenergic receptors relative beta-receptors, norepinephrine may primarily act to modulate

vascular tone (Sherwood, Klandorf, & Yancey, 2005; Stanfield & Germann, 2008).

A significant withdrawal of cardiac vagal tone, as indexed by HF-HRV, RMSSD, and
RSA was also observed. This result has been found by several others (Grossman et al., 1996;
Hjortskov et al., 2004; Jiang et al., 1993; Sloan et al., 1991) and suggests that increases in HR
with exposure to acute psychological stress is also a function of a release of the vagal brake on
the heart which could, via an increase in cardiac output, increase BP. No meta-analysis was
conducted on articles reporting parasympathetic blockade as only one report was found that met
inclusion criteria (Reyes del Paso et al., 1996). In this study, atropine had a small effect on heart
period changes to stress compared to the no drug condition. It is impossible to draw conclusions
from a single study with a single psychological stress task and a small sample (N=9). In
contrast, several studies have employed blockade with atropine and glycopyrrolate to probe
parasympathetic control of cardiac reactions to physical exercise (Fisher et al., 2006; Kahler,
Gaffney, & Braunwald, 1962; Martin et al., 1973; Ogoh et al., 2005; Robinson, Epstein, Beiser,
& Braunwald, 1966; Seifert et al., 2010). On the whole, results from these studies and those
using beta-blockade (Epstein, Robinson, Kahler, & Braunwald, 1965; Kahler et al., 1962; Martin
et al., 1973; Robinson et al., 1966) have suggested that the initial HR increase to exercise is
primarily vagal in nature with sympathetic activation occurring only at more intense levels of
exertion (Yamamoto, Highson, & Nakamua, 1992; Yamamoto, Hughson, & Peterson, 1991).
This would suggest that the autonomic control of cardiovascular activation during physical
activity and psychological stress differ somewhat. It is clear that additional parasympathetic
blockade studies are necessary to completely confirm the role of the parasympathetic nervous

system in stress reactivity. Such studies would optimally include multiple psychological
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stressors within a repeated measures design and could potentially take advantage of the differing
lipophilic properties of atropine and glycopyrrolate; the former crosses the blood brain barrier

whereas the latter remains in the periphery.

Sympathetic and parasympathetic influences may not be independent, however, as
several models of cardiovascular regulation exist that incorporate interactions between the
autonomic branches. The accentuated antagonism model suggests that background autonomic
tone may moderate transient changes in sympathetic or vagal activity. For example, sympathetic
HR effects have been shown to decrease with increasing levels of background vagal tone while
vagal effects become augmented in states of high background sympathetic activity (Uijtdehaage
& Thayer, 2000). The autonomic space model places the autonomic branches within a bivariate
space, rather than a single linear spectrum, such that each branch can change independently
allowing for a range of stress responses from co-activation to co-inhibition in addition to
reciprocal changes (Berntson, Cacioppo, & Quigley, 1993). Finally, the baroreflex, which has
been shown to modulate both sympathetic and vagal efferents (Chapleau, Cunnigham, Sullivan,
Wachtel, & Abboud, 1995; Lanfranchi & Somers, 2002), may represent the node at which
cortical activity and cardiovascular afferents integrate to modulate cardiovascular responses to
mental stress (Duschek, Werner, & Reyes del Paso, 2013). The outcome of the present
correlational analyses is consistent with the autonomic space model as the effects size for PEP, a
marker of cardiac beta-adrenergic activity, was indirectly related to overall parasympathetic
effect size suggesting reciprocity in the patterning of sympathetic activation and vagal
withdrawal on the heart. However, this does not preclude the possibility that the other models
hold merit as moderation analysis was not possible given statistical constraints and baroreflex

was not assessed in the present study.
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A vast literature supports the notion that extreme cardiovascular reactions to stress (i.e. blunted
and exaggerated) are associated with adverse health such as hypertension (Borghi et al., 1986;
Carroll et al., 1995; Carroll et al., 2003; Chida & Steptoe, 2010a; Everson et al., 1996; Jennings
et al., 2004; Markovitz et al., 1998; Markovitz et al., 1993), atherosclerosis (Everson et al., 1997,
Roemmich et al., 2011; Roemmich et al., 2009), and depression (Brindle et al., 2013; Carroll et
al., 2007; de Rooij et al., 2010; Ehrenthal et al., 2010; Phillips et al., 2010; Salomon et al., 2013;
Salomon et al., 2009; York et al., 2007). This, in part, undoubtedly reflects the ease and
inexpensiveness of HR and BP measurement. Substantially less attention has been paid to the
somewhat more demanding measurement of their upstream physiological determinants,
particularly in the context of health outcomes. It has been suggested that a shift in focus may
greatly facilitate translational psychophysiology in treatment development (Lane et al., 2009a;
Lane et al., 2009b). To that end, several directions for future research are provided. First, the
psychophysiological field has seen in recent years the incorporation of relatively novel research
methodologies (fMRI, Doppler echocardiography, sympathetic nerve microneurography) that
have allowed researchers to more directly measure basic physiological responses under stress
(Carter & Ray, 2009; Duschek & Schandry, 2003; Ginty et al., 2012; Sheu, Jennings, &
Gianaros, 2012). Such methodologies, in conjunction with other basic measures (i.e., end-organ
catecholamines, receptor physiology measures) permit the impact of acute psychological stress to
be analysed at multiple upstream physiological levels. This will allow for a more comprehensive
characterization of the basic physiology and physiological interactions responsible for end organ
measures such as HR or BP. Second, research should aim to examine the relationship between
more upstream physiological measures and disease. Given that HR and BP are multiply-

determined endpoints, variations in upstream reactions are unlikely to be entirely co-linear with
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variations in HR and BP and may provide stronger predictions of health outcomes. Finally,
given that cardiovascular reactivity has been shown to relate to distinct psychological constructs
such as personality (Howard, Hughes, & James, 2011; Krantz & Manuck, 1984; Vitaliano,
Russo, Bailey, Young, & McCann, 1993) and psychopathology (Carroll et al., 2007; Ginty et al.,
2012), research assessing the relationship between psychological factors and physiological

mechanisms would be informative.

The present study suffers from several limitations. First, with exception of the
sympathetic blockade data, all other data are cross-sectional making it impossible to draw causal
inferences. Second, due to software constraints subgroup-analyses were carried out using
unweighted effect sizes. This is not optimal as each study is treated with equal weight when
larger studies should be given a heavier weight since, in theory, these studies should be more
precise (Lipsey &Wilson, 2001). However, weighted and unweighted effect sizes were
qualitatively compared and generally were similar in magnitude. Finally, several overall and
subgroup analyses indicated significant publication bias. Where positive publication bias was
observed Rosenthal’s Failsafe N was calculated (Rosenthal, 1979; Rosenberg, 2005). This
statistic represents that number of manuscripts reporting null results that are needed to counter
the observed significant effect size. Results ranged from 84 (PEP) to 21645 (overall
cardiovascular reactivity) studies indicating that a substantial number of null results must exist in

the “file drawer” to negate the present results.

The present study is the first quantitative review of cardiovascular reactivity focusing on
the underlying autonomic basis of HR and BP stress reactions. The results implicate both the
sympathetic (B-adrenergic) and parasympathetic nervous systems in stress-induced

cardiovascular reactivity to a roughly similar extent. Understanding the mechanisms
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underpinning reactions to acute psychological stress is essential if psychophysiological research

is to progress our understanding of its links to behaviour and disease.
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Chapter 3

Abstract

Correlation dimension (D2), a measure of heart rate complexity, has been shown to
decrease in response to acute mental stress and relate to adverse cardiovascular health. However,
the relationship between stress-induced change in D2 and HR has yet to be established. The
present studies aimed to assess this relationship systematically while controlling for changes in
respiration and autonomic activity. In Study 1 (N = 25) D2 decreased during stress and predicted
heart rate reactivity even after adjusting for changes in respiration rate, and cardiac vagal tone.
This result was replicated in Study 2 (N = 162) and extended by including a measure of cardiac
sympathetic activity; D2 remained an independent predictor of HR reactivity in a hierarchical
linear model containing measures of cardiac parasympathetic and sympathetic activity and their
interaction. These results suggest that D2 may provide additional information regarding cardiac

stress reactivity above that provided by traditional measures of cardiac autonomic function.

Keywords: Correlation dimension; stress; heart rate; pre-ejection period; heart rate variability
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Introduction

It is now a widely accepted that individuals differ markedly in the magnitude of their
cardiovascular reactions to acute psychological stress and that such individual differences have
implications for both health and behavior (Chida & Steptoe, 2010; Phillips, Ginty, & Hughes,
2013; Treiber et al., 2003). Understanding the physiological determinants of cardiovascular
stress reactions thus becomes an important area of inquiry. Although a recent large-scale meta-
analysis implicated both the parasympathetic and sympathetic nervous systems in cardiovascular
responses to acute mental stress (Brindle, Ginty, Phillips, & Carroll, 2014), characterizing
individual differences in autonomic activity is difficult as the activity of the cardiac autonomic
nerves must be assessed indirectly in humans, and due to their inaccessibility it is not plausible to
make intra-neural recordings. Hence, researchers have had to rely on indirect measures of

autonomic activity.

Measures of HR variability, namely the spectral analysis variable of high-frequency
variability and its time domain analogue root mean square of successive differences (RMSSD),
have allowed researchers to gauge changes in cardiac vagal activity induced by acute mental
stress. On the whole, acute withdrawal of cardiac vagal influence has been observed during
stress leading to increased HR and augmented cardiac output (Brindle et al., 2014). However,
beta-adrenergic sympathetic activation has also been directly implicated in cardiac output
augmentation. Using pre-ejection period, a measure of myocardial contractility that can be
accurately captured using impedance cardiography or Doppler ultrasonography (Cacioppo,
Uchino, Berntson, 1994), studies have shown that cardiac reactivity to psychological stress is
also the result of beta-adrenergic sympathetic activation (Brindle et al., 2014). Focusing on

adaptation to recurrent stressors Kelsey and colleagues (2001, 2004) showed when evaluation
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observation disrupted the adaptation process the rebound in HR reactivity was accompanied by a
resurgence of beta-adrenergic activation. In addition, in a series of studies examining challenge
and threat appraisals to mental stress it was found that challenge appraisals were often
characterized by augmented heart rate and pre-ejection (PEP) reactions, further implicating the
beta-adrenergic sympathetic nervous system in cardiovascular reactivity (Tomaka, Blascovich,
Kelsey, & Leitten, 1993; Tomaka, Blascovich, Kibler, & Ernst, 1997).

However, a notable amount of inter-individual variability in cardiovascular reactivity
remains unaccounted for; variability that could potentially lend insight into stress-disease
associations. Emerging evidence suggests that cardiac pacemaker cells in the sino-atrial node
can operate in a seemingly non-linear or chaotic manner due to the convergence of autonomic,
hormonal, and hemodynamic influences (Hagerman, Berglund, Lorin, Nowak, & Sylvén, 1996;
Lipsitz, 1995; Wagner, & Persson, 1998) and this has prompted some researchers to examine the
effect of acute stress on measures of HR complexity. This class of cardiac measures, based on
nonlinear dynamics and chaos theory, characterize the dynamic properties of the HR generating
system (for reviews please refer to Acharya, Joseph, Kannathal, Lim, & Suri, 2006; Goldberger
et al., 2002a; Goldberger, Peng, & Lipsitz, 2002b, Hagerman et al., 1996; Wagner & Persson,
1998).

Although various HR complexity measures have been shown to be perturbed by acute
stress (Anishchenko, Igosheva, Yakusheva, Glushkovskaya-Semyachkina, & Khoklova, 2001;
Brisinda, Fioravanti, Sorbo, Venuti, & Fenici, 2015; Melillo, Bracale, & Pecchia, 2011), the
correlation dimension (D2) appears to be particularly relevant in the context of mental stress.
First, studies have shown D2 to decrease during acute mental stress episodes. A study by

Schubert and colleagues (2009) observed a significant decrease in D2 during an acute socially
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evaluative speech task and reported a negative association between baseline D2 and a self-
reported measure of chronic stress. In the field, D2 derived from ambulatory ECG traces was
significantly lower during a university exam compared to a holiday period (Melillo, et al., 2011).
Taken together, these data support the notion that D2 is sensitive to mental stress and to some
extent generalizes outside the laboratory. Second, clinical research has shown D2 to be
particularly relevant in the context of myocardial ischemia and ventricular fibrillation, conditions
also associated with increased mental stress and mental stress induced sudden cardiac death
(Kamarck & Jennings, 1991; Lampert, Joska, Burg, Batsford, McPherson, & Jain, 2002; Lane et
al., 2005). D2 has been reported to significantly decrease in response to myocardial ischemia
and hours to minutes before ventricular fibrillation in animals (Skinner, Carpeggiani, Landisman,
& Fulton, 1991) and humans (Skinner, Pratt, & Vybiral, 1993) as well as predict the onset of
ventricular fibrillation in prefibrillation heart rate data of arrhythmia patients (Kroll & Fulton,
1991).

Although D2 has been shown to decrease under mental stress, no study has addressed the
relationship between stress-induced changes in HR and D2. Two studies are reported that
address this relationship. The aims of the studies were two-fold. First, they were concerned with
determining if D2 reactivity related to stress-induced changes in HR and whether controlling for
changes in RMSSD and respiration rate influenced the relationship. Second, the studies
attempted to determine whether changes in D2 withstood further adjustment for changes in PEP

and the interaction between RMSSD and PEP.
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Study 1

Methods

Participants and Experimental Design

Twenty five healthy individuals (Mean age (SD) = 19.77 (3.86); 50% female) were
recruited for the present study. Potential participants were excluded if they reported having a
history of cardiovascular or metabolic disease or had previously participated in the psychological
stress protocol. All participants were required to refrain from alcohol and vigorous exercise 12
h, caffeine 2 h, and food and drinks other than water 1 h before testing. They received
participation credit and the study was approved by the University of Birmingham Ethics
Committee.

Upon arrival to the laboratory anthropometric measures were completed and participants
sat quietly while being instrumented. Participants then completed a standardized 8-min
adaptation period before data was obtained during a formal 8-min baseline and an 8-min Paced
Auditory Serial Addition Test (PASAT; Gronwall, 1977). During the baseline period,
participants were asked to remain seated and rest quietly, while during the PASAT participants
were required to consecutively add single digit numbers, presented via CD recording, while
remembering the most recent number so that it may then be added to the next number presented.
Participants answered via a keypad and numbers were presented at increasing speeds beginning
with an inter-number interval of 4.0 seconds that decreased by 0.5 seconds every two mins. The
PASAT was chosen in the present study as it has been shown to reliably perturb cardiac activity
(Mathias, Stanford, & Houston, 2004; Ring, Burns, & Carroll, 2002), through both vagal
withdrawal (Brindle et al., 2014; Mezzacappa, Kelsey, Katikin, & Sloan, 2001) and beta-

adrenergic sympathetic activation (Kelsey et al., 2000; Rousselle et al., 1995; Winzer, Ring,
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Carroll, Willemsen, Drayson, & Kendall, 1999), and demonstrate acceptable test-retest reliability
(Ginty, Gianaros, Derbyshire, Phillips, & Carroll, 2013; Willemsen et al., 1998). Participants
completed a brief questionnaire (Knafner et al., 2011) immediately upon completion of the task,
which required them to rate task stressfulness on a standard Likert scale ranging from 1-10
anchored by “not at all stressful” to “extremely stressful.” PASAT score, an index of task
performance, was calculated by subtracting 5 points for every wrong or unanswered question

from a starting value of 1000.

Physiological Measurements

Heart rate and respiration rate were measured continuously during all task phases via
three-lead ECG and a leak-free respiratory mask and gas analyzer (ML206; ADInstruments,
Bella Vista, NSW, Australia), respectively. All data were continuously sampled at 200 Hz using
an analogue-digital converter (PowerLab, ADInstruments) and analyzed offline using LabChart
software (Version 7, ADInstruments). Continuous data from each phase (i.e., baseline, stress)
was used to calculate phase means for HR, respiration rate, and HR variability and complexity

measures. Reactivity was defined as the difference between stress and baseline phase means.

Cardiac Data Processing

Raw ECG data was visually inspected for artifacts. Following removal of artifacts, RR
interval data was subjected to analysis using Kubios HRV 2.0, a software suite specifically
designed for the analysis of human HRV and complexity (Tarvainen & Niskanen, 2008).
RMSSD of the RR intervals was used as an index of cardiac parasympathetic activity as it has
been shown to capture high frequency changes in HR variability which positively relate to
cardiac parasympathetic control (Kleiger et al., 1991; Task Force of the ESC and NAPE, 1996).
D2 was calculated using the algorithms outlined by Tarvainen & Niskanen (2008).
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Statistical Analysis

Repeated-measures (baseline, stress) ANOVAs were used to confirm that the acute stress
exposure significantly perturbed HR and other HR measures. Individual simple linear
regressions were used to assess the associations between D2 and RMSSD change scores and HR
reactivity. Next, individual hierarchical regressions were undertaken to control for respiration
rate, BMI, PASAT score and baseline HR as these measures have been shown to influence HR
reactivity (Carroll et al., 2000; Carroll, Phillips, & Der, 2008; Ginty, Phillips, Roseboom,
Carroll, & de Rooij, 2012b). HR reactivity was again the outcome variable, changes in
respiration rate and other control variables were entered at step 1 and D2 or RMSSD were then
entered at step 2. Finally, all remaining significant cardiac autonomic predictor variables were
then entered into a single regression model to assess their independent contributions to HR
reactivity. Differences in participant number as noted in the tables reflect occasional missing

data.
Results

Participants
The mean (SD) BMI was 22.46 (3.20) kg/m?. Participants achieved a mean score of

878.15 (86.98) on the PASAT and reported an average task stressfulness of 5.08 (1.98).

Cardiovascular, Autonomic, and Respiratory Reactions to Acute Stress

Repeated measures (baseline, stress) ANOVA revealed a significant increase in HR,
F(1,25) = 27.08, p <.001, n? = .520, respiration rate, F(1,25) = 37.09, p <.001, n? = .597, and a
significant decrease in D2, F(1,24) = 9.06, p =.006 .001, n? = .274 and RMSSD, F(1,24) = 8.77,

p=.007.001, n?> =.268 (Table 3.1).
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Table 3.1 Cardiac descriptive statistics Study 1

Mean (SD)
Baseline Stress
HR (beats/min) 73.19 (10.99)  80.40 (12.90)
RMSSD (ms) 63.43 (36.66)  49.58 (45.79)
Correlation Dimension (ms) 3.41 (1.11) 2.65 (1.56)

Respiration Rate (breaths/min) 16.46 (2.22) 20.78 (4.06)

Autonomic Correlates of Heart Rate Reactivity
Both RMSSD, r =-.688, p <.001, and D2, r =-.563, p =.003, significantly correlated with

HR reactivity. Changes in respiration rate did not significantly relate to HR reactivity (p =.64)

Autonomic Predictors of Heart Rate Reactivity

Unadjusted regression models revealed that D2, B = -.56, p =.003, AR? = .317 and
RMSSD, B =-.69, p <.001, AR? = .473, were significant predictors of HR reactivity (Table 3.2).
In all cases, decreases in each cardiac autonomic variable were associated with increased HR
reactivity. In models that were adjusted for changes in respiration rate and other confounders,
D2 and RMSSD both continued to predict HR reactivity. When both autonomic predictors were
included in a single model, with changes in respiration rate, both measures independently

predicted HR reactivity (Table 3.2).
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Table 3.2 Predictors of heart rate reactivity Study 1

B t p AR?

Individual Models
RMSSD (n = 25)

Unadjusted -69 -454 <001 .473

Adjusted .69 -400 =001 .424
Correlation dimension (n = 25)

Unadjusted -56 -3.27 =003 .317

Adjusted -66 -3.65 =.002 .382
Full Model (n=25)
RMSSD -57 -4.04 =.001
Correlation Dimension -41  -278 =.011 615

Sensitivity Analysis: Other HR Complexity Measures

Chapter 3

As several other HR complexity measures have been shown, in some circumstances, to

be perturbed by acute mental stress (Anishchenko et al., 2001; Brisinda et al., 2015; Melillo et

al., 2011) stress-induced change scores were also derived for SD1, SD2, DFal, DFa2, and ApEn

using previously outlined algorithms (Tarvainen & Niskanen, 2008). Pearson’s correlations

were undertaken to assess the relationship between stress-induced changes in these measure and

HR reactivity. DFal (r=0.599, p =.002), SD1 (r = -0.688, p <.001), and SD2 (r = -0.414, p =

.039), were all related to HR reactivity; SD2 and ApEn were not (all p >.05). Intercorrelations

among HR variability and complexity measures were also undertaken (Appendix Il Table 3.6).
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Summary

The PASAT significantly increased HR and decreased RMSSD and D2. RMSSD and D2
were predictors of HR reactivity when various control variables, including changes in respiration
rate, were accounted for and both independently predicted HR reactivity when entered into a

single linear model.

Study 2

Methods

Participants

Adolescent participants (N = 185) were recruited from local high schools proximal to the
University. Data from 9 participants were unusable due to signal acquisition problems resulting
in a final sample of 176 participants (age, M = 18.04, SD = 0.43; 82% female). Exclusion
criteria included history of cardiovascular or metabolic disease and participants were required to
refrain from alcohol and vigorous exercise 12h, caffeine 2h, and food and drinks other than water
1h before testing. All participants and legal guardians, if participants were under 18, gave
informed consent. Participants received £10 for study participation. The study was approved by

the University Ethics Committee.

Procedure
Height and weight were measured on arrival at the laboratory and body mass index
(BMI) calculated. Participants were then asked to recline in a lateral decubitus position while

ECG electrodes were attached and the Doppler probe positioned. After a 10-min adaptation
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period, participants were asked to rest quietly for a 10-min formal baseline period, followed by a
10-min stress phase, in which participants undertook the PASAT. Afterwards, participants
completed a brief questionnaire regarding task stressfulness. Participants responded on a
standard Likert scale ranging from 0-6 anchored by “not at all” and “extremely” (Khanfer,

Carroll, Lord, & Phillips, 2012).

Acute Psychological Stress Task

A similar PASAT was used to that of Study 1 with some modifications to enhance task
stressfulness. The PASAT was 10 min in length and was presented at a faster speed beginning at
2.5 sec intervals and shortening 0.5s every 2 mins. In addition, an experimenter overtly recorded
every answer, and participants were informed that in response to wrong answers or hesitation,
they would hear brief bursts of loud aversive noise. Participants were required to watch
themselves in a mirror and were videotaped so that “body language experts” could assess anxiety
levels. In reality, participants were not videotaped and were given a standardized number of
noise bursts which were administered every 10 numbers, coinciding with wrong answers or

hesitation where possible (Ginty, Phillips, Higgs, Heaney, & Carroll, 2012a).

Cardiovascular Measures

Continuous ECG data, digitized at 1000Hz was collected during the same task phases as
Study 1 using Grass amplifier (Grass P511, Grass Instruments, USA), CED Power1401 and
Spike 2 software (Cambridge Electronic Design, Cambridge, UK). Using the same protocol as
Study 1 HR, D2, and RMSSD were derived from the ECG trace. PEP was measured using a
Philips Sonos 7500 ultrasound machine with a S3 two dimensional transducer (1-3MHz). Digital
images of spectral waveforms were recorded for offline processing. For each measurement point

averages were obtained from 3 or more recorded waveforms; phase means were derived from the
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measurement point averages in each phase. An apical five-chamber view was used to identify
blood flow through the aortic valve during systole. The velocity profile of aortic flow was
captured immediately below the orifice of the aortic valve (2.0mm sample volume) using pulsed-
wave spectral mode at a screen sweep speed of 100mm/s. PEP was quantified using the velocity
time integral and overlaid ECG trace to measure the elapsed time between the onset of
ventricular depolarization (beginning of QRS complex) and ventricular ejection (beginning of
velocity profile). Relatively high correlations have been reported between measures of PEP
derived from echo- and impedance cardiography (Carvalho et al., 2010; Cybulski, Michalak,
Kozluk, Pigtkowska, & Niewiadomski, 2004). Finally, to account for interactions between the
parasympathetic and sympathetic branches of the autonomic nervous system an interaction term

(INT) was created using the mean-centered change scores of RMSSD and PEP.

Statistical Analysis

The same statistical analyses were carried out as in Study 1.

Results

Participants
The mean (SD) BMI was 23.40 (4.51) kg/m?. Participants achieved a mean score of

600.20 (177.65) on the PASAT and reported an average task stressfulness of 4.42 (1.12).

Cardiovascular and Autonomic Reactions to Acute Stress
Repeated measures (baseline, stress) ANOVA revealed that the PASAT significantly
increased HR, F(1,160) = 427.66, p < .001, n?> =.728. Significant decreases in D2, F(1,160) =

55.26, p <.001, 12 = .257, RMSSD, F(1,160) = 122.56, p <.001, 2 = .434, and PEP, F(1,160) =
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223.15, p <.001, n? = .582, were also observed in response to stress (for summary statistics see
Table 3.3). No main effect of stress was observed for the INT, F(1,160) = 0.01, p=.92,n? =<
.001.

Table 3.3 Cardiac descriptive statistics Study 2

Mean (SD)
Baseline Stress
HR (beats/min) 7452 (12.09)  90.70 (14.78)
RMSSD (ms) 64.31 (42.96)  34.60 (26.51)
PEP (ms) 0.091 (0.012)  0.077 (0.015)
INT 0.07 (0.49) 0.09 (1.79)

Correlation dimension 3.09 (1.38) 2.05 (1.53)

Autonomic Predictors of Heart Rate Reactivity

Unadjusted regression models revealed that D2, B = -.40, p <.001, AR? = .163, RMSSD,
B=-.36,p<.001, AR?=.126, PEP, B = -.63, p <.001, AR? = .392, and INT, B = -.17, p = .03,
AR? =028, were all significant predictors of HR reactivity (Table 3.4). All measures were
negatively related to HR reactivity. In models that were adjusted for HR baseline, BMI, PASAT
score, and gender, D2, RMSSD, PEP, and INT all continued to predict HR reactivity. When all
autonomic predictors were included in a full single model only RMSSD, PEP, and D2

independently predicted HR reactivity (Table 3.5).
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Table 3.4 Individual predictors of heart rate reactivity Study 2

p t p AR?

RMSSD (n = 176)

Unadjusted -.36 -4.79 <.001 126

Adjusted -.34 -4.56 <.001 .099
PEP (n = 162)

Unadjusted -.63 -10.12 <.001 392

Adjusted -.63 -10.04 <.001 .350
INT (n = 162)

Unadjusted -.17 -2.16 .03 .028

Adjusted -.28 -2.97 .003 048
Correlation dimension (n = 176)

Unadjusted -.40 -5.57 <.001 163

Adjusted -41 -5.78 <.001 149

Table 3.5 Full regression model of heart rate reactivity Study 2 (n = 162)

B t p AR?
RMSSD -.27 -4.93 <.001 339
PEP -51 -8.89 <.001 107
INT -11 -1.78 .076 -.017
Correlation dimension -.28 -4.91 <.001 .108
Full Model 537
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Sensitivity Analysis: Other HR Complexity Measures

As in Study 1, DFal(r = 0.369, p <.001), SD1(r =-0.358, p <.001), and SD2 (r = -0.246,
p =.001) were related to HR reactivity. In contrast to Study 1, DFa2 (r =0.509, p <.001), and
ApEnN (r =-0.639, p <.001), were also related to HR reactivity. Intercorrelations among HR

variability and complexity measures were also undertaken (Appendix 1l Table 3.7).

Summary
Results from Study 2 are consistent with Study 1. A significant decrease in D2 was again
observed in response to acute mental stress and D2 independently predicted HR reactivity even
after controlling for several cardiac and non-cardiac confounders. The results also extend the
findings of Study 1 by showing that D2 remained an independent predictor of HR reactivity to
mental stress when both cardiac parasympathetic and sympathetic activity and the interaction

between the autonomic branches were taken into account.

Discussion

With the present study we sought to examine whether D2, a measure of HR complexity,
accounted for a significant portion of the variance in HR reactivity to acute psychological stress
when measures of cardiac sympathetic and parasympathetic activity, indexed by PEP and
RMSSD, respectively, were accounted for. In the Study 1 it was demonstrated that D2 predicted
HR reactivity above and beyond RMSSD, even when changes in respiration rate were taken into
account. This finding is consistent with those of Schubert and colleagues (2009) who reported
that stress-induced changes in D2 withstood adjustment for respiratory activity. Study 2

included a measure of cardiac beta-adrenergic activity and results showed that D2 still accounted

96



Chapter 3

for a unique portion of the variation in HR reactivity when RMSSD, PEP, and their interaction

term were included in a single regression model.

The finding of reduced HR complexity under stress accords with others who have
reported decreased HR complexity in response to acute mental (Melillo et al., 2011; Schubert et
al., 2009), performance (Williamon et al., 2013), and physical (Butler, Yamamoto, & Highson,
1994; Hagerman et al., 1996; Osaka, Saitoh, Atarashi, & Hayakawa, 1993) stress. Presently, the
basic physiological meaning of transient stress-induced reductions in HR complexity remains
unclear. However, the clinical significance of D2 is better established and may provide some
insight into the physiological underpinnings of D2. For example, D2 appears to be related to the
electrical stability of the heart. Both environmental and acute stresses have been shown in
animals and humans to modulate the electrical stability of the heart. In rats, a social defeat
model of stress produced a significant increase in isolated ventricular premature beats (Sgoifo et
al., 1999), whereas in dogs, a restraint model of stress significantly reduced the stimulation
threshold for repetitive extrasystole (Verrier & Lown, 1984). In humans, mental stress (for
review see Taggert, Boyett, Logantha, & Lambiase, 2011) has been reported to significantly
increase the presence T-wave alternans (Kop et al., 2004, Lampert et al.,2005), a marker of
cardiac electrical instability, increase ventricular premature beats (Lown & DeSilva, 1978), and
cause myocardial ischemia (Strike & Steptoe, 2003), which can compromise cardiac electrical
stability through changes in ion concentration and tissue conduction (Opie, 1985; James,
Taggert, McNally, Newman, Sproton, & Hardman, 2000). Also, a substantial body of literature
exists showing an association between stress and sudden cardiac death from ventricular
arrhythmia, a clinical condition with etiological roots in the electrical stability of the heart

(Kamarck & Jennings, 1991; Lampert, Joska, Burg, Batsford, McPherson, & Jain, 2002; Lane et
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al., 2005). Consistent with the notion of D2 relating to cardiac electrical stability, D2 has been
reported to decrease significantly in response to myocardial ischemia and before ventricular
fibrillation in animals (Skinner, Carpeggiani, Landisman, & Fulton, 1991) and humans (Skinner,
Pratt, & Vybiral, 1993) as well as predict the onset of ventricular fibrillation in prefibrillation

heart rate data of arrhythmia patients (Kroll & Fulton, 1991).

Efforts have been made to determine the physiological underpinning of HR generation
under stress and there are currently two prominent models of HR stress reactivity. Based on data
collected using single and double pharmacological blockades Stemmler and colleagues (1991)
advanced a theoretical 6-variable quantitative model of HR reactivity that accounted for the
influence of basal HR, a- and -adrenergic activity, cholinergic influence, as well as interactive
effects, and residual effects which they defined as local tissue influences (i.e., metabolic effects).
However, when employed to analyze blockade data, a restrictive model was employed that
omitted interaction and residual terms. This model was expanded upon by Berntson and
colleagues (1991, 1993, 1994) who developed the concept of autonomic space to account for the
origins of cardiac reactions to acute psychological stress. This model positioned sympathetic and
parasympathetic cardiac control in a 2-dimensional space where changes in HR reactivity could
result from a number of autonomic changes ranging from independent changes in a single
autonomic branch to co-activation, or reciprocal activation of the autonomic branches. Although
this model represented an advance in that it formally acknowledged and accounted for the
possibility that the sympathetic and parasympathetic nervous systems may interact, it took no
account of the possibility of non-linear influences on HR generation during acute stress

exposure. In the present study, D2 continued to predict HR reactivity even when RMSSD, PEP,
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and INT were accounted for suggesting that a fuller account of the origins of HR stress reactivity

should also include measures of complexity such as D2.

A few examples of non-linear physiological mechanisms, that have been shown to be
relevant in the context of behavioral stress, include accentuated antagonism, baroreflex function,
and central processing. Accentuated antagonism is the autonomic interaction by which increases
in sympathetic activity have a lesser chronotropic influence at higher levels of parasympathetic
activity and increases in parasympathetic activity have greater chronotropic influence at high
levels of sympathetic activity (Levy, & Zieske, 1969; Warner, & Russell, 1969). This interaction
was shown in a small study to be relevant in the context of behavioral stress as a significant
interaction between left ventricular ejection time and respiratory sinus arrhythmia, indicators of
sympathetic (McCubbin, Richardson, Langer, Kizer, & Obrist, 1983; Schachinger, Weinbacher,
Kiss, Ritz, & Langewitz, 2001) and parasympathetic function, respectively, was found to
contribute, alongside sympathetic and parasympathetic influences, to the chronotropic response
to a battery of behavioral stressors (Uijtdehaage, & Thayer, 2000). D2, in the current study,
continued to predict HR reactivity even when this autonomic interaction, modelled using INT,
was taken into account. Similarly, the baroreflex, which modulates HR in response to acute
changes in blood pressure (Chapleau, Cunnigham, Sullivan, Wachtel, & Abboud, 1995;
Gianaros, Onyewuenyi, Sheu, Christie, & Critchley, 2012; Head, & McCarty, 1987), has been
implicated in cardiovascular reactions to acute psychological stress (Forsman, & Lindblad, 1983;
Sleight, Fox, Lopez, & Brooks, 1978; Stephenson, 1984; Steptoe, & Sawada, 1989). Finally,
cortical and subcortical brain regions have been directly implicated in the modulation of HR in
response to stress with some regions exerting positive and others negative chronotropic influence

(Wager, et al., 2009a; Wager, et al., 2009b). It should be noted that these are just a few of the
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possible non-linear cardiac influences and that other modulators (e.g., receptor physiology;
Marsland et al., 1995; Mills & Dimsdale, 1991; Mills, Dimsdale, Ziegler, Berry, & Bain, 1990;
Pacék et al., 1989) may impact HR under behavioral stress but remain to be more fully

characterized in this context.

Our overall study is not without limitations. First, respiratory parameters were not
measured in Study 2 and, accordingly, the influence of changes in respiration rate during stress
on the D2 response could not be assessed. However, previous studies of D2 and respiration have
produced mixed results (Kanters, et al., 1997; Mangin, et al., 2008; Schubert et al., 2009), and in
Study 1 we found that D2 predicted changes in HR even when changes in respiration rate were
controlled for. Second, no clinical endpoints were included in these studies, as they focused on
young healthy participants. Accordingly, the relationship between changes in D2 and clinical
outcomes could not be assessed. As decreases in D2 have been shown to precipitate adverse
cardiac events and stress was found in both studies to decrease D2, further research, using large
epidemiological datasets, should be undertaken to assess the relationship between stress-induced
changes in D2 and clinical outcomes. Third, an argument could be made that multicollinearity
exists between RMSSD and D2. However, in neither study were RMSSD and D2 signficantly

correlated (Study 1 r =.286, N = 25; Study 2 r = -.010, N = 176).

The advent of HR complexity measures has made possible further progress in
characterizing HR generation during acute stress exposure by facilitating quantification of
cardiac influences not captured by traditionally used measures (e.g., RMSSD, PEP, RMSSD x
PEP interaction). D2 quantifies the number of underlying functional components responsible for
a HR time series and may, accordingly, provide insight into stress-induced cardiac change above

that gained by measures of cardiac sympathetic and parasympathetic activation. However,
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current models of cardiac reactivity have largely neglected HR complexity variables. As stress-
induced decreases in D2 significantly predicted HR reactivity and remained an independent
predictor when measures of cardiac sympathetic and parasympathetic activity and their
interaction were controlled for, this study provides evidence to support the inclusion of such
measures in models of cardiac stress reactivity. In addition, since decreases in D2 have been
shown to predict adverse cardiac events linked to altered electrical stability of the heart future

research should aim to evaluate if stress-induced changes in D2 hold clinical value.
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Chapter 4

Abstract

Allostatic load has been discussed as a possible mechanism linking chronic stress to
blunted cardiovascular stress reactivity later in life. However, no study has directly tested the
relationship between measured allostatic load and cardiovascular reactivity. In fifty-four
participants baseline physiological allostatic load was computed using: baseline measures of
heart rate, systolic and diastolic blood pressures, epinephrine and norepinephrine, 2-adrenergic
receptor density, waist-hip ratio, body-mass index, and estimated cardiorespiratory fitness.
Participants completed acute mental arithmetic and cold pressor stress tasks while heart rate and
blood pressure were measured. Allostatic load score was significantly related to heart rate
reactivity to mental arithmetic only; the greater the allostatic load, the lower the cardiac stress
reactivity. This relationship remained significant after controlling for task engagement and
performance, and symptoms of depression. These results are consistent with the notion that
blunted stress reactivity is a marker of physiological dysregulation and provides unique support
for the idea of allostatic load as a candidate mechanism linking chronic stress to blunted stress

reactivity later in life.

Keywords: Allostatic load, cardiovascular reactivity, mental stress, cold pressor
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Introduction

Accumulating evidence suggests that chronic stress is associated with atypical
physiological responses to acute stress later in life. For example, although some reports exist
that link childhood trauma to exaggerated cardiovascular and cortisol reactivity (Heim, et al.,
2000; Leucken, 2000), emerging evidence from both laboratory based studies (Carpenter et al.,
2007; MacMillan et al., 2009) and epidemiological datasets (Lovallo, Farag, Sorocco, Cohoon, &
Vincent, 2012) appears to support the notion that blunted cardiovascular and cortisol responses
to acute psychological stress are characteristic of individuals who report having experienced
childhood trauma. Similar evidence exists also for trauma experienced in adulthood (DePierro,
D’Andrea, & Pole, 2013). Moreover, reporting a high number of number of negative life events
also appears to be associated with blunted cardiovascular stress reactivity in adults (Phillips,
Carroll, Ring, Sweeting, &West, 2005). Finally, a recent meta-analysis of over 700 studies
provided evidence that high levels of general life stress and job stress relate to blunted blood
pressure (BP) reactivity, although sub-group analyses tended to produce mixed results (Chida &

Hamer, 2008).

The allostatic load model has been discussed in the context of chronic stress (Gallo,
Jiménez, de los Monteros, & Mills, 2011) and childhood trauma (Danese & McEwen, 2011) and
may offer insight into the mechanism by which chronic stress and childhood trauma impact on
acute stress responding. The model, which is grounded in Selye’s “paradox of stress” (1936),
does not emphasize the traditional notion of homeostasis and negative feedback regulation, but
rather views physiology through the lens of allostasis (Sterling & Eyer, 1988). Accordingly,
instead of regulating biological systems up or down relative to an unchangeable set point (i.e.,

homeostasis), biological systems instead, induced by environmental stimuli, constantly shift

116



Chapter 4

between allostatic states that have different set points, thus allowing an organism to more readily
cope with environmental demands (Sterling, 2012). However, whereas allostasis is acutely
adaptive, repeated or prolonged allostasis, as in the case of traumatic events or chronic stress, can
induce a state of allostatic load in which functionality is compromised (McEwen, 1998).
Particularly relevant to the current discussion, McEwen (1998) pointed out that one functional

phenotype indicative of allostatic load is that of an inadequate stress response or hypoactivation.

The allostatic load model has been shown to be robust in predicting adverse health
outcomes. In practice, due to the model’s multisystem approach, biological markers from
various domains (cardiovascular, neuroendocrine, metabolic, anthropometric, immune, etc.) are
measured and a single composite score is computed such that a higher score is indicative of
greater allostatic load (Juster, McEwen, & Lupien, 2010). Using this method, high levels of
allostatic load have been shown to predict physical and cognitive decline (Seeman, McEwen,
Rowe, & Singer, 2001) and all-cause mortality (Karlamangla, Singer, & Seeman, 2006); all of
which, with the exception of mortality, have also been linked to blunted cardiovascular stress

reactivity (Bennett, Blissett, Carroll, & Ginty, 2014; Phillips, Ginty, & Hughes, 2013).

Given that chronic stress increases allostatic load, and relates to blunted stress reactivity,
and both allostatic load and blunted reactivity relate to similar health and behavioral outcomes, it
is reasonable to speculate that blunted cardiovascular reactivity may relate to increased allostatic
load. Two studies provide reason to believe such a relationship should exist. First, in a sample
of over 200 adolescents, a social allostatic load index, computed from various social domains
(e.g., housing conditions, family dynamics, exposure to violence), was inversely related to
cardiovascular reactivity, such that higher social allostatic load predicted blunted cardiovascular

stress reactivity (Evans, Kim, Ting, Tesher, & Shannis, 2007). Second, in a case-controlled
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study, patients with diabetes, in response to mental stress, displayed blunted cardiovascular and
cortisol reactivity and were also characterized by higher levels of life stress, and higher daily
interleukin-6 and cortisol compared to healthy controls. The authors interpreted such stress
reactions as a manifestation of augmented allostatic load in the diabetic sample (Steptoe,
Hackett, Lazzarino, Bostock, Marca, & Carvalho, 2014). However, no formal allostatic load

index was computed.

Consequently, the present study aimed to examine directly the relationship between
physiological allostatic load and cardiovascular stress reactivity in a sample of healthy young
adults; this sample being chosen as the basic mechanisms of allostatic load are likely to be
minimally confounded by disease processes. An allostatic load index was computed from nine
biomarkers in the cardiovascular (resting systolic (SBP) and diastolic (DBP) blood pressure,
resting heart rate (HR), and estimated cardiorespiratory fitness), neuroendocrine (resting
norepinephrine, epinephrine and p2-adrenergic cell receptor density) and anthropometric (waist-
hip ratio and BMI) domains and cardiovascular reactivity was recorded in response to two acute
stress tasks: mental arithmetic and cold pressor. These two tasks were chosen specifically to
examine whether the relationship between allostatic load and cardiovascular stress reactivity
varied as a function of task type, the former being an active stressor and the latter a passive
stressor (Salomon, Bylsma, White, Panaite, & Rottenberg, 2013). Some evidence suggests that
blunted cardiovascular reactivity only manifests in response to active stressors (Salomon et al.,
2013; Schwerdtfeger & Rosenkaimer, 2011). Hence, based on the available evidence it was
hypothesized that high allostatic load would relate to blunted cardiovascular reactivity to the

mental arithmetic stressor but not the cold pressor.
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Methods

Participants

Fifty-four participants were recruited for the present study from around the University
community. Participants were required to refrain from alcohol and vigorous exercise 12h,
caffeine 2h, and food and drinks other than water 1h before testing. Participants with a history of
cardiovascular or metabolic disease were excluded. Participants received coursework credit and

the study was approved by the University of Birmingham Ethics Committee.

Procedure

Upon arrival to the laboratory, anthropometric measures were taken and participants
completed the Hospital Anxiety and Depression Scale (HADS) and the physical activity
assessment. Participants were then asked to sit quietly while a cannula was inserted into the
antecubital vein for blood sampling and blood pressure cuff was attached. After establishing the
cannula, participants sat quietly for a standard 20-min adaptation period before engaging in two
acute stress tasks: the Paced Auditory Serial Addition Task (PASAT) or cold pressor task,
counterbalanced across participants. Each task was self-contained in that each task had its own
baseline and stress phase and an additional standard 10-min rest period separated the tasks.
During the baseline phase participants were asked to sit quietly and during each stress phase they
completed the PASAT or cold pressor tasks. After task completion, participants completed a

brief questionnaire about the task.

Questionnaire
The HADS (Zigmond & Snaith, 1983) is an established 14-item scale comprising 7-items

measuring depression, with emphasis on anhedonia, not somatic manifestations, and 7-items
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measuring anxiety. In the current study the Cronbach alpha coefficient was .68. Following the
conclusion of each stress task, participants rated task stressfulness and engagement on standard
Likert scales ranging from 1-10 and 1-6, respectively, both anchored by “not at all” and

“extremely.”

Acute Psychological Stress Tasks

The present version of the Paced Auditory Serial Arithmetic Test (PASAT; Gronwall,
1977) is a 10-min socially evaluative mental arithmetic task that has been shown to reliably
perturb cardiovascular function through both parasympathetic and sympathetic mechanisms
(Ginty, Gianaros, Derbyshire, Phillips, & Carroll, 2013; Ring, Burns, & Carroll, 2002). Single
digit numbers were presented via CD player and participants were required to add consecutive
integers while retaining the most recent number in memory so that it could be added to the next
number presented. In order to enhance task stressfulness, during the task, an experimenter
overtly scored the participants performance and provided a standard number of aversive noise
bursts that the participant was told corresponded to wrong answers. In addition, participants
were required to continuously watch themselves on a television screen and were told that they
were being recorded for body language analysis and that they were competing against other
participants whose scores were displayed on a scoreboard in front of the participant. PASAT
score, an index of task performance, was calculated by subtracting 5 points for every wrong or
unanswered question from a starting value of 1000.

The cold pressor task (Hines & Brown, 1936) required participants to immerse one hand,
up to the wristfold, in 0-1°C water for 2min. This task has been shown to reliably elicit a

cardiovascular response (Allen, Sherwood, Obrist, Crowell, & Grange, 1987), mainly though
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alpha-adrenergic mechanisms and peripheral vasoconstriction (Ring, Harrison, Winzer, Carroll,

Drayson, & Kendall, 2000). The tasks were counterbalanced across participants.

Cardiovascular Measures

HR, SBP, and DBP were measured discretely at 2-min intervals during the baseline and
stress phases using a semi-automated sphygmomanometer (Critikon Inc., Tampa, FL) and blood
pressure cuff placed over brachial artery on the non-dominant arm. Four measurements (minutes
1, 3, 5, and 7) were taken during the baseline and stress phases of the PASAT and two
measurements (minutes 0 and 2) were taken during the baseline and stress phases of the cold
pressor task. Phase measures were averaged to create baseline and stress phase means for each

task. Stress reactivity was defined as the difference between stress and baseline phase means.

Allostatic Load Index

An allostatic load composite index score was calculated using nine variables spanning
three commonly measured biological domains (Juster, McEwen, & Lupien, 2010):
neuroendocrine, cardiovascular, and anthropometric. All these measures were standardized to z-
scores and cardiorespiratory fitness (CRF) was multiplied by -1 to keep scaling across the
variables consistent. The sum of the nine standardized factors constituted the allostatic load
index. This method is commonly used to derive allostatic load and cardiometabolic risk and is
scaled such that higher scores indicate higher allostatic load (Jennings, Heim, Kuan, Gianaros,
Muldoon, & Manuck, 2013; Juster et al., 2010). In addition, this method has been recommended
in the context of allostatic load, as it preserves the continuous properties of biological data and
allows for the assessment of outcomes at both the high and low ends of the allostatic load

spectrum (Seplaki, Goldman, & Glei, 2005).

121



Chapter 4

Neuroendocrine Domain.

Measures of epinephrine, norepinephrine and P2-adrenergic cell receptor density were
undertaken to assess allostatic load in the neuroendocrine domain. Venous blood was collected in
EDTA vacutainers (BD Bioscience, Franklin Lakes, USA) before stress testing, at the end of the
20-min adaptation period. Samples were immediately placed on ice, centrifuged for 15min at
4°C. Samples were then stored at -80°C before being analyzed, in duplicate, using a
commercially available ELISA (IBL International, Germany). The assay is based on the
sandwich principle. In a preparation step, sample catecholamines were extracted, acylated, and
derivitized. During the ELISA an unknown concentration of derivitized catecholamine is bound
to a goat anti-rabbit detection antibody on the surface of a micro titer plate. An enzyme-linked
secondary antibody is then added that forms a sandwich around the bound catecholamines. After
the substrate reaction, detectable color develops in proportion to the amount of bound
catecholamine. The ELISA simultaneously tested plasma norepinephrine and epinephrine levels
and has been shown to correlate highly with high-performance liquid chromatography methods
(Westermann, Hubl, Kaiser, & Salewski, 2002). For epinephrine intra- and inter-assay mean
coefficients of variation were 28% and 15.2%, respectively, while the same values for
norepineprhine were 22% and 12.5%. Mean values were calculated from duplicate samples.

For analysis of baseline B2-adrenergic cell receptor density, venous blood was again
collected before stress testing, at the end of the 20-min adaptation period, but in heparinized
vacutainers. B2-adrenergic cell receptor density was quantified on peripheral blood mononuclear
cells (PBMCs), as evidence has shown that B2-adrenergic cell receptors located on PBMCs and
on the myocardium are structurally and functionally similar (Brodde, Beckeringh, & Mchel,

1987). Approximately 4 x 10° PBMCs were isolated on the same day using the previously
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described Ficoll Paque gradient method (Boyum, 1968) and stored at -80°C in freezing medium
(90% fetal calf serum/10% DMSO; Sigma Aldrich, Missouri, USA). Before flow cytometry
analysis, two separate samples of approximately 2 x 10® PBMCs were prepared. The first
sample was stained with a rabbit non-specific FITC-conjugated 1gG isotype control antibody
(Biorbyt, Cambridge,UK; dilution 1:50) and the second sample with a rabbit FITC-conjugated
B2-adrenergic cell receptor antibody (Biorbyt, Cambridge,UK; dilution 1:50). The I1gG non-
specific antibody was used to quantify non-specific binding. Median fluorescence of both
samples was measured with a flow cytometer and CFlow Plus software (Accuri, Cambs, UK).
B2-adrenergic cell receptor density was quantified by subtracting median fluorescence of the .-

adrenergic cell receptor antibody sample from that of the 1gG sample.

Cardiovascular Domain.

Baseline measures of HR, SBP, and DBP and estimated cardio-respiratory fitness were
used to assess allostatic load in the cardiovascular domain. As each task had a separate baseline,
measures of HR, SBP, and DBP from the baseline of the PASAT were used. The choice to use
baseline PASAT values instead of baseline cold pressor values was based on 1) results from
independent paired-samples t-tests that showed no significant difference between baseline values
across the tasks (all p’s > .27) and 2) the fact that baseline means from the PASAT were derived
from four measures while baseline cold pressor mean were derived from two measures; the
former being more reliable (LLabre, Ironson, Spitzer, Gellman, Weidler, & Schneiderman,
1988). To estimate CRF, participants were asked to report their level of physical activity on a
scale of 1-5: 1 = inactive, 5 = 3+ hours of aerobic exercise/week. Scoresof 1, 2, 3,4, and 5,
were then recoded with into physical activity scores with values of 0, 0.32, 1.06, 1.76, and 3.03,

respectively. CRF in METS was estimated using the following algorithm: (Gender (female = 0,
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male = 1) x 2.77) - (age in years x 0.10) - (BMI x 0.17) - (resting HR x 0.3) + (physical activity

score) + 18.07 (Jurca et al., 2005).

Anthropometric Domain.

Height and weight were measured using a portable stadiometer and Seca scale and BMI
was calculated as kg/m?. Measures of waist and hip circumference were taken below the last
palpable rib and at the top of the iliac crest, respectively (World Health Organization, 2008).

BMI and waist-hip ratio were used as allostatic load makers of the anthropometric domain.

Statistical Analysis

Repeated-measures (baseline, stress) ANOVAs were used to confirm significant
perturbation of the cardiovascular system (BP and HR) by both stress tasks. Descriptive
bivariate correlations between allostatic load and cardiovascular reactivity variables were
followed by unadjusted linear regressions. Adjusted multiple regression models predicting
cardiovascular stress reactivity contained task engagement rating and performance, and HADS
depression score in the first step and allostatic load in step two. Subjective task engagement and
measured task performance were inserted as covariates to discount the possibility that differences
in cardiovascular stress reactivity resulted from individual differences in task effort (Phillips et
al., 2013). HADS depression score was inserted as a covariate as compelling evidence links high
levels of depression to increased allostatic load (McEwen, 2000) and blunted stress reactivity (de
Rooij et al., 2010; Salomon et al., 2013). Small discrepancies in degrees of freedom reflect

occasional missing data.
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Participant characteristics are shown in Table 4.1. One participant was four standard

deviations outside the mean for HR reactivity to the PASAT and was excluded from analyses.

Table 4.1 Sample characteristics

Mean (SD)
Gender (% female) 45.3
Age (years) 20.9 (3.40)
BMI 22.6 (2.59)
Waist/Hip Ratio 0.8 (0.06)
Estimated Cardiorespiratory Fitness (METYS) 14.1 (1.74)
HADS Depression Score 2.1(2.19)
Allostatic Load Index 0.0 (3.29)
Baseline Stress
Norepinephrine (ng/ml) 341.5 (141.56) -
Epinephrine (ng/ml) 560.7 (468.10) -
[2-adrenergic receptors/cell 204.6 (93.46) -
PASAT
Heart Rate (bpm) 63.8 (11.11) 75.5 (13.38)*
Systolic Blood Pressure (mmHg) 104.3 (11.71) 119.9 (15.21)*
Diastolic Blood Pressure (mmHg) 60.6 (7.63) 69.8 (8.38)*
Self-reported Engagement - 4.5 (1.12)
Self-reported Stressfulness - 6.8 (1.86)
Task performance (score) - 665.1 (160.67)
Cold Pressor
Heart Rate (bpm) 64.1 (10.84) 68.8 (12.77)*
Systolic Blood Pressure (mmHQ) 105.3 (12.14) 121.9 (16.02)*
Diastolic Blood Pressure (mmHg) 60.3 (7.44) 72.3 (11.08)*

Self-reported Stressfulness

5.8 (2.64)

* denotes significant (p <.05) increase from baseline
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Cardiovascular Reactions to PASAT and Cold Pressor Tasks

The mean (SD) reactivity to the PASAT was 15.6 (9.56) mmHg, 9.3 (5.27) mmHg, and

11.7 (7.89) bpm for SBP, DBP and HR, respectively. For the cold pressor, the analogous

averages were 16.7 (11.82) mmHg, 12.0 (8.92) mmHg, and 4.6 (5.38) bpm. Repeated measures

ANOVASs revealed highly significant differences between baseline and stress task cardiovascular

values: for the PASAT, HR, F (1,52) = 116.35, p <.001, n2 =.69, SBP, F (1,52) = 141.81, p

<.001, n? =.73, and DBP, F (1,52) = 163.66, p <.001, n? =.76, and for the cold pressor, HR, F

(1,51) = 38.34, p <.001, n? =43, SBP, F (1,51) = 103.20, p <.001, n? =.67, and DBP, F (1,51) =

94.16, p <.001, n? =.65. Phase means are presented in Table 4.1. BP and HR reactivity to the

PASAT and cold pressor were not correlated (all p’s > .30).

Heart Rate Reactivily (hpm)

40

R?=.088

Allostatic Load Index

Figure 4.1 Relationship between allostatic load and heart rate reactivity to the PASAT.
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Allostatic Load and Stress Reactivity

The mean (SD) allostatic load score was 0.0 (3.29). Correlation analysis revealed a
significant relationship between allostatic load and HR reactivity to the PASAT. Indeed, an
unadjusted linear model revealed that those with higher allostatic load registered smaller HR
responses, B =-.29, t =-2.15, p = .04, AR? = .083. This relationship withstood adjustment for
PASAT engagement and performance, as well as HADS depression score, f = -.30,t =-2.20, p =
.03, AR? = .088 (Figure 4.1). No such association was evident for HR reactions to the cold
pressor. In addition, there were no significant associations between allostatic load and SBP or
DBP reactivity to either stress task. Supplmentary analysis using a new allostatic load score
defined as the Zsum of resting DBP, j-receptors, and waist-hip ratio can be found in Appendix
[11 (Tables 4.2 and 4.3).

Discussion

In a sample of healthy young adults, allostatic load was negatively correlated with HR
reactivity to the PASAT. High allostatic load was associated with diminished HR reactions to
acute stress. This association remained significant after controlling for PASAT engagement and
performance, and symptoms of depression. This is consistent with the notion that blunted HR

reactivity is a marker of physiological dysregulation (Carroll, Lovallo, & Phillips, 2009).

These are the first data, to our knowledge, to demonstrate a relationship between a
measured physiological allostatic load index and cardiovascular reactions to acute psychological
stress. However, our results resonate with previous findings in that physical and cognitive
decline, obesity, and impulsivity have all been independently linked to blunted cardiac reactivity
and increased allostatic load (Bennett, et al., 2014; Evans, 2003; Karlamangla, et al., 2006;

Phillips et al., 2013; Seeman et al., 2001). Further, our findings are in line with two previous
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studies showing that a social allostatic load score was associated with blunted stress reactivity
(Evans et al., 2007) and that diabetic patients exhibiting signs of increased allostatic load
(elevated interlukin-6, cortisol, and life stress) were characterised by blunted cardiovascular
reactivity to acute mental stress (Steptoe et al., 2014). Finally, the present data positively
reinforce the candidacy of allostatic load as a mechanism linking chronic stress to blunted stress
reactivity later in life.

It is notable that allostatic load related to HR reactivity to the PASAT only. This is not
the first time such a result has been reported; in two independent studies, individuals with
depression, or those reporting high levels of depressive symptomatology exhibited blunted HR
reactivity to a public speech stressor but not to a cold pressor task (Salomon et al., 2013;
Schwerdtfeger & Rosenkaimer, 2011). Taken together, these results not only underscore the
preserved cardiovascular capacity of individuals with depression, or in the current study high
allostatic load, to react to a stressor but also highlight the unique nature of stressors involving
motivated behavior, or active coping, as these appear to be where blunted reactivity profiles
manifest. In terms of stress reactivity, this notion formed the basis for the theory of central
motivational dysregulation, which suggests that blunted cardiovascular reactivity is a marker of
dysregulation in the cortical substrates that support motivated behavior (Carroll et al., 2009;
Carroll, Phillips, & Lovallo, 2011); several sub-regions of the cingulate cortex, insula, and
amygdala have been implicated in neuroimaging studies directly comparing blunted and
exaggerated cardiovascular stress responders (Gianaros. May, Siegle, & Jennings, 2005; Ginty et
al., 2013). Interestingly, allostatic load research in humans and animals has found that similar
regions, namely, the amygdala, hippocampus, cingulate, and prefrontal cortex, are perhaps the

most vulnerable to allostatic load accumulation (Ganzel, Morris, & Wetherington, 2010). For
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example, in a large study of Australian men and women the number of adverse childhood events
negatively related to anterior cingulate cortex size (Cohen et al., 2006) and in children from
“risky families” blunted amygdala activation was observed in response to an facial emotion task
(Taylor, Eisenberger, Saxbe, Lehman, & Lieberman, 2006). Finally, acute stress-induced
activation of the core visceral stress-response circuit, which includes the subgenual anterior
cingulate cortex, bed nucleus of the stria terminalis, amygdala, and paraventricular nucleus of the
hypothalamus, was found to negatively correlate with both the emotional and physical abuse
subscales of the Childhood Trauma Questionnaire (Banihashemi, Sheu, Midei, & Gianaros,
2015). Hence, it may be the central nervous system where the effects of allostatic load manifest
ultimately leading to dysregulated peripheral physiology (i.e., blunted cardiovascular stress
reactivity) and disease.

Interestingly, allostatic load score did not correlate with blood pressure reactivity to
either task. This could possibly be explained by the fact that blood pressure is a multiply
determined cardiovascular variable; changes in BP represent the net effect of changes in cardiac
output and vascular resistance, the latter being modulated, to a large extent, by local myogenic
and metabolic activity (Pappano & Wier, 2013). It may be that such mechanisms are less
susceptible to the accumulation of allostatic load. A corollary of such logic, though, is that HR
reactivity is vulnerable to the accumulation of allostatic load. Given that changes in HR are
primarily the result of autonomic nervous system modulation, both centrally and peripherally
(Pappano & Wier, 2013), this perhaps illustrates a particular susceptibility of the autonomic
nervous system to the toxic effects of high allostatic load.

The present results should be interpreted within the context of several limitations. First,

blunted reactivity has been discussed in the past as simply being a marker of low task
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engagement (Phillips et al., 2013). However, this does not appear to have influenced the present
results as the relationship between allostatic load and HR reactivity withstood adjustment for
self-reported task engagement and objective task performance. Second, although the theoretical
grounds for the present study were developed within the context of early childhood trauma and
chronic stress, no measures of trauma or chronic stress were included in the present study. This
was because the aim of the present study was to examine the association between physiological
allostatic load and acute stress reactivity and an a priori decision was made to use a young adult
sample free from confounding disease processes. Consequently, no conclusions can be drawn as
to the cause of the observed allostatic load or its accumulation or relationship to stress reactivity
over the course of time. Such questions provide motivation for future research including
assessments of early life trauma and chronic stress.

In conclusion, we observed a negative association between a physiological allostatic load
score and cardiac reactivity to acute mental stress. As allostatic load is a marker of physiological
dysregulation, these results are consistent with the notion that blunted stress reactivity is a
marker of maladaptive physiological functioning. Further, these results support the idea of
allostatic load as a candidate mechanism linking early childhood trauma and chronic stress to

blunted stress reactivity later in life

130



Chapter 4

References

Allen, M.T., Sherwood, A., Obrist, P.A., Crowell, M.D., & Grange, L.A. (1987). Stability of
cardiovascular reactivity to laboratory stressors: A 2 % year follow-up. Journal of
Psychosomatic Research, 31, 639-645.

Banihashemi, L., Sheu, L.K., Midei, A.J., & Gianaros, P.J. (2015). Childhood physical abuse
predicts stressor-evoked activity within the central visceral control regions. Social
Cognitive and Affective Neuroscience, 10, 474-485.

Bennett, C., Blissett, J., Carroll, D., & Ginty, A.T. (2014). Rated and measured impulsivity in
children is associated with diminished cardiac reactions to acute psychological stress.
Biological Psychology, 102, 68-72.

Boyum, A. (1968). Isolation of mononuclear cells and granulocytes from human blood.
Scandinavian Journal of Clinical Laboratory Investigation, 97, 77-89.

Brodde, O., Beckeringh, J.J., & Michel, M.C. (1987). Human heart B-adrenoceptors: A fair
comparison with lymphocyte -adrenoceptors. Trends in Pharmacological Science, 8,
403-407.

Carpenter, L.L., Carvalho, J.P., Tyrka, A.R., Wier, L.M., Mello, A.F., Mello, M.F., et al.
(2007). Decreased ACTH and cortisol responses to stress in healthy adults reporting
significant childhood maltreatment. Biological Psychiatry, 15, 1080-1087.

Carroll, D., Lovallo, W.R., & Phillips, A.C. (2009). Are large physiological reactions to acute
psychological stress always bad for health? Social Personality and Psychology Compass,
3, 7125-743.

Carroll, D., Phillips, A.C., & Lovallo, W.R. (2011). The behavioural and health corollaries of

blunted physiological reactions to acute psychological stress: revising the reactivity

131



Chapter 4

hypothesis, in: Wright, R.A., Gendolla, G.H.E. (Eds.). Motivation Perspectives of
Cardiovascular Response. APA Press, Washington, DC, pp. 243-263.

Chida, Y., & Hamer, M. (2008). Chronic psychosocial factors and acute physiological responses
to laboratory-induced stress in healthy populations: A quantitative review of 30 years of
investigation. Psychological Bullentin, 134, 829-885.

Cohen, R.A., Grieves, S., Hoth, K.F., Paul, R.H., Sweet, L., Tate, D., et al. (2006). Early life
stress and morphometry of the adult cingulate cortex and caudate nuclei. Biological
Psychiatry, 15, 975-982.

Danese, A., & McEwen, B.S. (2011). Adverse childhood experiences, allostasis, allostatic load,
and age-related disease. Physiology and Behavior, 106, 29-39.

DePierro, J., D’Andrea, W., & Pole, N. (2013). Attention biases in females survivors of
interpersonal violence: Relationship to trauma-related symptoms and physiology.
European Journal of Psychotraumatology, 4, 19135-19144.

de Rooij, S.R., Schene, A.H., Phillips, D.l., & Roseboom, T.J. (2010). Depression and anxiety:
Associations with biological and perceived stress reactivity to a psychological stress
protocol in a middle-aged population. Psychoneuroendocrinology, 35, 866-877.

Evans, G.W. (2003). A multimethodological analysis of cumulative risk and allostatic load
among rural children. Developmental Psychology, 39, 924-933.

Evans, G.W., Kim, P., Ting, A.H., Tesher, H.B., & Shannis, D. (2007). Cumulative risk,
maternal responsiveness, and allostatic load among young adolescents. Developmental

Psychology, 43, 341-351.

132



Chapter 4

Gallo, L.C., Jiménez, J.A., Shivpuri, de los Monteros, K.E., & Mills, P.J. (2011). Domains of
chronic stress, lifestyle factors, and allostatic load in middle-aged Mexican-American
women. Annals of Behavioral Medicine, 41, 21-31.

Ganzel, B.L., Morris, P.A., & Wethington, E. (2010). Allostasis and the human brain:
Integrating models of stress from social and life sciences. Psychological Review, 117,
134-174.

Gianaros, P.J., May, C.J., Siegle, G.J., & Jennings, J.R. (2005). Is there a functional neural
correlate of individual differences in cardiovascular reactivity? Psychosomatic. Medicine,
67, 31-39.

Ginty, A.T., Gianaros, P.J., Derbyshire, S.W., Phillips, A.C., & Carroll, D. (2013). Blunted
cardiac stress reactivity relates to neural hypoactivation. Psychophysiology, 50, 219-229.

Gronwall, D.M.A. (1977). Paced auditory serial-addition task: A measure of recovery from
concussion. Perception and Motor Skills, 44, 367-373.

Heim, C., Newport, D.J., Heit, S., Graham, Y.P., Wilcox, M.M., Bonsall, R., et al. (2000).
Pituitary-adrenal and autonomic responses to stress in women after sexual and physical
abuse in childhood. JAMA, 284, 592-597.

Hines, E.A., & Brown, G.E. (1936). The cold pressor test for measuring the reactibility of the
blood pressure: Data concerning 571 normal and hypertensive subjects. American Heart
Journal, 11, 1-9.

Jennings, J.R., Heim, A.F., Kuan, D.C., Gianaros, P.J., Muldoon, M.F., & Manuck, S.B. (2013).
Use of total cerebral blood flow as an imaging biomarker of known cardiovascular risks.

Stroke, 44, 2480-2485.

133



Chapter 4

Jurca, R., Jackson, A.S., LaMonte, M.J., Morrow Jr., J.R., Blair, S.N., Wareham, N.J., et al.
(2005). Assessing cardiorespiratory fitness without performing exercise testing. American
Journal of Preventative Medicine, 29, 185-193.

Juster, R.P., McEwen, B.S., & Lupien, S.J. (2010). Allostatic load biomarkers of chronic stress
and impact on health and cognition. Neuroscience and Biobehavioral Reviews, 35, 2-16.

Karlamangla, A.S., Singer, B.H., & Seeman, T.E. (2006). Reduction in allostatic load in older
adults is associated with lower all-cause mortality risk: MacArthur studies of successful
aging. Psychosomatic Medicine, 68, 500-507.

Llabre, M.M., Ironson, G.H., Spitzer, S.B., Gellman, M.D., Weidler, D.J., & Schneiderman, N.
(1988). How many blood pressure measurements are enough? An application of
generalizability theory to the study of blood pressure reliability. Psychophysiology, 25,
97-106.

Lovallo, W.R., Farag, N.H., Sorocco, K.H., Cohoon, A.J., & Vincent, A.S. (2012). Lifetime
adversity leads to blunted stress axis reactivity: Studies from the Oklahoma Family
Health Patterns Project. Biological Psychiatry, 71, 344-349.

Luecken, L.J. (2000). Parental caring and loss during childhood and adult cortisol responses to
stress. Psychology and Health, 15, 841-851.

MacMillan, H.L., Georgiades, K., Duku, E.K., Shea, A., Steiner, M., Niec, A., et al. (2009).
Cortisol response to stress in female youths exposed to childhood maltreatment: Results
of the Youth Mood Project. Biological Psychiatry, 66, 62-68.

McEwen, B.S. (1998). Stress, adaptation, and disease: Allostasis and allostatic load. Annals of
the New York Academy of Sciences, 1, 33-44.

McEwen, B.S. (2000). Mood disorders and allostatic load. Biological Psychiatry, 54, 200-207

134



Chapter 4

Pappano, A.J. & Wier, W.G. (2013). CardiovascularPhysiology, tenth ed. Elsevier,
Philadelphia.

Phillips, A.C., Carroll, D., Ring, C., Sweeting, H., & West, P. (2005). Life events and acute
cardiovascular reactions to mental stress: A cohort study. Psychosomatic Medicine, 67,
384-392.

Phillips, A.C., Ginty, A.T., & Hughes, B., 2013. The other side of the coin: Blunted
cardiovascular and cortisol reactivity are associated with negative health outcomes.
International Journal of Psychophysiology, 90, 1-7.

Ring, C., Harrison, L.K., Winzer, A., Carroll, D., Drayson, M., & Kendall, M. (2000). Secretory
immunoglobulin A and cardiovascular reactions to mental arithmetic, cold pressor, and
exercise: Effects of alpha-adrenergic blockade. Psychophysiology, 37, 634-643.

Ring, C., Burns, V.E., & Carroll, D. (2002). Shifting hemodynamics of blood pressure control
during prolonged mental stress. Psychophysiology, 39, 585-590.

Salomon, K., Bylsma, L.M., White, K.E., Panaite, V., & Rottenberg, J. (2013). Is blunted
cardiovascular reactivity in depression mood-state dependent? A comparison of major
depressive disorder, remitted depression and health controls. International Journal of
Psychophysiology, 90, 50-57.

Schwerdtfeger, A., & Rosenkaimer, A.K.. (2011). Depressive symptoms and attenuated
physiological reactivity to laboratory stressors. Biological Psychology, 87, 430-438.

Seeman, T.E., McEwen, B.S., Rowe, J.W., & Singer, B.H. (2001). Allostatic load as a marker
of cumulative biological risk: MacArthur studies of successful aging. Proceedings of the
National Academy of Sciences, 98, 4770-4775.

Selye, H. (1936). A syndrome produced by diverse nocuous agents. Nature, 138, 32-32.

135



Chapter 4

Seplaki, C.L., Goldman, N., & Glei, D., & Weinstein, M. (2005). A comparative analysis of
measurement approaches for physiological dysregulation in an older population.
Experimental Gerontology, 40, 438-449.

Steptoe, A., Hackett, R.A., Lazzarino, A.l., Bostock, S., La Marca, R., Carvalho, et al. (2014).
Disruption of multisystem responses to stress in type 2 diabetes: Investigating the
dynamics of allostatic load. Proceedings of the National Academy of Sciences, 111,
15693-15698.

Sterling, P., & Eyer, J. (1988). Allostasis: A new paradigm to explain arousal pathology, in:
Fisher, S. & Reason, J. (Eds.), Handbook of Life stress, Cognition, and Health (629-649),
Wiley, New York.

Sterling, P. (2012). Allostasis: A model of predictive regulation. Physiology and Behavior, 106,
5-15.

Taylor, S.E., Eisenberger, N.I., Saxbe, D., Lehman, B.J., & Lieberman, M.D. (2006). Neural
responses to emotional stimuli are associated with childhood family stress. Biological
Psychiatry, 60, 296-301.

Westermann, J., Hubl, W., Kaiser, N., & Salewski, L. (2002). Simple, rapid and sensitive
determination of epinephrine and norepinephrine in urine and plasma by non-competitive
enzyme immunoassay, compared with HPLC method. Clinical Laboratory, 48, 61-71.

World Health Organization. (2008). Waist circumference and waist-hip ratio. WHO Press,
Geneva.

Zigmond, A.S., & Snaith, R.P. (1983). The hospital anxiety and depression scale. Acta

Psychiatrica Scandinavica, 67, 361-370.

136



Chapter 5

Cardiovascular Reactivity Patterns and Pathways to Hypertension: A Multivariate Cluster

Analysis

This chapter is under review under the following citation:
Brindle, R.C., Ginty, A.T., Jones, A., Phillips, A.C., Roseboom, T.J., Carroll, D., Painter, R.C.,
& de Rooij, S.R. Cardiovascular reactivity patterns and pathways to hypertension: A multivariate

cluster analysis (under review).



Chapter 5

Abstract

Substantial evidence links exaggerated mental stress induced blood pressure reactivity to
future hypertension but the results for heart rate reactivity are less clear. For this reason
multivariate cluster analysis was carried out to examine the relationship between heart rate and
blood pressure reactivity patterns and hypertension in a large prospective cohort (age range 55-
60 years). Four clusters emerged with statistically different systolic and diastolic blood pressure
and heart rate reactivity. Cluster 1 was characterised by a relatively robust blood pressure and
heart rate response while the blood pressure and heart rate responses of cluster 2 were relatively
modest. Cluster 3, characterised by relatively blunted cardiovascular stress reactivity overall and
cluster 4, by exaggerated systolic and diastolic blood pressure reactivity only, showed an
increased risk for hypertension at five year follow-up. Body mass index was revealed as a
mediator of the increased hypertension risk seen in cluster 3. These results provide novel
evidence of a potential pathway linking blunted reactivity to hypertension and support the

already established direct link between exaggerated blood pressure reactivity and hypertension.

Keywords: Psychological Stress, Multivariate Cluster Analysis, Hypertension, Blood Pressure,

Heart Rate, Body Mass Index
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Introduction

The association between exaggerated blood pressure (BP) reactions to acute
psychological stress and hypertension is well established. Supporting evidence comes from
several independent epidemiological datasets that have shown exaggerated systolic (SBP) and/or
diastolic (DBP) BP reactivity to acute psychological stress to be linked with increased resting BP
at 5- and 12-year follow-up (Carroll, Smith, Sheffield, Shipley, & Marmot, 1995; Carroll, Ring,
Hunt, Ford, & Macintyre, 2003; Carroll, Phillips, Der, Hunt, & Benzeval, 2011; Markovitz,
Racynski, Wallace, Chettur, & Chesney, 1998; Matthews, Woodall, & Allen, 1993) and to
predict hypertension diagnosis at 4-, 5-, 13-, and 20-year follow-up (Borghi, Costa, Boschi,
Mussi, & Ambrosioni, 1986; Carroll, Ginty, Painter, Roseboom, Phillips, & de Rooij, 2012;
Everson, Kaplan, Golderberg, & Salonen, 1996; Matthews, Katholi, McCreath, Whooley,
Williams, Zhu, et al., 2004; Ming, Adler, Kessler, Fogg, Matthews, Herd, et al., 2004). In
addition, being “high risk” for developing hypertension based on parental history or having
elevated resting BP are associated with exaggerated BP stress reactivity (al’Absi, Everson, &
Lovallo, 1995; Sausen, Lovallo, & Wilson, 1991; Tuomisto, 1997). Importantly, a large meta-
analysis also has also established a positive association between BP stress reactivity and

hypertension (Chida & Steptoe, 2010).

In contrast, the relationship between stress-induced heart rate (HR) reactivity and
hypertension remains equivocal. Relatively increased HR reactivity has been observed among
individuals with parental history of hypertension (Hastrup, Light, & Obrist, 1982) and several
small scale studies have reported a positive association between HR stress reactivity and
increased 1-year ambulatory SBP (von Eiff, Gogolin, Jacobs, & Neus, 1985) and incident mild

hypertension (Vrijkotte, van Doomen, & de Geus, 2000). However, a relationship between HR
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reactivity and elevated BP has failed to emerge from epidemiological studies (Matthews et al.,
2004; Ming et al., 2004) or meta-analysis (Chida & Steptoe, 2010). Further complexity is added
by findings of negative associations between HR stress reactivity and hypertension risk factors
such as obesity and the use of addicting substances such as alcohol and tobacco. In each case,
the obese (Carroll, Phillips, & Der, 2008; Jones, McMillan, Jones, Kowalik, Steeden, Deanfield,
et al., 2012; Phillips, Roseboom, Carroll, & de Rooij, 2012), smokers (Evans, Greaves-Lord,
Euser, Tulen, Franken, & Huizink, 2012; Ginty, Hones, Carroll, Roseboom, Phillips, Painter, &
de Rooij, 2014; Girdler, Jamner, Jarvik, Soles, & Shapiro, 1997; Phillips, Der, Hunt, & Carroll,
2009; Roy, Steptoe, & Kirschbaum, 1994; Straneva, Hinderliter, Wells, Lenahan, & Girdler,
2000), and those dependent on alcohol (Panknin, Dickensheets, Nixon, & Lovallo, 2002) all
exhibited blunted rather than exaggerated HR responses to acute psychological stress. Hence, it
is possible that blunted HR reactivity may be implicated in the development of hypertension,
although in an indirect fashion. Alternatively, it is also possible that obesity and behavioural
dependencies may relate to both blunted HR stress reactivity and hypertension through unrelated
pathways. Accordingly, it may be timely to take a more nuanced look at the relationship

between cardiovascular stress reactivity and hypertension.

It has been suggested that focusing on a single cardiovascular reactivity variable may be
limiting in scope, as evidence has shown that different patterns of end-organ responses have
differential risk for disease (Manuck, 1994) and that focusing on multivariate patterns of stress
reactivity may be more informative (Ring, Burns, & Carroll, 2002). With regard to BP and HR
this makes sense given that these variables are not independent but, in fact, profoundly influence
each other; increases in cardiac output increase BP and changes in BP influence HR via

baroreceptor mechanisms (Klabunde, 2005). However, the wide interindividual variation in
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normal patterns of HR and BP stress responses makes it challenging to define homogeneous
groups of subjects. Cluster analysis offers a solution to this problem by assigning subjects from a
single large cohort into clusters based on their statistical similarity in a set of variables defined a
priori. This approach was undertaken with two goals: 1) to identify clusters of individuals who
exhibit significantly different patterns of BP and HR stress reactivity, and 2) assess whether
membership to a particular cluster conferred increased/decreased risk of hypertension diagnosis

at 5-year follow-up.

Methods

Participants

Participants were from the Dutch Famine Birth Cohort, which comprised 2414 men and
women born in Amsterdam during 1943-1947. The selection procedures and loss to follow-up
have been described in detail elsewhere (Painter, Roseboom, Bossuyt, Osmond, Barker, &
Bleker, 2005; Ravelli, van der Meulen, Michels, Osmond, Berker, Hales, et al., 1998). All 1423
members of the cohort who lived in the Netherlands on September 1, 2002 were invited to the
clinic to undergo stress testing; 740 attended. The study was approved by the local Medical
Ethics Committee, carried out in accordance with the Declaration of Helsinki, and informed

consent was obtained from all participants.

General Study Parameters

On arrival to the clinic, research nurses undertook anthropometric measurements and
collected socioeconomic status (SES), education, and lifestyle data during a standardized
interview. Height was measured twice using a fixed or portable stadiometer and weight was

measured twice using Seca and portable Tefal scales. Body mass index (BMI) was calculated as
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weight (kg)/height (m?) from the averages of the two height and weight measures. SES was
defined according to the International Socio-Economic Index (ISEI)-92, which is based on the
participant’s or their partner’s occupation, whichever has the higher status (Bakker & Seiben,
1992). Values on the ISEI-92 range from 16 (low status) to 87. The Hospital Anxiety and
Depression Scale (HADS) was used to assess anxiety and depression (Zigmond & Snaith, 1983).
Education level was measured on a 10-point scale (1 = primary education not completed, 10 =
university completed). Alcohol consumption was recorded as the number of units consumed per
week; one unit was defined as one glass of an alcoholic beverage. On the basis of self-report,
participants were characterized as current, ex, or never smokers and also indicated whether or not
they were currently taking anti-hypertensive medication. In the 2008-2009 follow-up interviews,
participants reported whether or not they had ever received a diagnosis of hypertension from a
physician. The mean (SD) temporal lag between this assessment and stress testing was 5.5
(0.60) years. Dropout between stress testing and hypertension diagnosis determination was

34.6%.

Psychological Stress Protocol

Stress testing was carried out in the afternoon between the hours of 12:00-14:00
following a light lunch. A formal 20-minute baseline was followed by three psychological stress
exposures: Stroop, mirror-tracing, and a speech task. Each task lasted 5 minutes and was
separated by 6-minute between-task intervals; a 30-minute recovery phase followed the final
stress task. The Stroop task was a computerised version of the classic Stroop colour-word
conflict task. After instruction, participants were allowed to practise until they fully grasped the
requirements of the task. During the task, a mistake or response over the time limit (5s)

triggered a beep. The mirror-tracing task required participants to trace a star that could only be
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seen in a mirror image (Lafayette Instruments Corp., Lafayette, IN, USA). Participants were
allowed to practice one circuit. They were told to give priority to accuracy over speed and that
most people could perform five circuits without diverging from the line. Every divergence from
the line induced a short beep. Prior to the speech task, participants listened to a pre-recorded
scenario in which they were told to imagine that they were falsely accused of pick-pocketing.
Participants were instructed to give a 3-minute response to the accusation and were given 2
minutes to prepare a response. The responses were recorded on video and participants were told
that the number of repetitions, the eloquence and the persuasiveness of their performance would

be marked by a team of communication-experts and psychologists.

Continuous measures of BP and HR were made during the stress test protocol using a
Finometer or Portapres Model-2 (Finapres Medical Systems, Amsterdam, the Netherlands).
There was no difference in reactivity as a function of the two different measurement instruments.
Four 5-minute blocks were defined as follows: baseline (final 5 minutes in baseline period),
Stroop, mirror-tracing, and speech task (including preparation time). Mean SBP, DBP, and HR

were calculated for each period.

Statistical Analysis

Baseline SBP, DBP, and HR were the averages of measures recorded during the 5-minute
period 15 minutes into the formal baseline. The three stress tasks were considered as a single
stress period. Hence, SBP, DBP, and HR were averaged across this period to obtain stress phase
values. Stress reactivity was defined as the difference between stress and baseline averages for
SBP, DBP, and HR. A repeated-measures ANOVA, comparing baseline and stress task values,
was carried out to confirm that the stress tasks perturbed cardiovascular activity. Partial eta

squared is reported as the measure of effect size.
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Cluster analysis was carried out using Ward’s method in SPSS version 22 (IBM,
Chicago, USA) (Ward, 1963). Raw reactivity scores for SBP, DBP, and HR were converted to z-
scores to ensure that the cluster analysis was not influenced by the scale of individual variables.
Ward’s method begins with the same number of clusters as cases. In each subsequent step, cases
are combined, forming one less cluster than before. For each cluster, a within-cluster sum of the
squared Euclidean distances between individual scores and the mean of each variable in that
cluster is calculated; the smaller the sum of squares, the greater the similarity between
individuals in the cluster. A total sum of squares is then calculated across all clusters. Ward’s
method determines which two clusters will produce the smallest increase in the total sum of
squares when they are merged. Eventually, the merger of two dissimilar clusters will cause a
substantial increase in the total sum of squares. The state of the clusters just prior to this point is
considered the “natural solution” to the clustering process. Follow-up one-way ANOVAs were
carried out to determine whether clusters differed significantly on mean SBP, DBP, and HR
reactivity. Between cluster differences in general study parameters were tested with one-way
ANOVAs and Chi-squared analysis. Binary logistic regression was used to assess whether
cluster membership in 2002-2004 predicted the development of hypertension at the 2008-2009
follow-up. Following tests of unadjusted models, models were adjusted for education, SES,
BMI, sex, age, HADS-depression score, smoking status, and alcohol consumption, and self-
reported anti-hypertension medication use at stress-testing to assess the influence of potential

confounders.
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Results

Study Population

Of the 740 cohort members, 721 completed the stress protocol. Cardiovascular data were
unavailable for four participants. Incomplete cardiovascular data due to technical problems, and
participant exclusion, due to significant arrhythmia, determined during cardiovascular data

processing left an effective sample size of 671.

Stress Reactivity

The stress task battery significantly perturbed SBP, F(1, 670) = 2378.91, p <.001, n? =
.78, DBP, F(1, 670) = 583.97, p <.001, n? = .47, and HR, F(1, 670) = 168.19, p <.001, n2 = .20;
in all cases cardiovascular activity increased in response to stress. The overall magnitude of the

cardiovascular perturbations is shown in Figure 5.1.

Cluster Analysis
Based on the criterion discussed for selecting the appropriate number of clusters, SBP,

DBP, and HR reactions to the stress task battery were found to resolve to four distinct clusters.
The means and standard errors for SBP, DBP, and HR reactivity for each cluster can be found in
Figure 5.1. Results of independent one-way ANOVASs and post-hoc analyses showed that all the
clusters were significantly different from each other on all cardiovascular variables (p < .001).
Whereas cluster 2 was characterised by reactivity values most in line with the sample average,
the other clusters were different in several respects. Individuals in cluster 1 registered notably
high HR responses while individuals in cluster 3 exhibited an overall blunted reactivity profile.
Finally, individuals in cluster 4 mounted a large SBP and DBP response but only a modest HR

response.

144



Chapter 5

Analysis of general study parameters revealed several significant differences between the
clusters (Table 5.1). Significant between-cluster differences (p < .05) were found for education,
SES, BMI, HADS-depression score, baseline SBP, and smoking status. There were no
significant cluster differences in age, gender, alcohol consumption, dropout, and hypertension

medication use at the time of stress testing.
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Figure 5.1 Cluster mean (SE) for systolic (SBP), diastolic (DBP), and heart rate (HR) reactivity
for overall sample and clusters. All variables are significantly different across all clusters.

Cluster Risk for Hypertension

Hypertension status was recorded for 439 participants in 2008-2009. There was no
significant difference in HR or BP stress reactivity between those who participated in the follow-
up and those who did not. Analysis of general 2002-2004 study parameters in the follow-up
sample revealed significant differences between the clusters in education, SES, BMI, HADS-

depression score, and smoking status; age, gender, and alcohol consumption did not significantly
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vary across clusters (Table 5.2). Inall, 211 (48%) reported having received a diagnosis of
hypertension from a physician. Binary logistic regression confirmed a relationship between
cluster membership and hypertension status, OR = 1.55, 95% CI, 1.25-1.94, p <.001. This
relationship persisted when additionally adjusting for hypertension medication use at the time of
stress testing, OR = 1.41, 95%Cl, 1.08-1.186, p = .01. Sensitivity analyses with cluster 1 as a
reference cluster showed that clusters 3, OR = 2.03, 95% CI, 1.00-4.13, p = .05, and 4, OR =
3.79, 95% CI, 1.72-8.33, p = .001, had significantly increased risk of hypertension whereas the
relative risk for cluster 2, OR =1.41, 95% CI, 0.71-2.80, p = .33, was non-significant (Figure

5.2).

Analyses were undertaken comparing clusters 1 and 4 only to probe contributing factors
to the increased hypertension risk. When general study parameters (education, SES, BMI,
HADS-depression score, and smoking status) were entered into the model at step 1, and cluster
membership at step 2, the significantly increased risk of hypertension for those in cluster 4
persisted, OR = 3.20, 95% ClI, 1.30-7.89, p =.01. When the same general study parameters were
entered in the model comparing clusters 1 and 3 only, the relative risk of hypertension was
abolished, OR = 1.66, 95% CI, 0.71-3.91, p =.25. Inspection of the general study parameters
revealed that BMI was the only significant predictor of hypertension risk in this model. When
only BMI was entered at step 1 and cluster membership at step 2, cluster membership was not

significantly related to hypertension risk, OR = 1.53, 95% CI, 0.73-3.23, p = .26.
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(N=305)  (N=198)

Cluster 4

(N =102)

Education

SES

BMI (kg/m?)
HADS-Depression
Smoking (% smokers)?
Hypertension Medication Use®
Sex (% female)

Age

Alcohol

Dropout®

Baseline SBP

Baseline DBP

Baseline HR

530241

563 (1L7y#+  49.7 (14.1)* 47.3 (14.5)*

27.0 3.7) % 29.3 (5.1)*

3.8 (3.3)* &

10.2 (13.8)

135.1 (23.0) 11 127.9(19.6) 127.2 (20.5)*

70.3 (11.5) 66.1 (11.3)  66.9 (12.0)

73.0(10.3)  74.9 (10.8)

48 (2.1)
50.7 (13.4)
28.7 (4.3)
28 (2.7) 1
16.7
29.4%
50.9%
58.3 (0.9)
11.2 (17.4)
27.5%
126.0 (22.0)*
65.9 (14.6)

75.0 (11.3)

Note: Values are reported as Mean (SD). *different from Cluster 1, *different from Cluster 2,

tdifferent from Cluster 3, fdifferent from Cluster 4
& denotes significant Chi-Square (p <.05)

b denotes those reporting medication usage

¢ denote percent not returning in 2008-2009

Discussion

Using multivariate cluster analysis, four homogenous clusters of individuals with

statistically different SBP, DBP, and HR stress reactivity were identified. Further, cluster

membership was found to predict increased risk of hypertension at 5 year follow-up, a result that
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withstood adjustment for hypertension medication use at time of stress testing. Specifically, two
clusters, one characterised by a relatively blunted reactivity profile across all cardiovascular
parameters, and the other by exaggerated SBP and DBP reactivity, were found to confer
increased risk for subsequent hypertension. Upon further examination, the increased risk for the
blunted cluster was mediated by BMI whereas the risk associated with the exaggerated blood
pressure cluster withstood adjustment for various behavioural and socio-demographic variables.
This finding provides critical support for the already established link between exaggerated BP
reactivity and hypertension (Chida & Steptoe, 2010) and uniquely demonstrates a potential

pathway by which blunted stress reactivity may be associated to hypertension risk.

That the blunted cluster registered the highest BMI was not surprising since other studies
have demonstrated a link between measures of adiposity and attenuated HR reactions to stress
(Carroll et al., 2008; Jones et al., 2012; Phillips et al., 2012). Also, the finding that increased
BMI was associated with increased risk of hypertension diagnosis underscores the accepted
status of obesity as a hypertension risk factor (El-Atat, Aneja, Mcfarlane, & Sowers, 2003).
However, the novelty lies in the increased risk of hypertension among blunted responders and
the role BMI may play in the increased risk. When BMI was controlled for in the logistical
regression, the previously significant increase in hypertension risk for blunted responders was
abolished, suggesting that BMI mediates any increase in the risk for hypertension associated with
blunted stress reactions. This finding not only supports the emerging evidence contending that
blunted cardiovascular reactivity is disadvantageous for health (Phillips, Ginty, & Hughes, 2013)
but, to the authors’ knowledge, this is the first identification of a potential pathway linking
blunted cardiovascular reactivity to hypertension. Alternatively, increased BMI may lead to both

blunted cardiovascular reactivity and hypertension. However, we have previously shown in this
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cohort (Phillips et al., 2012) as well as in a different cohort (Carroll et al., 2008) that blunted HR

stress reactivity is associated with an increased risk of becoming obese during follow-up,

suggesting that attenuated HR reactions may indeed precede the development of obesity.

Table 5.2 General study parameters of clusters 2008-2009 wave (N = 439)

Cluster 1 Cluster 2 Cluster 3 Cluster 4

(N = 44) (N=192)  (N=129) (N =74)
Education 54221 47221  39(1.9* I 48(2.0)7
ISEI-92 56.1(10.2) ¥ 51.1(14.0)  47.1(14.0)* 50.9 (13.4)
BMI (kg/m?) 26.8(3.3)F  28.7 (4.8) 29.2 (5.2)*  28.7 (4.1)
HADS-Depression 2.1(1.9)F 3.0(2.9 3.8 (3.4)* 2527 F
Smoking (% smokers)? 4.6 18.8 38.3 17.6
Sex (% female) 52.3% 49.5% 58.1% 51.4%
Age 58.4 (1.0) 58.2 (0.9) 58.2 (0.9) 58.3 (0.9)
Alcohol 8.3(7.7) 10.0 (15.3) 9.5 (14.1) 10.6 (17.4)
Baseline SBP 133.9 (21.2) 127.7(19.0) 126.5(20.1) 127.6 (20.2)
Baseline DBP 69.9 (10.6)  66.7 (11.3)  66.8(12.5)  66.9 (12.2)
Baseline HR 74.3 (8.7) 73.1(9.7) 74.3(10.6)  74.8 (11.3)
Hypertension Medication Use® 15.9% 19.3% 29.5% 31.1%
Physician Diagnosed Hypertension®*  34.1% 42.0% 51.2% 66.2%

Note: Values are reported as Mean (SD). Differences denote p <.05 *different from Cluster 1,
*different from Cluster 2, tdifferent from Cluster 3, fdifferent from Cluster 4
& denotes significant Chi-Square (p <.05)

b denotes those reporting medication usage
‘denotes percent with physician diagnosis of hypertension
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Individuals with exaggerated SBP and DBP reactivity had the greatest risk of
hypertension. Moreover, this relationship withstood adjustment for several anthropometric and
socio-demographic factors. Although mediation by some other unanalysed factor is possible, it
is unlikely, as previous studies have shown the association between exaggerated BP stress
reactivity and hypertension withstood statistical adjustment for other variables such as age,
gender, and baseline BP (Matthews et al., 2004). What is more likely is that repeated large
magnitude surges in BP, induced by mental stress, engage local BP regulatory mechanisms and
lead over time to upward structural resetting of the peripheral vasculature (Folkow, 1990; Obrist,
1981). Specifically, elevated resting BP results from a positive feedback cycle in which frequent
acute surges in BP promote vascular hypertrophy which decreases lumen diameter and increases
vessel stiffness, in turn, amplifying future BP fluctuations. Evidence of such processes lies in the
reported association of exaggerated BP reactivity with increased carotid intima-media thickness
in children (Roemmich, Lobarinas, Joseph, Archer 111, & Dorn, 2009), adolescents (Lambiase,
Dorn,& Roemmich, 2012; Roemmich, Feda, Seelbinder, Lambiase, Kala, & Dorn, 2011), and
adults (Jennings, Kamarck, Everson-Rose, Kaplan, Manuck, & Salonen, 2004; Kamarck,
Everson, Kaplan, Manuck, Jennings, Salonen, et al., 1997), and with increased vascular stiffness
(Lipman, Grossman, Bridges, Hamner, & Taylor, 2002) as well as the propensity for BP
reactivity to increase with age (Uchino, Birmingham, & Berg, 2010). It is likely that such
physiological processes underlie the development of hypertension in those displaying
exaggerated BP responses to mental stress (Borghi et al., 1986; Carroll et al., 2012; Matthews et

al., 2004; Ming et al., 2004).
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Figure 5.2 Relative risk of hypertension by cluster membership.

An unexpected finding was that the cluster of individuals carrying the least risk of
hypertension did not have reactivity values located at the mean but instead had the largest HR
reaction and second largest BP reaction. One possible interpretation, focusing specifically on
BP, researchers have argued that, between individuals, similar BP reactions could result from
significantly different changes in cardiac output and total peripheral resistance; individuals
mounting large increases in cardiac output were classified as cardiac reactors and individuals
whose BP rose primarily as a result of vasoconstriction fell into the vascular reactor category.
Moreover, it has been suggested that not only is the magnitude of reactivity significant in the
context of disease but that different underlying mechanisms may carry differential disease risk

(Folkow, 1990). The present results accord with this framework as the individuals in the highest

151



Chapter 5

risk cluster registered the highest BP reaction despite only a modest increase in HR, whereas the
clusters carrying the least amount of risk mounted the second largest BP response but also
recorded a HR reaction almost 3x larger than the sample mean. With such differences in cardiac
activity between the clusters, it may be that individuals in the cluster with the least risk increased
BP by augmenting cardiac output while the high-risk cluster increased BP primarily through
vasoconstriction. Hence, these data suggest that not only is the magnitude with which an
individual responds to mental stress significant in the context of disease, but also underlying

hemodynamic mechanisms carry differential risk and should be considered.

The current study is not without limitations. First, it could be argued that an element of
subjectivity exists in choosing the final number of reactivity profile clusters. This is an issue with
all forms of cluster analysis. We accepted four clusters for two reasons: a substantial increase in
total sum of squares was observed during the iteration decreasing the sample from five clusters
to four, and outputs with five or three clusters either had very small clusters with extreme
individuals or large, heterogeneous clusters, respectively. Second, the effect sizes in in the
current study are small. However, they are consistent in magnitude with those observed in other
studies (Ming et al., 2004), and this is not unexpected as hypertension is multiply determined,
having etiological roots in the vascular, autonomic, genetic, and metabolic domains (Oparil,
Zaman, & Calhoun, 2003). Third, although we have statistically modelled the data such that
BMI mediated the hypertension risk for the Cluster 3, the possibility does exist that BMI may
independently relate to blunted cardiovascular reactivity and hypertension. Finally, the
possibility exists that famine exposure in utero could influence the present results. However, chi
square analysis revealed that famine exposure did not differ across the clusters (p =.25) nor did

it relate to hypertension diagnosis (p = .17).
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In conclusion, using multivariate cluster analysis, four distinct HR and BP reactions
patterns were identified that differed in relative risk of hypertension diagnosis at 5 year follow-
up. A profile characterised by exaggerated BP and relatively modest HR changes conferred the
greatest risk whereas a relatively blunted reaction pattern also carried risk, but through its
association with BMI. These results provide novel evidence for a potential pathway linking
blunted stress reactivity to hypertension, as well as offering additional support that exaggerated

BP reactivity is implicated in hypertension.
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The overall aim of this thesis was to better understand the substantial inter-individual
variability observed in HR and BP reactivity to acute psychological stress. This aim was
achieved by using a range of methods that included meta-analysis, laboratory studies, and a

secondary analysis of epidemiological data.

Summary of Results
The Autonomic Basis of Cardiovascular Stress Reactivity

The aim of Chapter 2 was to summarise the existing literature concerning the autonomic
nervous system response to acute psychological stress to better establish the autonomic basis of
cardiovascular stress reactivity. One hundred and eighty-six studies of sufficient quality were
identified. Four independent mixed-effects meta-analyses were undertaken; two concerned
peripheral markers of sympathetic or parasympathetic activity and two concerned
pharmacological blockade of the sympathetic or parasympathetic nervous system, all within the
acute psychological stress paradigm. Aggregate effects showed that, on the whole, both the
sympathetic and parasympathetic nervous systems are perturbed by acute psychological stress to
much the same degree in terms of effect size and both sympathetic activation and
parasympathetic withdrawal contribute to cardiovascular stress reactivity. This same result
emerged when analyses were confined to studies measuring both autonomic branches
simultaneously, and suggested that task selection bias was not an influencing factor. Analysis of
blockade studies revealed that beta-adrenergic sympathetic blockade attenuated cardiovascular
reactivity; no analysis was carried out on parasympathetic blockade studies as too few were
available, making this a clear focus for future research. Subgroup analyses revealed that

sympathetic and parasympathetic aggregate effects significantly varied across age, sex, and
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stress task: speech tasks were most provocative, sympathetic activation decreased with age and

was greater in men than women.

Cardiovascular Stress Reactivity and HR Complexity

Chapter 3 explored the relationship between correlation dimension (D2), a measure of
HR complexity, and HR reactivity to acute psychological stress across 2 studies. It aimed to
determine if correlation dimension 1) was related to HR reactivity, 2) related to HR reactivity
independent of changes in sympathetic and parasympathetic activity, indexed by pre-ejection
period (PEP), and root mean square of successive difference (RMSSD), respectively, and 3) was
influenced by changes in respiration. In Study 1 (N = 25) D2, HR, RMSSD, and respiration rate
were measured in response to an acute mental arithmetic stressor. HR and respiration rate
significantly increased, and D2 and RMSSD significantly decreased, in response to stress.
Stress-induced changes in D2 were significantly related to HR; a result that withstood adjustment
for RMSSD and respiration rate reactivity. In Study 2 (N = 162) HR, PEP, and RMSSD were
measured in response to acute mental arithmetic stress. To account for the interaction between
the parasympathetic and sympathetic nervous systems, an interaction term was computed. In
response to the stress task, HR increased and PEP and RMSSD decreased. In a regression model
entering reactivity values for D2, RMSSD, PEP and the interaction term, as predictors of HR

reactivity, D2, RMSSD, and PEP all emerged as independent predictors.

Cardiovascular Stress Reactivity and Allostatic Load

Chapter 4 focussed on the relationship between physiological allostatic load, measured at
rest, and cardiovascular reactivity to mental arithmetic and cold pressor stress tasks in a healthy
sample. An allostatic load index was computed from nine biomarkers in the cardiovascular

(resting SBP, DBP, HR, and estimated cardiorespiratory fitness), neuroendocrine (resting
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norepinephrine, epinephrine and p2-adrenergic cell receptor density) and anthropometric (waist-
hip ratio and BMI) domains, and SBP, DBP, and HR reactivity was recorded. Allostatic load
was significantly negatively related to HR reactivity, but only to mental arithmetic, such that
higher allostatic load was related to lower HR reactivity. Given that task engagement and
performance have been suggested to relate to reactivity (Phillips, Ginty, & Hughes, 2013), and
depressive symptomatology has been linked to ,both reactivity and allostatic load (Carroll,
Phillips, Hunt, & Der, 2007; de Rooij, Schene, Phillips, & Roseboom, 2010; McEwen, 2000,
2003; Phillips, Hunt, Der, Carroll, 2010; Salomon, Clift, Karlsdottir, & Rottenberg, 2009;
Salomon, Bylsma, White, Panaite, & Rottenberg, 2013; York, Hassan, Li, Fillingim, & Sheps,
2007), this analysis was revisited adjusting for self-reported task engagement, task performance,
and self-reported depressive symptomology; allostatic load still significantly negatively related
to HR reactivity. No relationships were observed between allostatic load and BP reactivity to

either task or HR reactivity to the cold pressor task.

Multivariate Individual Differences in Cardiovascular Reactivity

Chapter 5 aimed to explore, using a large epidemiological dataset, multivariate individual
differences in patterns of cardiovascular reactivity to acute psychological stress and their
prospective association with physician-diagnosed hypertension. Multivariate cluster analysis
was carried out on individuals from the Dutch Famine Birth Cohort dataset (N =671) which
measured SBP, DBP, and HR reactions to a battery of stress tasks. The sample resolved to four
homogenous clusters: Cluster 1 was characterised by a relatively robust SBP, DBP, and HR
responses; Cluster 2 registered modest increases in all three parameters; Cluster 3 was relatively
non-responsive and exhibited blunted SBP, DBP, and HR responses; and Cluster 4 mounted

large SBP and DBP responses but only a modest HR increase. Prospective analysis was then
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undertaken to examine if cluster membership predicted hypertension diagnosis in 439
participants at five year follow-up. Clusters 3 and 4 conferred significantly increased risk for
hypertension five years later. For Cluster 3, BMI was found to abolish the increased risk when
inserted as a covariate. The increased risk for hypertension characteristic of those with a Cluster
4 response pattern survived statistical adjustment for a host of socio-demographic and
anthropometric variables, as well as for anti-hypertensive medication use at the time of stress

testing.

Implications

The reactivity hypothesis (Obrist, 1981) has been the foundation of over 30 years of
research examining the physiological response to stress and how stress impacts health.
Exaggerated cardiovascular responses to acute psychological stress have been linked to increased
risk of cardiovascular diseases (Chida & Steptoe, 2010) and recently, blunted reactions have also
been found to relate to adverse health and behavioural outcomes (Phillips et al., 2013).
However, HR and BP are multiply determined cardiovascular endpoints that are controlled by
numerous upstream cardioregulatory processes (e.g., autonomics, hemodynamics, local tissue
processes, central command, etc., (Kasprowicz, Manuck, Malkoff, & Krantz, 1990; Sherwood,
Dolan, & Light, 1990), and to ignore them is to ignore a large amount of potentially insightful
inter-individual variability (Lovallo, 2005; Lovallo & Gerin, 2003; Manuck, 1994). This
perspective gave rise to the key aim of this thesis, that it would be informative to focus research
effort on examining the individual differences in physiology that contribute to the observed inter-
individual variability in HR and BP stress reactivity. This thesis is timely in that it resonates
with others who have maintained a similar contention, emphasising the elucidation of “pathways

to the stress response” that capture individual differences in brain activation, psychological
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processing, and cardiovascular reactivity (Critchley et al., 2003; Critchley, Corfield, Chandler,
Mathias, & Dolan, 2000; Gianaros, & Sheu, 2009; Gianaros, & Wager, 2015; Lovallo, 2005;
Lovallo & Gerin, 2005; Wager, Waugh, Linquist, Noll, Fredrickson, & Talyor, 2009a; Wager,
van Ast, hughes, Davidson, Lindquist, & Ochsner, 2009b), and is novel in that it focuses on
peripheral sources of inter-individual differences in cardiovascular stress reactivity. Specifically,
this thesis identifies three general areas in which individual differences have the potential to
impact on cardiovascular stress responses: peripheral physiology, the context of stress, and

person factors.

Peripheral Physiology

Lovallo (2005) proposed a three level stress response model in which Level I included
the limbic system and prefrontal cortex and was responsible for mediating the psychological
stress response, Level Il included the hypothalamus and brainstem regions that translate top-
down inputs into bodily responses, the area between Levels 11 and 111 accounted for the
autonomic and endocrine outputs to the periphery, and Level 111 incorporated the structure and
function of peripheral tissues. Results from this thesis provide support for this model as
individual differences were documented in the area between Level Il and 111 (Chapters 2 and 3),

in Level I11 (Chapter 4), and in the resultant cardiovascular response (Chapter 5).

The role of the autonomic nervous system in cardiovascular reactions to acute
psychological stress has been appreciated for a long time, evidenced by its central role in early
models of cardiac reactivity (Berntson, Cacioppo, & Quigley, 1991; Bernston, Cacioppo, &
Quigley, 1993; Berntson, Cacioppo, Binkley, Uchino, Quigley, & Fieldstone, 1994; Stemmler,
Grossman, Schmid, Foerster, 1991). Chapter 2 provides supportive evidence for these models as

it implicated both the sympathetic and parasympathetic nervous system branches in the
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cardiovascular response, especially the HR response. HR is not only controlled by the
autonomic nervous system, but rather is subject to other influences (e.g., haemodynamic,
humoral) that potentially can interact and form linear and non-linear cardioregulatory loops
(Hagerman, Berglund, Lorin, Nowak, & Sylvén, 1996; Lipsitz, 1995; Wagner, & Persson, 1998).
Chapter 3 showed that individual differences in correlation dimension, a HR complexity measure
that is designed to quantify the number of functional inputs responsible for a given time series
(Table 1.1), was related to HR reactivity across two studies. More importantly, it should be
noted that this relationship was independent of respiration, sympathetic, parasympathetic, and
sympathetic-parasympathetic interaction effects, suggesting that other individual differences in
cardiac regulation, not captured by traditional autonomic markers exist that potentially impact

HR reactivity.

The stress response does not occur in a vacuum but rather against the backdrop of basal
physiological conditions. Thus, if individual differences exist at baseline then it is possible that
individual differences in reactivity will be observed (Jennings, Kamarck,Stewart, Eddy, &
Jonson, 1992). Results from Chapter 4 resonate with this notion as resting allostatic load, which
included resting measures from cardiovascular, anthropometric, and neuroendocrine domains
related to HR reactivity such that higher allostatic load predicted lower reactivity. Finally, in
Chapter 5 a large amount of individual difference was observed in the multivariate pattern of

reactivity.

The Context of Stress
It has been long recognized that stress tasks per se and their characteristics (e.g., duration,
social evaluation) are a source of individual difference (Dickerson, & Kemeny, 2004; Kamarck

& Lovallo, 2003; Krantz & Manuck, 1984). Tasks have been characterised as physical vs.
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psychological (Sherwood, Allen, Obrist, & Langer, 1986), passive vs. active (Isowa, Ohira, &
Murashima, 2004; Sherwood et al., 1990), alpha-adrenergic vs. beta-adrenergic (Willemsen,
Ring, Carroll, Evans, Clow, & Hucklebridge, 1998), and social vs. non-social (Ewart &
Kolodner, 1993; Prkachin, Mills, Zwaal, & Husted, 2001), of which, along these demarcations
lie differences in cardiovascular reactions, underlying physiological mechanisms, and the ability
to predict disease outcomes (Fredrickson & Matthews, 1990). Results of this thesis support this
notion, as in Chapters 2 and 4 individual differences with respect to stress tasks were observed.
Subgroup analyses of the meta-analyses (Chapter 2) revealed that speech tasks provoked greater
BP responses compared to the other tasks (mental arithmetic, reaction time, and Stroop), reaction
time tasks elicited a stronger sympathetic response than mental arithmetic stressors, and the
Stroop prompted a notably larger parasympathetic withdrawal compared to speech tasks. In
Chapter 4 two stress tasks were employed, mental arithmetic and cold pressor; allostatic load
only related to reactivity to the mental arithmetic, which is a known active stressor with social
evaluation, while the cold pressor is passive with minimal social evaluation (Schwerdtfeger &
Rosenkaimer, 2011; Sherwood et al., 1990). Moreover, reactivity values from the two tasks and
self-report ratings of task stressfulness (analysis not in Chapter 4) were uncorrelated across the
sample suggesting that individuals react differently to different tasks, both physically and
psychologically. Taken together, these findings underscore the need to consider the nature of

stress tasks in experimental design as a source of individual difference.

Person Factors
Results from several of the chapters in this thesis were also consistent with the notion that
individual differences in cardiovascular stress reactivity are also affected by non-physiological

factors unique to each participant (e.g., sex, age, etc., Herd, 1991). For example, a meta-analysis
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of 31 laboratory studies (Uchino, Birmingham, & Berg, 2009) showed that increasing age was
associated with lower HR reactivity but greater SBP reactivity. Results from Chapter 2 provide
qualified support as HR reactivity was statistically greater in the younger samples; perhaps
attributable to the significantly greater sympathetic activation, as evidenced by enhanced efficacy
of beta-adrenergic blockade in this age group. No relationship between age and SBP reactivity
was observed. It was also observed that males displayed greater SBP, DBP, and sympathetic
activation which falls in line with findings reported elsewhere (Carroll, Ring, Hunt, Ford, &
Macintyre, 2003; Light, Turner, Hinderliter, & Sherwood, 1993; Steptoe, Fieldman, Evans, &
Perry, 1996). Finally, examination of socio-demographic parameters across cardiovascular
reactivity clusters in Chapter 5 revealed several significant differences: educational attainment,
socioeconomic status, body mass index, depressive symptomatology, and smoking status, all of
which have been already identified as personal factors that contribute to the inter-individual

variability observed in HR and BP reactivity.

Limitations

This thesis is not without limitations. The specific limitations of each study are outlined
in the Discussion sections of each chapter. Thus, only limitations that are common across
chapters will be discussed here. First, although the studies in this thesis orient physiological
individual differences as causes of individual differences in stress reactivity, direction of
causation cannot be firmly established. An exception here is the case of the sympathetic
blockade. The meta-analysis contained in Chapter 2, in which pharmacological blockade of the
beta-adrenergic sympathetic nervous system significantly reduced HR reactivity to acute mental
stress, and thus provided corroboration of the findings of the more observational studies. What

is also possible is that stress reactions and their precursors impact each other in reciprocal ways.
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For example, large magnitude increases in BP engage local BP regulatory mechanisms that over
time lead to vascular hypertrophy, a process called upward structural resetting (Folkow, 1990).
The decreased lumen diameter and increased vascular stiffness caused by hypertrophy then leads
to increased resting BP and augmented future BP responses to stress. In such a circumstance it
can become hard to disentangle the direction of causality. Second is the problem of
generalisation; Chapters 3 and 4 were both conducted in young, otherwise healthy, participants.
Although the samples contained both males and females, generalisation to older populations
remains to be determined. Regarding Chapter 3, a loss of HR complexity has been documented
with increasing age (Kaplan, Furman, Pincus, Ryan, Lipsoitz, & Goldberger, 1991; Lipsitz &
Goldberger, 1992). Hence, it still remains possible that the finding of reduced HR complexity
under stress would generalise to an older population. Alternatively, a lower HR complexity at
baseline may restrict further decreases (i.e., floor effect). In relation to Chapter 4, evidence
would suggest that the relation found in this study would generalise to other populations as
reactivity has been shown to be relatively stable over months (Kasprowicz et al., 1990) and years
(Allen, Sherwood, Obrist, Crowell, & Grange, 1987; Burleson et al., 2003), and to have a strong
genetic component (Carroll, Hewitt, Last, Turner, & Sims, 1985; Sims, Hewitt, Kelly, Carroll, &
Turner, 1986; Turner, Carroll, Sims, Hewitt, & Kelly, 1986; Wu, Snieder, De Geus, 2010), and,
by definition, allostatic load accumulates over time (McEwen, 1998). Thus, if reactivity remains
relatively consistent and allostatic load increases one could expect the relationship to grow
stronger or at the very least remain stable. Finally, it always possible that the observational
associations reported here are, to some extent, influenced by possible confounding from some
unmeasured or poorly measured variable (Christenfeld, Sloan, Carroll, & Greenland, 2004).

However, all studies adjusted for many possible confounders.
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Strengths

This thesis also has several strengths. First, a range of methodologies were deployed.
The meta-analysis (Chapter 2) comprised cross-sectional studies and pharmacological
experiments, Chapters 3 and 4 were cross-sectional experimental studies, and Chapter 5 was a
secondary analysis of the Dutch Famine Birth Cohort and allowed for cluster and prospective
analysis. Second, this thesis contains research on multiple age populations. Chapters 3 and 4
focused on young adults, Chapter 5 comprised a longitudinal study of late middle-aged adults,
and Chapter 2 included studies with participant samples of all age groups. Finally, perhaps the
greatest strength, is the wide array of objective physiological measures included in this thesis:
standard blood pressure cuff (Chapters 2-4), portapres/finometer (Chapters 3 and 5),
electrocardiography (Chapters 2 and 3), plasma catecholamines (Chapters 2 and 4), pre-ejection
period derived from impedance cardiography (Chapter 2) and Doppler echocardiography
(Chapter 3), heart rate variability (Chapters 2 and 3) and complexity (Chapter 3), B2-adrenergic
cell receptor density (Chapter 4), pharmacological blockade (Chapter 2), and respiration
(Chpater 3). In addition, meta-analysis (Chapter 2) and cluster analysis (Chapter 5) were applied

to physiological data in a novel manner.

Future Directions

Research could proceed in various directions based on the research contained in this
thesis. First, large datasets that contain physiological data and disease endpoints should be
revisited with a focus put on identifying multivariate individual differences (Chapter 5). This
could be accomplished by applying clustering algorithms (Allen, Boquet, & Shelley, 1991),

factor analysis (McCaffery, Marslan, Strohacker, Muldoon, & Manuck, 2012), structural
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equation modelling (Whiteman, Deary, Fowkes, & Gerald, 2000), and machine-learning
techniques (Jang, Park, Kim, & Sohn, 2012; Sharma & Gedeon, 2012) to identify 1)
physiological and psychological patterns that underlie the cardiovascular stress response and, 2)
individuals who display particular patterns of stress reactivity that are particularly pathogenic.
Such an approach would compliment the strong research already present in the field. For
example, a previous examination of the Dutch Famine Birth Cohort study found that SBP
reactivity to a battery of stress tasks was significantly related to hypertension risk at 5 year
follow-up, OR = 1.014, 95%CI (1.002-1.-26), p = .02 (Carroll, Ginty, Painter, Roseboom,
Phillips, & de Rooij, 2012). A re-analysis of the same data, adjusting for similar confounders,
using cluster analysis (Chapter 5) not only confirmed this previous finding, as cluster
membership was predictive of hypertension risk, but made it more specific by showing that large
magnitude SBP reactions, relative to the sample mean, may only be pathogenic when a robust
HR response is absent (for full discussion see Chapter 5). Hence, previously published findings
relating cardiovascular reactivity to disease may potentially be revised for specificity (as in this
example) if the datasets are revisited with a focus on exploring multivariate individual

differences.

A second direction for future research is to begin disentangling directions of causality
with respect to the development of extreme stress reactivity (i.e., blunted or exaggerated).
Directly, building off the findings in Chapter 4, a longitudinal study exploring the accumulation
of allostatic load and the dynamics of cardiovascular reactivity over time would begin to
disentangle (but, not fully establish) the direction of causality. Current evidence suggests that
childhood trauma (Carpenter et al., 2007; Carpenter, Shattuck, Tyrka, Geracioti, & Price, 2011;

Lovallo, Farag, Sorocco, Cohon, & Vincent, 2012) and negative life events (Carroll, Phillips,
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Ring, Der, & Hunt, 2005; Phillips, Carroll, Ring, Sweeting, & West, 2005) play a role in the
development of blunted stress reactions later in life, however, the findings are inconsistent with
some reporting exaggerated reactivity (Ashman, Dawson, Panagiotides, Yamada, & Wilkinson,
2002; Heim, et al., 2000; Heim, Newport, Wagner, Wilcox, Miller, & Nemeroff, 2002; Leucken,
2000). However, dynamics of such developments are not established. For example, does
blunted reactivity directly develop from such traumatic experiences or is it the end result of a
process that perhaps begins with exaggerated reactivity and through allostatic mechanisms
stresses the body (e.g., wear and tear), ultimately resulting in the inability to physiologically
respond to stress. Presently it is not known (Danese & McEwen, 2011), but perhaps longitudinal

analysis could begin to establish these patterns.

Finally, the overall goal of this thesis was to identify individual differences that impact
upon cardiovascular stress reactivity. Based on this, future research could proceed by identifying
novel sources and further exploring already known pools of individual difference. One such
example includes individual differences in genes. Compared to other underlying physiological
processes (e.g., autonomic and hemodynamic), genetic effects have received relatively little
attention in the context of acute stress responding (for reviews see De Geus, Kuppers, Boomsma,
& Snieder, 2007; Wu et al., 2010). Despite this, a meta-analysis of twin studies found strong
evidence of heritability of HR and BP reactivity to acute mental and cold pressor stress tasks
with pooled heritability estimates for each task ranging from 0.26 - 0.43 and 0.21 to 0.55,
respectively (Wu et al., 2010). However, the results were tempered by the finding that studies
exploring candidate genetic variants responsible for the heritable component of stress reactivity
are largely inconsistent (Wu et al., 2010). For example Li et al. (2001), reported increased DBP

reactivity to mental arithmetic and cold pressor stress among Arg/Arg homozygotes for the
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ADRB2 Arg16Gly polymorphism but this effect has yet to be replicated (Liu et al., 2006;
McCaffery, Pogue-Geile, Ferrell, Petro, & Manuck, 2002; Poole, Snieder, Davis, & Treiber,
2006). Similar discordant findings exists for the 5-HTTLPR genetic variant (McCaffery, Bliel,
Pogue-Geile, Ferrell, & Manuck, 2003; Williams et al., 2001; Williams et al., 2008). Other
candidate genetic variants include: ADRA2C (Kurnik et al., 2008), tyrosine hydroxylase (Rao et
al., 2008), NOS3 (Malhotra et al., 2004), OXTR (Rodrigues, Saslow, Garcia, John, & Keltner,
2009), and endotheline-1 (Treiber et al., 2003). Continued research in this area, particularly
exploring how gene variability impacts the underlying mechanisms of HR and BP reactivity and

disease risk, is sure to advance current knowledge related to the stress response.

Conclusion

In conclusion, this thesis used a multi-method approach of meta-analysis, laboratory
testing, and secondary analysis of epidemiological data to further probe the individual
differences that contribute to high degree of observed inter-individual variability in
cardiovascular reactivity to acute psychological stress. Both branches of the autonomic nervous
system were implicated in stress reactions and individual differences in a novel measure of HR
complexity were found to account for a significant portion of unexplained inter-individual
variance in HR reactivity. Individual differences in resting allostatic load, computed from
cardiovascular, anthropometric, and neuroendocrine domains, were negatively related to HR
reactivity. Finally, it was shown that multivariate individual differences, captured using cluster
analysis, prospectively related to hypertension diagnosis. Overall, this thesis outlines several
sources of individual difference with respect to cardiovascular stress and demonstrates that novel
sources of individual differences relate to disease risk. Building on the established success of the

univariate reactivity hypothesis, given the findings presented in this thesis and in the research
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field, perhaps it is fitting to conclude that further research concerning the reactivity hypothesis
would benefit from a focus on individual differences more broadly in addition to those simply

observed in HR and BP reactivity.
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Appendix I1: Chapter 3 Supplmentary Tables

Table 3.6. HR Variability and Complexity Intercorrelations Study 1 (N = 25)

1. 2. 7. 8.
1. HR 1
2. RMSSD -.688** 1
3. D2 -.563** .286
4. DFal 599** - 452*
5. DFo2 .059 -.252
6. SD1 -.688** 1.00**
7. SD2 -414*  659** 1
8. ApEn -.098 -.278 -395* 1

*=p<0.05 **=p<0.0l.

Table 3.7. HR Variability and Complexity Intercorrelations Study 1 (N = 176)

=p<0.05 *=p<0.0L

2. 7. 8.
1. HR
2. RMSSD  -.360** 1
3. D2 -.400**  -.010
4. DFal 369**  -.549**
5. DFa2 S09**  -.382**
6. SD1 -.358**  1.00**
7. SD2 -.246**  733** A33%* 1
8. ApEn -.639** 113 -112 1
*
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Appendix I11: Chapter 4 Supplmentary Tables

Table 4.2. Correlations between Allostatic Load and Cardiovascular Reactivity (N = 53)

1. 2. 3. 4. S. 6. 7.

9. Allostatic Load 1
PASAT Reactivity

10. HR -.362** 1

11. SBP -.220 .505** 1

12. DBP -.175 .363** .805** 1

Cold Pressor Reactivity

13.  HR -.101 -.002 -121 -.102 1

14. SBP -.102 -.069 .025 .069 405** 1

15. DBP -.051 -.148 -.074 .012 .333*%* .642*%* 1

*=p<0.05 **=p<0.01.
Note: Allostatic Load defined as the sum of Z scores for resting DBP, 3-receptors, and
waist-hip ratio

Table 4.3 Allostatic Load as a Predictor of HR Reactivity to PASAT (N = 53)

B t p AR?
Unadjusted Model
Allostatic Load -36 -2.77 =.008 131
Adjusted Model
PASAT Score .02 123 902

Self-reported Task Engagment 19 1.20 237
HADS-Depression -16  -1.15 258 .081

Allostatic Load -35 -260 =.013 117
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