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Abstract

This thesis was on organizational neuroscience with applications to stress man-
agement. Section 1 developed an organizational neuroscience model of occupational
stress that integrated the health impairment process of the job-demands resources
model of occupational stress with the (biologically-grounded) allostatic load model
model stress. In doing so, this section developed a series of propositions that in-
tegrated each model through a job demands–allostatic load pathway. Resilience
training was discussed as a potential moderator of this pathway with a focus on
mindfulness meditation, physical activity, and multi-modal interventions that com-
prise each of these practices completed concurrently.

In Section 2 of this thesis, specific methodological, interpretational, and philo-
sophical concerns that arise when adopting an organizational neuroscience approach
to research were discussed across two critical essays. This included a focus on the ap-
propriateness of statistical analyses in organizational neuroscience, the implications
of the completeness and transparency of reporting research findings, and what kind
of causal inferences can be drawn about organizationally-relevant behavior using
neuroscience data. These essays served as the statistical and philosophical frame-
work through which the empirical studies conducted in Section 3 were conducted
and interpreted.

Finally, Section 3 of this thesis was a conceptual evaluation of the resilience
training propositions of the theoretical model developed in Section 1. It was a
conceptual evaluation in that the sample was one of convenience rather than a
working population, specifically. This included three studies conducted within a
pilot and feasibility trial that comprised formal mindfulness psychoeducation and
aerobic endurance exercise training, completed concurrently. It has been theorized
that interventions of this kind exert salutary effects on mental health outcomes
through neurobiological mechanisms. To assess this, this intervention was evaluated
at multiple levels of analysis to build a comprehensive understanding of its effect on
the mind, brain, and physiology.

The primary aim of Study I was to investigate the effect of this intervention on
self-reported chronic psychosocial stress, and potential mechanisms involving dispo-
sitional mindfulness, adaptive and maladaptive emotion regulation strategies, and
maximal and submaximal cardiorespiratory fitness. Notably, participation in this
intervention was associated with a reduction in chronic psychosocial stress, and an
improvement in wellbeing that is considered clinically meaningful with respect to
the scale. The primary aim of Study II was to investigate whether the effects of
this intervention on mental health outcomes may occur through neural mechanisms,
as predicted by theoretical models. This involved a longitudinal voxel-based mor-
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phometry study with a focus on gray matter concentration within the hippocampus.
This study provided preliminary evidence that this intervention was associated with
increases in gray matter concentration within the hippocampus, as well as within
regions associated with stress regulation, memory, and sensorimotor processes. The
primary aim of Study III was to investigate whether the aerobic endurance train-
ing component of this intervention was associated with exercise-induced adaptations
to stress-responsive systems. This is of note because these adaptations have been
posited to spill over to heterotypic stressors like psychosocial stress, and confer
resilience to adversity more broadly. This was evaluated through measuring the
cortisol response to a submaximal steady state exercise bout before and after the
training period. In this study it was identified that training was associated with an
attenuation of cortisol responses, which was indicative of physiological adaptations
that enable submaximal exercise workloads to be conducted with greater efficiency
and less strain. Limitations and implications for future research were also discussed.
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Chapter 1

General Introduction and Thesis
Overview

Organizational neuroscience is an emerging field of research that draws heavily
on social and cognitive neuroscience traditions, but which examines specifically the
relationship between human behavior and the brain in the context of organizations
(Ashkanasy, Becker, & Waldman, 2014; Ashkanasy, 2013; Healey & Hodgkinson,
2014, 2015). The brain is of special interest to organizational behavior scholars be-
cause it is theorized that research on neurobiological factors may provide a mechanis-
tic insight into organizationally-relevant behaviors. For example, existing research
has applied methods from social and cognitive neuroscience and organizational be-
havior to the study of different leadership styles (Balthazard, Waldman, Thatcher,
& Hannah, 2012; Hannah, Balthazard, Waldman, Jennings, & Thatcher, 2013), de-
cision making processes relevant to the workplace (Dulebohn, Conlon, Sarinopoulos,
Davison, & McNamara, 2009; Dulebohn et al., 2016), and group interactions among
individuals in organizations (Molenberghs, Prochilo, Steffens, Zacher, & Haslam,
2017), among others (for an overview, see Murray & Antonakis, 2018). Moreover,
within the past decade much progress has been made at the theoretical level in
this field. This includes a maturing discussion on the ethical implications of neuro-
science research with respect to its potential applications, the reliability of different
neuroscience methods, and how neuroscience data can be interpreted and applied
to address problems that are faced by organizational researchers and practitioners
(Healey & Hodgkinson, 2014; Lindebaum, 2016; Lindebaum & Zundel, 2013; Niven
& Boorman, 2016). Based on these developments, in this thesis it is proposed that
organizational neuroscience can be used as a framework to the study of occupational
stress. A framework for examining occupational stress at multiple levels of analy-
sis, including the brain, may potentially advance occupational stress research and
practice.

To this end, this thesis had three broad aims. The first aim was to develop
an organizational neuroscience model of occupational stress that integrated models
of stress from both organizational and neuroscience perspectives. This research
endeavor is novel in that it would integrate concepts of stress that are often only
considered independently in separate fields of science. This model would additionally
serve as the theoretical framework and literature review for the studies conducted
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CHAPTER 1. GENERAL INTRODUCTION AND THESIS OVERVIEW

in this thesis.
The second aim was to provide a critical evaluation of current methods and re-

search practices within organizational neuroscience. The purpose of this aim was
to critically engage with methodological and practical problems that have arisen in
contemporary research that adopt an organizational neuroscience approach. These
critical evaluations target specific aspects of organizational neuroscience research
that have been overlooked in past theoretical essays, and cover topics such as the
appropriate use of inferential statistics, the importance of transparency and report-
ing practices, and theories of causation that draw on the philosophy of science.
Moreover, these critical evaluations would serve to establish the statistical, method-
ological, and philosophical foundation for how studies in this thesis were to be
conducted and interpreted.

The final aim was to conduct multiple individual studies within a larger pilot and
feasibility trial in order to provide a preliminary evaluation of propositions of the the-
oretical model relating to resilience training. This involved an intervention that was
comprised of mindfulness psychoeducation and endurance aerobic exercise training,
delivered concurrently, in a population of healthy individuals as a prevention-focused
(primary) intervention. However, due to feasibility reasons, these studies were con-
ducted in a convenience sample rather than in a working population, specifically.
For this reason, these studies may be more more appropriately considered a con-
ceptual evaluation of the model rather than a direct evaluation, and the extent to
which the results of these studies are applicable to working populations must be the
subject of future research. Importantly, though, these studies will provide guidance
on what future studies within this population will look like and how they might
be conducted. This includes providing critical information on factors that must be
considered in the development of future studies, such as preliminary estimates of
effect size and feasibility constraints.

1.1 Thesis overview and summary of each chapter

Occupational stress is a considerable burden on individuals and organizations.
For individuals, excess exposure to stressors can be detrimental to employee health.
This can lead to both physical illness (Nixon, Mazzola, Bauer, Krueger, & Spec-
tor, 2011) and the development of stress-related mental health problems such as
depression and anxiety (Melchior et al., 2007; Pereira, Meier, & Elfering, 2013). For
organizations, the burden of occupational stress can manifest as lost productivity,
including absenteeism, presenteeism, and a decline in work performance (Cartwright
& Cooper, 2014). Moreover, the financial cost of work-related stress in developed
countries is considerable for both organizations and broader society (Gallup, 2016;
Goh, Pfeffer, & Zenios, 2016; Medibank, 2008). As such, it is valuable to under-
stand the mechanistic basis of work-related stress, and of interventions designed to
ameliorate stress or which promote resilience to adversity. These research endeavors
may identify more efficient pathways to treating work-related stress, or of alterna-
tive pathways to providing individuals with resources that buffer against the effects
of stressor exposure when traditional approaches are not effective.

Section 1 (Chapter 2) of this thesis comprises the development of an organiza-
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CHAPTER 1. GENERAL INTRODUCTION AND THESIS OVERVIEW

tional neuroscience model of occupational stress that integrates the health impair-
ment process of the job demands-resources model (Demerouti, Nachreiner, Bakker,
& Schaufeli, 2001) with the (biologically-grounded) allostatic load model of stress
(McEwen, 2016; McEwen & Gianaros, 2011). The aim of Chapter 2 was to re-
view neuroscience research conducted within and outside of work-specific contexts,
and integrate the job demands-resources and allostatic load models across a series
of propositions in a job demands–allostasis–allostatic load pathway. This chapter
also discusses several potential moderators of the model, focusing on genes, sex
hormones, and the direct and indirect effects of resilience training interventions on
health impairment outcomes. These interventions comprise mindfulness-based inter-
ventions and physical activity. This chapter also discusses the hypothesized effects
and mechanisms of multi-modal interventions involving both mental and physical
training conducted concurrently, which are hypothesized to exert salutary effects on
mental health through neurobiological mechanisms.

One key limitation of this theoretical model relates to issues that arise when
scholars apply neuroscience methods to organizational research problems. It is rec-
ognized in the broader fields of neuroscience that the most powerful tools for ad-
vancing research in human behavior are not neuroscience instruments like functional
magnetic resonance imaging (fMRI) or electroencephalography (e.g., Cacioppo et al.,
2003). Instead, they are the ingenuity of research designs, the clarity of theories,
and the appropriateness of statistical analyses. Neuroscience methods can be im-
portant in refining mechanistic models of data-generated processes that underlie
occupational stress and resilience training. However, it is important to apply an
identical level of critical reasoning to organizational research findings that use neu-
roscience methods as one would do with traditional organizational research. Section
2 (Chapter 3 and Chapter 4) provides a critical evaluation of the current methods
and research practices in organizational neuroscience, and establishes a statistical
and philosophical framework for how the empirical studies in Section 3 of this the-
sis are conducted and interpreted. The aim of Chapter 3 was to use Waldman and
colleague’s (2017) recent Annual Review of the state-of-the-art of organizational neu-
roscience as a catalyst for a broader discussion on post-publication review practices
in this field. This chapter is structured around the implications of: (1) accepting
findings within studies that are reported without sufficient completeness or trans-
parency, and (2) focusing on statistical significance in absence of consideration of
effect size magnitude or precision (as indicated by confidence intervals). As such,
key focuses in this paper involve the adequacy of reporting practices (e.g., Appel-
baum et al., 2018) and the use of modern statistical methods (e.g., Calin-Jageman
& Cumming, 2019; Cumming, 2014). This chapter is divided into two parts, where
Part I provides a comprehensive critical evaluation of the fields’ two highly cited
seminal works, and Part II is restricted to a discussion of specific concerns that have
been overlooked across selected secondary works.

Having critically evaluated the reporting practices and use of statistics across a
select range of organizational neuroscience works, attention in Chapter 4 is directed
to a critical evaluation of the specific neuroscience research methods that have been
promoted in this field. Across multiple major theory pieces (e.g., Waldman, Wang,
& Fenters, 2019; Waldman, Ward, & Becker, 2017), empirical studies (e.g., Hannah
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et al., 2013), and within the textbook that has adopted the field’s name (Wald-
man & Balthazard, 2015), management and organizational behavior scholars have
promoted two alternative methods of investigating the relationship between orga-
nizational behavior and the brain. These are referred to as reflexive and intrinsic
assessments. Each of these methods have been proposed to provide insight into the
neural basis of organizational behavior (for a recent overview, see Waldman et al.,
2019). Drawing on the broader fields of social and cognitive neuroscience, and upon
the philosophy of science known as interventionism (Woodward, 2004), the aim of
Chapter 4 was to explicate how these methods differ in their capacity to answer
questions that are relevant to organizational research and practice. Briefly, reflexive
assessments involve manipulation of cognitive and mental states, and provide a level
of causal insight into the neural basis of organizational behavior that is above mere
association but below causal certainty. Intrinsic assessments, in contrast, involve no
manipulations and are correlational in design. For this reason, causal claims with
respect to intrinsic assessments coincide with multiple threats to validity. This is
problematic when observational neuroscience data are interpreted in a causal, ex-
planatory manner, which is sometimes characteristic of the interpretations given in
organizational neuroscience. This chapter discusses ways that intrinsic research, in
particular, can be confounded by factors that are irrelevant to the neural basis of
organizational behavior, and concludes with implications and recommendations for
the future of this field.

Section 3 (Chapter 6, Chapter 7, and Chapter 8) involves a pilot test of propo-
sitions of the organizational neuroscience model of occupational stress that relate
to resilience training, albeit, due to feasibility reasons within a general population
rather than a working population specifically. That is, do combination training in-
terventions have a direct effect on improving indices of health impairment outcomes
(specifically, do they reduce self-reports of chronic psychosocial stress), as well as
improving resources that may be implicated in resilience to adversity? And what
are the potential mechanisms of these changes? This particular set of studies are
conducted within a pilot and feasibility trial that subjects individuals to 16-weeks of
mindfulness psychoeducation and aerobic exercise training, delivered concurrently.
A brief overview and specific aims for each of these studies are given below.

1. Chapter 6 (Study I) investigates the effect of this intervention on self-reported
chronic psychosocial stress as well as potential mechanisms of this change.
This includes changes in the use of dispositional mindfulness, adaptive and
maladaptive emotion regulation strategies, and objectively assessed maximal
and submaximal cardiorespiratory fitness. The aims of this study were to: (1)
estimate the range and direction of within group changes in chronic psychoso-
cial stress in a non-clinical sample, as well within secondary outcomes that
may explain these potential changes, and (2) to obtain sufficient assurance of
protocol feasibility with respect to retention rate, assessment response rate,
recruitment rate, and required sample size for a confirmatory trial.

2. Chapter 7 (Study II) investigates whether the effects of this intervention may
occur through neural mechanisms, and focuses on an assessment of neuro-
plastic changes within the hippocampus (as predicted by theoretical models,
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see Millon & Shors, 2019; Shors, Olson, Bates, Selby, & Alderman, 2014) in
a longitudinal voxel-based morphometry study. Specifically, the aims of this
study were to: (1) investigate whether there is preliminary evidence that a
combined mindfulness meditation and aerobic exercise training program is as-
sociated with increases in gray matter concentration in the hippocampus over
time, as predicted by theoretical models, and (2) to obtain sufficient assur-
ance of protocol feasibility with respect to the assessment response rate and
required sample size to ensure the validity and methodological rigor of a future
definitive trial.

3. Chapter 8 (Study III) investigates whether the aerobic endurance training
component of this intervention is associated with exercise-induced adapta-
tions to physiological systems involved in the stress response. This is achieved
through evaluating whether there are stress hormone adaptations to a submax-
imal steady state exercise bout following exercise training. These adaptations
have been posited to spill over to heterotypic stressors like psychosocial stress
(Sothmann, 2006; Sothmann et al., 1996), and may therefore be one mecha-
nism of the intervention on mental health outcomes. The aims of this study
were to: (1) evaluate the effect of programmed regular endurance training
in non-trained young adults on the cortisol response to acute aerobic exer-
cise stress, and (2) to evaluate protocol feasibility with respect to assessment
response rate and the required sample size to detect pre-to-post changes in
cortisol responses in an adequately powered trial.

This particular set of studies is novel in several respects. First, an estimate
of the range and direction of the effect of an intervention of this kind on chronic
psychosocial stress in a nonclinical population, specifically, is absent from the liter-
ature. Second, previous studies using combination training modalities tend to focus
only on a single mindfulness component (i.e., focused attention meditation alone),
rather than a full mindfulness psychoeducation program such as that used in this
study. This is important given that mindfulness interventions are hypothesized to
exert their effects through attention training via self-guided meditation, as well as
through the development of acceptance skills (i.e., a mental attitude of nonjudg-
mental awareness and equanimity towards internal and external experiences) which
requires formal mindfulness psychoeducation (Lindsay & Creswell, 2017). Third,
these studies involve an aerobic exercise training program that is conducted at a
duration, frequency, and intensity that has been clinically recommended to improve
or maintain cardiorespiratory fitness (Pescatello, Arena, Riebe, & Thompson, 2014),
in contrast to previous studies that tend to focus more on subjective measures of
physical exertion. Fourth, while interventions of this kind are hypothesized to ex-
ert there effects through neuroplastic changes in the brain (e.g., Millon & Shors,
2019; Shors et al., 2014), this has not been directly tested in human subjects using
neuroimaging methods. And fifth, while exercise interventions are hypothesized to
exert their effects on mental health through exercise-induced adaptations to stress-
regulatory systems (e.g., the HPA axis secretion of cortisol), these adaptations are
usually assumed rather than directly assessed in studies focusing on mental health.
Moreover, this potential mechanism has yet to be evaluated in the combination train-
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ing intervention literature, specifically. Each of these studies additionally serve as
preliminary evaluations of propositions developed in the organizational neuroscience
model of occupational stress relating to resilience training.
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Section 1: Theoretical Framework

The aim of Section 1 is to review the literatures relevant to this thesis, and to
develop a theoretical framework that will guide further theory work and empiri-
cal studies conducted as part of this thesis. This section includes one manuscript:
An Organizational Neuroscience Model of Occupational Stress (Chapter 2, pp. 8–
34). This manuscript develops an organizational neuroscience model of occupational
stress that integrates the health impairment process of the job demands-resources
model with the (biologically-grounded) allostatic load model. Methodological lim-
itations of the organizational neuroscience approach are discussed in two critical
essays in Section 2 (p. 35). Several propositions of the model are evaluated in a
longitudinal pilot and feasibility trial, which comprise three studies in Section 3 (p.
80).
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Chapter 2

An Organizational Neuroscience
Model of Occupational Stress

2.1 Explanatory Notes
The following manuscript develops an organizational neuroscience model of oc-

cupational stress by integrating the health impairment process of the job demands-
resources model and the (biologically-grounded) allostatic load model. In doing so, it
develops a series of propositions that integrate each model through a job demands–
allostatic load (i.e., health impairment) pathway. It discusses neuroscience and
occupational stress research with a focus on health impairment outcomes relating
to the hypothalamic-pituitary-adrenal (HPA) axis and the prefrontal cortex-limbic
(PFC-L) stress network. As potential moderators of the job demands–allostatic load
pathway, it also discusses the role of genes, sex hormones, and resilience training
(mindfulness meditation and physical activity). The limitations and implications of
the organizational neuroscience model of occupational stress are also discussed.
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The burden of work-related stress on individuals and organi-
zations is considerable. At the individual level, work-related
stress has contributed to a rising incidence of mental health
problems (Melchior et al., 2007; Pereira, Meier, & Elfer-
ing, 2013) and physical ill health (Nixon, Mazzola, Bauer,
Krueger, & Spector, 2011). At the organizational level, this
burden manifests itself as absenteeism, presenteeism, and a
reduction in workplace productivity (Cartwright & Cooper,
2014). As an illustration, a 2015 Gallup survey found that
workers in Germany who reported mental or emotional dis-
tress missed 35.4 million more days of work each year, com-
pared to those who reported no distress (Gallup, 2016). In
turn, this was implicated in more than 9 billion euros in annual
lost productivity. The cost of work-related stress has been
found to be similar in other developed Western countries,
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including the United States (Goh, Pfeffer, & Zenios, 2016)
and Australia (Medibank, 2008).

Multiple comprehensive reviews of the neuroscience of stress
exist (e.g., McEwen, 2016; McEwen & Gianaros, 2011;
Ulrich-Lai & Herman, 2009). However, a limitation of these
reviews is the relatively loose way in which findings from
animal neuroscience and those of the general human popula-
tions are applied to explanations of work-related stress. As
described in Ferris and colleagues (2011) in their essay on
theory development in the organizational sciences, a lack of
consideration for the role of context can perpetuate incomplete
conclusions when applied to the workplace. The nature of
the work context, which involves unique job demands and
resources, can substantially affect the conditions under which
stressors lead to stain and subsequent health impairment out-
comes.

For these reasons, one promising avenue of future research
that integrates neuroscience and organizational perspectives
on stress may be through organizational neuroscience. Or-
ganizational neuroscience is an emerging field of research
that uses the methods, theories, and tools of neuroscience to
examine the interaction between individuals and organizations
(Ashkanasy, 2013; Healey & Hodgkinson, 2014; Waldman,
Ward, & Becker, 2017). Over the past decade, substantial
progress has been made at the theoretical level in this field,
including: (1) a maturing discussion on how neuroscience
data can be used to yield information about the mechanistic
basis of organizational behavior, and (2) acknowledgement
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of the reciprocal interactions between processes that occur
across the brain and broader social context (e.g., Healey &
Hodgkinson, 2014; Ashkanasy, 2013; Niven & Boorman,
2016). To this end, the primary aim of this article will be
to propose an organizational neuroscience model of stress
that integrates the job demands-resources model of occupa-
tional stress with the (biologically-grounded) allostatic load
model of stress. Our second aim will be to review the state
of neuroscience research on occupational stress, and in doing
so, compare findings in animal models (where relevant) and
general human populations to findings revealed in the context
of organizations.

The remainder of this article is organized as follows. First,
we describe our theoretical foundation, which comprises the
job demands-resources model and allostatic load model of
stress, and derive propositions that integrate each theory. Sec-
ond, we review existing neuroscience stress research with a
focus on the hypothalamic-pituitary-adrenal (HPA) axis and
prefrontal cortex-limbic (PFC-L) stress network. Third, we
review genetics and sex hormones as potential moderators
of the job demand–health impairment process, which have
been focal areas of neuroscience research. Fourth, we review
neuroscience and organizational findings in relation to two
forms of stress resilience training: mindfulness meditation
and physical activity. We also briefly consider multi-modal
interventions that combine mindfulness with physical activity
training, which has been hypothesized to yield salutary mental
health benefits over and above each intervention alone through
neural mechansisms. In doing so, we characterize pathways to
employee health outcomes in an organizational neuroscience
model of stress. We conclude with implications.

Theoretical Framework

Job demands-resources model

Occupational stress research is often concerned with psy-
chosocial factors at work and their relationship with employee
health (Sonnentag & Frese, 2003). This relationship is of key
interest to organizational scholars and practitioners because
occupational stress is often implicated in poorer employee
health which, in turn, is associated with undesirable organi-
zational outcomes relating to performance and productivity
(Schaufeli & Taris, 2014; Wright & Cropanzano, 2007).

Employee health is a multi-faceted construct that is charac-
terized by: (1) an absence of illness (i.e., both physical and
mental), (2) an absence of subjective risk factors (e.g., anxiety
and depressive symptoms), and (3) the experience of positive
emotions in association with the work context (e.g., mean-
ingfulness, hope, and life satisfaction; Cartwright & Cooper,
2014). Psychosocial factors that are considered hazardous to

employee health are referred to as stressors (e.g., work over-
load), and an employee’s subjective and physical responses
to stressors are referred to as strain (Griffin & Clarke, 2011).
Strain may include detrimental health outcomes that include
worry, fatigue, and exhaustion, among others. Meanwhile,
the more ambiguous terms, stress and the stress response, are
often used to refer to the psychological and physiological pro-
cesses by which stressors lead to strain. Finally, resilience in
the context of occupational stress is often described as an em-
ployee’s capacity to maintain health (or even improve health
outcomes) in response to exposure to stressors (Mancini &
Bonanno, 2006).

These relationships are well characterized by the job demands-
resources model of occupational stress. The job demands-
resources model is a flexible occupational stress framework
that describes how health outcomes are the result of the in-
teraction between (negative) job demands and (positive) re-
sources (Demerouti, Nachreiner, Bakker, & Schaufeli, 2001).
Demands are negatively valued aspects of work that require
sustained effort. This may include factors as wide ranging
as role overload (too much work), time pressure (too little
time), role ambiguity (lack of clarity about job role), and role
conflict (conflicting demands from supervisors or colleagues),
among others. Without sufficient resources, job demands can
lead to sustained states of strain (e.g., burnout) which, in turn,
can lead to detrimental organizational outcomes. Meanwhile,
resources, are positively valued aspects of organizations or
of employees themselves that may reduce the impact of job
demands by reducing their psychological or physiological
impact (Demerouti et al., 2001; Xanthopoulou, Bakker, De-
merouti, & Schaufeli, 2007). These are referred to as job
resources and personal resources, respectively.

Job resources often include motivational and social factors
that make a job more meaningful to employees. This may
include factors such as job autonomy (i.e., freedom to make
work-related decisions), feedback from others (i.e, the extent
that other organizational members, such as supervisors and
colleagues, provide job feedback), and social support (i.e., the
extent to which a job provides assistance from supervisors and
colleagues; Humphrey, Nahrgang, & Morgeson, 2007). Job
resources may also relate to the rules and processes by which
organizations operate. For example, this may include the
extent to which procedures and the distribution of outcomes
are perceived to be fair (i.e., organizational justice; Karin,
Peter, & Joris van, 2015).

Personal resources, in contrast, include aspects of the individ-
ual that interact with organizations and which are implicated
in resilience (Xanthopoulou et al., 2007). This may include
factors such as emotional and mental competency, personality
factors such as optimism, or other positive beliefs about one’s
self such as mastery and work-related self-efficacy. Because
these factors shape the way in which employees understand
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and perceive their environment, personal resources may also
determine the way in which employees perceive the availabil-
ity of job resources (Bakker & Demerouti, 2014). As such,
personal resources influence the perception of stressors in
the workplace and, in turn, what strategies they will use to
overcome these stressors.

To summarize, the job demands-resources model describes the
different processes that are involved in positive and negative
outcomes. In this review, employee health impairment will be
the focal outcome of interest. Therefore, our focus will be on
what is described in the job demands-resources model as the
health impairment process. The key propositions of this pro-
cess are twofold. First, job demands are negative and have a
detrimental effect on employee health. And second, resources
have motivational aspects that can buffer against the negative
effects of job demands on health outcomes (Demerouti et al.,
2001). In the following section, we integrate this model with
a neuroscience perspective on stress.

Allostatic load model

The brain is the central organ involved in regulating biological
and behavioral responses to stressors, and is also a target of
stressors through the experience of strain (McEwen, 2016;
McEwen & Gianaros, 2011). Within the field of neuroscience,
stress is often conceptualized through what is referred to as
the allostatic load model (McEwen, 1998; Sterling & Eyer,
1988). At the core of this model is the concept of homeosta-
sis, which refers to the maintenance of (relatively) constant
physiological systems that are necessary for normal bodily
functions (e.g., pH and body temperature; McEwen, 1998).

When homeostasis is challenged by real or anticipated experi-
ences (i.e., stressors), this leads to a cascade of physiological
changes that act to maintain or re-establish a homeostatic
equilibrium (i.e., strain). Homeostatic parameters must re-
main stable, however, the brain can direct other parameters to
fluctuate in order to maintain homeostatic stability. This is a
phenomenon known as allostasis: the adjustment of various
bodily systems, via the brain, in response to real or anticipated
stressors. In this sense, from a neurobiological perspective,
stress is a process that is captured by the physiological pro-
cess of allostasis. Allostasis differs from homeostasis in that
it refers to the dynamic and changing biological parameters
of various stress-responsive systems, in contrast to the static
parameters of homeostasis (McEwen, 1998; Sterling & Eyer,
1988). This response includes a cascade of changes across
interconnected biological networks, including neuroendocrine
(e.g., glucocorticoids), autonomic (e.g., catecholamines), im-
mune (e.g., pro-inflammatory cytokines), and neural systems
(e.g., changes in large-scale synchronous activity across the
brain; McEwen, 2007).

While these changes lead to the behavioral manifestations
of strain, such as anxious arousal and exhaustion, they are
considered adaptive in the short term. This is because the
magnitude of change in allostatic systems is commensurate
with the energy requirements needed to protect oneself from
harm (e.g., fight or flight, or facilitating various coping mecha-
nisms; Herman, 2013). However, when allostatic systems are
persistently deviated from their baseline values, the allostatic
response can have bidirectional and nonlinear effects that im-
pact multiple levels of the stress network. This includes sub-
clinical dysregulation of the aforementioned systems (Her-
man, 2013; McEwen, 1998; Sterling & Eyer, 1988). This
process is referred to as allostatic load, which results in a
greater vulnerability to disease and stress-related disorders
(Juster, McEwen, & Lupien, 2010).

Tolerable stress and toxic stress. Central to the allostatic
load model are two types of allostatic processes: tolerable
and toxic stress (McEwen, 2016; McEwen & Gianaros, 2011).
Tolerable stress refers to a physiological state that has the
potential to lead to allostatic load, but where this relationship
is buffered by the availability of personal and social resources
(particularly, the personal and social resource of social sup-
port; Shonkoff, Boyce, & McEwen, 2009). The stressors
involved in tolerable stress may be acute (i.e., short-lived) or
chronic (i.e., occurring over an extended duration of time).
However, the defining characteristic of tolerable stress is that
the allostatic response to these stressors is restricted in time,
where certain buffering resources allow the response to return
to a resting baseline for recovery. As an illustration, high work
load and work pressure are often considered substantial job
demands that are associated with strain, and if prolonged, can
lead to a state of burnout (i.e., severe exhaustion, disengage-
ment from work, and reduced self-efficacy). However, if an
employee possesses a sufficient collection of resources, which
may include social support and other resiliency characteristics,
they may be capable of tolerating these demands and, in turn,
allow the allostatic systems involved in the stress response to
recover during work and non-work hours. Tolerable stress can
also be associated with positive outcomes, such as learning
and performance. As such, tolerable stress is often considered
a “positive” form of stress (Shonkoff et al., 2009).

Toxic stress, in contrast, refers to a physiological state charac-
terized by frequent or prolonged activation of allostatic sys-
tems in absence of sufficient buffering resources (Shonkoff et
al., 2009). The stressors involves in toxic stress (as in tolerable
stress) may be acute or chronic. However, the defining feature
of toxic stress is that it is associated with a persistent deviation
of allostatic systems from their regular baseline values. In
turn, this persistent deviation is associated with allostatic load
and subsequent health impairments (Shonkoff et al., 2009).
Continuing the above illustration, again consider the demands
of high work load and high work pressure. However, in this

11



4 GUY A. PROCHILO1, HANNES ZACHER2, MELITA J. GIUMMARRA3, 4, & PASCAL MOLENBERGHS5

example the employee lacks sufficient resources (e.g., a lack
of autonomy, skill variety, or personal resilience). While the
content of each demand remains the same, the stress response
is not buffered by positive resources and therefore remains
consistently active, leading to allostatic load and a greater
risk of various health impairments. As the name suggests,
toxic stress is often considered a “negative” form of stress
(Shonkoff et al., 2009).

Implications for an organizational neuroscience of stress

Our discussion of each of these theoretical models suggest
that contributions from each may advance an organizational
neuroscience model of stress. Specifically, the allostatic load
model posits an important role for allostasis as a mediator of
the health impairment process described by the job demands-
resources model. That is, job demands have a detrimental ef-
fect on employee health operating via allostasis. Additionally,
while the allostatic load model focuses on personal and social
resources as moderators of allostasis and allostatic load, the
job demands-resources model expands this to the inclusion
of job and personal resources implicated in the workplace.
We summarize our model in Figure 1 and in the following
propositions:

Proposition 1: Job demands increase strain (e.g.,
exhaustion and anxious arousal) through activa-
tion of the allostatic response.

Proposition 2: Job demands are positively re-
lated to health impairment through activation of
the allostatic response. Specifically, this process
occurs through toxic stress, which is character-
ized by persistent deviation of allostatic parame-
ters away from baseline and insufficient allostatic
recovery.

Proposition 3: Health impairment, including
health disorder endpoints (e.g., burnout) are a
consequence of allostatic load (i.e., the dysregu-
lation of allostatic systems).

Proposition 4: The positive relationship be-
tween allostasis and allostatic load is moderated
by the presence of job resources and personal re-
sources. High resource availability is implicated
in a tolerable stress response (i.e., time-limited
activation and termination of allostasis). Low re-
source availability is implicated in a toxic stress
response (i.e., persistent deviation of allostatic
parameters and insufficient recovery).

Proposition 5: The availability of personal re-
sources (e.g., job-related self efficacy) has a posi-
tive relationship with the perception of availabil-

ity of job resources. In turn, job resources (e.g.,
motivational aspects of the job) have a positive
relationship with the perception of availability of
personal resources.

The Neuroscience of Toxic Stress

In the following sections, we review stress research conducted
using neuroscience methods in both general and working pop-
ulations (and where relevant, using animal models) to develop
further propositions for an organizational neuroscience model
of occupational stress. Because our model is based on the
health impairment process described by the job demands-
resources model, our focus will be specifically on the impact
of toxic (rather than tolerable) stress. To restrict the scope of
this review, our focus is further narrowed to two neurobiolog-
ical systems that have received substantial research attention
in neuroscience: the hypothalamic-pituitary-adrenal (HPA)
axis, and the prefrontal-limbic (PFC-L) stress network.

The hypothalamic-pituitary-adrenal axis

The HPA axis is a key allostatic system that is stimulated in
reaction to, or in anticipation of perceived stressors (Chrousos,
1998). As the name suggests, the principal components of
the HPA axis are the hypothalamus, pituitary gland, and
adrenal cortex (see Figure 2). Following stressor appraisal, the
paraventricular nucleus (PVN) of the hypothalamus releases
corticotropin-releasing hormone (CRH) into portal (i.e., brain)
circulation. This, in turn, stimulates the anterior pituitary to
release adrenocorticotropic hormone (ACTH) into systemic
circulation. At this point, the adrenal cortex produces gluco-
corticoids, where in humans, the quintessential glucocorticoid
is cortisol. Cortisol is a key effector of allostasis, and is
involved in a variety of catabolic processes (e.g., breaking
down fats, proteins, and stored glycogen) that energetically
prepare an individual to cope with a stressor, and inhibits
non-essential function while a stress response is occurring
(e.g., growth and reproduction; Chrousos, 1998). The cortisol
response is subsequently self-terminating following removal
(or perceived removal) of a stressor, where circulating cortisol
interacts with cell-surface receptors in the brain (glucocorti-
coid receptors) to initiate processes that down-regulate HPA
axis activity.

Mobilization of stored energy via cortisol production is es-
sential for physiological and behavioral responses to meet
challenges to homeostasis (Herman, 2013). However, when
the HPA is repeatedly taxed by stressors (in absence of buffer-
ing resources), the initially adaptive cortisol response can
become maladaptive, and result in biological and behavioral
responses that are counterproductive to health. Consequently,
resilience within the HPA axis is considered a rapid rise in
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Figure 1. Flow diagram describing the organizational neuroscience model of stress. In this model, job demands are implicated
in a health impairment process that is mediated by allostasis. Allostatic processes are implicated with strain which, in turn, may
be lead to allostatic load (i.e., health impairment processes). The pathway by which allostasis may lead to allostatic load is
moderated by the availability of personal and job resources. When resource availability is high, the allostatic response is a
tolerable stress response: allostatic systems are activated and deactivated in a time-limited manner that allows for sufficient
recovery. When resources are low or absent, the allostatic response may be a toxic stress response: allostatic systems are
consistently deviated from baseline leading to dysregulation. Dysregulation is called allostatic load, which involves hyper-
or hypoactivation of the HPA axis and dysregulation of allostatic markers, as well as dysregulation of the PFC-L stress
network. There may be bidirectional relationships between these health impairment outcomes which, in turn, are associated
with psychosocial health impairment. Dysregulation of the PFC-L stress network may reduce personal resources which, in turn,
impact perceptions of job resource availability. Meanwhile, additional moderators of the allostasis–allostatic load pathway
may include neurobiological factors, such as genes and sex hormones. Finally, resilience training may have an indirect effect
on reducing health impairment by increasing personal resources, or by a direct effect by ameliorating dysregulation of the
HPA-axis and PFC-L stress network. Note: P = proposition.
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Figure 2. Diagrammatic representation of the hypothalamic-
pituitary-adrenal (HPA) axis. Stressor exposure will first stim-
ulate neurons within the paraventricular nucleus (PVN) of the
hypothalamus to secrete hormones, including corticotropin-
releasing factor, which enter hypophyseal circulation (i.e.,
a system of blood vessels connecting the hypothalamus to
the anterior pituitary). When these factors reach the anterior
pituitary (Pit), they cause the release of adrenocorticotropic
hormone (ACTH), which itself is released into circulation in
the body. These hormones cause the secretion of glucocor-
ticoids by the adrenal cortex, of which cortisol (CORT) is
the most abundant in humans. These glucocorticoids travel
throughout the body via systemic circulatory systems, and
play an important role in regulating glucose homeostasis and
energy maintenance.

cortisol levels following stressor exposure, followed by a rapid
termination when the stressor is resolved (i.e., it is a tolerable
stress response; McEwen, 2007). Moreover, a blunted cortisol
response should only be considered a resilient response if it is
not accompanied by compensatory changes in other allostatic
systems (e.g., the immune response) or subjective strain. This
is because hypo- as well as hyper-active responses are both
considered vulnerabilities to stress-related disorders.

Empirical studies. The HPA axis response to acute stressor
exposure is often considered a good indicator of the normative
or altered function of the HPA axis in the context of toxic
stress. In general human populations, the impact of toxic
stress is usually assessed in individuals who have experienced
extreme acute or chronic life stressors, as well as in indi-
viduals who are afflicted by stress-related disorders such as
post-traumatic stress disorder (PTSD) or depression. Within
this literature, responses to acute stressor exposure protocols

have been mixed. For example, when presented with an acute
psychosocial stress task, individuals with a history of adverse
life events have been shown to display a blunted cortisol re-
sponse (Elzinga et al., 2008; Lovallo, Farag, Sorocco, Cohoon,
& Vincent, 2012). Similarly, individuals with PTSD also tend
to show a blunted response (e.g., Pierrehumbert et al., 2009),
but there have also been studies demonstrating hyperactivity
(Elzinga, Schmahl, Vermetten, Dyck, & Bremner, 2003) or no
difference compared to control subjects (Simeon et al., 2007).
Similarly, among individual with depressive disorders, some
studies have demonstrated an increase in the cortisol response
to acute stress, while others have revealed a blunted response
(Burke, Davis, Otte, & Mohr, 2005).

One hypothesis explaining these discrepancies is that dysregu-
lation of the HPA axis with respect to hyper- or hypoactivation
may be related to stressor chronicity. For example, in a study
of individuals presenting with recent depressive symptoms or
with chronic depressive symptoms, participants with recent
symptoms displayed a hyperactive cortisol response, while
those with chronic symptoms displayed a hypoactive cortisol
response (Booij, Bouma, Jonge, Ormel, & Oldehinkel, 2013).
It has been posited that this pattern of cortisol reactivity may
be the result of increased sensitivity of glucocorticoid recep-
tors to regulate negative feedback on cortisol release (Fries,
Hesse, Hellhammer, & Hellhammer, 2005). That is, as stress
increases in chronicity, the consequence of this mechanism is
to protect the body from persistently high cortisol levels by
inhibiting cortisol output. Unfortunately, insufficient cortisol
responses to psychosocial stress may also be implicated in
a series of depression-related symptoms, including low en-
ergy and fatigue (Segal, Hindmarsh, & Viner, 2005). In turn,
hypoactive cortisol responses may lead to greater susceptibil-
ity to future mood impairments, and therefore perpetuate a
dysregulated stress response.

In the context of occupational stress, toxic stress is usually
studied as the outcome of chronic (rather than extreme acute)
stressor exposure. In this literature, it has been shown that
the experience of chronic job stress is implicated in a range
of HPA axis responses following acute stressor exposure. For
example, psychosocial and pharmacological challenges to the
HPA axis suggest that a hyperactive cortisol response is associ-
ated with role uncertainty (Wirtz, Ehlert, Kottwitz, La Marca,
& Semmer, 2013), effort-reward imbalance (Bellingrath &
Kudielka, 2008), and low-level burnout (Lennartsson, Sjörs,
Währborg, Ljung, & Jonsdottir, 2015). Meanwhile, a blunted
cortisol response has been associated with overcommitment
(Bellingrath & Kudielka, 2008; Wirtz, Siegrist, Rimmele, &
Ehlert, 2008; Wolfram, Bellingrath, Feuerhahn, & Kudielka,
2013), long-term stress-related leave (Rydmark et al., 2006),
and high-level burnout (Lennartsson et al., 2015). One inter-
pretation of these findings may be that, like that observed in
Booij and colleagues (2013), increasing chronicity of job
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stressor exposure shifts the cortisol response from hyper-
to hypoactive over time. This may also explain why meta-
analyses of diurnal patterns of resting cortisol levels have
revealed a hyperactive cortisol response in populations suffer-
ing from general job stress, but a hypoactive cortisol response
in populations suffering from fatigue, burnout, and exhaustion
(Chida & Steptoe, 2009). These findings highlight that further
research is required to characterize the potential relationship
between HPA axis function and job stressor chronicity.

Finally, abnormal cortisol profiles have also been identified
alongside other dysregulated markers of allostasis in both job
stress and general life stress (Juster et al., 2010; Mauss, Li,
Schmidt, Angerer, & Jarczok, 2015). For example, high levels
of adrenaline, noradrenaline, blood pressure, and inflamma-
tory markers have been found in association with high levels
of exhaustion and effort-reward imbalance in female school
teachers (Bellingrath, Weigl, & Kudielka, 2009). In another
study, sub-clinical dysregulation of a broad range of allostatic
markers were associated with chronic stress and frequency of
burnout (Juster et al., 2011). In this study, chronic stress was
also implicated in hypoactive cortisol responses both at rest
and in response to psychological stress.

Implications. The above discussion suggests that toxic stress
may be implicated with dysregulation of the HPA axis in
association with stressors that occur within and beyond the
workplace. Moreover, there is a potential effect of chronicity,
where shorter-duration stressors are associated with hyper-
active cortisol responses, and longer-duration stressors are
associated with hypoactive cortisol responses. Further to this,
a broad constellation of dysregulated markers of allostasis
are also implicated in toxic stress. We summarize these im-
plications for our model in Figure 1 and in the following
propositions.

Proposition 6: In absence of buffering resources,
job demands may lead to toxic stress and allo-
static load. With regard to the HPA axis, allo-
static load may be characterized by a hyper- or
hypoactive cortisol profile, as well as dysregu-
lation of other allostatic markers. The cortisol
profile may shift from hyper- to hypoactivation
over time.

Proposition 7: Dysregulation of the HPA axis
and allostatic markers will be positively associ-
ated with psychosocial health impairment out-
comes.

The prefrontal cortex-limbic stress network

At the level of the brain, allostasis is coordinated by a pro-
jection of neurons that reciprocally link the amygdala, hip-
pocampus, and prefrontal cortex (Hartley & Phelps, 2010;

Ulrich-Lai & Herman, 2009). This prefrontal-limbic (PFC-L)
stress network is involved in evaluating the nature of psychoso-
cial demands and coordinating the HPA axis and associated
allostatic systems.

The principle facilitator of HPA axis activity is the amygdala
(Ulrich-Lai & Herman, 2009). This brain region is a complex
limbic structure involved in the rapid assignment of emotional
salience to environmental events, and which plays a key role
in the acquisition of fear memories, the detection of threat,
and is involved in subjective experiences of fear and stress-
related output (e.g., anxiety; Duvarci & Pare, 2014; Janak &
Tye, 2015). Converging evidence from human and animal
studies suggest that the amygdala response, in turn, is regu-
lated by coordinated activity between the hippocampus and
PFC (Hartley & Phelps, 2010; Ulrich-Lai & Herman, 2009).
The hippocampus is also part of the limbic system, and plays
a key role in various memory functions, including memory
of facts, context, and memory consolidation (Eichenbaum,
1999; Smith & Mizumori, 2006). With respect to the stress
response, the hippocampus is involved in encoding and updat-
ing contextual information surrounding emotional memories,
and determining whether existing fear memories should be
associated with a stress response (Hartley & Phelps, 2010).
Meanwhile, the PFC is a diverse region involved in variety
of executive functions including, but not limited to, working
memory, planning, decision making, and emotion regulation
(Broersen, 2000; Ongur & Price, 2000). The ventromedial
portions of the PFC (vmPFC), specifically, are involved in the
retention, recall, and inhibition of fear extinction memories
(Hartley & Phelps, 2010). Together, interactions between
the amygdala, hippocampus, and PFC are implicated in the
acquistion, storage, retrieval, or inhibition of fear memories
that determine whether an event is threatening or stressful, and
consequently influencing the HPA axis and other allostatic
responses (Hartley & Phelps, 2010; McEwen & Gianaros,
2011; Ulrich-Lai & Herman, 2009).

In the context of toxic stress, the PFC-L stress network is
also a key target of allostatic load. As will be discussed in
subsequent sections, one effect of toxic stress manifests as a
series of neuroplastic changes that alter the physical structure
and function of this network (see Figure 3; McEwen & Gia-
naros, 2011; Ulrich-Lai & Herman, 2009). Moreover, these
observed changes appear to leave individuals increasingly
vulnerable to health and stress-related disorders. To illustrate,
in the next section we discuss the impact of toxic stress on
each principal structure of this network.

Amygdala. Consistent with the amygdala’s role in threat
detection and generation of stress-related output, the leading
hypothesis based on animal findings is that toxic stress in
implicated in both hypertrophy of the amygdala, as well as
enhancement of amygdala-dependent functions (e.g., fear and
anxiety responses; Ulrich-Lai & Herman, 2009). This has
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Prefrontal

cortex

Amygdala

Hippocampus

Figure 3. Schematic view of key brain regions involved in
the prefrontal cortex-limbic (PFC-L) stress network. Each
of these regions are implicated in neuroplastic changes fol-
lowing toxic stress and resilience training, respectively. The
hippocampus and medial prefrontal cortex are largely (but
not exclusively) involved in down-regulating the stress re-
sponse, and undergo atrophy and dysregulation when exposed
to toxic stress. The amygdala is involved in facilitating the
stress response, and sometimes experiences hypertrophy, over-
activation, and reduced connectivity with regulatory structures
when exposed to toxic stress. There is evidence to suggest
that these effects may be reversed through resilience training,
including mindfulness meditation and physical activity.

been partly corroborated in research in human populations
that have been subjected to extreme acute or chronic stressor
events. For example, hypertrophy of the amygdala has been
implicated in prolonged orphanage rearing (Tottenham et
al., 2010), prolonged exposure to maternal depressive symp-
toms (Lupien et al., 2011), and in some studies of individuals
with stress-related affective disorders (Lange & Irle, 2004;
Weniger, Lange, & Irle, 2006; however, for evidence of no
change or of reduced amygdala volumes, see Frodl et al.,
2008; Sheline, Gado, & Price, 1998; Trotman, Gianaros,
Veldhuijzen van Zanten, Williams, & Ginty, 2019).

Some of these findings have also been corroborated in studies
on chronic job stress. For example, several studies have shown
that severe occupational stress and burnout for a period greater
than at least one year is associated with larger amydaloid vol-
umes compared to non-stressed controls (Savic, 2015; Savic,
Perski, & Osika, 2017). However, while amygdala volume
has been shown to decrease in association with a reduction in
stress in general populations (Hölzel et al., 2010), this effect
was not observed following an intensive stress rehabilitation

program with individuals who were suffering from severe
occupational stress (Savic et al., 2017). In another study, re-
searchers also found that employees with severe occupational
stress had reduced functional connectivity between the amyg-
dala and regions of the brain involved in regulating amyg-
dala output, namely the PFC (Jovanovic, Perski, Berglund, &
Savic, 2011). Occupational stress has also been implicated
in weaker functional connectivity between the amygdala and
anterior cingulate cortex (Golkar et al., 2014; Jovanovic et
al., 2011), which is a region of the brain that has is also
involved in regulating the stress response in humans (Hartley
& Phelps, 2010). In a study of individuals with work-related
burnout, it was also shown that this weaker connectivity is
associated with a poorer ability to down-regulate negative
emotions (Golkar et al., 2014).

These studies provide preliminary support that toxic stress has
consequences for the structure and function of the amygdala in
severe work-related stress. However, what is missing from the
occupational stress literature is an examination of allostatic
markers (e.g., HPA axis activity) in association with changes
in amygdala structure and function. We posit that hyperactiv-
ity and/or hypertrophy of the amygdala will be associated with
a dysregulation of allostatic parameters in severe occupational
stress. Moreover, we also posit that these factors will be posi-
tively associated with health impairment outcomes, including
burnout, anxiety, and depressive symptoms. Finally, we posit
that these health impairments outcomes will have a negative
effect on personal resources availability (e.g., resilience). In
line with the job demands-resources model, this may decrease
perceptions of job resource availability, thereby exacerbating
the effect of job demands on health impairment outcomes.

Hippocampus. Animal studies suggests that changes to
the hippocampus following toxic stress, in contrast to the
amygdala, are characterized by hypotrophy and functional
impairments (Ulrich-Lai & Herman, 2009). In humans, a
reduction in hippocampal volume has been demonstrated in
healthy individuals who have experienced chronic stress, in-
cluding self-reported high chronic lifetime stress (Gianaros et
al., 2007), living in a region nearby a terrorist attack (Ganzel,
Kim, Glover, & Temple, 2008), or low socioeconomic status
(Hanson, Chandra, Wolfe, & Pollak, 2011; Noble, Houston,
Kan, & Sowell, 2012; Staff et al., 2012), which is itself impli-
cated in cumulative lifetime stress (Gallo & Matthews, 2003).
Furthermore, volumetric reductions of the hippocampus have
also been implicated in stress-related disorders, such as PTSD
(Kühn & Gallinat, 2013; O’Doherty, Chitty, Saddiqui, Ben-
nett, & Lagopoulos, 2015) and major depressive disorder
(Koolschijn, Haren, Lensvelt-Mulders, Hulshoff Pol, & Kahn,
2009). As described in earlier sections, these stress-related
disorders are also often implicated in dysregulation of the
HPA axis in response to acute stress (e.g., Pariante & Light-
man, 2008). In terms of functional activity, neuroimaging
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studies have also demonstrated that these disorders are associ-
ated with a dysregulated pattern of connectivity between the
hippocampus and PFC (Admon et al., 2009), and abnormal
activation of the hippocampus and PFC during fear-relevant
tasks (Hartley & Phelps, 2010; Liberzon & Sripada, 2008;
Milad et al., 2009).

Very preliminary evidence for these relationships exist within
the context of occupational stress. For example, in a positron
emission tomography study of workplace stress, it was shown
that serotonin binding potential in the hippocampus was re-
duced in a sample of employees who had experienced severe
work stress and burnout for at least one year (Jovanovic et
al., 2011). This is of particular relevance because serotonin
binding receptors in the hippocampus have been shown to
enhance hippocampal expression of glucocorticoid receptors
(McAllister-Williams, Ferrier, & Young, 1998) which, in turn,
are involved in negative feedback regulation of the HPA axis
secretion of cortisol (Chrousos, 1998). This study therefore
suggests that work-related stress can impair the capacity of the
hippocampus to regulate stress output via diminished gluco-
corticoid receptor feedback. Moreover, the reduction in sero-
tonin receptors in this study were also correlated with poorer
performance in hippocampal-dependent memory functions,
including verbal memory consolidation and recall. However,
in contrast to these findings, a series of studies have also
found no relationship between job stress and hippocampal
volume, specifically (e.g., Blix, Perski, Berglund, & Savic,
2013; Rydmark et al., 2006; Sandstrom et al., 2011; Savic,
2015; Savic et al., 2017).

Overall, there appears to be limited evidence that toxic stress
impacts the structure and function of the hippocampus in the
specific context of occupational stress. However, more re-
search is required in organizational settings to examine these
relationships. If these results are consistent with findings
in general population cohorts who have experienced chronic
stress, it may implicate job stress with a reduced ability to
regulate the stress response via a pathway that is mediated via
effects on the hippocampus.

Prefrontal cortex. Alongside the hippocampus, animal
studies have implicated the experience of toxic stress with
volumetric reductions in the PFC and impairment of PFC-
dependent functions (Ulrich-Lai & Herman, 2009). The spe-
cific regions of the human PFC that are involved in stress
regulation are a topic of continuing research attention. How-
ever, neuroimaging studies suggest important roles for mid-
line structures, including the medial PFC, anterior cingulate
cortex, and the ventromedial/orbitofrontal cortex, as well as
the dorsolateral PFC. Collectively, these areas are involved
in guiding thoughts, actions, attention, emotion regulation,
and decision-making, as well as regulating the human stress
response (Bush, Luu, & Posner, 2000; Goldman-Rakic, 1996;
Ongur & Price, 2000).

Human neuroimaging studies in healthy adults have shown
that chronic life stress and traumatic adolescent experiences
are often associated with a reduction in volume in the ven-
tromedial/orbitofrontal cortex (Hanson et al., 2010), and the
medial PFC and anterior cingulate cortex (Ansell, Rando, Tuit,
Guarnaccia, & Sinha, 2012; Gianaros et al., 2007). Mean-
while, in stress-related disorders such as PTSD, studies have
reported volumetric declines across the PFC and cingulate
regions (Li et al., 2014; O’Doherty et al., 2015). Moreover,
postmortem tissue samples of individuals with major depres-
sive disorder have demonstrated a pattern of prefrontal cell
loss and atrophy (Rajkowska, 2000). In terms of functional
connectivity, there also appears to be widespread dysregula-
tion in PFC-hippocampal connectivity (Admon et al., 2009)
and activation when processing negatively valanced stimuli
(Hartley & Phelps, 2010; Liberzon & Sripada, 2008; Milad
et al., 2009). In another study involving chronically stressed
(but healthy) individuals, deficits in functional connectivity
between the dorsolateral PFC and frontoparietal attention net-
work have also been observed during an attention shifting task,
which was correlated with greater impairments in attention
shifting (Liston, McEwen, & Casey, 2009).

Structural changes in the PFC also appear to be a consistent
feature of chronic job stress. For example, employees with
severe occupational stress and burnout have demonstrated a re-
duction in serotonin binding potential in the anterior cingulate
cortex, which is an important contributor to glucocorticoid
receptor expression, and hence, coordination of the stress
response (Jovanovic et al., 2011). Furthermore, some studies
of highly stressed employees also demonstrated a reduction in
volume within the anterior cingulate cortex and dorsolateral
PFC (Blix et al., 2013; but for evidence of no differences,
see Rydmark et al., 2006). Finally, in two recent studies,
employees with severe occupational stress and burnout have
been shown to have significant thinning of the PFC compared
to non-stressed controls (Savic, 2015; Savic et al., 2017). Of
particular research interest, it appears that thinning of the PFC
may be directly attributable to occupational stress, where it
was shown that PFC atrophy reversed in employees following
an intensive stress rehabilitation program (Savic et al., 2017).

Functional impairments of PFC activity also appear to be a
consistent feature of chronic job stress. For example, employ-
ees with severe occupational stress and burnout failed to show
activation of the anterior cingulate cortex in a task designed to
preferentially recruit regions of the brain implicated in emo-
tion regulation (Jovanovic et al., 2011). Severe work stress
has also been implicated with weaker functional connectivity
between the medial/dorsal PFC and other regions of the hu-
man stress network (e.g., the amygdala and anterior cingulate
cortex) that potentially impairs the regulatory functions of the
PFC (Golkar et al., 2014; Jovanovic et al., 2011). In stud-
ies using near-infrared spectroscopy, occupational burnout
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and higher job demands have been associated with reduced
activity across the dorsolateral PFC during a cognitive word
generation task, suggesting that this finding may represent
impairment of dorsolateral PFC executive functions (Chou et
al., 2016; Kawasaki et al., 2015). However, in a functional
magnetic resonance imaging (fMRI) study by Durning and
colleagues (2013), it is suggested that different components
of burnout may exert specific effects on brain activity. For ex-
ample, it was shown that when clinicians reflected on clinical
problems, depersonalization was implicated with a reduction
in dorsolateral PFC and middle frontal gyrus activity, while
emotional exhaustion was implicated in greater activity in
the right posterior cingulate cortex and middle frontal gyrus
(Durning et al., 2013). The authors suggest that, while some
components of burnout impair PFC activity through decreased
activation (e.g., depersonalization), other components may im-
pair the PFC by inefficient over-activation (e.g., exhaustion).
This is supported by research suggesting that exhaustion (e.g.,
sleep deprivation) is often implicated in greater activation
in these areas, reflecting greater overall effort requirements
(Strangman, Thompson, Strauss, Marshburn, & Sutton, 2005).

Overall, it appears that evidence for structural and functional
dysregulation in the PFC in association with job stress is
a much more consistent feature of job stress than findings
related to the amygdala and hippocampus. However, as dis-
cussed in previous sections, few studies have examined these
effects in association with other allostatic markers of impaired
health (e.g., cortisol). If these results are consistent across
contexts, again, they may implicate job stress with impair-
ments of PFC-dependent functions such as stress and emotion
regulation which, in turn, may impair employee health, per-
formance, and perceived resource availability.

Implications. Following on from the above discussion, we
posit that toxic stress in an occupational context is implicated
with disruption of the PFC-L stress network. In turn, we
posit that these disruptions are associated with various health
impairments which, in turn, are implicated in a reduction
in perceptions of resource availability. We summarize these
implications for our model in Figure 1 and in the following
propositions.

Proposition 8: In absence of buffering resources,
job demands may lead to toxic stress and allo-
static load, where the latter is characterized by
structural and functional impairment of PFC-L
stress network.

Proposition 9: Impairment of the PFC-L stress
network may have a positive relationship with
dysregulation of HPA axis function and other al-
lostatic markers. This effect may be bidirectional,
in that dysregulation of allostatic markers lead to
further impairments of PFC-L stress networks.

Proposition 10: Impairment of the the PFC-L
stress network may have a direct positive rela-
tionship on psychosocial health impairment out-
comes (e.g., via increased sensitivity to threat
detection, impaired contextual and declarative
memory, emotion regulation, and decision mak-
ing processes).

Proposition 11: Health impairment outcomes,
such as dysregulation of the PFC-L stress net-
work, allostatic load markers, and psychosocial
health impairments may have a negative effect
on perceived personal resource availability.

Neurobiological moderators

The relationship between job strain and allostatic load may
depend on a variety of motivational, social, contextual, and
personal factors. In neuroscience stress research, factors that
have received increased research attention include genetics
and sex hormones. In the following sections we expand on
these research themes in our organizational neuroscience
model of occupational stress, and discuss implications for
these factors as moderators of the allostasis–strain–allostatic
load pathway.

Genetics

Genetic factors have been found to be involved in the reg-
ulation of multiple allostatic systems. Moreover, specific
genetic variations have also been implicated in individuals
who are susceptible to strain and negative health outcomes.
Here we focus on single nucleotide polymorphisms (SNPs),
which are single base pair changes in DNA sequences that
have substantial influence over gene function and behavior
(Müller-Myhsok, 2005).

As an example of a SNP relevant to the experience of
stress, consider the FKBP5 gene, which encodes chaperone
molecules that modulate glucocorticoid sensitivity (Binder,
2009; O’Leary, Zhang, Koren, Blair, & Dickey, 2013). As
such, genetic variants of this gene may have a substantial ef-
fect on glucocorticoid negative feedback on HPA axis activity.
Research on this gene has revealed that the TT allele variant
is associated with interference of glucocorticoid sensitivity,
thereby inducing slower HPA axis recovery and subjective
mood recovery when exposed to stressor events (Ising et al.,
2008). Furthermore, the presence of this allele has been shown
to increase the vulnerability of individuals to stress-related
disorders (Binder, 2009). SNPs can also exert their effects
through large-scale stress-regulatory networks. For example,
a recent study found that a reduction in amygdala habituation
to fearful stimuli was associated with an interaction between
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stress-vulnerable SNPs of the human corticotropin releasing
factor (CRHR1) gene and the fatty acid amide hydrolase
(FAAH) gene (Demers, Drabant Conley, Bogdan, & Hariri,
2016). Other gene variants that directly or indirectly influence
the stress system include polymorphisms of the glucocorti-
coid receptor gene (Bcll and ER22/23EK), apolipoprotein E
gene (APOE), the brain derived neurotrophic factor gene
(BDNF: Met66Val), and the catechol-O-methyltransferase
gene (COMT: Met158Val), among others (for review, see
Marin et al., 2011).

This research suggests that employees with specific gene
variants may have predisposing risk factors that increase the
likelihood of a toxic stress response when exposed to work
demands. In turn, this may lead to changes in HPA axis activ-
ity, PFC-L regulation of the stress response, and psychosocial
health impairment outcomes. As such, genes and gene vari-
ants may represent an important moderator of the allostasis–
strain–allostatic load pathway in occupational stress research.

Sex hormones

Studies suggest that women, when compared to men, are twice
as likely to suffer from mood and anxiety disorders (Kessler et
al., 2009). Consequently, sex hormones have been identified
as key moderating factors of stress-related health impairment.
The endocrine milieu of each sex can have important effects
on behavior and stress responses across the lifespan. For ex-
ample, women display a cyclical pattern of gonadal hormone
production across menstruation, including the follicular phase
(high estrogen) and luteal phase (high progesterone), while
gonadal hormone secretion in men is continuous with a testos-
terone dominance (Dagklis, Ravanos, Makedou, Kourtis, &
Rousso, 2015). Women are more likely to suffer from stress-
related symptoms during periods of hormone change, includ-
ing the late luteal phase prior to menstruation (low estrogen
and progesterone), as well as when approaching menopause
(low estrogen; Solomon & Herman, 2009). This research
implicates hormone fluctuations with greater vulnerability to
stress symptomatology, while the presence of estrogen may
have beneficial effects on health and resilience (McEwen,
2002; Solomon & Herman, 2009).

The specific endocrine milieu of men and women also have
implications for examining allostatic responses to stressors.
For instance, tests of acute psychological stress have demon-
strated that salivary cortisol responses in men are up to twice
as high when compared to women (Kirschbaum, Wust, &
Hellhammer, 1992). However, when accounting for the men-
strual cycle, the cortisol response is identical between men
and women in the luteal phase, but cortisol is diminished
relative to men in the follicular phase (Kirschbaum, Kudielka,
Gaab, Schommer, & Hellhammer, 1999). This is further
corroborated by neuroimaging studies. For example, when

participants are subjected to negative valence or high arousal
stimuli, brain activation in the PFC-L stress network has been
shown to vary across menstrual cycles (Goldstein et al., 2005),
and diverges most between men and women during the late
follicular stage (Goldstein, Jerram, Abbs, Whitfield-Gabrieli,
& Makris, 2010). Furthermore, in another study it was shown
that when covarying for the effect of testosterone, estrogen,
and progesterone in both sexes, the differences in cortisol
responses to a psychosocial stress test were attenuated (Juster
et al., 2016).

This line of research suggests that sex hormones may be
critical to the examination of occupational stress. Specifically,
differences in sex hormones may have important implica-
tions for understanding how job demands affect the HPA axis
and PFC-L stress network when individuals experience toxic
stress. Some scholars go so far to suggest that measuring sex
as a binary “male” or “female” may not be sufficient, and
instead argue that the relative level of sex hormones in men
and women must be accounted for (Juster et al., 2016).

Implications. Our above discussion suggests that the
allostasis–strain–allostatic load pathway may not only be
moderated by resource availability, but also by key neuro-
biological factors including genetics and sex hormones. We
summarize the implications for our model in Figure 1 and in
the following propositions.

Proposition 12: The allostasis–strain–allostatic
load pathway is moderated by genes. This may
include gene variants that may increase or de-
crease the positive relationships between this
pathway and health impairment outcomes.

Proposition 13: The allostasis–strain–allostatic
load pathway is moderated by sex hormones. The
relationship between this pathway and health im-
pairment outcomes may differ across the men-
strual cycle and across the lifespan.

Resilience training

Given the substantial impact of workplace stress on employee
health and desirable organizational outcomes, a major focus
in occupational stress research is on methods to reduce stress
in the workplace (Tetrick & Winslow, 2015). Here we fo-
cus on two strategies that facilitate the personal resource of
resilience, and which have received increasing research atten-
tion in both occupational stress research and neuroscience:
mindfulness meditation and physical activity. We also briefly
consider training that involves a combination of mindfulness
meditation and physical activity, which is hypothesized to
yield salutary effects on mental health over and above each
intervention conducted alone (Shors, Olson, Bates, Selby, &
Alderman, 2014).
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Mindfulness meditation

Mindfulness is the process of using one’s attention to mon-
itor moment-to-moment experiences with equanimity and
acceptance (Crane et al., 2016; Creswell, 2017). Mindful-
ness interventions, in turn, aim to foster greater mindfulness
through attention monitoring instructions (e.g., focused atten-
tion meditation) and acceptance instructions (e.g., encourag-
ing adoption of a non-reactive attitude to experiences; Lindsay
& Creswell, 2017).

With respect to mental health outcomes, randomized con-
trolled trials have demonstrated that mindfulness interventions
are associated with a range of salutary effects associated with
mental health. For example, recent studies have shown that
mindfulness training is implicated in a decrease in work-life
interfering in personal lives (i.e., work-life conflict; Slutsky,
Chin, Raye, & Creswell, 2019), a decrease in stress-related
symptoms (Bostock, Crosswell, Prather, & Steptoe, 2019;
Chin, Slutsky, Raye, & Creswell, 2019; Huberty et al., 2019;
Van Gordon et al., 2017; Zolnierczyk-Zreda, Sanderson, &
Bedynska, 2016), an improvement in wellbeing (Bostock et
al., 2019; but not always, see Noone & Hogan, 2018), a reduc-
tion in strain symptoms (Wolever et al., 2012), an improve-
ment job satisfaction and reduction emotional exhaustion
(Hülsheger, Alberts, Feinholdt, & Lang, 2013), and a greater
capacity to psychologically detach from work (Hülsheger et
al., 2014). Improvements in mental health outcomes have
also been demonstrated meta-analytically (Khoury, Sharma,
Rush, & Fournier, 2015). The mechanisms of mindfulness
training are thought to involve self-regulatory processes (Gu,
Strauss, Bond, & Cavanagh, 2015), including the capacity
to regulate emotions, attending to the present moment, and
the disposition to engage in repetitive negative thoughts when
exposed to stressors.

These salutary effects may also be implicated in positive al-
lostatic adaptations of stress-responsive systems, although
research is in its preliminary stages. For example, while
some studies find that mindfulness training influences cortisol
responses (Carlson, Speca, Patel, & Goodey, 2004; Jensen,
Vangkilde, Frokjaer, & Hasselbalch, 2012), others do not
(Bowden, Gaudry, An, & Gruzelier, 2012; Klatt, Buckworth,
& Malarkey, 2009; Oken et al., 2010). Overall, the effect
of mindfulness training on cortisol is considered moderately
heterogeneous by way of meta-analysis (Sanada et al., 2016).
Beyond cortisol, however, several well-controlled studies have
demonstrated that mindfulness training may reduce markers
of inflammation, including C-reactive protein (Malarkey, Jar-
joura, & Klatt, 2013) and interleukin-6 (Creswell et al., 2016).

Mindfulness meditation has also been implicated in neuroplas-
tic changes in the brain. With respect to structural plasticity,
these changes are often found in the same regions that are
vulnerable to allostatic load, albeit in a way that is opposite

to that seen in response to toxic stress (see Figure 3). For
example, a meta-analysis of structural neuroimaging studies
concluded that meditation practices that center on mindful-
ness are associated with hypertrophy of the hippocampus and
PFC (among other regions; Fox et al., 2014). These changes
are observed both cross-sectionally (e.g., Hölzel et al., 2008;
Kurth, Cherbuin, & Luders, 2015; Luders et al., 2013; Luders,
Thompson, et al., 2013) and longitudinally (e.g., Hölzel et
al., 2011). With respect to the PFC, research has shown that
individuals with mindfulness experience have greater volume
in areas across this region when compared to non-meditator
controls (Vestergaard-Poulsen et al., 2009). This includes
greater volume in regions of the ventromedial/orbitofrontal
cortex (Luders, Toga, Lepore, & Gaser, 2009) and anterior
cingulate cortex (Grant, Courtemanche, Duerden, Duncan,
& Rainville, 2010). These effects also appear to be directly
associated with mindfulness training itself. For example, in a
recent study it was demonstrated that three months of focused-
attention meditation was implicated in greater cortical thick-
ness in the anterior PFC (extending into the anterior cingulate
cortex), when compared to controls (Valk et al., 2017).

Finally, mindfulness also appears to be involved in enduring
changes in brain function. For example, Desbordes and col-
leagues (2012) showed that mindfulness training is implicated
with decreased activation of the right amygdala when view-
ing affect-laden images during fMRI. In another longitudinal
study, it was shown that when participants were instructed
to enter a mindful state, there was down-regulation of amyg-
dala activity while viewing emotional images (Taylor et al.,
2011). It is also reported that mindfulness training has been
implicated in reduced amygdala activation when performing a
breath-focused meditation following reflections on a negative
self-belief (Goldin & Gross, 2010). These studies suggest that
mindfulness training may attenuate amygdala activation in
response to affective stimuli, which may explain, in part, some
of the salutary mechanisms of mindfulness in the context of
stress and strain.

Physical activity

Beyond mental training, physical activity has also been
demonstrated to be an effective intervention for promoting
resilience to stress. Physical activity is an umbrella terms that
captures any bodily movement produced by skeletal muscles
that requires energy expenditure (WHO, 2010). Subcategories
of physical activity can include aerobic exercise (i.e., rhyth-
mic sustained movement that is largley dependent on oxygen
metabolism) and strength training (i.e., the use of resistance
to induce muscular contraction and build skeletal muscles).
In terms of the direct effect of physical activity on stress,
several studies have shown that interventions involving phys-
ical activity are associated with lower perceived stress and
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strain symptoms (Atlantis, Chow, Kirby, & Fiatarone Singh,
2004; Vries et al., 2015; Zwan, Vente, Huizink, Bögels, &
Bruin, 2015), a reduction in depressive symptoms (Cooney
et al., 2013; Schuch et al., 2015), and a reduction in anxiety
(Stubbs et al., 2017). Furthermore, physical activity has been
implicated with an increase in personal resources related to
resilience, such as optimism (Nagel & Sonnentag, 2013),
psychological detachment from work (Feuerhahn, Sonnentag,
& Woll, 2012), and improvements in cardiovascular fitness
and health (DeFina et al., 2015).

Unlike mental training activities like mindfulness, however,
physical activity is considered a mild stressor itself that is
associated with an allostatic stress response (Hackney, 2006).
As such, it has been hypothesized that physical activity may
promote resilience through cross-stressor adaptations, where
repeated exposure to physical activity promotes adaptations
to psychosocial forms of stress (Sothmann, 2006). In sup-
port of this hypothesis, highly active individuals have been
shown to have a reduced HPA axis secretion of cortisol in
response to psychosocial stress tasks (Rimmele et al., 2009;
Traustadottir, Bosch, & Matt, 2005). The potential mecha-
nisms of this effect have also been examined by way of fMRI.
For example, Zschucke and colleagues (2015) showed that
30 minutes of exercise prior to a socio-evaluative task was
associated with lower cortisol reactivity, which in turn, was
associated with greater activity in the bilateral hippocampus
and PFC. Moreover, greater aerobic fitness was associated
with a substantially lower cortisol response to the task.

Research has also implicated physical activity with effects
on brain morphology. For example, in a recent review on
physical activity and brain structure, it was reported that 82%
of all gray matter in the brain was amenable to plasticity
changes through physical activity (Batouli & Saba, 2017).
As in mindfulness meditation, these changes appear to accu-
mulate in regions of the brain involved in stress regulation,
including the hippocampus and PFC (see Figure 3). Structural
changes to the hippocampus, specifically, were reported as
having the highest frequency of association with physical
activity. For example, in one study in sedentary young to
middle-aged adults, it was reported that a six-week training
intervention was implicated with an increase in hippocampal
volume (although, this returned to baseline after an additional
six weeks without exercise Thomas et al., 2016). In a sample
of young to middle-aged adults, it was also shown that self-
reported minutes of weekly exercise was positively associated
with volume of the right hippocampus (Killgore, Olson, &
Weber, 2013).

Substantial research attention has also been directed towards
assessing the impact of physical activity on the aging brain.
This body of research shows that in individuals who exercise,
hippocampal volume is more likely to experience less atro-
phy into old age (Erickson et al., 2009; Niemann, Godde, &

Voelcker-Rehage, 2014; Szabo et al., 2011). With respect
to the PFC, individuals who report higher levels of exercise,
fitness, or who undergo exercise training also often demon-
strate greater volume across multiple areas of the PFC (Bugg
& Head, 2011; Colcombe et al., 2006; Flöel et al., 2010;
Weinstein et al., 2012). More recently, a large-scale correla-
tional study of 2103 adults (ages 12–84) found that greater
cardiorespiratory fitness was positively associated with gray
matter volume of the hippocampus and parahippocampus
(Wittfeld et al., 2020).

Combination mindfulness and physical activity training

Interventions that involve mindfulness meditation and physi-
cal activity completed concurrently are also implicated in salu-
tary mental health outcomes. For example, this has included
a reduction in the disposition to ruminate (Alderman, Olson,
Brush, & Shors, 2016), a decrease in self-reported depressive
symptoms (Alderman et al., 2016; Shors et al., 2014), and an
improvement in personal resources, such as implicit emotion
regulation (Zhang, Fu, Sun, Gong, & Tang, 2019) and an
increase in self-worth (Shors, Chang, & Millon, 2018). It is
hypothesized that a multi-modal intervention such as this will
yield greater salutary effects on mental health outcomes than
either training conducted alone, and that this effect will be
mediated by neurogenesis within the hippocampus (DiFeo &
Shors, 2017; Millon & Shors, 2019; Shors et al., 2014).

Neurogenesis refers to the process by which neurons are gen-
erated from neural stem cells in adult animals. The dentate
gyrus of the hippocampus is one of very few brain regions
where new cells are generated throughout the adult lifespan
(Abrous, Koehl, & Le Moal, 2005). Once these new have
been generated, they are capable of maturing into functional
neurons that become part of the hippocampus itself (Toni
et al., 2008, 2007). Yet, many of these cells die off before
becoming integrated into the hippocampal network (Abrous
et al., 2005). Rodent studies show that engagement in task
that are both effortful to learn and which involve aerobic
exercise (e.g., balancing on a rotating bar) is associated with a
greater retainment of new cells compared to an effortful task
or physical activity task alone (Curlik, Maeng, Agarwal, &
Shors, 2013). This is of relevance given that neurogenesis
has been implicated in stress-regulatory behaviors in rodent
models. For example, reduced neurogenesis is implicated in
slower recovery times from stress, and increased displays of
stress-related behaviors (Snyder, Soumier, Brewer, Pickel, &
Cameron, 2011). Based on findings such as these, one hy-
pothesis is that reduced neurogenesis makes individuals more
susceptible to environmental stressors (Anacker et al., 2018).
As such, scholars posit that resilience training programs that
promote neurogenesis may yield important salutary mental
health outcomes, including the amelioration of stress (Shors
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et al., 2014). While neurogenesis cannot be measured in
humans, it is one candidate mechanism (among other forms
of plasticity) that may be associated with the amelioration
of toxic stress on hippocampal volume. For this reason, in-
terventions that comprise both mindfulness meditation and
aerobic exercise components may be highly efficacious in
building resilinece to adversity in organizational context, and
in countering the effects of toxic stress.

Implications. The above discussion suggests that mindful-
ness meditation, physical activity, and combination mental
and physical training may reduce the burden of job demands
by promoting resilience through both direct and indirect path-
ways. We summarize the implications for our model in Figure
1 and in the following propositions.

Proposition 14: Mindfulness meditation, physi-
cal activity, or combination mental and physical
training may reduce the burden of job demands
on health impairment outcomes through an indi-
rect pathway by increasing personal resources.
This may include increasing job satisfaction, ca-
pacity to psychologically detach from work, in-
creasing emotion regulation capacity, lowering
the incidence of repetitive negative thoughts, or
increasing optimism.

Proposition 15: Mindfulness meditation, physi-
cal activity, or combination mental and physical
activity may have direct effects on ameliorating
health impairments. Each individual form of
training may be involved in amelioration of dys-
regulated HPA axis activity, and potentially other
markers of allostasis (e.g., inflammation). Each
individual form of training may also be impli-
cated in structural or functional brain plasticity
that ameliorate the dysregulation that occurs with
toxic stress. Moreover, combination mental and
physical training may ameliorate health impair-
ment endpoints through neurogenesis of the hip-
pocampus.

Discussion

Our organizational neuroscience model of occupational stress
describes the relationship between organizational factors (i.e.,
job demands and resources), neurobiological factors (i.e., the
HPA axis and PFC-L stress network), and health impairment
outcomes (i.e., allostatic load and burnout) as a complex net-
work that spans multiple levels of analysis. Here, job demands
are implicated in health impairment outcomes through the ex-
perience of toxic stress, while personal and job resources play
a moderating role in this relationship by promoting a tolerable
stress response. Moreover, allostatic load is characterized by

dysregulation of allostatic markers, HPA axis activity, and
the PFC-L stress network, as well as mental and physical
health impairments. These health impairment outcomes may
have a negative effect on resource availability, and thereby
exacerbate the toxic stress response. However, resilience
training has been shown to have a direct buffering effect on
indicies of allostatic load and health impairment, as well as a
indirect effect through increasing resource availability. The
relationship between job demands and allostatic load may be
further moderated by genes and sex hormones.

Implications for theory and research

This article provides a series of propositions that will enable
scholars to test ideas from neuroscience in the context of
organizations. Perhaps the most substantial contribution is
identification of areas of research attention where findings in
animal models and within the general population differ from
those observed in the occupational stress literature. For exam-
ple, while we have proposed that an absence of resources may
implicate job demands in dysregulation of the PFC-L stress
network, this body of evidence is only partly corroborated
by existing work in an organizational context (e.g., there is
limited findings implicating hippocampal impairment with
job stress). Similarly, while we have proposed there will be
bidirectional relationships between dysregulation of allostatic
markers and dysregulation of the PFC-L stress network, few
studies in the occupational stress literature examine indices
of allostasis and neural function together. As described in
our introduction, the relatively loose way in which animal
neuroscience findings and those of the general population are
applied to descriptions of work stress can be problematic, as
a lack of consideration for the role of context can perpetuate
incomplete or inaccurate conclusions. Future research should
aim to address this concern, and may use our model as a
guide to examining the relationship between the brain and
occupational stress. For example, future studies may con-
sider addressing the conditions under which allostatic load is
likely to lead to employee health impairment; whether this
differs across different types of work demands and resources;
whether there is a time course that characterizes the develop-
ment of health impairment outcomes and their neurobiological
correlates; and whether these impairments impact resource
availability.

One opportunity to test our propositions is to take heed from
Ferris and colleagues (2011) and employ a series of “multi-
study research packages”. The premise of such packages
is that empirical studies with multiple methodologies and
theoretical explanations are performed together and are in-
cluded in the same publication, which allow for recognition
of the interplay between theory and method. For example, a
test of the resilience training propositions of our model may
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involve subjecting workers to a controlled resilience training
program involving mindfulness, physical activity, or some
combination of these interventions. Following the training
protocol, researchers could then assess changes in: (1) chronic
self-reported stress, (2) personal resource availability or capa-
bilities, (3) structural morphology of the brain, with a focus
on the PFC-L stress network, and (4) HPA axis functioning
(or of related allostatic markers) in response to a standardized
stress test.

Implications for practice

The clearest implication for practice is related to the treatment
of work-related stress. For example, propositions relating
to mindfulness meditation and physical activity implicate
these measures in multiple effect pathways that can reduce or
mitigate against health impairment outcomes. This includes a
pathway by which these measures improve personal resources
(e.g., improving resilience, emotion regulation capacity, opti-
mism etc.) as well as a pathway that ameliorates the dysregu-
lation of the HPA axis and PFC-L stress network observed in
toxic stress. Consequently, if the symptoms of stressed em-
ployees are not amenable to standard job redesign practices
(e.g., increasing the motivational and social aspects of the
job to reduce demands), the research presented in our model
suggests alternative pathways for addressing these concerns
and their potential mechanisms. Moreover, understanding the
etiology of employee stress conditions by way of neuroscience
measures (e.g., measures of hormonal and neural function)
may also have implications for predicting and tracking stress-
related health trajectories over time.

Limitations

While our model clearly articulates how neurobiological fac-
tors interact with the health impairment process, it does not go
into detail on the parallel motivational process also described
in the job demands-resources model. The motivational pro-
cess asserts that job resources can play a motivational role that
reduces the impact of job demands (e.g., by increasing the
willingness to dedicate efforts to a work task), but also which
have direct effects on employee engagement and creating a
positive work-related state of mind (Schaufeli & Taris, 2014).
While examination of the motivational process was beyond
the scope of this article, there is a growing body of neuro-
science literature that describes psychobiological processes
impacting motivation, as well as how information is processed,
encoded, and valuated by the brain to produce motivational
drive (Simpson & Balsam, 2016). This may be relevant in
future revisions of our model.

A second, more general limitation that organizational schol-
ars must consider relates to issues that arise when applying

neuroscience methods to organizational research problems.
It has long been recognized in the broader fields of social
and cognitive neuroscience that the most powerful tools for
advancing research on human behavior are not neuroscience
instruments like fMRI (for discussion, see Cacioppo et al.,
2003). Instead, the most powerful tools are the ingenuity of
experimental designs, the clarity of theories, and the appropri-
ateness of statistical analyses. These principles readily apply
to our organizational neuroscience model of occupational
stress. That is, neuroscience methods can be instrumental
in the refinement of mechanistic models of data-generating
processes that underlie occupational stress, which in turn,
can advance organizational research and practice. However,
scholars must exert the same level of caution when conduct-
ing studies and interpreting findings that use neuroscience
methods as they would with research more generally.

Some scholars may find this limitation obvious and therefore
unnecessary. However, there is evidence in the broader field
of organizational neuroscience this is not the case. Statements
such as “the brain cannot lie” are presented in multiple major
organizational neuroscience theory works (e.g., Waldman et
al., 2017; Waldman, Wang, & Fenters, 2019). This creates the
impression that neuroscience methods may be immune to the
problems of conventional organizational research practices.
This is not true: neuroscience methods are not immune to the
methodological problems that exist in many fields of human
research. This includes problems relating to insufficient power
on the basis of low sample sizes (Button et al., 2013), the high
degree of analytical flexibility in data analysis procedures
(Carp, 2012), and those that arise from inadequate reporting
and publishing practices (Appelbaum et al., 2018; Nichols et
al., 2017). Moreover, neuroscience research is not immune
to the opportunistic discretion in the decisions that occur at
each step of the research process (i.e., researcher degrees of
freedom) which increases the probability of erroneous con-
clusions (Wicherts et al., 2016). The more general inferential
issues that arise from null hypothesis significance testing
also apply to research conducted using neuroscience methods.
This includes, for example, inferential problems that arise
from focusing on simple accept/reject decisions in absence of
consideration of effect size magnitude and precision (Calin-
Jageman & Cumming, 2019a, 2019b).

These issues are cause for concern in any discipline. However,
when neuroscience data is used improperly in organizational
behavior research it raises the possibility that these data may
be instrumental in the development of poor organizational the-
ories (for discussion, see Lindebaum & Zundel, 2013). Indeed,
there is already some evidence that scholars are uncritically
accepting the findings of organizational neuroscience studies
that present with fundamental methodological or statistical
problems (for review, see Prochilo, Louis, Bode, Zacher, &
Molenberghs, 2019). This should be of particular concern for
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occupational stress researchers, where it has been suggested
that inaccurate theories can become a permanent fixture of
organizational research despite a lack of evidence to support
the theories in question (Ghoshal, 2005).

Conclusion

In this article we developed an interdisciplinary model de-
scribing how job demands and resources interact to impact
health impairment by integrating the job demands-resources
model and allostatic load model. In doing so, we put forth a
series of propositions based on stress research in neuroscience
to test ideas from neuroscience in the context of organizations.
We also identify where findings in animal and general human
populations diverge from findings in the workplace to guide
specific areas of research attention. Additionally, we identify
potential moderating factors, as well as the psycho-biological
pathways to resilience following mindfulness training and
physical activity. We suggest that our organizational neuro-
science model of occupational stress will help guide future
interdisciplinary research on this important research topic.
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Section 2: Critical Essays on
Methods and Practices in
Organizational Neuroscience

The aim of Section 2 is to provide a critical evaluation of current methods and
research practices in organizational neuroscience. As discussed in the limitations of
the theoretical framework presented in Section 1 (p. 7), the most powerful tools
for advancing occupational stress research are not neuroscience instruments such as
functional magnetic resonance imaging (fMRI) or electroencephalography (EEG).
Instead, they are the ingenuity of experimental designs, the clarity of theories, and
the appropriateness of statistical analyses. Neuroscience methods can be instru-
mental in the refinement of mechanistic models of data-generating processes that
underlie occupational stress, which in turn, may advance occupational stress research
and practice. However, it is essential that scholars apply the same level of critical
reasoning as they would with traditional organizational research when conducting
studies and interpreting findings that use neuroscience methods.

This section is comprised of two manuscripts: (1) An Extended Commentary
on Post-Publication Peer Review in Organizational Neuroscience (Chapter 3, pp.
36–62), and (2) Why the methods of organizational neuroscience do not necessarily
answer questions that are relevant to organizational research (Chapter 4, pp. 63–
79). The first of these manuscripts is a critical essay on how scholars have critically
evaluated studies that apply neuroscience methods to the study of organizational
research problems. It uses Waldman and colleague’s (2017) recent Annual Review
of the state-of-the-art of organizational neuroscience as a catalyst for a broader dis-
cussion on post-publication evaluation practices in this field. A key focus within this
article relates to the appropriateness of statistical analyses used in organizational
neuroscience, and how scholars of this field may be too readily accepting the findings
of studies that misuse inferential tests. The second manuscript is a critical essay on
the proposed methods of organizational neuroscience that are explicated in major
theory works within the field. The primary focus in this article is on how neuro-
science methods can differ with respect to their capacity to answer questions that
are relevant to organizational research and practice, with specific reference to causal
inference. Together, these articles form the statistical, methodological, and philo-
sophical foundation for how the empirical studies in Section 3 (p. 80) are conducted
and interpreted.
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Chapter 3

An Extended Commentary on
Post-Publication Peer Review in
Organizational Neuroscience

3.1 Explanatory Notes
The following manuscript is a critical essay on how scholars of organizational

neuroscience have critically evaluated studies that apply neuroscience methods to
the study of organizational problems. In this article, Waldman and colleague’s
(2017) Annual Review of the state-of-the-art of organizational neuroscience is used
as a catalyst for a broader discussion on post-publication evaluation practices in this
field. The article is broadly structured around two research practices that have been
implicated in the broader replication crisis that is currently occurring in psycholog-
ical science, as well as in science more generally. These are: (1) the implications of
accepting the findings of studies that are reported without sufficient completeness
or transparency, and (2) the implications of focusing on dichotomous accept/reject
outcomes in absence of consideration of effect size magnitude or precision. In doing
so, a key focus within this article relates to the appropriateness of statistical anal-
yses used in organizational neuroscience, and how scholars of this field may be too
readily accepting the findings of studies that misuse inferential tests.

The article is divided into two parts. Part I provides a systematic critical evalu-
ation of the fields’ two seminal works. Part II is restricted to a discussion of specific
concerns in selected secondary works that would be beneficial to acknowledge as the
field moves forward. The manuscript concludes with recommendations for research
practices that aim to improve the replicability and trustworthiness of future research
in this field. Key recommendations that are relevant to planning and interpreting
empirical works are implemented in the empirical studies that have been conducted
as part of this thesis (reported in Section 3; p. 80). This includes: (1) following
systematized reporting guidelines to ensure adequate transparency and complete-
ness of reporting, and (2) focusing on effect size magnitude and precision through
confidence interval estimation.

This manuscript has been peer reviewed and is published in the journal of Meta-
Psychology. The paper is reproduced here in its entirety under a CC-BY license.
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Abstract

While considerable progress has been made in organizational neuroscience over the past decade, we argue that
critical evaluations of published empirical works are not being conducted carefully and consistently. In this ex-
tended commentary we take as an example Waldman and colleagues (2017): a major review work that evaluates
the state-of-the-art of organizational neuroscience. In what should be an evaluation of the field’s empirical work,
the authors uncritically summarize a series of studies that: (1) provide insufficient transparency to be clearly un-
derstood, evaluated, or replicated, and/or (2) which misuse inferential tests that lead to misleading conclusions,
among other concerns. These concerns have been ignored across multiple major reviews and citing articles. We
therefore provide a post-publication review (in two parts) of one-third of all studies evaluated in Waldman and
colleague’s major review work. In Part I, we systematically evaluate the field’s two seminal works with respect to
their methods, analytic strategy, results, and interpretation of findings. And in Part II, we provide focused reviews of
secondary works that each center on a specific concern we suggest should be a point of discussion as the field moves
forward. In doing so, we identify a series of practices we recommend will improve the state of the literature. This
includes: (1) evaluating the transparency and completeness of an empirical article before accepting its claims, (2)
becoming familiar with common misuses or misconceptions of statistical testing, and (3) interpreting results with
an explicit reference to effect size magnitude, precision, and accuracy, among other recommendations. We suggest
that adopting these practices will motivate the development of a more replicable, reliable, and trustworthy field of
organizational neuroscience moving forward.

Keywords: organizational neuroscience, confidence intervals, self-corrective science, effect sizes, null hypothesis sig-
nificance testing (NHST), parameter estimation, Pearson correlation, post-publication peer-review, reporting stan-
dards.
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2

Introduction

Organizational neuroscience is a domain of research
that draws heavily on social and cognitive neuroscience
traditions, but which examines specifically how neuro-
science can inform our understanding of people and or-
ganizing processes in the context of work (Waldman,
Ward, & Becker, 2017). Marked progress has been
made at the theoretical level in the decade since its
inception. For example, this has included a maturing
discussion on the ethics, reliability, and interpretation
of neuroscience data and how this applies to organiz-
ing behavior and the workplace (Healey & Hodgkin-
son, 2014; Lindebaum, 2013, 2016; Niven & Boorman,
2016). However, the same level of progress has not
been made with respect to careful and consistent critical
evaluation of empirical works beyond the point of initial
publication. The standards within psychological science
(including organizational behavior research) are chang-
ing to reflect concerns over the transparency of report-
ing practices, appropriate use of inferential statistics,
and the replicability of published findings (Cumming,
2008, 2014; Cumming & Maillardet, 2006; Nichols et
al., 2017; Nichols et al., 2016; Simmons, Nelson, & Si-
monsohn, 2011; Wicherts et al., 2016). In this extended
commentary, we argue that scholars of organizational
neuroscience are not considering these implications of-
ten enough, especially in major reviews of the literature.

This commentary takes as an example the major re-
view piece by Waldman and colleagues (2017) pub-
lished in Annual Review of Organizational Psychology
and Organizational Behavior. In this article, the authors
critically evaluate the state-of-the-art of organizational
neuroscience, including its methods and findings, and
provide recommendations for investing in neuroscience-
informed practices in the workplace. However, in what
should be an evaluation of the field’s empirical work,
the authors uncritically summarize a series of studies
that: (1) provide insufficient transparency to be clearly
understood, evaluated, or replicated, and/or (2) which
misuse inferential tests that lead to misleading conclu-
sions, among other concerns. It is customary for scien-
tists and practitioners to cite information from the most
recent review pieces, meaning that such reviews (espe-
cially Annual Reviews) and the references cited therein
can wield a disproportionate impact on the future of a
field of study. Omission of satisfactory post-publication
review in the above work is therefore unfortunate, and
may motivate poor decisions that waste scarce time, ef-
fort, and financial resources for both researchers and
organizational practitioners alike.

This commentary will not be a systematic review of
all studies conducted in organizational neuroscience.
Instead, to bring explicit attention to the concerns we

raise above, we provide a focused post-publication re-
view of five of the 15 empirical studies critically evalu-
ated in Waldman and colleagues (2017). Our commen-
tary therefore dissects a full one-third of studies that
were deemed methodologically and statistically sound
as part of an evidence base for guiding organizational
research and practice (see Table 1 for a list of these stud-
ies and justification for their selection). Our motivation
for this format, in contrast to a general pooling of find-
ings via systematic review, is threefold. First, at least
two of these studies represent seminal works that are
among the most influential and highly cited in the field
(see Figure 1 for a citation distribution). Second, these
studies present with critical methodological or interpre-
tational concerns that have been overlooked in multiple
major reviews of the literature. And third, on the basis
of these concerns, it is not entirely clear that these stud-
ies are being evaluated beyond what is reported in their
abstracts by those who cite them. These studies deserve
a close and detailed scrutiny and we provide this here.

The primary aim of our commentary is to push the
field in a positive direction by encouraging a more crit-
ical review of research findings in organizational neu-
roscience. In doing so, we seek to promote the de-
velopment of a more replicable, reliable, and trustwor-
thy literature moving forward1. First, we contextualize
our publication evaluation criteria by discussing what
has come to be known as the replication crisis in psy-
chological science. While many solutions to this cri-
sis have been offered, we focus on two easily imple-
mentable criteria that are likely to have a broad im-
pact: (1) complete and transparent reporting of empir-
ical findings, and (2) statistical inference that consid-
ers the magnitude and precision of research findings be-
yond mere statistical significance. Second, we conduct
a post-publication review of selected empirical works
in two parts. In Part I, we comprehensively and sys-
tematically evaluate the fields’ two seminal works with
respect to our evaluation criteria. And in Part II, we
provide focused reviews of secondary works that each
center on a single specific methodological concern that
we feel must be a point of discussion as the field moves
forward. These concerns are: (1) fMRI statistical anal-
yses that preclude inferences from sample to popula-
tion, (2) unsubstantiated claims of convergent validity
between neuroscience and psychometric measures, and
(3) the impact of researcher degrees of freedom on the
inevitability of reporting statistically significant results.

1Note: The concerns we discuss in this commentary are in
no way unique to organizational neuroscience. We single out
this field, not because it represents a special case, but because
we have contributed work to this field (Molenberghs, Prochilo,
Steffens, Zacher, & Haslam, 2017).
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Table 1
Publications selected for post-publication peer review

Publication Justification for selection

Seminal Works
1 Peterson et al. (2008) • This study represents one of the earliest works to apply neuroscience methods

to organizing phenomena. It has also been described as the first study do to
so following the first theoretical writings in organizational neuroscience (see
Ward, Volk, & Becker, 2015). It is one of the most highly cited publications of
all those evaluated in Waldman and colleagues’ (2017) review (N = 98) and
is discussed in most reviews of the literature since its publication (e.g., But-
ler, O’Broin, Lee, & Senior, 2015; Waldman, Balthazard, & Peterson, 2011b;
Waldman & Balthazard, 2015; Ward, Volk, & Becker, 2015). On the basis of
precedence, citations, and inclusion in multiple reviews, this study would be
considered seminal.

2 Waldman et al. (2011a) • This study is the most highly cited publication of all those evaluated in Wald-
man and colleagues’ (2017) review (N = 177) and is included in most re-
views of the literature (e.g., Ashkanasy, Becker, & Waldman, 2014; Becker &
Menges, 2013; Becker, Volk, & Ward, 2015; Waldman, Balthazard, & Peter-
son, 2011b; Waldman & Balthazard, 2015; Waldman, Wang, & Fenters, 2016;
Ward, Volk, & Becker, 2015). It also cited in several systematic reviews (e.g.,
Butler, O’Broin, Lee, & Senior, 2015; Nofal, Nicolaou, Symeonidou, & Shane,
2017). It is the seminal work of the field.

Secondary Works
1 Boyatzis et al. (2012) • This study represents one of the earliest fMRI studies of the field, and is a

highly cited work (N = 99). It has also been used as part of the evidence base
for guiding research and organizational practice decisions in extended theory
pieces (e.g., coaching; Boyatzis & Jack, 2018). This study raises an important
methodological concern that we suggest must be a point of discussion among
scholars: fMRI analyses that preclude inferences from sample to population.

2 Waldman et al.
(2013a, 2013b, 2015)

• This publication represents a single empirical study that has been reported
through conference proceedings (Waldman et al., 2013a), as an unpublished
pre-print (Waldman et al., 2013b), and within a textbook chapter that dis-
cusses it at length (Waldman, Stikic, Wang, Korszen, & Berka, 2015). Cumu-
latively, these publications have received 32 citations. We include this study
for evaluation for several reasons. First, the reporting of this study across
multiple venues makes it challenging for scholars to clearly understand and
critically evaluate the work. Second, this work is discussed in several major
reviews of the literature, and within the textbook that adopts the field’s name:
Organizational Neuroscience (Waldman & Balthazard, 2015). This gives the
impression that the work is of high quality. And finally, this study raises an
important methodological concern that we suggest must be a point of discus-
sion among scholars: unsubstantiated claims of convergent validity between
neuroscience and psychometric measures.

3 Kim and James (2015) • This study represents one of the most recent fMRI studies conducted in the
field and has received 6 citations. While this is low with respect to other works,
it is discussed at length in Waldman and colleagues’ (2017) major review, and
is represented as high quality work. It also raises a specific methodological
concern that we suggest must be a point of discussion among scholars: the
impact of researcher degrees of freedom on the inevitability of reporting sta-
tistically significant results.

Note: Citations were obtained from Google Scholar on Jan 23, 2019. The above studies represent one-third of all studies criti-
cally evaluated in Waldman and colleagues (2017) review of the state-of-the-art of organizational neuroscience.
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Figure 1. Dot plot with rotated probability distribution on each side of the data showing the number of Google
Scholar citations for all 15 empirical studies evaluated in Waldman and colleagues (2017). Citations range from
6 to 177 (M = 74.7, SD = 49.62). The publications under review in this commentary are represented by filled
dots and an associated label: (A) = Kim and James (2015); citations = 6; (B) = Waldman et al. (2013a, 2015);
cumulative citations = 32; (C) = Peterson et al. (2008); citations = 98; (D) = Boyatzis et al. (2012); citations
= 99; (E) = Waldman et al. (2011a); citations = 177. The vertical line marks the mean. With respect to citation
impact, these studies capture a cross-section of all studies that were subject to review by Waldman and colleagues
(2017). Data were acquired from Google Scholar on Jan 23, 2019.

Publication evaluation criteria

Criteria I: Completeness and transparency of report-
ing practices

Science has been described as a cumulative and self-
corrective process (Merton, 1973; Popper, 1962). Pub-
lished empirical findings are not taken as unquestion-
able fact, but rather, all findings are subject to verifica-
tion through systematic critical evaluation and replica-
tion. In doing so, these efforts may provide support that
a finding is credible, or that it is wrong, and that the
scientific record should be corrected. However, there
are growing concerns that a large number of published
empirical findings in psychological science are false or
at least misleading (Benjamin et al., 2018; Button et al.,
2013; Cumming, 2014; Ioannidis, 2005, 2012; Leslie,
George, & Drazen, 2012; Munafò et al., 2017; Nelson,
Simmons, & Simonsohn, 2018; Simmons et al., 2011;
Wicherts et al., 2016). Empirical findings are failing to
replicate (Camerer et al., 2018; Klein et al., 2018; Open
Science Collaboration, 2015), and these failed replica-
tions appear to be invariant to the context and culture
in which the replication is attempted (e.g., Klein et al.,
2018). This alarming problem has become known as
the replication crisis, and there is now open discussion
that the self-correcting ideal is not performing as well

as it should across different areas of science (Ioannidis,
2012).

There are many impediments to self-correction in
psychological science, including publication bias, selec-
tive reporting of results, and fabrication of data, among
others. However, one of the most basic impediments for
evaluating published findings as part of a self-corrective
science is that researchers do not consistently provide
a complete and transparent report of how exactly their
research has been conducted and analyzed (Appelbaum
et al., 2018). In this commentary we will argue that
this has been true of at least some organizational neu-
roscience work, and that it is particularly prevalent in
the seminal works that appear in multiple reviews of
the literature.

Complete and transparent reporting is key to system-
atically communicating what was done in any empirical
study. There are multiple systematized reporting stan-
dards in psychological science that target various sub-
disciplines and types of experimental design. For ex-
ample, the Consolidated Standards of Reporting Trials
(CONSORT) is a 25-item checklist that standardizes the
way in which authors prepare reports of randomized
controlled trial findings (www.consort-statement.org).
The OHBM Committee on Best Practice in Data Analy-
sis and Sharing (COBIDAS) guidelines describes how to
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Table 2
Outline of publication evaluation criteria

Evaluation Criteria Description

Method
Data collection • Describe methods used to collect data.

Quality of measurements • Describe the quality of the measurements (e.g., the training of data collectors).
Psychometric prop-

erties of instruments
• Describe the reliability and validity of the measurement instruments (e.g., in-

ternal consistency for composite scales; inter-rater reliability for subjectively
scored ratings; etc.).

Data diagnostics • Describe the methods used for processing the data (e.g., defining and dealing
with outliers; determining if test assumptions are satisfied; and the use of data
transformations, if required).

Analytic strategy
Inferential statistics • Describe the analytic strategy for how inferential statistics were used to test

each hypothesis.
Results

Statistics and data analysis • Report descriptive statistics that are relevant to interpreting data (e.g., mea-
sures of central tendency and dispersion).

• Report appropriate inferential statistics obtained from statistical tests of each
hypothesis, including exact p values if null hypothesis significance testing
(NHST) has been used.

• Report effect size estimates and confidence intervals on estimates, where pos-
sible.

• Report whether statistical assumptions for each test were satisfied.
Interpretation of findings

Discussion • Provide an interpretation of results that is substantiated by the data analysis
strategy and other aspects of the study (e.g., adequacy of sample size; sampling
variability; generalizability of results beyond the sample; etc.).

• Consider specifically effect magnitude, accuracy, and precision when interpret-
ing results.

Note: These criteria were adapted from the JARS-Quant guidelines with a specific focus on methods, results, and interpretation
of findings. The JARS-Quant guidelines can be found in full in Appelbaum et al. (2018).

plan, execute, report, and share neuroimaging research
in a transparent fashion (Nichols et al., 2017; Nichols et
al., 2016). And the APA Working Group on Journal Arti-
cle Reporting Standards (JARS-Quant) covers reporting
of all forms of quantitative empirical work, regardless
of subdiscipline (Appelbaum et al., 2018).

The JARS-Quant have been designed with the intent
of being a gold standard for reporting quantitative re-
search across all of the psychological sciences. This
includes research incorporating neuroscience methods
such as organizational neuroscience. Therefore, we
have adapted a subset of these guidelines to system-
atically guide our post-publication review of seminal
works (see Table 2). These guidelines pertain to criteria
that guide the reporting of methods, results, and inter-
pretation of findings. These are elements of research
work that are essential for enabling empirical claims to
be clearly understood and evaluated by readers, and to
allow findings to be replicated with reasonable accuracy.

Criteria II: Appropriateness of statistical inferences

The cause of the replication crisis is multifaceted,
and inadequate reporting practices are just a single
factor among many contributing to the failure of self-
correction in psychological science. A growing number
of scholars are also raising concerns that a key theme
in this crisis is an overreliance on the null hypothesis
significance testing (NHST) approach when conducting
research and interpreting results (e.g, Calin-Jageman &
Cumming, 2019; Cumming, 2014; Peters & Crutzen,
2017). That is, researchers have traditionally prioritized
all-or-none decisions (i.e., a finding is either statistically
significant or non-significant) to the exclusion of infor-
mation that describes the magnitude and precision of a
finding, or whether that finding is likely to replicate. For
these reasons, findings that are highly variable, impre-
cise, or which have been selectively reported (or ma-
nipulated) based on all-or-none decision criteria have
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flourished. And these findings are not replicating. We
believe similar concerns regarding NHST are influenc-
ing the quality of organizational neuroscience.

The NHST approach has been well described else-
where (see Frick, 1996; Nickerson, 2000). Briefly, an
effect (or effect size) describes a quantification of some
difference or a relationship that is computed on sample
data. As one example, this may include the magnitude
and direction of a Pearson correlation coefficient (r). In
the NHST tradition, a researcher begins by stating a pre-
diction regarding the direction of an effect that they be-
lieve to be true of the population from which they are
sampling. This is then tested against a null hypothesis
which specifies that the true population effect may ac-
tually be zero. This test yields a p value that quantifies
the probability of obtaining a test statistic (e.g., t) of a
given magnitude or greater when sampling from a pop-
ulation where the null hypothesis is true. In statistical
terminology, this is the probability of making a Type I
error. In order to minimize such errors, a significance
level called alpha (α) is used as the threshold for an all-
or-none decision. If the obtained p value is less than a
prespecified α level, we consider ourselves sufficiently
confident to assert that an effect is statistically signifi-
cant and different from zero. In psychological science
this threshold by convention is .05, which entails that
in the long-run (i.e., after many replications of a study)
we are only willing to accept Type I errors at most 5%
of the time.

One of the major criticisms of this approach is that
it simply does not provide researchers with the full in-
formation they need to describe the relationship be-
tween an independent and dependent variable (Calin-
Jageman & Cumming, 2019; Cohen, 1990; Cumming,
2014). NHST and p values only provide evidence of
whether an effect is statistically significant, and of the
direction of an effect. Scholars also cite concerns that
NHST and its associated p values are too often mis-
construed or misused by its practitioners, thereby lead-
ing to claims that are not substantiated by the data
(e.g., Gelman & Stern, 2006; McShane, Gal, Gelman,
Robert, & Tackett, 2019; Nickerson, 2000; Nieuwen-
huis, Forstmann, & Wagenmakers, 2011). As an alterna-
tive (or adjunct) to NHST, proponents of what has been
called parameter estimation (Kelley & Rausch, 2006;
Maxwell, Kelley, & Rausch, 2008; Woodson, 1969) or
the New Statistics (Calin-Jageman & Cumming, 2019;
Cumming, 2014) have argued that inference should fo-
cus on: (1) the magnitude of a finding through report-
ing of effect size, (2) the accuracy and precision of a
finding through reporting of confidence intervals on an
effect size, and (3) an explicit focus on aggregate evi-
dence through meta-analysis of multiple studies.

On an individual study basis, the parameter estima-
tion approach yields an identical all-or-none decision to
that provided by p values. However, the focus shifts
from a dichotomous all-or-none decision to information
regarding the magnitude of an effect, and its accuracy
and precision as quantified by confidence intervals.

Accuracy refers to the long run probability that a con-
fidence interval of a given length will contain the true
population value. For example, a 95% confidence inter-
val is an interval of values that, if a study were to be
repeated many times with different samples from the
same population and under the same conditions, the
true population value would be included in this interval
95% of the time. It is therefore plausible (although, not
certain) that any particular 95% confidence interval will
contain the true population parameter. Precision refers
to a measure of the statistical variability of a parameter,
and is quantified by the width of a confidence interval
(or, alternatively, the half width of the confidence inter-
val: the margin of error). For example, a narrow 95%
confidence interval is said to have high precision in that
there are a limited range of plausible values which the
population parameter could take. Conversely, a wide
95% confidence interval is not very precise because the
population parameter can take on a very wide range of
plausible values.

Some scholars have advocated completely abandon-
ing NHST and p values in favor of a parameter es-
timation approach to statistical inference (e.g., Calin-
Jageman & Cumming, 2019; Cumming, 2014). We
don’t go so far. Instead, in the style of Abelson (1995),
we believe that all statistics (including p values, confi-
dence intervals, and Bayesian statistics, among others)
should be treated as aids to principled argument. How-
ever, to limit the scope of our commentary, our evalu-
ations will have an explicit focus on effect size magni-
tude and, as an indication of accuracy and precision,
the confidence intervals on these effects. In doing so,
we will argue that NHST and p values have been mis-
used across many organizational neuroscience works,
and that reviewers of this literature too often accept sta-
tistical analyses and interpretations of data uncritically
(see Table 2 for our full evaluation criteria).

Post-publication peer review

In the following sections we provide a concise
overview of each study listed in Table 1. In Part I, we
follow this by a systematic post-publication review of
the methods, analytic strategy, results, and interpreta-
tion of findings of the fields’ two seminal works. In
Part II, our post-publication review is focused (and re-
stricted) to specific concerns in secondary works that we
suggest must be a point of discussion as the field moves
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forward. A summary of recommendations for improv-
ing post-publication review based on this commentary
is given in Table 3.

Part I

Systematic post-publication review of seminal
works

Peterson et al. (2008). Neuroscientific Implica-
tions of Psychological Capital: Are the Brains of Op-
timistic, Hopeful, Confident, and Resilient Leaders
Different?

The purpose of Peterson et al. (2008) was to exam-
ine the neural basis of psychological capital: a compos-
ite trait comprised of hope, resilience, self-esteem, and
optimism, and which has been linked to effective lead-
ership. Using a sample of 55 business and community
leaders, participants were asked to engage in a ‘vision-
ing task’, in which they were required to create a spo-
ken vision for the future of their business or organiza-
tion while EEG measures were recorded. As the authors
describe, this visioning task was theorized to evoke an
emotional response that is aligned with psychological
capital. Expert opinions on the affective behavior wit-
nessed during the EEG task were combined with psy-
chometric measures of psychological capital and lead-
ership, and these measures were used to dichotomize
participants as high or low on this trait. Following this,
differences in EEG activity were assessed between each
group.

The authors reported that analysis of their EEG
data revealed that high psychological capital was corre-
lated with greater activity in the left prefrontal cortex.
This was interpreted as activity associated with greater
happiness, as well as having successful interpretation,
meaning, construction, and sense-making skills. The
authors further reported that low psychological capital
was correlated with greater activity in the right frontal
cortex and right amygdala. This was interpreted as ac-
tivity associated with difficulty in displaying and inter-
preting emotions, as well as a greater likelihood to dis-
play negative affectivity or avoidance behaviors in social
situations. A primary conclusion provided by the au-
thors (which has been repeated in subsequent reviews)
is that these findings are a demonstration of the impor-
tance of emotions in the study of psychological capital.
The authors further suggest that future research should
look more closely at the role of negative affect (e.g.,
fear) as a mechanism underlying low psychological cap-
ital.

Critical review. The critical evaluation of Peterson
et al. (2008) first requires qualification based on the
venue in which it has been published. Organizational

Dynamics is a journal that publishes content primarily
aimed at organizational practitioners (e.g., professional
managers), and therefore restricts full and transparent
reporting of methods, results, and analyses in favor of
narrative readability for practitioner audiences (Else-
vier, 2018). For this reason, the journal encourages pub-
lication of supplementary material (which may include
detailed methods and results), as well as sharing of data
in data repositories that can be directly linked to the ar-
ticle itself. These latter standards may not have been
in effect at the time of publication of this early work.
In any case, Peterson et al. (2008) does not report any
data, or link to any external dataset or supplementary
information that can be used to evaluate the content of
what is reported. This is problematic because this study
has been repeatedly and explicitly cited as an example
of high-quality empirical work in almost every review of
the literature since its publication (e.g., Butler, O’Broin,
Lee, & Senior, 2015; Waldman et al., 2017; Ward, Volk,
& Becker, 2015). Because this study is so consistently
raised to the status of a high-quality empirical study,
Peterson et al. (2008) must be evaluated according to
the same standards as any other empirical publication.
That is, with adequate post-publication review.

Methods. We first consider the psychometric mea-
sures used in this study. The authors claim to have
assessed psychological capital using a self-report ques-
tionnaire, yet, no information is given regarding what
psychological instrument was employed. Furthermore,
no information is given regarding the conditions un-
der which this instrument was administered, the psy-
chometric properties of the instrument, or how data ac-
quired from this instrument were processed with respect
to outliers or other test assumptions. These same con-
cerns relate to the instrument which was used to assess
appraisals of participant leadership characteristics. It
is also unclear by what process scores on these instru-
ments were combined to dichotomize participants into
groups that were considered representative of high and
low psychological capital. And following this process,
it is also unclear by what method the dichotomization
was performed. Several possibilities include the mean,
median, cut-points based on previous literature, or even
selective testing of all quantiles and choosing those that
yield the smallest p value in a subsequent inferential
test, among others. A further complication is that, in ad-
dition to each psychometric measure, the dichotomiza-
tion was also based on affective behavior demonstrated
during a visioning task. No information is provided re-
garding how these ratings were determined, or whether
this was implemented correctly. This includes no infor-
mation on whether coders had the requisite expertise to
perform this task, or to what extent dichotomization de-
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cisions were consistent across coders. And no informa-
tion is provided on how this information was weighted
alongside psychometric measures to perform the group
dichotomization.

We now turn our attention to the EEG measures. The
authors provide no information regarding: (1) how EEG
data were recorded (e.g., number of channels, electrode
configuration, reference electrodes, and sampling rate),
(2) how the data were pre-processed (i.e., how arte-
facts from eye movements, blinks, muscle artefacts, and
sweating were identified and removed if necessary, or
what filters were applied to remove frequencies of no
interest), and (3) whether and how the experimenters
controlled for typical artefacts resulting from bodily
movements during the experiment. The latter is partic-
ularly important given that participants were instructed
to talk while EEG recordings were obtained. Movement
during EEG recordings can create substantial artefacts
(Urigüen & Garcia-Zapirain, 2015).

Altogether, it is extremely difficult for readers to eval-
uate whether any of the reported measures or methods
of data processing were valid, reliable, or implemented
correctly. The authors do not provide sufficient method-
ological detail to the standard that is required of scien-
tific reporting. Because of this, it is unlikely that Peter-
son et al. (2008) could be replicated with any reason-
able level of accuracy.

Analytic strategy. The authors describe that they
compared the brain maps of participants who were cat-
egorized as high versus low psychological capital. How-
ever, they do not specify what analytic strategy was
used to perform this test. It is therefore not possible
for readers to evaluate whether this analytic strategy
was appropriate or implemented correctly. A further
concern relates to use of dichotomization itself. Di-
chotomization of continuous data reduces the efficiency
of experimental design, and can lead to biased conclu-
sions that do not replicate across different samples (Alt-
man & Royston, 2006; MacCallum, Zhang, Preacher,
& Rucker, 2002; Royston, Altman, & Sauerbrei, 2006;
Senn, 2005).

Results. The authors report no statistics. That is,
the authors report no measures of central tendency, no
measures of dispersion, no inferential statistics, no mea-
sures of effect size, no measures of accuracy or preci-
sion, and do not report on whether statistical assump-
tions were satisfied. It is therefore not possible for read-
ers to evaluate any empirical claims on the basis of test
statistics.

Interpretation of findings. Peterson et al. (2008)
report two main findings: (1) greater activity in the left
prefrontal cortex of participants with high psychologi-
cal capital was indicative of happiness, and (2) greater
activity in the right prefrontal cortex and amygdala of

participants with low psychological capital was indica-
tive of negative affectivity. This interpretation, however,
relies heavily on reverse inference and a highly modular
interpretation of regional brain function (for discussion,
see Poldrack, 2006). The prefrontal cortex is an incred-
ibly large and diverse region, and is involved in a va-
riety of executive functions, including, but not limited
to: top-down regulation of behavior, generating mental
representations, goal-directed behavior, directing atten-
tion, reflecting on one’s intentions and the intentions of
others, and regulation of the stress response (Arnsten,
Raskind, Taylor, & Connor, 2015; Blakemore & Robbins,
2012; Goldman-Rakic, 1996; Robbins, 1996). Similarly,
the amygdala is presently considered a complex and di-
verse structure that is involved in emotion regulation,
motivation, and rapidly processing sensory information
of both positive and negative valence (for review, see
Janak & Tye, 2015). These regions support functions
that lack the specificity to be decomposed into the inter-
pretations provided by the authors, particularly with re-
spect to the methods and analytic strategy that was em-
ployed. Additionally, because EEG mainly detects sig-
nals originating from sources close to the scalp, activity
of deep brain structures such as the amygdala cannot be
detected without sophisticated source localization anal-
ysis (Grech et al., 2008). It is not clear that this localiza-
tion analysis has been conducted, and had it been con-
ducted, whether it would be possible to localize the sig-
nal to the amygdala specifically. And finally, effect size
magnitude, accuracy, and precision are not given any
consideration. Altogether, the interpretation provided
by Peterson et al. (2008) is not substantiated by their
methods and analytic strategy. Subsequent claims re-
garding the importance of emotion and negative affect
in psychological capital may therefore be misleading or
entirely false.

Summary. Peterson et al. (2008) lacks an ade-
quately transparent account of what was conducted in
their empirical study for it to be clearly understood,
evaluated, or replicated with reasonable accuracy. It is
a sobering reflection on the field that this work has been
cited 98 times in the Google Scholar database with little
discussion of what are severe and extreme limitations.
It is even more sobering that it has been referenced in
almost every major review of the literature since its pub-
lication without considering these limitations. Indeed,
these limitations are so severe and manifest that it is
incomprehensible any reasonable scholar is reading this
work before citing it.

In the interest of a self-corrective and cumulative sci-
ence, we recommend that the findings and conclusions
by Peterson et al. (2008) should not be repeated as part
of the evidence base for organizational neuroscience in
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any future literature reviews. Furthermore, given that
this is a highly cited and discussed work in the current
literature, we also call on the authors to amend their
reports following the full JARS-Quant guidelines, and
to publish their data and methods openly to allow for
re-analysis.

Waldman et al. (2011a). Leadership and Neuro-
science: Can We Revolutionize the Way That Inspi-
rational Leaders Are Identified and Developed?

Waldman et al. (2011a) is an EEG study that in-
vestigated the neural basis of inspirational leadership,
which is a form of leadership that is implicated in desir-
able organizational outcomes. In a sample of 50 busi-
ness leaders, participants were asked to engage in a
‘visioning task’ while undergoing EEG assessment. Vi-
sion statements articulated by each leader were coded
on a continuum from non-socialized/personalized (rat-
ing of ‘1’: self-focused and self-aggrandizing) to social-
ized (rating of ‘3’: collective-oriented with a positive
focus). Visions higher in socialized content were con-
sidered to be demonstrative of inspirational leadership.
Additionally, three to five followers of each leader (e.g.,
colleagues or employees), respectively, were asked to
rate how inspirational their leader was based on two
subscales of the Multifactor Leadership Questionnaire
(Bass & Avolio, 1990). The subsequent analysis was re-
stricted to a measure of coherence in the high-frequency
beta rhythm above the right frontal cortex. As the au-
thors describe, this measure may have theoretical impli-
cations for emotion regulation, interpersonal communi-
cation, and social relationships.

The obtained EEG and behavioral data were analyzed
through a correlation analysis. Right frontal coherence
was positively correlated with socialized vision content
coding (r = .36, p < .05), and follower perceptions of
inspirational leadership were positively correlated with
the socialized vision content coding (r = .39, p < .01).
However, coherence was unrelated to follower percep-
tions of inspirational leadership (r = .26, p < .10).
Based on these data the authors draw two main claims.
First, they assert that these data indicate their neuro-
physiological measure of inspirational leadership was
more strongly related to an explicit inspirational lead-
ership behavior (i.e., socialized content in vision cre-
ation) than to an indirect measure made through fol-
lower perceptions of inspirational leadership. This dif-
ference in magnitude of correlations was considered in-
dicative of a causal mechanistic chain: right frontal co-
herence forms the basis of socialized visionary commu-
nication, which in turn, builds follower perceptions of
inspirational leadership. And second, the authors claim
that the correlation between coherence and socialized

vision ratings represent a meaningful, neural distinc-
tion between leaders who espouse high versus low vi-
sionary content. Specifically, they argue that this has
implications for leadership development. The particu-
lar example discussed by the authors relates to targeted
training through EEG-based neurofeedback (i.e., use of
an operant conditioning paradigm with real-time EEG
feedback). Here, they contend that neurofeedback may
be used to enhance ideal brain states associated with
effective leadership, such as right frontal coherence.

Critical review. As in Peterson et al. (2008), the
critical evaluation of Waldman et al. (2011a) requires
qualification based on the venue through which it has
been published. The Academy of Management Perspec-
tives publishes empirical articles that are aimed at the
non-specialist academic reader (Academy of Manage-
ment, 2018). For this reason, full and transparent re-
porting of key aspects of empirical work are sometimes
eschewed in favor of readability to the non-specialist au-
dience. However, Waldman et al. (2011a) is potentially
the most influential work in all organizational neuro-
science (see Table 1; Figure 1). Therefore, this publi-
cation deserves a comprehensive evaluation of its meth-
ods, results, analytic strategy, and claims.

Methods. We first consider the psychometric mea-
sures. The authors report that perceptions of inspira-
tional leadership were obtained from three to six follow-
ers of each participant using the Multifactor Leadership
Questionnaire. The authors also describe that an over-
all measure of inspirational leadership was computed
by summing these responses, which is a practice they
describe is consistent with prior research. A measure
of internal consistency is also provided, which demon-
strated high scale reliability (i.e., α = .91). However,
the authors do not provide a description of data diag-
nostics. For example, it is unknown how outliers in
the data were identified, whether or not they were re-
moved (and by what method they were removed), or
how data were to be treated if it did not meet statis-
tical test assumptions. The method by which partici-
pants were coded on the socialized vision rating scale
is also unclear. While the authors describe the criteria
by which two expert coders categorized participants, no
information is provided on how the coders were trained,
or the extent to which there was inter-rater agreement
between the coders.

Turning our attention to the EEG measures, the au-
thors report the that the 10/20 system has been used,
the number of electrodes, and the three electrode lo-
cations specific to their analysis. However, there is no
information regarding the sampling rate, reference elec-
trodes, or of the general setup. This includes a lack of
information on fixation and movement control, and if
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none were used, how the impact of potential artefacts
on the EEG signals have been accounted for. This issue
is particularly important given that EEG was recorded
while participants were engaged in an active task. As
described previously, movement during EEG can cause
substantial artefacts. There is also no information pro-
vided relating to pre-processing and the use of filters.

Altogether, Waldman et al. (2011a) report a greater
depth of information than Peterson et al. (2008). How-
ever, Peterson et al. (2008) sets a low standard. Wald-
man et al. (2011a) requires further detail for an ad-
equate evaluation of the validity and reliability of its
reported methods. It may be possible to replicate this
method, but the accuracy with which the replication
would be conducted may be inadequate.

Analytic strategy. The authors describe that they
focused on coherence between three electrodes in the
right frontal region of the brain. However, the analytic
strategy is not explicitly described and must be inferred
from a summary of their findings. Here, coherence data
were extracted and subjected to a correlation analysis
with ratings of inspirational leadership and socialized
vision content coding. The authors do not report the
specific correlation analysis that was conducted (i.e.,
Pearson correlation, Kendall rank correlation, or Spear-
man correlation). However, the authors use the nota-
tion for Pearson correlation (r), and computation of ex-
act p values using Fisher’s method (see Interpretation)
are consistent with those reported in their publication.
It can therefore be inferred that the authors have sub-
jected their data to Pearson correlation under the as-
sumption of bivariate normality and no bivariate out-
liers. Although, the authors do not report whether these
latter statistical assumptions were satisfied. Altogether,
the lack of transparency of the analytic strategy makes
it difficult to evaluate whether it was appropriate or im-
plemented correctly.

Results. The authors do not report descriptive
statistics (i.e., central tendency or dispersion) required
for interpretation of the psychometric data and social-
ized vision ratings. This makes it difficult to assess
whether the distribution of these data were appropri-
ate for the statistical tests that were performed, and
their subsequent interpretation. For example, a restric-
tion of range on either of these measures may influence
the subsequent inferential test, the representativeness
of the sample, or the generality of conclusions. The au-
thors do report the mean coherence and its range. How-
ever, the range is a measure of dispersion that may not
be typical of the dataset as a whole, and other measures
would be more informative (e.g., standard deviation).
Measures of effect size magnitude are reported as Pear-
son’s correlation coefficient, and are accompanied by in-

exact p values. Reporting inexact p values make it dif-
ficult to assess Type I error probability (although, these
may be computed from the summary data; see Interpre-
tation). Confidence intervals are also absent. Finally,
the authors do not report scatterplots of their data. This
is problematic because summary correlation coefficients
could have been generated by a variety of distributions
of data, some of which may render the statistical test
inappropriate. For example, Pearson’s correlation is not
robust, meaning that a single extreme value can have
a strong influence on the coefficient (Pernet, Wilcox, &
Rousselet, 2013). As a graphical demonstration of this,
in Figure 2 we provide examples of 8 distributions con-
sistent with the correlation between frontal coherence
and socialized vision content coding reported by the au-
thors (i.e., r = .36, N = 50; plot_r function: cannonball
package [v 0.0.0.9] in R Vanhove, 2018). Altogether,
the authors do not report their results in adequate detail
to fully describe the data.

Interpretation. We consider separately the authors
two main claims below.

Claim 1: A difference in correlation magnitudes. A
critical conclusion in this publication relates to a com-
parison of effect size estimates, which in this case in-
volves the Pearson correlation coefficient (r). The au-
thors suggest that the correlation between right frontal
coherence and socialized vision content (r = .36, p
<.05) is greater than the correlation between right
frontal coherence and perceptions of inspirational lead-
ership (r = .26, p < .10). Based on this observation,
the authors draw a theoretical conclusion relating to the
mechanistic basis of inspirational leadership. This claim
appears to be motivated on the basis of eyeballing a dif-
ference in the absolute magnitude between these corre-
lations, as well as a difference in the all-or-none deci-
sion criteria based on the p values. However, the claim
that an r of .36 is greater than .26 assumes that each r is
equal to the correlations we would obtain if we were to
sample the entire population of relevant business lead-
ers and their followers. That is, not just this sample.

In statistical terminology, this is the assumption that
each r is equal to the respective population effect size,
rho (ρ). However, r represents the best estimate of ρ in
a probability distribution of rs that lie below and above
each r estimate (Zou, 2007). Therefore, to determine if
one r is greater than another, we must examine the dis-
tribution of probable scores within which each ρ may
plausibly fall. This can be assessed using a parameter
estimation approach by computing a 100(1 - α)% con-
fidence limit on each r. In psychological science, α by
convention is .05 which necessitates a 95% confidence
interval (95% CI). This interval can be obtained using
Fisher’s r to z transformation by first calculating the con-
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(1) Normal x, normal residuals (2) Uniform x, normal residuals (3) +−skewed x, normal residuals (4) −−skewed x, normal residuals

(5) Normal x, +−skewed residuals (6) Normal x, −−skewed residuals (7) Increasing spread (8) Decreasing spread

All correlations: r(48) = .36

Figure 2. Examples of 8 scatterplots consistent with r = .36 in a sample of N = 50. The correlation between right
frontal coherence and the socialized vision scale could have been plausibly generated by any of these data distribu-
tions. This demonstrates the importance of reporting scatterplots in order to verify whether Pearson’s correlation
analysis was justified, and whether the correlation coefficient is representative of the data that has generated it.

fidence limits for z(ρ) and then back-transforming the
limits to obtain a confidence interval for ρ (Zou, 2007).
We conduct these analyses below2. For completeness,
we also report the exact p values given by the t statistic
from each combination of r and N.

For the correlation between right frontal coherence
and socialized vision content we obtain: r(48) = .36,
95% CI [.09, .58], p = .010 (Figure 3A; lower). For
the correlation between right frontal coherence and fol-
lower perceptions of inspirational leadership we obtain:
r(48) = .26, 95% CI [-.02, .50], p = .068 (Figure 3A;
upper). Focusing on the 95% CI (and ignoring the α
criterion for evaluating p values), it can be seen that
the distribution of possible values of ρ overlap. To test
this statistically, however, we must conduct a statisti-
cal test of the difference between these correlations us-
ing the null hypothesis of a zero difference (i.e., the
95% CI on the difference contains zero). Zou’s (2007)
method has been recommended for testing the statisti-
cal difference between correlations2 (Cumming & Calin-
Jageman, 2016, p. 320). In this case, Zou’s method
takes into consideration the overlapping dependent cor-
relation between socialized vision content and ratings of

inspirational leadership (r = .39). Using this method we
obtain: r1 − r2 = .10, 95% CI [-.19, .39] (cocor package
for R [v1.1-3]; Diedenhofen & Musch, 2015). The best
estimate of r1 − r2 is .10, however, the 95% CI on this
effect is consistent with an interval of values ranging
from -.19 to .39 (Figure 3B).

These analyses indicate that we are insufficiently con-
fident to conclude that r = .36 is greater than r = .26 in
these data, and that the difference between these cor-
relations may be zero. Any theoretical claim that relies
on a difference between these correlations is therefore
not an accurate reflection of the data. Claiming that a
difference between a statistically significant correlation
and a non-significant correlation is itself statistically sig-
nificant, is a common misinterpretation of NHST. This
is referred to as the interaction fallacy, and has been
discussed comprehensively elsewhere (Gelman & Stern,
2006; Nickerson, 2000; Nieuwenhuis et al., 2011).

2Note: These analyses assume bivariate normality, meaning
robust alternatives may yield more accurate intervals (Pernet
et al., 2013). However, as the author’s analyses and claims
are performed under this assumption, we also proceed with
an assessment of claims assuming this is satisfied.
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.36 [.09, .58]
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Figure 3. Plot (A): graphical representation of Pearson’s r = .26 and r = .36 and their 95% confidence intervals
(CI) with a sample of N = 50 (values are given in each label). The 95% CI has been computed using Fisher’s r to
z transformation under the assumption of bivariate normality. While r = .26 is not statistically different from zero,
its 95% CI has considerable overlap with r = .36. Plot (B): a statistical test of the difference between Pearson’s r =
.26 and r = .36 and its 95% CI, accounting for the overlapping dependent correlation of r = .39 (tails = two-sided,
null hypothesis = zero) using Zou’s (2007) method. The difference between each correlation is compatible with
zero difference.

Claim 2: The meaningfulness of a correlation magni-
tude. The second critical conclusion in this work is that
there is a meaningful, neural distinction between lead-
ers who were considered high versus low in espousing
socialized visions. Statistically speaking, this claim rests
on the strong assumption that the correlation between
right frontal coherence and the socialized vision scale, r
= .36, is equal to the population effect size, ρ. However,
as we have shown in our calculations above, r = .36 is
consistent with an interval of values specified by its con-
fidence interval. The 95% CI on a correlation coefficient
tells us that in 95% of random samples from the same
population, the 95% CI will contain the population pa-
rameter, ρ. It follows logically that in 5% of cases the
95% CI will miss this value. Therefore, we can deduce
that it is plausible (although, not certain) that a 95% CI
will contain the true value of ρ. In this case, ρ could
plausibly range from .09 to .58 (see Figure 3A; lower).

There is indeed a statistically significant neural dis-
tinction between leaders who espouse different quanti-
ties of socialized content in their visions. However, the

precision of the estimate of this association is extremely
low. That is, the 95% CI is so wide that the margin of
error (quantified as the half-width of a confidence inter-
val) is approaching the magnitude of the estimate itself
(i.e., margin of error = .24). This means that there are
a great many plausible values for which ρ could take.
These values may potentially be negligible for everyday
purposes (.09) or even very large (.58). The claim that
this correlation is sufficient evidence for use of neuro-
feedback to enhance coherence is therefore staggeringly
disproportionate to the precision with which this effect
has been measured.

Drawing substantive conclusions based on a dichoto-
mous all-or-none decision in the absence of effect size
magnitude, accuracy, and precision is one of the most
widespread misuses of NHST (Cumming, 2014). One of
the main reasons that scholars conduct empirical stud-
ies is to learn about an effect of interest. When a p
value describes an effect as statistically different from
zero, yet the confidence interval is very wide, we un-
derstand very little about the effect beyond its direc-
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tion (i.e., positive or negative). For this reason, there
has been increasing interest in recent years for planning
studies to estimate the magnitude of an effect within a
confidence interval that is adequately narrow in width.
This has been referred to as accuracy in parameter es-
timation (AIPE; Kelley & Rausch, 2006; Maxwell et al.,
2008; Peters & Crutzen, 2017) or precision for plan-
ning (Cumming, 2014). In this paradigm, a key ques-
tion prior to conducting a study is: what sample size is
required to provide a sufficiently precise estimation of
an expected effect size of interest? What is sufficiently
precise depends on one’s research objectives. However,
one suggestion is to target a margin of error of at least
half of the expected effect size (although this is not al-
ways a practical solution; Cumming & Calin-Jageman,
2016, p. 266). If Waldman et al. (2011a) considered
r = .36 to be their best estimate of the expected pop-
ulation effect, ρ, they may consider designing a study
that yields a margin of error of no more than .18. This
would require a minimum of 92 participants to attain
this level of precision with 95% confidence3 (confIntR:
userfriendlyscience package [v 0.7.2] in R; Peters, Ver-
boon, & Green, 2018). It has been suggested that taking
a parameter estimation approach to research planning
may assist in the production of empirical work that is
accurate, precise, and more likely to replicate (Peters &
Crutzen, 2017).

Summary. Like Peterson et al. (2008), Waldman et
al. (2011a) lacks an adequately transparent description
of their study for it to be clearly understood, evaluated,
or replicated with reasonable accuracy. Furthermore,
the level of description that can be extracted from this
report reveals that NHST has been misused or misinter-
preted, and has led to interpretations of findings that
are not substantiated by the data. This is the seminal
work in organizational neuroscience: it has been cited
177 times in the Google Scholar database and is dis-
cussed at length in most reviews of the literature. Yet,
little attention has been given to what are important
limitations in methods, analytic strategy, and interpre-
tation of results.

On the basis of this review, we recommend that schol-
ars familiarize themselves with the interaction fallacy
and other misuses of NHST (see Gelman & Stern, 2006;
Nickerson, 2000; Nieuwenhuis et al., 2011). We also
recommend that the results of NHST be considered with
explicit reference to effect size and precision to allow for
a more informative judgment of research findings. And
we further recommend that researchers consider preci-
sion for planning in order to attain sufficiently narrow
confidence intervals that allow for meaningful conclu-
sions to be drawn from findings. Finally, in the inter-
est of a self-corrective and cumulative science, we sug-

gest that scholars do not carelessly recite the contents
of Waldman et al. (2011a) in future reviews of the lit-
erature without sufficient critical evaluation. Given that
Waldman et al. (2011a) is the seminal work of the field,
we also call on the authors to amend their reports fol-
lowing the JARS-Quant guidelines and to publish their
data openly for re-analysis.

Part II

Focused post-publication review of secondary works

Boyatzis et al. (2012). Examination of the neu-
ral substrates activated in memories of experiences
with resonant and dissonant leaders.

Boyatzis and colleagues (2012) is one of the ear-
liest fMRI studies conducted in organizational neuro-
science. This study was an exploratory investigation
into the neural basis of the personal and interpersonal
consequences of interacting with resonant and disso-
nant leaders, with the implication that such knowledge
may inform leadership training and practice. As the au-
thors describe, resonant leaders are considered those
whose relationships are characterized by mutual posi-
tive emotions, while dissonant leaders are those who
invoke negative emotions.

Using a sample of eight individuals with extensive
employment experience, participants were interviewed
to describe two distinct interactions with two lead-
ers they considered resonant or dissonant, respectively
(i.e., four leaders, describing eight interactions total).
Audio statements based on each of these eight interac-
tions were created for each participant (8 – 10 s) to be
used as cues to recreate an emotional memory of the
interaction while undergoing fMRI (5 s). As a manip-
ulation check, participants were also presented with a
4-item question that gauged the valence of their emo-
tional response from strongly positive to strongly neg-
ative (2 – 3 s), where recall of resonant and dissonant
leaders were expected to yield positive and negative af-
fective responses, respectively. Using an event-related
design, each of the eight different cues were randomly

3It is important to note from our discussion that r = .36
may not be the best estimate of ρ. The authors may therefore
take a conservative approach and choose to plan for precision
based on the lower limit of the plausible range of values for
which ρ could take (i.e., .09). To estimate ρ = .09 with a mar-
gin of error of no more than half of this expected effect size
(i.e., .045) and with 95% confidence, a study would require
1867 participants (confIntR: userfriendlyscience package in
R). Conducting studies with precision will require more re-
sources than researchers are accustomed to, particularly when
an expected effect size is very small.
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presented six times across three runs which resulted in
48 trials in total.

Results of the manipulation check confirmed that
emotional responses were all in the predicted direction.
Following preprocessing, fMRI data were then analyzed
using a fixed-effects analysis. For the contrast between
the resonant and dissonant conditions (i.e., resonant >
dissonant), the authors reported greater activation in
seven regions of interest (ROIs): the left posterior cin-
gulate, bilateral anterior cingulate, right hippocampus,
left superior temporal gyrus, right medial frontal gyrus,
left temporal gyrus, and left insula. Because the au-
thors tested no hypotheses in this exploratory study, re-
sults were interpreted through reverse inference based
on existing social, cognitive, and affective neuroscience
research. For example, some of these regions have been
implicated in the putative mirror neuron system. This
system comprises a class of neurons that modulate their
activity when an individual executes motor and emo-
tional acts, and when these acts are observed in other
individuals (Molenberghs, Cunnington, & Mattingley,
2012). As the authors describe, several regions im-
plicated in this network were activated in response to
memories of resonant and dissonant leaders. However,
some of these regions were less active during the dis-
sonant memory task. The authors interpreted this as a
pattern of avoidance of negative affect and discomfort
that was experienced during moments with dissonant
leaders, and which may indicate a desire to avoid these
memories.

Critical review. Boyatzis and colleagues (2012) de-
scribe this study as an exploratory study. Therefore, we
critically evaluate this publication as an example of a pi-
lot research and overlook limitations that characterize
such works. Such limitations may include (although,
not necessarily) a lack of directional a priori hypotheses
and a strong reliance on reverse inference. Here we
focus specifically on the type of fMRI statistical analy-
sis that has been performed, and the implications this
has for drawing inferences from a sample to the whole
population.

Drawing inferences about the population from an
fMRI analysis. Organizational behavior researchers
are typically interested in what is common among a
sample of participants in order to permit generaliz-
ability of an effect to the full population from which
they are sampled. That is, scholars wish to predict
and explain organizing behavior beyond the random
sample that is included in their study in order to in-
form organizational theory and practice decisions. The
same principle applies to fMRI data analysis. In any
fMRI study, the blood oxygen-level (BOLD) response
to a task will vary within the same participant from

trial-to-trial (within-participant variability) and from
participant-to-participant (between-participant variabil-
ity). Therefore, in order to draw inference from a sam-
ple group to the full population of interest, a mass
univariate fMRI analysis must account for both within-
and between-participant variability (Penny & Holmes,
2007). This is what is referred to as a random-effects
(or mixed-effects) analysis, which allows for formal in-
ference about the population from which participants
have been drawn.

Boyatzis et al. (2012) report that only a fixed-effects
analysis has been conducted on their fMRI data. Fixed-
effects analyses account only for within-subject variabil-
ity, and for this reason, inferences from such analyses
are only relevant to the participants included in that
specific fMRI study. In this case, inferences therefore
only describe the eight participants recruited in Boyatzis
et al. (2012). Because between-participant variance
is much larger than within-participant variance, fixed-
effects analyses will typically yield smaller p values that
overestimate the significance of effects. For this rea-
son, fixed-effects analyses are not typically reported in
the absence of a corresponding random-effects analysis,
particularly since the very early days of neuroimaging
research (Penny & Holmes, 2007).

The results of fixed-effects analyses are useful if a
researcher is interested in the specific participants in-
cluded in a sample (e.g., a case study), or if it can be jus-
tified that the sample represents the entire population of
interest. However, because Boyatzis et al. (2012) con-
ducted only a fixed-effects analysis, this means it would
be uncertain if the same pattern of activations would
be observed if an additional participant were to be in-
cluded in the study, or if a replication were to be per-
formed. Indeed, the authors report that the exclusion
of the single female participant rendered eight regions
of interest non-significant, demonstrating the instabil-
ity of their reported effects and the strong influence of
outliers when using fixed-effects analyses. A random-
effects analysis is the appropriate analysis to perform if
researchers seek to generalize their findings to the pop-
ulation at large.

Summary. Boyatzis et al. (2012) aimed to ex-
plain the neuronal basis of interactions with dissonant
and resonant leaders, with the implication that such
knowledge could improve leadership training and prac-
tices. The authors take this step in an extensive review
piece describing the neural basis of leadership (Boy-
atzis, Rochford, & Jack, 2014) and provide explicit rec-
ommendations on leadership practice on the basis of
these exploratory findings (Boyatzis & Jack, 2018).

This study has been cited 99 times in the Google
Scholar database. However, almost no attention has
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been directed to the inadequacy of the analytic strat-
egy, and the implications this has for generalizing find-
ings from sample to population. While random-effects
analyses are consistently reported in fMRI work in the
broader social and cognitive neurosciences, we recom-
mend that scholars remain vigilant of this practice in
organizational neuroscience. We also recommend that
scholars should be aware of this concern when dis-
cussing Boyatzis et al. (2012) in future reviews of the
literature. Finally, in the interest of a self-corrective and
cumulative science, we also call on the authors to re-
peat their analyses using a random-effect analysis. If
these results do not replicate, we call on the authors
to correct potentially misleading claims based on these
data, and, if necessary, amend their recommendations
for leadership practices accordingly. It is also notewor-
thy that in any case, an adequately powered replication
study is required to confirm these findings given that
the sample size was very small.

Waldman et al. (2013a). Emergent leadership and
team engagement: An application of neuroscience
technology and methods.

Waldman et al. (2013a) is an empirical study that
used real-time EEG recordings to examine emergent
leadership and team engagement. The aim of this study
was to investigate whether individual self-reports of en-
gagement could predict whether that individual is likely
to be appraised as an emergent leader in a team con-
text. A second aim was to examine whether fellow
team members were likely to be more engaged when
an emergent leader (compared to a non-leader) used
verbal communication during a group-based problem-
solving task. To assess these research questions, the au-
thors used psychometric measures of engagement and
leadership, and an EEG-based measure of engagement
that could be determined in real-time and on a second-
by-second basis.

To this end, 146 business administration students
were allocated to 31 teams of 4-5 individuals and given
45 minutes to solve a corporate social responsibility
case problem in a team setting. During this task, EEG
was measured continuously from each participant and
time-matched to individual speaking times using video
recordings. As the authors describe, the EEG measure
was based on a discriminant function that has been
used to classify an individual’s cognitive state into dif-
ferent levels of engagement (Berka et al., 2004; Berka
et al., 2005). At the conclusion of the task, participants
were asked to assess their level of engagement retro-
spectively using the Rich et al. (2010) job engagement
measure, and to assess fellow team member levels of

emergent leaders behaviors using items from the Multi-
factor Leadership questionnaire (Bass & Avolio, 1990).

In the analysis that followed, emergent and non-
emergent leaders were identified in each of the 31
groups based on the extreme (i.e., highest and lowest)
follower ratings of emergent leadership. Using logis-
tic regression (and controlling for gender, age, and the
number of friends in each team) self-reports of individ-
ual engagement were found to be a significant predic-
tor of categorization as an emergent leader on behalf of
other team members (b = 0.97, p < .05).

Having demonstrated that self-reports of engage-
ment predicted emergent leader status, the authors con-
ducted a test to determine if other team members were
more engaged during periods of emergent leader verbal
communication (compared to individuals who scored
lowest on follower ratings of emergent leadership). In
their methods section, the authors indicated that the
team sample size was reduced from N = 31 to 26 in the
following analyses, due to technical problems with EEG
recordings. Pearson correlation analysis was performed
between aggregate measures of team-level engagement
using the self-report and the EEG measure, which re-
vealed a positive relationship (r = .32, p < .05) that the
authors interpreted as evidence of moderate convergent
validity for their EEG measure. A one-tailed dependent-
samples t-test revealed no difference in real-time (EEG-
based) team engagement for the total time an emer-
gent leader vs. non-leader was communicating during
the task (t = 1.33, p > .05). However, when restrict-
ing the analysis to solely the final instance of emergent
leader and non-leader communication, real-time team
(EEG-based) engagement was found to be greater dur-
ing emergent leader communication compared to non-
leader communication (t = 2.24, p < .05).

The authors concluded that individuals who are
highly engaged (as measured by self-report) are likely
to be appraised by fellow group members as an emer-
gent leader. In turn, the claim is made that emergent
leaders may be responsible, in part, for team engage-
ment. This is because the EEG-measure of engagement
was greater during the last period of emergent leader
versus non-leader communication. From these results,
the authors also claim that real-time EEG recordings us-
ing their discriminant function represents a valid mea-
sure of engagement. It is asserted that such measures
may be particularly useful to organizational behavior
research investigating ongoing team processes.

Critical review. Waldman et al. (2013a) represents
a single dataset that has been reported through multi-
ple venues, where each venue provides a different level
of detail regarding methods, analytic strategy, and re-
sults. Our critical review is therefore guided by the ini-
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tial work that was published through conference pro-
ceedings (Waldman et al., 2013a), the unpublished pre-
print available on the ResearchGate repository (Wald-
man et al., 2013b), and the published textbook chapter
within which it is discussed at length (Waldman, Stikic,
Wang, Korszen, & Berka, 2015). In this commentary we
focus on the neuroscience component of the study and
examine the claim that the EEG measure represented a
valid index of organizational engagement.

A parameter estimation approach to assessing con-
vergent validity. The claim that emergent leaders
generate the greatest level of engagement during verbal
communication among fellow team members requires
an assessment of the validity of the EEG measure. The
authors report that an r of .32 represents moderate con-
vergent validity between the aggregate team-level EEG
measure and self-report measures of engagement. How-
ever, this interpretation relies on the assumption that
the effect size estimate, r, is equal to the population
parameter, ρ. As demonstrated earlier in our review, it
is plausible (although, not certain) that a 95% CI will
contain the true value of ρ. To estimate ρ in this study
we therefore apply the Fisher r to z transformation us-
ing r = .32 and N = 26 (noting that the sample size
was reduced to 26 because of problems with the EEG
recording). We report the exact p values given by the
t statistics in these calculations, and for completeness,
conduct both a one-sided and two-sided test because it
is unclear what test has been performed.

For this assessment of convergent validity, we obtain:
r(24) = .32, 95% CI [-.01, 1], p = .056 (one-sided
test), and r(24) = .32, 95% CI [-.08, .63], p = .111
(two-sided test). Assuming that a one-sided test was
reported, a NHST approach to inference tells us that a
correlation of the magnitude of r = .32 is expected to
occur 5.6% of the time when the population parameter,
ρ, is actually zero. That is, we are insufficiently con-
fident to comment on the direction and magnitude of
this correlation coefficient, and cannot rule out that the
true convergent validity is zero. Reporting p = .056 as
p < .05 appears to be a generous rounding of a p value
to satisfy an all-or-none decision criterion for publica-
tion. Beyond this observation, however, the 95% CI tells
us there are a great many plausible values for which ρ
could take, including a value of zero.

For validity claims, one suggestion has been that we
should consider r magnitudes of .80 and .90 as good
(rather than by Cohen’s classic definition as very large),
and r magnitudes of .60 or .70 as small and inadequate
(rather than large; Cumming & Calin-Jageman, 2016,
p. 319). On this basis, r = .32 may be quite problem-
atic for claiming convergent validity. When we consider
the precision with which this correlation has been mea-

sured, the plausible value of r = 0 (or even close to
zero) makes any claim of convergent validity very un-
persuasive.

The calculations above also draw into question the
claim that the real-time EEG measure used here repre-
sents a valid measure of organizationally-relevant en-
gagement, as it has been described in multiple reviews
of the literature (e.g., Waldman, Wang, & Fenters, 2016;
Waldman et al., 2017). If we suspect that a measure
does not have sufficiently high validity, we must be wary
of any subsequent conclusions that have been made on
the basis of this measure. In this case, this includes the
claim that emergent leaders are responsible for gener-
ating team engagement.

A possible explanation of the lack of convergent va-
lidity observed in this study may be that the EEG mea-
sure is simply tracking alertness. In their original val-
idation study, Berka et al. (2004) describe that this
EEG measure was developed for the purpose of moni-
toring mental workload during cognitive tasks. Specif-
ically, they describe that this measure can classify real-
time EEG epochs into one of four states of alertness:
‘sleepy’, ‘relaxed wakefulness’, ‘low vigilance’, and ‘high
vigilance’. In contrast to this, Rich et al.’s (2010) self-
report measure defines engagement as an individual’s
complete physical, cognitive, and emotional investment
into a work role or job. This includes items such as “I
feel proud of my job” (emotional engagement), and “I
devote a lot of attention to my job” (cognitive engage-
ment).

High self-report ratings on measures of pride and at-
tention with respect to one’s job or task may covary with
moment-to-moment alertness or vigilance, but they do
not necessarily need to do so. Ongoing assessments of
alertness may be of interest to organizational scholars.
However, the relationship between this EEG measure
of alertness and organizationally-relevant engagement
(and consequently, emergent leadership) is not entirely
clear in this study.

Summary. Waldman et al. (2013a) and the book
chapter in which it is discussed extensively (Waldman et
al., 2015) have been collectively cited a total of 32 times
in the Google Scholar database. This work has also been
given ample discussion space in several major reviews
of the literature (e.g., Ashkanasy, Becker, & Waldman,
2014; Waldman & Balthazard, 2015; Waldman et al.,
2017). However, these reviews provide little discussion
of whether the authors’ claims are a correct reflection of
their analyses and results. We recommend that scholars
carefully and consistently evaluate whether measures
used in organizational neuroscience are methodologi-
cally and statistically valid. To do so, we recommend
taking a parameter estimation approach to evaluating
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assessments of convergent validity by considering effect
size magnitude and quantifying precision via confidence
intervals.

Kim and James (2015). Neurological Evidence for
the Relationship between Suppression and Aggres-
sive Behavior: Implications for Workplace Aggres-
sion.

The final organizational neuroscience study we criti-
cally evaluate is an fMRI experiment conducted by Kim
and James (2015). In this study, the authors set out to
examine whether brain regions differed in activity dur-
ing suppression (i.e., a maladaptive emotion regulation
strategy) and passive viewing of negatively-laden affec-
tive images. Having established this, the primary aim of
this study was to determine whether activity in these re-
gions were associated with aggressive behaviors. As the
authors discuss, such research may provide insight into
factors leading to a reduction of workplace aggression.

Prior to scanning, ratings of aggressive behavior were
obtained from two significant others of each participant
and averaged, respectively, to give ratings of five differ-
ent forms of aggression (i.e., physical, property, verbal,
relational, and passive aggression). Seventeen partic-
ipants were then subjected to an fMRI task in which
they were exposed to negatively valenced or neutral
images from the International Affective Picture System
(IAPS; Lang, Bradley, & Cuthbert, 2008). Negatively va-
lenced images were preceded by instructions (4 s) to ei-
ther suppress negative emotional reactions or passively
watch each image, while neutral images were always
preceded by instructions to passively watch. The lat-
ter condition served as a baseline. Following this, four
images were presented, and participants employed the
instructed emotion regulation strategy (20 s). A ma-
nipulation check question was then asked to examine
the intensity of negative emotions experienced on a 4-
point scale (i.e., neutral to strong; 4 s). To recover from
the potential effects of experiencing negative affect, a
set of four grey-tone pattern images were presented (20
s), serving as a rest period. This was followed by an-
other manipulation check question, which again mea-
sured the intensity of negative emotions experienced (4
s). The task was repeated over 48 trials.

Results of the manipulation check confirmed that par-
ticipants experienced greater negative emotions follow-
ing negatively valanced images compared to the rest pe-
riod. Participants also reported greater negative emo-
tions when using suppression compared to passive ob-
servation. According to the authors’ discussion (which
implicates the use of suppression in the intensification
of negative affective experiences) this indicated that
the manipulation was successful. FMRI data was sub-

sequently analyzed using a group-level analysis at the
whole-brain level. Compared to baseline, the authors
reported broadly overlapping areas of activation for
suppression and passive watching (e.g., the bilateral
visual cortex and insula). For their primary contrasts
of interest (i.e., the difference between experimental
conditions) the authors reported greater activity in the
cingulum and both the left and right insula when en-
gaged in suppression (versus passive watching), and in
the calcarine sulcus when engaged in passive watching
(versus suppression). Average t scores were extracted
from each of these four regions for each participant,
respectively. These values were then used in a Pear-
son’s correlation analysis against each of the five (psy-
chometrically assessed) aggression ratings. The authors
reported a significant negative correlation between av-
erage t scores in the calcarine sulcus for the passive
watching > suppression contrast and property aggres-
sion (r = -.49, p < .05). However, the authors report
there was no significant relationship with any other type
of aggression.

Based on these findings, the authors conclude there
was a significant association between suppression (i.e.,
the neural substrate) and aggression (i.e., the psycho-
metric measure), and that this association has implica-
tions for organizational practice and research. Specifi-
cally, they suggest that use of suppression as an emotion
regulation strategy in the workplace will be related to
counterproductive behavior in the form of aggression,
and that managers should focus on building an orga-
nizational climate or set of norms that preclude use of
suppression. In their limitations section, the authors ac-
knowledge that their small sample size provides only
preliminary evidence for the relationship between sup-
pression and aggression. However, they also claim that
the correlation magnitude reported in this study indi-
cates that an equivalent or even larger effect should be
observed in studies with larger samples.

Critical review. Kim and James (2015) presents
with several important limitations. This includes no
provision of reliability statistics for their aggression
measures, and no description of how the fMRI data
were modeled (i.e., a fixed-effects versus a random-
effects analysis), among other concerns. However, our
focus here will be on a concern that has not yet received
attention in our commentary, and which we feel must be
a focal point of discussion in the field moving forward:
researcher degrees of freedom.

Research designs that will inevitably yield statisti-
cal significance. Researcher degrees of freedom refers
to the number of arbitrary decisions available to a re-
searcher when formulating hypotheses, designing ex-
periments, analyzing data, and reporting results (de
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Figure 4. Plot demonstrating the multiple comparisons problem in Kim and James (2015) by way of simulation.
These data were generated from 10,000 replications of 50 studies that each computed between 1 and 50 correla-
tion coefficients (r) in the same study, respectively. These correlations were computed from a sample of N = 17
and drawn from a bivariate normal distribution where the population parameter (ρ) is zero. Because ρ = 0, any
statistically significant correlation is a false positive (i.e., a Type I error). The y axis quantifies the false positive rate
(α), and the x axis quantifies the number of correlations performed in any individual study. The solid curved line
represents the long-run false positive rate (uncorrected) in each of the 50 studies. The false positive rate increases
with increasing numbers of comparisons. For example, when comparisons (hereby: i) = 1, α = .05; i = 2, α =
.10; i = 3, α = .14; i = 4, α = .19, and so on. In Kim and James (2015) a minimum of 20 comparisons must
be performed to test a single hypothesis, which increases α from .05 to .64 (see vertical line and upper α label).
When the same simulation is performed with Bonferroni corrections, the long-run α is restricted to approximately
.05 regardless of how many comparisons are made (see dotted horizontal line).

Winter & Dodou, 2015; Ioannidis, 2008; Nelson et al.,
2018; Simmons et al., 2011; Simonsohn, Nelson, &
Simmons, 2014; Wicherts et al., 2016). Opportunis-
tic discretion in the decisions that occur at each step
of the research process can increase the probability of
attaining sufficiently small p values in favor of the exis-
tence of an effect, even when none exists. That is, re-
searcher degrees of freedom can substantially increase
the probability of reporting false positives (i.e., Type
I errors). This phenomenon is therefore an important
contributor to the production of research findings that
do not replicate. In the present study, Kim and James
(2015) adopt a research design that has been described
as highly prone to bias due to researcher degrees of free-
dom: collection of multiple dependent measures of the
same construct. The decision to measure five alternate
forms of aggression creates multiple opportunities for
observing a statistical relationship between these data
and the fMRI data. In combination with two fMRI con-

trasts yielding average t scores in four significantly ac-
tive regions of interest, this study demands a minimum
of 20 Pearson correlation analyses to assess a single pri-
mary research question. On the basis of this chosen re-
search design, scholars of organizational neuroscience
should recognize that it is unsurprising that at least one
of the 20 correlation tests would be significantly differ-
ent from zero.

When multiple opportunities exist to reject a single
hypothesis of no relationship, the Type I error under
the null hypothesis is inflated from α = .05 to α =
1−(1−.05)i, where i refers to the number of comparisons
in a single hypothesis family (Veazie, 2006). Because 20
tests have been performed in Kim and James (2015),
the probability of incorrectly rejecting the null hypothe-
sis was therefore approximately 64% instead of 5% (see
Figure 4 for a confirmation of this computation via a
simulation approach). In this case, because a single pos-
itive finding was sufficient to reject the null, one option
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for returning Type I error to an acceptable 5% threshold
would be to perform a Bonferroni adjustment by divid-
ing the α criterion by the number of tests performed
(see Figure 4). Alternatively, if this study was construed
as an exploratory investigation, and missing an effect
was of prime concern (i.e., making a Type II error), no
adjustment to α may be necessary. Instead, reporting of
all tests alongside their 95% confidence intervals would
be informative to provide a descriptive estimation of the
range of possible effects (Lee, Whitehead, Jacques, &
Julious, 2014, 41). This would then require assessment
in a future confirmatory study of sufficient power with
multiple comparison adjustment. Although, the infor-
mativeness of an exploratory correlational study with
such a small sample size may still be questionable. For
example, if we construct a 95% confidence interval on
the correlation between average t scores extracted from
the calcarine sulcus and property aggression, we obtain:
r(15) = -.49, 95% CI [-0.79, -0.01], p = .046. The pre-
cision of this estimate is so poor that the plausible range
for the population parameter covers almost all negative
correlation values, and approaches zero.

Correlational analyses with such small samples (even
in exploratory studies) are also rarely desirable for an-
other reason: there is a high probability that correlation
coefficient will be inflated (Button et al., 2013; Ioanni-
dis, 2008; Yarkoni, 2009). In a correlation study with a
sample of 17 participants and an α threshold of .05, the
critical r value is ± .48. That is, any given correlation
will only be statistically significant if the sample corre-
lation is greater than r = .48 or less than r = -.48. If
the population correlation between any two measures
is ρ = .30, for example, a study of this sample size will
systematically inflate any significant r estimate to a min-
imum of .48. The reason for this inflation may be due to
one of a number of researcher degrees of freedom, but
is also possible simply as a result of random sampling
error. Correlational studies in small samples can there-
fore expect massive inflations of statistically significant
r values for all but very large population effects. This is
sometimes referred to as the “winner’s curse”: scientists
lucky enough to discover a statistically significant find-
ing in a small sample study are likely to overestimate
its magnitude by chance (Button et al., 2013; Ioanni-
dis, 2008). Indeed, artificial inflation of the correlation
coefficient is a highly plausible explanation for Kim and
James’ (2015) single significant correlation. The criti-
cal r for statistical significance in this study was ± .48
(p = .050) and the single reported significant r was -
.49 (p = .046). In contrast to the author’s claim that an
equivalent or even larger effect should be observed with
a larger sample, their correlation may be substantially
inflated or simply an artefact of sampling error.

Summary. Researchers can (and often) make what
appear to be reasonable design and analysis decisions
that can increase researcher degrees of freedom. We
therefore have no reason to believe that Kim and James
(2015) was purposefully designed to draw out signif-
icant findings. However, it is unfortunate that this
work is discussed at length in Waldman and colleagues’
(2017) major review piece with no consideration of the
inevitability of reporting at least one statistically signif-
icant result. The decision to guide organizational re-
search and practice decisions on the basis of a study that
had a 64% probability of falsely rejecting one or more
tests is a subjective judgement. While this was deemed
reasonable by Waldman and colleagues (2017), it may
be considered inappropriate by researchers and organi-
zational practitioners who are risking scarce time, ef-
fort, and financial resources with respect to investment
in organizational neuroscience practices.

Wicherts et al. (2016) provide an extensive 34-
item checklist of different degrees of freedom that re-
searchers have available in formulating hypotheses, and
in the design, analysis, and reporting of research results.
We recommend that scholars of organizational neuro-
science familiarize themselves with these items and be
vigilant of researcher degrees of freedom in their evalu-
ations of the literature. We also recommend that schol-
ars consider preregistering their own empirical work be-
fore conducting a study in order to avoid these problems
themselves. Preregistration is the specification of a re-
search design, hypotheses, and analytic strategy ahead
of conducting a study (Munafò et al., 2017; Nosek,
Ebersole, DeHaven, & Mellor, 2018), and is usually ac-
complished by posting these specifications to an inde-
pendent registry that makes it discoverable (e.g., the
Open Science Framework: https://osf.io/). Registered
reports are a specific type of preregistration that are re-
ceiving increasing interest, where peer review occurs
prior to data collection (Chambers, Dienes, McIntosh,
Rotshtein, & Willmes, 2015; Nosek & Lakens, 2014). In
registered reports, high quality protocols are assessed
on their methods and analytic strategy, and are provi-
sionally accepted for publication regardless of the mag-
nitude, direction, and statistical significance of an ex-
perimental result (so long as the authors follow through
with the registered methodology). The use of prereg-
istration and registered reports is likely to substantially
reduce questionable research practices in organizational
neuroscience, and address many of the concerns we
have raised throughout this review.

Conclusion

In 2013, Ashkanasy and colleagues appealed to schol-
ars to not ‘throw the baby out with the bathwater’ in
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Table 3
Summary of recommendations for improving post-publication review in organizational neuroscience

Recommendation Summary

1 Evaluate the transparency and
completeness of reporting in an
empirical work before accept-
ing its claims.

• A lack of transparency and completeness in reporting makes it difficult
to evaluate whether aspects of the study were valid, reliable, or imple-
mented correctly, and whether interpretations are substantiated by the
data. Consider the APA Working Group on Journal Article Reporting Stan-
dards (JARS-Quant; Appelbaum et al., 2018) as a guide for best practices
in reporting, among other existing systematized guidelines.

2 Become familiar with common
misuses and misinterpretations
of null hypothesis significance
testing (NHST).

• Improper use of NHST can lead to misleading or erroneous conclusions
that are not substantiated by the data. Fallacies of NHST have been de-
scribed in detail elsewhere (e.g., Nickerson, 2000).

3 Interpret results with an ex-
plicit reference to effect size
magnitude, accuracy, and pre-
cision.

• NHST only provides information about whether an effect is statistically
significant and its direction. A more informative interpretation of find-
ings can be had through computation of effect sizes, and construction of
confidence intervals to specify accuracy and precision.

4 Consider planning for preci-
sion.

• When a p value is small but the confidence interval on an effect is wide,
we know very little about the effect beyond its direction. Consider plan-
ning studies to attain a pre-specified margin of error or confidence inter-
val width and evaluate whether existing studies have been designed in a
way that yield sufficiently precise detail about an effect of interest.

5 Ensure appropriate statistical
tests have been employed
if generalizations have been
made from sample to popula-
tion.

• If seeking to generalize from sample to population, ensure that an ap-
propriate analysis has been conducted. For example, inference beyond
the sample in mass univariate fMRI analyses requires a random-effects
analysis.

6 Evaluate claims of conver-
gent validity between neuro-
science measures and psycho-
metric constructs using a pa-
rameter estimation approach.

• The point estimate alone is not enough to specify our confidence in the
convergence between a neuroscience and psychometric measure. By
computing a confidence interval on measures of convergent validity (e.g.,
Pearson’s correlation) we can specify its accuracy and precision to make
a more informed judgement.

7 Consider researcher degrees of
freedom in the evaluation of
published findings and when
designing empirical studies.

• Arbitrary decisions when designing experiments, analysing data, and re-
porting results can increase the likelihood of false positives. Checklists of
researcher degrees of freedom are available for consultation when evalu-
ating and designing studies (e.g., Wicherts et al., 2016).

8 Consider preregistration and
registered reports in order to
build a replicable and trust-
worthy organizational neuro-
science.

• Preregistration involves specification of a research design, hypotheses,
and analytic strategy ahead of conducting a study, and posting these
specifications to an independent registry. Registered reports involve peer
review of protocols ahead of data collection. These methods may sub-
stantially improve the replicability and trustworthiness of the literature.

response to unfavorable critiques of how organizational
neuroscience may impact organizational research and
practice. Six years on, there is now substantial concern
that a number of studies with methodological and/or
interpretational problems are being uncritically and ha-
bitually recited in multiple reviews of the literature.
Whereas Ashkanasy expressed worry that we may lose
something valuable by dismissing organizational neu-

roscience altogether, the research climate may have re-
versed to an extent that all organizational neuroscience
work is now considered valuable, indiscriminately.

Waldman and colleagues (2017) is a recent Annual
Review that has been presented as a critical evaluation
of the state-of-the-art in organizational neuroscience.
For this reason, the references cited therein may there-
fore wield a disproportionate impact on the future of
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the field and influence organizational practice and in-
vestment decisions. Because we seek the develop-
ment of a replicable, reliable, and trustworthy organi-
zational neuroscience moving forward, in this commen-
tary we therefore have provided a comprehensive post-
publication review of one-third of all works evaluated
in Waldman and colleagues (2017). In doing so, we
have identified several research themes that we propose
scholars must engage with in future evaluations of the
literature. These include: (1) evaluation of the trans-
parency and completeness of an empirical work before
accepting its claims, (2) familiarization with misuses or
misconceptions surrounding NHST, including the inter-
action fallacy, (3) interpreting results with explicit ref-
erence to effect size magnitude, accuracy, and precision,
(4) considering planning analyses for precision so that
we can make an informed judgement about an empiri-
cal finding, (5) using appropriate statistical tests that al-
low for generalizability from sample to population, (6)
using parameter estimation to evaluate claims of con-
vergent validity between neuroscience and psychomet-
ric measures, (7) considering researcher degrees of free-
dom when evaluating published findings and designing
empirical studies, and (8) considering preregistration of
studies and registered reports in the interest of a repli-
cable and trustworthy organizational neuroscience. We
summarize these recommendations in Table 3.

Organizational neuroscience has emerged as a field
because it has been theorized that assessing organiz-
ing behavior at multiple levels of analysis, including the
neural level, will be a valuable endeavor for organiza-
tional theory and practice (e.g., see Healey & Hodgkin-
son, 2014). We endorse this conclusion. However, a
long-acknowledged concern in organizational behavior
research is that theories based on studies with funda-
mental limitations can sometimes persist, propagate,
and motivate organizational practice and the behavior
of individuals for decades (Ghoshal, 2005; Lindebaum
& Zundel, 2013). It is beyond the scope of this commen-
tary to detail examples of studies that would exemplify
best practices, but we provide some recommendations
and refer multiple times to comprehensive guidelines
that describe what such studies would look like (e.g.,
Cumming, 2008, 2014; Cumming & Maillardet, 2006;
Nichols et al., 2017; Nichols et al., 2016; Simmons et
al., 2011; Wicherts et al., 2016).

Science is a cumulative and self-corrective endeavor.
As organizational neuroscience matures, the trustwor-
thiness of its literature should gradually improve as
findings are found to be credible or are refuted and
the scientific record is corrected. This process is most
efficient when empirical works are reported with suffi-
cient transparency and completeness to allow for critical

evaluation, and when scholars are consistently applying
a critical eye to the existing literature. Post-publication
review, which in some cases challenges the conclusions
of published work, will play an important part in the de-
velopment of sound theory and organizational practice
decisions that may emerge as a result of organizational
neuroscience.
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Chapter 4

Why the methods of organizational
neuroscience do not necessarily
answer questions that are relevant to
organizational research

4.1 Explanatory Notes
Having critically evaluated the reporting practices and the appropriate use of sta-

tistical analyses in organizational neuroscience in Chapter 3, attention in this thesis
is now directed toward research design. The following manuscript is a critical essay
on the research methods in organizational neuroscience that are promoted in major
theory works, and the implications of these methods for answering questions that are
relevant to organizational research and practice. Specifically, this paper addresses to
what extent organizational neuroscience methods provide information regarding the
neural basis of organizationally-relevant behaviors in a causal, mechanistic manner.
As such, key focuses in this paper include research design and theories of causation
that draw on the philosophy of science.

To this end, this manuscript contrasts two proposed methods of organizational
neuroscience that are given substantial attention in multiple major theory works: re-
flexive and intrinsic assessments (e.g., see Waldman & Balthazard, 2015; Waldman,
Wang, & Fenters, 2019; Waldman, Ward, & Becker, 2017). Scholars propose that
each of these methods provide insight into the mechanistic, neural basis of organiza-
tional behavior. Drawing on the broader fields of social and cognitive neuroscience,
and upon the philosophy of science known as interventionism, this paper explicates
how these methods differ in their capacity to answer questions that are relevant to
organizational research and practice. Implications for research and practice are also
discussed. Several recommendations that are relevant to planning and interpreting
the findings of empirical works are implemented in the empirical studies conducted
as part of this thesis (see Section 3; p. 80). This includes: (1) a focus on longitudinal
methods, and (2) acknowledgment of threats to validity that are relevant to causal
inferences in these studies.
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Across multiple major theory works, scholars of organizational neuroscience have promoted
two methods of investigating the relationship between organizational behavior and the brain:
reflexive and intrinsic assessments. Reflexive assessments involve the examination of brain
activity in response to tasks or stimuli (e.g., leader communication), while intrinsic assessments
involve correlations between resting brain activity and characteristics of interest (e.g., leadership
styles). Each method is assumed to provide insight into the neural basis of organizationally-
relevant cognitive states and traits, respectively. The aim of this review is to explicate how these
methods differ in their capacity to answer questions that are relevant to organizational research
and practice. To this end, we situate reflexive and intrinsic assessments among the broader
methods of social and cognitive neuroscience, and by drawing on the philosophy of science
known as interventionism, we discuss implications for what kind of inferences can be made
using these methods. Reflexive assessments involve manipulations of cognitive states, and afford
a level of causal insight into the neural basis of organizational behavior that is above association
but below causal certainty. In contrast, intrinsic assessments involve no manipulations and
are correlational in design. To illustrate how this often misses the goals of organizational
research and practice, we discuss examples of how data generated via intrinsic assessments can
covary with factors that are irrelevant to organizing behaviors of interest. We conclude with
recommendations that scholars remain vigilant of threats to validity accompanying causal claims
in organizational neuroscience, or consider abandoning causal inference as a goal altogether, in
particular if the research questions serve applied goals.

Keywords: causal inference, interventionism, organizational neuroscience, prediction, reflexive
and intrinsic assessments, research design

[E]xperiments are well-suited to studying causal re-
lationships. No other scientific method regularly
matches the characteristics of causal relationships so
well . . . In many correlational studies . . . it is impos-
sible to know which of two variables came first, so
defending a causal relationship between them is pre-
carious. (Shadish et al., 2002, p. 7)

Drawing on ideas and methods from social and cognitive neu-
roscience, organizational neuroscience is an emerging field of
research that examines the relationship between human behav-
ior and the brain in the context of organizations (Ashkanasy,
2013; Ashkanasy et al., 2014; Healey & Hodgkinson, 2015;
Murray & Antonakis, 2018; Waldman et al., 2017). Scholars
of this field have a special interest in the brain because it is
thought that research at this level of analysis may provide a

Full list of author information is available at the end of the article.
Correspondence concerning this article should be addressed to

Guy A. Prochilo, Melbourne School of Psychological Sciences,
University of Melbourne. E-mail: guy.prochilo@gmail.com

mechanistic insight into a variety of organizationally-relevant
behaviors. This includes behaviors such as leadership styles
(Balthazard et al., 2012; Hannah et al., 2013), decision making
(Dulebohn et al., 2009, 2016), and leader-follower interac-
tions (Molenberghs et al., 2017), among other phenomena
(for an overview, see Murray & Antonakis, 2018). However,
while organizational neuroscience raises a number of inter-
esting questions that may potentially advance organizational
research and practice, the field itself presents with multiple
systemic challenges.

A recent commentary on organizational neuroscience dis-
cussed how critical evaluations of published empirical works
are often not being conducted carefully and consistently
(Prochilo et al., 2019). As a consequence, empirical studies
with substantial statistical or methodological flaws are being
habitually and uncritically cited in multiple major reviews
of the literature. This is of particular concern because it has
long been acknowledged that flawed research can persist,
propagate, and motivate organizational practice for decades
into the future (Ghoshal, 2005; Lindebaum & Zundel, 2013).
In this review we identify a second concern that may have
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substantial implications for interpretation of organizational
neuroscience data but which has not yet received adequate
attention: observational results obtained in non-experimental,
exploratory designs are often interpreted in a causal manner.
This creates the false impression that these studies are able
to explain the biological origins of organizationally-relevant
behavior which, however, they cannot achieve.

The primary aim of this review is to explicate how neuro-
science methods differ with respect to their capacity to answer
questions that are relevant to organizational research and prac-
tice. To this end, our article is organized as follows. First, we
discuss the methods of organizational neuroscience – reflexive
and intrinsic assessments – as they are described in major
theory works. Second, we situate these methods within those
used in the broader fields of social and cognitive neuroscience,
upon which organizational neuroscience is largely based. In
doing so, we discuss what is meant by the different levels of
analysis at which the brain can be studied, and the different
levels of causal insight that are afforded by experimental
designs that use neuroscience methods. Drawing on the phi-
losophy of science known as interventionism, we discuss the
implications for causal inference based on data generated
by the methods of organizational neuroscience. Finally, we
discuss explicit examples of what can be causally inferred
from each method (and the limitations of these inferences)
by drawing on examples of two studies from the published
organizational neuroscience literature that used reflexive and
intrinsic assessment, respectively. We conclude with implica-
tions for organizational theory and practice.

Methods of studying human brain function in
organizational neuroscience

Across multiple major theory works (Waldman et al., 2017,
2019), empirical studies (e.g., Hannah et al., 2013) and within
the scholarly series of edited chapters that wields the field’s
name (Waldman & Balthazard, 2015), scholars of organiza-
tional neuroscience have promoted two alternative methods
of investigating the relationship between organizing behavior
and the brain. These methods are referred to as reflexive and
intrinsic assessments. As organizational behavior researchers
describe, each of these methods are said to provide insight
into the neural basis of organizing behavior (Waldman et al.,
2019).

Reflexive assessments refer to the examination of brain activ-
ity in response to an organizationally-relevant task, stimuli,
or context. These factors could include leader communica-
tion, responses to job redesign efforts, or even organizational
change. In such studies, the theoretical causal pathway is that
a specific task invokes a mental state (X) that is associated
with a pattern of brain activity (Y) which, in turn, tells us
something about how that mental state is implemented by the

brain1 (see Figure 1). As organizational theorists describe,
this method of investigation is said to provide insight into the
neural basis of organizing states, as opposed to enduring traits
(Waldman et al., 2017, 2019).

One commonly discussed method of conducting a reflexive
assessment is through task-evoked activation studies using
functional magnetic resonance imaging (fMRI) or electroen-
cephalography (EEG). With respect to fMRI methods, a re-
searcher might attempt to localize a change in the blood
oxygen-level dependent (BOLD) signal in gray matter regions
when individuals are subjected to different organizational
stimuli (Loued-Khenissi et al., 2018). In the current literature,
examples of this have included studies that investigate the
neural basis of organizational justice (Dulebohn et al., 2009,
2016) and how followers process different types of leader
visionary communication (Molenberghs et al., 2017), among
others. While discussions in organizational neuroscience tend
to focus on task-evoked activation studies, reflexive studies
could also extend to task-state functional connectivity studies
(Friston, 2011). Instead of localizing brain activity within
discrete brain regions in response to a task or stimuli, these
studies investigate the synchronous connectivity between re-
gions of a brain during a task.

Intrinsic assessments, in contrast, refer to measures of brain
activity that are collected during an unconstrained rest instruc-
tion with the eyes open or closed, or while doing a minimal
task such as focusing on a fixation point (Van Dijk et al.,
2010). These data are then correlated with organizationally-
relevant characteristics of individuals. Because the brain is
never truly at rest, some scholars have argued that this resting
state is well suited to characterizing and understanding the
relationship between the brain and behavior, and how this
differs across cohorts (e.g., Waldman et al., 2019).

The theoretical causal pathway in such methods is that en-
during patterns of brain activity (X) are associated with
organizationally-relevant characteristics (Y) which, in turn,
tell us something about why individuals with these character-
istics behave the way they do (see Figure 1). In this respect,
intrinsic assessments are said to provide insight into the neural
basis of cognitive functions that underlie trait-like differences
in organizing behavior, in contrast to transient states (see
Waldman et al., 2019).

Studies using intrinsic assessments in organizational neuro-
science are often conducted using electroencephalography
(EEG) with a focus on resting-state measures of connectivity
such as coherence. Coherence is an EEG-based neuroimaging
measure that is used to quantify the connectivity between

1This assumes that mental states are dependent on brain states
in what is called the mind-brain supervenience conjecture, and is
discussed elsewhere (see Dijkstra & Bruin, 2016; Bagozzi & Lee,
2017, also discussed in 2017).
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Figure 1. The direction of causal sequencing proposed in
multiple major methodological guidelines in organizational
neuroscience. Note: reflexive assessments assume that mental
states are dependent on brain states, and as such, elicited brain
activity can be used to draw inferences about how mental
states are implemented by the brain. Adapted from Waldman
et al. (2019).

different populations of neurons that are synchronously active
in a time-related fashion, where higher coherence values in-
dicate greater connectivity (Bowyer, 2016). In studies using
intrinsic EEG measures, enduring patterns of brain activity
are acquired in absence of a specific task, and measures of
brain activity (e.g., coherence) are quantified and correlated
with an organizational trait of interest. In the current literature,
studies that use intrinsic assessments have largely comprised
investigations into the neural basis of different forms of lead-
ership, such as transformational leadership2 (e.g., Balthazard
et al., 2012).

Although scholars of organizational neuroscience often focus
on at-rest measures such as coherence, intrinsic measures
(by their definition) could also extend to any type of neu-
roimaging technique that evaluates the relationship between
the brain and behavior at rest. This might include functional
connectivity assessed using resting-state fMRI (Heuvel &
Hulshoff Pol, 2010), structural connectivity assessed using
diffusion-weighted imaging (Soares et al., 2013), or structural
morphology assessed using structural MRI and voxel-based
morphometry (Mechelli et al., 2005), among other methods.

Comparing the methods

Scholars of organizational neuroscience present reflexive and
intrinsic assessments as alternative, yet equally informative
approaches for investigating different organizational research
questions (Waldman et al., 2017, 2019; Waldman & Balt-
hazard, 2015). Reflexive assessments are recommended for
investigating the neural basis of similarities among individuals
in response to organizational stimuli. Intrinsic assessments,
in contrast, are recommended for identifying enduring dif-
ferences in brain activity that distinguish different types of
individuals in organizations. As such, organizational scholars

propose that the decision to use one method or the other
depends on one’s research question: reflexive assessments
are used for investigating states, and intrinsic assessments are
used for investigating traits (e.g., Waldman et al., 2019). It
is further proposed that each method allows the researcher to
gain insight into the neural basis of the cognitions, emotions,
and behaviors that underlie organizing phenomena (Waldman
et al., 2017, 2019).

Unfortunately, while scholars of organizational neuroscience
have taken strides to explain the different types of questions
that reflexive and intrinsic assessments can address, they have
so far provided little insight into the different types of in-
ferences that can be made with data generated using each
method. This is regrettable because each method provides
substantially differing levels of causal insight into phenomena
under investigation. As will be discussed in later examples,
these differences are not often acknowledged by management
and organizational behavior scholars when interpreting the
findings of studies that use neuroscience methods. The ex-
planatory value of each method can be uncovered by con-
sidering the methods of studying human brain function in
social and cognitive neuroscience more broadly, upon which
organizational neuroscience is largely based.

Methods of studying human brain function in social and
cognitive neuroscience

When examining the methods of studying human brain func-
tion in social and cognitive neuroscience it is important to
distinguish between two methodological concepts. First is
levels of analysis, which refers to the different levels of orga-
nization at which the brain can be studied. Second is levels
of causal insight, which refers to the specific kind of explana-
tory evidence provided by data generated by a given research
design.

Levels of analysis

In social and cognitive neuroscience, the brain is considered
an organ that can be studied at multiple levels because it is
comprised of neurobiological systems that exist at increasing
levels of spatial organization (Bassett & Gazzaniga, 2011;
Cacioppo & Berntson, 1992; Poldrack & Farah, 2015). These
levels of analysis include molecules such as genes and hor-
mones (i.e., the molecular level), which are embedded in neu-
ronal and non-neuronal cells (i.e., the cellular level), which
themselves are heterogeneously embedded in cell populations

2Other studies that are sometimes regarded as having used in-
trinsic assessment include Waldman et al. (2011) and Peterson et
al. (2008). However, a close reading of these works suggests that the
neuroimaging measures in each of these studies were obtained not at
rest, but rather, during an active task.
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that are localized in discrete brain regions (i.e., the cell popula-
tion level). In turn, the synchronous activity and connectivity
of these cell populations form complex networks that are
not reducible to any individual brain region alone (i.e., the
network level).

These levels of analysis are amenable to study using different
neuroscience research methods. For example, the molecular
level might be investigated using a genome-wide association
study (Bush & Moore, 2012). Meanwhile, the cell population
and network levels of analysis might be investigated using
neuroimaging methods3. At the cell population level, this
might include task-evoked activation fMRI studies (Logo-
thetis, 2008; Loued-Khenissi et al., 2018) or event-related
potential EEG studies (Luck, 2005; Tivadar & Murray, 2018),
among other methods. At the network level, this might in-
clude structural connectivity studies (e.g., diffusion-weighted
imaging of white matter tracts; Soares et al., 2013) or func-
tional connectivity studies (e.g., resting-state fMRI; Heuvel
& Hulshoff Pol, 2010), among other methods.

A substantial number of studies in social and cognitive neu-
roscience are conducted at the cell population and network
level using neuroimaging methods. This is also true of orga-
nizational neuroscience. Specifically, reflexive assessments
often target the cell population level of analysis through task-
evoked activation fMRI studies (but, by definition, might
also include studies of task-state connectivity at the network
level of analysis). Intrinsic assessments, in contrast, often
target the network level of analysis through the examination
of resting state connectivity (but, by definition, might also
include studies on structural morphology of the brain at the
cell population level of analysis).

Levels of causal insight

The type of causal inferences that can be drawn in social and
cognitive neuroscience do not necessarily depend on the par-
ticular neuroscience method used, or on the level of analysis
that is targeted. Rather, the level of causal insight into the
relationship between the brain and behavior in any given study
relies on the research design that has been implemented (Pol-
drack & Farah, 2015). This perspective differs from previous
reviews of organizational neuroscience, which tend to focus
on what can be causally inferred from particular neuroscience
methods rather than the research designs. For example, in
their recent review, Jack and colleagues (2017) have aggre-
gated all neuroimaging methods (e.g., fMRI and EEG) under
“observational neuroscience methods” irrespective of whether
an experimental or correlational research design has been
implemented. As we will discuss, research design has critical
implications for what kind of inferences can be made on the
basis of neuroscience data. To understand why this is the
case, it is useful to clarify what it means for there to be a

causal relationship between variables in scientific practice
more broadly.

Causal inference in scientific research. Consider two vari-
ables, X and Y, for which we want to establish a causal rela-
tionship. In scientific practice, this is taken to mean that when
we systematically vary one variable, X, this is accompanied
by a systematic change in the value or probability distribution
of another variable, Y, when all other causes of X and Y are
controlled for to eliminate other explanations of the X – Y
relationship (Huitema, 2011; Maxwell et al., 2017; Shadish
et al., 2002). These ideas are captured by the philosophy
of science known as interventionism, which underlies much
of what we consider to be modern science (e.g., Shadish et
al., 2002). In this paradigm, the most persuasive way of
demonstrating a causal relationship between two variables, X
and Y, is to introduce an intervention variable, I, that sets X to
a known value (Woodward, 2004). According to Woodward
(2004, p. 98) an intervention variable must meet the following
conditions:

1. I causes X to take on a certain value.

2. I breaks the link between all other variables that cause
X in the absence of I, for example U, such that X ceases
to depend on the value of other variables that cause X
and instead only depends on the value given by I.

3. I does not cause Y or cause any causes of Y that do not
occur through X.

4. I is statistically independent of any variable that also
causes Y and which is on a causal path that does not go
through X.

Given these requirements, the causal relationship between X
and Y can be determined by examining the difference made
to the value of Y under each value of X that is set by the inter-
vention variable. In contrast, mere associations or temporal
sequences between X and Y are insufficient to draw a causal
inference. This is because the relationship between X and
Y may be due to a third unmeasured variable, for example
Z. These principles naturally apply to research using neuro-
science methods, as well as to other fields of science more
broadly.

3While fMRI and EEG methods are said to target the cell popula-
tion or network levels of analysis, data acquired using these methods
actually reflect only indirect measures of neural activity. For exam-
ple, EEG signal largely reflects electrical activity originating mainly
from postsynaptic potentials in large groups of cortical pyramidal
cells of similar orientation. The signal is further strongly biased
toward neural populations in the gyri rather than the sulci, and it
is less sensitive to deeper brain structures than to sources closer to
the skull (Luck, 2005). Meanwhile, the fMRI signal represents the
blood-oxygen-level-dependent (BOLD) signal, and measures local
neural activity via sensitivity to changes in the relative concentration
of oxygenated and deoxygenated blood (Logothetis, 2008).
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Figure 2. Levels of analysis and levels of causal insight using neuroscience methods. Intrinsic assessments fall under
observational studies, while reflexive assessments fall under manipulation of behavior studies. The left arrow indicates that the
level of causal insight increases moving down vertically over the experimental methods, but no method provides causal certainty.
Figure adapted from Poldrack and Farah (2015). Note: VBM = voxel-based morphometry; rs-fMRI = resting state functional
MRI; EEG = electroencephalography; fMRI = functional MRI; DWI = diffusion weighted imaging; TMS = transcranial
magnetic stimulation.

Causal inference using neuroscience methods. Poldrack
and Farah (2015) distinguish between three levels of causal
inference in social and cognitive neuroscience. From weakest
to strongest, these are: (1) association between the brain
and behavior, (2) manipulation of behavior and observing
the brain, and (3) manipulation of the brain and observing
behavior. This framework follows an interventionist account
of explanation in that we consider there to be more decisive
evidence of a causal relationship when manipulation and ex-
perimentation is involved in the data generation process (see
Figure 2).

Observational studies. The weakest level of causal insight
is obtained through correlation between human behavior and
the brain at any given level of analysis. At the cell population
level of analysis, this might include a cross-sectional corre-
lation between a complex human trait (X) and the structural
morphology of the brain (Y). At the network level, this might
comprise correlations between psychological traits of interest
(X) and indices of at-rest brain activity, such as coherence
(Y)4. Inferences from such designs are considered observa-
tional because the relationship between behavior and the brain

could be due to one of many unmeasured variables that covary
with these factors (e.g., Z). That is, the central problem in
these designs is confounding: the presence of a common, un-
known cause may explain the relationship between variables
of interest. Confounding variables in neuroscience research
could include unmeasured aspects of behavior (e.g., differ-
ences in eye, head, and body movement patterns between
cohorts, which affect measures of the brain) or other factors
that covary with a trait of interest (e.g., differences in chronic
thought patterns or other unmeasured traits; see Buckner et
al., 2013; Campbell & Schacter, 2017; Klein, 2014; Morcom
& Fletcher, 2007). Confounding variables can introduce spu-
rious correlations that should not be confused with causal
effects. As such, intrinsic assessments fall into this category
and are observational with respect to research design.

Studies that manipulate behavior. The level of causal insight
increases when psychological processes underlying human
behavior are manipulated through experiments. This may in-

4Note: in each of these examples there is no special reason for
designating a variable as X and Y. Each association could arguably
be reversed due to the correlational nature of these relationships.
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clude subjecting participants to an experimental task or stimuli
(i.e., an intervention variable, I) that evokes a mental state
or psychological process (X), which in turn elicits a specific
pattern of brain activity (Y). Given this experimental design,
it is usually inferred that an observed pattern of brain activity
was in some way involved in implementing the psychological
processes under investigation. Such designs naturally include
reflexive assessment methods.

One important caveat to these designs is that the task or stim-
uli manipulations rarely evoke only a single psychological
process. This means that studies that manipulate behavior can
only lead to sound conclusions if an adequate control task is
used which, ideally, involves all other psychological processes
to the same extent except for the particular process of interest
(Huettel et al., 2014; Poldrack, 2006). Another caveat is that
even if the task is well chosen to manipulate a psychological
process of interest, it can be logically fallacious to conclude
that a particular psychological process has been “detected”
based on the fact that the observed brain activity has been
found to vary as a function of that psychological process in
past research. This is referred to as the “reverse inference”
problem, and is of concern primarily to the degree that a
region of interest is selectively activated by a mental state
or psychological process of interest (Poldrack, 2006). Often
regions of the brain are activated by a large number of cogni-
tive processes, and this is particularly true of regions linked
to complex cognitive functions that are of primary interest
in organizational neuroscience research. This means that the
presence of a particular pattern of brain activity may provide
relatively weak evidence for the engagement of mental states
or psychological processes.

Despite this concern, drawing strong conclusions about cog-
nitive processes from observing brain activity in particular
regions is, unfortunately, still common practice in the broader
social and cognitive neuroscience literatures. While these
practices can lead to unjustified conclusions, quantitative
methods of performing reverse inferences are now available
for some neuroimaging methods. For example, the Neu-
roSynth database contains a large set of term-to-activation
mappings of fMRI data, which allow researchers to quantify
the probability that a mental state may be active in the pres-
ence of activation in particular brain regions (Yarkoni et al.,
2011).

A further caveat to these designs is that we cannot conclude
with certainty that the observed brain activity is causally re-
sponsible for the psychological process under study. One
reason for this complication is that it is not yet understood
whether evoked mental states and patterns of brain activity
have a one-to-one correspondence, or (as in the case of genes
to phenotypes) are one-to-many (see Bassett & Gazzaniga,
2011). Another reason is that researchers often neglect that
they can only interpret the role of brain regions which show

differences in activation between experimental conditions of
interest and an (adequate) control condition. However, brain
regions that do not show such differences most likely also
contribute to the psychological process under investigation
(Huettel et al., 2014). For these reasons it is difficult to dis-
tinguish between regions of the brain that are involved in
a given mental state and those that are necessary for that
state. Another caveat is that observed brain activity may be
epiphenomenal of the experimental setting (e.g., reflecting
differences in attentional demands between tasks rather than
differences in the implementation of mental states) or of the
way the data is acquired or analyzed (e.g., see Carp, 2012).

Studies that manipulate the brain. Manipulations that are
applied to the brain itself are thought to represent more con-
clusive evidence regarding the role of the brain in complex
human behavior. For example, in studies of patients with
focal brain damage, a natural intervention such as a lesion,
I, is applied to the brain. This intervention terminates the
function of the affected region (X), which tells us something
about the necessity of that region for a certain behavior (Y).

However, once again, such studies do not allow us to conclude
with certainty that the terminated region is responsible for the
behavior under study. Reasons for this include the fact that
lesions are not under experimental control, and can vary with
regard to their cause, size, laterality, and age of onset (Vaidya
et al., 2019). This is further complicated by the brain’s capac-
ity for adaptability and compensation following injury, or the
fact that damage to one part of the brain can cause functional
changes elsewhere (e.g., see Bassett & Gazzaniga, 2011).

Another type of intervention on the brain includes transcranial
magnetic stimulation (TMS), which involves placing a coil on
the scalp to produce a brief, rapidly changing magnetic field
that penetrates the skull and induces a brief current (Stew-
art & Walsh, 2006; Walsh & Pascual-Leone, 2003). This
intervention, I, involves currents that depolarize neurons in a
small circumscribed brain area below the stimulation site. In
turn, this induces “neural noise” which disrupts local cortical
information processing in that brain area (X), which tells us
something about the necessity of that area for certain behav-
iors (Y; Walsh & Pascual-Leone, 2003; Stewart & Walsh,
2006). These “virtual lesions” can be very short-lived (e.g.,
using a single-pulse TMS) and allow for testing hypotheses
regarding the causal involvement of a specific brain region
in psychological processes at a specific point in time (e.g.,
Amassian et al., 1989). Alternatively, different stimulation
methods can induce disruptions in the order of several minutes
or longer (e.g., repetitive TMS) allowing for the investigation
of the causal involvement of specific brain regions in more
complex tasks (Stewart & Walsh, 2006). However, it is impor-
tant to note that TMS can only induce relative impairments of
cognitive function (e.g., in response speed) and not total loss
of function, meaning that drawing strong conclusions relies
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on the use of adequate control conditions (e.g., sham-TMS;
Walsh & Pascual-Leone, 2003). This ensures that effects
cannot be attributed to the awareness or the sensation of the
stimulation alone. However, TMS has further limitations
which are discussed elsewhere (Widhalm & Rose, 2019).

Implications for causal reasoning in the methods of
organizational neuroscience

Taking the above discussion into consideration, it is clear that
data generated through reflexive and intrinsic assessments
differ considerably in what they tell us about the neural basis
of organizationally-relevant behavior.

Reflexive assessments investigate the relationship between
complex behaviors and the brain at the cell population or
network levels of analysis. This might include, for example,
methods such as task-evoked fMRI studies that reveal activity
in discrete brain regions in response to a task or stimuli of
interest. These studies involve setting a mental state, X, to a
known value in an experimental context by introducing an in-
tervention variable, I, which may include an organizationally-
relevant behavior, stimuli, or context. In turn, the elicited
brain activity, Y, tells us something about how the mental state
(which, if well manipulated, is known to the experimenter) is
implemented by the brain. However, observed brain activity
may also be epiphenomenal of the experimental setting. As
such, reflexive assessments afford a level of causal insight into
the relationship between the brain and organizing behavior
that is above mere association but below causal certainty.

Intrinsic assessments, in contrast, investigate the relationship
between organizationally-relevant traits and measures of the
brain in absence of a task (i.e., at rest). These measures
of the brain often target the network level of analysis, and
may include indices of synchronous activity and connectivity
across brain regions (e.g., coherence). The theorized causal
pathway in these studies is that resting brain activity, X, causes
distinguishing characteristics or traits of interest, Y (see Wald-
man et al., 2019). However, because no intervention variable
is involved, the relationship between brain activity and a trait
of interest may be due to one of many unmeasured variables
that explain the X – Y relationship (e.g., Z). Moreover, in such
studies it is also unclear which of X or Y precedes the other,
meaning that the relationship between these variables could
arguably be reversed. Altogether, what this means is that
intrinsic assessments (as they have been described by organi-
zational scholars) can be considered observational in design.
While management and organizational behavior scholars have
claimed that intrinsic assessments reveal insights into the
neural basis of organizationally-relevant traits of interest (e.g.,
Waldman et al., 2019, 2017; Waldman & Balthazard, 2015),
this particular research design means it can be difficult to

determine what exactly these studies say about the cognitive
and emotional basis of organizing traits under investigation.

In summary, the widely promoted methodological approaches
of organizational neuroscience provide starkly different levels
of causal insight into relationships between behavior and the
brain. In Figure 2, we provide an organizing framework that
situates these methods in the broader context of social and cog-
nitive neuroscience methods. In the next section, we continue
our discussion of causal insight by discussing explicit exam-
ples of studies from the organizational neuroscience literature
that use reflexive and intrinsic assessments, respectively.

Reflexive and intrinsic assessments: illustrating causal
insight using examples from the published literature

Reflexive assessments. One example of a reflexive research
study is Dulebohn and colleagues (2009). The aim of this
study was to adjudicate between two competing theories of
fairness in organizations: do people distinguish between pro-
cedural justice (i.e., fairness in terms of the processes used
to allocate resources) and distributive justice (i.e., fairness in
terms of the resources actually received), or are these con-
structs indistinguishable?

To this end, the researchers measured patterns of neural ac-
tivity in 24 participants using an fMRI task in response to
tasks that evoked either procedural or distributive unfairness.
Unfairness was manipulated using a modification of an in-
tervention variable known as the ultimatum game. This vari-
able acted as a switch for the evocation of the psychological
processes that underlie either unfair procedures or unfair dis-
tributions of outcomes. That is, the ultimatum game, I, set
each participants’ mental state to X = procedural unfairness
or X = distributive unfairness at specific points during the
experiment. Finally, given the usual design considerations
of cognitive neuroscience studies (i.e., repeated measures,
randomization of trials, and equivalence of trials under inves-
tigation so they differ only in the intervened mental state),
the assumption was made that the intervention would not
affect brain activation, Y, in any way that does not go through
activation of a specific mental state or psychological process
related to fairness processing. That is, I would not affect
Y in any way except through X. Following this, changes in
brain activation would provide information about how that
psychological process of interest was implemented by the
brain.

In this study, the authors reported that procedural injustice
evoked greater activation in regions associated with social
cognition (e.g., the ventrolateral prefrontal cortex and su-
perior temporal sulcus), while distributive injustice evoked
greater activation in regions associated with processing of
emotions (e.g., the anterior cingulate cortex, anterior insula,
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and dorsolateral prefrontal cortex). Importantly, the authors
also reported that these regions in which activation were ob-
served had little overlap in a conjunction analysis, which they
interpreted as evidence that each form of justice was a distinct
independent construct5.

As we discussed in a previous section, however, it is impor-
tant to acknowledge that reflexive studies do not allow for an
unequivocal conclusion that the observed pattern of brain acti-
vation is causally related to an intervened mental state. This is
because an intervention variable may indeed covary with (or
cause) another variable that does not influence brain activation
through the I – X – Y pathway. For example, it is possible that
the relative degree of perceived fairness violations differed
between procedures and distributions, leading to the differ-
ences in observed brain activity between the tasks. These
factors have important implications for the interpretation of
these data.

Nonetheless, what reflexive studies allow researchers to do is
rule out a very substantial number of alternative explanations
of the X – Y relationship under investigation by specifically
intervening on a mental state. This allows researchers to
conclude, with some confidence, that the brain activation ob-
served during experimentation was related to the mental states
and psychological processes that were set by an intervention
variable. This is a process that becomes difficult in the context
of intrinsic assessments.

Intrinsic assessments. One example of an intrinsic re-
search study is Balthazard and colleagues (2012). The aim of
this study was to investigate whether indices of resting-state
brain activity acquired through EEG, X, could be used in a
discriminant function to classify leaders as transformational
or non-transformational, Y. This is of interest to organizational
behavior researchers because transformational leadership is
a form of leadership implicated in desirable organizational
outcomes (Bass & Bass, 2009). To this end, the researchers
subjected 200 business, military, and community leaders to an
eyes-closed but alert resting-state paradigm while 19 channel
EEG was recorded (Test sample: N = 100; validation sample:
N = 100). As these measures were collected at rest and in
absence of a specific task instruction, no intervention variable,
I, was involved in the generation of these data. Ratings of
transformational leadership were subsequently collected from
3 – 5 associates of each participant (e.g., current subordinates
or peers). For additional analyses, participants were divided
into high and low transformational leadership groups based
on this questionnaire using scores that were one standard
deviation above and below the mean, respectively.

Sixteen classes of EEG variables were examined which
yielded 10, 393 unique measures of intrinsic brain activity
for each participant. Following multiple data elimination
procedures, these data were reduced to 58 variables that were

significantly related to ratings of transformational leadership.
This included measures of coherence, amplitude asymmetry,
phase shift/lock, absolute power, and various burst patterns.
These resting-state EEG variables, X, were then entered into
a discriminant analysis to predict transformational leadership
group membership, Y. The authors reported that the over-
all classification accuracy was 92.5% in the test sample and
86.7% in the validation sample.

These data provided preliminary evidence that the correlation
between EEG-based resting-state data and transformational
leadership (i.e., the X – Y relationship) may be stable enough
for classification purposes. Since resting-state data avoid
some of the biases attributable to traditional psychometric
evaluations of leadership, the authors go on to suggest that
data of these kind, in the future, may help facilitate the selec-
tion and placement of leaders in organizations. The authors
also propose that the EEG variables selected into the discrim-
inant analysis provide insights into the neurological origins
of transformational leadership. For example, Balthazard and
colleagues (2012) note that many of the amplitude asymmetry
variables selected into their discriminant function involved
the right frontal hemisphere in a way that is opposite to that
observed in individuals with anxiety disorders. As such, they
propose these data indicate that transformational leaders have
an affinity to keep anxiety levels low, and are able to control
their emotions in difficult situations.

Unfortunately, such conclusions coincide with multiple
threats to validity given the correlational research design that
has been employed. This is because associations between
brain activity, X, and transformational leadership, Y, may be
due to one of many unmeasured variables that explain the X –
Y relationship. For example, it is plausible that the relation-
ship between EEG indices and leadership could be due to far
simpler relationships than with transformational leadership
(e.g., intelligence, personality traits, or a combination of these
factors). Without measuring these explicitly, it remains un-
clear whether the correlations shown in this study are specific
for transformational leadership, or whether their relationship
with transformational leadership is only a by-product of more
fundamental psychological traits. Causal relationships involve
correlations, but the presence of a correlation does not imply
a causal relationship.

In the next section, we consider two additional examples of
why drawing inferences on the mechanistic basis of trans-
formational leadership in this study may be problematic for
theory and practice in organizational behavior. Here we focus
on measures of resting-state brain activity, which comprise

5It must be noted that there is ongoing debate as to whether it is
actually possible for neuroimaging measures to adjudicate between
psychological theories using methods such as those used in this study.
This concern has been discussed at length in the context of cognitive
theories and cognitive neuroscience (e.g., see Coltheart, 2013).
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the majority of studies employing intrinsic assessments in
organizational neuroscience.

1. Rest is an arbitrary task state in which we exert little
experimental control.

As we have discussed in previous sections, scholars of or-
ganizational neuroscience often consider measures of brain
activity at rest to provide a privileged and unbiased view into
an individual’s underlying brain organization (Waldman et al.,
2017, 2019). As such, these measures are treated as trait-like
characteristics of an individual and are used to draw infer-
ences about how cognitions, emotions, and behaviors differ
across cohorts (e.g., different types of leaders). However,
in the broader fields of social and cognitive neuroscience,
the proposition that measures of the resting brain represent
a simple trait-like measure is an over-simplification and is
not supported by a growing body of empirical research (e.g.,
see Buckner et al., 2013; Campbell & Schacter, 2017; Klein,
2014; Morcom & Fletcher, 2007).

For example, when scholars have asked participants to report
what they have been thinking of during rest conditions, subjec-
tive reports point to a wide-range of mind-wandering content.
This includes meaningless day-dreaming, complex planning
for the future, and the creative generation of new ideas, among
other thoughts (Fox et al., 2015). These different cognitive and
emotional states have also been shown to relate to different
patterns of resting-state brain activity (e.g., Gorgolewski et
al., 2014; Andrews-Hanna et al., 2010). Moreover, measures
of brain activity in large-scale resting-state networks have
also been shown to change in a state-dependent manner, for
example, before and after a stress-induction task (e.g., Zhang
et al., 2019).

As such, there is considerable evidence that brain activity mea-
sured at rest is influenced by both acute and chronic thought
patterns. Observations such as this have lead scholars to
consider the hypothesis that rest is just another arbitrary task
state that involves task-dependent co-activation of regions,
like those observed in any other experimental task (Buck-
ner et al., 2013; Klein, 2014; Morcom & Fletcher, 2007).
However, unlike true experimental tasks that involve interven-
tions (e.g., reflexive studies), the at-rest task state is one in
which researchers have very little control over, and which we
they have very little understanding as to what mental state or
psychological process is active at any given time.

Campbell and Schacter (2017) discuss this body of research
in the context of resting-state functional connectivity studies
in the cognitive neuroscience of aging. Studies in the field of
aging have demonstrated that there are important differences
in chronic thought patterns across age cohorts (e.g., Hess,
2014; Charles & Carstensen, 2010). Hence, these authors
propose that it is not unreasonable to assume that age cohort
differences in resting-state brain activity are partly explained

by the different types of mental activities that are typically
engaged in at rest. This has important implications for infer-
ences about cohort differences that are drawn on the basis
of data generated through intrinsic assessments. Specifically,
there is concern that differences in intrinsic brain activity
between cohorts can reflect factors that are irrelevant to the
cognitive and emotional processes that are hypothesized to
distinguish the behaviors of these cohorts.

This perspective is also likely to apply to the study of
leadership, or other organizationally-relevant traits, as as-
sessed using intrinsic assessments. For example, the litera-
ture on leadership indicates that transformational and non-
transformational leaders exert very different effects on their
organizations in terms of performance and their relationship
with their followers (Bass & Bass, 2009). Consequently, it
is not unreasonable to assume that individuals who score
very differently on psychometric constructs of leadership may
also be thinking about very different things at rest. As such,
it is difficult to determine whether differences in leadership
styles reflect fundamental differences in brain organization, or
simply reflect relative differences in the predominant mental
thoughts engaged by each of these groups.

Unfortunately, this question has not received any considera-
tion by scholars of organizational neuroscience. In our next
example, we consider several types of irrelevant brain–leader
relationships might be spuriously implicated in the neural
basis of leadership itself.

2. Brain activity at rest may reflect factors that covary
with, but do not explain, distinguishing characteristics
of interest.

Because intrinsic assessments are observational in design, it is
difficult to rule out alternative explanations of brain–behavior
relationships. For example, a prime concern to individuals
conducting a discriminant analysis (or any type of regres-
sion, more broadly) is that the predictive relationship between
variables may be due to an unmeasured confounding factor
(Huberty, 1974). This is because confounding factors can in-
duce spurious statistical relationships between variables in the
analysis. This is an important threat to the validity of causal
claims that must be considered in all intrinsic assessments.

For example, it is plausible that systematic differences in pre-
dominant thought patterns between transformational and non-
transformational leaders (and hence, systematic differences
in brain activity) may reflect factors that covary with transfor-
mational leadership, but which are not causal determinants
of transformational leadership itself. Van Knippenberg and
Sitkin (2013) discuss several such examples in their critique
on transformational leadership. For instance, individuals tend
to associate leadership behaviors with masculine traits (Eagly
& Karau, 2002), and consequently, individuals may also be
more likely to see transformational leadership qualities in
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male rather than female leaders. As such, the systematic dif-
ferences in brain activity identified in Balthazard et al. (2012)
may be related to predominant thought patterns that differ
across sex, which are spuriously correlated with ratings of
transformational leadership.

A second potential confound is that the performance of an
organization is often seen as a defining characteristic of ef-
fective leadership (Meindl et al., 1985), and individuals may
therefore be more likely to attribute leadership qualities to
individuals who happen to be employed in well perform-
ing workplaces (that is, regardless of the leaders’ actual role
in this performance). Moreover, it is reasonable to assume
there may be important differences in predominant thought
patterns across leaders working in high and low-performing
workplaces, for example, in terms of perceived stress and job
insecurity. Mild forms of anxiety and depressive symptoms
have been associated with systematic differences in spon-
taneous thought patterns (Nolen-Hoeksema, 2000). In this
case, the systematic differences in brain activity identified
in Balthazard et al. (2012) may be related to organizational
performance, which in turn, are spuriously correlated with
ratings of transformational leaderships.

Relatedly, in studies like this, it is extremely important to
know what the participants were initially told regarding the
purpose of the study (i.e., the communication and precise
instruction given to the recruited leaders). Given that leaders
and leader associates were recruited, it is reasonable to assume
that any a priori knowledge of the purpose of the study (or
expectation of what the study might investigate) may have
already biased thought patterns or emotional states at rest.
Again, leaders who tend to score high or low on measures
of transformational leadership might have reacted differently
to the testing situation itself, potentially inducing spurious
correlations.

Problems of this kind could apply to any kind of organiza-
tional behavior assessed via intrinsic assessments (e.g., en-
trepreneurship and innovation). Although, scholars familiar
with the transformational leadership literature, in particular,
may consider the potential for these types of spurious corre-
lations in this line of research unsurprising. This is because
current theoretical models define transformational leadership
in terms of its effects, where a leader is considered transforma-
tional if they are perceived to have achieved high performance,
or if they are perceived to be effective in some capacity (for
review, see van Knippenberg & Sitkin, 2013). As such, per-
ceptions of leadership are both a predictor of transformational
leadership (X), and an outcome of transformational leadership
(Y).

Because of this theoretical framework, there are many op-
portunities for at-rest brain activity to be associated with
differences in predominant thought patterns that may covary

with leadership outcomes in a way that are irrelevant to the
neural basis of leadership itself. Potential confounding factors
could include age, social status, income, line of industry, po-
sition tenure, organizational tenure, number of hours worked
per week, or physical or mental health status, just to name a
few. As such, discriminant analyses such as those performed
in Balthazard et al. (2012) may yield incredibly accurate
classification, yet it is possible that the causal basis of the
classification may be spuriously related to leadership through
an unmeasured confounding variable.

In their recent Annual Review article on the use of neuro-
science in organizational behavior, Waldman and colleague’s
(2017) suggest that intrinsic assessments will overcome the
kind of theoretical issues in leadership research that have been
identified by van Knippenberg and Sitkin (2013). However,
taking our above discussion into consideration, it is plausible
that this line of research may exacerbate these problems so
that they become much worse. Specifically, intrinsic neural
assessments may be perceived as more scientifically rigorous
and “objective” than typical organizational behavior research,
and it may be such that management and organizational schol-
ars are less likely (or willing) to challenge these findings.
These attributions of objectivity are encouraged by multiple
major theory works that erroneously claim that assessment
of the brain “cannot lie”, and are not prone to the biases that
affect psychometric approaches to measurement (Waldman et
al., 2017, p. 427, 2019, p. 3). Indeed, there is already evidence
that scholars are uncritically and habitually citing the findings
of organizational neuroscience studies that have fundamental
methodological, statistical, or reporting inadequacies (for re-
view, see Prochilo et al., 2019). This should be of key concern
to organizational scholars given that studies with fundamental
flaws can persist and influence organizational practice for
decades (e.g., see Ghoshal, 2005).

Implications for research and practice

The goal of organizational neuroscience is to investigate the
interaction between the brain and complex human behavior in
the context of organizations. One application of this goal is
the development of increasingly mechanistic explanations of
organizational behavior that, it is said, will advance organiza-
tional research and practice. However, in consideration what
is discussed in this review, it is clear that this goal is not well
addressed by some of the methods that are recommended in
major theory works. As an extreme, but perhaps not unrea-
sonable response to these concerns, one implication may be
that we as a field should move to abandon causal inference in
organizational neuroscience altogether. Instead, it may be in
prediction – accurately forecasting behaviors that are yet to
be observed – where organizational neuroscience may make
a valuable contribution.
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There are many organizational problems where causal infer-
ence is not a central prerequisite for the kinds of decisions that
must be made by organizational practitioners. Drawing on the
work of Kleinberg and colleagues (2015), we can envision
two example problems that a manager might be faced with.
The first problem is whether the manager should invest in
neurofeedback training to re-wire an employee’s at-rest brain
activity so that it resembles those identified in effective leaders
(e.g., a practice advocated in Waldman et al., 2011). The sec-
ond problem is whether the manager should hire individuals
with an at-rest pattern of brain activity that predicts behaviors
associated with highly effective leadership behaviors. Each of
these problems have different requirements of the manager6.
The first problem requires explanation: do these patterns of
brain activity cause effective leadership? The second requires
only prediction: is the chance of recruiting an effective leader
great enough that it merits selection based on brain activity of
this kind?

If the second problem, prediction, is the goal of scholars of or-
ganizational neuroscience, the primary goal is to predict future
behavior as accurately as possible. Cross-sectional intrinsic
assessments, such as that of Balthazard and colleagues (2012),
are an important first step toward identifying neural data that
may be predictive of future behavior regardless of whether
these data play a mechanistic role in behavior itself. How-
ever, given the correlational experimental design of intrinsic
assessments, it is possible that these results are predictive of
phenomena that covary with transformational leadership, but
are not reflective of leadership itself. As we have discussed,
this might include current organizational performance or sex
characteristics, among other unmeasured factors. Moreover,
it might be hypothesized that these data are predictive of
current leadership role occupancy, rather than of leadership
characteristics in individuals that are yet to attain leadership
roles. As such, this calls for more longitudinal research in
organizational neuroscience, particularly if intrinsic methods
are used. Although longitudinal methods represent a greater
cost to the researcher (i.e., in terms of funds, resources, and
patience), these designs will be required to determine if in-
trinsic data can predict future performance with reasonable
accuracy. Importantly, this is irrespective of the mechanistic
role of these data in such performance.

Of course, such endeavors would also require comparative
assessments of traditional pen-and-paper predictors of future
performance. For example, it is reasonable to assume that or-
ganizational practitioners do not want to take on unnecessary
burdens and costs, which may include additional financial
costs and time requirements. As such, if neuroimaging mea-
sures are shown to be equally predictive of future behavior
when compared to traditional methods (or provide only a
minimal increase in predictive performance), there may be
little real utility in neuroimaging methods in practice. This

is because such methods will require greater investments of
time and money with respect to data acquisition, data analysis,
and interpretation.

More generally, however, organizational theorists may need
to refine organizational behavior theories at the individual,
dyadic, group, and organizational levels of analysis before
embarking on research expeditions at the neurobiological
level of analysis. As has been discussed in this review, this
concern may be highly applicable to the study of leadership
(e.g., see van Knippenberg & Sitkin, 2013), which has been a
research topic of focal interest in organizational neuroscience.
If particular organizational behavior theories and constructs
are regarded as seriously flawed in their current form (as some
scholars argue may be the case with leadership theory; see
van Knippenberg & Sitkin, 2013), investigating these organi-
zational phenomena using neuroscience methods is going to
be of little utility to researchers or practitioners.

While we might envision a future in organizational neuro-
science where explanation is of little or no interest, the ex-
planatory approach may yet prove useful in the development
of mechanistic models of data-generating processes that un-
derlie organizational behavior. However, if scholars choose
to pursue this direction, it is important to be clear about the
different kinds of inferences that can be drawn using different
experimental methods in neuroscience. Intrinsic assessments
do not involve manipulation or intervention on mental states,
and as such, it can be difficult to defend interpretations of
causality against multiple threats to validity. For example,
when investigating at-rest measures of brain activity, it can be
difficult to determine whether the causal relationship between
brain activity and behavior is due to an unmeasured confound
that covaries with the behavior of interest. This should be of
key importance when interpreting the findings of organiza-
tional neuroscience studies, particularly when recommenda-
tions can be as lofty (and as ethically sensitive) as predicting
future performance on the basis of brain data (e.g., Balthazard
et al., 2012), or manipulating the brain of healthy individuals
to attain a “desirable brain state” that has been associated with
effective leadership (e.g., Waldman et al., 2011).

If scholars of organizational neuroscience wish to use obser-
vational data to establish causal relationships, one option is to
make use of directed acylic graphs (DAGs; Pearl et al., 2016;
for a recent overview aimed at research psychologists, see
Rohrer, 2018). DAGs visualize causal assumptions between
a set of variables as a causal web. They are made up of
nodes (i.e., variables) and directed arrows (or edges) going
from one node to another. These arrows are directed in the

6Each of these problems additionally pose important ethical im-
plications. While these implications are beyond the scope of this
paper, they have been discussed at length elsewhere (e.g., Farah,
2012; Greely et al., 2008; Lindebaum & Zundel, 2013).
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sense that one variable is causally responsible for another
variable. For example, a very simple DAG would comprise
a graph linking an independent variable, X, to a dependent
variable, Y. They are also acyclic in the sense that they do not
allow for cyclic paths in which variables can causally predict
themselves. DAG graphs can quickly increase in complexity,
and can account for confounding variables, mediators, and
temporal aspects of relationships.

DAGs follow an interventionist account of causation in that
it is assumed that a direct experimental manipulation of an
independent variable in which the arrow begins (X) would
cause a change to the value or probability distribution of
the dependent variable at the end of the arrow (Y; Rohrer,
2018). To establish a causal relationship between variables
using DAGs, one must include every possible variable that is
relevant to the causal relationship of interest. This includes
all common causes of all pairs of variables in the DAG. Once
identified, all common factors affecting both the independent
and dependent variable (i.e., back-door paths) can be blocked
using statistical control or experimental design considerations.
If all such relationships are controlled for, then the causal
relationship between variables can be identified using purely
observational data.

However, establishing causality using DAGs and observa-
tional data require strong assumptions that are not always
plausible (for discussion, see Rohrer, 2018). For example, we
must assume that we have correctly captured the causal graph,
have successfully blocked all back-door paths, and have not
omitted any relevant variables. Moreover, erroneously con-
trolling for common causes of independent and dependent
variables (i.e., colliders) can induce spurious relationships be-
tween variables of interest, while controlling for mechanisms
that link independent and dependent variables (i.e., mediators)
can lead to underestimations of true relationships. Establish-
ing causality using observational methods is challenging and
error-prone with respect to implementation and interpretation.
Scholars of organizational neuroscience who champion the
use of intrinsic methods, in particular, must be up for this
challenge.

More generally, data generated through intrinsic assessments
may be more useful for theorizing about the neural mecha-
nisms of organizing behavior, which in turn, can be assessed
using experimental methods that involve manipulation of be-
havior (or potentially even manipulation of the brain). That
is, task-based approaches can be used to confirm theoretic
propositions that are made on the basis of intrinsic assess-
ments. For example, recall that Balthazard and colleagues
(2012) proposed that the pattern of resting-state brain activity
in transformational leaders was indicative of an ability to stay
calm and control one’s emotions in difficult situations. This is
a hypothesis that cannot be confirmed using intrinsic research,
however, it is a hypothesis that can be logically tested in

an experiment that subjects leaders to emotionally difficult
situations while measures of brain activity are collected. In
doing so, these methods may be used in a way where each pro-
vide unique information that help address common research
questions.

The interpretation of any neuroscience finding demands an
understanding of limitations of the research design that has
produced the underlying data, and cautious interpretations are
necessary if organizational neuroscience is to be considered a
trustworthy and reputable avenue of research moving forward.
More generally, causal inferences from single experiments
should also be considered with a similar degree of caution,
and it is necessary to recognize that even the best single
studies will be imperfect in some manner. Accumulated re-
sults across multiple studies using different research settings,
sampling procedures, and research designs, and eventually as
summaries of work through reviews and meta-analyses, will
be necessary for valid causal inferences on the neural basis of
organizationally-relevant behavior.

Conclusion

The most powerful tools for advancing organizational research
are not neuroscience instruments like fMRI or EEG. Instead,
they are the clarity of organizational theories, the ingenuity
of experimental designs, and the appropriateness of statistical
analyses. In this article we have focused on experimental de-
sign, and have discussed why the proposed methods of organi-
zational neuroscience do not necessarily answer questions that
are relevant to organizational research and practice. Reflexive
assessments involve direct manipulation of mental states and
psychological processes, and therefore afford a level of causal
insight that is above association but below causal certainty.
Intrinsic assessments, in contrast, are correlational in design,
and causal inferences are challenged by multiple threats to
validity. We recommend that scholars and practitioners give
careful consideration to these differences, and stay vigilant of
different threats to validity that accompany causal claims in
organizational neuroscience research. One course of action
may be that scholars consider abandoning causal inference in
organizational neuroscience altogether, and instead focus on
a future in prediction. Alternatively, we suggest that scholars
recognize the inherent limitations of the research design that
has produced the neuroscience data, and express appropriate
caution when drawing causal inferences on the neural basis
of organizational behavior.
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Section 3: Empirical studies

Sections 1 (p. 7) and 2 (p. 35) developed the theoretical framework and philo-
sophical foundation for how the empirical studies in this thesis were to be conducted
and interpreted. Subsequently, the aim of Section 3 is to conduct a series of pilot and
feasibility studies that provide: (1) a preliminary evaluation of the propositions of
the organizational neuroscience model of occupational stress, and (2) which inform
the planning of future randomized controlled trials to ensure these propositions are
tested validly and with methodological rigor. This section comprises a brief method-
ology chapter (Chapter 5, pp. 80–84) and three empirical study manuscripts: (1)
The Effects of a 16-week Aerobic Exercise and Mindfulness-based Intervention on
Chronic Psychosocial Stress: A Nonrandomized Pilot and Feasibility Trial (Chap-
ter 6, pp. 85–105), (2) Gray Matter Hypertrophy following 16 Weeks of Mindfulness
and Aerobic Exercise Training: A Longitudinal Voxel-based Morphometry Study
(Chapter 7, pp. 106–124), and (3) Stress Hormone Responses to an Acute Aerobic
Challenge following 16 Weeks of Mental and Physical Training: A Pilot and Feasibil-
ity Study (Chapter 8, pp. 125–141). Each of these manuscripts represent individual
studies conducted as part of an overall longitudinal trial. The relevant methods are
described in sufficient detail in each respective manuscript and their supplementary
materials.
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Chapter 5

Overview of Methodology

5.1 Research aims

The broad research goal of the pilot and feasibility studies presented in this sec-
tion was to test propositions of the theoretical model related to resilience training,
and to provide sufficient evidence of protocol feasibility ahead of conducting a fu-
ture definitive trial. However, these studies have been performed in a sample of
convenience rather than a working population, specifically. As such, they may more
appropriately be considered a conceptual evaluation of these propositions, and the
extent that these findings apply to working populations must be a topic of future
research. The current study involved an intervention comprised 16-weeks of mind-
fulness psychoeducation and aerobic endurance training, completed concurrently.
It has been proposed that interventions of this kind should be more efficacious in
improving mental health outcomes compared either training modality delivered in-
dependently (Millon & Shors, 2019; Shors, Olson, Bates, Selby, & Alderman, 2014).
The specific aims of each individual study is reproduced here from the introduction
(Chapter 1, p. 5) of this thesis:

1. Chapter 6 (Study I) investigates the effect of this intervention on self-reported
chronic psychosocial stress as well as potential mechanisms of this change.
This includes changes in the use of dispositional mindfulness, adaptive and
maladaptive emotion regulation strategies, and objectively assessed maximal
and submaximal cardiorespiratory fitness. The aims of this study were to: (1)
estimate the range and direction of within group changes in chronic psychoso-
cial stress in a non-clinical sample, as well within secondary outcomes that
may explain these potential changes, and (2) to obtain sufficient assurance of
protocol feasibility with respect to retention rate, assessment response rate,
recruitment rate, and required sample size for a confirmatory trial.

2. Chapter 7 (Study II) investigates whether the effects of this intervention may
occur through neural mechanisms, and focuses on an assessment of neuroplas-
tic changes within the hippocampus (as predicted by theoretical models, see
Millon & Shors, 2019; Shors et al., 2014) in a longitudinal voxel-based mor-
phometry study. Specifically, the aims of this study were to: (1) investigate
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whether there is preliminary evidence that a combined mindfulness medita-
tion and aerobic exercise training program is associated with increases in gray
matter concentration in the hippocampus over time, as predicted by theoret-
ical models, and (2) to obtain sufficient assurance of protocol feasibility with
respect to the assessment response rate and required sample size to ensure the
validity and methodological rigor of a future definitive trial.

3. Chapter 8 (Study III) investigates whether the aerobic endurance training
component of this intervention is associated with exercise-induced adapta-
tions to physiological systems involved in the stress response. This is achieved
through evaluating whether there are stress hormone adaptations to a submax-
imal steady state exercise bout following exercise training. These adaptations
have been posited to spill over to heterotypic stressors like psychosocial stress
(Sothmann, 2006; Sothmann et al., 1996), and may therefore be one mecha-
nism of the intervention on mental health outcomes. The aims of this study
were to: (1) evaluate the effect of programmed regular endurance training
in non-trained young adults on the cortisol response to acute aerobic exer-
cise stress, and (2) to evaluate protocol feasibility with respect to assessment
response rate and the required sample size to detect pre-to-post changes in
cortisol responses in an adequately powered trial.

5.2 Research design

These studies were conducted as a single-arm nonrandomized pilot and feasibility
trial, where all participants were subjected to mindfulness-based training and aerobic
endurance training, delivered concurrently. Assuming that the relationship between
intervention exposure and its effects are linear, there will be greater statistical power
to detect within-group changes as the intervention duration increases. As such, in
this pilot trial the typical duration of a mindfulness-based intervention (i.e., 8 weeks)
was doubled in duration to 16 weeks. Responses to the dependent measures for each
study were collected across a one-month time period before and after the trial period.

While this particular study design presents with several threats to the validity
of causal inferences relating to the trial treatment effect (e.g., maturation or history
effects), it was considered an effective use of very limited resources to: (1) provide
a preliminary estimation of the treatment effect ahead of a future randomized con-
trolled trial, and (2) to examine most uncertainties that may arise in a definitive
trial. As such, this trial design was appropriate to the address the aims of the studies
presented in this thesis.

5.3 Sample population

The initial target population for these studies were Master of Business Adminis-
tration (MBA) students through a collaboration with the Monash Business School.
However, due to unforeseen circumstances, this collaboration did not ultimately
proceed. Owing to feasibility constraints, the sample was therefore predominantly
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recruited from graduate and undergraduate students from a variety of disciplines.
For this reason, the measures and methods of each study, and the subsequent dis-
cussions of implications within each empirical study chapter have been adapted to
suit those of a general population.

Participants were healthy young adults between the ages of 18 and 35 years.
Exclusion criteria relevant to each study are provided within each manuscript. Pilot
trial methodologists suggest that 15 – 20 participants per cell of a trial design can
provide a reasonable estimate for most medium to large effects without wastage of
resources (Whitehead, Julious, Cooper, & Campbell, 2016). Therefore, to attain at
least 15 participants and account for an estimated dropout rate of 30 – 35%, the rule
for termination of data collection was set between 24 and 26 participants. Twenty
four participants were allocated to the intervention and N = 17 completed the
intervention (assessment response rates to each of the dependent measures are given
in each respective manuscript). Assessment response rates to dependent measures
in each study satisfied the above sample requirements, and no attempts were made
toward further data collection.

5.4 Intervention

Details of the intervention are described in detail in Chapter 6 and Appendix A.
Briefly, the training program involved: (1) a mindfulness-based intervention, and (2)
an endurance aerobic exercise program. Each of these training modalities were com-
pleted concurrently over a period of 16 weeks. The mindfulness-based intervention
was an adaptation of the mindfulness-based Stress Release Program (Hassed, 2002;
Hassed, de Lisle, Sullivan, & Pier, 2009), and included eight group psychoeducation
and reflection workshops (55 min in duration each), and formal focused attention
meditation home practice (up to 20 min in duration, daily). All group sessions fol-
lowed a similar standardized structure. The endurance aerobic exercise program was
a half-marathon training schedule that was comprised of three runs per week over 16
weeks. This program involved a combination of high-intensity interval training, and
moderate-to-vigorous intensity endurance training. The latter increased in duration
gradually across the intervention. Exercise intensity categories for each run were
formally defined using the American College of Sports Medicine (ACSM) Guide-
lines (Pescatello, Arena, Riebe, & Thompson, 2014). Each participant differed in
cardiorespiratory fitness at baseline as identified through a maximal aerobic capacity
test (i.e., V̇ O2max). As such, exercise prescriptions for exercise intensity categories
were individualized by plotting oxygen consumption against running velocity in a
regression model based on the baseline V̇ O2max data. All participants received a
GPS-enabled sports-watch (Garmin Forerunner 235, Garmin, US) to guide their
performance and to track adherence. Adherence requirements are further described
in Chapter 6.
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5.5 Measures

The measures used in each study are reported in detail within each manuscript.
Because the theoretical framework adopted in this thesis is multi-disciplinary, a
multi-method and interdisciplinary approach was adopted to evaluate the prelimi-
nary effects of this trial and to provide assurance of protocol feasibility. As such, the
measures implemented in this thesis include traditional psychometric instruments
(i.e., self-report questionnaires), standardized assessments of cardiorespiratory fit-
ness (i.e., maximal and submaximal aerobic capacity), longitudinal evaluations of
structural brain morphology (i.e., longitudinal voxel-based morphometry applied to
structural magnetic resonance images), and evaluation of blood analyte concentra-
tions in response to standardized exercise testing protocols (i.e., immunoassays).

5.6 Analysis and interpretation of data

The statistical analysis procedures for each study are reported in detail within
each manuscript. These procedures are informed by the pilot trial methodology
literature and best practices recommendations in the contemporary statistics litera-
tures. As a general rule, the analysis and interpretation of data in this thesis center
predominantly on the precision and accuracy of effect size estimates through a focus
on confidence interval estimation.

5.7 Ethics approval

All participants provided informed written consent which was approved by the
Monash University Human Research Ethics Committee (project number: CF15/3863
- 2015001705).
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Chapter 6

The Effects of a 16-week Aerobic
Exercise and Mindfulness-based
Intervention on Chronic Psychosocial
Stress: A Nonrandomized Pilot and
Feasibility Trial

6.1 Explanatory Notes
This study investigated the effects of a 16-week mindfulness psychoeducation

and aerobic endurance training intervention, delivered concurrently. The aims of
this study were to: (1) estimate the range and direction of within group changes
in chronic psychosocial stress in a non-clinical sample, as well within secondary
outcomes that may explain these potential changes, and (2) to obtain sufficient as-
surance of protocol feasibility with respect to retention rate, assessment response
rate, recruitment rate, and required sample size for a confirmatory trial. The Sup-
plementary Materials to this manuscript are given in Appendix A (pp. 179–189),
and the Supplementary Results are given in Appendix B (pp. 190–198).
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The Effects of a 16-week Aerobic Exercise and Mindfulness-based
Intervention on Chronic Psychosocial Stress: A Nonrandomized Pilot

and Feasibility Trial
Guy A. Prochilo1, Ricardo J.S. Costa2, Craig Hassed2, Richard Chambers2, & Pascal Molenberghs3

1 University of Melbourne
2 Monash University

3 Institute for Social Neuroscience

Objectives: Researchers have begun delivering mindfulness and aerobic exercise training
concurrently on the premise that a combination intervention will yield salutary outcomes over
and above each intervention alone. An estimate of the effect of combination training on chronic
psychosocial stress in a nonclinical population has not been established. The objective of
this trial was therefore to assess the preliminary efficacy of combination training for reducing
chronic psychosocial stress in a healthy sample, and to establish assurance of protocol feasibility
in preparation of a definitive RCT. Methods: 24 participants were nonrandomized into a
single-arm trial and subjected to 16 weeks of concurrent mindfulness psychoeducation and
aerobic exercise training. Within-group changes were assessed for chronic psychosocial stress,
mindfulness, emotion regulation, and cardiorespiratory fitness. Feasibility criteria were also
collected and evaluated. Primary analyses are based on 17 participants who completed the trial.
Results: There was a moderate decline in chronic psychosocial stress (dpretest = -0.56, 95% CI
[-1.14, -0.06]). There was an increase in the use of cognitive reappraisal, and a reduction in
use of maladaptive emotion regulation strategies. We are insufficiently confident to comment
on changes in mindfulness and aerobic capacity (V̇O2max). However, there were subgroup
improvements in aerobic economy at submaximal exercise intensities. Retention rate, response
rate, recruitment rate, and sample size analyses indicate a definitive trial is feasible for detecting
most effects with precision. Conclusions: This trial provides preliminary evidence of the
efficacy of combination training in a nonclinical sample for reducing chronic psychosocial stress.
We recommend a definitive trial is feasible and should proceed.

Keywords: pilot and feasibility trial, nonrandomized, aerobic exercise, mindfulness, mental and
physical training, nonclinical sample.

A growing body of research has implicated psychosocial stress
with a range of deleterious health outcomes. At an individual
level, this includes a greater incidence of depressive symp-
toms, anxiety, and a decline in wellbeing (Pizzagalli, 2014;
Theorell et al., 2015), as well as impairments of physical
health (McEwen & Gianaros, 2011; Nixon, Mazzola, Bauer,
Krueger, & Spector, 2011; Wirtz & Känel, 2017). To ad-
dress these problems, interventions involving aerobic exercise
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(Cooney et al., 2013) and mindfulness (Khoury, Sharma, Rush,
& Fournier, 2015) have been found effective for improving
mental health outcomes. Given these benefits, researchers
have also begun delivering these interventions concurrently
(Alderman, Olson, Brush, & Shors, 2016). The rationale for a
combination training modality is that such training may yield
salutary outcomes over and above each intervention alone
(Shors, Olson, Bates, Selby, & Alderman, 2014).

Few studies have examined the effect of combining aerobic
exercise and mindfulness-based training on mental health
outcomes. To our knowledge, an estimate of the range and di-
rection of the effect of a combination intervention on chronic
psychosocial stress in a nonclinical population, specifically,
is also absent from the literature. This nonrandomized pilot
and feasibility trial was therefore conducted to guide future
research on combination training with respect to its effect on
chronic psychosocial stress as well as its potential mecha-
nisms. To this end, we conducted a single-arm trial in prepa-
ration for a future randomized controlled trial (RCT) which
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comprised an aerobic exercise and mindfulness-based inter-
vention delivered concurrently over 16-weeks. This trial was
designed as a prevention-focused (i.e., primary) intervention
to be used by all individuals and not just those presenting
with mental health risk factors. In the following sections,
we discuss the evidence and theorized mechanisms that link
mindfulness, aerobic exercise, and combination training to
salutary mental health outcomes. We conclude with our trial
rationale.

Mindfulness

Mindfulness is a mental practice that draws on contemplative
traditions and evidence-based research, and which has been
adopted as a therapeutic approach to promote mental and phys-
ical health (Creswell, 2017). In a clinical and research context,
mindfulness has been described as a non-judgmental, non-
reactive, and non-elaborative attention to the present moment
experience, and is an innate capacity that can be strengthened
through formal meditation and informal practice (Lindsay &
Creswell, 2017). Mindfulness-based interventions (MBIs)
have proliferated, and include Mindfulness-based Stress Re-
duction (MBSR; Kabat-Zinn, 2005) and Mindfulness-based
Cognitive Therapy (MBCT; Teasdale et al., 2000), among oth-
ers. MBIs vary widely in their focus, content, and structure.
However, the formal features that define an MBI are inclusion
of: (1) systematic and sustained training in formal medita-
tion and informal practices, and (2) an underlying theoretical
model based around training the attention to spend more time
in the present moment (Crane et al., 2016).

Meta-analysis of controlled trials suggest that MBIs may im-
prove multiple indices of mental health (here reported as the
between-group standardized mean difference, d, reported in
each publication). This includes a reduction in psychosocial
stress (d = -0.74), anxiety (d = -0.64), and depressive symp-
toms (d = -0.80; Khoury et al., 2015). There also appears to
be a dose-response relationship between formal meditation
practice and salutary mental health outcomes (r = 0.26; Par-
sons, Crane, Parsons, Fjorback, & Kuyken, 2017). However,
the relationship between the overall duration of an MBI and
these outcomes remains equivocal (Khoury et al., 2015).

The cognitive and emotional mechanisms by which MBIs ex-
ert their effects on mental health have been assessed through a
meta-analysis of intervention studies using mediation models
(Gu, Strauss, Bond, & Cavanagh, 2015). The authors reported
strong evidence for reduced cognitive and emotional reac-
tivity, and moderate evidence for dispositional mindfulness
and repetitive negative thinking as predictors of improvement
in mental health (pooled correlations: rs = 0.33 to 0.36).
These mechanisms are additionally captured by mindfulness
theories. For example, the mindfulness-to-meaning theory
suggests that mindfulness may help individuals select more

adaptive emotion regulation strategies in times of stress, and
thereby reduce reactivity to stressful events (Garland et al.,
2015a). Particular interest is given to cognitive reappraisal,
which is a strategy that involves actively reinterpreting emo-
tional stimuli to modify its emotion impact. Cognitive reap-
praisal is considered a central mechanism in some mindful-
ness theories (Garland et al., 2015a), although, is a secondary
effect in others (Chambers, Gullone, & Allen, 2009).

Aerobic Exercise

Physical activity is a broad term that applies to any bodily
movement or activity produced by skeletal muscles that re-
quire energy expenditure (WHO, 2010). Aerobic exercise is a
specific subcategory of physical activity that is characterized
by rhythmic, sustained movement of large muscle groups, and
which is primarily dependent on energy-generating processes
that occur through oxygen metabolism. The primary goal of
aerobic exercise is to improve or maintain cardiorespiratory
fitness, which is the capacity of the circulatory and respiratory
system to supply oxygen during sustained exercise.

Aerobic exercise is the most widely examined exercise modal-
ity with respect to mental health outcomes, and there is suf-
ficient evidence to suggest it is implicated in improvements
in psychological health. For example, meta-analytic evidence
based on RCT interventions suggest that aerobic exercise of
various modalities has a moderate effect on reducing depres-
sion (d = -0.55; Cooney et al., 2013) and anxiety symptoms
(d = -0.58; Stubbs et al., 2017). There is also preliminary
evidence by way of meta-analysis that the effect of aerobic ex-
ercise on mental health outcomes may follow a dose-response
relationship with the number of exercise sessions completed
(although, effect size may decline in magnitude at very high
frequencies [e.g., 37+ exercise sessions]; see Cooney et al.,
2013). Meanwhile, the relationship between effect size and
intensity of exercise has not yet been established (Cooney et
al., 2013; Wipfli, Rethorst, & Landers, 2008).

Aerobic exercise can be implicated in improvement in car-
diorespiratory fitness, which in turn, is associated with
widespread physiological effects that enhance cardiovascular
health. For example, this includes improved glucose tolerance,
reduced low-grade chronic inflammation, and a lower preva-
lence of hypertension (DeFina et al., 2015). With respect to
psychosocial stress, it has been hypothesized that the salutary
mental health outcomes that arise following exercise training
may be related to exercise-associated adaptations to stress-
responsive systems (Sothmann et al., 1996). This includes
a reduction in reactivity of cardiovascular, metabolic, auto-
nomic, and neuroendocrine systems in response to exercise
stress, which carry over to a reduction in reactivity in response
to psychosocial stressors. Consequently, cardiorespiratory
fitness may be an important mediator of improvements in

87



MENTAL AND PHYSICAL TRAINING 3

mental health outcomes observed following regular aerobic
exercise.

Self-reports of physical activity are a subjective construct
that measure behaviors that may be associated with cardiores-
piratory fitness. These constructs are often implicated in a
reduction in psychosocial stress and the prevalence of stress-
related disorders (Schnohr, Kristensen, Prescott, & Scharling,
2005; Strohle et al., 2007). However, direct assessments of
cardiorespiratory fitness provide a more objective method
of investigating the relationship between fitness and mental
health.

In the exercise physiology literature, two objective measures
include maximal aerobic capacity (V̇O2max) and aerobic econ-
omy (Barnes & Kilding, 2015; Bassett & Howley, 2000;
Strasser & Burtscher, 2018). V̇O2max represents the maxi-
mal amount of oxygen that can be consumed during exhaus-
tive exercise, where a higher V̇O2max is indicative of greater
cardiorespiratory fitness. Aerobic economy represents the
steady-state energy requirement of exercise conducted at a
constant exercise intensity (e.g., running at a constant veloc-
ity). Here, a lower energy requirement at a constant intensity
is indicative of higher aerobic economy and greater cardiores-
piratory fitness. Research examining the relationship between
V̇O2max and mental health outcomes has so far been mixed.
Several cross-sectional studies have reported no relationship
between V̇O2max and mental health (Hamer & Stamatakis,
2010; Lindwall, Ljung, Hadžibajramović, & Jonsdottir, 2012),
while a recent controlled trial reported that an improvement in
V̇O2max was associated with a reduction in psychosocial stress
(Kettunen, Vuorimaa, & Vasankari, 2015). Meanwhile, aero-
bic economy is relatively understudied in the mental health
literature altogether.

Combination training

Improvements in mental health outcomes are often observed
in interventions that make use of mindfulness in combination
with physical activity (e.g., yoga and mindful walking; Kabat-
Zinn, 2005). One recent example is Mindful2Work: a single-
arm nonrandomized pilot and feasibility trial that delivered
mindfulness, physical activity, and yoga training concurrently
to a sample of employees medically diagnosed with severe
work-related stress (de Bruin, Formsma, Frijstein, & Bögels,
2017). This trial comprised mindfulness psychoeducation (80
min/week), home mindfulness practice (20 min/day), physical
activity (20 min twice per week), and yoga exercises (10 min
twice per week) completed concurrently over a period of
six weeks. The authors concluded that the intervention was
effective in this clinical sample, whereby participants reported
a reduction in chronic psychosocial stress and stress-related
symptoms. These effects were also maintained at a six-week
follow-up.

Unfortunately, such studies tend to examine physical activ-
ity broadly, rather than through structured aerobic exercise
conducted at a frequency and intensity sufficient to maintain
or improve cardiorespiratory fitness. For example, in the
above study, physical activity comprised a combination of
(unspecified) aerobic and strength exercises. The authors also
relied on a subjective measure of intensity (i.e., 70% of one’s
full capacity) rather than objective assessments via V̇O2max.

One exception is mental and physical (MAP) training: an
intervention involving focused-attention meditation in combi-
nation with aerobic exercise (Alderman et al., 2016). (Mode
= treadmill running or stationary cycling; intensity = heart
rate equivalent to 50 – 70% V̇O2peak). Mental and physical
training components in this program were each conducted
in separate 30 min sessions twice per week for eight weeks.
In this study, MAP training was successful in reducing de-
pressive symptoms and the disposition to ruminate in both
clinically depressed and non-depressed participants. However,
there were no reported changes in cardiorespiratory fitness.

Rationale for a nonrandomized pilot and feasibility trial

The above studies provide preliminary support that combining
aerobic exercise and mindfulness-based training may improve
mental health outcomes. However, these trials fall short of
informing the development of a future RCT as the basis for
a prevention-focused stress reduction intervention in healthy
adults. To this end, we conducted a non-randomized pilot
and feasibility trial that comprised an aerobic exercise and
mindfulness-based intervention that were completed concur-
rently over 16 weeks. The aerobic exercise component, specif-
ically, comprised a mixture of endurance running and interval
training completed at a frequency and intensity considered
sufficient to maintain or improve cardiorespiratory fitness (see
Pescatello, Arena, Riebe, & Thompson, 2014).

The primary research objectives of this trial were twofold.
First, we aimed to estimate the range and direction of within-
group changes in chronic psychosocial stress in a non-clinical
sample, as well as secondary outcomes that may explain any
potential change. And second, we aimed to obtain sufficient
assurance of protocol feasibility with respect to retention
rate, assessment response rate, recruitment rate, and required
sample size for a confirmatory trial. Overall, this trial would
address whether a definitive RCT comparing aerobic exercise,
mindfulness, combination training, and a control arm is an
appropriate trial design. Because the combination interven-
tion is the most labor intensive and comprises all elements of
a future RCT, a single-arm trial was considered an efficient
use of limited resources to examine most uncertainties that
may arise in the definitive trial.
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Enrolment Assessed for eligibility (n = 45)

Nonrandomized (n = 24)

Excluded (n = 21)

•   Not meeting inclusion criteria (n = 17)

•   Declined to participate (n = 4)

Assignment

Allocated to intervention (n = 24)

•   Received allocated intervention (n = 24)

•   Did not receive allocated intervention (give reasons) (n = 0)
Allocation

Completed intervention (n = 17)

Discontinued intervention (give reasons) (n = 7)

•   Time burden (n = 4)

•   Running injury (n = 2)

•   Injury acquired external to the intervention that prevented 

    further participation (n = 1) 

Follow-Up

Psychosocial stress, mindfulness, emotion regulation, and maximal 

aerobic capacity (n = 17)

•   Excluded from analysis (give reasons) (n = 0)

Aerobic economy (n = 13)

•   Excluded from analysis (give reasons) (n = 4)

•   Four participants did not attain steady-state exercise 

    velocities across all of 6, 8, 10, and 12 km/h. 

Analysis

Figure 1. CONSORT flow chart

Methods

Study design

This nonrandomized pilot and feasibility trial was conducted
as a single-arm trial where all participants were subjected to
aerobic exercise and mindfulness-based training, delivered
concurrently. Assuming that the relationship between inter-
vention exposure and its effect on psychosocial stress is linear,
there will be greater statistical power to detect within-group
changes as the intervention duration increases. Therefore, in
this pilot trial we doubled the typical duration of a mindful-

ness or MAP intervention and subjected participants to 16
weeks of training.

This trial was conducted across two waves: wave 1 (August
to November 2016, n = 5) and wave 2 (April to July 2017, n
= 19). Recruitment was conducted across a one-month time
period prior to the trial period of each wave. Pre-test (T0) and
post-test (T1) measures were obtained 1 to 4 weeks prior to
and after the trial period. Participants were predominantly
postgraduate and undergraduate students from a variety of
disciplines, and these periods were selected to correspond
to “low-stress” periods in the academic calendar (i.e., pre-
or -post semester). Responses to self-report measures were
collected online via Qualtrics (www.qualtrics.com) and as-
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sessments of cardiorespiratory fitness were collected in an
exercise laboratory at Monash University. Descriptions of
each assessment are provided in the methods section below.
No remuneration was offered.

Participants

Participants self-selected into the trial by responding to an
advertisement posted to online community groups based in
Melbourne, Australia. These advertisements described the
study as a mental and physical training program for stress
management. Young adults between the ages of 18 and 35
years were targeted to reduce age-related variance in assess-
ment responses, and because this age group was considered
less likely to experience an adverse exercise-related incident.
Exclusion criteria were: (1) age not within 18 – 35 years,
(2) prior completion of an endurance event equivalent to a
half-marathon (21.1 km), (3) prior completion of a formal
meditation program, (4) current diagnosis of a neurological or
mental disorder, (5) current diagnosis/history of chronic pain
or musculoskeletal conditions, (6) current diagnosis/history of
chronic disease of any kind, (7) current diagnosis of a heat or
cold disorder, (8) current use of medication that influences the
neuroendocrine or immune system, (9) current injury of any
kind (e.g., joint or muscle injury), (10) current diagnosis of an
infectious disease, (11) BMI ≥ 30 kg/m2, or (12) pregnancy or
suspected pregnancy. All participants reported no engagement
in regular running training or meditation practice within six
months prior to the first assessment.

Pilot trial methodologists suggest that 15 – 20 participants
per cell of a trial design can provide a reasonable estimate
for most medium to large effects without wasting resources
(Whitehead, Julious, Cooper, & Campbell, 2016). To attain
at least 15 participants and account for an estimated dropout
rate of 30 – 35%, the rule for termination of data collection
was set between 24 and 26 participants. Figure 1 shows
the Consolidated Standards of Reporting Trials (CONSORT)
diagram for participant flow through the trial.

Twenty-four participants were allocated to the intervention
and 70.8% provided full data. The final sample size was
N = 17 (baseline data is given in Table 1). This satisfied
our requirements to detect medium to large changes in our
primary dependent measure of chronic psychosocial stress
(see section: Criteria for preliminary evidence of an effect).
No attempts were made toward further data collection.

Intervention

The training program involved a mindfulness-based interven-
tion (MBI) and aerobic exercise training program completed
concurrently over a period of 16 weeks. Each component of
the program is described in detail in Supplementary Materials.

Briefly, the MBI comprised eight group psychoeducation and
reflection activity sessions (55 min each) and formal focused-
attention meditation practice (up to 20 min of individual home
practice, conducted daily). All group training sessions fol-
lowed a similar structure (Supplementary Materials Table 1),
and were interspersed throughout the full 16-week program
(Supplementary Materials Table 2).

The exercise program comprised three runs per week over 16
weeks following a half-marathon training schedule (Supple-
mentary Materials Table 3), alongside several training support
workshops. The exercise program involved a combination
of high-intensity interval training and moderate-to-vigorous
intensity endurance training, with the latter gradually increas-
ing in duration across the intervention. Exercise intensity
categories assigned to each run were formally defined by
the ACSM exercise prescription guidelines (Pescatello et al.,
2014). Participants differed in cardiorespiratory fitness at
baseline as identified through V̇O2max testing. Therefore, ex-
ercise prescriptions adhering to these categories (i.e., the ve-
locity required to attain a specific intensity category) were
individualized to each participant by plotting oxygen con-
sumption (V̇O2 mL/kg/min) against running velocity (km/h)
in a regression model derived from the baseline V̇O2max test.
Participants were issued a GPS-enabled sportswatch (Garmin
Forerunner 235, Garmin, US) to guide and track their perfor-
mance.

Adherence requirements for the MBI were that participants
attend at least 50% of the group psychoeducation sessions
and complete at least 50% of the formal meditation target
(target = 37.34 h [20 min/day over 16-weeks]; adherence
requirement = 18.67 h). Compliance was monitored through
attendance records and self-report of formal practice in an
online spreadsheet (Google Sheets, Google, US). Adherence
requirements for the exercise program were that participants
complete at least 50% of all prescribed running sessions
(target = 48 individual runs [3 runs/week over 16 weeks];
adherence requirement = 24 runs). Additional measures of
dosage included total running distance (km), total running
time (h), and mean exercise intensity (reported as the mean
percentage of V̇O2max at which a participant conducted their
training averaged across all running sessions). Compliance
was monitored through GPS-enabled sportswatch data (i.e.,
running time, velocity, and distance) which was recorded
for each running session and uploaded to an online database
(connect.garmin.com).

Measures

Estimation of trial treatment effects

Chronic psychosocial stress. The Perceived Stress scale
(PSS-10; Cohen & Williamson, 1988) was the primary mea-
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Table 1
Baseline demographic characteristics of participants.

All PSS declined
PSS increased
or no change

Total n (%) 17 (100.00%) 12 (70.59%) 5 (29.41%)
Mean baseline PSS-10 (SD) 20.12 (7.56) 23.50 (5.35) 12.00 (5.74)
Mean age in years (SD) 22.88 (2.71) 23.08 (2.84) 22.40 (2.61)
Gender: male n (%) 8 (47.06%) 5 (29.41%) 3 (17.65%)
Gender: female n (%) 9 (52.94%) 7 (41.18%) 2 (11.76%)
Ethnicity: Caucasian n (%) 11 (64.71%) 7 (41.18%) 4 (23.53%)
Ethnicity: Asian n (%) 6 (35.29%) 5 (29.41%) 1 (5.88%)
Mean baseline V̇O2max 45.34 (7.44) 45.81 (5.58) 44.20 (11.54)
Mean baseline BMI (SD) 23.29 (2.65) 23.96 (2.45) 21.68 (2.64)

Note. SD = standard deviation; n = count; PSS-10 = Perceived Stress Scale;
V̇O2max = maximal aerobic capacity; BMI = body mass index.

sure of chronic psychosocial stress and the primary outcome
measure for this trial. The PSS-10 is one of the most widely
used psychosocial stress scales and assesses the extent to
which an individual appraises their life as unpredictable, un-
controllable, or overloaded over the past month (scale: 0 =

never, 4 = very often). Higher total scores on this 10-item
measure reflect greater chronic psychosocial stress. The PSS-
10 demonstrated good reliability in this sample (αT0 = .93;
αT1 = .80).

To provide converging evidence that changes in this scale
were reliable, we additionally assessed several secondary out-
comes that should covary with PSS-10 scores. This included
depression, anxiety, and stress symptoms using subscales of
the Depression Anxiety Stress Scale (DASS-21; Lovibond &
Lovibond, 1995), and subjective wellbeing using the World
Health Organization Wellbeing Index (WHO-5; WHO, 1998).
Higher total scores on the DASS-21 represent poorer mental
health outcomes, while higher total scores on the WHO-5 rep-
resent greater wellbeing. Each secondary outcome measure
demonstrated adequate reliability (DASS-21: depression [αT0
= .87; αT1 = .79]; anxiety [αT0 = .64; αT1 = .81], stress [αT0
= .64; αT1 = .73]; WHO-5: wellbeing [αT0 = .86; αT1 = .83]).

Dispositional mindfulness. The Mindful Attention Aware-
ness Scale (MAAS; Brown & Ryan, 2003) was used to assess
dispositional use of mindfulness. The MAAS is a widely
used 15-item scale that examines how frequently individuals
experience an absence of attention to and awareness of present
moment experiences (scale: 1 = almost always, 6 = almost
never). Higher mean scores indicate higher dispositional
mindfulness. The MAAS demonstrated good reliability in
this sample (αT0 = .86; αT1 = .85).

Cognitive reappraisal. The cognitive reappraisal subscale
of the Emotion Regulation Questionnaire (ERQ-CR; Gross &
John, 2003) was used to assess dispositional use of cognitive

reappraisal. This 6-item scale assesses the extent to which an
individual uses cognitive reframing of situations to change
how they feel about an emotional experience (scale: 1 =

strongly disagree, 7 = strongly agree). Higher mean scores
indicate higher dispositional use of cognitive reappraisal. The
ERQ-CR had good reliability (αT0 = .91; αT1 = .93).

Repetitive negative thinking. Maladaptive rumination
(past-oriented) and worry (future-oriented) were used to as-
sess the disposition to engage in self-focused, repetitive, and
perseverative thought processes that maintain negative affect
during times of psychosocial stress (i.e., maladaptive emotion
regulation strategies).

The maladaptive form of rumination was examined using
the 5-item brooding subscale of the Ruminative Responses
Scale (RRS-BR; Treynor, Gonzalez, & Nolen-Hoeksema,
2003), where higher scores indicate greater use of negative
self-reflection and a focus on obstacles to problems when
experiencing a negative mood (scale: 1 = almost never, 4
= almost always). The reflection subscale of the RRS was
excluded because it captures positive aspects of rumination
and has been shown to suffer from a poor factor structure
(Griffith & Raes, 2015). The RRS-BR had good reliability
(αT0 = .88; αT1 = .86). Worry was examined using the 16-
item Penn State Worry Questionnaire (PSWQ; Meyer, Miller,
Metzger, & Borkovec, 1990). The PSWQ assesses the gener-
ality, excessiveness, and uncontrollability and an individuals’
disposition to worry (scale: 1 = not at all typical of me, 5
= very typical of me). Higher total scores indicate a higher
disposition to worry. The PSWQ had good reliability in this
sample (αT0 = .96; αT1 = .91).

Cardiorespiratory fitness. Maximal aerobic capacity
(V̇O2max) and aerobic economy were estimated using a graded
incremental exercise protocol on a motorized treadmill (Win-
ter, Jones, Davidson, Bromley, & Mercer, 2007). During the
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exercise protocol, a 1% treadmill gradient was maintained to
match the energy-cost of outdoor running (Jones & Doust,
1996). Prior to beginning the protocol, participants completed
a 2 – 3 min warm-up of treadmill running at a low-intensity
velocity of their choosing. The protocol began with treadmill
running at 6 km/h, and velocity (i.e., exercise intensity) was
increased in increments of 2 km/h every 3 min until volitional
exhaustion or until V̇O2max criteria were obtained.

The final minute of treadmill running at each velocity (i.e.,
2 to 3 min) represented the steady-state for a given exercise
intensity (e.g., 6, 8, 10, 12, and 14 km/h). At each steady-state
period, heart rate was recorded using a Polar heart rate monitor
(Polar Electro, Kempele, Finland) and perceived exertion was
recorded using the Borg Rating of Perceived Exertion (RPE)
scale (6 = no exertion at all, 20 = maximal exertion; Borg,
1982). Oxygen consumption (V̇O2 L/min) was measured
continuously using open-circuit spirometry (Vmax Encore
Metabolic Cart, Carefusion, San Diego, California, USA).
Criteria for V̇O2max were volitional exhaustion, or when two
of the following were satisfied: (1) a plateau in oxygen con-
sumption despite increasing work rate, (2) a heart rate more
than 90% predicted (220 beats/min minus age in years), or (3)
a respiratory exchange ratio greater than 1.15.

Four measures of aerobic economy were obtained in the final
minute of each running velocity (i.e., each steady-state exer-
cise intensity). This included: (1) absolute oxygen cost (V̇O2
L/min), (2) relative oxygen cost (i.e., oxygen cost relative to
V̇O2max; %V̇O2max), (3) heart rate (beats/min), and perceived
exertion (RPE). The percentage of participants reaching each
intensity were: 6 km/h = 100%, 8 km/h = 100%, 10 km/h
= 82.4%, 12 km/h = 76.5%, 14 km/h = 23.5%. Therefore,
to assess within-group changes in aerobic economy with re-
spect to time and across broadest range of exercise intensities,
analyses of aerobic economy were restricted to the 76.5% of
participants with full data across 6 to 12 km/h (i.e., n = 13).

To ensure test-retest reliability, testing protocols at T0 and
T1 were conducted under identical conditions (temperature:
20 – 25° C; humidity: ≤ 60%; air circulation controlled at
10 km/h using a motorized fan; assessments at T0 and T1
were completed at the same time [within ± 2 h]). Participants
were prohibited exercise, alcohol, or caffeine consumption
within 24 h of testing, and diet was restricted (i.e., mandatory
consumption of a small meal containing carbohydrates 2 h
prior to exercise and no further food until test completion).

Protocol feasibility

Retention rate. This measure was quantified as the percent-
age of participants nonrandomized into the trial who success-
fully completed the trial. A recent meta-analysis of MBIs
for healthy (i.e. non-clinical) individuals reported a mean

dropout rate of 17.0% (83.0% retention; Khoury et al., 2015).
However, this dropout rate ranged from 3.0 – 34.9% (65.1 –
97.0% retention) across studies. With respect to aerobic exer-
cise interventions, attrition rates in previously non-exercising
individuals have been reported to range from 7 – 58% (42 –
93% retention; Linke, Gallo, & Norman, 2011). Based on this
information, we determined that a retention rate as low as 65%
was an acceptable criterion to recommend proceeding with
a definitive trial. This corresponded to the lowest retention
rate reported for MBIs in healthy individuals. Because MBIs
typically have a high retention and have been shown effective
for reducing chronic psychosocial stress, a retention lower
than 65% may indicate that this intervention is not feasible
compared to already existing effective interventions.

Assessment response rate. This measure was quantified
as the percentage of participants providing full pre-test (T0)
and post-test (T1) datapoints across the trial. An assessment
response rate of 95% for our primary dependent variable of
(chronic psychosocial stress) was considered an acceptable
criterion to recommend proceeding with a definitive trial.

Recruitment rate and sample size planning. Recruitment
rate was quantified as the percentage of all applicants who sat-
isfied the inclusion criteria and agreed to participate. Sample
size planning was conducted using an accuracy in parameter
estimation sample size analysis with 99% assurance. The goal
of this analysis is to determine the sample size required so that
the expected half-width of a 95% CI (i.e., margin-of-error:
MoE) on a sample effect size is sufficiently narrow on 99% of
occasions (Maxwell, Kelley, & Rausch, 2008). The recom-
mendation we adopted was a target MoE of no more than half
of the expected population effect size (as recommended by
Cumming & Calin-Jageman, 2016, p. 266).

The required sample size was computed for T1 – T0 gain
scores on the PSS-10 scale (within-group changes), as well
as for hypothetical differences between independent arms of
a confirmatory trial (between-group changes). Recruitment
feasibility was specifically assessed against a five-year pro-
tocol where the 16-week program is repeated twice per year
for a total of 10 trials. A further assumption was made that it
would only be feasible to conduct each trial run with a total
20 participants per treatment arm (i.e., with four treatment
arms: n = 80 per trial). This meant that the total maximum
number of participants across 10 trials would be n = 200 per
treatment arm (i.e., total N = 800).

Statistical analysis

All data were analyzed using R statistical software (v. 3.5.1;
R Core Team) on R Studio (v. 1.1.456; RStudio, Inc) for
Windows 10.
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Criteria for preliminary evidence of an effect

The primary role of a pilot trial is to provide assurance for a
future definitive trial and to provide an estimate of the range
and magnitude of a treatment effect. Pilot trial methodolo-
gists therefore recommended consideration of α thresholds
other than .05 as preliminary evidence of an effect, and to
focus mainly on confidence interval (CI) estimation (Lee,
Whitehead, Jacques, & Julious, 2014; Thabane et al., 2010).
Specific recommendations include one-sided α levels from
.20 to .25 and corresponding 100(1 − α)% confidence limits
(Lee et al., 2014). In this trial we will use two-sided thresh-
olds because it cannot be justified that an outcome in the
wrong tail is meaningless or a chance occurance. Specifically,
we will consider α = .05 (two-sided) as strong evidence of
incompatibility with a null effect (alongside 95% CIs), and α
= .20 (two-sided) as preliminary evidence of incompatibility
with a null effect (alongside 80% CIs).

Based on these parameters in sample of N = 17, the critical t
value for the test of our primary dependent measure is 1.34.
This corresponds to an operative effect size for paired designs
(hereby: dz) of 0.32. Therefore, only effects where dz > ± 0.32
will be detectable in this study. The relationship between dz

for paired designs and Cohen’s d for between-groups designs
is a factor of

√
2, which suggests that Cohen’s benchmarks

for dz correspond to small (.14), medium (.35), and large
(.57) (Lakens, 2017). This indicates that we are capable of
detecting most moderate to large effects as planned. However,
it must be emphasized that any effect size computed on pilot
data will be imprecise, even at a traditional α = .05 threshold.
Therefore we caution the reader to carefully consider the
confidence intervals on each of our reported effects and not
merely the point estimate.

Estimation of trial treatment effects

Psychosocial stress factors, mindfulness, emotion regula-
tion, and V̇O2max. Responses to these variables were ana-
lyzed using one-sample t tests on T1 – T0 gain scores (t.test:
base R). (Sampling Units: n = 17; observations = 34). As a
sensitivity test to any assumption violations, these variables
were also analyzed using robust methods based on T1 – T0
contrasts of the 20% trimmed mean difference using a per-
centile bootstrap approach (trimpb: Rallfun package [v-35];
Wilcox (2018); bootstrap samples = 2000). Unstandardized
effect sizes were reported as the T1 – T0 gain score alongside
80% and 95% CIs. Standardized effect sizes were reported as
Cohen’s d using the standard deviation of the pretest scores
as standardizer (hereby dpretest), as recommended in Glass,
McGaw, and Smith (1981) for pre-post designs. This corre-
sponded to the equation:

dpretest =
MT1 − MT0

S DT0
(1)

The 80% and 95% CIs on dpretest were computed using the
bias-corrected-and-accelerated (BCa) bootstrap method with
2000 resamples (boot: boot package [v-1.3-22]; Canty & Rip-
ley, 2019). Interpretation of dpretest is consistent with Cohen’s
d for between-groups designs.

Aerobic economy. These variables included absolute oxy-
gen cost, relative oxygen cost, heart rate, and perceived ex-
ertion (RPE). (Sampling Units: n = 13; observations = 104).
These data were arrayed as separate 2 (Time: T1 vs. T0) by
4 (Velocity: 6, 8, 10, and 12 km/h) within-within factorials
and analyzed using linear mixed models fit by REML (lmer:
lmerTest package [v-3.1-0]; Kuznetsova, Brockhoff, & Chris-
tensen, 2017). Fixed effect intercepts were included for time,
velocity, and their interaction, and random effect intercepts
were included for participants. The final model equation was:

y ∼ time × velocity + (1 | participant) (2)

To determine whether random participant intercepts improved
model fit, REML-likelihood ratio tests of the model with and
without random intercepts were performed (ranova: lmerTest
package). Satterthwaite’s degrees of freedom was used to
evaluate the significance of F tests for fixed effects terms
(anova: lmerTest package) and t tests for follow-up pairwise
comparisons (emmeans: emmeans package [v-1.3.2]; Lenth,
2019), as recommended by Luke (2017). Fixed effects yield-
ing p < .20 were followed up with pairwise contrasts of T1 –
T0 gain scores. Unstandardized effect sizes were reported as
T1 – T0 gain scores alongside 80% and 95% CIs. Because of
the method by which variance is partitioned in mixed models
(e.g., Rights & Sterba, 2018), standardized effect sizes were
not computed as there is no widely agreed-upon method of
doing so.

The assumptions of linearity and homoskedasticity were as-
sessed visually by plotting fitted values against their residu-
als (fitted and residuals functions: base R). The assumption
of normality of residuals was assessed visually by plotting
residuals in a Q-Q plot (ggqq function: userfriendlyscience [v-
0.7.2]; Peters, 2018). As a sensitivity test, data were screened
for participant and response-level outliers using a criterion
of Cook’s distance > 1 (cooks.distance: HLMdiag package
[v-0.3.1]; Loy & Hofmann, 2014).

Sample size planning

Sample size planning for a confirmatory trial focused on our
primary outcome: PSS-10. First, the mean gain score was
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Table 2
Summarized dosage results.

M (SD) Range

MBI Attendance (%) 79.41 (11.64) 62.50 - 100.00
Formal Meditation (h) 24.81 (2.69) 19.33 - 29.42
Run Sessions 34.76 (5.39) 25.00 - 42.00
Mean Exercise
Intensity (% V̇O2max) 70.54 (6.69) 56.78 - 82.15

Run Distance (km) 228.10 (81.67) 143.80 - 474.27
Run Time (h) 24.50 (6.82) 17.99 - 45.37

Note. M = mean; SD = standard deviation; h = hours, km
= kilometers; V̇O2max = maximal aerobic capacity, MBI =

mindfulness-based intervention.

divided by the standard deviation of the gain scores, yield-
ing the operative effect size dz. Second, a safeguard effect
size was computed by calculating the lower limit of a one-
sided 80% CI on dz (conf.limits.nct: MBESS). A safeguard
effect size is designed to guard against imprecise estimation
of pilot effect estimates by decreasing the magnitude of an
effect based on the width of its confidence interval (Perugini,
Gallucci, & Costantini, 2014). These two effect size estimates
(hereby population estimates: δz) were then used as input to
an accuracy in parameter estimation sample size analysis with
99% assurance (ss.aipe.sm: MBESS package). This process
was repeated for operative between-group d statistics (hereby:
δs) ranging from 0.8 to 0.2 (ss.aipe.smd: MBESS package).
The latter analysis estimated the sample size required to detect
hypothetical differences (with precision) between T1 – T0
gain scores of different arms of a confirmatory RCT.

Results

All participants who completed the trial met the adherence
requirements. The overall trial dosage results are reported in
Table 2.

Estimation of trial treatment effects

Psychosocial stress factors, mindfulness, emotion regula-
tion, and V̇O2max. Summarized results of these analyses
are given in Table 3 (see Supplementary Results Table 1 for
confidence limits other than 95%).

Chronic psychosocial stress. There was an overall reduction
in our primary dependent measure: chronic psychosocial
stress (M = -4.24, 95% CI [-7.84, -0.63], p = .024; see Figure
2A and 2B). This effect was also robust (pR = .020). Twelve
participants reported a reduction on the PSS-10, and five
participants reported no change or an increase. In common
language, there was a 72.7% chance that a participant picked
at random would report a lower PSS-10 score following the
trial compared to before the trial. Because seven participants

dropped out of the trial, we also assessed whether survivor-
ship bias was a threat to the validity of this test result. To
this end, we conducted a last observation carried forward
analysis which included the last known state of the subject
in the analysis under the assumption they would report no
change had they completed the trial. This analysis yielded a
small decline in effect size magnitude, but the test remained
statistically significant at a traditional .05 threshold (M =

-3.00, 95% CI [-5.61, -0.39], p = .026, pR = .018).

Reductions in PSS-10 were corroborated by improvement
in several secondary stress measures. There was an overall
reduction in stress symptoms (M = -4.59, 95% CI [-6.73, -
2.44], p < .001) and depressive symptoms (M = -4.00, 95%
CI [-7.25, -0.75], p = .019), and an overall improvement in
global wellbeing (M = 9.65, 95% CI [1.55, 17.75], p = .023).
These effects were also robust. However, we are insufficiently
confident to comment on the direction of change in anxiety,
even at a liberal statistical threshold (M = 0.12, 95% CI [-2.22,
2.46], p = .916). A robust test did not change this conclusion.

Mindfulness. Participants reported an overall increase in
dispositional mindfulness (M = 0.22, 95% CI [-0.17, 0.60],
p = .256). However, these data are compatible with a 0.17
unit decrease in mindfulness as well as a 0.60 unit increase in
mindfulness. Therefore, are insufficiently confident to com-
ment on the direction of this change, even at a liberal statistical
threshold. A robust test did not change this conclusion.

Emotion regulation. There was a mean improvement in the
use of cognitive reappraisal (M = 0.86, 95% CI [0.33, 1.39], p
= .003). This effect was robust. There was a mean reduction
in the use of maladaptive rumination (M = -1.41, 95% CI
[-2.72, -0.10], p = .037). This effect was robust at a liberal
threshold (pR = .051). Finally, there was an overall reduction
in the disposition to worry (M = -6.18, 95% CI [-11.34, -1.01],
p = .022). This effect was also robust.

V̇O2max. There was a negligible change in V̇O2max (M = 0.25,
95% CI [-2.83, 3.32], p = .868). However, we are insuffi-
ciently confident to comment on the overall direction of this
change, even at a liberal statistical threshold. A robust test
did not change this conclusion.

Aerobic economy. Summarized results of aerobic economy
analyses are given in Table 4. Confidence limits other than
95%, and follow-up tests for fixed effects that yielded .05 <

p < .20 are reported in Supplementary Results Table 2. Mod-
elling variability in participant intercepts improved model
fit for each mixed model (ps < .001; see Supplementary Re-
sults Tables 3 through 6). The assumptions of linearity, ho-
moskedasticity, and normality of residuals were adequate for
each model, and a sensitivity test revealed no evidence of
participant and response-level outliers in each model.
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Table 3
Summarized results for pre-test (T0), post-test (T1), and gains (T1 – T0) for psychosocial stress factors, mindfulness, emotion
regulation factors, and maximal aerobic capacity.

T0: M (SD) T1: M (SD) Gain: M (SD) [95% CI] dpretest [95% CI] t p pR

Psychosocial Stress
PSS-10 20.12 (7.56) 15.88 (4.54) -4.24 (7.01) [-7.84, -0.63] -0.56 [-1.14, -0.06] -2.49 .024 .020
DASS-21 (S) 28.59 (6.07) 24.00 (5.87) -4.59 (4.17) [-6.73, -2.44] -0.76 [-1.24, -0.52] -4.54 <.001 <.001
DASS-21 (A) 19.88 (4.82) 20.00 (6.60) 0.12 (4.55) [-2.22, 2.46] 0.02 [-0.43, 0.53] 0.11 .916 .789
DASS-21 (D) 23.76 (7.21) 19.76 (4.63) -4.00 (6.32) [-7.25, -0.75] -0.56 [-0.98, -0.15] -2.61 .019 .015
WHO-5 54.35 (18.55) 64.00 (12.65) 9.65 (15.75) [1.55, 17.75] 0.52 [0.19, 1.02] 2.53 .023 .028

Mindfulness
MAAS 3.78 (0.70) 4.00 (0.66) 0.22 (0.75) [-0.17, 0.60] 0.31 [-0.24, 0.88] 1.18 .256 .225

Emotion Regulation
ERQ-CR 4.31 (1.46) 5.18 (1.18) 0.86 (1.04) [0.33, 1.39] 0.59 [0.22, 1.15] 3.43 .003 .003
RRS-BR 11.00 (4.14) 9.59 (3.36) -1.41 (2.55) [-2.72, -0.10] -0.34 [-0.75, -0.07] -2.28 .037 .051
PSWQ 50.12 (16.19) 43.94 (11.26) -6.18 (10.05) [-11.34, -1.01] -0.38 [-0.78, -0.05] -2.53 .022 .012

Aerobic Capacity
V̇O2max 45.34 (7.44) 45.58 (8.91) 0.25 (5.98) [-2.83, 3.32] 0.03 [-0.51, 0.42] 0.17 .868 .642

Note. Sampling Units: N = 17 and observations = 34. Degrees of freedom for Student’s t test = 16. M = mean; SD = standard
deviation; CI = confidence interval; dpretest = Cohen’s d with pretest standard deviation as standardizer; p = p value; pR =

robust p value. PSS = Perceived Stress Scale; DASS-21 = Depression Anxiety Stress Scales (S = Stress; A = Anxiety; D =

Depression); WHO-5 = World Health Organization Wellbeing Index; MAAS = Mindful Attention Awareness Scale; ERQ-CR
= cognitive reappraisal subscale of the Emotion Regulation Questionnaire; RRS-BR = brooding subscale of the Ruminative
Responses Scale; PSWQ = Penn State Worry Questionnaire; V̇O2max = maximal aerobic capacity.

Absolute oxygen cost. There was a statistically significant
main effect of time (F(1, 84) = 7.57, p = .007) and velocity
(F(3, 84) = 209.18, p < .001). We are insufficiently confident
to comment on the presence of an interaction (F(3, 84) = 1.20,
p = .316). A pairwise (T1 – T0) contrast of the main effect of
time indicated that, on average, there was a change in oxygen
cost across all velocities of -0.14 V̇O2 L/min (95% CI [-0.24,
-0.04]; see Figure 3A).

Relative oxygen cost. There was a statistically significant
main effect of time (F(1, 84) = 16.09, p < .001) and velocity
(F(3, 84) = 381.90, p < .001). We are insufficiently confident
to comment on the presence of an interaction at a .05 threshold
(F(3, 84) = 1.90, p = .135). However, there is preliminary
evidence of an interaction using a liberal threshold (see Sup-
plementary Results Table 2 for follow-up to this interaction
using T1 – T0 contrasts of each velocity). A pairwise (T1 –
T0) contrast of the main effect of time indicated that, on av-
erage, there was a decrease in %V̇O2max across all velocities
following the trial (M = -4.37, 95% CI [-6.53, -2.20]; see
Figure 3B).

Heart rate. There was a statistically significant main effect
of time (F(1, 84) = 8.13, p = .005) and velocity (F(3, 84) =

238.43, p < .001). We are insufficiently confident to comment
on the presence of an interaction (F(3, 84) = 0.26, p = .855).
A pairwise (T1 – T0) contrast of the main effect of time indi-

cated there was, on average, a decrease in heart rate across all
velocities (M = -4.56, 95% CI [-7.75, -1.38]; see Figure 3C).

Perceived exertion (RPE). There was a statistically signifi-
cant main effect of time (F(1, 84) = 13.93, p < .001) and
velocity (F(3, 84) = 237.52, p < .001). We are insufficiently
confident to comment on the presence of an interaction (F(3,
84) = 0.53, p = .666). A pairwise (T1 – T0) contrast of the
main effect of time indicated there was, on average, a decrease
in RPE across all velocities following the trial (M = -0.71,
95% CI [-1.09, -0.33]; see Figure 3D).

Protocol feasibility

Retention rate. Of the 24 participants nonrandomized into
the trial, n = 17 completed the intervention (retention rate =

70.83%).

Assessment response rate. All participants provided
paired datapoints for chronic psychosocial stress, mindfulness,
use of emotion regulation strategies, and V̇O2max (response
rate = 100%). For assessments of aerobic economy, n = 17
participants reached a steady state velocity at 6 and 8 km/h
(100%), n = 14 reached 10 km/h (82.4%), n = 13 reached 12
km/h (76.5%), and n = 4 reached 14 km/h (23.5%).

Recruitment rate and sample size planning. Of the 45
participants who expressed interest in participation, n = 24
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Figure 2. (A) Means and 95% confidence intervals (CIs) at pre-test (T0) and post-test (T1) for responses to the PSS-10. Unfilled
circles are individual participant data points, and dashed lines join paired responses for each participant. (B) T1 – T0 gain
scores for the PSS-10, where (from largest to smallest) the error bar represents 95%, 90%, 85%, and 80% CIs. Unfilled circles
are individual gain scores, and a dashed line marks the null value of zero gain. Note: PSS-10 = Perceived Stress Scale.

met the inclusion criteria and agreed to participate (recruit-
ment rate = 53.3%). The results of the sample size planning
analysis are presented in Table 5. It is feasible to detect
within-group changes (with precision) up to δz = -0.37 and
between-group differences in gain scores (with precision) up
to δs = 0.50. Between-group differences in gain scores of δs

= 0.40 are detectable with 80% power, but without precision.
Detection of small between-group effects below these values
are infeasible.

Discussion

This study was a nonrandomized single-arm trial of an inter-
vention comprised of aerobic exercise and mindfulness-based
training delivered concurrently over 16-weeks. The first aim
of this trial was to estimate the range and direction of within-
group changes in chronic psychosocial stress (PSS-10) in
a non-clinical sample. Our analysis indicated that, overall,
chronic psychosocial stress (as measured by the PSS-10 scale)

declined following the trial. This effect was also statistically
robust, and persisted following a last observation carried for-
ward analysis where it was assumed that all participants who
dropped out would experience no change in PSS-10 scores.
These analyses indicate that the trial may alleviate chronic
psychosocial on a per-treatment protocol basis, as well as in
real-life situations where drop-out and noncompliance may
occur.

Reductions on the PSS-10 scale of the magnitude observed in
this trial have been considered clinically meaningful in past re-
search utilizing this measure (e.g., Hölzel et al., 2010; Huang,
Li, Huang, & Tang, 2015; Klatt, Buckworth, & Malarkey,
2009). In standardized terms, the overall estimate of change
was dpretest = -0.56 [-1.14, -0.06]. The meta-analytic estimate
of the effect of (controlled) mindfulness-based interventions
on stress outcomes in healthy participants has been reported
as d = -0.74, [-1.07, -0.41] (Khoury et al., 2015). If this effect
estimate and confidence interval represents the average ef-
fect of mindfulness-based training on stress-related measures,
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Table 4
Summarized Type III ANOVA table and follow-up pairwise contrasts of the linear mixed model
(fit by REML) for each aerobic economy outcome.

S S MS d f F p

Oxygen Cost
Main Effect of Time 0.49 0.49 1,84 7.57 .007
Main Effect of Velocity 40.23 13.41 3,84 209.18 <.001
Time × Velocity Interaction 0.23 0.08 3,84 1.20 .316

M [95% CI] S E d f t p

Time Contrast (T1 – T0) -0.14 [-0.24, -0.04] 0.05 84 -2.75 .007

Relative Oxygen Cost
Main Effect of Time 495.99 495.99 1,84 16.09 <.001
Main Effect of Velocity 35315.81 11771.94 3,84 381.90 <.001
Time × Velocity Interaction 175.98 58.66 3,84 1.90 .135

M [95% CI] S E d f t p

Time Contrast (T1 – T0) -4.37 [-6.53, -2.20] 1.09 84 -4.01 <.001

Heart rate
Main Effect of Time 541.73 541.73 1,84 8.13 .005
Main Effect of Velocity 47653.51 15884.50 3,84 238.43 <.001
Time × Velocity Interaction 51.82 17.27 3,84 0.26 .855

M [95% CI] S E d f t p

Time Contrast (T1 – T0) -4.56 [-7.75, -1.38] 1.60 84 -2.85 .005

Perceived Exertion (RPE)
Main Effect of Time 13.16 13.16 1,84 13.93 <.001
Main Effect of Velocity 673.57 224.52 3,84 237.52 <.001
Time × Velocity Interaction 1.49 0.50 3,84 0.53 .666

M [95% CI] S E d f t p

Time Contrast (T1 – T0) -0.71 [-1.09, -0.33] 0.19 84 -3.73 <.001

Note. Sampling Units: N = 13 and observations = 104; T0 = pre-test; T1 = post-test; SS =

sum of squares; MS = mean square; F = F statistic; df = degrees of freedom; p = p value;
M = mean; CI = confidence interval; SE = standard error; t = t statistic. F and t tests use
Satterthwaite’s degrees of freedom.

our current observed effect size of -0.56 could be consid-
ered average or moderate in magnitude. This standardized
change is also within the range reported meta-analytically for
mental health improvements observed following aerobic exer-
cise interventions (Cooney et al., 2013; Khoury et al., 2015).
Based on these observations, there is insufficient evidence
to suggest that combination training yields improvements in
chronic psychosocial stress over and above each intervention
alone. However, the confidence interval (CI) on our effect
indicates that the estimate of change in PSS-10 in this trial is
very imprecise. Both 80% and 95% CIs are consistent with
reductions in PSS-10 that could be considered smaller than
average, or even above average.

Further support for the validity of a reduction in PSS-10 scores
comes from changes in our secondary mental health outcome
measures. This included a reduction in stress and depressive
symptoms, and an improvement in global wellbeing. Indeed,

mean improvement in wellbeing was of a magnitude of ap-
proximately 10 percentage points on the WHO-5 scale, which
is indicative of a clinically relevant improvement with respect
to the scale (Topp, Østergaard, Søndergaard, & Bech, 2015).
However, we are insufficiently confident to comment on the
direction and magnitude of change in anxiety symptoms, even
at a liberal statistical threshold.

Participants reported an overall increase in dispositional mind-
fulness. This represented a partial unit change from somewhat
frequently to somewhat infrequently, in response how frequent
participants reported an absence of attention-to or awareness-
of present moment experiences. However, the confidence
interval on these data are also compatible with a partial unit
decrease in mindfulness, as well as a greater than half unit
increase in mindfulness. Therefore, we are insufficiently con-
fident to comment on the direction of change of this effect in
the present trial.
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Figure 3. Dot plots of aerobic economy data across velocity and time for (A) absolute oxygen cost (V̇O2 L/min), (B) relative
oxygen cost (%V̇O2max), (C) heart rate (beats/min), and (D) perceived exertion (RPE). The estimated marginal means for each
velocity at pre-test (T0) are marked by filled black circles, and at post-test (T1) are marked by filled black triangles. Each
unfilled circle represents an individual participant data point. Error bars represent 95% CIs.

Dispositional mindfulness represents the quality of attention
and awareness with which one attends to the present moment
experience, and is considered a core mechanistic component
of how MBIs exert their effects (Creswell & Lindsay, 2014;
Lindsay & Creswell, 2017). In the present trial, participants
reported an average of 24.81 h of formal meditation prac-
tice, which is within the range of practice reported meta-
analytically in a typical MBI in healthy participants (Khoury
et al., 2015). The meta-analytic estimate of the effect of MBIs
on mindfulness in the above publication was d = 0.60 [0.36,
0.85]. The small magnitude of change in mindfulness in the
present trial is therefore unexpected (i.e., dpretest = 0.31 [-0.24,
0.88]). However, it must be noted that measures of mind-
fulness are not consistently reported for MBI interventions
(Khoury et al., 2015), and over half of the studies reported in

a recent meta-analysis found no significant effect following
MBI training (Visted, Vøllestad, Nielsen, & Nielsen, 2015).
Further to this, scholars have recently began to call into ques-
tion the validity of some self-report mindfulness constructs
(for discussion, see Creswell, 2017). For example, while the
MAAS has been successfully used to report on mindfulness
differences between Zen meditators and a matched commu-
nity sample (Brown & Ryan, 2003), other researchers have
failed to find a relationship between MAAS and meditation
experience (Baer, Smith, Hopkins, Krietemeyer, & Toney,
2006), or have failed to discriminate between expert medita-
tors and populations with little or no meditation experience
(Christopher, Charoensuk, Gilbert, Neary, & Pearce, 2009).
The mindfulness assessment used in this intervention (and
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Table 5
Range of sample sizes required to estimate PSS-10 effects for a confirmatory RCT comparing aerobic
exercise, mindfulness, combination training, and a control arm.

Population Effect Target MoE N required per cell N adjusted
N required per
cell per trial Feasible

δz

-0.60 0.30 63 89 9 Yes
-0.37 0.18 132 186 19 Yes

δs

0.80 0.40 59 84 9 Yes
0.70 0.35 73 103 11 Yes
0.60 0.30 96 136 14 Yes
0.50 0.25 133 188 19 Yes
0.40 0.20 202 285 29 *Yes
0.30 0.15 352 496 50 No
0.20 0.10 779 1,098 110 No

Note. δz = within-group (T1 – T0) gain in PSS-10; δs = between-group differences in gain scores
between different arms of a future RCT; MoE = margin-of-error (i.e., the 95% confidence interval
half-width); N = number of participant; per cell = paired observations (δz) or observations per arm
of a future RCT (δs); N adjusted = N required per cell adjusted for the retention rate observed in
the pilot trial. Feasibility is judged against 10 repetitions of the trial over a five-year period with a
maximum of N = 20 per treatment arm across each repetition (i.e., total N = 80 per trial). Yes = trial
is feasible; *Yes = trial is not feasible using accuracy in parameter estimation criteria, however, the
effect is detectable with 80% power; No = trial is infeasible.

others) may therefore not sufficiently capture changes in this
cognitive capacity.

Participants reported an overall increase in use cognitive reap-
praisal. In descriptive terms, this represented a unit change
from neither agree or disagree to agree, in response to ques-
tions evaluating the disposition to use this emotion regulation
strategy. Evidence from intervention studies (Garland et al.,
2015b; Garland, Hanley, Goldin, & Gross, 2017) demonstrate
that mindfulness and MBI training is often implicated with a
greater capacity for this emotion regulation strategy. Improve-
ment in cognitive reappraisal is also considered central to
some mindfulness theories (e.g., the Mindfulness to Meaning
Theory; Garland et al., 2015b). Although, it is considered
non-essential or secondary to others (e.g., Chambers et al.,
2009). Beyond reappraisal, participants reported a decrease
in the use of maladaptive rumination and worry. Compared to
the meta-analytic estimate of the effect of mindfulness-based
training on stress, these effects might be considered small in
magnitude (rumination: dpretest = -0.34 [-0.75, -0.07]; worry:
dpretest -0.38 [-0.78, -0.05]). A reduction in these aspects
of repetitive negative thinking have been meta-analytically
implicated as mechanisms of mindfulness (Gu et al., 2015).
However, the effect of the trial on rumination was robust only
at a liberal error threshold. That is, when sampling from a
population where a null hypothesis of no change in rumination
in the majority of individuals is true, the magnitude of change

in this parameter in the present study is expected to occur
at a rate of pR = .051 (i.e., 5.10% of the time). Notably,
there were no outliers in this variable and no evidence of
strong deviations from normality, meaning that the standard
(i.e., non-robust) test may be a more appropriate reflection of
the data. This interpretation is strengthened by observation
that Alderman and colleagues (2016) reported a statistical
reduction in rumination following combination training in
their trial. Although, we must caution over-interpretation of
these small sample pilot results given their large CIs.

Finally, with respect to cardiorespiratory fitness, there was a
negligible overall change in V̇O2max following the interven-
tion. On average, participants reported a V̇O2max value be-
tween 45 and 46 at both time points. Meta-analytic evidence
suggests that aerobic interventions similar the so-called Hick-
son protocol (Hickson, Bomze, & Holloszy, 1977) are most
reliably implicated in improvement in this parameter (Bacon,
Carter, Ogle, & Joyner, 2013). This involves 10 weeks of aer-
obic exercise involving a combination of endurance training
(i.e., consistent exercise for a specified time period without
break) and interval training (i.e., bursts of high intensity out-
put ≥ 91% V̇O2max). While the current intervention involved a
combination of continuous and interval training, it is plausible
the mean intensity at which participants conducted exercise
(i.e., 70% of their V̇O2max) and frequency (i.e., 2.32 runs
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per week) was insufficient to yield improvement in overall
V̇O2max.

However, there were improvements aerobic economy across
steady-state (submaximal) exercise velocities in our subgroup
analyses. This included a reduction in absolute oxygen cost
(-0.14 V̇O2 L/min), relative oxygen cost (-4.37 percentage
points), heart rate (-4.56 bpm), and perceived exertion (-0.71
RPE). (Although, note that there may be preliminary evidence
of an interaction with respect to relative oxygen cost). Im-
provement in indices of aerobic economy are indicative of a
cascade of metabolic and cardiopulmonary effects that result
in better use of oxygen (i.e., increased energy production)
relative to a given exercise intensity. This includes more
efficient cardiorespiratory responses (e.g., lower heart rate),
thermoregulation (e.g., changes in core body temperature),
and substrate metabolism (e.g., mitochondrial efficiency of
consuming oxygen for phosphorylate adenosine diphosphate
[ADP] energy production; for review, see Barnes & Kilding,
2015). The relationship between these parameters and mental
health is relatively understudied. However, several theories as-
sert that exercise adaptations such as these may be associated
with resilience to acute psychosocial stress, with potential
implications for overall mental health (e.g., Sothmann et al.,
1996). It is therefore plausible that the salutary effects follow-
ing training in this intervention are partially determined by
improvements in aerobic economy. However, note well that
these effects are imprecise. This is reflected in the large CIs
on each of the reported effects.

Protocol feasibility

The second aim of this trial was to obtain sufficient assurance
of protocol feasibility to determine if a definitive RCT compar-
ing aerobic exercise, mindfulness, combination training and a
control arm was an appropriate trial design. We considered
retention rate, assessment response rate, recruitment rate, and
required sample size for a confirmatory trial as measures of
feasibility. The retention rate was 70.8%, which was above the
required rate of 65.0%. This is also above the lower limit of re-
tention identified for MBI training in healthy individuals (i.e.,
65.1%; Khoury et al., 2015) and for previously non-exercising
individuals (i.e., 42.0%; Linke et al., 2011). This indicates that
the current intervention may be feasible when compared to
already existing interventions that yield salutary mental health
outcomes. Furthermore, the assessment response rate for pre-
post measures with single paired data points was 100%. This
included our primary dependent outcome measure of chronic
psychosocial stress. This indicates that the trial is feasible
from a data collection perspective. However, participants
varied in the steady-state velocity attained during assessments
of aerobic economy. This was unavoidable given that partic-
ipants differed in cardiorespiratory fitness at baseline. For

this reason, it may be necessary to continue to regard aero-
bic economy as a secondary measure based on a subgroup
analysis in a future confirmatory trial. Finally, given that the
combination trial comprises all elements of a future RCT and
is the most labor intensive for participants, these rates may
also be reasonable estimates for each arm of a future RCT.

The trial recruitment rate was 53.3%. Across a two-month
recruitment period (i.e., one month of recruitment at each
wave of the trial) and with a total of 45 applicants, this is
indicative of a recruitment potential of 12 participants per
month for the combination trial arm of a future RCT. With
an expanded research team for recruitment, assessment, and
facilitation of the intervention, a recruitment potential of 12
participants per month per treatment arm of an RCT (i.e.,
four arms: n = 48) may represent a reasonable estimate of
recruitment feasibility. Based on our sample size analysis,
precise estimation of within-group changes in PSS-10 gain
scores require between 89 (δz = -0.60) and 186 (δz = -0.37)
paired observations. A precise estimate of differences in gain
scores between each arm of an RCT will require between 84
(large difference: δs = 0.80) and 1098 (small difference: δs

= 0.20) observations per cell. These calculations reflect a
retention rate of 70.8%.

Under the assumption that an RCT is only feasible with n =

20 per treatment arm (i.e., total N = 80 per trial) across 10
trial repetitions over five-years, the total maximum number of
participants is n = 200 per treatment arm (i.e., total N = 800).
A recruitment rate of n = 12 per treatment arm per month is
therefore feasible to fill each trial run following the second
month of the protocol (estimated sample at month two: n = 24
per treatment arm) with a start date at month three following
assessments. Assuming recruitment continues ongoing each
month, each trial start date will satisfactorily attain n = 20
participants per treatment arm. Assuming a retention rate of
70.8%, a total recruitment of n = 200 per treatment arm by
the end of the protocol is satisfactory to detect within-group
changes in PSS-10 gain scores (with precision) as low as δz

= -0.37, and between-group difference in gain scores (with
precision) up to δs = 0.50. Differences in gain scores of δs =

0.40 will be detectable with 80% power, but these effects may
have lower than desired precision. Estimation of very small
differences in gain scores (i.e., δs ≤ 0.30) is infeasible. Based
on these criteria, we conclude that there is sufficient assurance
of protocol feasibility to conduct a confirmatory RCT under
the above assumptions and detect most effects precisely (or
as a minimal requirement, statistically).

Of course, however, these above assumptions do not take
into consideration additional uncertainties that may impact
the capacity of a single research group to conduct a confir-
matory trial. This includes uncertainty in future economic
conditions, finances, and resource availability. Therefore, this
confirmatory trial may be more appropriately suited to a large
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multisite clinical trial that spreads risk of conducting 10 trial
repetitions across multiple research groups. This approach
has the additional benefit of evaluating the trial treatment
effect across large and heterogeneous populations in varied
treatment settings, and will therefore mitigate multiple threats
to the validity of observed effects.

Strengths, limitations, and generalizability

Notable strengths of this trial included: (1) use of a full mind-
fulness psychoeducation program in contrast to a single mind-
fulness component (e.g., focused attention meditation alone),
(2) use of an aerobic exercise program that prescribed exercise
of a duration, frequency, and intensity that has been clinically
shown to improve or maintain aerobic fitness, (3) complete
individualization of aerobic exercise prescriptions through
objective cardiorespiratory fitness assessments, (4) compre-
hensive monitoring of training compliance through GPS data,
(5) provision of a detailed methodological protocol that is
presented here in sufficient detail to allow for replication, and
(6) extensive quantification of multiple protocol feasibility
criteria.

However, the clearest limitation is that a single-arm trial de-
sign presents with difficulty in distinguishing between the
effects of the trial and several threats to validity. For example,
the observed reduction in chronic psychosocial stress may be
an effect of intervention exposure, but it may also be partly
explained through a placebo effect, maturation, test effects,
or regression to the mean. Although, regression to the mean
may be a less plausible explanation as the study was designed
to coincide with low-stress periods with respect to our study
population. Further limitations include that effects have been
estimated with low precision (although, this is a limitation
that characterizes almost all pilot trials). For these reasons
we must emphasize that all results should be treated as pre-
liminary and for readers to avoid exaggerated generalizations
of findings. However, the single-arm trial was an efficient
use of limited resources to examine most uncertainties that
may arise in each arm of a definitive trial, and to determine
feasibility estimates for such a trial. Finally, it is important
to note that the results of this trial are mostly generalizable
to nonclinical populations of young, healthy and university
educated adults.

Conclusion

This trial provides preliminary evidence for the efficacy of
combination meditation and aerobic exercise training for re-
ducing chronic psychosocial stress in a nonclinical sample.
Our results suggest that a concurrent training program may al-
leviate chronic psychosocial on both a per-treatment protocol
basis (i.e., assuming participants comply with the protocol),

and in real-life situations where drop-out and noncompliance
are likely to occur. However, it is important to emphasize that
the reported effects in this pilot trial are imprecise, and that
the reader should consider carefully the wide confidence inter-
vals on each effect. This includes effects that are statistically
significant at the traditional α = .05 threshold. Retention rate
and assessment response rate were acceptable, and a sample
size analysis indicated that it is feasible to detect most effects
in a definitive trial with precision. We recommend that a
definitive randomized controlled trial is feasible and should
proceed.
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Chapter 7

Gray Matter Hypertrophy following
16 Weeks of Mindfulness and Aerobic
Exercise Training: A Longitudinal
Voxel-based Morphometry Study

7.1 Explanatory Notes
This study investigated the effects of a 16-week mindfulness psychoeducation

and aerobic endurance training intervention, delivered concurrently. The aims of this
study were to: (1) investigate whether there is preliminary evidence that a combined
mindfulness meditation and aerobic exercise training program is associated with
increases in gray matter concentration in the hippocampus over time, as predicted
by theoretical models, and (2) to obtain sufficient assurance of protocol feasibility
with respect to the assessment response rate and required sample size to ensure the
validity and methodological rigor of a future definitive trial. The Supplementary
Materials to this manuscript are given in Appendix C (pp. 199–207).
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Objectives: Researchers predict that a combination training interventions involving both
mental and physical training should yield greater salutary effects on mental health outcomes
than either component of the intervention conducted alone. It is theorized that this effect,
in part, is driven by neurogenesis within the hippocampus. The first objective of this trial
was to assess whether there is preliminary evidence that a training program of this kind is
associated with changes in gray matter concentration within the hippocampus, which may
include neurogenesis (as predicted by theoretical models) as well as other forms of plasticity. A
second objective of this trial was to evaluate the feasibility of conducting a future definitive trial.
Methods: 24 participants were nonrandomized to a single-arm trial and underwent 16-weeks of
mindfulness-based training and aerobic exercise, delivered concurrently. Longitudinal voxel-
based morphometry was performed to assess changes in gray matter concentration. Primary
analyses are based on 16 participants. Results: Region of interest analyses indicated that the
training program was associated with an increase in gray matter concentration within the anterior
portions of the hippocampus. An exploratory whole brain analysis indicated that the detected
clusters within the right hippocampus extended into the parahippocampal cortex, amygdala, and
temporopolar cortex. A second detected cluster was identified covering portions of the anterior,
posterior, and vermis of the cerebellum. Feasibility analyses indicated that 143 participants per
group are required to detect differences in gray matter concentration within the hippocampus
compared to a wait-list control. This is larger than what is usually feasible for a single research
group, and a large multi-group collaboration may therefore be required for a definitive trial.
Conclusions: This trial provides preliminary evidence that combining mental and physical
training is associated with increases in gray matter concentration within the hippocampus, as
well as within regions associated with stress regulation, memory, and sensorimotor processes.

Keywords: aerobic exercise, cerebellum, hippocampus, nonrandomized, pilot and feasibility
trial, stress, mental and physical training, mindfulness, voxel-based morphometry.

Stress is considered a nonspecific response of the body to
any demand for change (Selye, 1974). From a biological per-
spective, the stress process itself is captured by the concept of
allostasis, which refers to the adjustment of various bodily sys-
tems in response to a threat or perceived threat to homeostasis
(McEwen, 1998; Sterling & Eyer, 1988). While homeostatic
parameters must remain stable for normal biological func-
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tioning (e.g., body pH and temperature), allostatic parameters
involving the hypothalamic-pituitary-adrenal (HPA) axis and
sympatho-adrenomedullary (SAM) are able to fluctuate in a
dynamic manner, and play an important role in the regulation
of homeostasis and behavioral responses to threats (Chrousos,
2009). This includes time-restricted adaptive functions, such
as arousal, vigilance, and focused attention, and suppression
of non-essential functions. This response is critical for nor-
mal biological functioning, yet excess activation of the stress
system can be implicated in physical illness (Nixon, Mazzola,
Bauer, Krueger, & Spector, 2011) and the development of
stress-related disorders such as anxiety and depression (Mel-
chior et al., 2007; Pereira, Meier, & Elfering, 2013; Pizzagalli,
2014). Moreover, excess stress activation can also affect the
principle brain structures that coordinate the stress response,
namely the hippocampus (McEwen & Gianaros, 2011).

107



2 GUY A. PROCHILO1, RICARDO J.S. COSTA2, & PASCAL MOLENBERGHS3

Primary (prevention-focused) mental health interventions
have been shown to be efficacious in reducing stress-related
symptoms or in building resources that mitigate against the
development of stress disorders (Tetrick & Winslow, 2015).
Two such primary interventions include mindfulness medi-
tation and physical activity. It has also been proposed that a
multimodal intervention that comprises meditation and physi-
cal activity, delivered concurrently, may be more efficacious
than either conducted alone (DiFeo & Shors, 2017; Millon &
Shors, 2019; Shors, Olson, Bates, Selby, & Alderman, 2014).
Specifically, it has been put forward that these synergistic,
salutary effects may be mediated through neurogenesis within
the hippocampus. While neurogenesis cannot be directly
measured in humans, longitudinal voxel-based morphometry
(VBM) can be used to identify changes in gray matter con-
centration that are associated with neuronal remodeling of
gray matter in hippocampus, which may include neurogenesis
among other structural changes (Zatorre, Fields, & Johansen-
Berg, 2012).

To this end, the aim of this pilot and feasibility study was to
investigate whether there is preliminary evidence that a com-
bined mindfulness meditation and aerobic exercise training
program is associated with increases in gray matter concentra-
tion in the hippocampus over time, as predicted by theoretical
models. In a previous study, we reported that this interven-
tion was associated with a significant reduction in chronic
psychosocial stress (Prochilo, Costa, Hassed, Chambers, &
Molenberghs, 2019). The second aim of this study was to
obtain sufficient assurance of protocol feasibility with respect
to the assessment response rate and required sample size
to ensure the validity and methodological rigor of a future
definitive trial. In the following section we discuss the pro-
posed mechanisms of combination training before outlining
our methods.

Combination training and the hippocampus

Interventions involving concurrent mindfulness and exercise
training have been associated with salutary mental health out-
comes. This has included a reduction in depressive symptoms
(Alderman, Olson, Brush, & Shors, 2016; Shors et al., 2014),
the disposition to engage in rumination (Alderman et al., 2016;
Shors, Chang, & Millon, 2018), and resources associated with
resilience to stress, such as an increase in self-worth (Shors
et al., 2018) and implicit emotion regulation ability (Zhang,
Fu, Sun, Gong, & Tang, 2019). It has been proposed that
performing mental and physical training together should be
more efficacious than performing either alone, and that this is
mediated, in part, by neurogenesis within the hippocampus
(Shors et al., 2014).

The hippocampus is a subcortical temporal lobe structure
that has long been implicated in episodic memory and spatial

navigation, but also plays an important role in emotional
and stress-regulatory responses (McEwen, Nasca, & Gray,
2016). Anatomically, it is comprised of functionally relevant
subregions that include the dentate gyrus, Cornu ammonis,
and subiculum (Amunts et al., 2005). The dentate gyrus is one
of few brain regions where neurogenesis occurs throughout
the adult lifespan in mammals (Abrous, Koehl, & Le Moal,
2005). Once present, these cells can mature into functional
neurons that are incorporated into the hippocampal network
(Toni et al., 2008, 2007). However, many of these new cells
undergo programmed cell death within weeks of being gener-
ated (Abrous et al., 2005).

Rodent studies suggest that engaging in tasks that involve
effortful learning is one mechanism of keeping these new neu-
rons alive (e.g., Curlik & Shors, 2011), while aerobic exercise
has been implicated in greater new cell proliferation (Van
Praag, Kempermann, & Gage, 1999). Moreover, when com-
pared to rodents that performed exercise or a low-demanding
skill task alone, it has been shown that a combination mental
and physical training task (such as balancing on a rotating bar)
is associated with greater retainment of new neurons (e.g.,
Curlik, Maeng, Agarwal, & Shors, 2013). This suggests that
mental and physical training, when performed together, may
lead to greater cell survival compared to each task performed
individually.

This is of key importance given that neurogenesis has been
implicated in stress-related behaviors in both rodents and
humans. The hippocampus is involved in regulating the stress
response by applying negative feedback to HPA-axis release
of glucocorticoids (e.g., cortisol) once a stressor has been
resolved, and is thus essential in adaptive stress responses and
stress termination (Ulrich-Lai & Herman, 2009). Rodent stud-
ies have shown that animals with experimentally reduced neu-
rogenesis have slower glucocorticoid recovery times and dis-
play more stress-related behaviors (Snyder, Soumier, Brewer,
Pickel, & Cameron, 2011). Moreover, the hippocampus has
been shown to be sensitive to the effects of stress itself. For
example, acute stress can reduce neurogenesis in rodents (e.g.,
Ferragud et al., 2010), and stress-related disorders such as
depression have been associated with smaller hippocampal
volumes in humans (Videbech & Ravnkilde, 2004).

While the mechanism behind decreased hippocampal volume
in human populations is not known, scholars have suggested
it may be related to apoptosis (programmed cell death), inhi-
bition of neurogenesis, or a reduction of the volume of indi-
viduals neurons (Videbech & Ravnkilde, 2004). Other studies
suggest that reduced hippocampal volume in humans may be
a vulnerability factor rather than consequence of stress-related
disorders, but do not rule out that stress is involved in hip-
pocampal volume reduction completely (Lindgren, Bergdahl,
& Nyberg, 2016).
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One hypothesis explaining these findings is that reduced
neurogenesis makes individuals more sensitive to stressors
(Anacker et al., 2018). For this reason, training regimes im-
plicated in hippocampal neurogenesis may be able to confer
resilience to environmental stressors, and reduce self-reported
stress. Based on rodent models that implicate combined men-
tal and physical training with greater levels of neurogenesis
and retainment of new cells (e.g., Curlik et al., 2013), an inter-
vention comprising a combination of these training modalities
may be particularly effective in humans. In humans, it has
been suggested that the mental training component of such
an intervention might take the form of mindfulness medita-
tion, given that it is an effortful ability to learn (Shors et al.,
2014). Of course, it must be noted that while neurogenesis
is a candidate mechanism for changes in gray matter that are
detectable in humans, structural changes identified by VBM
are non-specific and may be due to other forms of plasticity
(Zatorre et al., 2012). This includes gliogenesis, dendritic
spine formation, and changes in vascularity.

Methods

Study design

This study was conducted as a single-arm nonrandomized
pilot and feasibility trial where all participants were subjected
to 16 weeks of concurrent mindfulness psychoeducation and
aerobic exercise training. Pre-test and post-test measures were
acquired between one and four weeks prior to and after the
trial (hereby timepoint T0 and T1, respectively) at the Monash
Biomedical Imaging facility. No remuneration was offered.
This study represents a subset of findings from a trial reported
elsewhere (see Prochilo et al., 2019).

Participants

Participants self-selected into a study described as a mental
and physical training program for stress management. Partici-
pants were healthy young adults (target range: 18 – 35 years)
who reported no engagement in regular running training or
meditation practice within six months prior to the trial. Partic-
ipants were excluded from the trial if they had completed a
running distance event or formal meditation program at any
time in the past (see Supplementary Materials Table 1 for
the full list of exclusion criteria). The target sample size was
15 – 20 participants based on pilot trial recommendations to
detect moderate to large effects (Whitehead, Julious, Cooper,
& Campbell, 2016). Twenty-four participants were recruited
under the assumption of an overall dropout and non-usable
data rate of 30 – 35%. Of these participants, 17 individuals
completed the trial and 16 provided usable MRI data at both
timepoints. One participant was excluded from the analysis

Enrolment Assessed for eligibility (n = 45)

Nonrandomized (n = 24)

Excluded (n = 21)

•   Not meeting inclusion criteria (n = 17)

•   Declined to participate (n = 4)

Assignment

Allocated to intervention (n = 24)

•   Received allocated intervention (n = 24)

•   Did not receive allocated intervention (n = 0)
Allocation

Completed intervention (n = 17)

Discontinued intervention (n = 7). 

Reasons for discontinuation:

•   Time burden (n = 4)

•   Running injury (n = 2)

•   Injury acquired external to the intervention that prevented 

    further participation (n = 1) 

Follow-Up

Questionnaire measures,VO2max, and MRI measures (n = 16)

Excluded from analysis (n = 1)

Reasons for exclusion:

•   MRI data collected at T0 was unusable for analysis due to 

    incidental findings. Hence, no MRI data was acquired at T1.

  

Analysis

•

Figure 1. CONSORT flow chart.

due to incidental findings. Therefore, the final sample size for
analysis was N = 16 (observations = 32). The Consolidated
Standards of Reporting Trials [CONSORT] diagram of par-
ticipant flow is given in Figure 1. Baseline data are given in
Table 1. This satisfied our pilot sample requirement and no
further data collection was attempted.

Intervention

Overview. All participants were subjected to 16 weeks of
aerobic exercise training and a mindfulness-based interven-
tion (MBI), delivered concurrently. The details of the interven-
tion have been described in full previously (see Prochilo et al.,
2019). Briefly, the MBI was an adaptation of the mindfulness-
based Stress Release Program: a stress management and cog-
nitive therapy program that uses mindfulness practices to
raise awareness of the processes underlying stress and nega-
tive emotions (Hassed, 2002; Hassed, Lisle, Sullivan, & Pier,
2009). This comprised eight group psychoeducation sessions
(55 min each) and formal focused-attention meditation prac-
tice (up to 20 min daily). The aerobic exercise program was a
half-marathon training schedule that comprised three runs per
week over 16 weeks. This included: (1) an interval run of 26
min duration (warm-up = 5 min; interval run of 200 m bursts
of near maximal intensity velocity followed by 200 m at a
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Table 1
Baseline demographic characteristics of participants

Mean GMC:
Right Hippocampus

Mean GMC:
Left Hippocampus

All.participants
Decrease or
No Change Increase

Decrease or
No Change Increase

Total n (%) 16 (100.00%) 2 (12.50%) 14 (87.50%) 3 (18.75%) 13 (81.25%)
Mean baseline PSS-10 (S D) 20.81 (7.22) 29.50 (3.54) 19.57 (6.78) 22.00 (8.66) 20.54 (7.23)
Mean age in years (S D) 22.94 (2.79) 21.50 (2.12) 23.14 (2.88) 23.33 (3.51) 22.85 (2.76)
Gender: male n (%) 8 (50.00%) 0 (0.00%) 8 (50.00%) 2 (12.50%) 6 (37.50%)
Gender: female n (%) 8 (50.00%) 2 (12.50%) 6 (37.50%) 1 (6.25%) 7 (43.75%)
Ethnicity: Caucasian n (%) 10 (62.50%) 1 (6.25%) 9 (56.25%) 2 (12.50%) 8 (50.00%)
Ethnicity: Asian n (%) 6 (37.50%) 1 (6.25%) 5 (31.25%) 1 (6.25%) 5 (31.25%)
Mean baseline V̇O2max (S D) 45.23 (7.67) 39.65 (7.00) 46.03 (7.65) 48.60 (3.56) 44.45 (8.24)

Note. SD = standard deviation; n = count; GMC = gray matter concentration; V̇O2max = maximal aerobic capacity.

recovery pace = 16 min; cool-down = 5 min); (2) a short run
of 20 min duration increasing gradually to 60 min by end of
the trial (intensity = moderate or moderate-to-vigorous); and
(3) a long run of 20 min duration increasing gradually to 110
min by the end of the trial (intensity = moderate or moderate-
to-vigorous). Running velocities to attain each of the above
exercise intensities were individually prescribed to each partic-
ipant using an oxygen consumption (V̇O2 mL/kg/min) versus
velocity (km/h) regression model derived from the baseline
maximal aerobic capacity (V̇O2max) test.

Measures of trial dosage. Measures of dosage included
total MBI attendance (%), total formal meditation practice
(h), total number of running sessions, total running distance
(km), and mean exercise intensity averaged across the entire
intervention (mean %V̇O2max).

Trial adherence requirements. Adherence requirements
were that participants complete at least 50% of the group
psychoeducation sessions (target = 8 sessions; minimum re-
quirement = 4 sessions), 50% of the formal meditation target
(target = 37.34 h; minimum requirement = 18.67 h), and 50%
of all prescribed running sessions (target = 48 runs; minimum
requirement = 24 runs).

Measures

Estimation of trial treatment effects

MRI Image acquisition. All scans at T0 and T1 were ac-
quired using the same 3T scanner (MAGNETOM Skyra
Siemens AG, Erlangen, Germany). At each time point a
high-resolution 3D T1-weighted MP-RAGE image covering
the entire brain was acquired (TR = 2300 ms; TE = 2.07
ms; flip angle = 9◦; slices = 192; matrix size = 256 × 256

voxels; voxel size = 1mm3). The mean interval between scan
acquisitions from T0 to T1 was 143.56 days (SD = 11.98;
range = 132 to 172). No scanner upgrades occurred during
this time.

MRI Image preprocessing. MP-RAGE images were pre-
processed using SPM12 following the longitudinal voxel-
based morphometry (VBM) preprocessing protocol described
in Eshaghi and colleagues (2014). First, MP-RAGE images
were checked for scanner artifacts and anatomical abnormali-
ties. After registering T0 and T1 images to a within-subject
mid-point average, Jacobian determinant maps were calcu-
lated for each time point using the serial longitudinal regis-
tration toolbox in SPM. Using the segment routine, within-
subject templates were segmented into white matter, gray
matter, and cerebrospinal fluid tissue maps. The resulting
white matter and gray matter maps from all participants were
nonlinearly transformed to a customized template in standard
MNI space with DARTEL. Gray matter Jacobian determinant
images were then computed for T0 and T1 by multiplying
the gray matter probability map by the Jacobian determinant
maps for each participant in native space. DARTEL flow
fields were used to normalize T0 and T1 determinant images
to MNI space with Gaussian smoothing (full width at half
maximum 8 mm). No modulation was applied as this may
induce multiplicative noise related to intersubject variability
of brain shape (see Eshaghi et al., 2014; Radua, Canales-
Rodríguez, Pomarol-Clotet, & Salvador, 2014). Therefore,
volumetric measures of gray matter in this study represent
gray matter concentration (GMC) in spatially normalized
MNI images (Mechelli, Price, Friston, & Ashburner, 2005).
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Protocol feasibility

Protocol feasibility for the present study was assessed as: (1)
assessment response rate for MRI data, and (2) sample size
feasibility for a future confirmatory study. Feasibility with
respect to overall trial retention has been discussed elsewhere
(see Prochilo et al., 2019).

Assessment response rate. This measure was quantified
as the percentage of participants who provided usable MRI
data at both T0 and T1 for the purpose of longitudinal VBM
analysis. A usable data response rate of 80% was considered
acceptable for proceeding to a definitive trial. This liberal
response rate was considered due to multiple potential sources
of unusable MRI data. For example, a recent meta-analysis
reported that incidental MRI findings of the brain may occur
at a rate of 22% (95% CI [14%, 31%]) in asymptomatic pa-
tients and research volunteers (O’Sullivan, Muntinga, Grigg,
& Ioannidis, 2018).

Sample size feasibility. Sample sizes were computed to
detect within-group differences in T1 – T0 changes in mean
GMC extracted from the left and right hippocampus, respec-
tively (α-level adjusted using the Bonferroni method for two
tests). This was repeated for hypothetical between-group
differences in gain scores with a waitlist control.

Statistical analysis

Longitudinal VBM analysis was performed using the SPM12
toolbox (Wellcome Trust Centre for Neuroimaging, Institute
of Neurology, London) for MATLAB (v-2018a; MathWorks,
Natick, MA). Tests on extracted GMC probabilities were per-
formed using R statistical software (v. 3.5.1; R Core Team)
via R Studio (v. 1.1.456; RStudio, Inc) on Windows 10.

Pilot error threshold

The role of a pilot trial is to provide assurance of study proto-
col ahead of a definitive trial, and to provide an estimate of the
range and magnitude of the trial treatment effect. For these
reasons, pilot trial methodologists recommend α thresholds
other than .05 when analyzing pilot data. Specific recommen-
dations have included use of one-sided thresholds up to α =

.25 (Lee, Whitehead, Jacques, & Julious, 2014; Schoenfeld,
1980; Stallard, 2012).

In this trial we will only consider two-sided thresholds be-
cause it cannot be justified that an outcome in the wrong
direction is meaningless or a chance occurrence. Specifically,
we will consider multiplicity adjusted p values below α =

.05 as adequate evidence of incompatibility with the null,
and multiplicity adjusted p values greater than α = .05 but
less than α = .20 as preliminary evidence of incompatibility

with the null. However, it is important to note that any effect
detected in pilot data will be imprecise, regardless of the
smallness of obtained p values (Lee et al., 2014). Therefore,
we suggest that the reader interpret these findings cautiously
and in the context of pilot research.

Estimation of trial treatment effects

Serial longitudinal VBM. Preprocessed T0 and T1 images
were entered into a paired t test in the second-level analysis
factorial design specification module in SPM12. To investi-
gate regions of GMC change that cannot be accounted for
by sex, age, and total gray matter volume at baseline, these
variables were modeled as voxel-wise covariates of no interest.
Model parameters were estimated using Restricted Maximum
Likelihood (REML), and statistical parametric maps were
produced using two contrasts of gray matter volume: gain
(T1 > T0) and loss (T0 > T1). Anatomical specification
of voxel-wise findings was determined using the AAL atlas
(Tzourio-Mazoyer et al., 2002).

Hippocampus analyses. Two separate analyses were con-
ducted to investigate the regional specificity of hippocampal
volumetric change. First was a parameter estimate extrac-
tion region of interest (ROI) analysis, which assumed GMC
change would be relatively homogenous across each hip-
pocampi. And second was a voxel cluster small-volume cor-
rection (SVC) analysis, which assumed GMC change would
be heterogenous and most prominent in spatially contiguous
clusters of voxels.

ROI analysis. Anatomical masks in MNI space of the right
and left hippocampus were generated using the SPM Wake
Forest University (WFU) Pickatlas toolbox (Maldjian, Lau-
rienti, Kraft, & Burdette, 2003) and the AAL atlas (Tzourio-
Mazoyer et al., 2002). Gray matter probabilities were ex-
tracted from every voxel in the right and left hippocampus
and averaged, respectively, for T0 and T1 second-level VBM
images (MarsBaR toolbox for SPM; Brett, Anton, Valabrgue,
& Poline, 2002). These data represent the average GMC
for any given 1 mm3 voxel (i.e., 1 µl) in each hippocampus
at each time point. To convert voxel averages into region
averages, each mean was multiplied by the total number of 1
mm3 voxels in its ROI search space (i.e., right hippocampus
= 7462 voxels; left hippocampus = 7030 voxels).

Parameter estimate extractions using MarsBaR do not ac-
count for covariates in the statistical model. Therefore, these
data were evaluated using separate linear mixed models fit
by REML (lmer: lmerTest package [v-3.1-0]; Kuznetsova,
Brockhoff, & Christensen, 2017), with fixed effects included
for time and each covariate.1 However, these covariates were

1This corresponded to the lmer model equation: y = time + sex +

age + baseline gray matter volume + (1 | participant)
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not significant predictors of GMC for either the right or left
hippocampus, and had no effect on the fixed effect of time (see
Supplementary Materials Tables 2 – 4). For this reason, these
data were analyzed and reported without covariate inclusion
using a simple one-sample t test on T1 – T0 gain scores2 (t.test
function in base R). (Sampling Units: N = 16; observations =

32). Robust tests of the 20% trimmed mean difference were
also conducted as a sensitivity analysis to any assumption
violations (trimpb: Rallfun package [v-35]; bootstrap samples
= 2000; Wilcox, 2018).

Unstandardized effect sizes were reported as mean T1 – T0
change scores alongside their 95% CIs. Standardized effects
were reported as Cohen’s d using the pretest standard devi-
ation as standardizer (hereby: dpretest), as recommended in
Glass, McGaw, and Smith (1981) for pretest-posttest designs.
This corresponded to the equation:

dpretest =
MT1 − MT0

S Dpretest
(1)

The 95% CI on dpretest was computed using the bias-corrected-
and-accelerated (BCa) bootstrap method with 2000 resamples
(boot: boot package [v-1.3-22], Canty & Ripley, 2019). The
dpretest statistic and its confidence intervals can be interpreted
in the same manner as Cohen’s d for between-groups designs.

Equivalence test. An equivalence test was conducted to
evaluate whether changes in GMC from pretest to posttest
were meaningfully different between each hippocampi (TOST-
paired: TOSTER package [v-0.3.4]; Lakens, 2017). The null
hypothesis for this test is that the difference in GMC changes
between hippocampi is not small. To test this hypothesis,
the researcher must therefore provide an alternate hypothesis
that specifies what smallness means in this context. Lakens
(2017) proposed that when theoretical boundaries on what
might be considered small are absent from a literature that the
researcher might set these boundaries to the smallest effect
size they have sufficient power to detect. In this prepost study,
a sample of 16 participants yields a critical t value is 2.13
(α = .05). This can be converted to an operative effect size
for within-groups studies (hereby: dz) of 0.53. Therefore, in
the present study, differences in GMC changes between hip-
pocampi were considered sufficiently small using equivalence
bounds of dz = ±0.53.

SVC analysis. A SVC analysis was performed using the SPM
WFU Pickatlas toolbox (Maldjian et al., 2003) and the AAL
atlas (Tzourio-Mazoyer et al., 2002) using a single anatomical
mask containing both the right and left hippocampus. A voxel-
wise primary threshold of p < .001 was used to define clusters.
Cluster-level extent thresholds of p < .05 (FWE) and p <

.20 (FWE), respectively, were used to detect clusters with
different levels of incompatibility with the null under Random
Field Theory (RFT), as implemented in SPM12. Because

Table 2
Summarized dosage results

M (SD) Range

MBI Attendance (%) 80.47 (11.15) 62.50 - 100.00
Formal Meditation (h) 24.70 (2.74) 19.33 - 29.42
Running Sessions 35.06 (5.42) 25.00 - 42.00
Mean Exercise
Intensity (% V̇O2max) 70.61 (6.91) 56.78 - 82.15

Running Distance (km) 230.31 (83.82) 143.80 - 474.27
Running Time (h) 24.69 (7.00) 17.99 - 45.37

Note. M = mean; SD = standard deviation; h = hours, km
= kilometers; V̇O2max = maximal aerobic capacity, MBI =

mindfulness-based intervention.

statistical maps from VBM data vary in local smoothness (i.e.,
the underlying neuroanatomy is non-stationary), applying a
single RFT cluster extent threshold for the entire image is
inappropriate (Ashburner & Friston, 2000; Mechelli et al.,
2005). Therefore, the SPM12 default settings were modified
to implement a non-stationary cluster correction. Further-
more, only clusters with > 10 spatially contiguous voxels
were considered. No multiplicity corrections were required
because the search volume for FWE control contained both
hippocampi. We use the term detected cluster to refer to
clusters whose null hypothesis has been rejected.

Exploratory analyses

Whole brain analysis. An exploratory whole brain cluster
analysis was also conducted for gain and loss contrasts. As
above, a primary threshold of p < .001 was used to define
clusters. The cluster-level extent thresholds that were consid-
ered were p < .05 (FWE) and p < .20 (FWE), respectively,
under RFT with a non-stationary cluster correction (search
volume for FWE correction = gray matter mask).

Results

Seventeen participants completed the trial and satisfied the ad-
herence requirements. Of these participants, N = 16 provided
usable MRI data for analysis. See Table 2 for summarized
dosage results.

Estimation of trial treatment effects

2Because the covariates had a negligible effect in each analysis,
identical t statistics, p values, estimated marginal means, and con-
fidence limits were obtained regardless of whether a linear mixed
models or a one-sample t test was conducted.
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Table 3
Summarized results for pre-test (T0), post-test (T1), and gains (T1-T0) for mean gray matter concentration (GMC) across
the right and left hippocampus.

Hippocampus T0: M (SD) T1: M (SD)
T1 − T0:
M (SD) [95% CI] dpretest [95% CI] t p pR

Right 5108.90 (148.70) 5131.93 (145.29)
23.03 (24.83)
[7.57, 38.49] 0.15 [0.07, 0.26] 3.71 .004 < .001

Left 4991.54 (177.09) 5015.12 (174.26)
23.58 (23.21)
[9.13, 38.03] 0.13 [0.07, 0.22] 4.06 .002 < .001

Note. Sampling Units: N = 16 and observations = 32; degrees of freedom for Student’s t test = 15; t = t statistic; M = mean;
SD = standard deviation; CI = confidence interval; dpretest = Cohen’s d with pretest standard deviation as standardizer; p
= p value; pR = robust p value computed via a percentile bootstrap test of the 20% trimmed mean gain scores with 2000
resamples. P values, pR values, and all confidence limits have been adjusted for multiplicity using a Bonferroni adjustment
for two tests.

ROI Analysis. Results are given in Table 3 and depicted
in Supplementary Figure 1. There was an increase in mean
GMC in both the right hippocampus (M = 23.03 mm3, 95% CI
[7.57, 38.49]) and left hippocampus; (M = 23.58 mm3, 95%
CI [9.13, 38.03]). These results were robust and incompatible
with the null at the conventional error threshold (multiplicity
corrected ps = .002 – .004). Fourteen participants reported
an increase in GMC in the right hippocampus, and thirteen
participants reported an increase in GMC in the left hippocam-
pus. In common language, there was an 82.3% and 84.5%
chance that a participant picked at random would report a
higher GMC in the right and left hippocampus, respectively,
after completion of the trial.

A test of the difference in GMC change scores between each
hippocampi indicated that this difference was compatible with
zero (M = 0.55 mm3, 95% CI [-10.10, 11.20], t(15) = 0.11,
p = .914). Moreover, the equivalence test was significant
given the equivalence bounds of dz = ± 0.53 (± 10.59 mm3

on the raw scale; t(15) = -2.01, p = .031). Based on the
null-hypothesis test and equivalence test combined, it can be
concluded that the difference in gain scores between the right
and left hippocampus is not statistically different from zero
and is statistically equivalent to zero.

SVC Analysis. Summarized results are given in Table 4.

T1 > T0 (gain) contrast. A cluster extent threshold of p <

.05 (FWE) revealed a detected cluster localized to the right
anterior hippocampus (Figure 2: purple). Using a cluster
extent threshold of p < .20 (FWE) two additional clusters
were identified in the left anterior hippocampus (Figure 2:
green).

T0 > T1 (loss) contrast. There were no detected clusters.

Whole brain analysis. Summarized results are given in
Table 5.

T1 > T0 (gain) contrast. A cluster extent threshold of p < .05
(FWE) detected a cluster localized to the cerebellum (Figure 3:
purple). A second detected cluster was identified in the right
anterior hippocampus, and extended into the parahippocampal
region, amygdala, and temporopolar cortex (Figure 3: purple).
Using a cluster extent threshold of p < .20 (FWE), a third
detected cluster was identified in the cerebellum (Figure 3:
green).

T0 > T1 (loss) contrast. There were no detected clusters.

Protocol feasibility

Assessment response rate. Sixteen of the 17 participants
that completed the trial provided usable MRI data. Data for
one participant at T0 were considered unsuitable for analysis,
and hence, no MRI data was collected at T1. This yielded a
usable data rate of 94.12%, which was considered acceptable
with respect to our feasibility criteria.

Sample size feasibility. Sample size analyses were per-
formed to detect within-group changes in mean hippocampal
GMC for the right and left hippocampus, respectively. These
analyses were also performed for hypothetical differences
between the change scores of the treatment condition and a
waitlist control. Multiple testing for two ROI comparisons
was accounted for in both within-group and between-group
sample computations by adjusting α for two tests using the
Bonferroni method. Sample sizes were computed for 80%
power and 90% power (α = .025, pwr.t.test: pwr package [v-
1.2-2]; Champely, 2018), and precision with assurance (α =

.025, precision = the multiplicity adjusted 95% CI on the sam-
ple size estimate will be no greater than the magnitude of the
estimate itself; assurance = .99, ss.aipe.sm and ss.aipe.smd:
MBESS package; Kelley, 2019). Sample requirements were
further adjusted by accounting for the overall trial retention
rate (70.8%) and MRI usable data response rate (94.1%) to
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Table 4
Summarized results of the voxel cluster SVC analysis for the T1 >
T0 (gain) contrast

k (mm3) pFWE x y z Region

231 .029 24 -1 -24 R Anterior Hippocampus
18 .068 -35 -9 -21 L Anterior Hippocampus
20 .065 -26 -11 -23 L Anterior Hippocampus

Note. k = cluster; pFWE = cluster-level p value with FWE correction
for search volume; x y z = cluster center of gravity; L/R = left/right
hemisphere.There were no detected clusters in the T0 > T1 (loss)
contrast.

give an overall expected response rate for MRI analyses of
66.7%.

The operative effect size for within-group designs (dz) was
computed for change scores for the right and left hippocam-
pus, respectively. The target within-group effect size in our
power analysis was the lower limit of a one-sided 80% CI on
dz (for discussion on safeguard effect size computations, see
Perugini, Gallucci, & Costantini, 2014). This yielded an esti-
mated population effect size of δz = 0.66 (right hippocampus)
and δz = 0.74 (left hippocampus). The smaller of these effects
was used to ensure adequate power. For between-group com-
parisons with the waitlist control, the target operative effect
size (hereby: ds) was δs = 0.45. This is a typical effect size
observed in psychological research (e.g., see Richard, Bond,
& Stokes-Zoota, 2003).

Sample size curves are reported in Supplementary Figure 2.
For within-group change in mean hippocampal GMC, paired
observations to the total of N = 37 (power = .80), N = 47
(power = .90) or N = 128 (precision) are sufficient to detect
δz = 0.66. For between-group comparisons, observations per
treatment arm to the total of N = 143 (power = .80), N = 186
(power = .90), or N = 392 (precision) are sufficient to detect
δs = 0.45.

Discussion

This study was a nonrandomized single-arm trial that exam-
ined changes in gray matter concentration associated with a
combined mindfulness meditation and aerobic exercise pro-
gram, conducted over 16-weeks. The first aim of this trial was
to estimate changes in hippocampal gray matter concentration
(GMC). Using a parameter estimate extraction region of inter-
est (ROI) analysis, we identified an increase in average GMC
across both the right and left hippocampal volumes. Using
Cohen’s (1988) guidelines, these gains in GMC were small in
magnitude. Moreover, an equivalence test determined that the
differences in GMC changes were both non-significant and
equivalent, suggesting that, on average, each hippocampus
experienced similar gains in GMC. However, using a small-
volume correction (SVC) analysis, we identified that GMC

within each hippocampi was most prominent within several
spatially contiguous clusters of voxels. This covered more
anterior portions of the right and left hippocampus, with a
greater cluster size in the right hippocampus. Using an ex-
ploratory whole brain analysis, we further identified a very
large detected cluster covering the cerebellum. Moreover, the
detected cluster in the right hippocampus was found to extend
into the parahippocampal region, amygdala, and temporopolar
cortex. No region displayed a decline in GMC. These data
converge on suggesting that combined mindfulness meditation
training and aerobic exercise are potentially associated with
GMC changes across multiple regions that are involved in
stress regulation, memory processes, and sensorimotor func-
tions. Within the hippocampus, these changes may involve
neurogenesis (as predicted by Shors et al., 2014) in addition
to other forms of plasticity.

Associations between hippocampal gray matter and medita-
tion practice have been identified in an anatomical likelihood
estimation (ALE) meta-analysis (Fox et al., 2014). For exam-
ple, cross-sectional studies comparing long-term meditators
to controls have implicated meditation practice with greater
gray matter in the hippocampus (Hölzel et al., 2008; Lud-
ers, Thompson, et al., 2013; Luders, Toga, Lepore, & Gaser,
2009), hippocampal subiculum (Luders et al., 2013), extend-
ing into the surrounding posterior parahippocampal gyrus
(Hölzel et al., 2008; Leung et al., 2013), as well as greater
radial distances from the hippocampal surface to its central
core (Luders, Thompson, et al., 2013). Studies have also
reported reduced age-related degeneration of the subiculum
in long-term meditators (Kurth, Cherbuin, & Luders, 2015).
Changes in hippocampal gray matter have also been identified
in longitudinal studies. This has included a nonrandomized
controlled trial (Hölzel et al., 2011a), and more recently a pre-
post analysis of a mindfulness trial (Sevinc et al., 2019). In a
recent randomized controlled trial, improvements in proactive
interference (i.e., where previously relevant information inter-
feres with retaining newer material) following mindfulness
training were also implicated with greater left hippocampal
volume (Greenberg et al., 2019).

Scholars posit that longitudinal changes in hippocampal struc-
ture and function may be important in the development of
stress resilience that is often associated with mindfulness
training (Fox et al., 2014; Luders et al., 2013; Tang, Holzel, &
Posner, 2015). One hypothesis involves the role of meditation
in the amelioration of stress itself. For example, rodent mod-
els have indicated that the hippocampus undergoes atrophy
in response to chronic stress and heightened glucocorticoid
levels (McEwen et al., 2016). Chronic stress has also been
shown to inhibit neurogenesis (Ferragud et al., 2010), which
potentially increases sensitivity to stressors (Anacker et al.,
2018). Moreover, smaller hippocampal volumes in humans
have been implicated in stress-related disorders (Videbech
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Figure 2. T1 > T0 (gain) contrast of a cluster-wise analysis with the bilateral hippocampus used as the search volume for FWE
control. Images represent 3D renderings of pFWE < .05 (purple) and pFWE < .20 clusters (green) overlaid on a rendering of
total gray matter volume in MNI space (left: right lateral [tilted] view; right: ventral view). The bilateral hippocampus is shown
as a transparent mesh rendering (yellow) to highlight the anatomical specificity of each cluster.

& Ravnkilde, 2004) and may be a vulnerability marker to
experiencing chronic stress (Lindgren et al., 2016). As such,
increases in gray matter in the hippocampus may associated
with a reversal of these effects following a reduction in stress.
In support of this, rodent models indicate that atrophy of the
hippocampus appears to be reversible following termination
of a stressor (for review, see McEwen, Gray, & Nasca, 2015).
This means that the increase in hippocampal gray matter con-
centration observed in this study may be an indirect effect of
stress reduction. Notably, a reduction in chronic psychosocial
stress has been reported elsewhere in association with the
present trial (see Prochilo et al., 2019).

Another hypothesis posits that mindfulness may enhance
hippocampal-dependent functions related to memory con-
solidation and retrieval, which in turn, are implicated in stress
resilience (Sevinc et al., 2019; Tang et al., 2015). Sevinc
and colleagues (2019) highlight the similarity between mind-
ful awareness and exposure therapy. In mindfulness train-
ing, individuals are taught to experience aversive thoughts
with non-judgemental awareness and acceptance (Lindsay
& Creswell, 2017). Similarly, exposure therapy involves
presenting individuals with fear-inducing stimuli in a con-
trolled environment until the aversive response to these stimili
is diminished (Maren, Phan, & Liberzon, 2013). As such,
both interventions may potentially exert salutary effects on
perceived stress through extinction learning. Of note, the
hippocampus is critically involved in memory consolidation
and retrieval processes, and is involved the expression of a

fear memory or extinction memory depending on the context
(Bouton, 1993; Milad et al., 2007). In their longitudinal
MRI study, Sevinc and colleages (2019) demonstrated that
an increase in hippocampal gray matter was implicated in
greater connectivity between the hippocampus and regions of
the brain critically involved in fear extinction during the early
phase of extinction recall. As such, they propose that changes
in hippocampal structure may be implicated in the ability to
recall that a stimulus is no longer associated with a threat,
which is critical to the efficacy of exposure-based therapies
(Maren et al., 2013). This may be one candidate mechanism
of the stress ameliorating effects observed in association with
this trial.

Turning our attention to the exercise component of this in-
tervention, it is notable that physical activity has long been
implicated in plasticity of the hippocampus in rodent models
(for review, see McEwen et al., 2015). With respect to humans,
a recent qualitative review study concluded that changes in
gray matter are implicated in a broad range of brain areas
associated with physical activity, including the hippocam-
pus (Batouli & Saba, 2017). Many of these studies have
been conducted in the context of older adults. For example,
aerobic exercise training and cardiorespiratory fitness have
been positively associated with hippocampal volume (Erick-
son et al., 2009, 2011; Sehm et al., 2014), parahippocampal
cortical thickness (Williams et al., 2017), and hippocampal
cerebral blood flow (Maass et al., 2015). These findings often
implicate the anterior portions of the hippocampus, as was
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Table 5
Summarized results of the whole brain voxel cluster analysis of the
T1 > T0 (gain) contrast

k (mm3) pFWE x y z Region

47745 <.001 6 -40 -27 B Cerebellum covering
portions of the vermis,
and anterior and
posterior lobules

3073 <.001 18 2 -28 R Hippocampus,
parahippocampal region,
amygdala, and
temporopolar Cortex

4910 0.199 -45 -77 -36 L Cerebelum Crus II

Note. k = cluster; pFWE = cluster-level p value with FWE correc-
tion for search volume; x y z = cluster center of gravity; L/R/B =

left/right/bilateral hemisphere. There were no detected clusters in
the T0 > T1 (loss) contrast.

demonstrated in the present study. Increases in hippocampal
volume associated with exercise also appear to be implicated
in improvements in hippocampal-dependent memory func-
tions such as spatial memory and fewer episodes of forgetting
(Erickson et al., 2011; Szabo et al., 2011).

Similar effects on the hippocampus are also documented
in younger populations. For example, in a cross sectional
study it was demonstrated that self-reported exercise per week
was positively correlated with gray matter volume of the hip-
pocampus in adults ranging from ages 18–45 (Killgore, Olson,
& Weber, 2013). In a more recent large-scale correlational
study of 2103 adults with ages ranging from 21–84, it was
reported that objectively assessed cardiorespiratory fitness
was positively associated with greater gray matter volume
within the hippocampus and parahippocampus (Wittfeld et
al., 2020). These effects have also been shown longitudinally.
For example, middle aged adults participating in an six-week
exercise intervention (mode: cycling ergometer; frequency:
five days a week; intensity: between 55% and 85% maximum
heart rate) demonstrated an increase in anterior hippocampal
volume (Thomas et al., 2016). However, in this study it was
also reported that these changes were temporary, and returned
to baseline values after an additional six weeks of no training.
As such, the effect of physical activity on hippocampal volume
may be transitory if the physical activity is not maintained.

The relationship between physical activity and hippocampal
structure, like with mindfulness, may be related to the ame-
lioration of stress-related symptoms that are often observed
following physical activity and exercise (e.g., Cooney et al.,
2013; Moraes et al., 2019; Schuch et al., 2015). That is,
while chronic stress and heightened glucocorticoid levels are
associated with hippocampal atrophy and inhibition of neuro-
genesis (McEwen et al., 2016), physical activity and exercise

are associated with reductions in stress and therefore may be
indirectly involved in the reversal of these effects. Recall that
in rodent models, hippocampal atrophy has been shown to be
reversible following the termination of stressors (McEwen et
al., 2016).

Another hypothesis for the association between hippocampal
volume and physical activity may be related to the effect
physical activity exerts on hippocampal-dependent cognitive
functions (for review, see Kandola, Hendrikse, Lucassen, &
Yücel, 2016). Meta-analyses suggest that physical activity
interventions are implicated in improvements in hippocampal-
dependent learning and memory (e.g., Roig, Nordbrandt,
Geertsen, & Nielsen, 2013; Colcombe & Kramer, 2003; Smith
et al., 2010). Moreover, MRI studies sometimes identify a
positive association between hippocampal volume change
following physical activity training with an improvement in
hippocampal-dependent cognitive functions (e.g., Erickson
et al., 2009, 2011; although not always; see Thomas et al.,
2016).

In support of this hypothesis, the exploratory whole-brain
analysis in the present study revealed that the detected cluster
in the right hippocampus extended into the parahippocampal
region, amygdala, and temporopolar cortex. These medial
temporal lobe structures are critically implicated in multiple
memory networks. For example, the anterior temporal sys-
tem comprises the temporopolar cortex, lateral orbitofrontal
cortex, and amygdala, and perirhinal cortex, which have been
implicated in recognition memory (Ranganath & Ritchey,
2012). Meanwhile, the posterior temporal system comprises
the parahippocampal cortex, retrosplenial cortex, as well as
the anterior thalamic nuclei and default-mode network, which
are strongly implicated in episodic memory and spatial naviga-
tion (Ranganath & Ritchey, 2012). As such, a plausible mech-
anisms for the plasticity observed in this study relates to an
enhancement in hippocampal-dependent cognitive functions
that are subserved by distributed medial temporal lobe struc-
tures. However, because cognition was not directly assessed
in the current trial, this explanation remains speculatory.

Apart from the hippocampus, notable among these latter struc-
tures is the amygdala: a brain structure involved in rapid
assignment of emotional salience to environmental events
(Janak & Tye, 2015), and which has a principle role in regulat-
ing the stress response (McEwen et al., 2016). The hippocam-
pus and portions of the prefrontal cortex are largely (but not
exclusively) inhibitory of the stress response, including the
HPA-axis secretion of glucocorticoids (Herman, Ostrander,
Mueller, & Figueiredo, 2005). Meanwhile, the amygdala is
believed to enhance glucocorticoid secretion in the context of
adverse environmental conditions that lead to stress (Herman
et al., 2005). Also in contrast to the hippocampus, exposure
to prolonged stress has shown to lead to hypertrophy of this
brain structure, including an expansion in dendritic arboriza-
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Figure 3. T1 > T0 (gain) contrast of a cluster-wise analysis with total gray matter volume as the search volume for FWE control.
Image represent 3D renderings of pFWE < .05 clusters (purple) and pFWE < .20 clusters (green) overlaid on a rendering of total
gray matter volume in MNI space. The left image focusing on clusters in the cerebellum and the right image focuses on clusters
in the medial temporal lobe. A map of the cerebellum (yellow; left), hippocampus (yellow; right), amygdala (red; right) and
parahippocampal cortex (blue: right) are shown to highlight anatomical specificity.

tion and neuronal spines (Vyas, Mitra, Shankaranarayana Rao,
& Chattarji, 2002). Larger amygdala volumes are sometimes
(but not always) found in association with individuals who
present with stress-related disorders (Drevets, Price, & Furey,
2008). Moreover, in a nonrandomized single-arm trial in-
volving a mindfulness-based intervention it was shown that
a decline in perceived stress following the trial was asso-
ciated with a reduction in amygdala volume (Hölzel et al.,
2010). Yet, in a recent study it was shown that reduced amyg-
dala and hippocampal volume were implicated in increased
stressor-evoked reacticity (Trotman, Gianaros, Veldhuijzen
van Zanten, Williams, & Ginty, 2019). One hypothesis is
that individuals with atrophied volume of the medial temporal
lobe regions, including both the hippocampus and amygdala,
may exhibit innappropriate regulation of the HPA axis which
leads to inefficient responses to stress (Trotman et al., 2019).
However, as described in Tang and colleagues (2015), the
underlying mechanisms leading to changes in amygdala gray
matter in response to interventions such as that presented in
the present trial are likely to be complex, and warrant further
study.

The final detected cluster in association with this study was
identified in the cerebellum bilaterally, covering portions of
the vermis, and both anterior and posterior lobules. The
cerebellum plays a central role in a wide variety of tasks,
including the precise timing and coordination of muscular

movement (Llinás & Welsh, 1993), as well as cognitive func-
tions (Schmahmann, 2019; Sokolov, Miall, & Ivry, 2017) and
emotion (Adamaszek et al., 2017). With respect to mind-
fulness, the cerebellum has not been consistently implicated
in meditation expertise or training. However, an increase in
gray matter volume or concentration has been implicated in
several studies on this practice. This includes several cross-
sectional correlational studies implicating meditation practice
with greater gray matter in the anterior (Froeliger, Garland,
& McClernon, 2012; Vestergaard-Poulsen et al., 2009) and
posterior cerebellum (Froeliger et al., 2012), and a nonran-
domized controlled trial implicating meditation training with
greater gray matter in the posterior cerebellum and vermis
(Hölzel et al., 2011b; although see Pickut et al., 2013). With
respect to physical activity, hypertrophy of the cerebellum
appears to be a more obvious feature given the direct rela-
tionship between the cerebellum and the motor system (see
Voelcker-Rehage & Niemann, 2013). MRI studies have iden-
tified associations between cerebellar volume and long-term
participation in sports and structured exercise (Jacini et al.,
2009; Peters et al., 2009), muscular fitness (Esteban-Cornejo
et al., 2019), and objectively assessed cardirespiratory fitness
(Whiteman, Young, Budson, Stern, & Schon, 2016; Wittfeld
et al., 2020; Zlatar et al., 2015). Moreover, the effects of
physical activity on the cerrebellar volume have also been
demonstrated in rodent models (e.g., Isaacs, Anderson, Al-
cantara, Black, & Greenough, 1992).
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Perhaps the most plausible mechanism explaining the effect of
the current intervention on cerebellar volume is from physical
activity, motor learning, and movement coordination. In-
creases in gray matter within this region may relate to the
repeated functional activation of the cerebellum during run-
ning and coordinative movement, inducing structural changes
associated with an increase in the accuracy and efficiency
of this behavior (c.f. Voelcker-Rehage & Niemann, 2013).
However, the role of the cerebellum is not solely restricted to
the sensorimotor domain. For instance, studies that involve
movement of limbs have been shown to activate the primary
sensorimotor cerebellum (i.e., the anterior lobe, and adjacent
parts of lobule VI and VII), while those that involve cognitive
tasks activate more posterior regions, and those that involve
emotional processes are associated with activation of the ver-
mis (for review, see Schmahmann, 2019). Given that the
present trial observed increases in gray matter concentration
across all of these regions, it is plausible that the mental and
physical training protocol had widespread effects on senso-
rimotor, cognitive, and emotional functions. However, to
elucidate whether this is the case, these aspects of behavior
will need to be directly assessed in a future trial.

Protocol feasibility

The second aim of this trial was to evaluate protocol feasibil-
ity with respect to the assessment response rate and required
sample size to ensure the validity and methodological rigor of
a definitive trial. The assessment response rate was 94.12%,
which was acceptable against our feasibility criteria. To detect
pre-to-post changes in mean GMC volume in the left and right
hippocampus with 80% power requires only N = 37. How-
ever, the minimum sample size giving 80% power to detect
between-group differences with a waitlist control is N = 143
per group. This is particularly large for neuroimaging studies,
and the feasibility of this trial may therefore depend on the
availability of future resources. A definitive trial of this kind
may be more a feasible endeavor as a multi-research group
collaboration.

Limitations and future research

Theoretical models posit that the effects observed in the hip-
pocampus in the present trail may be due, in part, to neuroge-
nesis (Shors et al., 2014). However, assessing neurogenesis
in humans is challenging, and it is also highly plausible that
the effects of the present trial have been driven by other forms
of plasticity (perhaps in addition to neurogenesis), such glio-
genesis, synaptogenesis, and other vascular changes (Zatorre
et al., 2012). One reason for this is that, although thousands
of new granule cells are generated in the dentate gyrus each
month, this comprises a relatively small proportion of the total
number of hippocampal neurons. Moreover, it is very unlikely

that neurogenesis is a candidate mechanism for changes in
gray matter concentration observed outside the hippocampus
in association with this trial.

A primary limitation of this trial is that, given the study de-
sign, we cannot rule out that other features of the intervention
that are not specific to mindfulness or physical activity were
contributors to the effects that were observed. For example,
engagement in the current trial could have motivated other
lifestyle choices (e.g., diet, social activity, and sleeping habits)
that may have had consequences that could influence the
observed results. Moreover, features that covaried with the
intervention time period, but that were not causal determinants
of the intervention itself, could have also contributed to the
results. The hippocampus, in particular, plays an important
role in long-term memory consolidation and hippocampal-
dependent learning. This means that general learning that oc-
curred during the time frame of our intervention could explain
some of the observed effects (c.f., Draganski et al., 2006).
Future studies should adopt a randomized controlled trial
design in order to disentangle the effects of the intervention
from potential other learning mechanisms, as well as other
threats to the validity of causal inferences. Furthermore, given
that many of the hypothesized mechanisms of effect in this
study relate to hippocampal-dependent cognitive functions, it
would be valuable for a future study to evaluate changes in
these aspects of cognition also, such as spatial and episodic
memory and fear extinction.

Conclusion

This trial provides preliminary evidence that combination
mindfulness and aerobic exercise training is associated with
an increase in gray matter concentration within the hippocam-
pus, as predicted by theoretical models. Moreover, this train-
ing schedule may also be associated with an increase in gray
matter concentration in regions associated with stress regu-
lation, memory processes, and sensorimotor learning. These
effects may be potential mechanisms or consequences of the
stress-ameliorating effects of mental and physical training.
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Chapter 8

Stress Hormone Responses to an
Acute Aerobic Challenge following 16
Weeks of Mental and Physical
Training: A Pilot and Feasibility
Study

8.1 Explanatory Notes
This study investigated the effects of a 16-week mindfulness psychoeducation

and aerobic endurance training intervention, delivered concurrently. The aims of
this study were to: (1) evaluate the effect of programmed regular endurance training
in non-trained young adults on the cortisol response to acute aerobic exercise stress,
and (2) to evaluate protocol feasibility with respect to assessment response rate
and the required sample size to detect pre-to-post changes in cortisol responses in
an adequately powered trial. The Supplementary Materials to this manuscript are
given in Appendix D (pp. 208–213).
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Objectives: Acute exercise conducted above threshold levels has been shown to increase
circulating cortisol levels. Trained individuals, however, often exhibit an attenuated cortisol
response compared to untrained or sedentary individuals, in response to the same exertional
stress load. The primary aim of this study was to assess whether there is preliminary evidence
that 16 weeks of mindfulness and aerobic endurance training is associated with adaptations to the
stress hormone response at a submaximal steady state exercise intensity. The second objective
was to evaluate the feasibility of a future definitive trial. Methods: 24 participants were allocated
to the trial. Participants were subjected to a standardized acute exercise challenge conducted
at 70% V̇O2max for 30 min in duration using a treadmill protocol under laboratory conditions.
Changes in the plasma cortisol concentration to this test were based on 15 participants that
provided complete blood sampling. Results: Plasma cortisol concentrations at post-exercise and
recovery time points at post-test were, on average, 0.81 times as great as the cortisol response
reported at pretest (80% CI [0.74, 0.89], p = .005). This indicates that there was a reduction in
plasma cortisol concentration across both post-exercise and recovery sampling points. Feasibility
analyses indicate that the response rate was acceptable, and that 95 participants are required to
detect these effects in a confirmatory study with adequate power. This is larger than is typical
of exercise physiology studies, and may be feasible only as a collaboration across multiple
research groups. Conclusions: This study provides preliminary evidence that the current
training protocol is associated with an attenuation of the stress hormone response to submaximal
steady state exercise. These exercise-induced adaptations to the endocrine system have been
posited to spill over to heterotypic stressors like psychosocial stress, and may potentially confer
resilience to stressful experiences more broadly.

Keywords: pilot and feasibility study, aerobic exercise, mindfulness, cortisol, longitudinal,
stress hormones

In colloquial terms, stress is often used to describe experiences
that cause anxiety, exhaustion, and depressive symptoms in
everyday life. In scientific terms, events, activities, or stimuli
that are perceived as a challenge to normal bodily functions
(i.e., homeostasis) are referred to as stressors, while stress is
considered a real or perceived challenge that results in the
acute release of chemical mediators (e.g., glucocorticoids;
McEwen, 2016). The role of these chemical mediators are
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to energetically prepare the body to cope with a challenging
event, as well as to assist the body in re-establishing normal
bodily functions following stressor cessation (Hackney, 2006;
McEwen, 1998; Sterling & Eyer, 1988).

Stressors can involve everyday life experiences (i.e., psy-
chosocial stressors), but they can also be physical. Physical
exercise, in particular, is a potent stressor stimulus that can
lead to a change in chemical mediators across many stress-
responsive physiological systems (Hackney & Aggon, 2019;
Hackney, 2006; Hackney & Walz, 2013; Luger et al., 1987).
This includes the hypothalamic adrenal (HPA) axis secretion
of cortisol, and the sympathetic adrenal medullary (SAM)
axis secretion of catecholamines, among others. When an in-
dividual becomes regular or chronic in their physical exercise
patterns (i.e., they become “trained”), the physiological re-
sponse to acute exercise can become attenuated or augmented,
depending on the chemical mediator system in question (e.g.,
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Luger et al., 1987; Dinoff et al., 2017; Hackney & Aggon,
2019; Szuhany et al., 2015) and whether the individual has
engaged in adequate recovery (Meeusen et al., 2013).

The aim of this study was to evaluate the effect of programmed
regular endurance training in non-trained young adults on
physiological responses to acute aerobic exercise stress. This
involved analyte assessments in response to a standardized
aerobic challenge before and after a 16-week mindfulness
psychoeducation and aerobic endurance training program,
where the aerobic training followed a half-marathon training
schedule. Specifically, we focused on the effect of training
on the endocrine hormone cortisol. Investigating how this
analyte responds to exercise stress is important for determin-
ing whether this training schedule is associated with training-
induced adaptations to stress-responsive systems. Moreover,
these adaptations may have potential implications for mental
and physical health. The second aim of this study was to eval-
uate protocol feasibility with respect to assessment response
rate and the required sample size to detect pre-to-post changes
in cortisol responses in an adequately powered trial.

Cortisol

Cortisol is an endocrine steroid hormone that is secreted by
the HPA axis, and is well known for its role in preparing
the body to respond-to and recover-from both psychosocial
and physical stress (Hackney, 2006; McEwen, 1998; Sterling
& Eyer, 1988). Exercise stress, in particular, is associated
with increased metabolic energy requirements for muscular
activity (Hackney & Walz, 2013; Hill et al., 2008; McMurray
& Hackney, 2000; Viru & Viru, 2004). This is mediated, in
part, by energy homeostasis hormones such as cortisol.

The role of cortisol in physical exercise is multifaceted. Dur-
ing exercise, cortisol is taken up by many different tissues
throughout the body, including skeletal muscle, adipose tissue,
and the liver. Within these tissues, cortisol is responsible for a
cascade of processes that are involved in improving exercise
capacity and recovery (McMurray & Hackney, 2000). This
includes catabolic functions such as breaking down proteins in
skeletal muscles into constituent amino acids, which can then
be used as substrates of oxidation or made available as compo-
nents for new protein synthesis (Hackney & Walz, 2013; Hill
et al., 2008; McMurray & Hackney, 2000; Viru & Viru, 2004).
Cortisol is also involved in stimulating gluconeogenesis (i.e.,
the breakdown of non-carbohydrates into glucose) in the liver
to provide additional energy resources in order to meet the
increased metabolic demands of exercise (Hackney & Walz,
2013; Hill et al., 2008). During recovery from exercise, these
catabolic processes continue and ensure the destruction of
damaged or exhausted protein structures into amino acids.
In turn, these amino acids are made available to be used in
constructing protein molecules necessary to the needs of cells,

as well as in adaptations to skeletal muscle in response to
exercise training demands (Hackney & Walz, 2013; Viru &
Viru, 2004).

Short-term exercise above a certain intensity and duration
has been shown to lead to an increase in circulating levels of
cortisol in humans above resting levels (Hackney & Aggon,
2019; Hill et al., 2008; Kirschbaum & Hellhammer, 1994;
Luger et al., 1987). This response is partly determined by the
duration and intensity of physical exercise. Intensity is usually
quantified as a percentage of an individual’s maximal aerobic
capacity (V̇O2max), where V̇O2max represents the maximal rate
at which the body can take in oxygen to support the oxidative
production of energy that is required to do physical work
(Levine Benjamin, 2008). Most studies indicate that that there
is a critical work rate (e.g., running velocity) threshold that
must be overcome to observe a cortisol response to exercise
stress. This typically involves exercise conducted somewhere
between 50 – 60% of the work rate attained at V̇O2max, and for
at least 15–30 min in duration (e.g., Popovic et al., 2019; Gatti
& De Palo, 2011; Hill et al., 2008; Hötting et al., 2016; Luger
et al., 1987; Sato et al., 2016). However, it is important to
note that the samples within these studies are typically small,
and there is some evidence of heterogeneity in the effect of
acute exercise on circulating cortisol levels (e.g., see Dourida
et al., 2019 for evidence of a decline in cortisol in exercise
intensities exceeding the above thresholds). One reason for
this heterogeneity is that cortisol is a highly circadian hor-
mone, and researchers do not alway account for circadian
fluctuations between participants in their studies (Hill et al.,
2008).

Within these studies, cortisol secretion is typically linearly re-
lated to the intensity and duration of the exercise bout, where
greater intensity and duration are implicated in greater circu-
lating cortisol levels (Davies & Few, 1973; Hackney & Walz,
2013; Hill et al., 2008; Luger et al., 1987; Popovic et al.,
2019; Sato et al., 2016). Moreover, the effect of physical
exercise on circulating cortisol levels differs between trained
and non-trained individuals. For example, chronic or habitual
engagement in exercise is known to attenuate the cortisol
response to exercise stress, when compared to non-trained
individuals exercising at the same absolute exercise workloads
(Hackney & Walz, 2013; Luger et al., 1987; Popovic et al.,
2019; Viru & Viru, 2004). More highly trained individuals
also appear to require a higher intensity threshold to evoke a
cortisol response (Hackney & Walz, 2013; Sato et al., 2016;
Viru & Viru, 2004). It is also important to note that impaired
cortisol responses to acute exercise are sometimes associated
with overtraining (Meeusen et al., 2013), however, this effect
on cortisol is far from unanimous and is not a consistent
feature of empirical research (Cadegiani & Kater, 2017).
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It has been hypothesized that exercise-induced adaptations to
the endocrine system in trained individuals may be a candi-
date mechanism for the salutary effects on mental health that
often occur with physical exercise (Sothmann et al., 1996;
Sothmann, 2006). That is, adaptations to exercise stress lead
to an attenuation of cortisol responses during exercise, and
this may spill over to responses to heterotypic stressors such
as psychosocial stress. As such, it is plausible that exercise-
induced adaptations in cortisol responses in this study may
potentially confer resilience to stressful experiences more
broadly.

Methods

Study design

This study was a pilot and feasibility study where all partic-
ipants were subjected to 16 weeks of aerobic exercise train-
ing and mindfulness psychoeducation, delivered concurrently.
Pre-test (T0) and post-test (T1) measures were collected 1
to 4 weeks before and after the trial. Preliminary measures
and responses to the acute aerobic challenge protocol were
obtained on two separate occasions at an exercise laboratory at
the BASE Facility, Monash University. Participants received
no remuneration.

Participants

Participants were non-athletes who self-selected into a study
described as a mental and physical training program for stress
management. Exclusion criteria are described in Table 1.
The target sample size was 15 – 20 participants based on
pilot sample size recommendations (Whitehead et al., 2016).
Twenty-four participants were allocated to the intervention
under an expectation of a 30 – 35% dropout rate (see Figure
1 for the Consolidated Standards of Reporting Trials [CON-
SORT] diagram of participant flow). The final sample size
for analysis was N = 17 (total sample size) and n = 15 (blood
analyte assessment). Baseline data are provided in Table 2.
This satisfied the pilot sample size requirements and no further
data collection was attempted.

Intervention

Overview. This trial was a stress reduction and mental
health wellness program that comprised a mindfulness-based
intervention (MBI) and an endurance running training pro-
gram completed concurrently over 16-weeks (see Supplemen-
tary Figure 1 for a schematic representation). A comprehen-
sive overview of the protocol has been described elsewhere
(Prochilo et al., 2019). Briefly, the MBI comprised eight
group psychoeducation and reflection activity sessions (55

Table 1
Trial exclusion criteria

Exclusion criteria

1 Age not within 18 – 35 years of age
2 Completion of an endurance event equivalent to a half-

marathon (i.e., 21.1 km)
3 Completion of a formal meditation program
4 Current diagnosis of a neurological or mental disorder
5 Current diagnosis or history of chronic pain or muscu-

loskeletal conditions
6 Current diagnosis or history of chronic disease of any kind
7 Current diagnosis of a heat or cold disorder
8 Current use of medication that influences the neuroen-

docrine or immune system
9 Current injury of any kind (e.g., joint or muscle injury)
10 Current diagnosis of an infectious disease
11 Current diagnosis or history of anaphylactic shock symp-

toms
12 Fear or discomfort with needles
13 BMI ≥ 30 kg/m2

14 Pregnancy or suspected pregnancy

Note. BMI = body mass index.

Table 2
Baseline demographic characteristics of participants

All participants
Analyte

assessment

n out of total sample (%) 17 (100.0%) 15 (88.2%)
Mean age in years (SD) 22.88 (2.71) 22.87 (2.90)
Gender: male n (%) 8 (47.1%) 7 (46.7%)
Gender: female n (%) 9 (52.9%) 8 (53.3%)
Ethnicity: Caucasian n (%) 11 (64.7%) 9 (60.0%)
Ethnicity: Asian n (%) 6 (35.3%) 6 (40.0%)
Mean weight in kg (SD) 68.98 (12.82) 67.91 (12.57)
Mean BMI (SD) 23.29 (2.65) 23.10 (2.77)
Mean body fat % (SD) 24.29 (8.36) 23.85 (8.41)
Mean V̇O2max (SD) 45.34 (7.44) 45.64 (7.24)
Mean velocity at 70%
V̇O2max (SD) 9.26 (1.44) 9.32 (1.43)

Note. SD = standard deviation; n = count; V̇O2max = maximal
aerobic capacity; BMI = body mass index; velocity is measured in
km/h; kg = kilograms.

min each) and formal focused-attention meditation practice
(up to 20 min of individual home practice, conducted daily).
The endurance running training protocol was a half-marathon
training program that consisted of three running sessions per
week over 16 weeks. These runs were: (1) an interval run
(26 min: 5 min warm up; interval run of 200 m bursts of near
maximal intensity followed by a 200 m recovery to the total
of 16 min; 5 min cool down), (2) a short run of moderate or
moderate-to-vigorous intensity (20 min at the beginning of
the trial and increasing in duration to 60 min by the end of the
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Enrolment Assessed for eligibility (n = 45)

Nonrandomized (n = 24)

Excluded (n = 21)

•   Not meeting inclusion criteria (n = 17)

•   Declined to participate (n = 4)

Assignment

Allocated to intervention (n = 24)

•   Received allocated intervention (n = 24)

•   Did not receive allocated intervention (give reasons) (n = 0)
Allocation

Completed intervention (n = 17)

Discontinued intervention (n = 7)

Reasons for discontinuation:

•   Time burden (n = 4)

•   Running injury (n = 2)

•   Injury acquired external to the intervention that prevented 

    further participation (n = 1) 

Follow-Up

Body composition factors, autonomic measures, maximal 

aerobic capacity, and RPE and heart rate responses to the aerobic 

challenge protocol (n = 17)

•   Excluded from analysis (n = 0)

Blood analyte assessments (n = 15)

•   Excluded from analysis (n = 2)

Reasons for exclusion:

•   No data was acquired due to unsuccessful blood draws 

Analysis

Figure 1. CONSORT flow chart

trial), and (3) a long run of moderate or moderate-to-vigorous
intensity (20 min at the beginning of the trial and increasing
in duration to 110 min by the end of the trial).

Adherence requirements. Participants were required to
complete at least 50% of all components of the program.
This included participation in the group mindfulness psychoe-
ducation sessions (target = 8 sessions; minimal requirement
= 4 sessions); completion of self-directed formal mindfulness
meditation (target = 37.34 h; minimal requirement = 18.67
h), and completion of the prescribed running sessions (target
= 48 runs; minimal requirement = 24 runs).

Measures

Estimation of trial treatment effects

Preliminary testing. Preliminary testing comprised assess-
ment of body composition, autonomic function, and aerobic
capacity (V̇O2max). An estimation of the trial treatment effect
on mental health measures and V̇O2max have been reported
elsewhere (see Prochilo et al., 2019).

Body composition and autonomic function. Participants re-
ported to an exercise laboratory where height and body mass
were recorded. Percent body fat was assessed using an 8-point
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multi-frequency bioelectrical impedance analyzer (mBCA
515, Seca, Ecomed, Hamburg, Germany). Resting heart rate
(beats per minute: bpm) and blood pressure (millimeters of
mercury: mmHg) were measured in duplicate (and averaged,
respectively) after five minutes of quiet sitting using a digital
sphygmomanometer (NIBP3400, Welsh Allyn, Skaneateles
Falls, NY, United States).

V̇O2max. Aerobic capacity was assessed using a graded in-
cremental exercise test on a motorized treadmill (Forma Run
500, Technogym, Seattle, Washington, US) following the
protocol described in Costa et al. (2009). Briefly, the protocol
began with treadmill running (1% gradient) at 6 km/h, and
velocity was increased in increments of 2 km/h every 3 min
until volition exhaustion or V̇O2max criteria were obtained.
These criteria comprised two of the following: (1) a plateau
in oxygen consumption despite increasing velocity, (2) a heart
rate more than 90% predicted (220 bpm minus age in years),
or (3) respiratory exchange ratio greater than 1.15. The run-
ning velocity corresponding to 70% V̇O2max was extrapolated
using a V̇O2-velocity regression model for each participant.
This velocity was assigned to each participant for the acute
aerobic challenge protocol.

Acute aerobic challenge. The cortisol response to the stan-
dardized acute aerobic challenge was the primary dependent
outcome of interest in this subset of the trial. The aerobic chal-
lenge protocol, blood sampling protocol, and blood analyte
processing steps are described below.

Acute aerobic challenge protocol. A schematic illustration
of the exercise challenge protocol is given in Figure 2. The
protocol comprised 30 min of treadmill running on a 1%
incline gradient with speed adjusted to maintain a steady V̇O2
state at 70% V̇O2max, and was followed by a 60 min seated
recovery. Prior to the experimental protocol, participants were
asked to void and complete a questionnaire to confirm they
had adhered to the task prerequisites. These prerequisites
included: (1) consumption of a small meal containing car-
bohydrates 2 h prior to testing, (2) no alcohol or caffeine
within 24 hours of testing, (3) no exercise within 24 hours
of testing, and (4) confirmation that the participant was not
currently experiencing an illness of any kind. Participants
were then weighed on an electronic scale and fitted with a
heart rate monitor (Polar Electro, Kempele, Finland). During
the acute exercise bout (t0 to t0+30 min), heart rate and rating of
perceived exertion (RPE; Borg, 1982) were measured every 5
min. At the completion of the acute exercise bout, participants
were again weighed and change in body mass was used to
estimate fluid loss and water allowance for rehydration (i.e.,
1.5 times body mass loss). Participants were instructed to sit
and were allowed to consume water during a 60 min post-
exercise recovery period (t0+30 to t0+90 min). Participants were
provided with a standard recovery meal at the completion of
the full testing protocol.

The aerobic challenge was performed under identical stan-
dardized laboratory conditions before and after the trial (tem-
perature: 20 – 25◦ C; humidity: ≤ 60%; air circulation con-
trolled at a 10 km/h wind speed using two motorized fans;
assessments were completed at the same time within ± 1 h to
minimize the effect of cortisol circadian fluctuations on the
results).

Blood sampling protocol. Whole blood samples were col-
lected from the antecubital vein of each participant into a
vacutainer tube (6 mL 1.5 IU/mL lithium heparin; Becton
Dickinson, Oxford, UK). Blood draws occurred at three sam-
pling points during the acute exercise protocol: (1) immedi-
ately prior to the exercise bout (baseline: t0 min), (2) imme-
diately following the exercise bout (post-stress: t0+30), and
(3) following a one-hour recovery period (recovery: t0+90;
see Figure 2). Haematocrit and haemoglobin values were
used to estimate changes in plasma volume at post-stress
(t0+30) and post-recovery (t0+90) relative to baseline (t0) val-
ues, as described in Dill and Costill (1974). Haematocrit
values were determined via capillary method in triplicate
using lithium heparin blood samples and a haematocrit reader
(Thermo Scientific, Waltham, Massachusetts, United States).
Haemoglobin concentrations were determined in duplicate
using an automated cell counter (HemoCue 201+ system,
HemoCue AB, Angelholm, Sweden). The remaining blood
samples were centrifuged for 10 min (4◦ C and 4000 r/min)
within 15 min of sample collection. Lithium heparin plasma
was aspirated into microcentrifuge tubes and stored at –80◦

C for further analysis. Hydration status was determined by
measuring plasma osmolality (mOsmol/kg H2O) from 50 µl
lithium heparin plasma samples in duplicate (mean coefficient
of variation [CV]: T0: 2.8%; T1: 3.3%) by freezepoint os-
mometry (Osmomat 030, Gonotec, Germany). The difference
in hydration status at T0 (M = 288.22, SD = 7.92) and T1
(M = 286.29, SD = 9.54) was negligible. These values were
within the normal clinical reference range (i.e., 280 – 303
mOsmol/kg H2O; Dunning & Fischbach, 2004).

Blood analyte processing. Plasma concentrations of cortisol
(Cat #: DEH3388; Demeditec) were determined via enzyme-
linked immunosorbent assay (ELISA). Samples were ana-
lyzed in duplicate as per manufacturer instructions. The
optical density of each well was determined using a mi-
crotiter plate reader (RT-2100C, Shanghai International Hold-
ing Corp., Hamburg, Germany) set at 450 nm. Raw data were
transferred to an Excel spreadsheet, and plasma cortisol con-
centrations were interpolated from the third-order polynomial
standard curve (R2 values were ≥ .98). Standards, controls,
and the full dataset for each participant (i.e., both T0 and
T1 samples) were assayed on the same plate, respectively.
The intra-assay CV between duplicates was 9.0%. Data are
reported in the International System of Units (SI).
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30 min exercise bout 

at 70%VO2max 
60 min recovery period

0 5 10 15 20 25 30 90 min

Heart rate (beats/min) and

Perceived exertion (RPE)

Blood samples

t =

.

Figure 2. Schematic illustration of the acute aerobic challenge protocol. The left shaded area represents the 30 min treadmill
exercise bout (conducted at 70% of baseline V̇O2max). The right unshaded area represents the 60 min post-exercise recovery
period. Upward arrows indicate the time point of either blood sampling (solid arrows) or measures of heart rate (beats per
minute) and perceived exertion (RPE; dashed arrows). RPE = Borg Rating of Perceived Exertion; t = time in minutes. The total
experimental protocol was approximately 90 min.

Protocol feasibility

Assessment response rate. Assessment response rate was
quantified as the percentage of participants who provided
complete data at T0 and T1 for: (1) preliminary measures, (2)
completion of the acute aerobic challenge protocol, and (3)
blood sample collection during the acute aerobic challenge.
Response rates of 95% for preliminary measures and comple-
tion of the acute aerobic challenge protocol, respectively, were
considered acceptable for proceeding to a definitive trial. A
less stringent response rate of 80% was considered acceptable
for successful blood sample collection. This lower rate was
considered acceptable due to the possibility of unsuccessful
blood draws.

Sample size. Sample size requirements were quantified as the
number of participants needed to detect pre-to-post changes
in cortisol values in response to the acute aerobic challenge.

Statistical Analysis

Data were analyzed using R statistical software (v. 3.5.1;
R Core Team) on R Studio (v. 1.1.456; RStudio, Inc) for
Windows.

Justification of pilot trial error threshold

Pilot trials are conducted to provide assurance for a future
definitive trial and to estimate the range and magnitude of a
trial treatment effect. For this reason, pilot trial methodolo-
gists recommend α thresholds other than .05 as preliminary
evidence for an effect (Lee et al., 2014). Specific suggestions
include consideration of one-sided α thresholds up to .20 to
.25 (Lee et al., 2014; Schoenfeld, 1980; Stallard, 2012). The
justification for a liberal α thresholds in pilot research reflects
the different consequences of reporting false positives in pilot
trials versus confirmatory trials (e.g., Lakens et al., 2018; Lee

et al., 2014). Whereas the consequence of a false positive
in a confirmatory trial is that an effect is falsely concluded
to be nonzero, the consequence of a false positive in a pilot
trial is merely that a confirmatory trial is unnecessarily un-
dertaken. These recommendations are also in line with calls
from methodologists for a greater focus on false negatives
in empirical research (Fiedler et al., 2012). False positive
results can be corrected through replication, whereas false
negative results (particularly in pilot research) are less likely
to be detected or corrected.

In this trial, a two-sided threshold will be used because it
was considered scientifically irresponsible to ignore an effect
in a tail opposite to that which is expected. Specifically, we
will consider α = .20 (two-sided) as preliminary evidence
of incompatibility with the null, and report findings along-
side corresponding 80% confidence limits. However, it is
important to note that estimates of effect size computed from
pilot data will be imprecise regardless of the smallness of an
obtained p value (see Lee et al., 2014). Therefore, we caution
the reader to consider the confidence intervals on each of the
reported effects and not merely the point estimates.

Estimation of trial treatment effects

Body composition, autonomic function, and mean
changes in perceived exertion and heart rate in response
to the acute aerobic challenge. These variables were ana-
lyzed using one-sample t tests on T1 – T0 gain scores (t.test:
base R). (Sampling units: N = 17; observations = 34). A
robust sensitivity analysis to assumption violations was also
performed using T1 – T0 contrasts of the 20% trimmed mean
difference using a percentile bootstrap approach [trimpb: Rall-
fun package [v-35]; Wilcox (2018); bootstrap samples =

2000]. Unstandardized effects sizes were reported as T1
– T0 gain scores alongside 80% CIs. Standardized effect
sizes were reported as Cohen’s d with the pretest standard
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deviation as standardizer (hereby dpretest), as recommended
in Glass et al. (1981) for pre-post designs1. Confidence
limits for dpretest were computed using the bias-corrected-
and-accelerated (BCa) bootstrap method with 2000 resam-
ples (boot: boot package [v-1.3-22]; Canty & Ripley, 2019).
Dpretest is interpreted in the same manner as Cohen’s d for
between-groups designs.

Cortisol response to the acute aerobic challenge. Corti-
sol data were assessed in two separate linear mixed models.
Model 1 evaluated the temporal dynamics of the cortisol re-
sponse to the aerobic challenge at each time point, respec-
tively. Model 2 assessed the direct change in post-stress (t0+30)
and recovery (t0+90) values between time points, controlling
for baseline (t0) resting cortisol values. Changes in resting
cortisol levels are not a consistent feature of exercise train-
ing, where most studies suggest that no difference exists or
that training can lead to a small reduction in resting levels
(e.g., McMurray & Hackney, 2000; Hackney & Aggon, 2019).
Moreover, these effects are not as profound as those reported
in response to acute exercise (for an overview, see Hackney &
Aggon, 2019). As such, controlling for time-varying differ-
ences in baseline cortisol levels in this study will allow control
over sources of random variation in baseline levels, and allow
for a more precise estimate of the effect of the intervention
on post-stress and recovery responses to acute exercise stress.
Model 2 was a test of our primary research question.

Model 1: temporal dynamics. Data were arrayed as a 2
(Time: T1 vs. T0) by 3 (Sampling point: baseline, post-stress,
and recovery) within-within factorials in a linear mixed model
fit by REML (lmer: lmerTest package [v-3.1-0]; Kuznetsova
et al., 2017). Fixed effect intercepts were included for time,
sampling point, and their interaction, and random effect inter-
cepts were included for participants (sampling units: N = 15;
observations = 90).

A global test was performed on T0 and T1 responses, re-
spectively, to evaluate whether there were any differences in
baseline, post-stress, and recovery means at each time point
(emmeans: emmeans package [v-1.3.2], Lenth, 2019). Global
tests yielding p values less than α = .20 were followed up with
two contrasts: (1) post-stress vs. baseline, and (2) recovery
vs. baseline (emmeans: emmeans package). The p values and
confidence limits for these contrasts were corrected for multi-
ple comparisons using the multivariate t distribution method
(emmeans: emmeans package). Satterthwaite’s degrees of
freedom was used to evaluate the significance of F tests and
t tests, as recommended by Luke (2017). Unstandardized
effect sizes for follow-up contrasts were reported as T1 vs. T0
scores alongside 80% CIs. Standardized effect sizes were
not reported as there is no widely agreed-upon method of
computing these effects in mixed models outside of power
analysis.

Model 2: change in post-test and recovery. Our primary
research question with respect to cortisol was whether the
magnitude of post-stress and recovery plasma cortisol concen-
trations increased or decreased from T0 to T1, as an indication
of exercise-induced adaptations. These tests gain precision
by controlling for varying baseline values at each time point.
Therefore, in Model 2, data were arrayed as a 2 (Time: T1
vs. T0) by 2 (Sampling Point: post-stress vs. recovery) within-
within factorials with the baseline sample modeled as a time-
varying covariate of no interest. In this model, the differ-
ences between post-stress and recovery values across time
that might be attributed to random variation in the baseline
are statistically removed, leading to a more precise estimate
of the treatment effect on post-test and recovery values.

Data were analyzed using a mixed model fit by REML (lmer:
lmerTest package). Fixed effect intercepts were included for
time, sampling point, the baseline covariate, and the inter-
action of time and sampling point, and random effect inter-
cepts were included for participants (sampling units: N =

15; observations = 60). Evaluation of F tests and t tests, and
computation of effects sizes were identical to that described
for Model 1.

Evaluating model assumptions. Distributional assumptions
of linearity, homoskedasticity, and normality were assessed
graphically. The within-group residuals and random effects
were screened for outliers using a criterion of Cook’s distance
> 1 (cooks.distance: HLMdiag package [v-0.3.1]; Loy &
Hofmann, 2014).

Results

All participants who completed the trial satisfied adherence
requirements (see Prochilo et al., 2019). Summarized dosage
results are given in Table 3.

Estimation of trial treatment effects

Body composition, autonomic function, and mean
changes in perceived exertion and heart rate in response
to the acute aerobic challenge. Summarized results for
these measures are reported in Table 4.

Body composition. We are insufficiently confident to com-
ment on the overall direction and magnitude of change in
BMI (M = -0.03, 80% CI [-0.29, 0.23], p = .893) and body
fat percent (M = -0.19, 80% CI [-0.86, 0.48], p = .714). A
robust test did not change these conclusions.

Autonomic measures. There was a mean decline in resting
heart rate (M = -7.62, p = .007). This effect was statistically
robust. Moreover, this decline was compatible with changes

1This corresponded to the equation: dpretest =
MT1−MT0

S DT0
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Table 3
Summarized dosage results

All participants (N = 17) Analyte assessment (N = 15)

Measure M (SD) Range M (SD) Range

MBI Attendance (%) 79.4% (11.6%) 62.5% to 100.0% 79.2% (12.2%) 62.5% to 100.0%
Formal Meditation 24.81 (2.69) 19.33 to 29.42 25.12 (2.44) 21.42 to 29.42
Mean Exercise Intensity (% V̇O2max) 70.5% (6.7%) 56.8% to 82.2% 70.3% (7.1%) 56.8% to 82.2%
Running Distance (km) 228.10 (81.67) 143.80 to 474.27 226.94 (84.32) 143.80 to 474.27
Running Time (h) 24.50 (6.82) 17.99 to 45.37 24.23 (7.22) 17.99 to 45.37
Total Running Sessions 34.76 (5.39) 25.00 to 42.00 34.33 (5.61) 25.00 to 42.00

Note. km = kilometers; M = mean; SD = standard deviation.

in heart rate ranging from -10.91 bpm through to -4.33 bpm.
There was also a mean decline in systolic blood pressure (M
= -2.06, p = .321). However, these data are compatible with
a decrease as large as -4.75 mmHG, as well as an increase
of 0.63 mmHG. We are therefore insufficiently confident to
comment on the effect of the trial on systolic blood pressure,
and a robust test did not change this conclusion. There was
also a mean reduction in diastolic blood pressure (M = -1.82,
80% CI [-3.17, -0.48], p = .089). However, this effect was
not robust (pR = .222). An examination of the change score
distribution on this variable suggested that large declines in
diastolic blood pressure were experienced by a small number
of participants, and that this was likely driving the overall ef-
fect. For this reason, the robust result may be a more accurate
reflection of these data and we refrain from commenting on
the effect of the trial on diastolic blood pressure.

Mean RPE and heart rate. There was a mean decline in per-
ceived exertion in response to the aerobic challenge following
the trial (M = -1.76). This effect was statistically robust.
Moreover, these data are compatible with declines in exertion
ranging from -2.36 through to -1.16 units on the RPE scale.
There was also a mean reduction in heart rate in response to
the aerobic challenge following the trial (M = -3.55, p = .193).
This effect was also statistically robust. However, it must be
noted that this effect is compatible with a decline in heart rate
ranging from -7.04 bpm through to a very small decline of
-0.05 bpm.

Cortisol responses to the acute aerobic challenge.

Model 1: temporal dynamics. As is typical for analyte data,
inspection of the residual plots indicated that log-transformed
values were in better agreement with distributional assump-
tions. Therefore, Model 1 was assessed on the natural log
scale2. Log means, standard errors, and confidence limits
are reported as back-transformed values after computation
of all test statistics3. Summarized results for Model 1 are
reported in Table 5 (see Supplementary Materials Table 1 for
beta coefficients and variance components).

There was evidence that the difference between baseline, post-
stress, and recovery means at T0 was not equal to zero (F(2,
70) = 2.43, p = .095). However, there was insufficient evi-
dence of a difference between these means at T1 (F(2, 70) =

0.28, p = .760; see Figure 3A). Therefore, follow-up pairwise
comparisons were only performed on T0 means (see Figure
3B). The first follow-up test indicated that the mean of cortisol
at post-stress was 1.29 times as much as that at baseline (p
= .075). Moreover, these data were compatible with mean
cortisol values ranging from 1.06 to 1.56 times as much as
baseline. The second follow-up test indicated that cortisol
values remain elevated at recovery, and were on average 1.23
times as much as that at baseline (p = .172). Moreover, these
data were compatible with mean cortisol values ranging from
1.01 to 1.49 times as much as baseline.

Model 2: change in cortisol values at post-test and recov-
ery. As with Model 1, inspection of residual plots indicated
that log-transformed values were in better agreement with
distributional assumptions. Hence, Model 2 was assessed on
the natural log scale4. Data are reported as back-transformed
values after computation of test statistics, as described for
Model 1. No outliers were identified in the cortisol data.
Summarized results for Model 2 are reported in Table 6 (see
Supplementary Materials Tables 2 for beta coefficients and
variance components).

2This corresponded to the lmer model equation: log(y) ∼
time × sampling point + (1|participant)

3The back-transformation of the mean of logged data is a geo-
metric mean, and the anti-logs of the confidence limits on a mean
of logged data is a confidence interval for the geometric mean. One
property of logarithms is that the difference between logs is the log
of the ratio, log(x) − log(y) = log( x

y ). Hence, for each pairwise
contrast, the back-transformation of the difference between logs
represents a ratio of geometric means, and the back-transformation
of the confidence limit on this difference is a confidence interval for
the ratio of the geometric means. The null value for these latter tests
is ratio = 1, which indicates that the geometric means involved in
the contrast are equal in magnitude.

4This corresponding to the lmer equation: log(y) ∼
log(baseline) + time × sampling point + (1|participant)
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Table 4
Summarized results for pre-test (T0), post-test (T1), and gains (T1-T0) for preliminary measures, and mean RPE and heart rate responses to the
aerobic challenge protocol.

T0: M (SD) T1: M (SD) T1 – T0: M (SD) [80% CI] dpretest [80% CI] t p pR

Body composition
BMI 23.29 (2.65) 23.26 (2.19) -0.03 (0.80) [-0.29, 0.23] -0.01 [-0.12, 0.08] -0.14 .893 .834
Body fat percent 24.29 (8.36) 24.10 (7.70) -0.19 (2.06) [-0.86, 0.48] -0.02 [-0.10, 0.06] -0.37 .714 .499

Autonomic measures
Resting heart rate (bpm) 73.91 (12.53) 66.29 (10.25) -7.62 (10.16) [-10.91, -4.33] -0.61 [-0.91, -0.36] -3.09 .007 .007
Systolic blood pressure 114.88 (10.86) 112.82 (9.24) -2.06 (8.29) [-4.75, 0.63] -0.19 [-0.44, 0.03] -1.02 .321 .356
Diastolic blood pressure 71.71 (5.12) 69.88 (4.54) -1.82 (4.16) [-3.17, -0.48] -0.36 [-0.68, -0.11] -1.81 .089 .222

Aerobic challenge
Mean RPE 13.48 (2.12) 11.72 (1.16) -1.76 (1.85) [-2.36, -1.16] -0.83 [-1.11, -0.50] -3.94 .001 <.001
Mean heart rate (bpm) 171.70 (12.21) 168.15 (9.31) -3.55 (10.77) [-7.04, -0.05] -0.29 [-0.56, -0.02] -1.36 .193 .136

Note. Sampling Units: N = 17; observations = 34; degrees of freedom (df ) = 16. M = mean; SD = standard deviation; CI = confidence interval;
dpretest = standardized mean difference; p = p value; pR = robust p value computed via a percentile bootstrap test of the 20% trimmed mean gain
scores with 2000 resamples. BMI = body mass index; bpm = beats per minute; RPE = rating of perceived exertion.

There was evidence of a main effect of time (F(1, 43.11) =

8.55, p = .005). However, we are insufficiently confident to
comment on the presence of a main effect of sampling point
(F(1, 41.03) = 1.08, p = .306) or a time by sampling point
interaction (F(1, 41.03) = 0.09, p = .762; see Figure 4A).
A follow-up pairwise comparison of the main effect of time
indicated that, on average, the cortisol response at post-stress
and recovery at T1 was 0.81 times as much as that at T0 (p
= .005). Moreover, these data were compatible with mean
cortisol values at T1 ranging from 0.74 to 0.89 times as much
as T0 (see see Figure 4B).

Protocol feasibility

Assessment response rates. All participants that completed
the trial provided complete paired data points for preliminary
measures, and RPE and heart rate responses to the aerobic
challenge protocol (preliminary assessment response rate =

100%; aerobic challenge response rate = 100%). This satis-
fied the assessment response criteria for these measures. With
respect to blood sample collection, 15 participants provided
a complete set of blood sampling points (i.e., baseline, post-
stress, and recovery) at both T0 and T1 (blood collection
response rate = 88.23%). This was an acceptable response
rate. Blood collection was unsuccessful for two participants
at T0 and no attempt was made to collect blood samples from
these participants at T1.

Sample size requirements. Sample size planning for a con-
firmatory trial focused on the T1 – T0 main effect of time
contrast for cortisol based on Model 2. A standardized mean
difference (hereby: dg) was first computed on the pilot data
using the equation described in Westfall (2015). The lower
(absolute) limit of a one-sided 80% CI was then computed
on these values using a percentile bootstrap approach with
2000 bootstrap simulations (bootMer function: lme4 package

[v 1.1-21], Bates et al., 2015). (For more on computation
of safeguard effect sizes, see Perugini et al., 2014). This
computation yielded dg = -0.37.

This effect size was entered into a sample size planning analy-
sis using a simplified model where the pre-to-post comparison
was modeled as a dependent groups t test. Sample size re-
quirements were computed using α = .05 (two-sided) and
power = .80 (pwr.t.test: pwr package [v-1.2-2], Champely,
2018). This analysis indicated that N = 60 are sufficient to de-
tect within-group differences of this magnitude. Adjustments
based on the overall pilot retention rate (i.e., 70.83%) and
blood collection response rate (i.e., 88.23%) indicate that N
= 95 will be required to detect this effect accounting for these
factors.

Discussion

This study was a pre-post pilot and feasibility study that eval-
uated the effects of an intervention comprised of endurance
aerobic exercise and mindfulness psychoeducation, completed
concurrently over 16-weeks. The primary aim of this study
was to evaluate the effect of programmed endurance training
on the cortisol response to an acute aerobic exercise challenge
protocol conducted at 70% of baseline V̇O2max for 30 min in
duration. Past research indicates that aerobic challenges of
this intensity and duration are sufficient to stimulate a cortisol
response in non-trained individuals (Gatti & De Palo, 2011;
Hill et al., 2008; Luger et al., 1987; Popovic et al., 2019; Sato
et al., 2016). Notably, this work-rate was also the average
intensity at which participants conducted running training
throughout the intervention.

An assessment of the temporal dynamics of the cortisol re-
sponse at pretest (i.e., T0) and post-test (i.e., T1), separately,
indicated that the cortisol responses differed at each time point.
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Table 5
Summarized results of Model 1: plasma cortisol temporal dynamics

Baseline M [80% CI] Post-stress M [80% CI] Recovery M [80% CI] p

Plasma cortisol (nmol/L)
T0 Sampling Points 575.12 [497.17, 665.30] 740.65 [640.27, 856.78] 705.06 [609.50, 815.61] .095
T1 Sampling Points 655.90 [567.00, 758.74] 689.05 [595.66, 797.09] 629.60 [544.27, 728.32] .760

Ratio [80% CI] df t p

T0: Post-stress / Baseline Ratio 1.29 [1.06, 1.56] 70 2.08 .075
T0: Recovery / Baseline Ratio 1.23 [1.01, 1.49] 70 1.68 .172

Note. Sampling Units: N = 15; observations = 90. Time: T0 = pre-test; T1 = post-test. Sampling point: Baseline = t0; Post-
stress = t0+30; Recovery = t0+90. M = geometric mean; Ratio = ratio of geometric means; CI = confidence interval; df = degrees
of freedom; t = t value; p = p value (CIs and p values for follow-up tests are corrected for multiple comparisons using the
multivariate t distribution method). All test statistics are computed on log values; t tests use Satterthwaite’s degrees of freedom;
analyte values and their confidence limits have been back-transformed after computation of test statistics.
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Figure 3. Cortisol responses to the aerobic challenge protocol as described in Model 1. A = cortisol response; B = post-
stress vs. baseline and recovery vs. baseline cortisol ratios for T0 responses. The sample means and CIs for A have been
back-transformed after computation of all test statistics. All errors bars represent 80% CIs.

At T0, cortisol values immediately following the exercise bout
were 1.29 times as great as those at baseline. Moreover, these
values remained elevated at recovery, and were 1.23 times
as much as baseline. This suggests that, at T0, there was a
cortisol response to the acute exercise challenge and these
values did not recover to resting values during the 60 min
recovery period. At T1, there was insufficient evidence to
suggest that cortisol values differed from baseline to post-
stress, and from baseline to recovery. This indicated that there
was potentially a lack of a cortisol response to the exercise
challenge following the intervention, or that the difference
between the baseline and post-stress response and the base-
line and recovery response was too low in magnitude to be
detected in this study.

To evaluate whether the difference in cortisol responses
changed following participation in the intervention, direct
pre-test to post-test comparisons of these sampling points
were also conducted, controlling for time-varying baseline
cortisol values. This analysis indicated that cortisol values
both immediately following the exercise bout and at recovery
at T1, on average, were 0.81 times as much as those reported

at T0. This provides evidence that cortisol responses to the
acute aerobic challenge declined following the exercise in-
tervention, potentially due to exercise-induced adaptations
as a result of endurance training. However, it must also be
noted that the cortisol values at these sampling time points
at T1 are compatible with values that were 0.74 times as
much as T0 through to 0.89 times as much as T0, indicating
that a range of cortisol ratios are consistent with these data.
These changes were also accompanied a mean reduction in
both subjective ratings perceived exertion (RPE) and mean
heart rate (beats per minute; bpm) in response to the acute
exercise challenge, as further evidence of exercise-induced
adaptations to submaximal exercise workloads. Specifically,
RPE declined from 13.48 (i.e., somewhat hard) to 11.72 (i.e.,
light), indicating that participants perceived the exercise bout
to be less strenuous following training. Meanwhile, mean
heart rate declined from 171.7 bpm to 168.15 bpm. Although
caution must be warranted in interpreting these data as this
change in heart rate was compatible with a 7.04 bpm reduction
to a potentially negligible 0.05 bpm reduction.
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Table 6
Summarized results of Model 2

SS MS df F p

Plasma cortisol (nmol/L)
Main Effect of Time 0.58 0.58 1, 43.11 8.55 .005
Main Effect of Sampling Point 0.07 0.07 1, 41.03 1.08 .306
Time-varying baseline covariate 2.05 2.05 1, 54.44 30.23 <.001
Time × Sampling Point Interaction 0.01 0.01 1, 41.03 0.09 .762

Note. Sampling Units: N = 15; observations = 60. Time: T0 = pre-test; T1 = post-
test. Sampling point: Post-stress = t0+30; Recovery = t0+90. Covariate: time-varying
baseline sampling point. SS = sum of squares; MS = mean square; F = F statistic; df
= degrees of freedom; p = p value; Ratio = ratio of geometric means; CI = confidence
interval; SE = standard error; t = t statistic. All test statistics are computed on log
values; F and t tests use Satterthwaite’s degrees of freedom; analyte values and their
confidence limits have been back-transformed after computation of test statistics.
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Figure 4. Plasma cortisol responses to the aerobic challenge protocol with baseline sample as a time-varying covariate, as
described in Model 2. A = cortisol response; B = T1 vs. T0 cortisol ratio (main effect of time). The sample means and CIs for
A have been back-transformed after computation of all test statistics. All errors bars represent 80% CIs.

Together, these data provide preliminary evidence of physi-
ological adaptations that enable submaximal exercise work-
loads to be conducted with greater efficiency and less strain
following completion of the endurance training protocol.
These data are consistent with reports that trained individuals
display a lower cortisol response at the same work-rate or
exercise intensity compared to non-trained individuals (e.g.,
Luger et al., 1987; Hackney & Walz, 2013; Sato et al., 2016;
Viru & Viru, 2004). For example, in the classic study by
Luger and colleagues (1987) it was shown that, compared to
sedentary participants, the cortisol response in trained runners
was attenuated at each absolute work-rate assessed during a
treadmill running protocol. This indicated that higher levels
of absolute exercise workloads were required to stimulate a
cortisol response in trained individuals. In a more recent study,
non-athletes and athletes were subjected to an incremental
exercise protocol to exhaustion using a cycling ergometer
(Sato et al., 2016). In this study it was reported that, in non-
athletes, plasma cortisol concentrations were significantly
elevated from baseline in response to acute aerobic exercise at
40%, 70%, and from 90% of peak aerobic capacity (V̇O2peak).

However, athletes only reported a significant elevation at the
maximal work rate. In another study conducted in a natu-
ralistic setting, it was shown that seven weeks of volleyball
practice training was associated with a significantly reduced
cortisol response to the same relative intensity of volleyball
practice (Eliakim et al., 2013). Reductions in plasma cortisol
concentrations in response to acute exercise are sometimes
implicated in overtraining (Meeusen et al., 2013). However,
this explanation appears unlikely of the present study given
that participants also reported a reduction in fatigue and per-
ceived effort on the Borg RPE scale in response to the exercise
bout.

The mechanisms behind a reduction in cortisol output at sub-
maximal exercise intensities following exercise training are
multifaceted. One explanation may involve metabolic effi-
ciency, which refers to the capacity to use available energy
resources to facilitate performance (Daniels, 1985; Saunders
et al., 2004). That is, exercise training in this study may be
associated with improvements in metabolic efficiency, which
reduces the overall metabolic demand of acute exercise con-
ducted at submaximal exercise intensities (and hence, cortisol
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requirements; Daniels, 1985; Barnes & Kilding, 2015; Mc-
Murray & Hackney, 2000; Saunders et al., 2004). A second
explanation may relate to an improvement in cardiopulmonary
efficiency, where there has been a reduction in energy require-
ments related to oxygen consumption, transport, and utiliza-
tion for muscular activity (Barnes & Kilding, 2015; Daniels,
1985; Saunders et al., 2004).

Another potential mechanism may be that, following exercise
training, the threshold for a cortisol response has increased as
a result of training. That is, exercise that was previously above
the threshold (i.e., 70% V̇O2max) is now are under the thresh-
old following exercise training (Viru, 1992). During below-
threshold acute exercise, circulating cortisol levels have been
shown to decrease in concentration because there a higher
rate of metabolic clearance (e.g., cellular uptake) compared to
cortisol production (Anderson et al., 2019; Hill et al., 2008).
This is notable given that, in our assessment of the temporal
dynamics of the cortisol response at post-intervention, there
was insufficient evidence that post-stress and recovery plasma
cortisol concentrations were different from baseline. While
it has been reported elsewhere that there were no overall
changes in V̇O2max in association with participation in this
study (Prochilo et al., 2019), it may be that improvements
in the efficiency of submaximal exercise have increased the
intensity threshold required of a cortisol response. This may
be a plausible explanation given that the work-rate of the
acute exercise challenge (i.e., 70% V̇O2max) corresponded to
the average intensity at which participants conducted running
training throughout the duration of the intervention.

Randomized controlled trials of aerobic exercise interven-
tions indicate that regular exercise is associated with salutary
mental health outcomes (Cooney et al., 2013; Schuch et al.,
2015; Stubbs et al., 2017). These effects were also observed
following participation in this trial, including a reduction in
self-reported chronic psychosocial stress (see Prochilo et al.,
2019). One hypothesis explaining the occurrence of these
effects is that habitual engagement in exercise can lead to
unspecific adaptations of stress-responsive systems, such as
those reported in this study, which can confer resilience to
heterotypic stressors such as psychosocial stress (Sothmann
et al., 1996; Sothmann, 2006). If the total physiological
response to psychosocial stressors are attenuated as a result
of exercise training, this may be beneficial in day-to-day life
where individuals are often exposed to adverse psychosocial
stimuli.

This hypothesis has recieved some support in the empirical
literature. For example, Rimmele and colleagues (2007, 2009)
demonstrated that, compared to untrained men, trained men
exhibited lower cortisol responses to a standardized psychoso-
cial stress task as well as fewer mood disturbances. In an
early study it was also shown that, compared to older fit
women, older unfit women had a significantly greater cortisol

response to a psychosocial stress task (Traustadottir et al.,
2005). More recently, however, a systematic review of the
literature by Mücke and colleagues (2018) indicated that only
half of eligible studies reported that regular physical activity
or fitness was associated with attenuated cortisol responses
to psychosocial stress. Moreover, many of the studies on this
topic have been cross-sectional in study design, and suffer
from insufficient statistical power due to low sample size.
This suggests that, although there is prelimary support for
the cross-stressor adaptation hypothesis, longitudinal studies
with greater sample sizes are necessary to investigate this
hypothesis more adequately. If the cross-stressor adaptation
hypothesis is shown to be valid, this may explain, in part, the
salutary effects of the trial with respect to chronic psychoso-
cial stress (Prochilo et al., 2019).

It is important to acknowledge also that the effects of aerobic
exercise on mental health outcomes, such as self-reported
stress, may also be mediated by more general mechanisms.
For example, exercise may be associated with the amelioration
of conditions that are detrimental to mental health, such as
poor sleep quality, cardiovascular fitness, and body esteem
(for discussion, see Hackney & Aggon, 2019). It is also
notable that in the present study, the training program was
associated with a reduction in resting heart rate from 73.91
bpm to 66.29 bpm, with a fairly narrow confidence bound.
Reductions in resting heart rate appear to be a consistent
feature of aerobic exercise training (Reimers et al., 2018).
Moreover, a lower resting heart rate has been implicated in
salutary health outcomes, including an inverse relationship
with life expectancy (Ó Hartaigh et al., 2014) and a positive
association with with all-cause and cardiovascular mortality
(Aune et al., 2017). Thus, improvements in mental health
outcomes following exercise may also be a result of improve-
ments in general health.

Protocol feasibility

A further aim of this trial was to assess protocol feasibility
with respect to assessment response rate and required sample
size to evaluate pre-to-post changes in cortisol responses in an
adequately powered trial. The assessment response rate was
100% for the preliminary measures, and RPE and heart rate
responses to the aerobic challenge protocol, and 88.25% for
the blood collection. These response rates were acceptable
with respect to our feasibility criteria. To detect pre-to-post
changes in the mean cortisol response across post-stress and
recovery time points requires N = 95 participants. This is par-
ticularly large for exercise physiology studies, which typically
have very low sample sizes. The feasibility of conducting
incremental exercise testing, standardized submaximal ex-
ercise testing, blood sampling and immunoassay in such a
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large cohort may rely on the availability of future resources.
A definitive study may be more feasible as a collaboration
among multiple research groups.

Limitations and future research

It is important to note that while the aerobic exercise compo-
nent of this intervention was likely the primary determinant
of the exercise-induced adaptations observed in this study,
the training program also involved a formal mindfulness psy-
choeducation program that was delivered concurrently. As
such, it is plausible that some of the adaptations to the en-
docrine system observed in this study may be attributable to
the practice of mindfulness itself. For example, performance
improvements in submaximal exercise can involve improve-
ments in biomechanical characteristics, which involves the
efficiency of musculoskeletal systems to convert power output
into exercise performance (e.g., running; Barnes & Kilding,
2015; Saunders et al., 2004). It is therefore possible that
mindfulness training, with its focus on present-moment ex-
periences (such as awareness of the body and its sensations;
Lindsay & Creswell, 2017), may contribute to more efficient
exercise biomechanics that lead to lower energy requirements.
For this reason, it may be of interest to evaluate the effect
of this intervention in a controlled trial to tease apart these
mechanisms.

A second important limitation was that, due to the number
of dropouts in this study or missing data due to failed blood
draws, these results need to be carefully interpreted. A future
definitive study might consider employing a trained nurse
to take blood draws in order to improve response rates, and
use of an intravenous catheter may alleviate concern over
lost samples at post-stress and recovery time points. A third
limitation is that the reported effects in this study are asso-
ciated with wide confidence bounds, indicating that a wide
range of values are consistent with these data. While small
sample sizes are a common feature of the exercise physiology
literature (and pilot research more generally), these data must
be interpreted cautiously, and we cannot rule out any values
reported within the confidence intervals. Finally, while it is
posited that exercise-induced adaptations in cortisol responses
may spill over to responses to psychosocial stress, this was
not directly tested in this current study. Therefore, a future
study might consider additionally subjecting participants to
a standardized psychosocial stress protocol (e.g., the Trier
Social Stress Test; Allen et al., 2014) to evaluate whether
there is a relationship between cortisol responses to exercise
and psychosocial stress.

Conclusion

This study provides preliminary evidence that a 16-week men-
tal and aerobic endurance training program following a half-
marathon training schedule is associated with an attenuated
cortisol response to an acute, submaximal aerobic exercise
test conducted at 70% of V̇O2max. A future definitive trial
with sufficient sample size is required to estimate these effects
more precisely.
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Chapter 9

General Discussion

This thesis was on organizational neuroscience with applications to stress man-
agement. The first aim of this thesis was to develop an organizational neuroscience
model of occupational stress that integrated the health impairment process of the
job demands-resources model (Demerouti, Nachreiner, Bakker, & Schaufeli, 2001)
with the allostatic load model of stress (McEwen, 2016; McEwen & Gianaros, 2011).
This model and its potential moderators was developed in Section 1 and Chapter 2
across 15 propositions.

The second aim of this thesis was to address key limitations of this model that
relate to statistical, methodological, and philosophical concerns that arise when
scholars apply neuroscience methods to organizational research problems. This
was discussed across two critical essays in Section 2 of this thesis. The first es-
say (Chapter 3) used Waldman and colleague’s (2017) recent Annual Review of the
state-of-the-art of organizational neuroscience as a catalyst for a broader discussion
on post-publication review practices in this field. In doing so, this essay discussed
the implications for organizational neuroscience of: (1) accepting findings within
studies that are reported with insufficient transparency or completeness, and (2)
focusing on statistical significance in absence of consideration of effect size, effect
magnitude, and the precision and accuracy of estimated effects. The second essay
(Chapter 4) critically appraised research design recommendations in organizational
neuroscience that have been promoted across multiple theory and empirical works.
Drawing upon the broader fields of social and cognitive science, and on the philos-
ophy of science known as interventionism (Woodward, 2004), this essay explicated
how neuroscience research methods differ in their capacity to answer questions that
are relevant to organizational research and practice. Moreover, it discussed that the
designs recommended in major review works may not necessarily meet the needs
of organizational research and practice. These essays also served as the statistical
and philosophical framework for how the empirical studies in Section 3 were to be
conducted and interpreted. That is, with a focus on transparent and complete re-
porting, confidence interval estimation, and acknowledgment of the limitations of
the employed research designs.

The third aim of this thesis was to perform a preliminary test of the proposi-
tions of the theoretical model relating to resilience training. These particular studies
involved subjecting participants to a pilot and feasibility trial of a multi-modal in-
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tervention that involved formal mindfulness psychoeducation and aerobic endurance
training, completed concurrently, over a period of 16 weeks. However, of note, these
studies represented a conceptual evaluation of the propositions of the model in that
they were performed in a sample of convenience, rather than in a working popula-
tion specifically. As such, these studies and their dependent measures were adapted
to suit a general population, and findings will need to be verified in working pop-
ulations in the future. The aim of Study I (Chapter 6) was to evaluate the effects
of this intervention on chronic psychosocial stress, as well as potential mechanisms
that may be implicated in changes in chronic psychosocial stress. This included dis-
positional mindfulness, use of adaptive and maladaptive emotion regulation strate-
gies, and changes in indices of maximal and submaximal cardiorespiratory fitness.
The aim of Study II (Chapter 7) was to investigate whether this intervention was
also associated with changes in gray matter concentration within the hippocam-
pus. Theoretical models from basic animal neuroscience have hypothesized that
neuroplastic changes within this region may be responsible for the salutary mental
health outcomes implicated with this intervention (Millon & Shors, 2019; Shors,
Olson, Bates, Selby, & Alderman, 2014). The aim of Study III (Chapter 8) was
to evaluate whether the aerobic endurance training component of this intervention
was implicated in exercise-induced adaptations to stress responsive systems. This
is of relevance because it has been hypothesized that these adaptations may con-
fer resilience to heterotypic stressors, such as psychosocial stress (Sothmann, 2006;
Sothmann et al., 1996). Within each of these studies, feasibility criteria in rela-
tion to conducting a future definitive trial were also evaluated with the purpose of
attaining sufficient assurance of protocol feasibility, and to ensure the validity and
methodological rigor of a future trial.

The following sections recap the key findings associated with each of the three
key aims of this thesis. Limitations of the thesis and future directions are also
discussed.

9.1 An organizational neuroscience model of oc-

cupational stress: a recap

Work-related stress has a considerable impact on individuals and organizations.
This includes an increase in the incidence of mental health problems (Melchior et
al., 2007; Pereira, Meier, & Elfering, 2013), physical illness (Nixon, Mazzola, Bauer,
Krueger, & Spector, 2011), and a reduction in workplace productivity due to ab-
senteeism and presenteeism (Cartwright & Cooper, 2014). There is a rich body of
literature discussing stress from an organizational perspective (Bakker & Demer-
outi, 2014; Demerouti et al., 2001; Xanthopoulou, Bakker, Demerouti, & Schaufeli,
2007), as well as on more fundamental aspects of stress from a neuroscience perspec-
tive (McEwen, 1998; McEwen & Gianaros, 2011; McEwen, Nasca, & Gray, 2016;
Sterling & Eyer, 1988). An integration of these perspectives into an organizational
neuroscience model of occupational stress has the potential to improve the explana-
tory power of each model. One example of this may be by identifying alternative
pathways of ameliorating work stress or of building resilience to work stress that

143



CHAPTER 9. GENERAL DISCUSSION

have been identified in neuroscience research, particularly when practitioners are
unsuccessful at achieving these goals using regular job redesign practices.

From an organizational perspective, psychosocial factors that are considered haz-
ardous to health are referred to as stressors, while the subjective and physical re-
sponse to stressors is referred to as strain (Cartwright & Cooper, 2014; Griffin &
Clarke, 2011). Strain may include the experience of negative physical or psycho-
logical states, including worry, fatigue, and exhaustion. The more ambiguous term,
stress, refers to the psychological and physiological processes by which stressors
lead to strain. Meanwhile, resilience is the capacity of an individual to maintain
health (or improve health) in response to exposure to stressors (Mancini & Bonanno,
2006). These relationships are captured by the job demands-resources model of oc-
cupational stress (Demerouti et al., 2001). This model posits that health impairment
outcomes are the result of an interaction between (negative) job demands (e.g., role
overload, time pressure, or role conflict) and (positive) job resources (e.g., job au-
tonomy, social support, and both emotional and personality-related factors of an
individual).

From a neuroscience perspective, these processes are captured by the allostatic
load model (McEwen, 1998; McEwen & Gianaros, 2011; McEwen et al., 2016). At
the center of this model is the concept of homeostasis, which refers to maintenance
of physiological systems that are necessary for life. If homeostasis is challenged by
adverse experiences (i.e., stressors), this leads to changes across multiple chemical
mediators that act to maintain or re-establish a homeostatic equilibrium. Allostasis
refers to the process by which the brain directs a change in these chemical mediators
in response to a perceived challenge to homeostasis (McEwen, 1998; McEwen & Gia-
naros, 2011; McEwen et al., 2016). This may include a change in the production and
circulation of the products of various physiological systems (e.g., the hypothalamic-
pituitary-adrenal [HPA-axis] secretion of glucocorticoids), which are coordinated via
the brain. These physiological changes lead to behavioral manifestations of strain,
but are considered adaptive in the short term in order to provide the energy and
resources required to respond to a challenge (McEwen, 1998; McEwen & Gianaros,
2011; McEwen et al., 2016). However, these systems can become persistently de-
viated from their baseline values in response to stressors in absence of sufficient
buffering resources (e.g., social support; McEwen and Gianaros, 2011; Shonkoff,
Boyce, and McEwen, 2009). This experience is referred to as toxic stress, and can
result in allostatic load endpoints such as the clinical dysregulation of the above-
mentioned physiological systems (e.g., Juster, McEwen, & Lupien, 2010; Juster
et al., 2016; Juster et al., 2011). This leaves an individual more susceptible to the
development of stress-related disorders, such as anxiety, depression, and burnout.

Chapter 2 of this thesis focused on the health impairment pathway of the job
demands-resources model, and integrated organizational and neuroscience perspec-
tives on stress into an organizational neuroscience model of occupational stress.
This involved a review of neuroscience-based research conducted within an orga-
nizational context, within general human populations, and within animal models
where relevant. Specific focus was given to two stress-related systems that have
received the majority of research attention. This included the HPA-axis and its
role in the secretion of glucocorticoids (of which cortisol is a primary output in hu-
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mans), and the prefrontal cortex-limbic stress network and its role in coordinating
the allostatic stress response. Each of these systems are additionally a target of
allostatic load, and their dysregulation can lead to a variety of health impairment
endpoints (e.g., Juster et al., 2010; Juster et al., 2016; Juster et al., 2011; McEwen
& Gianaros, 2011; McEwen et al., 2016). For example, toxic stress may be asso-
ciated with hyper-activation of the HPA-axis secretion of cortisol in response to
acute stressors in the short term, which may shift to a hypo-active response with
increasing stressor chronicity (Booij, Bouma, de Jonge, Ormel, & Oldehinkel, 2013;
McEwen, 2006; McEwen & Gianaros, 2011; Segal, Hindmarsh, & Viner, 2005). Both
hyper- and hypo-active cortisol responses to stressors are considered vulnerabilities
to the development of stress-related disorders (McEwen, 2006). However, there is
evidence of heterogeneity of this effect in general populations (e.g., Burke, Davis,
Otte, & Mohr, 2005; Elzinga et al., 2008; Elzinga, Schmahl, Vermetten, van Dyck,
& Bremner, 2003; Lovallo, Farag, Sorocco, Cohoon, & Vincent, 2012; Pierrehum-
bert et al., 2009; Simeon et al., 2007), and working populations (e.g., Bellingrath &
Kudielka, 2008; Lennartsson, Sjörs, Währborg, Ljung, & Jonsdottir, 2015; Rydmark
et al., 2006; Wirtz, Ehlert, Kottwitz, La Marca, & Semmer, 2013; Wirtz, Siegrist,
Rimmele, & Ehlert, 2008) indicating that further research is needed.

With respect to the prefrontal cortex-limbic stress network, toxic stress may
be associated with dysregulation of the function and structure of the amygdala,
hippocampus, and prefrontal cortex (Herman, 2013; Herman, Ostrander, Mueller,
& Figueiredo, 2005; McEwen & Gianaros, 2011; McEwen et al., 2016; Ulrich-Lai
& Herman, 2009). Interactions between these three principle brain structures are
implicated in the acquisition, storage, and retrieval or inhibition of fear memories
that determine whether an event is considered threatening (Hartley & Phelps, 2010;
Ulrich-Lai & Herman, 2009). As such, these regions play an important role in in-
fluencing HPA axis and other allostatic responses to actual or perceived threats.
Toxic stress may be implicated in hypertrophy of the amygdala and enhancement
of amygdala-dependent functions such as fear and anxiety responses (Golkar et al.,
2014; Herman et al., 2005; Jovanovic, Perski, Berglund, & Savic, 2011; Lupien et
al., 2011; McEwen & Gianaros, 2011; Tottenham et al., 2010; Ulrich-Lai & Herman,
2009). Meanwhile, the same types of stressors may be implicated in a reduction
of hippocampal and prefrontal cortex volume and impairment of their associated
functions in stress regulation (Herman, 2013; Herman et al., 2005; McEwen & Gi-
anaros, 2011; McEwen et al., 2016; Ulrich-Lai & Herman, 2009). This may leave
an individual more susceptible to the development of stress-related illnesses. Once
again, however, there is considerable heterogeneity of these effects among the general
population (e.g., Admon et al., 2009; Ansell, Rando, Tuit, Guarnaccia, & Sinha,
2012; Gianaros et al., 2007; Koolschijn, van Haren, Lensvelt-Mulders, Hulshoff Pol,
& Kahn, 2009; Kühn & Gallinat, 2013; Li et al., 2014; O’Doherty, Chitty, Saddiqui,
Bennett, & Lagopoulos, 2015) and working populations (Blix, Perski, Berglund, &
Savic, 2013; Jovanovic et al., 2011; Rydmark et al., 2006; Sandstrom et al., 2011;
Savic, 2015; Savic, Perski, & Osika, 2017).

Of particular relevance to this thesis, processes leading to a dysregulation of the
HPA axis, prefrontal cortex-limbic stress network, and health impairment outcomes
may be moderated through resilience training interventions. This includes inter-
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ventions that comprise mindfulness meditation, physical activity, and multi-modal
interventions comprising both mindfulness and physical activity conducted together.
Mindfulness is the process of using one’s attention to monitor present-moment expe-
riences with non-judgmental acceptance and awareness (Crane et al., 2016; Lindsay
& Creswell, 2017). Mindfulness-based interventions aim to foster greater disposi-
tional mindfulness through attention monitoring practice (e.g., focused attention
meditation) and acceptance instructions (e.g., encouraging non-reactive attitudes
towards ongoing experiences Chambers, Gullone, & Allen, 2009; Crane et al., 2016;
Creswell, 2017; Lindsay & Creswell, 2017). Studies focusing on behavioral outcomes
have identified that mindfulness training is often associated with an increase in re-
sources that confer resilience to stressors (Bostock, Crosswell, Prather, & Steptoe,
2019; Hülsheger, Alberts, Feinholdt, & Lang, 2013; Hülsheger et al., 2014; Slutsky,
Chin, Raye, & Creswell, 2019), as well as directly reducing the subjective experience
of stress itself (Bostock et al., 2019; Chin, Slutsky, Raye, & Creswell, 2019; Huberty
et al., 2019; Khoury, Sharma, Rush, & Fournier, 2015; Van Gordon et al., 2017;
Wolever et al., 2012; Zolnierczyk-Zreda, Sanderson, & Bedynska, 2016). Mindful-
ness training has also been associated with a reduction in resting cortisol levels,
although this effect is highly heterogeneous (Sanada et al., 2016). Mindfulness may
also be implicated in neuroplastic changes within the prefrontal cortex-limbic stress
network in a way that appear to counter the effects observed in association with
toxic stress (Fox et al., 2014; Greenberg et al., 2019; Hölzel et al., 2011; Hölzel
et al., 2008; Kurth, Cherbuin, & Luders, 2015; Luders, Kurth, Toga, Narr, & Gaser,
2013; Luders, Thompson, et al., 2013a; Sevinc et al., 2019).

Meanwhile, physical activity is an umbrella term that refers to all bodily move-
ment by skeletal muscles that require energy expenditure (WHO, 2010), and can
include aerobic exercise and strength training. Like mindfulness, physical activ-
ity has been implicated in an improvement in resources associated with resilience
(DeFina et al., 2015; Feuerhahn, Sonnentag, & Woll, 2012; Nagel & Sonnentag,
2013), as well as having direct effects on the amelioration of stress or stress-related
symptoms (Atlantis, Chow, Kirby, & Fiatarone Singh, 2004; Cooney et al., 2013;
de Vries et al., 2015; Schuch et al., 2015; Stubbs et al., 2017; van der Zwan, de Vente,
Huizink, Bögels, & de Bruin, 2015). Physical activity also appears to confer what
may be salutary effects on stress responsive systems. This includes an attenuation of
cortisol responses to acute psychosocial stress (Mücke, Ludyga, Colledge, & Gerber,
2018; Rimmele et al., 2009; Rimmele et al., 2007; Traustadottir, Bosch, & Matt,
2005; Zschucke, Renneberg, Dimeo, Wüstenberg, & Ströhle, 2015) and neuroplas-
tic changes that appear to counter those observed in toxic stress (Batouli & Saba,
2017; Erickson et al., 2011; Erickson et al., 2009; Maass et al., 2015; Sehm et al.,
2014; Thomas et al., 2016; Williams et al., 2017; Wittfeld et al., 2020). As such,
it is posited that both mindfulness meditation and physical activity may moderate
a pathway linking job demands to health impairment outcomes (e.g., by improv-
ing resources that confer resilience) as well as having direct effects on ameliorating
health impairment outcomes themselves.

Combining these interventions may yield salutary mental health outcomes over
and above each intervention alone (DiFeo & Shors, 2017; Millon & Shors, 2019; Shors
et al., 2014). Drawing on fundamental neuroscience studies using rodent models,
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it has been hypothesized that the effects of an intervention of this kind may occur
as a result of neurogenesis of the hippocampus (Millon & Shors, 2019). Neurogen-
esis refers to the process by which neurons are generated from neural stem cells in
adult animals, and appears to be restricted to only a few brain regions, including
the dentate gyrus of the hippocampus (Abrous, Koehl, & Le Moal, 2005). While
many new cells often die before they are integrated into the hippocampal network
(Abrous et al., 2005), rodent studies suggest that engagement in tasks that are both
effortful to learn and physically exerting are associated with a greater retainment of
these new cells that are generated via neurogenesis (e.g., Curlik, Maeng, Agarwal,
& Shors, 2013). This is of relevance given that neurogenesis is implicated in stress
regulatory behaviors in rodents. For example, a reduction in neurogenesis is asso-
ciated with slower recovery from stress experiences, and an increase in displays of
stress-related behaviors (Anacker et al., 2018; Snyder, Soumier, Brewer, Pickel, &
Cameron, 2011). In humans, a smaller hippocampal volume has also been identi-
fied as a consequence (or perhaps a risk-factor) of stress-related illnesses (Lindgren,
Bergdahl, & Nyberg, 2016; Videbech & Ravnkilde, 2004), which may be mediated
through neurogenesis among other forms of plasticity. As such, it is posited that
multi-modal interventions, such as one that combines mindfulness meditation (i.e.,
an effortful learning practice) with physical exercise, may be particularly effective
in improving health impairment outcomes and increasing resources associated with
resilience (DiFeo & Shors, 2017; Millon & Shors, 2019; Shors et al., 2014). There
is preliminary evidence that interventions of this kind are capable of ameliorating
detrimental mental health outcomes, with a focus that is largely on clinical pop-
ulations (Alderman, Olson, Brush, & Shors, 2016; de Bruin, Formsma, Frijstein,
& Bögels, 2017; Shors et al., 2014; Shors, Chang, & Millon, 2018). A study that
evaluates whether a combination training intervention has a direct effect on ame-
liorating health impairment outcomes (e.g., chronic psychosocial stress, or changes
in brain plasticity that counter those observed in toxic stress) as well as potentially
indirect mechanisms (e.g., through improving resources associated with resilience)
in a nonclinical population is therefore of theoretical and practical importance.

9.2 Critical essays on methods and practices in

organizational neuroscience: a recap

One key limitation of the above theoretical model relates to concerns that arise
when scholars apply neuroscience methods to organizational research problems. In
the broader fields of social and cognitive neuroscience, it is acknowledged that the
most powerful tools for advancing organizational research and practices are not neu-
roimaging instruments like fMRI or EEG (Cacioppo et al., 2003; Poldrack & Farah,
2015). Instead, they are the clarity of theories, the ingenuity of research designs,
and the appropriate use of statistics. While neuroscience methods can be instru-
mental in refining mechanistic models of data-generating processes that underlie
organizational phenomena, such as stress, it is essential to critically evaluate these
findings as one would do in traditional organizational behavior research. Unfortu-
nately, there is some evidence this is not consistently practiced in organizational
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neuroscience research (e.g., Prochilo, Louis, Bode, Zacher, & Molenberghs, 2019).
Of particular concern is that neuroscience data may be perceived as more scientifi-
cally rigorous and “objective” compared to regular organizational behavior research,
and for this reason may be less subjected to scrutiny. These attributions are en-
couraged by multiple major theory works that erroneously claim that assessments
of the brain “cannot lie”, and are not prone to the biases that affect psychomet-
ric approaches to measurement (e.g., Waldman, Wang, & Fenters, 2019; Waldman,
Ward, & Becker, 2017). This is of particular concern given that studies with funda-
mental flaws are known to persist and influence organizational practice, sometimes
for decades (Ghoshal, 2005; Lindebaum & Zundel, 2013). To counter these poten-
tial limitations, Chapter 3 and Chapter 4 provided a critical evaluation of current
methods and research practices in organizational neuroscience.

9.2.1 An extended commentary on post-publication peer re-
view in organizational neuroscience

Chapter 3 of this thesis used Waldman and colleague’s (2017) Annual Review of
the state-of-the-art of organizational neuroscience as a catalyst for a broader dis-
cussion on post-publication peer review practices in this field. This paper was a
commentary on how management and organizational behavior scholars have criti-
cally evaluated organizational neuroscience findings in multiple major reviews of the
literature, with a focus on the field’s seminal works and select secondary works.

Science is often considered a cumulative and self-correcting process, where find-
ings are not taken as unquestionable facts, but instead, are subjected to verification
through critical evaluation and replication (Merton, 1973; Popper, 1962). That is,
research findings may be found to be credible and retained in the scientific literature,
or found to be wrong and the scientific record corrected. However, there is a growing
consensus that self-correction is not performing as anticipated across many areas of
science (e.g., Cumming, 2014; Ioannidis, 2005, 2012; Open Science Collaboration,
2015). This concern has come to be known as the replication crisis (Ioannidis, 2012).
There are many potential determinants of insufficient self-correction in psychological
science. This chapter argued that inadequate reporting practices and misuse use of
null hypothesis significance testing are two factors that are potentially contribut-
ing to the replication crisis. This chapter further argued that these problems are
characteristic of the seminal works and select secondary works within organizational
neuroscience, and that scholars of this field may not considering the implications of
this often enough.

As a specific example, this chapter discussed the seminal work of Peterson and
colleagues (2008). This study represents one of the earliest works to apply neuro-
science methods to the study of organizing phenomena, and for this reason, may be
considered seminal to the field. The aim of this study was to investigate the neu-
ral basis of psychological capital (a composite trait comprised of hope, resilience,
self-esteem, and optimism) in a sample of business and community leaders using
an EEG task. The authors reported that high psychological capital was associ-
ated with greater activity in the left prefrontal cortex, which was interpreted as
being associated with greater happiness, successful interpretation skills, and sense-

148



CHAPTER 9. GENERAL DISCUSSION

making skills. Meanwhile, low psychological capital was reported to be associated
with greater activity in the right frontal cortex and right amygdala, which was in-
terpreted as being associated with difficulty in displaying emotions and a greater
likelihood to display negative affect. Unfortunately, however, this study lacks an
adequately transparent description of how the study was conducted for its claims
to be sufficiently evaluated. With respect to methods, no information is given re-
garding what psychometric instrument was administered to collect self-report data,
how these data were processed, or by what method participants were categorized
into different leader categories for the purpose of additional analyses. Moreover,
the authors provide no information regarding how their EEG data were recorded,
preprocessed, or whether they controlled for common EEG artifacts. For these rea-
sons, it is difficult to determine whether the reported measures or methods of data
processing in this study were valid, reliable, or implemented correctly. The authors
also report no statistics (e.g., measures of central tendency, dispersion, inferential
statistics, or confidence intervals), and provide interpretations of neuroscience data
that are not plausible given the neuroscience instruments that were used. It is a
sobering reflection on organizational neuroscience that this study has been cited in
many major reviews of the literature as an example of empirical research within the
field without critical evaluation (e.g., Butler, O’Broin, Lee, & Senior, 2015; Wald-
man, Balthazard, & Peterson, 2011; Waldman & Balthazard, 2015; Ward, Volk, &
Becker, 2015). The lack of critical evaluation of this study highlights the importance
of sufficient and transparent reporting practices, which if absent, may mean that a
study is unable to be clearly understood, evaluated, or potentially replicated with
accuracy.

A second specific example discussed in this chapter is is Waldman and colleagues
(2011). This study has been cited in many major reviews of the literature as an
example of research of high quality (e.g., Becker, Volk, & Ward, 2015; Butler et
al., 2015; Nofal, Nicolaou, Symeonidou, & Shane, 2017; Waldman & Balthazard,
2015; Waldman et al., 2017), and would be considered the seminal work of the field.
Within this study, the authors sought to establish the neural basis of inspirational
leadership (a form of leadership implicated in desirable organizational outcomes)
using an EEG task in a sample of business leaders. To this end, the researchers
subjected participants to a “visioning task”, in which participants were required
to articulate a vision for the future of their business or organization while EEG
was recorded. The authors reported that right frontal EEG coherence was posi-
tively correlated with expert ratings of each leader’s vision (where higher ratings
indicated more socialized/inspirational leadership content; r = .36, p < .05). More-
over, follower perceptions of inspirational leadership were also positively associated
with these ratings (r = .39, p < .01). However, coherence was unrelated to fol-
lower perceptions of inspirational leadership (r = .26, p < .10). These differences
in the magnitude of correlations were considered evidence of a causal mechanistic
chain: right frontal coherence forms the basis of inspirational leader communication,
which in turn, builds follower perceptions of inspirational leadership. Unfortunately,
however, this is an example of the interaction fallacy, where correlations have been
compared visually on the basis of their magnitude or p values, rather than conduct-
ing a direct test. A direct statistical comparison of the correlations underlying the
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author’s theory can be made using Zou’s (2007) method. This test yields: r1− r2 =
.10, 95% CI [-.19, .39], indicating that there is no compelling evidence of a statistical
difference between these correlations, and that the authors claims are unfounded.
A related concern is that the correlation between inspirational leadership commu-
nication and right frontal coherence (r = .36, p < .05) is considered by the authors
to be sufficient evidence to use neurofeedback to rewire leader brains to a desir-
able leader brain state. Neurofeedback refers to the use of an operant conditioning
paradigm using real-time EEG feedback. However, the authors ignore the impreci-
sion of their findings. This correlation is compatible with all correlations ranging
from .09 (potentially negligible) through to .58 (potentially very meaningful). The
margin of error (i.e., the half-width of the confidence interval) is so wide that it is
approaching the magnitude of the estimated effect size itself. As such, claims that
these data are sufficient evidence to promote the use of neurofeedback in healthy in-
dividuals is staggeringly disproportionate to the precision with which this effect has
been measured. This study, in particular, highlights the importance of appropriate
use of null hypothesis significance testing, and how a focus on confidence interval
estimation may potentially allow for more informative inferences on the basis of
organizational neuroscience research. This chapter concluded with a series of rec-
ommendations that aim at promoting the development of a more replicable, reliable,
and trustworthy organizational neuroscience moving forward.

9.2.2 Why the methods of organizational neuroscience do
not necessarily answer questions that are relevant to
organizational research

Beyond adequate reporting practices and an appropriate use of statistics, the
interpretation of neuroscience findings demand an understanding of the limitations
of the research design that has produced the underlying data. Chapter 4 of this
thesis therefore provided a critical evaluation of the research methods of organiza-
tional neuroscience that have been promoted across multiple theory and empirical
works. These methods are referred to as reflexive and intrinsic assessments (for an
overview, see Waldman et al., 2019). Reflexive assessments examine brain activity
in response to organizationally-relevant tasks or stimuli, while intrinsic assessments
refer to measures of brain activity that are collected during a “rest” condition with
the eyes open or closed. Each of these methods have been proposed to reveal insight
into the neural basis of organizationally-relevant states or traits, respectively (e.g.,
Waldman et al., 2019; Waldman et al., 2017). However, while scholars of organiza-
tional neuroscience have made great strides to explain the different type of research
questions each of these methods might address, they have so far been silent to the
different type of causal insights that can be made using data generated with each
method. This is unfortunate, as each method provides a starkly differing level of
causal insight into the behaviors and traits under investigation.

To understand why each of these research methods do not necessarily answer
questions that are relevant to organizational research, Chapter 4 contextualized
these methods within the broader fields of social and cognitive neuroscience, and
within the philosophy of science known as interventionism (Woodward, 2004). In
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social and cognitive neuroscience, the brain is considered a multi-level construct that
can be evaluated at different levels of analysis. This includes the molecular, cellular,
cell population, and network levels of analysis (Poldrack & Farah, 2015). Each of
these levels may be targeted using different neuroscience instruments. For example,
the cell population level of analysis might be targeted using a task-evoked activation
fMRI study (Loued-Khenissi, Döll, & Preuschoff, 2018), while the network level of
analysis might be targeted using a structural connectivity study (Soares, Marques,
Alves, & Sousa, 2013) or functional connectivity study (van den Heuvel & Hulshoff
Pol, 2010), among others. Meanwhile, different neuroscience research methods can
provide different levels of causal insight into the underlying phenomena under in-
vestigation. Adopting an interventionist account of causation, Poldrack and Farah
(2015) distinguish between three levels of causal inference in social and cognitive
neuroscience. From weakest to strongest, these include: (1) associations between
the brain and behavior, (2) manipulations of behavior and observing changes in the
brain, and (3) manipulation of the brain and observing changes in behavior. The
weakest level of analysis are observational studies, which may include cross-sectional
correlations between a complex human trait and some measure of enduring brain
activity or structure. Inferences from these designs are observational because the
relationship between the brain and behavior could be due to one of many confound-
ing factors. Intrinsic assessment (as they have been described by organizational
theorists) can be described as observational in design, and causal inferences in these
studies suffer from multiple threats to validity. Moving up the causal chain, stud-
ies that manipulate behavior and observe changes in the brain are considered to
provide stronger insight into the neural basis of the cognitive states that underlie
behavior. This includes studies that use reflexive assessment. To illustrate in de-
tail the different kinds of inferences afforded by intrinsic and reflexive assessments,
Chapter 4 discussed examples of studies using intrinsic and reflexive assessments in
the published organizational neuroscience literature. This chapter concluded with
implications for organizational research and practice.

9.3 Empirical studies

Having established a theoretical framework for the thesis and having discussed
statistical and philosophical concerns that accompany organizational neuroscience
research, this thesis set out to evaluate specific propositions of the theoretical model
relating to resilience training. These propositions specifically discussed how mind-
fulness meditation and physical activity interventions may reduce the burden of
job demands on health impairments through two pathways. First was an indirect
pathway that involved increasing personal resources, which may moderate a job
demands–allostatic load pathway. The second was a direct pathway that ameliorated
psychological and biological health impairment outcomes. However, due to feasibil-
ity reasons, these studies were conducted within a sample of convenience rather than
in a working population, specifically. Therefore, they are here considered a concep-
tual evaluation of these propositions that must be evaluated in working populations
in future work. Moreover, because these studies were not conducted in working
populations specifically, they are only able to assess direct effects of resilience train-
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ing on resource availability and on the amelioration of health impairment outcomes,
rather than moderation of a pathway linking job demands to health impairment out-
comes. The resilience training mode of the employed intervention involved a formal
mindfulness psychoeducation and aerobic endurance training program, completed
concurrently, over a period of 16 weeks.

9.3.1 The Effects of a 16-week Aerobic Exercise and Mindfulness-
based Intervention on Chronic Psychosocial Stress: A
Nonrandomized Pilot and Feasibility Trial: An overview
of results

The aim of Study I (Chapter 6) was to provide a preliminary evaluation of the
effects of a combined mindfulness psychoeducation and aerobic endurance training
on self-reported chronic psychosocial stress, and potential mechanisms of this change
involving mindfulness, emotion regulation, and changes in cardiorespiratory fitness.
As such, this study investigated whether this training intervention has a direct ef-
fect on ameliorating health impairment outcomes (i.e., chronic psychosocial stress)
as well as indirect effects on improving these outcomes through an improvement in
the availability of resources (e.g., disposition to use mindfulness, adaptive emotion
regulation strategies, and mental and physical health benefits incurred through im-
provements in fitness). Moreover, this study set out to evaluate feasibility criteria
in preparation of a future definitive trial. This study is novel in several respects.
First, the dependent measures employed (specifically, chronic psychosocial stress)
have yet to be assessed in a nonclinical sample of healthy individuals as part of a
prevention-focused intervention. Second, while previous studies of this kind tend
to use only specific components of mindfulness (e.g., focused attention meditation),
this study implemented a full formal mindfulness psychoeducation program. Third,
while most previous studies tend to focus on subjective measures of physical ef-
fort in relation to exercise training, this study employed an exercise protocol that
individualized training prescriptions using baseline aerobic capacity criteria. And
fourth, the exercise dosage was specifically prescribed at a frequency and intensity
recommended to maintain or improve cardiorespiratory fitness (Pescatello, Arena,
Riebe, & Thompson, 2014).

The results of this study indicated that, overall, there was a reduction in chronic
psychosocial stress (as measured using the Perceived Stress Scale; Cohen & Williamson,
1988) following the trial. In standardized units, this reduction in stress was dpretest
= -0.56 units in magnitude (95% CI [-1.14, -.06]). This reduction was statistically
robust to outliers and distributional assumptions, and survived a last observation
carried forward analysis where it was assumed that all participants who dropped
out of the intervention would experience no change in chronic stress. This indicated
that there was preliminary evidence that this combination training intervention was
effective on a per-treatment protocol basis (i.e., assuming that participants actu-
ally adhere to the intervention), as well as in real-life situations where drop-out
and noncompliance with the protocol may occur. This was accompanied by im-
provements in wellbeing of approximately 10 percentage points on the World Health
Organization-Five Well-Being Index (WHO-5). This is considered indicative of a
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clinically relevant improvement on this scale (Topp, Østergaard, Søndergaard, &
Bech, 2015)

It has been hypothesized that interventions of this kind should exert salutary
effects on mental health outcomes over and above mindfulness or physical activity
interventions conducted alone (DiFeo & Shors, 2017; Millon & Shors, 2019; Shors et
al., 2014). In the current pilot and feasibility study, however, the best estimate of the
magnitude of change in chronic psychosocial stress (dpretest = -.056) is within the
range reported meta-analytically for mental health improvements associated with
both mindfulness training (Khoury et al., 2015) and aerobic exercise (Cooney et al.,
2013; Stubbs et al., 2017) alone. As such, there is insufficient evidence based on these
data that a combination intervention is more efficacious than either component of
the intervention conducted independently. Although, caution must be warranted in
this interpretation. This is because the estimate of change in stress in this study
is very imprecise. The 95% indicates that stress reductions could be smaller than
typical mindfulness and aerobic exercise intervention, or even above average.

There was insufficient evidence to suggest that the trial was associated with an
increase in dispositional mindfulness. However, there was evidence that, following
the trial, participants were more likely to engage in adaptive emotion regulation
strategies such as cognitive reappraisal, and less likely to engage in maladaptive
emotion regulation strategies such as worry and rumination. Each of these factors
have been identified as potential mechanisms of mindfulness training on promoting
salutary mental health outcomes (Gu, Strauss, Bond, & Cavanagh, 2015). More-
over, cognitive reappraisal, in particular, is identified in some mindfulness theories
as essential to the effects that mindfulness training has on mental health outcomes.
For example, the Mindfulness to Meaning Theory posits that mindfulness training
may help individuals select more adaptive emotion regulation strategies in times
of stress (Garland, Farb, Goldin, & Fredrickson, 2015; Garland, Hanley, Goldin,
& Gross, 2017). This may include the use of cognitive reappraisal, which involves
actively reinterpreting emotional stimuli to modify its emotional impact. This the-
oretical account is consistent with the data reported in this study. With respect to
cardiorespiratory fitness, there was no identifiable change in maximal aerobic capac-
ity (V̇ O2max) following the intervention. This may be unsurprising, however, since
changes in this parameter require consistent training at or near the velocity (i.e.,
work rate) attained at V̇ O2max (Hickson, Bomze, & Holloszy, 1977), which was not
employed in the current intervention. However, there was preliminary evidence of
an improvement in aerobic economy at submaximal steady-state exercise intensities.
This included a reduction in absolute oxygen cost, relative oxygen cost, heart rate,
and perceived exertion. Improvement in these aspects of cardiorespiratory fitness
are associated with a cascade of metabolic and cardiopulmonary changes that result
in more efficient use of oxygen (which is required for energy production) at a given
exercise intensity. This includes greater efficiency in cardiorespiratory responses,
and improvements in mitochondrial efficiency of consuming oxygen for the produc-
tion of energy (Barnes & Kilding, 2015). The relationship between submaximal
aerobic capacity and mental health outcomes is relatively understudied, but may
represent one resource associated with an improvement in mental health outcomes.
Retention rate, response rate, recruitment rate, and sample size planning analyses
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indicate that a definitive trial is feasible to conduct with adequate power.

9.3.2 Gray Matter Hypertrophy following 16 Weeks of Mind-
fulness and Aerobic Exercise Training: A Longitudi-
nal Voxel-based Morphometry Study: An overview of
results

Having established that a combination mindfulness psychoeducation and aerobic
endurance training intervention is associated with a reduction in chronic psychoso-
cial stress, the aim of Study II (Chapter 7) was to investigate whether the effects
of this intervention may occur through neural mechanisms. It has been hypoth-
esized that interventions of this kind may exert their salutary effects on mental
health through increasing neurogenesis within the hippocampus, specifically (DiFeo
& Shors, 2017; Millon & Shors, 2019; Shors et al., 2014). However, this has yet
to be directly tested in a combination mental and physical training intervention in
humans. While neurogenesis cannot be directly measured in humans, longitudinal
voxel-based morphometry (VBM) can identify changes in gray matter concentra-
tion that are implicated in neuronal remodeling of gray matter in the hippocampus.
This may include neurogenesis, among other structural changes such as gliogenesis,
dendritic spine formation, and changes in vascularity (Zatorre, Fields, & Johansen-
Berg, 2012). Because toxic stress can be implicated in a reduction in volume of the
hippocampus, observation of an increase in gray matter concentration may reflect
amelioration of this health impairment outcome. This study also set out to evaluate
feasibility criteria in preparation of a future definitive trial.

Using a parameter estimate extraction region of interest (ROI) analysis, this
study indicated that there was an increase in average gray matter concentration
across both the right and left hippocampal volumes. Based on Cohen’s (1988)
guidelines, changes in the right (dpretest = 0.15) and left (dpretest = 0.13) hippocam-
pus would be considered small in magnitude. Moreover, these effects are compatible
with all values within a 95% CI that range from very small to small effects. An
equivalence test found that the difference in gains between each hippocampi were
not significantly different from zero and equivalent. Using a small volume correc-
tion (SVC) analysis, however, it was identified that gray matter concentration gains
within each hippocampi were most prominent within several spatially contiguous
clusters of voxels. This included anterior portions of the right and left hippocampus,
and a greater cluster size was identified in the right hippocampus. An exploratory
whole-brain analysis indicated that the detected cluster in the right hippocampus
extended into the parahippocampal region, amygdala, and temporopolar cortex. A
very large detected cluster was also identified covering the cerebellum bilaterally,
including portions of the vermis, and anterior and posterior lobules. Overall, these
data suggest that combination mindfulness and aerobic exercise training are im-
plicated in an increase in gray matter concentration within the hippocampus, as
predicted by theoretical models, as well as within regions associated with stress
regulation, memory processes, and sensorimotor learning.

Mindfulness practice has been found to be associated with greater gray matter
within the hippocampus though an anatomical likelihood estimation meta-analysis
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(Fox et al., 2014). Scholars have posited that longitudinal changes in hippocampal
structure may be critical to the development of stress resilience or the amelioration
of stress that is often observed in association with mindfulness-based interventions
(Fox et al., 2014; Luders, Thompson, et al., 2013b; Tang, Holzel, & Posner, 2015).
For example, it has been shown in rodent models that the hippocampus can undergo
plastic atrophy in response to chronic stress and extended periods of increased glu-
cocorticoid levels (McEwen et al., 2016). Chronic stress inhibits neurogenesis in
rodent models (Ferragud et al., 2010), and human studies have implicated smaller
hippocampal volumes as an outcome or vulnerability factor in the development of
stress-related disorders (Lindgren et al., 2016; Videbech & Ravnkilde, 2004). This
means that one explanation of the observed increase in hippocampal gray matter
concentration may be a side-effect of the amelioration of stress observed in this study.
A second hypothesis proposes that mindfulness training may enhance hippocampal-
dependent functions, such as memory consolidation, retrieval, and fear extinction
learning (Sevinc et al., 2019; Tang et al., 2015). These scholars draw parallels be-
tween mindfulness training and exposure therapy. During mindfulness training, indi-
viduals are taught to experience potentially negative thoughts with non-judgmental
awareness, acceptance, and equanimity (Crane et al., 2016; Lindsay & Creswell,
2017). Similarly, in exposure therapy, individuals are presented with fear-inducing
stimuli in a controlled environment until the aversive response to these stimuli di-
minishes (Maren, Phan, & Liberzon, 2013). As such, both types of interventions
may exert salutary effects on stress and mental health through extinction learning,
of which the hippocampus plays a critical role (Bouton, 1993; Milad et al., 2007).
Physical activity has also been long associated with plasticity of the hippocampus
in rodent models (McEwen, Gray, & Nasca, 2015) and humans (Batouli & Saba,
2017). The relationship between physical activity and hippocampal structure, as
discussed above in relation to mindfulness, may also be related to the ameliora-
tion of stress-related symptoms that are often observed following exercise training.
A second hypothesis is that physical activity may improve hippocampal-dependent
learning and memory (Kandola, Hendrikse, Lucassen, & Yücel, 2016). For example,
MRI studies in humans have sometimes identified a positive association between
hippocampal volume change and improvements in hippocampal-dependent cogni-
tive functions following physical activity training (Erickson et al., 2011; Erickson
et al., 2009). As such, this may be one candidate mechanism of the effects observed
in the current intervention.

Participation in this intervention was also associated with increases in gray mat-
ter concentration within the right hippocampus, extending into the parahippocam-
pal region, amygdala, and temporopolar cortex. These regions are critically involved
in multiple memory networks. The anterior temporal system, for example, comprises
the temporopolar cortex, lateral orbitofrontal cortex, amygdala, and perirhinal cor-
tex, and is implicated in recognition memory (Ranganath & Ritchey, 2012). The
posterior temporal system, in contrast, comprises the parahippocampal cortex, ret-
rosplenial cortex, and the anterior thalamic nuclei and default-mode network, and is
implicated in episodic memory and spatial navigation (Ranganath & Ritchey, 2012).
Therefore, one plausible explanation for the plasticity observed in association with
this trial is that they relate to enhancements in hippocampal-dependent cognitive
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functions that are subserved by these medial temporal lobe structures.
The final detected cluster within this study was identified in the bilateral cerebel-

lum, covering portions of the vermis and anterior and posterior lobules. This region
of the brain is involved in a variety of tasks, including the timing and coordination of
muscular movement (Llinás & Welsh, 1993) as well as cognitive functions (Schmah-
mann, 2019; Sokolov, Miall, & Ivry, 2017) and emotion (Alderman et al., 2016).
However, the most plausible mechanism explaining the effect of the intervention on
this brain region may be due to the effect aerobic exercise on motor learning and
movement coordination. That is, increases in gray matter concentration within this
region may have occurred due to repeated functional activation of the cerebellum
during running activities and coordinative movement, which have lead to structural
changes in the cerebellum that are associate with an increase in the accuracy and
efficiency of this behavior (c.f. Voelcker-Rehage & Niemann, 2013).

The response rate in this study was acceptable against the trial feasibility criteria.
However, a sample size planning analysis indicated that, to detect between-group
differences in hippocampal gray matter concentration compared to a wait-list control
with 80% power, a future study would require up to 143 observations per group. This
is very large with respect to what is typical of neuroimaging studies. For this reason,
a definitive trial may only be feasible as a collaboration among multiple research
groups.

9.3.3 Stress Hormone Responses to an Acute Aerobic Chal-
lenge following 16 Weeks of Mental and Physical Train-
ing: A Pilot and Feasibility Study: An overview of
results

The aim of Study III (Chapter 7) was to investigate whether the aerobic en-
durance training component of the intervention was implicated in exercise-induced
adaptations to stress-responsive systems, in particular, the HPA axis production of
cortisol. This is of research interest because it has been hypothesized that exer-
cise induced adaptations to the HPA-axis may be associated with adaptations to
heterotypic stressors such as psychosocial stress (Sothmann, 2006; Sothmann et al.,
1996). That is, an attenuation of the stress response to exercise stress may spill
over to an attenuation of the stress response to psychosocial stress, thereby confer-
ring resilience to stressors more broadly. Moreover, because toxic stress has been
implicated in a dysregulation of allostatic responses to acute stressor experiences,
adaptations to exercise-induced stressors may potentially reflect an amelioration of
this health impairment outcome. This study was conducted by subjecting individ-
uals to a standardized submaximal steady state exercise test before and after the
intervention under laboratory conditions. This study is novel in the mental health
literature in that, while a growing body of studies have examined whether exercise
training or fitness is implicated in salutary mental health outcomes (e.g., Mücke
et al., 2018), it is generally inferred rather than directly tested that exercise-induced
adaptations to stress responsive systems are actually present. Furthermore, these
adaptations have not been evaluated in the combination mental and physical train-
ing literature, specifically. This study, as in the previous studies, also set out to
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evaluate feasibility criteria in preparation of a future definitive trial.
Participants were subjected to a standardized submaximal steady state exercise

bout at the velocity attained at 70% of baseline V̇ O2max for 30 min in duration.
Of note, this was also the average work rate at which participants engaged in ex-
ercise training throughout the intervention. Analyses of the temporal dynamics of
the cortisol response at pretest (i.e., T0) indicated that the cortisol response was
elevated immediately after the exercise bout (1.29 times as great as baseline), and
this remained elevated at recovery (1.23 times as much as baseline). This indicated
there was evidence of a cortisol response to the exercise test prior to the interven-
tion. Following the intervention, analysis of cortisol data in response to the same
standardized exercise test indicated that there was insufficient evidence that corti-
sol values differed following the exercise bout and at recovery, compared to baseline.
This suggests that, after training, there was potentially a lack of a cortisol response
to the same standardized exercise test. A direct comparison of pre-to-post changes in
post-exercise and recovery time points indicated that, on average, cortisol responses
across these time points were 0.89 times as large as T0 values (80% CI [0.74, 0.89]).
This was accompanied by a reduction in mean perceived exertion (RPE) and mean
heart rate. These data provide preliminary evidence that there have been physio-
logical adaptations that allow submaximal exercise workloads to be completed with
more efficiency and less strain following completion of the intervention.

These data correspond to reports that trained individuals, compared to untrained
individuals, display an attenuated cortisol responses to the same exercise intensity or
workload (Eliakim, Portal, Zadik, Meckel, & Nemet, 2013; A. C. Hackney & Walz,
2013; Hill et al., 2008; Luger et al., 1987; McMurray & Hackney, 2000; Sato et al.,
2016; Viru & Viru, 2004). The mechanisms of this change are potentially multi-
faceted. For example, this may include an increase in metabolic efficiency (i.e., the
capacity for the body to use available energy resources for exercise performance), as
well as cardiopulmonary efficiency (i.e., a reduction in energy requirements in rela-
tion to oxygen consumption and utilization (Barnes & Kilding, 2015; Daniels, 1985;
McMurray & Hackney, 2000; Saunders, Pyne, Telford, & Hawley, 2004). A third
potential explanation is that, after completion of the intervention, the threshold for
eliciting a cortisol response has increased. Typically a cortisol response requires
acute exercise engaged in at a work rate that is at least 50–60% of the work rate at-
tained at V̇ O2max, and for at least 15–30 min in duration (Hill et al., 2008; Hötting,
Schickert, Kaiser, Roeder, & Schmidt-Kassow, 2016; Luger et al., 1987; Popovic et
al., 2019; Sato et al., 2016). While there was no reported change in V̇ O2max in asso-
ciation with this intervention, improvements in the efficiency of submaximal exercise
may have increased the intensity threshold required of a cortisol response (c.f. Viru
& Viru, 2004). When acute exercise is performed below threshold levels, plasma
cortisol in circulation has been shown to decrease because there is a higher rate of
metabolic clearance (i.e., cellular uptake) compared to cortisol production (Davies
& Few, 1973; Few, 1974). This may explain the change in temporal dynamics in
the cortisol response at each time point: at pre-intervention there was a notable
increase in cortisol in response to the exercise bout, while at post-intervention there
was no detectable increase in cortisol in response to the same exercise work load.

These data are notable in that exercise-induced adaptations to the cortisol re-
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sponse have been posited to spill over to heterotypic stressors such as psychosocial
stress, and potentially confer resilience to stressful experiences more broadly. There
is some evidence in support of this hypothesis (e.g., Mücke et al., 2018; Rimmele
et al., 2009; Rimmele et al., 2007; Traustadottir et al., 2005), however there also
some heterogeneity across studies. Beyond this hypothesis, aerobic exercise train-
ing may confer salutary mental health benefits through more general mechanisms,
including general improvements in health. For example, participation in this trial
was also associated with a reduction in resting heart rate with a fairly narrow con-
fidence bound. Reductions in resting heart rate are a common feature of exercise
training (Reimers, Knapp, & Reimers, 2018), and resting heart rate is also inversely
associated with life expectancy (Ó Hartaigh et al., 2014) and both all-cause and
cardiovascular mortality (Aune et al., 2017). Even more generally, aerobic exercise
may be associated with the amelioration of conditions that are often detrimental to
mental health, including poor sleep quality, cardiovascular fitness, and body esteem
(A. Hackney & Aggon, 2019). As such, there are multiple potential factors that may
be driving the effect of participation in this intervention on salutary mental health
outcomes. This includes the amelioration of health impairment endpoints identified
in the theoretical model of Chapter 2, as well as improvement in personal resources
related to resilience.

With respect to feasibility criteria, the response rates were acceptable. How-
ever, the sample size required to detect pre-to-post changes with sufficient power
(accounting for the overall trial retention rate and data response rates) is 95 partic-
ipants. This is large with respect to what is typical of exercise physiology studies,
and, as with the VMB study, may require collaboration among multiple research
groups to be feasible.

9.4 Limitations and future directions

The theoretical model developed in this thesis provides a guiding framework for
researchers to examine the relationship between the brain and occupational stress.
One suggested future direction of this model is to determine whether findings in
general populations and rodent models generalize to actors within the workplace,
and under what conditions these effects may be moderated by work-related and
other (e.g., biological) factors. This may include conducting a multi-study research
package, which (as was performed in the current thesis) involves a set of studies or
a single study that adopts multiple methodologies and theoretical explanations to
examine a phenomenon of interest (e.g., see Ferris, Hochwarter, & Buckley, 2011).
For example, to evaluate the potential moderating effects of resilience training on a
job demands–allostatic load pathway in a working population, a future study may
adopt the same methods of the studies conducted within this thesis and target a
working sample, specifically. The pilot and feasibility studies conducted within this
thesis provide guidance on how these studies may look like, and provide a preliminary
estimate of expected effects and feasibility constraints to consider in the development
of these future studies. With respect to organizational practice, specifically, another
implication is that research based on this theoretical model may identify alternative
pathways to employee health when stress reduction strategies have no been amenable
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to typical job redesign practices. For example, a multi-modal mental and physical
training intervention may be found to be particularly effective at ameliorating health
impairment outcomes in employees by increasing resources associated with resilience,
and potentially directly ameliorating neurobiological indices of allostatic load.

The limitations of this model with respect to adopting an organizational neu-
roscience approach to organizational behavior research were discussed across two
critical essays in Chapter 3 and Chapter 4. A further limitation of the model is that
it does not take into consideration the parallel “motivational process” that is also
described by the job demands-resources model (Schaufeli & Taris, 2014). This pro-
cess asserts that job resources can play a motivational role that reduces the impact
of job demands, for example, by increasingly the willingness to dedicate efforts to
a work task. This parallel process was beyond the scope of this thesis. However,
there is a growing body of literature describing how psychobiological processes in-
fluence motivation and motivational drive (Simpson & Balsam, 2016), which may
be relevant in future revisions of the model.

The empirical studies within this thesis provided a multi-level and multi-method
scientific evaluation of the effects of combination mindfulness and aerobic exercise
training in a nonclinical population. Together, these studies provided preliminary
evidence that the combination training intervention was associated with a reduction
in chronic psychosocial stress in a non-clinical sample, and that these reductions
in stress may occur through: (1) an improvement in resources (e.g., disposition
to use adaptive emotion regulations strategies and improvements in submaximal
fitness), (2) structural changes within regions of the brain associated with stress
regulation, memory processes, and sensorimotor processes, and (3) exercise-induced
adaptations to the HPA-axis. However, the primary limitation with respect to the
broader thesis was that these studies were not not able to be conducted within a
working population, specifically, due to reasons of feasibility. As such, the extent
to which these results are applicable to working populations must be the subject
of future research. However, as described above, these studies provide guidance
on what future studies in a working population may look like. They also provide
important information that will assist in framing the development of these studies,
including a preliminary estimate of effect size and feasibility considerations. The
limitations and future directions with respect to each of these studies are considered
individually next.

Study I identified that participation in a combination mindfulness and aerobic
exercise intervention was associated with a reduction in chronic psychosocial stress.
However, one of the clearest limitations of this study (as with Studies II and III)
is that there are confounding factors in a pre-post design threaten the validity of
causal inferences. The observed reduction in psychosocial stress may be an effect of
exposure to the intervention, as hypothesized. However, it may also be explained,
in part, through placebo effects, maturation effects, or even regression to the mean.
This study sought to protect against the latter threat, specifically, by performing
the study assessments during “low stress” periods of the academic calendar, to serve
as appropriate baselines. However, while the pre-post study design presents with
threats to validity, it was considered an efficient use of limited resources to attain
a preliminary estimate of the effect of this intervention on chronic psychosocial
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stress, and to evaluate most feasibility concerns that may arise in a definitive trial.
These limitations can be overcome in the definitive randomized controlled trial that
is proposed in this study, which will compare combination training to mindfulness
alone, exercise alone, and a no-treatment control. Taking into consideration the trial
recruitment rate, retention rate, assessment response rate, and sample size planning
analyses, a five-year protocol with 10 repetitions of the study is feasible to detect
between-group differences of a magnitude of d = 0.40 with 80% power (N = 200 per
trial arm). This will allow future researchers to determine whether the effect of the
combination intervention on psychosocial stress, in particular, is over and above the
effects observed in each individual arm of the trial alone. However, the capacity to
run such a large trial over this time period will rely on many uncertainties, including
future economic conditions, finances, and resource availability. As such, it may be
more feasible to conduct this study as part of a multi-research group collaboration.

Study II identified that participation in this intervention was also associated
with an increase in gray matter within the hippocampus, as predicted by theoretical
models, as well as in regions associated with memory and sensorimotor processes.
However, although theoretical models posit that increases in gray matter concentra-
tion in association with this trial may be associated with neurogenesis, specifically, it
is very likely that other forms of plasticity are involved in the observed effects. This
is because newly generated cells within the hippocampus comprise only a relatively
small portion of the total hippocampal neurons, and as such, it is likely that other
forms of plasticity such as gliogenesis, synaptogenesis, and vascular changes are also
at play (Zatorre et al., 2012). Furthermore, it is very implausible that neurogenesis
is involved in plasticity observed outside of the hippocampus.

A primary limitation of Study II is that, like in Study I, the adopted pre-post
research design cannot rule out that other aspects of the intervention that do not
include mindfulness training or aerobic exercise have contributed to the observed
effects. For example, because the hippocampus is critically involved in many memory
functions, general learning that covaried in time with the intervention (but which was
not a causal effect of the intervention) may explain some of the observed changes in
hippocampal structure (c.f. Draganski et al., 2006). A future randomized controlled
trial comparing the treatment intervention against a wait-list control will be able to
tease apart these competing explanations. Taking into consideration the assessment
response rate, retention rate, and sample size planning analysis for these data, it
is proposed that a future study will require as much as N = 143 participants per
group to detect these effects in the hippocampus with 80% power. As this sample
size is much larger than is typical of a neuroimaging study, a future definitive trial
will likely require a collaboration among multiple research teams.

Study III identified that participation in this intervention was associated with an
attenuation of the cortisol response to submaximal steady-state exercise, indicating
that participants could perform exercise at this intensity with less strain and more
efficiency. However, while it is likely that these effects can be attributed to the
exercise component of the intervention, it is important to note that the mindful-
ness training component may also exert an effect on these results. This is because
the biomechanical characteristics of running (i.e., the efficiency of musculoskeletal
systems to convert power output into exercise performance) is also critical in the
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efficiency of submaximal exercise. It is plausible that mindfulness training, given its
focus on present-moment attentional awareness of the body, may contribute to more
efficient exercise biomechanics that reduce the energy requirements of exercise. If
this is the case, it may be of interest to evaluate the effects of this intervention on
exercise performance in a controlled trial that compares exercise training alone to a
mindfulness training group. However, with respect to conducting a definitive study,
pre-to-post changes in the cortisol response to submaximal exercise were considered
of sufficient interest as it was considered unlikely that factors other than exercise
training would substantially impact these research findings. Taking into considera-
tion the assessment response rate, retention rate, and sample size planning analysis
for these data, N = 95 participants were considered sufficient to detect pre-to-post
changes with 80% power. Once more, this is particularly large with respect to what
is typical of exercise physiology studies, and the capacity to conduct all components
of this study (i.e., incremental exercise testing, submaximal steady-state exercise
testing, blood sampling, and immunoassay) may only be feasible as a collaboration
among multiple research groups with access to exercise laboratories.

9.5 Concluding remarks

This thesis developed an organizational neuroscience model of occupational stress
by integrating the job demands-resources model with the (biologically-grounded)
allostatic load model. Key limitations of adopting an organizational neuroscience
approach to research were addressed in two critical essays: the first focusing on
the implications of inadequate reporting practices and inappropriate use of infer-
ential statistics, and the second focusing on the implications of research design
and causal inference. A conceptual assessment of propositions of the theoretical
model relating to resilience training were then assessed across three empirical stud-
ies. This involved an intervention comprised of mindfulness psychoeducation and
aerobic endurance training, delivered concurrently, and conducted as a pilot and
feasibility trial. Study I demonstrated that participation in the intervention was
associated with a reduction in chronic psychosocial stress of a magnitude that has
been considered meaningful in past research. Moreover, this study indicated that
the intervention was associated with a clinically relevant improvement in wellbeing,
a greater use of adaptive emotion regulation strategies, and a reduction in the use
of maladaptive emotion regulation strategies like worry and rumination. Study II
demonstrated that participation in the intervention was associated with increases in
gray matter concentration within the hippocampus, as hypothesized by theoretical
models, as well as within regions associated with stress regulation, memory pro-
cesses, and sensorimotor processes. Study III demonstrated that participation in
the intervention was also associated with exercise-induced adaptations to the HPA
axis stress responsive system. These data suggest that combination mindfulness
and aerobic exercise training yield salutary mental health outcomes that exert their
effects through multiple potential mechanisms at the level of the mind, brain, and
physiology. Moreover, these data provide preliminary support that resilience train-
ing may counter health impairment outcomes identified in the theoretical model.
These studies can provide guidance on the development of future studies conducted
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within working populations, and provide a preliminary estimate of effect size and
feasibility considerations.
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Mindfulness-based intervention (MBI)

The MBI was an adaptation of the mindfulness-based Stress Release Program (SRP;
Hassed, 2002; Hassed, Lisle, Sullivan, & Pier, 2009): a stress management and cognitive
therapy program that uses mindfulness practices to raise awareness of the processes underlying
stress and negative emotions. The training approach can be summarized in two modules that
align with the monitor and acceptance theory (MAT) of mindfulness meditation (Lindsay &
Creswell, 2017). This includes: (1) attention monitoring, and (2) acceptance. The goal of
the attention monitoring module was to systematically train participants to improve their
ability to observe present-moment experiences through formal meditation practices (Lindsay
& Creswell, 2017). The formal practice of meditation involved activities that required
sustained focused-attention meditation towards a focus object (i.e., breath, body, sound, or
thoughts). The formal practice prescription comprised up to 20 min of focused-attention
meditation, daily, over 16 weeks. Formal practice was conducted in a group setting in
a seminar room located at Monash University during the weekly training session, and
participants were provided with audio recordings containing spoken instructions (Monash
University Counselling Services) to guide home practice. To guide progress and track
compliance, participants were further instructed to record their formal practice in an online
spreadsheet (Google Sheets, Google, US). Formal practice was reported each day as minutes
of formal meditation practice. This was converted to hours, and total hours of meditation
for each participant across the intervention was recorded as the formal practice dosage.
Adherence requirements for the attention monitoring module were completion of at least
50% of the target formal meditation (target = 37.34 h [20 min/day over 16-week]; adherence
requirement = 18.67 h).

The goal of the acceptance module was to foster a mental attitude of acceptance
towards negative and stress-laden experiences (Lindsay & Creswell, 2017). This included: (1)
a willingness to allow negative experiences to rise and pass, and to let go of thoughts, ideas,
or desires that may be associated with the experience (non-attachment), (2) a willingness to
be available to negative experiences without attempting to suppress or avoid them (non-
avoidance), and (3) a conscious abstention for categorizing an experience as good or bad, or
right or wrong (non-judgment; Williams & Lynn, 2010). These skills were trained over eight
weekly group training sessions, discussion activities, and homework tasks that encouraged
participants to reflect on stress-laden or negative experiences with an attitude of acceptance
(see Table 2). Adherence requirements for the acceptance module were that participants
attend at least 50% of the group psychoeducation sessions, with compliance monitored
through attendance records.

Aerobic exercise training intervention (AET)

The AET program comprised endurance running as part of a half-marathon training
program. Endurance running was selected as the training modality because it relies pre-
dominantly on aerobic metabolism (Joyner & Coyle, 2008). Half-marathon training was
selected because it includes a combination of moderate, vigorous, and high-intensity aerobic
exercise intensities that each have potential to improve V̇ O2max and/or aerobic economy

182



SUPPLEMENTARY MATERIALS 4

(Bacon, Carter, Ogle, & Joyner, 2013; Bassett & Howley, 2000). The AET prescription
was three runs per week over 16 weeks (one group session and two self-guided sessions).
This included: (1) a 5 min warm up, then an interval run that involved 200 m bursts of
near-maximal intensity followed by a 200 m recovery to the total of 16 min, then a 5 min
cool down, (2) a short run of moderate or moderate-to-vigorous intensity that gradually
increased in duration from 20 min to 60 min over 16 weeks, and (3) a long run at a moderate
intensity or moderate-to-vigorous intensity that gradually increased in duration from 20 min
to 110 min over 16 weeks. Additionally, participants completed three distance running trials
at a moderate or moderate-to-vigorous intensity (Week 6 = 10 km, Week 9 = 10 km, Week
12 = 15 km). Exercise intensity categories were formally defined by the ACSM exercise
prescription guidelines: (1) moderate intensity = 46 to < 64% V̇ O2max, (2) vigorous intensity
= 64 to < 91% V̇ O2max, and (3) near-maximal intensity ≥ 91% V̇ O2max (Pescatello, Arena,
Riebe, & Thompson, 2014). Running velocity corresponding to these intensity categories
were individually prescribed to each participant by plotting oxygen consumption (V̇ O2
mL/kg/min) against running velocity (km/h) in a regression model derived from a baseline
V̇ O2max test. In this way, exercise intensity was completely individualized. The full half-
marathon training schedule is described in Table 3. In addition to the AET, participants
were asked to maintain their regular pattern of physical activity outside of the intervention
(e.g., gym, leisure activities, and cycling commutes).

To guide performance and track compliance, participants were issued a computerized
and GPS-enabled sportswatch (Garmin Forerunner 235, Garmin, US). This device provided
participants real-time estimates of running velocity, and therefore of individual exercise inten-
sity. Participants uploaded their running data to an online database (connect.garmin.com)
weekly, which provided detailed information on training velocity, distance, and time. Adher-
ence requirements for the AET program were completion of at least 50% of all prescribed
runs (target = 48 individual runs [3 runs/week over 16 weeks]; adherence requirement = 24
runs). Exercise intensity was calculated for each running session for each participant using
individual oxygen consumption (V̇ O2 mL/kg/min) to running velocity (km/h) regression
models, with the average running velocity of the running session as the velocity input. This
was reported relative to participants’ baseline V̇ O2max (i.e.,%V̇ O2max per session). The
average exercise intensity of training across the full program was calculated as the mean of
these values for each participant (i.e.,%V̇ O2max per intervention). Total running distance
(km) and running time (h) were also recorded as measures of dosage.
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Tables

Table 1
Standard structure of the weekly training session
Time (min) Task

t0
Feedback Session (group-based discussion on performance from the
previous week of training; 15 min).

t0+15 Training session content and group discussion exercises (35 min).
t0+50 Guided meditation (audio-guided formal meditation practice; 10 min).
t0+60 Intermission (changing clothes and travel to running track; 15 min).
t0+75 Warm-up, running training, and warm-down activities (Up to 120 min).
t0+120 End of session.
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Table 2
Training schedule and brief summary of each training session

Week Training Session Summary

1 Formal and
informal
Meditation

Introduced participants to formal mindfulness practice. Sys-
tematic focused attention meditation was presented as the
central therapeutic approach to the intervention. Partici-
pants were encouraged to use skills derived through formal
practice in informal, everyday activities (e.g., mindfulness
during everyday tasks, such as driving, eating, and clean-
ing).

2 Perception Encouraged participants to use formal meditation during
times of stress to raise present moment awareness, and to
use this awareness to consider the event in a more objective,
considered manner (i.e., is the stress response that is being
experienced equivalent to the objective demands of the
event?).

3 - No training session.

4a Cultivating
Gentleness

Focused on fostering an attitude of acceptance to focused
attention meditation. Early in mindfulness-based train-
ing participants can become self-critical frequent mind-
wandering during mindfulness practice. Participants were
instead encouraged to treat meditation as a learning ex-
perience, and to be gentle with themselves whenever their
mind inevitably wanders during the practice.

4b Letting Go Encouraged participants to explore thoughts, ideas, desires,
and expectations they were attached to, but which may
be associated with stressful experiences. Participants were
invited to consider what effect this may have on their
experience of stress if we were to learn to let go (i.e., practice
non-attachment).

5a Letting Go
(cont.)

See above.
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Table 2 continued

Week Training Session Summary

5b Acceptance Encouraged participants to explore acceptance of: (1) inter-
nal (e.g., emotions) and external experiences (e.g., the ac-
tions of others), and (2) the responsibility to make changes
that are within one’s power (e.g., if stress is caused by
physical inactivity, to accept the responsibility it will take
to become more active).

6 10 km Trial I A running-only training session that comprised a 10km
trial ran at a comfortable pace.

7 - No training session.

8 Preparing for
Long-distance
Training

Covered nutrition requirements necessary for (pre-, post-,
and during-) long-distance running training to optimize
performance and reduce risk of problems while running.
Also examined clothing requirements and strategies for
completing longer runs.

9 10 km Trial II A running-only training session that comprised a 10km
trial. Participants were encouraged to improve their Trial
I performance.

10 Presence of Mind Focused on discussion and reflection activities that made
use of mindfulness in everyday activities (i.e., the informal
practice of mindfulness). Discussion topics included how
stress can be linked to a lack of mindfulness in these every-
day tasks (e.g., through multitasking, unmindful communi-
cation, and the difference between worry and planning).

11 Improving
Fitness

Covered information on how to maximize improvements in
aerobic fitness based on the ACSM’s exercise prescription
guidelines.

12 15 km Trial A running-only training session that comprised a 15km
trial completed at a comfortable pace.

13 Avoiding Injuries Covered strategies and core strength exercises with a focus
on prevention of common running injuries. General strate-
gies for overcoming present injuries were also provided.
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Table 2 continued

Week Training Session Summary

14 Mindfulness and
Negative
Emotions I

This session was designed to draw together all of the mind-
fulness training concepts and to apply them specifically
to commonly held mindsets relating to negative emotions.
The first training session focused on stress mindsets, how
to let go of a ’stress is debilitating’ mindset through mind-
fulness (e.g., how to accept that stress is a part of everyday
life, and how stress may even be a resource). The sec-
ond training session covered similar content, but instead
focused on sadness, and letting go of a sadness-avoidance
mindset (e.g., accepting that sad emotions are part of the
tapestry of normal human emotions, and there is no need
to pathologize negative emotions).

15 Mindfulness and
Negative
Emotions II

See above.

16 Review A review session of the mindfulness-based program (atten-
tion monitoring and acceptance modules) and the running
training support module. Also, a final review of mindfulness
and aerobic training progress, and a series of best-practice
guidelines to safely complete an optional half-marathon.
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Table 3
Half-marathon training schedule
Week Group Session Beginner Tier Intermediate Tier

1 5 km easy S: 20 min easy
L: 20 min easy

S: 30 min easy
L: 45 min easy

2 I: 16 min intervals S: 20 min easy
L: 20 min easy

S: 40 min easy
L: 45 min easy

3 I: 16 min intervals S: 20 min steady
L: 20 min steady

S: 45 min steady
L: 60 min easy

4 I: 16 min intervals S: 20 min steady
L: 20 min steady

S: 50 min steady
L: 65 min easy

5 I: 16 min intervals S: 20 min steady
L: 35 min steady

S: 50 min easy
L: 55 min steady

6 10 km trial I S: 20 min easy
L: 30 min steady

S: 20 min easy
L: 50 min steady

7 I: 16 min intervals S: 40 min steady
L: 50 min easy

S: 55 min steady
L: 75 min easy

8 (T) I: 16 min intervals S: 20 min easy
L: 20 min easy

T: 30 min easy
T: 30 min easy

9 10 km trial II S: 35 min steady
I: 16 min intervals

S: 35 min steady
I: 16 min intervals

10 I: 45 min easy S: 45 min easy
L: 75 min easy

S: 45 min steady
L: 60 min steady

11 I: 16 min intervals S: 40 min steady
L: 60 min easy

S: 50 min steady
L: 65 min steady

12 15 km trial S: 20 min easy
L: 55 min steady

S: 20 min easy
L: 55 min steady

13 I: 16 min intervals S: 50 min steady
L: 100 min easy

S: 60 min steady
L: 100 min easy

14 I: 16 min intervals S: 50 min steady
L: 110 min easy

S: 50 min steady
L: 110 min easy

15 (T) T: 50 min easy T: 50 min easy
T: 50 min easy

T: 50 min easy
T: 50 min easy

16 T: 20 min steady T: 20 min steady
T: 20 min steady

T: 20 min steady
T: 20 min steady

Note. All participants were asked to run three times per week: one group session (identical
for both training tiers) and two additional runs completed in their own time and location of
preference. All runs began with 5 – 10 min of warm-up (slow run and dynamic warm-up
movements). I = interval run; S = short run; L = long run; D = distance trial, T = taper
period, easy = moderate intensity (moderate = 46 to 64% V̇ O2max), steady = constant pace
at moderate to vigorous intensity (vigorous = 64 to 91% V̇ O2max), intervals = 200 m bursts
at near maximal intensity (≥ 91% V̇ O2max) followed by 200 m recovery; taper = period of
less activity to recover from training or prepare for distance events.
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Table 1
Summarized results for gains (T1-T0) at multiple confidence limits for psychoso-
cial stress factors, mindfulness, emotion regulation factors, and maximal aerobic
capacity

Gain 80% CI 95% CI p

PSS M -4.24 [-6.51, -1.96] [-7.84, -0.63] .024
dpretest -0.56 [-0.91, -0.22] [-1.14, -0.06]

DASS-21 (Stress) M -4.59 [-5.94, -3.24] [-6.73, -2.44] <.001
dpretest -0.76 [-1.01, -0.58] [-1.24, -0.52]

DASS-21 (Anxiety) M 0.12 [-1.36, 1.59] [-2.22, 2.46] .916
dpretest 0.02 [-0.27, 0.35] [-0.43, 0.53]

DASS-21 (Depression) M -4.00 [-6.05, -1.95] [-7.25, -0.75] .019
dpretest -0.56 [-0.81, -0.27] [-0.98, -0.15]

WHO-5 M 9.65 [4.54, 14.75] [1.55, 17.75] .023
dpretest 0.52 [0.29, 0.82] [0.19, 1.02]

MAAS M 0.22 [-0.03, 0.46] [-0.17, 0.60] .256
dpretest 0.31 [-0.02, 0.65] [-0.24, 0.88]

ERQ-CR M 0.86 [0.53, 1.20] [0.33, 1.39] .003
dpretest 0.59 [0.33, 0.90] [0.22, 1.15]

RRS-BR M -1.41 [-2.24, -0.58] [-2.72, -0.10] .037
dpretest -0.34 [-0.58, -0.16] [-0.75, -0.07]

PSWQ M -6.18 [-9.44, -2.92] [-11.34, -1.01] .022
dpretest -0.38 [-0.61, -0.15] [-0.78, -0.05]

V̇ O2max M 0.25 [-1.69, 2.19] [-2.83, 3.32] .868
dpretest 0.03 [-0.30, 0.26] [-0.51, 0.42]

Note. Sampling Units: N = 17 and observations = 34; M = mean; CI = confidence
interval; dpretest = Cohen’s d with the pretest standard deviation as standardizer,
p = p value.

193



SUPPLEMENTARY RESULTS 4

Table 2
Summarized results for gains (T1-T0) at multiple confidence limits for psychosocial
stress factors, mindfulness, emotion regulation factors, and maximal aerobic
capacity

Gain 80% CI 95% CI p

Oxygen Cost
Time contrast (T1-T0) -0.14 [-0.20, -0.07] [-0.24, -0.04] .007

Relative Oxygen Cost
Time contrast (T1-T0) -4.37 [-5.77, -2.96] [-6.53, -2.20] <.001
6 km/h (T1-T0) -1.42 [-4.23, 1.40] [-5.75, 2.91] .517
8 km/h (T1-T0) -2.34 [-5.15, 0.48] [-6.67, 1.99] .286
10 km/h (T1-T0) -5.91 [-8.72, -3.09] [-10.24, -1.57] .008
12 km/h (T1-T0) -7.81 [-10.63, -5.00] [-12.14, -3.48] .001

Heart rate
Time contrast (T1-T0) -4.56 [-6.63, -2.50] [-7.75, -1.38] .005

Perceived Exertion (RPE)
Time contrast (T1-T0) -0.71 [-0.96, -0.47] [-1.09, -0.33] <.001

Note. Sampling Units: N = 17 and observations = 34; M = mean; CI = confidence
interval; dpretest = Cohen’s d with the pretest standard deviation as standardizer,
p = p value.
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Table 3
Summarized results of the linear mixed model for absolute oxygen cost.
Random Effects Log Likelihood AIC LRT df p

Participant -38.17 96.34
None -78.74 175.48 81.14 1 <.001

Estimate SE df t p

Intercept 2.10 0.11 12.00 18.90 <.001
Time1 0.07 0.02 84.00 2.75 .007
Velocity1 -0.90 0.04 84.00 -20.88 <.001
Velocity2 -0.20 0.04 84.00 -4.69 <.001
Velocity3 0.33 0.04 84.00 7.69 <.001
Time1 x Velocity1 -0.05 0.04 84.00 -1.28 .205
Time1 x Velocity2 -0.03 0.04 84.00 -0.79 .430
Time1 x Velocity3 0.03 0.04 84.00 0.60 .552

Variance SD

Random effects 0.15 0.39
Residual 0.06 0.25

Note. Sampling Units: N total observations = 104; N participants = 13.
Final model equation: oxygen cost ∼ time× velocity + (1|participant);
t statistics and p values calculated using Satterthwaite’s method; AIC =
Akaike Information Criterion; LRT = Likelihood Ratio Test; df = de-
grees of freedom; p = p value; SD = standard deviation. Factors: Time1
= T0, Velocity1 = 6 km/h, Velocity2 = 8 km/h, Velocity3 = 10 km/h.
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Table 4
Summarized results of the linear mixed model for relative oxygen cost.
Random Effects Log Likelihood AIC LRT df p

Participant -327.68 675.36
None -341.19 700.38 27.02 1 <.001

Estimate SE df t p

Intercept 61.31 1.37 12.00 44.66 <.001
Time1 2.18 0.54 84.00 4.01 <.001
Velocity1 -26.54 0.94 84.00 -28.14 <.001
Velocity2 -6.12 0.94 84.00 -6.49 <.001
Velocity3 9.86 0.94 84.00 10.46 <.001
Time1 x Velocity1 -1.48 0.94 84.00 -1.56 .121
Time1 x Velocity2 -1.02 0.94 84.00 -1.08 .284
Time1 x Velocity3 0.77 0.94 84.00 0.82 .417

Variance SD

Random effects 20.65 4.54
Residual 30.82 5.55

Note. Sampling Units: N total observations = 104; N participants =
13. Final model equation: relative oxygen cost ∼ time × velocity +
(1|participant); t statistics and p values calculated using Satterthwaite’s
method; AIC = Akaike Information Criterion; LRT = Likelihood Ratio
Test; df = degrees of freedom; p = p value; SD = standard deviation.
Factors: Time1 = T0, Velocity1 = 6 km/h, Velocity2 = 8 km/h, Veloc-
ity3 = 10 km/h.
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Table 5
Summarized results of the linear mixed model for heart rate.
Random Effects Log Likelihood AIC LRT df p

Participant -369.37 758.75
None -399.71 817.42 60.67 1 <.001

Estimate SE df t p

Intercept 154.93 2.99 12.00 51.89 <.001
Time1 2.28 0.80 84.00 2.85 .005
Velocity1 -31.73 1.39 84.00 -22.89 <.001
Velocity2 -5.78 1.39 84.00 -4.17 <.001
Velocity3 12.07 1.39 84.00 8.70 <.001
Time1 x Velocity1 -0.94 1.39 84.00 -0.68 .498
Time1 x Velocity2 -0.13 1.39 84.00 -0.09 .926
Time1 x Velocity3 0.03 1.39 84.00 0.02 .982

Variance SD

Random effects 107.56 10.37
Residual 66.62 8.16

Note. Sampling Units: N total observations = 104; N participants = 13.
Final model equation: heart rate ∼ time× velocity + (1|participant); t
statistics and p values calculated using Satterthwaite’s method; AIC =
Akaike Information Criterion; LRT = Likelihood Ratio Test; df = de-
grees of freedom; p = p value; SD = standard deviation. Factors: Time1
= T0, Velocity1 = 6 km/h, Velocity2 = 8 km/h, Velocity3 = 10 km/h.
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Table 6
Summarized results of the linear mixed model for perceived exertion
(RPE).
Random Effects Log Likelihood AIC LRT df p

Participant -160.46 340.92
None -174.08 366.16 27.24 1 <.001

Estimate SE df t p

Intercept 10.91 0.24 12.00 45.25 <.001
Time1 0.36 0.10 84.00 3.73 <.001
Velocity1 -3.53 0.17 84.00 -21.37 <.001
Velocity2 -0.91 0.17 84.00 -5.53 <.001
Velocity3 1.05 0.17 84.00 6.35 <.001
Time1 x Velocity1 -0.20 0.17 84.00 -1.22 .225
Time1 x Velocity2 0.11 0.17 84.00 0.64 .524
Time1 x Velocity3 0.07 0.17 84.00 0.41 .685

Variance SD

Random effects 0.64 0.80
Residual 0.95 0.97

Note. Sampling Units: N total observations = 104; N participants =
13. Final model equation: RPE ∼ time × velocity + (1|participant); t
statistics and p values calculated using Satterthwaite’s method; AIC =
Akaike Information Criterion; LRT = Likelihood Ratio Test; df = de-
grees of freedom; p = p value; SD = standard deviation. Factors: Time1
= T0, Velocity1 = 6 km/h, Velocity2 = 8 km/h, Velocity3 = 10 km/h.
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Figure 1 . Dot plots of mean GMC change in right and left hippocampus. Left: Means and
95% CIs at T0 and T1 for (A1) right hippocampus mean GMC and (B1) left hippocampus
mean GMC. Unfilled circles represent individual participant data points, and dashed lines
join paired responses for each participant. Right: T1 – T0 change scores for the (A2) right
hippocampus mean GMC and (B2) left hippocampus mean GMC. Error bars (from largest
to smallest) represent 95%, 90%, 85%, and 80% CIs. Confidence limits on change scores
have been adjusted for multiplicity using the Bonferroni method for two test. Unfilled circles
represent individual change scores, and a dashed line marks the null hypothesis of zero
change.
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Figure 2 . Sample size planning analysis plots. (A) represents sample sizes required to detect
within-group (i.e., T1 – T0) changes in mean hippocampal GMC (δz), and (B) represents
sample sizes required to detect between-group differences in GMC among separate arms of a
confirmatory trial (δs; corrected for multiplicity). Sample size planning methods comprise
power (power = 0.80: lower red curve; power = 0.90: middle green curve) and precision
(upper blue curve; see online print for colors). The horizontal line in each plot represents
the maximum feasible sample size per treatment arm for a confirmatory trial. The vertical
dashed line represents the minimal targeted effect size. δz = within-groups standardized
mean difference; δs = between groups standardized mean difference.
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Table 1
Extended trial exclusion criteria

Exclusion.criteria
1 Age not within 18 – 35 years of age
2 Completion of an endurance event equivalent to a half-marathon (i.e., 21.1 km)
3 Completion of a formal meditation program
4 Current diagnosis of a neurological or mental disorder
5 Current diagnosis or history of chronic pain or musculoskeletal conditions
6 Current diagnosis or history of chronic disease of any kind
7 Current diagnosis of a heat or cold disorder
8 Current use of medication that influences the neuroendocrine or immune system
9 Current injury of any kind (e.g., joint or muscle injury)
10 Current diagnosis of an infectious disease
11 Current diagnosis or history of anaphylactic shock symptoms
12 Fear or discomfort with needles
13 BMI ≥ 30 kg/m2

14 Pregnancy or suspected pregnancy

15 Considered MRI ineligible based on an MRI safety checklist (e.g., ferrous metal
within the body)

Note. BMI = body mass index; MRI = magnetic resonance imaging.
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Table 2
Summarized Type III ANOVA table for linear mixed models of mean gray matter concentra-
tion (GMC) in the right and left hippocampus with covariates

SS MS df F p

Right Hippocampus
Time 4,242.90 4,242.90 1, 15.00 13.76 .002
Age (covariate) 182.64 182.64 1, 12.00 0.59 .456
Sex (covariate) 1.48 1.48 1, 12.00 < 0.00 .946
TGM at baseline (covariate) 396.02 396.02 1, 12.00 1.28 .279

M [95% CI] SE df t p

T1 – T0 Time Contrast 23.03 [7.57, 38.49] 6.21 15.00 3.71 .004
SS MS df F p

Left Hippocampus
Time 4,448.61 4,448.61 1, 15.00 16.51 .001
Age (covariate) 421.70 421.70 1, 12.00 1.57 .235
Sex (covariate) 490.98 490.98 1, 12.00 1.82 .202
TGM at baseline (covariate) 63.68 63.68 1, 12.00 0.24 .636

M [95% CI] SE df t p

T1 – T0 Time Contrast 23.58 [9.13, 38.03] 5.80 15.00 4.06 .002
Note. Sampling Units: N = 16; observations = 32. Time: T0 = pre-test; T1 = post-test;
TGM = total gray matter volume at baseline (µl); SS = sum of squares; MS = mean
square; F = F statistic; df = degrees of freedom; p = p value; M = mean; CI = confidence
interval; SE = standard error; t = t statistic. F and t tests use Satterthwaite’s degrees of
freedom. P values and confidence limits for the T1 – T0 Time Contrast have been adjusted
for multiplicity using the Bonferroni method for two tests.
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Table 3
Summarized results of the linear mixed model for the right hippocampus
Random Effects Log Likelihood AIC LRT df p

Participant -152.14 318.27
None -178.37 368.73 52.46 1 <.001

Estimate SE df t p

Intercept 5883.93 585.84 12.00 10.04 <.001
Time1 -11.51 3.10 15.00 -3.71 .002
Age -11.43 14.85 12.00 -0.77 .456
Sex1 3.21 46.34 12.00 0.07 .946
TGM -663.02 585.01 12.00 -1.13 .279

Variance SD

Random effects 21419.21 146.35
Residual 308.31 17.56

Note. Sampling Units: N = 16; observations = 32. Final model
equation: Right Hippocampus GMC ∼ time+ age+ sex+ TGM +
(1|participant). Test statistics computed using Satterthwaite’s
method; AIC = Akaike Information Criterion; LRT = Likelihood
Ratio Test; df = degrees of freedom; p = p value; SD = standard de-
viation. Time1 = T0; Sex1 = Male; TGM = total gray matter volume
at baseline.
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Table 4
Summarized results of the linear mixed model for the left hippocampus
Random Effects Log Likelihood AIC LRT df p

Participant -151.49 316.98
None -179.17 370.33 55.36 1 <.001

Estimate SE df t p

Intercept 5664.23 603.92 12.00 9.38 <.001
Time1 -11.79 2.90 15.00 -4.06 .001
Age -19.15 15.30 12.00 -1.25 .235
Sex1 64.49 47.77 12.00 1.35 .202
TGM -293.19 603.07 12.00 -0.49 .636

Variance SD

Random effects 22791.17 150.97
Residual 269.42 16.41

Note. Sampling Units: N = 16; observations = 32. Final model
equation: Left Hippocampus GMC ∼ time+ age+ sex+ TGM +
(1|participant). Test statistics computed using Satterthwaite’s
method; AIC = Akaike Information Criterion; LRT = Likelihood
Ratio Test; df = degrees of freedom; p = p value; SD = standard
deviation. Time1 = T0; Sex1 = Male; TGM = total gray matter
volume at baseline.
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Combined mindfulness-based intervention and

endurance running training protocol

0 16t = -1-2-3-4 17 18 19 20 weeks

T0 T1

- 20 min focused attention meditation (daily)

- Group-based mindfulness psychoeducation (8 sessions)

Mindfulness-based intervention

Endurance running training protocol

- Three runs/week

Run 1

Interval run of 200 m bursts of near maximal intensity 

followed by a 200 m recovery to the total of 16 min

Run 2

Short run of moderate or moderate-to-vigorous intensity 

that gradually increased in duration from 20 min to 60 min 

over 16 weeks

Run 3

Long run at a moderate intensity or moderate-to-vigorous 

intensity that gradually increased in duration from 20 min to 

110 min over 16 weeks

- Three distance running trials at moderate or moderate-to-

vigorous intensity (Week 6 = 10 km, Week 9 = 10 km, Week 

12 = 15 km). 

Figure 1 . Schematic illustration of the trial intervention. All assessments (including
the aerobic challenge protocol) were collected 1 to 4 weeks before (T0) and after (T1)
the trial intervention (left and right shaded areas). The trial intervention comprised 16
weeks of mindfulness-based training and an endurance running training protocol, completed
concurrently (t = time in weeks). The total trial duration was approximately 24 weeks.
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SUPPLEMENTARY MATERIALS 4

Table 1
Summarized results of the linear mixed model for cortisol (Model 1)
Random Effects Log Likelihood AIC LRT df p

Participant -50.74 117.47
None -61.43 136.87 21.39 1 <.001

Estimate SE df t p

Intercept 6.50 0.08 14.00 81.32 <.001
Time1 0.01 0.04 70.00 0.26 .798
Sampling Point1 -0.08 0.05 70.00 -1.56 .123
Sampling Point2 0.07 0.05 70.00 1.48 .143
Time1:Sampling Point1 -0.07 0.05 70.00 -1.51 .137
Time1:Sampling Point2 0.03 0.05 70.00 0.55 .587

Variance SD

Random effects 0.08 0.28
Residual 0.11 0.33

Note. Sampling Units: N = 15; observations = 90. Final model equation:
log(cortisol) ∼ time× sampling point + (1|participant). Test statistics com-
puted using Satterthwaite’s method; AIC = Akaike Information Criterion;
LRT = Likelihood Ratio Test; df = degrees of freedom; p = p value; SD =
standard deviation. Factors: Time1 = T0; Sampling Point1 = baseline (t0);
Sampling Point2 = post-stress (t+30).
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Table 2
Summarized results of the linear mixed model for cortisol (Model 2)
Random Effects Log Likelihood AIC LRT df p

Participant -25.81 65.61
None -36.32 84.63 21.02 1 <.001

Estimate SE df t p

Intercept 1.03 1.01 54.30 1.02 .312
Time1 0.10 0.04 43.11 2.92 .005
Sampling Point1 0.03 0.03 41.03 1.04 .306
log(baseline) 0.86 0.16 54.44 5.50 <.001
Time1:Sampling Point1 -0.01 0.03 41.03 -0.30 .762

Variance SD

Random effects 0.09 0.30
Residual 0.07 0.26

Note. Sampling Units: N = 15; observations = 60. Final model equation:
log(cortisol) ∼ log(baseline) + time × sampling point + (1|participant).
Test statistics computed using Satterthwaite’s method; AIC = Akaike Infor-
mation Criterion; LRT = Likelihood Ratio Test; df = degrees of freedom;
p = p value; SD = standard deviation. Factors: Time1 = T0; Sampling
Point1 = baseline (t0); Sampling Point2 = post-stress (t+30).
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