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Mechanisms of Fatigue in Everyday Life 

1. Introduction 

1.1 Defining Fatigue 

Fatigue is a phenomenon we all experience every day. It presents as a sense of 

exhaustion, tiredness, weakness, or a subjective lack of energy (Riley et al., 2010; R. 

Schwarz, Krauss, & Hinz, 2003). Similar to pain, fatigue is a subjective phenomenon that can 

only be measured via self-report (Dittner, Wessely, & Brown, 2004). Further, it can be 

assessed unidimensionally (fatigue intensity) as well as multidimensionally. The underlying 

assumption of multidimensional measures is that fatigue has different qualities, of which 

mental (i.e. feeling of emptiness or boredom, difficulties concentrating) and physical 

(weakness, low energy) are the most prominent (Hardy & Studenski, 2010). Fatigue is 

distinct from sleepiness, although the concepts are related to each other. Whereas 

sleepiness describes a drive to fall asleep, fatigue comprises a state of subjective energy 

depletion (Akerstedt, Axelsson, Lekander, Orsini, & Kecklund, 2014). Fatigue can be seen as 

a normal response to mental or physical demands and serves the purpose of triggering 

resting behavior to achieve recovery and ultimately reinstate homeostasis (Chrousos, 2009; 

Dantzer, Heijnen, Kavelaars, Laye, & Capuron, 2014). As such, it serves allostasis − the 

ability of the organism to respond to demands or threats to safety or homeostasis (Sterling & 

Eyer, 1988). In line with this, fatigue typically increases throughout the day, with the highest 

levels in the evening, partly depending on how strenuous the day has been (Buysse et al., 

2007; Dahlgren, Kecklund, & Akerstedt, 2005). The proper functioning of this cycle of 

demands, fatigue, and recovery (see Figure 1), which repeats itself every day and also within 

days (e.g. when executing physically or mentally demanding tasks), is very important for 

health, as will be explained in greater detail in the following sections. Although fatigue is 

generally perceived as a subjectively unpleasant state, an organism would most likely not 

survive without it.  



MECHANISMS OF FATIGUE IN EVERYDAY LIFE 

THESIS JOHANNA M. DÖRR  2 
 

 

Figure 1  Functionality of fatigue illustrated using the allostasis model. Homeostasis is challenged by 

demands; responding to demands leads to fatigue (which can be measured on different dimensions of 

which mental physical are the most prominent ones), fatigue in turn triggers resting behavior and 

therefore recovery; recovery reduces fatigue (which could, again, be assessed on different 

dimensions, but has been omitted in this part of the figure for the sake of simplicity) and reinstates 

homeostasis 

 

Clinically relevant fatigue 

Understanding which mechanisms influence fatigue is of great importance, because 

there are cases in which the “allostatic cycle” of demands, fatigue, and recovery is disrupted 

or pathologically altered. Fatigue can reach clinical significance when it is not diminished by 

resting behavior (recovery) or when it presents with such intensity that it interferes with daily 

living and well-being (Riley, et al., 2010). In a sample of 2552 persons representative of the 

German population, Hiller, Rief, and Brähler (2006) found a point prevalence for fatigue 

(excessive tiredness) of 17.5% (2.1% with severe or very severe intensity) and a 2-year 

prevalence of 8% for fatigue on mild exertion. In another German survey of 20,000 people 

from the working population, as many as 45.8% reported having suffered from fatigue within 

the last 12 months, of whom 18.8% (8.6% of the whole sample) sought medical attention 

because of their fatigue (Wittig, Nöllenheidt, & Brenscheidt, 2012). In other surveys, 

prevalence rates of 11.3% for chronic fatigue (i.e. longer than six months) (Wessely, Chalder, 

Hirsch, Wallace, & Wright, 1997) were found in primary care. In a US population-based 

survey, the authors estimated the costs for society caused by fatigue to be about 136.4 

billion US Dollars annually (Ricci, Chee, Lorandeau, & Berger, 2007). Besides personal 
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impairment and distress of the affected individual, fatigue is therefore a problem for society, 

with a high economic impact.  

With regard to socioeconomic influencing factors, surveys show that women report 

higher fatigue levels than men and that fatigue levels increase with increasing age (Kroenke, 

Wood, Mangelsdorff, Meier, & Powell, 1988; Loge, Ekeberg, & Kaasa, 1998; R. Schwarz, et 

al., 2003; van't Leven, Zielhuis, van der Meer, Verbeek, & Bleijenberg, 2010; Vermeulen, 

2006). Fatigue is also heightened as part of various diseases (e.g. severe or chronic medical 

conditions, anxiety and depressive disorders, and sleep disorders), and is a common side 

effect of medication intake (Chen, 1986; Pawlikowska et al., 1994). Chronic fatigue often 

occurs in diseases such as cancer (Barsevick, Frost, Zwinderman, Hall, & Halyard, 2010), 

HIV infection (Barroso, 1999), or multiple sclerosis (Bethoux, 2006). However, in some 

cases, no underlying somatic explanation can be found for fatigue based on present-day 

medical knowledge. In these cases, fatigue is referred to as “medically unexplained”. 

Medically unexplained fatigue often occurs in combination with other medically unexplained 

somatic symptoms. These symptom complexes can be referred to as “functional somatic 

syndromes” (for an overview see Fischer & Nater, 2012; Wessely, Nimnuan, & Sharpe, 

1999). If medically unexplained chronic fatigue is the main complaint and is accompanied by 

cognitive problems, sore throat, tender lymph nodes, myalgia and joint pain, headaches, 

unrefreshing sleep, as well as post-exertional malaise, this condition is referred to as 

“Chronic Fatigue Syndrome” (CFS, Fukuda et al., 1994). Slightly differing symptom 

constellations might be classified differently. One example is fibromyalgia syndrome (FMS, 

Wolfe et al., 2010). In FMS, medically unexplained chronic widespread pain is the main 

symptom, accompanied by fatigue, waking unrefreshed, and cognitive symptoms. We and 

others have proposed that conditions presenting with clinically relevant, chronic medically 

unexplained fatigue can be seen as one end of a continuum, with mild, infrequent fatigue 

representing the other end (Dawson, Ian Noy, Harma, Akerstedt, & Belenky, 2011; Nater & 

Doerr, 2012).  
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Chronic medically unexplained fatigue is a phenomenon that is hard to grasp and 

poorly understood, although it has been a problem for society throughout history and has 

drawn the (documented) attention of researchers and practitioners for at least the last one 

and a half centuries (Johannisson, 2006). Besides the aforementioned definition of CFS, 

several other attempts have been made to define, classify (by means of diagnostic criteria), 

and label conditions that present with chronic medically unexplained fatigue as the main 

symptom, prominent examples of which include “Neurasthenia” (World Health Organization, 

1992) and “Burnout” (Maslach & Jackson, 1981). Uncertainties about when and how to use 

which label, and an interchangeable use of the label “depression”, can be observed from 

media to health care professionals. In an attempt to reduce uncertainties and raise 

awareness of the problems inherent in the use of these labels, we recently addressed the 

problem of differentiation and overlap between these concepts (CFS, Neurasthenia, and 

Burnout), as well as the distinction between these concepts and depression (Doerr & Nater, 

2013). Three important conclusions can be drawn from this narrative review, which guided 

the empirical studies summarized in the present thesis. First, it became clear that the existing 

definitions for fatigue syndromes overlap and (at least concerning Neurasthenia and Burnout) 

lack validity and reliability. In light of the heterogeneity of persons who are grouped together 

when using one of these diagnostic entities, it seems warranted to move away from the level 

of syndromes and look for mechanisms that influence fatigue on the symptom level. Second, 

definitions of conditions that present with fatigue are highly susceptible to the ideas that we 

(or our society) currently hold about fatigue and fatigue development. Gaps in the knowledge 

regarding fatigue development, and the necessary continuous change through research 

findings, lead to uncertainties and also to diverse revisions of (and conflicts about) 

classification criteria. More research on mechanisms influencing fatigue is therefore needed 

to fill the knowledge gaps and at some point reduce uncertainties. Third, we observed that 

another source of uncertainties and conflicts is the dualistic mind-body view, which still 

prevails in society but is not very helpful when dealing with fatigue. Therefore, research is 
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needed that takes an integrative approach, combining biological, psychological, and 

behavioral observations as well as their interplay.  

1.2 Influences on fatigue 

An overview of current research suggests that fatigue most likely develops and 

becomes chronic as a consequence of a complex interplay between psycho-social, cognitive-

behavioral, and biological mechanisms. The key player in this interplay seems to be “stress” 

(e.g. Nater, Fischer, & Ehlert, 2011; Nijrolder, van der Horst, & van der Windt, 2008). In 

epidemiological studies, higher stress levels were found to predict higher fatigue levels 

cross-sectionally (Chen, 1986) as well as longitudinally (Pawlikowska, et al., 1994). Similar 

studies also show that chronically fatigued persons report more stressful life events than 

controls in the year before symptoms begin (Lutgendorf et al., 1995; Masuda, Munemoto, 

Yamanaka, Takei, & Tei, 2002; Reyes et al., 1996) and higher levels of chronic stress 

throughout the life span (Nater, Maloney, Heim, & Reeves, 2011). 

1.2.1 Defining Stress  

The concept of stress was originally based on the finding that exposing an organism 

to stimuli like heat, cold, or toxic agents, leads to a specific biological response that prepares 

the body for “fight or flight” (Cannon, 1914). Therefore, Hans Selye (who was the first to call 

this biological pattern “stress”) defined stress as the unspecific response of the body to any 

demand (Selye, 1956). Later, Lazarus and Folkman (1984) took an interest in the 

psychological side of stress and extended Selye’s stress definition. In their cognitive-

transactional stress theory, they concluded that the sense of being stressed is triggered in 

situations in which demands subjectively exceed a person’s coping abilities and are, as such, 

interpreted as threatening. The same demand can therefore trigger a stress response in one 

person but not in another. If a demand triggers a stress response, it is also referred to as 

“stressor”. Research shows that the strength of the subjective sensation of being stressed, 

as well as the strength of the biological response, depends on the type, intensity, and novelty 

of the stressor to the individual person (Kemeny, 2003). Therefore, stress is not merely a 
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demand or a response, but can be defined as an interaction of demands and a person’s 

coping abilities, which results in a specific psycho-biological response. It is conceivable that 

higher fatigue per se can reduce coping abilities and, in turn, might trigger stress - a thought 

that will be of greater importance later on.  

The stress response is an allostatic mechanism − it enables the organism to 

dynamically cope with stressors to reinstate homeostasis. Coming back to the cycle of 

demands, fatigue, and recovery, it becomes clear that stress poses a greater threat to 

homeostasis than demands that do not trigger a stress response. Stress therefore leads to 

an enhanced need for recovery, and consequently enhanced fatigue levels. Stress is a 

common phenomenon and the organism is prepared to deal with it. However, if stress 

exceeds the range within which the organism’s individual recovery potential is sufficient, 

stress might be the very process that disrupts or alters the “demands – fatigue – recovery” 

cycle.  

Little is, however, known about how stress might translate into to clinically relevant 

fatigue. One theory that might be able to explain this process is the “allostatic load” theory: 

McEwen proposed that illness develops when the body is faced with repeated or prolonged 

stress which prevents the organism from recovering properly (1998). He suggested that 

through repeated or prolonged stress, stress-responsive biological systems “wear out” and 

ultimately fail to respond adequately to stressors, which leads to a number of adverse health 

outcomes, including chronic fatigue (McEwen, 2000). Hence, a shift towards the clinically 

relevant end of the fatigue continuum might be triggered by chronic stress, probably by 

“wearing out” the body’s stress-responsive systems. The two most important stress-

responsive biological systems are the Hypothalamic-Pituitary-Adrenal axis (HPA axis) and 

the Autonomic Nervous System (ANS, Kemeny, 2003). 

Hypothalamic-Pituitary-Adrenal Axis 

The HPA axis’ response to stress is triggered by the release of corticotropin-releasing 

hormone (CRH) by the hypothalamus, which in turn stimulates the pituitary to release 
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adrenocorticotropic hormone (ACTH), ultimately causing the release of the glucocorticoid 

cortisol by the adrenal glands. The release of cortisol, in turn, reduces hypothalamic CRH 

production as well as the release of ACTH by the pituitary as part of a negative feedback 

loop (Barrett, 2005). Whereas ANS activity increases immediately, the highest 

concentrations of cortisol can be found about 20-40 minutes after a stressful event 

(Dickerson & Kemeny, 2004). Cortisol is the gold standard marker of HPA axis activity. It can 

be measured in a variety of body fluids such as blood samples, 24hour accumulated urine 

samples, saliva samples. As almost every cell in the body has glucocorticoid receptors, the 

influence of cortisol on the body is manifold. For example, cortisol is able to suppress 

immune activity.  

HPA axis activity shows a circadian pattern which is reflected by a typical nocturnal 

and diurnal secretion pattern of cortisol. During the day, cortisol increases in the morning (the 

cortisol awakening response, CAR) and decreases during the remainder of the day (Barrett, 

2005). The CAR in particular has been found to be a reliable measure for the responsive 

capability of the HPA axis (Pruessner et al., 1997; Schmidt-Reinwald et al., 1999) and has 

been associated with diverse health outcomes (Fries, Dettenborn, & Kirschbaum, 2009). 

Autonomic Nervous System 

The ANS adjusts the body’s internal environment to external demands through 

efferent and afferent pathways. It has a sympathetic, parasympathetic, and enteric division 

(which controls bowel movements and will not be in the focus of this thesis). The sympathetic 

and parasympathetic divisions work antagonistically: Basically, sympathetic activity increases 

when the body is activated, whereas parasympathetic activity dominates in states of 

relaxation (Richerson, 2005). During the stress response, the sympathetic part of the ANS is 

thus activated and the parasympathetic part is inhibited. Activation of the sympathetic part 

leads to a release of norepinephrine through postganglionic fibers (sympathetic-neural 

system) and a release of primarily epinephrine (80%) and, in small parts, also norepinephrine 

(20%), by the adrenal medulla (sympatho-adrenomedullary system). Therefore, ANS activity 
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can be measured by determining epinephrine and norepinephrine levels in blood samples or 

accumulated 24hour urine samples. The ANS targets smooth muscles of the organs, cardiac 

muscles, and glands. Heightened ANS activity thus also leads to increases in heart rate and 

blood pressure. Cardiovascular measures (heart rate, heart rate variability, blood pressure) 

therefore serve as non-invasive measures of ANS activity (for an overview of ANS measures 

see Fischer & Nater, 2015). Further, binding norepinephrine to the adrenergic receptors on 

acinar cells of the salivary glands stimulates the production and release of salivary proteins 

into the oral cavity. As the most abundant protein in human saliva, salivary alpha-amylase 

(sAA) has gained much interest as a surrogate marker of ANS activity (Nater & Rohleder, 

2009; Rohleder & Nater, 2009). Similar to cortisol, SAA activity also shows a diurnal pattern. 

However, the pattern itself is antagonistic to cortisol: It decreases in the first hour after 

awakening (also called the “alpha-amylase awakening response”, AAR), and then shows an 

increase until the evening, when it stagnates or slightly decreases until bedtime (Nater, 

Rohleder, Schlotz, Ehlert, & Kirschbaum, 2007). 

1.2.2 Taking an integrative view 

In light of allostatic load theory, studies on the influence of stress on fatigue should 

include measures of stress-responsive biological mechanisms (HPA axis and ANS). 

Moreover, mechanisms on all levels of observation that have been found to increase or 

buffer psycho-biological effects of stress on health are likely highly relevant for fatigue. As 

mentioned above, it is of utmost importance to include these different levels of observation in 

studies in order to pursue an integrative view of what influences fatigue. Figure 2 depicts a 

model of influences on fatigue that extends Figure 1 by stress-relevant mechanisms 

(including social, behavioral, and biological mechanisms, as well as the mechanisms at the 

level of subjective experience). Another aspect of taking an integrative view is that fatigue 

can be seen as having different qualities and therefore can be assessed on different 

dimensions. With regard to the different levels of stress-relevant mechanisms, 

psychobiological stress measures were found to interact with (i.e. be influenced by as well as 

exert an influence on) recovery mechanisms like sleep (e.g. Akerstedt, Kecklund, & 
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Axelsson, 2007; Hall et al., 2004). Additionally, social influences have repeatedly been 

shown to impact psycho-biological stress and health measures (Ditzen & Heinrichs, 2014). 

Relevant mechanisms might be social support (buffering of stress), social conflicts 

(increasing stress), or co-regulation of mood and biological measures within cohabitating 

persons (e.g. within couples). Of course, how a person behaves also has a strong influence 

on psychobiological stress measures, and therefore most likely on fatigue. A behavioral 

mechanism that has been widely discussed to buffer effects of stress on health is physical 

activity (Gerber & Puhse, 2009).  

 

Figure 2. Model of stress as the disruptive element of the “allostatic cycle” (depicted on the left-hand 

side) and sleep quality as one indicator for recovery at the level of subjective experience, as well as 

important mechanisms on the social (partner) and behavioral (physical activity) level that likely 

influence fatigue (directly and/or through changes in stress-responsive biological mechanisms). HPA 

axis = Hypothalamic-Pituitary-Adrenal axis, ANS = Autonomic Nervous System 

 

1.3 A methodological consideration: Thinking “everyday life” 

We now know that when attempting to find out how stress leads to fatigue, we 

ultimately have to look at what happens within a person when he or she experiences stress, 

what mechanisms on different levels of observation exert their influence on this biological 

response − and how what happens relates to fatigue. Although surveys have the advantage 

of potentially comprising large sample sizes which can be assessed longitudinally, they rely 

on questionnaire data, which are prone to retrospective bias. Moreover, when using surveys, 

a real-time assessment of mechanisms is not possible and no biological markers can be 
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assessed. Laboratory studies, on the other hand, have the advantage of assessing 

mechanisms in a highly controlled setting, but they have little ecological validity and do not 

normally comprise a time span of more than one or two days. This means that findings from 

surveys as well as laboratory studies might not be applicable to everyday-life conditions and 

it is not possible to investigate changes that occur within and between several days. In the 

past two decades, a branch of research has been established which collects data in the 

everyday life of participants using so-called “ambulatory assessment” or “ecological 

momentary assessment” designs (Fahrenberg, Myrtek, Pawlik, & Perrez, 2007; Shiffman, 

Stone, & Hufford, 2008). Usually, this includes the use of self-report at different time points 

(e.g. by diary entries), which can be assessed in combination with biological (e.g. 

measurement of salivary cortisol) and/ or behavioral data (e.g. physical activity). This type of 

research has three important advantages: 1. It is highly ecologically valid (i.e. results can be 

applied to everyday life) because it directly assesses phenomena in the place where they 

usually occur (Reis, 2012), 2. It assesses phenomena not only where, but also when they 

occur, i.e. in real time. Therefore, retrospective biases are less likely (N. Schwarz, 2012), 3. 

Due to (micro-)longitudinal designs, changes from one time point to another can be observed 

within persons, which makes a stronger case for causal attributions than between-person 

designs (Hamaker, 2012). Thus, insights from ambulatory assessment studies have been 

found to be very helpful for research investigating the interplay between psychological and 

biological parameters (Smyth & Stone, 2003) and should also be applied in fatigue research. 

1.4 Relationship between stress and fatigue in everyday life – state of research 

Only two studies have explicitly assessed the relationship between stress and fatigue 

in everyday life using intra-individual designs (i.e. assessing how fatigue changes within a 

person in everyday life due to different levels of stress). One found fatigue levels to be 

significantly higher during academic stress as opposed to at the beginning of the academic 

year in a sample of students (Dittner, Rimes, & Thorpe, 2011). The other study found that 

mean daily stress levels prospectively predicted bedtime fatigue in a healthy sample 

(Akerstedt, et al., 2014). In concert with cross-sectional studies showing an association 
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between stress and fatigue, it might be assumed that stress predicts fatigue on a daily basis. 

However, a replication of Åkerstedt and colleagues’ findings also including within-day 

changes is warranted. Additionally, as mentioned before, it is conceivable that in a state of 

higher fatigue, it is harder to cope with demands, which in turn leads to higher stress levels. 

However, no study so far has assessed the prospective influence of fatigue on stress. 

Importantly, more research is needed that examines mechanisms which influence or 

mediate the stress-fatigue relationship as depicted in Figure 2. Therefore, the next part of 

this thesis provides an overview of the literature on mechanisms that are likely to influence 

fatigue in everyday life in the light of allostatic load theory (i.e. stress-responsive biological 

systems as well as important stress-associated factors on the social, psychological, and 

behavioral level).  

As mentioned above, fatigue can be seen as a continuum ranging from mild, 

infrequent fatigue to chronic medically unexplained clinically relevant fatigue. Therefore, the 

literature review will include studies on fatigue in healthy populations (where fatigue is likely a 

transient, non-clinical phenomenon), populations with heightened or prolonged stress levels 

(which might suffer from heightened fatigue levels), as well as populations suffering from 

clinically relevant fatigue. As CFS criteria, as opposed to Burnout or Neurasthenia, require 

careful consideration and exclusion of medical conditions that might explain fatigue (Doerr & 

Nater, 2013), the focus of this review will be on CFS literature as defined by the Centers for 

Disease Control (Fukuda, et al., 1994; Holmes et al., 1988) when looking at mechanisms that 

are relevant for the clinically relevant end of the fatigue continuum. Furthermore, research on 

FMS will be included. As explained in section 1.1 (“clinically relevant fatigue”), CFS and FMS 

are overlapping syndromes. This has led researchers to discuss whether they are essentially 

the same condition (Wessely, et al., 1999). Fatigue is a predominant feature in FMS 

(Overman, Kool, Da Silva, & Geenen, 2015; Vincent et al., 2013), and CFS prevalence rates 

of up to 80% are found in FMS patients (Aaron & Buchwald, 2003). Therefore, studies on 

fatigued patient populations often include CFS as well as FMS, or mixed CFS/FMS samples, 

and find similar divergences from healthy subjects.  
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Research on the influence of HPA axis and ANS activity on fatigue (biological 

mechanisms) in everyday life is discussed in the first part of the review. Following this, 

research concerning the influence of sleep quality (recovery mechanism) on fatigue is 

presented. Additionally, data relevant for daily relationship-specific influences on fatigue 

(social mechanism) and the association between physical activity (behavioral mechanism) 

and fatigue in everyday life are outlined. Results from ambulatory assessment studies 

assessing intra-individual associations of the aforementioned parameters with fatigue levels 

in healthy as well as fatigued subjects are summarized if available. Moreover, changes in 

relation to heightened stress conditions (within as well as between persons) are described. In 

the final parts, differences between chronically fatigued patients (i.e. patients with CFS or 

FMS) and healthy controls are introduced. Where no ambulatory assessment studies are 

available, important findings from surveys or laboratory studies that might be applicable to 

everyday life are referred to.  

4.1 Biological mechanisms 

Hypothalamic-Pituitary-Adrenal axis 

There are several studies investigating the influence of HPA axis activity on fatigue in 

healthy populations. Eek, Karlson, Garde, Hansen, and Orbaek (2012) found a positive 

correlation between the CAR and lack of energy, lack of motivation, and physical exertion 

(referring to a “typical workday”) in a population-based sample. Furthermore, Lindeberg and 

colleagues (2008) found a negative association between diurnal cortisol variability and 

fatigue levels (referring to the last four weeks), also in a population-based sample. Few 

studies have assessed prospective associations between daily cortisol output and fatigue in 

healthy samples: Adam, Hawkley, Kudielka, and Cacioppo (2006) found low morning cortisol 

levels to be associated with higher fatigue levels at the end of the day in a population of older 

adults. Kumari and colleagues (2009) found that low cortisol at awakening and a flat cortisol 

slope throughout the day were associated with fatigue levels 2.5 years later in a population-

based sample. However, results of another study (Dahlgren, Kecklund, Theorell, & Akerstedt, 
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2009) did not indicate that cortisol levels predict subsequent fatigue in a healthy sample, but 

did find that fatigue (retrospective measurement at bedtime) was associated with high 

evening cortisol levels and predicted low cortisol at awakening the next day. 

When we recall that HPA axis activity is heightened as part of an acute stress 

response, which we know from laboratory studies, it is likely that stress alters HPA axis 

activity in everyday life too. And indeed, Schulz, Kirschbaum, Pruessner, and Hellhammer 

(1998) found that participants with heightened chronic stress levels had a steeper increase in 

cortisol after awakening in comparison with participants with lower chronic stress. Steptoe, 

Cropley, Griffith, and Kirschbaum (2000) found higher morning cortisol levels in participants 

with higher job strain (assessed one year before cortisol measurement) compared to 

participants with lower job strain. Moreover, using an intra-individual design, Dahlgren and 

colleagues (2005) found a flattened diurnal cortisol pattern, which was based on a reduced 

decline from morning levels to 10am, during a stress as compared to a non-stress week. The 

same research group also found higher stress levels to be associated with higher cortisol 

levels at bedtime in another study (Dahlgren, et al., 2009). Additionally, Smyth and 

colleagues (1998) reported evidence that current problems as well as anticipated stress were 

associated with increased salivary cortisol levels 20 min after data entry in an ambulatory 

assessment design. These findings suggest an association of heightened stress levels with 

heightened daily cortisol levels.  

Interestingly, in CFS as well as FMS samples, reduced daily cortisol levels compared 

to healthy controls have been found in blood samples (e.g. Demitrack et al., 1991; Gur, 

Cevik, Nas, Colpan, & Sarac, 2004), 24h urine samples (e.g. Crofford et al., 1994; Scott & 

Dinan, 1998), and saliva samples (e.g. Nater, Youngblood, et al., 2008; Riva, Mork, 

Westgaard, Ro, & Lundberg, 2010; Strickland, Morriss, Wearden, & Deakin, 1998). 

Furthermore, CFS as well as FMS patients were found to present with an attenuated CAR 

compared to healthy controls (Nater, Maloney, et al., 2008; Riva, Mork, Westgaard, & 

Lundberg, 2012). Accordingly, there is meta-analytical evidence of a basal hypocortisolism 
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(i.e. lower basal levels of cortisol) in CFS patients and (female) FMS patients when 

compared with healthy control subjects (Tak et al., 2011). Furthermore, another meta-

analysis concluded that in particular, blunted diurnal variability of the HPA axis (i.e. CAR and 

slope of decrease throughout the day) is related to fatigue states (Powell, Liossi, Moss-

Morris, & Schlotz, 2013). However, as most of these studies employed cross-sectional 

designs, it remains unclear whether this blunted or reduced HPA axis activity is a cause or a 

consequence of the fatigue syndrome. When interpreting these findings in light of allostatic 

load theory, blunted or reduced HPA axis activity might be a sign of “wearing out”, where a 

state of heightened activity is followed by a state of blunted activity in the face of chronic 

stress conditions (Fries, Hesse, Hellhammer, & Hellhammer, 2005). Studies on the 

prospective association between daily cortisol secretion and fatigue in CFS or FMS patients 

are lacking.  

In sum, there is some indication that reduced cortisol levels predict fatigue 

longitudinally in healthy populations, although studies are sparse. Populations with 

heightened stress levels present with heightened cortisol levels (compared with non-stressed 

populations and when comparing high- and low-stress episodes intra-individually). Reduced 

levels and reduced variability of cortisol throughout the day have been found in chronically 

fatigued patients when compared with healthy samples. In healthy as well as chronically 

fatigued persons, it remains unclear whether stress exerts its influence on fatigue through 

HPA axis activity on a daily basis.  

Autonomic Nervous System 

To date, no study has investigated the prospective association between ANS 

measures and fatigue in everyday life. In laboratory studies of healthy samples, however, an 

increase in heart rate with increasing fatigue is reported over the course of fatigue-inducing 

tasks (e.g. Tran, Wijesuriya, Tarvainen, Karjalainen, & Craig, 2009). Studies on the effect of 

stress on ANS activity in daily life show increased activity of blood pressure and heart rate in 

relation to increased stress (e.g. Shapiro, Jamner, Goldstein, & Delfino, 2001; Steptoe, 
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2000). There is also one study that did not find ANS activity (measured by sAA) to be 

influenced by the participants’ acute stress level (self-reported estimate referring to one hour 

before saliva sampling) in everyday life (Nater, et al., 2007). SAA levels were, however, 

positively associated with chronic stress and stress reactivity in this study.  

There has been a great deal of laboratory research on differences in ANS activity 

between CFS or FMS patients and healthy controls. However, the results of these studies 

are more equivocal than those regarding HPA axis activity (for an overview see Nater, 

Fischer, et al., 2011; Tak & Rosmalen, 2010). While some studies found higher basal heart 

rate and lower heart rate variability (i.e. higher sympathetic and lower parasympathetic 

activity) in CFS patients compared to controls (e.g. Boneva et al., 2007; Duprez et al., 1998), 

two studies investigating baseline levels of epinephrine and norepinephrine in blood samples 

showed no differences between CFS patients and healthy controls (Boneva, et al., 2007; De 

Lorenzo, Hargreaves, & Kakkar, 1997). In FMS, results also point towards a basal 

hyperactivity of the sympathetic (reviewed in Martinez-Lavin, 2007) and a basal hypoactivity 

of the parasympathetic nervous system in this patient group (e.g. Cohen et al., 2000 

measuring heart rate variability). Two studies in controlled hospital-hotel settings investigated 

the association between fatigue and ANS activity in patients with CFS or FMS: Boneva and 

colleagues (2007) reported a moderate positive correlation between heart rate over 2 days 

and fatigue scores (measured by questionnaires referring to “lately”) in a sample of CFS 

patients. Riva, Mork, Westgaard, Okkenhaug Johansen, and Lundberg (2012) found a 

negative association between 24h urinary epinephrine and physical fatigue in FMS patients.  

In sum, both stress and fatigue have been found to be associated with heightened 

ANS activity in healthy samples. In CFS and FMS, heightened basal sympathetic and lower 

basal parasympathetic activity compared to healthy controls were reported. It might be 

assumed that stress causes fatigue through heightened ANS activity. However, results are 

far from unequivocal, and due to the multitude of measures (see section 1.2.1 “Autonomic 

Nervous System”) and laboratory settings, they are not easily comparable. Studies 
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investigating the relationship between stress, ANS activity, and fatigue in everyday life are 

lacking. 

4.2 Recovery: Sleep Quality 

Sleep is seen as the key recovery mechanism (Akerstedt & Nilsson, 2003) and can 

be roughly classified into two aspects: sleep quantity and sleep quality (Heitmann et al., 

2011). Sleep quantity is measured using indices such as number of awakenings after sleep 

onset, sleep onset latency, as well as time points of falling asleep and awakening. Although 

some associations have been found between objective sleep measures and subjective sleep 

quality (e.g. Akerstedt, Hume, Minors, & Waterhouse, 1994), sleep quality remains, for the 

most part, a subjective evaluation (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989). In 

large cross-sectional studies, sleep quality was found to be a better predictor of health 

outcomes and well-being than sleep quantity (Lavidor, Weller, & Babkoff, 2003; Pilcher, 

Ginter, & Sadowsky, 1997).  

Low sleep quality was associated with heightened fatigue levels in population-based 

surveys cross-sectionally (Lavidor, et al., 2003) as well as in a study using an ambulatory 

assessment design (Akerstedt, et al., 2014). Furthermore, subjective sleep problems were 

related to heightened stress levels in large cross-sectional studies (e.g. Akerstedt et al., 

2002; Knudsen, Ducharme, & Roman, 2007) and sleep quality was reduced during a period 

of heightened stress levels in ambulatory assessment studies (Dahlgren, et al., 2005; 

Petersen, Kecklund, D'Onofrio, Nilsson, & Akerstedt, 2012). In one cross-sectional study, 

sleep quality significantly mediated the relationship between stressful life events and fatigue 

(Thorsteinsson & Brown, 2009). Moreover, there is evidence suggesting a difference in sleep 

quality, but not sleep quantity, measures between CFS as well as FMS patients and healthy 

controls (Landis et al., 2003; Majer et al., 2007; Reeves et al., 2006).  

In sum, sleep quality likely plays a very important role in fatigue development and can 

be reduced by stress. Therefore, it is likely that sleep quality mediates the day-to-day stress-

fatigue relationship. However, this has not been investigated so far.  
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4.3 Social mechanisms: Relationship-specific influences  

As one very important social mechanism, being in a close relationship has been 

found to have beneficial effects concerning diverse health outcomes (Holt-Lunstad, Smith, & 

Layton, 2010). From a large cross-sectional population-based survey, there is also evidence 

that cohabitation with a partner is associated with lower levels of fatigue (Watt et al., 2000). 

Throughout the literature, the partner is either seen as a source of social support that 

reduces stress, or as a source of stress when the relationship quality is bad (Robles & 

Kiecolt-Glaser, 2003).  

Given that being in a close relationship might affect health via stress, a number of 

studies have found activation and buffering of ANS and HPA axis activity by positive or 

negative couple interaction (for an overview see Ditzen & Heinrichs, 2014). The effect of 

couple interaction on fatigue has, however, not been investigated so far. Furthermore, there 

is an accumulating body of research assessing co-regulation of mood (Anderson, Keltner, & 

John, 2003; Butner, Diamond, & Hicks, 2007; Schoebi, 2008) as well as biological 

parameters (Timmons, Margolin, & Saxbe, 2015) as important mechanisms underlying how 

partners influence each other. Co-regulation is defined as a reciprocal, momentary exchange 

of emotional and physiological arousal between partners and is assumed to serve purposes 

of attachment and within-couple homeostasis (Sbarra & Hazan, 2008). Two ambulatory 

assessment studies assessed co-regulation of HPA axis activity and found that co-regulation 

of cortisol occurs within the everyday life of partners, especially in couples with low 

relationship quality (Liu, Rovine, Klein, & Almeida, 2013; Saxbe & Repetti, 2010). To the best 

of our knowledge, co-regulation of the ANS has not been studied in an everyday-life setting 

so far. However, laboratory studies have suggested a co-regulation of ANS markers such as 

heart rate, blood pressure, and breathing rate within couples (e.g. Ferrer & Helm, 2013; 

Reed, Randall, Post, & Butler, 2013). To date, no study has investigated the influence of a 

partner on psycho-biological stress measures or fatigue in chronically fatigued populations. 
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In sum, partners can likely influence each other’s fatigue levels by interacting with 

each other or by co-regulation of fatigue and psycho-biological stress measures within the 

couple. However, studies testing these assumptions in everyday-life conditions are lacking. 

4.4 Behavioral mechanisms: Physical Activity 

A widely discussed behavioral mechanism influencing the stress-health relationship is 

physical activity. Physical activity is defined as any body movement that causes energy 

expenditure (Caspersen, Powell, & Christenson, 1985). Therefore, exercise (which is defined 

as planned and structured movement to improve physical fitness) is a type of physical 

activity, but not every physical activity is exercise. 

In an overview of epidemiological evidence in the general population, Puetz (2006) 

concluded that persons with higher physical activity levels report less fatigue than sedentary 

persons. This has also been shown using longitudinal survey designs (Bultmann et al., 

2002). Given that fatigue is influenced by stress, this effect might be due to the buffering of 

the adverse effects of stress by physical activity, which has been shown in many studies 

(reviewed in Gerber & Puhse, 2009). This buffering effect might be mediated by HPA axis 

and ANS activity. For instance, an attenuated cortisol response (Klaperski, von Dawans, 

Heinrichs, & Fuchs, 2013) as well as better cardiovascular recovery after challenge (Jackson 

& Dishman, 2006; Traustadottir, Bosch, & Matt, 2005) was found in physically active 

samples.  

On the other hand, heightened physical activity poses a demand on the body and 

might increase fatigue levels in the short term. This might lead patients suffering from chronic 

fatigue to reduce their activity levels because they expect symptom exacerbation. Indeed, in 

a number of studies, CFS patients were found to show reduced physical activity levels in 

comparison to healthy control subjects (for an overview see van Weering, Vollenbroek-

Hutten, Kotte, & Hermens, 2007). One study using a mixed CFS/FMS sample found reduced 

levels of peak activity in daily activity levels in patients as compared to healthy controls (Kop 

et al., 2005). Likewise, there is evidence of reduced general physical activity levels in FMS 
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patients (McLoughlin, Colbert, Stegner, & Cook, 2011). Another study in patients with FMS 

found negative associations between objectively recorded physical activity and subjects’ 

estimates of their general and physical fatigue levels during the last three months (Segura-

Jimenez et al., 2015). One study by Kop and colleagues (2005), which employed several 

measurements per day, suggested that physical activity levels do not necessarily predict 

fatigue in chronically fatigued patients, but that higher fatigue levels predict subsequently 

reduced physical activity. It thus seems important to investigate both causal directions and 

different time frames. Most studies used only a couple of days of assessment, whereas a 

period of at least seven days, including evenings and weekends, is recommended to assess 

everyday-life physical activity in these patient populations (van Weering, et al., 2007). 

Therefore, a replication of these findings using longer periods of assessment is warranted.  

In sum, there is evidence that adverse effects of stress can be buffered by physical 

activity. However, no study has assessed the direct interplay between physical activity, HPA 

axis or ANS activity, and fatigue, in an everyday-life setting. 

2. Summary and aim of thesis 

Fatigue is the subjective experience of energy depletion that triggers resting behavior 

and recovery. It can be assessed on different dimensions, of which mental and physical are 

the most prominent ones. Fatigue is a normal and important part of our daily lives, but can 

reach clinical relevance when fatigue is not diminished by resting behavior or exceeds 

normal intensities. If this clinically relevant fatigue is not explained by an underlying medical 

condition, it is referred to as medically unexplained fatigue. To get to the core of this 

symptom, more research is needed that investigates how fatigue develops, ideally using 

highly ecologically valid designs in order to ensure real-life applicability. Existing research 

suggests that stress plays a key role in fatigue development and perpetuation. Considering 

that stress is triggered when coping abilities are estimated to be insufficient to cope with a 

demand, fatigue might also increase stress. However, this direction of causality has not been 

investigated in everyday life so far. With regard to stress predicting fatigue, it remains unclear 
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how stress translates into fatigue. Therefore, studies are needed that look for mechanisms 

that happen within a person taking an integrative view – this means investigating biological 

changes as well as interacting mechanisms on other levels of observation (e.g. social and 

behavioral) in a micro-longitudinal manner. Concerning the most relevant stress-responsive 

biological systems, a blunted daily HPA axis activity and increased basal ANS activity have 

been found to be associated with changes in fatigue intra-individually. Moreover, enhanced 

daily HPA axis and ANS activity can be found due to increases in stress levels in everyday-

life settings. A reduced daily HPA axis and enhanced daily ANS activity was, on the other 

hand, found in patients with CFS or FMS (i.e. patients suffering from chronic medically 

unexplained fatigue). Referring to allostatic load theory, stress responsive systems might be 

“worn out” by prolonged stress, and hypoactivity of the HPA axis and hyperactivity of the 

ANS might be signs of this. However, whether these changes in biological activation explain 

variability in fatigue, or act as mediators between stress and fatigue on a daily basis, remains 

unclear. With regard to mechanisms that interact with psychobiological stress measures, 

sleep quality (recovery mechanism at the subjective level), the influence of a partner (social 

level), and physical activity (behavioral level) seem of special importance. Sleep quality is the 

most important mechanism of recovery and has been found to be negatively associated with 

stress and with fatigue. However, no study so far investigated if sleep quality mediates the 

relationship of stress with next-day fatigue. Partners likely exert influence on each other’s 

fatigue by interacting with each other (buffering or increasing stress) and co-regulation of 

fatigue, stress, or biological measures within couples. However, no study has investigated 

relationship-specific influences on fatigue in an everyday-life setting. On the behavioral level, 

increased physical activity may buffer the detrimental effects of stress on fatigue. Studies are 

lacking investigating the association of physical activity with psychobiological stress 

measures and fatigue in everyday life.   

The aim of this thesis was thus to find out which factors predict and increase fatigue 

in everyday life with the aim of shedding light on mechanisms relevant for the chronification 

of fatigue. We expected stress to (prospectively) predict fatigue. Also, we expected fatigue to 
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(prospectively) predict stress because it diminishes subjective coping abilities. Further, we 

expected hypoactivity of the HPA axis and hyperactivity of the ANS to be associated with 

fatigue, and the relationship between stress and fatigue to be mediated by these biological 

mechanisms. Moreover, sleep quality was expected to mediate the stress-fatigue relationship 

from one day to the next. Being in a close relationship and physical activity are investigated 

as important factors directly influencing fatigue, or influencing fatigue mediated by HPA axis 

and ANS activity.  

First, in light of the multitude of existing labels and definitions, we decided to review 

different attempts to define and classify chronic fatigue conditions and their differentiation 

from depression (Doerr & Nater, 2013). This review helps to grasp the concept of chronic 

medically unexplained fatigue and shed light on why difficulties with and conflicts regarding 

this symptom are present in society. In the first empirical study, we then investigated the 

influence of stress on fatigue and the mediating capability of HPA axis activity, ANS activity, 

as well as sleep quality in a student sample. As part of these analyses, we were also 

interested in whether the stress-fatigue relationship is reciprocal in nature (Doerr et al., 

2015). In a second study, relationship-specific influences on fatigue were analyzed using a 

dyadic ambulatory assessment approach (Doerr, Nater, Spoerri, Ehlert, & Ditzen, ready to be 

submitted). In a third study, we investigated the association of HPA axis, ANS, and physical 

activity, with fatigue in a sample of female FMS patients (Doerr, Fischer, Nater, & Strahler, 

under review).  
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3. Summary of Articles 

3.1 Summary of narrative review 

Doerr, J. M., & Nater, U. M. (2013). Erschöpfungssyndrome – Eine Diskussion verschiedener 

Begriffe, Definitionsansätze und klassifikatorischer Konzepte. [Fatigue Syndromes – An 

Overview of Terminology, Definitions and Classificatory Concepts.] Psychotherapie, 

Psychosomatik, Medizinische Psychologie, 63, 69-76. 

Fatigue is a subjective phenomenon that is hard to grasp as a pathological state. We 

observed that different terms related to medically unexplained fatigue were used inaccurately 

or interchangeably in the media and among health care professionals. Therefore, this 

narrative review discusses different definitions of chronic fatigue syndromes, differentiation 

among each other, and differentiation between these syndromes and depression. As the 

most prominent examples of defining and ultimately classifying conditions that present with 

medically unexplained fatigue, we chose Neurasthenia, Chronic Fatigue Syndrome (which is 

also referred to as “Myalgic Encephalomyelitis” by some researchers and patient advocacy 

groups) (CFS/ME), and Burnout. In the first part of the review, we define fatigue, and what 

constitutes “chronic” and “medically unexplained” fatigue. Subsequently, we outline a short 

history of attempts to classify fatigue syndromes. This is followed by a discussion of the 

respective criteria of each syndrome. In the final part of the narrative review, we reflect on 

overlapping and differentiating criteria of the syndromes. If available, studies that compare 

the constructs on an empirical basis are outlined. The same approach is taken in terms of the 

differentiation between Neurasthenia, CFS/ME, Burnout, and depression.  

We conclude that fatigue has been a meaningful phenomenon throughout history. At this 

point in time, it is not possible to differentiate between the aforementioned syndromes in an 

unambiguous manner. The functionality of different labels that describe medically 

unexplained fatigue depends on the given zeitgeist and is highly susceptible to cultural 

influences. Reflecting on the functional meaning of the respective label before using it thus 

seems of utmost importance. One problem that leads to uncertainties seems to be the 
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dualistic mind-body view that still prevails in society. Clear-cut somatic diseases are 

generally perceived to be more legitimate than mental disorders. Ultimately, promoting a 

more integrative mind-body view in both research and clinical practice, but also in society in 

general, would be helpful for addressing at least some of the issues surrounding fatigue 

syndromes. We conclude that Neurasthenia should be seen in a historical and cultural 

context. It has lost meaning in Western cultures, but is still a common diagnosis in East 

Asian cultures. For CFS, the CDC criteria are currently the gold standard. Burnout can, in its 

current form, be defined as work-related fatigue and should not be used as a diagnosis, but 

can serve as a research construct. We also conclude that depression should not be used 

interchangeably with the aforementioned terms, because it comprises symptoms that 

differentiate it from fatigue syndromes and there is evidence associating it with different 

biological underpinnings than those of fatigue syndromes. With regard to diagnostics, we 

stress the importance of carefully assessing patient history and exclusionary criteria when 

diagnosing fatigue states. 
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3.2 Summary of empirical studies 

Study 1: Reciprocal relationship between acute stress and acute fatigue in everyday life in a 

sample of university students. 

Doerr, J.M., Ditzen, B., Strahler, J., Linnemann, A., Ziemek, J., Skoluda, N., Hoppmann, 

C.A., & Nater, U.M. (2015). Biological Psychology, 110, 42-49. 

As outlined above, stress might translate into fatigue through changes in ANS and HPA axis 

functioning. A further important contributor to fatigue development might be a reduction in 

sleep quality which is triggered by stress. Besides assessing whether the stress-fatigue 

association is mediated by HPA axis and ANS activity as well as sleep quality, we were 

interested in the direction of causality between stress and fatigue (i.e. whether stress leads to 

fatigue or whether fatigue could also be a precursor of stress). To test these associations in 

an everyday-life environment, we conducted a study in a sample of university students. The 

design of the study also allowed for assessment of possible differences in the 

aforementioned associations between a condition with lower stress levels and a condition 

with higher stress levels.    

Methods 

Participants were recruited via university student mailing lists or notices on campus. Each 

participant completed an assessment period of five days at the beginning of the semester 

(control condition) and five days at the end of the semester during a period of exam 

preparation (exam condition). Participants indicated their stress (“At the moment, I feel 

stressed out”) and fatigue (“At the moment, I feel fatigued”) level on a scale from 1 to 5. 

These items were presented at five time points (at awakening, 10 am, 2 pm, 6 pm, and 9 pm) 

each day using a pre-programmed iPod touch®. Sleep quality was assessed at awakening 

on a visual analogue scale from 0 to 100. Additionally, half of the participants collected saliva 

samples at each of the time points on two consecutive days in each condition, with one 

additional sample 30min after awakening to calculate the biological awakening response.  

From the saliva samples, cortisol and sAA values were derived. Data analyses were 
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conducted using hierarchical linear models (Raudenbush, Bryk, Cheong, & Congdon, 2005) 

to account for the nested data structure (time points /days within persons).  

Results 

Fifty healthy participants (31 women, 24 ± 3 years) completed the assessments, and 25 of 

the participants additionally collected saliva samples. Stress was associated with 

simultaneously measured fatigue as well as with fatigue at the subsequent time point within 

days (i.e. higher stress levels at 10 am predicted higher fatigue levels at 2 pm). However, the 

same was true in terms of fatigue predicting stress levels. Results showed higher stress and 

fatigue levels during the exam condition. Moreover, cortisol levels at awakening were higher 

during the exam condition than during the control condition. SAA showed a steeper daily 

slope during the exam condition. A mediation of the association between previous-day mean 

stress level and mean daily fatigue level by subjectively reported sleep quality of the night in-

between was confirmed. Morning cortisol value positively predicted mean daily fatigue; 

however, this effect disappeared when controlling for condition, suggesting that the 

association was based on an increase in both parameters during the exam condition. Cortisol 

and sAA measures (CAR, AAR, morning values, cortisol slope and sAA slope) were not 

associated with fatigue, and therefore had to be ruled out as mediators of the stress-fatigue 

relationship. 

Discussion 

Our findings indicate that stress and fatigue negatively influence each other in a bi-directional 

manner (a “vicious cycle”). This might be interpreted in light of an increased need for 

recovery when being stressed, and a decline in coping abilities when being fatigued. Further, 

stress likely decreases the restorative capacity of sleep, which leads to an increase in fatigue 

the next day. Future studies should aim at revealing the mechanisms that translate fatigue 

into stress (for instance by addressing cognition) and examine whether these findings can be 

replicated in clinical populations. 
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Study 2: Dyadic co-regulation of fatigue and psychobiological stress measures in everyday 

life. 

Doerr, J.M., Nater, U.M., Spoerri, C., Ehlert, U., & Ditzen, B. (ready to be submitted)  

On the level of the social environment, we were especially interested in dyadic effects (i.e. 

effects of being part of a couple) on fatigue. Interaction with a partner might buffer stress 

through social support, or increase stress in times of arguments. Therefore, being part of a 

couple might also have beneficial or detrimental effects on fatigue. However, most of the 

data concerning dyadic mechanisms are cross-sectional or based on laboratory studies, and 

the mechanisms by which these partner-to-partner effects are exerted remain unclear. One 

such mechanism might be co-regulation of fatigue levels within couples, which has been 

reported concerning mood and biological parameters. We expected that positive couple 

interaction is negatively associated with fatigue and that co-regulation of fatigue, stress, HPA 

axis activity and ANS activity occurs in the everyday life of couples.    

Methods 

Forty heterosexual couples (28 ± 5 years) reported subjective fatigue (on a scale from 1 “full 

of energy” to 5 “exhausted”) and stress (on a scale from 1 “stressed out” to 5 “relaxed”) 

levels 4 times a day for 5 consecutive days. They also indicated whether they interacted with 

their spouse (yes/no) and, if yes, rated the valence of this interaction from 1 (negative) to 10 

(positive). Salivary cortisol and sAA were analyzed from samples obtained at the same time 

points. Data were analyzed using multilevel models of distinguishable dyads (Bolger & 

Laurenceau, 2013; Laurenceau & Bolger, 2005), with models including separate intercept 

and slope terms for women and men while adjusting for the nested design (time points within 

persons within couples) using two-level hierarchical linear models. 

Results 

Co-regulation within couples was found for fatigue and stress (partly dependent on whether 

the partners had interacted since the last measurement time point) as well as for cortisol 
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levels (independent of interaction). SAA values were only co-regulated with those of the 

partner in women. Stress and fatigue were not associated with each other on a momentary 

basis (neither an individual’s own stress nor stress of the partner predicted an individual’s 

own fatigue). Further, sAA levels were negatively associated with fatigue in women. The 

valence of interaction was negatively associated with fatigue levels in both genders (i.e. less 

fatigue was reported when the interaction was positive).   

Conclusions 

This study shows that fatigue is influenced by relationship-specific mechanisms. Partners 

influence each other’s fatigue through the mechanism of co-regulation as well as through 

interaction with each other. One implication of this finding is that couple interventions should 

aim at enhancing a positive valence of couple interaction in everyday life in order to promote 

individual well-being. Research is needed that assesses these associations in a chronically 

fatigued population and their partners. 
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Study 3: Influence of stress systems and physical activity on different dimensions of fatigue 

in female patients with fibromyalgia. 

Doerr, J. M., Fischer, S., Nater, U. M., & Strahler, J. (under review at Journal of 

Psychosomatic Research).  

To assess associations of HPA axis and ANS activity with fatigue in a population suffering 

from clinically relevant fatigue, we conducted an ambulatory assessment study in a 

population of female patients with FMS. As mentioned in the introduction, reduced basal 

HPA axis activity and increased basal ANS activity have been found in patients with FMS 

compared to healthy controls. However, research is needed that assesses the association of 

HPA axis and ANS activity with fatigue in patients with FMS intra-individually. Further, we 

were interested in the effect of physical activity, because this is a behavioral mechanism 

which might influence fatigue as well as the association between HPA axis or ANS activity 

and fatigue. We further included the aspect of multidimensionality in this study, because 

there is evidence that different mechanisms might be relevant for mental as compared to 

physical fatigue in FMS. Therefore, in this study, we assessed differential influences of HPA 

axis and ANS activity as well as physical activity on general, mental, and physical fatigue. 

Methods 

The final sample consisted of 26 female patients with FMS (53 ± 7 years), who reported 

general (“At the moment, I feel fatigued”), mental (“At the moment, I can concentrate well”), 

and physical fatigue (“At the moment, I feel physically fit”) levels on a scale from 0 to 4 at six 

time points (at awakening, 30 min after awakening, at 11 am, 2 pm, 6 pm, and 9 pm) each 

day for 14 consecutive days. They also collected saliva samples at the same time points, 

from which cortisol and sAA were derived. Wrist actigraphy was used for assessment of 

physical activity. From the cortisol and sAA values of the first two daily saliva samples, the 

CAR and AAR were calculated. Due to lagged analyses of actigraphy data, only four of the 

six daily self-reports (excluding morning values) were included in data analyses. Data were 

analyzed on a within-day (or momentary) basis and with daily measures (e.g. mean levels of 

each fatigue dimension and CAR or AAR) using HLM. 
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Results 

A lower CAR predicted higher mean daily levels of general as well as physical fatigue. 

Physical fatigue was also positively associated with cortisol values on a momentary basis. 

Physical activity, on the other hand, neither predicted any fatigue dimension, nor biological 

parameters on a within-day basis. Mean daily levels of physical activity positively predicted 

next-day mean levels of general fatigue. Furthermore, momentary physical fatigue negatively 

predicted subsequent physical activity within days. Heightened physical activity was 

associated with heightened stress levels within days. Pain and fatigue levels co-varied 

throughout the measurement period. SAA values were not predictive of any fatigue 

dimension (either on a momentary or a daily basis). 

Conclusions 

In this clinical sample, we found evidence for an important role of changes in HPA axis 

activity when explaining variance in daily general and physical fatigue. This is the first study 

to show these effects in a design with high ecological validity. This implies that interventions 

should ideally be interdisciplinary in nature, targeting psychological as well as biological 

aspects of this syndrome. Future studies should further compare work and leisure physical 

activity with respect to their predictive value for fatigue. 
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4. Discussion 

4.1 Summary of results 

The narrative review revealed that current definitions of syndromes that present with 

medically unexplained fatigue as the major symptom overlap and cannot be clearly 

differentiated. Nevertheless, each of their labels has a different underlying functionality, and 

one should be aware of this before applying them. As concluded in this review, research on 

the symptom of fatigue is warranted, and not necessarily comparisons between healthy 

subjects and persons suffering from fatigue syndromes (as they lack valid definitions). Our 

empirical studies therefore assessed the role of stress and stress-related changes in HPA 

axis and ANS activity, as well as related sleep quality and factors on the social (being part of 

a couple) and the behavioral (physical activity) level, in fatigue development using highly 

ecologically valid micro-longitudinal designs in a student sample, a sample of couples, and a 

sample of patients with FMS (FMS sample). 

Stress and fatigue. Stress and fatigue co-varied within persons in the student sample and the 

FMS sample, but not in the sample of couples. Moreover, we found a prospective reciprocal 

association between stress and fatigue within days as well as between days in the student 

sample. Fatigue levels were also heightened in the student sample in the exam condition.  

HPA axis activity. Neither in the student sample nor in the sample of couples was there a 

momentary association between cortisol and fatigue. The CAR emerged as a negative 

predictor of mean daily fatigue in the FMS sample, but was not associated with fatigue levels 

in the student sample. Furthermore, momentary cortisol levels were positively associated 

with physical fatigue in the FMS sample. In the student sample, morning cortisol levels were 

heightened in the exam condition.  

ANS activity. ANS activity, as measured by sAA, only explained variance in momentary 

fatigue in the women of the couple sample (negative association). It was not associated with 

fatigue levels in any of the other studies. It was, however, altered (steeper slope) during 

exam preparation in the student sample. 
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Sleep quality. Sleep quality was found to be a mediator between mean daily stress levels 

and mean daily fatigue levels in the student sample.  

Relationship-specific influences. Fatigue, stress, and HPA axis activity were co-regulated 

within couples. Furthermore, ANS activity co-varied with that of the partner in women. 

Positive interaction with the partner was associated with reduced fatigue levels.  

Physical activity. Objectively measured mean daily physical activity was positively associated 

with mean same-day stress level and negatively associated with mean next-day fatigue in 

the FMS sample. However, it was not associated with HPA axis or ANS activity.  

4.2 Integration into the literature 

Concerning our narrative review, it is important to point out that the discussion about 

fatigue syndromes has been ongoing since the review was published. Two recent 

developments are particularly noteworthy: 1. The US-American Institute of Medicine (IOM) 

has proposed new criteria for CFS and suggested re-naming the syndrome “systemic 

intolerance disease” (Institute of Medicine, 2015). The biggest difference between these 

criteria and the CDC criteria or Canadian Consensus Criteria is the suggestion that it should 

no longer be a diagnosis of exclusion. This has led to a great deal of criticism due to the 

obvious risk of missing important information in the patient’s medical history as well as 

increases in prevalence (Jason, Sunnquist, Kot, & Brown, 2015; White, 2015). Whether the 

IOM report has a lasting impact and ultimately leads to changes in healthcare systems 

remains to be seen. It is expected that the use of the terms CFS/ME will continue in the 

medium term. 2. The fifth edition of the Diagnostic and Statistical Manual of Mental Disorders 

(American Psychiatric Association) was published at the beginning of 2013, with mentionable 

changes in the somatoform disorders section. Now, chronic fatigue might be classified as 

“somatic symptom disorder” (300.82) when presenting with excessive thoughts, feelings, or 

behaviors related to fatigue. These psychological criteria have been added to the previously 

existing criteria of somatoform disorders in the DSM IV. On the other hand, fatigue (or 

another respective symptom) no longer has to be “medically unexplained” in character to 
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qualify for this diagnosis, which is similar to the change in CFS/ME criteria proposed by the 

IOM. 

In sum, the controversy surrounding the definition of fatigue syndromes seems to be 

ever ongoing, which is still due to the reasons addressed in our narrative review. Laying the 

groundwork for understanding fatigue on a symptom basis, we now take a closer look at how 

the results of the three ambulatory assessment studies that were presented can be 

interpreted in light of existing research:  

Taken together, our empirical studies suggest that heightened stress levels predict 

fatigue in almost every time constellation (immediately, moment-to-moment within days, 

between days, and referring to prolonged stress). The finding that stress and fatigue are 

closely related to each other is in line with existing cross-sectional research (Brown & 

Thorsteinsson, 2009; Kalimo, Tenkanen, Härmä, & Poppius, 2000) as well as other 

ambulatory assessment studies (Akerstedt, et al., 2014; Dahlgren, et al., 2005; Dittner, et al., 

2011; Kato, Sullivan, Evengard, & Pedersen, 2006). However, the results of the student 

sample in particular add valuable information as the prospective analyses generated 

evidence for causal interpretations (i.e. stress being a precursor of fatigue on a daily basis). 

Moreover, we showed that fatigue also predicted stress levels, which might be part of a 

“vicious cycle” and should be further explored in future studies. The lack of momentary co-

variation of stress and fatigue in the sample of couples might be attributable to 

methodological differences (fewer measurement time points, verbal anchoring of the items). 

This led to a lower intraclass correlation, which suggested that there was less variance within 

persons, thus making it harder to detect within-person changes in the sample of couples. 

We were unable to confirm our assumption that HPA axis activity mediates the stress-

fatigue relationship on a daily basis. However, our results fit well with the existing data 

showing that (prolonged) stress is associated with heightened HPA axis activity (Dahlgren, et 

al., 2005; Dahlgren, et al., 2009; Steptoe, et al., 2000). Additionally, we were the first to show 

that the CAR is prospectively negatively associated with fatigue within persons on a daily 
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level, but exclusively in a clinical population (FMS sample). On the other hand, momentary 

fatigue was associated with higher momentary cortisol values within persons in this sample. 

In light of allostatic load theory (McEwen, 1998), it might be suspected that the negative 

association of the CAR with fatigue is a sign of a “worn out” HPA axis function, thus resulting 

in fatigue. The CAR can be interpreted as a sign of the responsive capability of the HPA axis 

(Fries, et al., 2009). Interestingly, we did not find the CAR to be associated with pain in the 

same sample of patients with FMS (Fischer et al., 2016). It is therefore conceivable that 

changes in the responsive capability of the HPA axis (as opposed to general activity) have a 

specific influence on fatigue. On the other hand, we found physical fatigue (Doerr et al., 

under review) and pain (Fischer et al., 2016) to be associated with heightened cortisol values 

on a momentary basis. Therefore, an involvement of HPA axis activity in the general 

fatigue/pain symptom complex in FMS seems likely. Although HPA axis activity seems to be 

a relevant predictor of fatigue, we did not find it to be a mediator between stress and fatigue 

in any of the studies. As we only looked for within- and between-day associations covering a 

period of two weeks at the most, this does not necessarily contradict allostatic load theory, 

which assumes longer-term changes. It is necessary to consider that, to this day, there is no 

evidence of a “wearing out” of the HPA axis activity. Longer-term longitudinal studies are 

needed to search for such an effect. 

ANS activity (as measured with sAA) was not associated with fatigue in the student or 

the FMS sample. In women in the sample of couples, we found a negative association 

between momentary sAA levels and fatigue, suggesting that the women rated their fatigue 

levels as lower (and energy levels as higher, considering the verbal anchoring of the item) 

when ANS activity was higher, which is contrary to our assumptions about the relationship 

between ANS activity and fatigue. However, in view of the fact that higher ANS activity 

serves the activation of the body and should make energy accessible for a “fight-or-flight” 

response (Kemeny, 2003), this finding is not surprising in a healthy sample. Our finding of an 

enhanced ANS activity due to higher stress levels in the student sample is in line with other 

daily life studies (Nater, et al., 2007; Shapiro, et al., 2001; Steptoe, 2000). ANS activity, like 
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HPA axis activity, was not a mediator between daily stress and fatigue in any of our studies. 

Again, a longer-term relationship might be suspected, which should be explored in 

longitudinal designs covering a longer period of time than our studies (5 to 14 consecutive 

days). However, current evidence provides less support for the assumption that changes in 

ANS activity are a precursor of fatigue, and more support for the assumption that changes in 

HPA axis activity are a causal contributor to fatigue development. Therefore, another line of 

interpretation is that changes in ANS activity are an effect, and not a cause, of chronic 

fatigue conditions. Furthermore, it is important to distinguish between basal ANS activity and 

ANS re-activity. There is some evidence that the ANS shows an altered reactivity to 

stressors in patients with FMS and CFS when compared with healthy participants in 

laboratory studies (e.g. Cohen, et al., 2000). The question whether the ANS response to 

stress is associated with fatigue in everyday life can, for instance, be investigated using 

event-based ambulatory assessment designs (i.e. self-triggering of data entry and saliva 

sampling by the participants after a stressful event has occurred). Ideally, this should be 

combined with a time-based design in order to avoid overlooking changes in diurnal 

rhythmicity.   

Sleep quality was a mediator between mean daily stress and mean daily fatigue. As 

several other studies also suggest a high impact of sleep quality on fatigue (Akerstedt, et al., 

2014; Lavidor, et al., 2003), it is safe to conclude that impairments in sleep quality play a 

major part in day-to-day variations of fatigue. Furthermore, the mediation of sleep quality 

between stress and next-day mean fatigue in the student sample shows that this is one 

mechanism by which stress transfers into fatigue, which was already suggested on a cross-

sectional basis (Thorsteinsson & Brown, 2009). The restorative capacity of sleep seems to 

be impaired by stress, resulting in non-achievement of homeostasis (compare Figure 2), 

which is associated with higher fatigue levels. 

As one social mechanism, we were the first to show co-regulation of fatigue in 

couples. We also found co-regulation of stress, which is in line with other studies (Saxbe & 
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Repetti, 2010). Given this co-regulation of both stress and fatigue, partners of chronic fatigue 

patients might be at high risk of developing fatigue themselves. Therefore, the partner 

perspective should be implemented in future fatigue research. We also showed that partners’ 

HPA axis activity is co-regulated, which is in accordance with two other ambulatory 

assessment studies (Liu, et al., 2013; Saxbe & Repetti, 2010). We found co-regulation with 

the partner’s ANS activity exclusively in women, which is in line with the finding that women 

are generally more affected by relationship parameters than men (Kiecolt-Glaser & Newton, 

2001). This might be of special importance as women are more strongly affected by chronic 

fatigue conditions and report higher fatigue levels than men (Loge, et al., 1998; van't Leven, 

et al., 2010). However, the fact that positive couple interaction was associated with reduced 

fatigue in both partners implies that couple interventions might generally be beneficial in 

fatigue treatment and prevention programs. 

Concerning physical activity, our results suggest no immediate, but a (one-day) 

delayed positive association with general fatigue in patients with FMS. Further, an immediate 

reduction of physical activity by heightened physical fatigue levels was found in this sample 

(in line with Kop, et al., 2005). On the other hand, other studies have shown beneficial effects 

of exercise programs (Busch, Schachter, Overend, Peloso, & Barber, 2008 for an overview) 

and a negative association between physical activity and longer-term fatigue (Segura-

Jimenez, et al., 2015) in this patient population. Moreover, studies in healthy participants 

suggest an immediate positive association between physical activity and feeling awake 

(Kanning, Ebner-Priemer, & Brand, 2012). One of our own analyses (using an actigraph-

wearing sub-sample of the same sample of students as in Doerr et al., 2015) might bridge 

these findings: We found that only persons with low chronic stress levels reported reduced 

fatigue levels after heightened physical activity (Strahler et al., submitted). Integrating our 

findings with existing research, two important suggestions emerge: 1. On a short-term basis, 

patients with FMS report no effects or negative effects of enhanced physical activity, but 

seem to benefit from exercise programs in the longer term. 2. The ability to immediately 

benefit from heightened physical activity might be dependent on impairment status – the 
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higher the impairment (e.g. chronic stress), the lower the benefit (or fatigue might even 

worsen). Again, these suggestions should be investigated using longer-term designs and 

could also serve as a starting point for experimental studies (i.e. manipulation of activity 

level). They do, however, highlight the difficulties which patients with FMS (and likely other 

persons suffering from chronic fatigue) face when engaging in exercise programs, which will 

be discussed below (section 4.5). 

4.3 Strengths and limitations 

The most important advantage of our empirical studies is the ambulatory assessment 

design, which ensures high ecological validity, reduces retrospective bias, and gives room for 

the assessment of (within- and between-day) prospective associations. Furthermore, we 

assessed and related data on different levels of observation (person level, subjective daily 

experiences, objective behavioral and biological data, social influences), and therefore 

gained a more integrative view of everyday-life influences on fatigue than previous studies. 

We additionally employed relatively strict exclusion and inclusion criteria and controlled for a 

multitude of possible confounding variables, which increased internal validity as much as 

possible considering the ambulatory assessment design.  

Although we took these measures, we cannot completely rule out the possibility that a 

third, non-assessed, variable influenced the outcomes, which is a weak spot in any 

ambulatory assessment study. Furthermore, our relatively strict exclusion criteria might have 

reduced the representativeness of the samples. For instance, we did not include obese 

persons or frequent smokers in any of the samples. Therefore, we cannot claim that our 

results are applicable to the general population. However, these measures were necessary 

to control for the effects of these person variables on biological parameters and fatigue. 

Another concern lies in the complexity of our study designs, which required a high level of 

compliance on the part of the participants. On the one hand, persons who did not have 

enough time or flexibility (and a presumably higher stress level) might not have taken part in 

the first place, which again reduces representativeness. On the other hand, noncompliance 
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of participants might have decreased the quality of the data. To ensure high compliance 

during the assessment periods, we put a great deal of effort into explaining the relevance 

and importance of the studies during the introductory session (including going over and 

handing out a manual which explained the study design and answered frequently asked 

questions in detail). Moreover, we implemented a study phone which could be called at all 

times during the assessment period if any problems or questions occurred. Additionally, we 

checked for possible compliance-reducing circumstances as part of a post-monitoring 

interview. In terms of analysis, HLM uses listwise deletion and only includes time points with 

complete data, resulting in rather conservative effect estimates. Further, we checked the 

effects of day of assessment on the variables, which did not turn out to be a predictor in any 

of the studies. Overall, we can be confident in the validity of the presented results.  

4.4 Future research directions  

Concerning research design, it becomes clear that studies are now needed which 

continue to employ ambulatory assessment techniques on different levels of observation 

(subjective, biological, social, behavioral) over longer periods of time (ideally follow-up across 

years). This is especially important considering support for allostatic load theory (i.e. showing 

a “wearing out” of biological systems by prolonged stress intra-individually). Ideally, event 

sampling should be added to time sampling methods. Moreover, additional laboratory studies 

can provide deeper insights into the association of HPA axis and ANS stress responses (as 

opposed to basal activity) with everyday-life fatigue.   

One strength of the studies in this thesis is, as explained above, the integration of 

data from a biological, subjective and behavioral level up to the social level, with the aim of 

gaining an integrative view of fatigue. We defined stress as an interaction of demands and a 

person’s characteristics, and measured the subjective experience of being stressed. The 

subjective experience of being stressed is therefore, when referring to Lazarus and Folkman 

(1984), already a product of a specific demand and the subjectively estimated ability to cope 

with this demand. Two recent ambulatory assessment studies suggest that high personal 
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resources (Nagel & Sonnentag, 2013) as well as the use of coping strategies (Schmitt, 

Zacher, & Frese, 2012) can reduce stress and therefore buffer its effect on fatigue. 

Therefore, it seems promising to add the assessment of personal resources as well as 

cognitive mechanisms to future studies. As everyday-life fatigue has also been associated 

with suppression of anger (van Gelderen, Bakker, Konijn, & Demerouti, 2011), the 

assessment of emotional mechanisms is also conceivable. On the other hand, physical 

activity is, of course, not the only behavioral mechanism that might influence stress or 

fatigue; and nor is sleep the only recovery mechanism, the partner the only social influence, 

or HPA axis and ANS activity the only important biological mechanisms. Therefore, future 

research might benefit from assessing, for instance, the ability to relax during the day as 

another way to recover, or interaction with colleagues as another social mechanism. 

Moreover, assessing markers of immune activation seems warranted as a further biological 

mechanism. Thus, there are many options to continue the list of interesting mechanisms and 

levels of observation (and complement Figure 2) when considering the association between 

stress and fatigue in everyday life. Although the current studies add important and valuable 

information to existing research and take a more integrative perspective than most, they do 

not claim to paint an exhaustive picture and there is still a great deal of scope to pursue 

research questions. 

Another open question is whether the same mechanisms we found in our samples 

exist in conditions which present with fatigue but which are not considered conditions of 

medically unexplained fatigue. One example is HPA axis activity in patients suffering from 

cancer, which shows similar differences concerning the daily cortisol profile to those in 

patients with CFS and FMS. For instance, a flattened HPA axis slope was found in fatigued 

patients with cancer compared to non-fatigued patients with cancer (Bower et al., 2005) as 

well as compared to healthy samples (Abercrombie et al., 2004). It is likely that changes in 

HPA axis functioning, or especially its hypoactivity, are associated with fatigue independently 

of whether or not fatigue is considered “medically unexplained”. Another important group is 

patients with depression, a condition which also presents with fatigue as one major symptom. 
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In this population, research indicates heightened, as opposed to reduced, HPA axis activity 

(for an overview see Rief, Hennings, Riemer, & Euteneuer, 2010; Stetler & Miller, 2011). One 

explanation for this might be that HPA axis hyperactivity is associated with negative emotions 

(or “emotional distress”), whereas HPA axis hypoactivity is associated with fatigue. However, 

more research is needed, comparing different clinical samples, with regard to the association 

between HPA axis activity as well as other stress-associated mechanisms and different 

symptoms in everyday life. 

4.5 Conclusions for chronic fatigue treatment and prevention 

The implication that emerges most clearly from our studies is that stress is a risk 

factor for fatigue. Therefore, stress management training can be seen as the most important 

approach for prevention and treatment of chronic fatigue. One part of stress management 

training should be an enhancement of sleep hygiene in order to increase sleep quality. 

Further, as mentioned above, research suggests that the implementation of programs to 

enhance physical activity is beneficial for patients suffering from chronic fatigue as well as for 

healthy persons. Our results add the insight that special care should be taken in explaining 

the difference between short- and long-term effects to patients with chronic fatigue and 

preparing them for short-term increases in fatigue. The most comprehensive treatment study 

for patients with CFS revealed that a combination of specialist medical care, cognitive 

behavioral therapy, and graded exercise therapy is likely to be the most helpful approach for 

reducing fatigue in this population (White et al., 2011). We showed that another crucial part 

of fatigue interventions might be the inclusion of the partner in the process. Furthermore, 

couple intervention techniques seem promising as a part of prevention programs. 

Concerning the association of HPA axis hypoactivity with fatigue, it might be assumed that 

chronically fatigued persons benefit from intake of hydrocortisone. However, results of 

treatment studies with low-dose hydrocortisone show inconsistent results and no long-term 

effects (Blockmans, Persoons, Van Houdenhove, Lejeune, & Bobbaers, 2003; Cleare et al., 

1999; Cleare et al., 2001; McKenzie et al., 1998). On the other hand, one study suggests that 

dysfunction of HPA axis activity might be reversed by cognitive behavioral therapy (Roberts, 
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Papadopoulos, Wessely, Chalder, & Cleare, 2009). Implementation of HPA axis activity 

measures thus seems crucial for future treatment studies. Concerning ANS hyperactivity, 

relaxation techniques seem inductively helpful. However, there are no studies on the 

influence of relaxation on ANS activity (or HPA axis activity for that matter) in patient 

populations (i.e. CFS or FMS). There are, however, some studies suggesting short-term 

beneficial effects of relaxation for fatigue (for an overview see Meeus et al., 2015). On the 

other hand, relaxation as a stand-alone treatment for fatigue conditions was found to be 

inferior to cognitive behavioral therapy (Deale, Husain, Chalder, & Wessely, 2001). In light of 

the inter-individual differences in symptom exacerbation and variability, a tailored treatment 

using ambulatory assessment and ambulatory feedback techniques is a very promising 

approach for future treatment studies.  
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Abstract 

Background: There is limited knowledge about how fatigue develops and worsens and what 

influences fluctuations in daily fatigue. Stress was found to influence fatigue, and being in a 

relationship was found to either increase or decrease stress depending on the couple 

interaction. We investigated co-regulation of fatigue, stress, and biological markers in 

couples’ everyday lives. Specifically, we focused on whether momentary interaction 

moderated this co-regulation and on the influence of stress and relationship measures on 

individual momentary fatigue. 

Methods: Forty heterosexual couples (age: 28±5 years) reported subjective fatigue and 

stress levels 4 times a day for 5 consecutive days (1600 measures). Furthermore, 

participants reported if they had interacted with their partners since the last data entry and, if 

so, they rated the valence of this interaction. Salivary cortisol (as a measure of HPA axis 

activity) and alpha-amylase (as a measure of ANS activity) were analyzed from samples 

obtained at the same time points. Data were analyzed using multilevel models of 

distinguishable dyads to account for the nested design. 

Results: Stress (women and men: p<0.001) and fatigue (women: p=.003, men: p=.020) were 

co-regulated within couples, especially if partners had interacted with each other since the 

previous data entry. Cortisol was also found to be co-regulated in both men and women 

(women: UC=0.12, p<0.001, men: UC=0.18, p<0.001), whereas the regulation of alpha-

amylase levels depending on the partner’s levels was only present in women (UC=0.11, 

p=0.002). Valence of interaction was negatively associated with fatigue (women: UC=-0.13, 

p<0.001, men: UC=-0.06, p=0.011). There was no momentary association of fatigue with an 

individual’s own or the partner’s subjective or biological stress markers. 

Conclusions: Fatigue and stress levels during the day seem to be co-regulated within 

couples. These associations were particularly strong if the partners indicated that they 

interacted with each other since the last measurement time point. These data suggest that in 
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interventions to address stress and fatigue with clinical groups, a dyadic perspective might 

be implemented in order to improve individual well-being.  
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Dyadic Co-Regulation of Fatigue and Psychobiological Stress Measures in Everyday 

Life 

Fatigue is a subjective phenomenon that can be defined as a state of exhaustion, 

tiredness, weakness, and lack of energy (R. Schwarz, et al., 2003). It is part of a wide array 

of normal experiences in everyday life and has the purpose of triggering resting behavior in 

order to achieve recovery. Thus, fatigue levels tend to be higher in the morning (directly after 

awakening) and evening, depending on how restful the night’s sleep and how strenuous the 

day has been (Buysse, et al., 2007; Dahlgren, Kecklund, & Akerstedt, 2005). As fatigue 

during the day may interfere with productivity and well-being (Riley, et al., 2010), it is 

important to uncover the underlying psychological and biological mechanisms that can 

explain changes in fatigue. Although fatigue is an almost ubiquitous phenomenon, these 

mechanisms are not well understood and might help to develop targeted interventions to 

improve chronically fatigued individuals’ lives. 

We and others have postulated that stress may be a critical factor precipitating and/or 

facilitating fatigue. Previous studies have found that stress has the potential to influence 

fatigue levels in clinical samples (Kato, et al., 2006) as well as in the everyday life of non-

clinical samples (Akerstedt, et al., 2014). In a recent study, we were able to show that not 

only does stress positively predict fatigue, but that increases in fatigue also predict increases 

in stress experienced by young healthy adults (Doerr et al., 2015). However, most research 

on stress and fatigue has been conducted with only one time point of measurement (e.g. 

Brown & Thorsteinsson, 2009), with the consistent finding of more stress being associated 

with increased fatigue levels. Thus, although the question of causality remains not fully 

answered, stress was found an important risk factor for increases in fatigue. 

Given the close association between stress and fatigue, it can be assumed that the 

biological stress responses of the hypothalamic pituitary adrenal (HPA) axis and the 

autonomous nervous system (ANS)  play an important role in the biological foundation of 

changes in fatigue severity (Nater, Heim, & Reeves, 2010). However, results regarding the 
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influence of the activity of the HPA axis and the ANS on fatigue are inconsistent. Some 

studies indicate that fatigue is associated with a reduction of cortisol variability across the 

day (e.g. Dahlgren, et al., 2009). Furthermore, Adam, Hawkley, Kudielka, and Cacioppo 

(2006) found an association between low morning cortisol values and high fatigue levels 

throughout the day in a sample of older adults whereas Eek, Karlson, Garde, Hansen, and 

Orbaek (2012) found positive associations between cortisol increases in the morning and 

several aspects of fatigue (lack of energy, lack of motivation, physical exertion). There are 

several additional studies suggesting changes in the HPA axis and ANS functioning in 

persons suffering from chronic fatigue syndrome, hinting toward a decreased responsiveness 

of the HPA axis (for an overview see Powell, Liossi, Moss-Morris, & Schlotz, 2013) and 

enhanced ANS activity (although some studies found no differences, for an overview see 

Nater, Heim, & Raison, 2012) in this group. In sum, activation of the ANS and HPA axis are 

part of the biological stress response (Sapolsky, Romero, & Munck, 2000), and stress is 

most likely an important risk factor for increased fatigue. However, the assumed association 

of the activities of the HPA axis and ANS with changes in everyday life fatigue was not 

conclusively shown so far. 

More recently, health research has become increasingly aware of social influences on 

individual psychobiological functions,  namely central nervous system mechanisms, 

hormones, and stress-sensitive autonomic markers (for an overview see McCall & Singer, 

2012). The social perspective has strong implications for diverse health outcomes and 

treatment programs (Kirby & Baucom, 2007; Whisman & Beach, 2012). Most explanatory 

models on the effects of social relationships on health focus on couple relationships, with the 

partner as a source of social support to buffer stress, but also as a potential stressor 

(Ekmann, Avlund, Osler, & Lund, 2012; Robles & Kiecolt-Glaser, 2003). As a consequence, 

being in a close relationship can lead to both activation or buffering of the body’s stress 

systems (Ditzen & Heinrichs, 2014). Indeed, co-regulation of mood as well as activity of the 

body’s stress systems have been found in couples. This co-regulation within attachment 

bonds is thought to maintain psychobiological homeostasis (Coan & Sbarra, 2015; Sbarra & 
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Hazan, 2008) where the partners serve as “social zeitgebers” (Stetler, Dickerson, & Miller, 

2004). In line with this concept, emotional similarity and convergence were found in adults 

who are close to each other (Anderson, et al., 2003; Butner, et al., 2007; Schoebi, 2008). 

Furthermore, cortisol levels have been found to be co-regulated in spouses, particularly 

when the partner was present (Saxbe & Repetti, 2010). Co-regulation of cortisol has also 

been found in other ambulatory as well as laboratory studies (Laurent & Powers, 2007; Liu, 

et al., 2013). Concerning the co-regulation of autonomic outcomes, experimental laboratory 

studies suggest equivocal results (Ferrer & Helm, 2013; Reed, et al., 2013). To our 

knowledge, no data on co-regulation of ANS outcomes between partners in everyday life are 

available yet.  

Based on these findings, we aimed at extending the current data and focus on co-

regulation of fatigue within couples, including HPA axis and ANS indicators as possible 

mediators of this relationship. We expected that fatigue levels would be co-regulated within 

couples. We also expected to find co-regulation of stress and HPA axis, as reported from 

previous studies, and in parallel to these data ANS co-regulation in couples’ everyday lives. 

We examined whether these relationships would be stronger when partners actually 

interacted (i.e. were in touch with each other in any way) during the course of one week. Of 

course, variance in fatigue levels might not only be influenced by interaction with the partner 

but also by shared lifestyle (sleeping patterns, sports, eating habits, etc.). These behaviors 

were, thus, included as control variables into the data analyses. 

Methods 

Participants 

Couples were recruited via flyers, information brochures, internet ads, mailing lists of 

the University of Zurich, and social media. Inclusion criteria comprised being between 21 and 

45 years old, exclusive dating and relationship length between one and 15 years, and 

cohabitation. Participants were excluded if they had children, had a current or chronic 

physical or psychiatric illness, or currently used medication (except for hormonal 
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contraceptives) or drugs (no alcohol intake on a daily basis, or smoking more than five 

cigarettes a day). Women not using hormonal contraception were studied during the early 

follicular phase of the menstrual cycle. All participants gave written informed consent. The 

study protocol was approved by the ethics committee of the Canton of Zurich and the study 

was monitored from the Clinical Trials Center Zurich. 

Current analyses are based on a sub-sample (placebo group) that took part in the 

“Oxytocin, Couple Interaction, and Wound Healing” study (more information at 

clinicaltrials.gov, identifier NCT01594775). The sample consists of forty couples which all 

provided complete data sets. Of the forty women, twenty used hormonal contraception. 

Couples were randomized into two groups, one of which was instructed in a short verbal 

positive interaction intervention they should implement in their everyday lives during the 

assessment period. This randomization has been controlled for, but did not have an influence 

on a moment-to-moment level (data not shown). 

Materials and Procedure 

After inclusion and exclusion criteria had been checked during an initial phone 

contact, couples were invited to an instruction session at the laboratory. They provided 

information on their general awakening times (for the five days of ambulatory assessment). 

During the first laboratory appointment, participants provided urine samples to rule out drug 

consumption and pregnancy and completed electronic questionnaires to assess baseline 

relationship criteria. After that, participants were instructed in the use of a pre-programmed 

(iDialogPad, G. Mutz, Cologne, Germany) iPod touch® as well as ambulatory saliva 

sampling using the SaliCap® system (IBL, Hamburg, Germany). 

An ecological momentary assessment (EMA) design was used with five consecutive 

days of data collection. Measurement time points were prompted by the iPod-Program 

directly after awakening, +30 minutes, + 2.5 hours, +8 hours, +16 hours, and at bedtime. At 

each time point, participants also provided saliva samples. Stress and fatigue levels were 

reported at four of the six time points (excluding awakening and +30min measurements). 
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The SaliCap® (IBL, Hamburg, Germany) system allows for the collection of saliva via 

passive drool. This means that participants collected their saliva for one minute in their 

mouths and then filled the saliva collection vials using a straw or by salivating directly into the 

tube. Participants were instructed to keep their samples in their refrigerators at home until 

they returned them to study personnel. Samples were frozen at -20°C until analysis. Cortisol 

was analyzed using a commercially available competitive luminescence immunoassay (IBL, 

Hamburg, Germany). For the measurement of salivary alpha-amylase (sAA), a kinetic 

colorimetric test and reagents from Roche (Roche Diagnostics, Mannheim, Germany) were 

used. Inter- and intra-assay variation of both assays was below 10%.  

Participants rated their momentary stress and fatigue levels on a scale from 1 

(stressed out/ full of energy) to 5 (relaxed/ exhausted) at each data entry using the 

multidimensional mood questionnaire (Steyer, Schwenkmezger, Notz, & Eid, 1997). 

Furthermore, participants indicated if they had interacted with their partners since the last 

data entry (“Since the last beep, did you interact with your partner?” yes/no) and, if so, they 

rated the valence of this interaction on a scale from 1 (negative) to 10 (positive).  

  As a measure of relationship satisfaction, the relationship questionnaire by Hahlweg 

(1996) was used. This questionnaire comprises three scales with 10 items each, which are 

measured on a scale from 0 (never) to 3 (very often). The scales are: 1. Quarreling 

(aggressive behavior of the partner during argument), 2. Tenderness (physical contact, and 

verbal as well physical intimacy), and 3. Togetherness (shared activities, communication, 

and feelings of belonging together). Furthermore, a general score can be calculated as a 

sum of the tenderness and togetherness-scales and the inverted quarreling-scale. Good 

validity and reliability of the measure have been shown in previous studies (e.g. Hinz, 

Ströbel-Richter, & Brähler, 2001).  

Statistical Analyses 

Data were analyzed using multilevel models of distinguishable dyads as described by 

Bolger and Laurenceau (Bolger & Laurenceau, 2013; Laurenceau & Bolger, 2005). All χ²- 

tests for the specific outcomes were statistically significant (p < .001) indicating that there is 
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variance in the outcomes by person, which justifies the use of hierarchical linear modeling. 

Models included separate intercept and slope-terms for women and men while adjusting for 

the nested design (time points within persons within couples) using two-level hierarchical 

linear models (HLM, Raudenbush, et al., 2005). As a measure of effect size (level 1-variance 

of the outcome explained by the specific predictor), Pseudo-R² was determined as described 

by Singer and Willet (Singer & Willett, 2003) where Pseudo-R²=(σ²referencemodel - σ²finalmodel)/ 

σ²referencemodel. SAA and cortisol values were checked for outliers and tested for normal 

distribution using the Kolmogorov-Smirnov (KS) test. These parameters were not normally 

distributed and analyses were conducted using logarithmic values with an added constant 

(ln(x)+10). All models explained significantly more variance in the outcome than the null model 

(model without predictors). Before finalizing the models, the influence of relevant 

confounders (see below) at level 1 was checked and these variables were included as 

control variables in the final model, if they had a significant effect on the respective outcome. 

At level 1, controlled confounders were: use of medication, food consumption, beverage 

consumption, caffeine intake, smoking, self-reported physical activity (since the last data 

entry), and time since awakening. At level 2 the influence of BMI, age, sleep quality. The 

effects reported refer to same time-point associations (i.e., the association between an 

individual’s own momentary fatigue and the fatigue of the partner measured at the same time 

point). Exceptions are interaction with the partner which refers to the time span since the last 

data entry and relationship satisfaction, which was measured once in the beginning of the 

study and entered at the person level (level 2).   

Results 

The sample consists of 40 opposite-gender couples (age: 28 ± 5) with a relationship 

length of 3.72 ± 2.52 years and cohabitating for 1.98 ± 1.65 years. Participants reported light 

to moderate mean levels of fatigue (2.94 ± 1.10) and stress (2.23 ± 0.98) throughout the five 

days of measurement. Relationship satisfaction was high in this sample with a mean 

relationship questionnaire sum score of 73.75 ± 8.09 in women and 70.32 ± 8.71 in men 
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(total sample: 72.80 ± 7.42) which matches stanine values between 5 and 7 (average to 

high).  

Co-Variation of momentary Fatigue and Stress Measures 

Fatigue co-varied within couples (i.e. one partner’s fatigue level at a given time point 

predicted the other partner’s fatigue level, see table 1). W hen including “interaction with 

partner since the last data entry” (yes/no) as well as a product term “interaction with partner × 

partner’s fatigue” into the model, it can be seen that this momentary co-variation depended 

on whether the participants had interacted with their partners since the last data entry (see 

Table 1 and Figure 1A, Pseudo-R² = 0.06). 

Stress co-varied in both genders (see Figure 1B, women: UC = 0.26, t(39) = 6.16, p < 

.001, men: UC = 0.21, t(39) = 5.45, p < .001, Pseudo-R² = 0.11). An interaction effect of 

interacting with the partner since the last entry (yes/no) x the partner’s momentary stress was 

also apparent (women: UC = 0.17, t(39) = 2.18, p = 0.035, men: UC = 0.09, t(39) = 2.14, p= 

.038, see Figure 1B). When including the product term “interaction with partner x partner’s 

momentary stress” in the model, the effect of the partner’s stress on an individual’s own 

stress disappeared in women (UC = 0.15, t(39) = 2.00, p = .052), but not in men (UC = 0.14, 

t(39) = 2.99, p = .005). This result suggests that in women, stress co-variation was 

dependent on interaction (analogous to the effects concerning fatigue, see below). In men, 

stress co-varied more strongly with that of the partner when having interacted since the last 

data entry, but the effect was independent of interaction.  

Cortisol levels also co-varied within couples (women: UC = 0.12, t(39) = 4.32, p < .001, 

men: UC = 0.18, t(39) = 5.18, p < .001; Pseudo-R² = 0.07) with this effect being unaffected 

by the interaction effect of interaction since the last entry (yes/no) x partner’s momentary 

cortisol level. SAA levels only varied in association with those of the partner in women 

(women: UC = 0.11, t(39) = 3.24, p = .002, men: UC = 0.07, t(39) = 1.69, p = .098; Pseudo-

R² = 0.07) independently of interaction since the last data entry (effect of product term: 
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women: UC = 0.01, t(39) = -0.32, p=.748, men: UC=0.08, t(39)=1.70, p=.097). An overview 

of the full models of these variables (including stress) is provided in the online supplement.  

- Insert table 1 about here - 

- Insert figure 1 about here -  

Momentary Associations of Stress Measures and Relationship Variables with Fatigue 

There was no association of an individual’s own stress (women: UC = 0.08, t(39) = 1.67, 

p = .103, men: UC = 0.08, t(39) = 1.69, p = .099) or the partner’s stress (women: UC = 0.05, 

t(39) = 1.01, p = .317, men: UC = 0.05, t(39) = 1.13, p = .264) with fatigue. Nor was an 

individual’s own cortisol (women: UC = 0.04, t(39) = 0.77, p = .447, men: UC = 0.02, t(39) = 

0.41, p = .686) or partner’s cortisol levels related to momentary fatigue (women: UC = -0.02, 

t(39) = -0.61, p = .544, men: UC = 0.07, t(39) = 1.39, p = .172). SAA levels were negatively 

associated with an individual’s own fatigue in women (women: UC = -0.11, t(39) = -2.57, p = 

.014, men: UC = -0.11, t(39) = -1.97, p = .056; Pseudo-R²=0.03), whereas men’s fatigue was 

negatively associated with their partner’s sAA levels (women: UC = -0.07, t(39) = -1.35, p = 

.184, men: UC = -0.08, t(39) = -2.07, p = .045; Pseudo-R² = 0.03).  

Notably, fatigue was negatively associated with interaction (see Table 1) as well as with 

valence of interaction since the last data entry in both, women and men (women: UC = -0.13, 

t(39) = -4.34, p < .001, men: UC = -0.06, t(39) = -2.66, p = .011; Pseudo-R²=0.05), 

suggesting less fatigue after or during times of positive interaction with the partner. 

Relationship satisfaction neither had a direct effect on momentary fatigue (women: UC = 

0.01, t(37) = 0.91, p = .369, men: UC = -0.02, t(37) = -1.98, p = .055) nor was there a cross-

level interaction effect with co-regulation of fatigue (women: UC = -0.00, t(38) = -0.24, p = 

.810, men: UC = 0.00, t(38) = 0.76, p = .453).  

Discussion 

Fatigue, stress, and cortisol levels co-varied within couples during the five days of  

the assessment, in part depending on whether they had interacted with the partner since the 
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last data entry. In women, sAA levels varied dependent on their partner’s levels, but not vice 

versa. Momentary fatigue was independent of an individual’s own or the partners’ stress and 

cortisol levels (measured at the same time point) in this sample. An individual’s own 

momentary sAA levels were negatively related to same time-point fatigue in women, but not 

in men. Beyond this, momentary fatigue levels were associated with interaction, as well as 

with the valence of interaction with the partner since the last data entry (the more negative 

the interaction, the higher the reported fatigue).  

Overall, our findings suggest that if and how one interacts with a partner can influence 

fatigue experience in everyday life. Given that partners can “pass on” their fatigue levels to 

each other when interacting, but are also able to reduce or worsen fatigue depending on the 

valence of the interaction, it seems important to include the dyadic perspective into studies 

and intervention or prevention programs addressing chronic fatigue.  

This is, to our knowledge, the first study showing these effects in relation to fatigue in 

everyday life. Co-regulation of fatigue within couples has not been reported in this manner so 

far, but extends the finding that mood co-varies within couples (Saxbe & Repetti, 2010; 

Schoebi, 2008). One implication of the co-regulation of fatigue is that partners of patients 

suffering from high fatigue levels are at risk of developing fatigue symptoms themselves. 

Being in a relationship has been proposed as a protective factor for fatigue worsening in 

fatigued patients (e.g. Johansson, Ytterberg, Hillert, Widen Holmqvist, & von Koch, 2008), 

but symptoms of the partner are rarely assessed. This assessment should be implemented 

more strongly in future research. Furthermore, to involve the partner in the prevention and/ or 

treatment of fatigue might increase the success of such interventions (Kirby & Baucom, 

2007; Whisman & Beach, 2012), either through changes in the shared lifestyle of these 

couples, but also on a more direct level through their co-regulated physiology.  

The findings that own sAA levels were associated with the partner’s sAA levels in 

women but not in men is in line with theories (Taylor et al., 2000) suggesting that women’s 

physiology and health are generally more affected by the partner than the other way around 
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(Kiecolt-Glaser & Newton, 2001). To date, studies on co-regulation of ANS measures have 

used laboratory designs. In a study by Ferrer and Helm (2013), co-regulation of heart rate 

(another ANS measure) was achieved by gazing into the partner’s eyes and try to 

“synchronize.” Interestingly, the authors found that men increased the level of co-regulation 

when “trying to synchronize” as opposed to a control task where the partners relaxed in the 

same room (without interacting). Women, on the other hand, showed co-regulation 

independently of explicitly trying to synchronize. Relating those findings to ours, it might be 

assumed that women more easily synchronize their ANS activity to those of men than the 

other way around. However, in the present study the men’s fatigue seems to be affected by 

the women’s autonomic arousal and not vice versa. This is probably due to the fact that 

women’s sAA levels predicted their own fatigue levels, and fatigue levels were co-regulated 

with the partners’. 

This study has important strengths: One is the high ecological validity due to the 

assessment of couples in their everyday life. The dyadic approach further allowed us to 

assess processes as they happen within couples, which is an advantage towards studies 

that assess relationship parameters in persons in relationships without including the partner 

as a source of measurement. Furthermore, we included biological as well as subjective 

measurements while rigidly controlling for confounding variables, such as sleep, food and 

caffeine intake, hormonal contraceptives, menstrual cycle phase, etc. One limitation of our 

study is the selective sample. As our sample consisted of pre-menopausal adults in a stable 

relationship with relatively high relationship satisfaction but no children, results might not 

necessarily be applicable to all individuals living in a relationship. Furthermore, as is always 

the case in studies in an everyday life setting, we cannot rule out the possibility that third 

variables, which we did not assess (such as temperature, lighting, seasonal changes, or 

weather), might have influenced fatigue.  

In sum, our results show that fatigue is influenced by relationship-specific variables 

(co-regulation, as well as interaction with the partner) in the everyday life of couples. 
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Furthermore, next to fatigue, we showed that stress, HPA axis activity, and ANS activity are 

co-regulated in couples – parameters that most likely influence fatigue in longer terms than 

we were able to assess in the current study. Future studies on fatigue should therefore 

implement the assessment of dyadic data and relationship interactions. Moreover, fatigue 

interventions should involve the partner in the treatment process. 

 

  



MECHANISMS OF FATIGUE IN EVERYDAY LIFE – Appendix – 6.3 DYADIC CO-REGULATION OF FATIGUE 
AND STRESS 

THESIS JOHANNA M. DÖRR  89 
 

References 

Adam, E. K., Hawkley, L. C., Kudielka, B. M., & Cacioppo, J. T. (2006). Day-to-day dynamics 

of experience--cortisol associations in a population-based sample of older adults. 

Proceedings of the National Academy of Sciences of the United States of America, 

103(45), 17058-17063. doi: 10.1073/pnas.0605053103 

Akerstedt, T., Axelsson, J., Lekander, M., Orsini, N., & Kecklund, G. (2014). Do sleep, stress, 

and illness explain daily variations in fatigue? A prospective study. Journal of 

Psychosomatic Research, 76(4), 280-285. doi: 10.1016/j.jpsychores.2014.01.005 

S0022-3999(14)00022-1 [pii] 

Anderson, C., Keltner, D., & John, O. P. (2003). Emotional convergence between people 

over time. J Pers Soc Psychol, 84(5), 1054-1068.  

Bolger, N., & Laurenceau, J. P. (2013). Design and Analysis of Intensive Longitudinal 

Studies of Distinguishable Dyads Intensive Longitudinal Methods: An Introduction to 

Diary and Experience Sampling Research (pp. 143-176). New York: Guilford. 

Brown, R. F., & Thorsteinsson, E. B. (2009). Stressful life-events and fatigue in a nonclinical 

sample. Journal of Nervous and Mental Disease, 197(9), 707-710. doi: 

10.1097/NMD.0b013e3181b3af36 00005053-200909000-00012 [pii] 

Butner, J., Diamond, L. M., & Hicks, A. M. (2007). Attachment style and two forms of affect 

coregulation between romantic partners. Personal Relationships, 14, 431-455.  

Buysse, D. J., Thompson, W., Scott, J., Franzen, P. L., Germain, A., Hall, M., . . . Kupfer, D. 

J. (2007). Daytime symptoms in primary insomnia: a prospective analysis using 

ecological momentary assessment. Sleep Med, 8(3), 198-208. doi: S1389-

9457(06)00629-0 [pii] 10.1016/j.sleep.2006.10.006 

Coan, J. A., & Sbarra, D. A. (2015). Social Baseline Theory: The Social Regulation of Risk 

and Effort. Curr Opin Psychol, 1, 87-91. doi: 10.1016/j.copsyc.2014.12.021 

Dahlgren, A., Kecklund, G., & Akerstedt, T. (2005). Different levels of work-related stress and 

the effects on sleep, fatigue and cortisol. Scand J Work Environ Health, 31(4), 277-

285. doi: 883 [pii] 

Dahlgren, A., Kecklund, G., Theorell, T., & Akerstedt, T. (2009). Day-to-day variation in saliva 

cortisol--relation with sleep, stress and self-rated health. Biological Psychology, 82(2), 

149-155. doi: 10.1016/j.biopsycho.2009.07.001 

Ditzen, B., & Heinrichs, M. (2014). Psychobiology of social support: the social dimension of 

stress buffering. Restor Neurol Neurosci, 32(1), 149-162. doi: 10.3233/RNN-139008 

M0228K0TM4T20210 [pii] 

Doerr, J. M., Ditzen, B., Strahler, J., Linnemann, A., Ziemek, J., Skoluda, N., . . . Nater, U. M. 

(2015). Reciprocal relationship between acute stress and acute fatigue in everyday 

life in a sample of university students. Biol Psychol, 110, 42-49. doi: 

10.1016/j.biopsycho.2015.06.009 S0301-0511(15)30014-4 [pii] 

Eek, F., Karlson, B., Garde, A. H., Hansen, A. M., & Orbaek, P. (2012). Cortisol, sleep, and 

recovery - Some gender differences but no straight associations. 

Psychoneuroendocrinology, 37(1), 56-64. doi: 10.1016/j.psyneuen.2011.05.003 

S0306-4530(11)00156-9 [pii] 

Ekmann, A., Avlund, K., Osler, M., & Lund, R. (2012). Do negative aspects of social relations 

influence fatigue? A cross-sectional study on a non-clinical sample of middle-aged 

Danish men. J Psychosom Res, 73(4), 277-282. doi: 

10.1016/j.jpsychores.2012.08.005 S0022-3999(12)00210-3 [pii] 



MECHANISMS OF FATIGUE IN EVERYDAY LIFE – Appendix – 6.3 DYADIC CO-REGULATION OF FATIGUE 
AND STRESS 

THESIS JOHANNA M. DÖRR  90 
 

Ferrer, E., & Helm, J. L. (2013). Dynamical systems modeling of physiological coregulation in 

dyadic interactions. Int J Psychophysiol, 88(3), 296-308. doi: 

10.1016/j.ijpsycho.2012.10.013 S0167-8760(12)00629-0 [pii] 

Hahlweg, K. (1996). Partnerschaftsfragebogen (PFB) Fragebogen zur 

Partnerschaftsdiagnostik (FPD) (pp. 7-24). Göttingen: Hogrefe. 

Hinz, A., Ströbel-Richter, Y., & Brähler, E. (2001). Der Partnerschaftsfragebogen (PFB): 

Normierung und soziodemographische Einflussgrößen auf die Partnerschaftsqualität. 

Diagnostica, 47(3), 132-141.  

Johansson, S., Ytterberg, C., Hillert, J., Widen Holmqvist, L., & von Koch, L. (2008). A 

longitudinal study of variations in and perceptions of fatigue in multiple sclerosis. 

Journal of Neurology, Neurosurgery, and Psychiatry, 79, 454-457. doi: 

10.1136/jnnp.2007.121129 

Kato, K., Sullivan, P. F., Evengard, B., & Pedersen, N. L. (2006). Premorbid predictors of 

chronic fatigue. Archives of General Psychiatry, 63(11), 1267-1272. doi: 63/11/1267 

[pii] 10.1001/archpsyc.63.11.1267 

Kiecolt-Glaser, J. K., & Newton, T. L. (2001). Marriage and health: his and hers. Psychol Bull, 

127(4), 472-503.  

Kirby, J. S., & Baucom, D. H. (2007). Treating emotion dysregulation in a couples context: a 

pilot study of a couples skills group intervention. Journal of Marital and Family 

Therapy, 33(3), 375-391. doi: JMFT037 [pii] 10.1111/j.1752-0606.2007.00037.x 

Laurenceau, J. P., & Bolger, N. (2005). Using diary methods to study marital and family 

processes. J Fam Psychol, 19(1), 86-97. doi: 2005-02946-009 [pii] 10.1037/0893-

3200.19.1.86 

Laurent, H., & Powers, S. (2007). Emotion regulation in emerging adult couples: 

temperament, attachment, and HPA response to conflict. Biol Psychol, 76(1-2), 61-

71. doi: S0301-0511(07)00107-X [pii] 10.1016/j.biopsycho.2007.06.002 

Liu, S., Rovine, M. J., Klein, L. C., & Almeida, D. M. (2013). Synchrony of diurnal cortisol 

pattern in couples. J Fam Psychol, 27(4), 579-588. doi: 10.1037/a0033735 2013-

27136-001 [pii] 

McCall, C., & Singer, T. (2012). The animal and human neuroendocrinology of social 

cognition, motivation and behavior. Nature Neuroscience, 15(5), 681-688. doi: 

10.1038/nn.3084 nn.3084 [pii] 

Nater, U. M., Heim, C., & Raison, C. (2012). Chronic fatigue syndrome. In M. J. Aminoff, F. 

Boller & D. F. Swaab (Eds.), Handbook of Clinical Neurology 3rd Series. 

Nater, U. M., Heim, C., & Reeves, W. C. (2010). The role of stress in chronic fatigue 

syndrome. International Journal of Medical and Biological Frontiers, 16(7/8), 869-884  

Powell, D. J., Liossi, C., Moss-Morris, R., & Schlotz, W. (2013). Unstimulated cortisol 

secretory activity in everyday life and its relationship with fatigue and chronic fatigue 

syndrome: A systematic review and subset meta-analysis. 

Psychoneuroendocrinology. doi: S0306-4530(13)00254-0 [pii] 

10.1016/j.psyneuen.2013.07.004 

Raudenbush, S. W., Bryk, A. S., Cheong, Y. F., & Congdon, R. (2005). HLM 5. Hierarchal 

linear and nonlinear modeling. Chicago, IL: Scientific Software International. 

Reed, R. G., Randall, A. K., Post, J. H., & Butler, E. A. (2013). Partner influence and in-

phase versus anti-phase physiological linkage in romantic couples. Int J 

Psychophysiol, 88(3), 309-316. doi: 10.1016/j.ijpsycho.2012.08.009 S0167-

8760(12)00581-8 [pii] 

Riley, W. T., Rothrock, N., Bruce, B., Christodolou, C., Cook, K., Hahn, E. A., & Cella, D. 

(2010). Patient-reported outcomes measurement information system (PROMIS) 



MECHANISMS OF FATIGUE IN EVERYDAY LIFE – Appendix – 6.3 DYADIC CO-REGULATION OF FATIGUE 
AND STRESS 

THESIS JOHANNA M. DÖRR  91 
 

domain names and definitions revisions: further evaluation of content validity in IRT-

derived item banks. Quality of Life Research, 19(9), 1311-1321. doi: 10.1007/s11136-

010-9694-5 

Robles, T. F., & Kiecolt-Glaser, J. K. (2003). The physiology of marriage: pathways to health. 

Physiol Behav, 79(3), 409-416. doi: S0031938403001604 [pii] 

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do glucocorticoids influence 

stress responses? Integrating permissive, suppressive, stimulatory, and preparative 

actions. Endocr Rev, 21(1), 55-89. doi: 10.1210/edrv.21.1.0389 

Saxbe, D., & Repetti, R. L. (2010). For better or worse? Coregulation of couples' cortisol 

levels and mood states. Journal of Personality and Social Psychology, 98(1), 92-103. 

doi: 10.1037/a0016959 2009-24670-014 [pii] 

Sbarra, D. A., & Hazan, C. (2008). Coregulation, dysregulation, self-regulation: an integrative 

analysis and empirical agenda for understanding adult attachment, separation, loss, 

and recovery. Pers Soc Psychol Rev, 12(2), 141-167. doi: 

10.1177/1088868308315702 12/2/141 [pii] 

Schoebi, D. (2008). The coregulation of daily affect in marital relationships. J Fam Psychol, 

22(4), 595-604. doi: 10.1037/0893-3200.22.3.595 2008-10898-011 [pii] 

Schwarz, R., Krauss, O., & Hinz, A. (2003). Fatigue in the general population. Onkologie, 

26(2), 140-144. doi: 10.1159/000069834 

Singer, J. D., & Willett, J. B. (2003). Applied Longitudinal Data Analysis. New York: Oxford 

University Press. 

Stetler, C., Dickerson, S. S., & Miller, G. E. (2004). Uncoupling of social zeitgebers and 

diurnal cortisol secretion in clinical depression. Psychoneuroendocrinology, 29(10), 

1250-1259. doi: 10.1016/j.psyneuen.2004.03.003 S0306453004000332 [pii] 

Steyer, R., Schwenkmezger, P., Notz, P., & Eid, M. (1997). Der Mehrdimensionale 

Befindlichkeitsfragebogen (MDBF). Göttingen: Hogrefe. 

Taylor, S. E., Klein, L. C., Lewis, B. P., Gruenewald, T. L., Gurung, R. A., & Updegraff, J. A. 

(2000). Biobehavioral responses to stress in females: tend-and-befriend, not fight-or-

flight. Psychol Rev, 107(3), 411-429.  

Whisman, M. A., & Beach, S. R. (2012). Couple therapy for depression. Journal of Clinical 

Psychology, 68(5), 526-535. doi: 10.1002/jclp.21857 

 

 



MECHANISMS OF FATIGUE IN EVERYDAY LIFE – Appendix – 6.3 DYADIC CO-REGULATION OF FATIGUE AND STRESS 

THESIS JOHANNA M. DÖRR         92 
 

 

 

 

 

 

 

 

  

Figure 1. Average momentary fatigue (A), and stress (B) levels as a function of the partner’s average 

momentary fatigue and stress levels by interaction since the last data entry: average regression lines 

(across all participants) with 95% confidence intervals. 
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Table 1. 
Hierarchical linear models predicting momentary fatigue by partner’s momentary fatigue and interaction (N=40 couples) using restricted maximum 

likelihood 

 Model 1a Model 1b 

 Women Men Women  Men 

Fixed Effects UC SE t-ratio UC SE t-ratio UC SE t-ratio UC SE t-ratio 

Intercept 1.83 0.16 11.66*** 1.73 0.16 10.99*** 1.79 0.15 11.94*** 1.76 0.16 11.15*** 

Momentary Level             

Partner’s 
momentary 
fatigue 
 

0.13 0.04 3.23** 0.08 0.03 2.43* 0.02 0.05 0.41 -0.00 0.04 -0.04 

Interaction y/n       -0.44 0.15 -2.91** -0.43 0.16 -2.63* 

Interaction y/n × 
partner’s 
momentary 
fatigue 
 

      0.18 0.06 3.12** 0.13 0.05 2.58* 

Person Level             

Partner’s general 
fatigue 
 

0.82 0.04 19.69*** 0.96 0.07 14.32*** 0.76 0.07 11.73*** 0.87 0.08 10.98*** 

Random Effects SD VC χ² SD VC χ² SD VC χ² SD VC χ² 

female/male 0.65 0.42 63.17*** 0.73 0.54 61.40*** 0.60 0.36 37.58† 0.77 0.60 41.64* 
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Partner’s 
momentary 
fatigue 
 

0.17 0.03 64.87** 0.12 0.01 41.46 0.11 0.01 26.31 0.14 0.02 20.66 

Interaction y/n       0.41 0.16 64.74 0.31 0.09 21.07 

Interaction y/n × 
partner’s 
momentary 
fatigue 

      0.14 0.02 31.67 0.05 0.00 15.95 

Note. Models have been controlled for time since awakening, self-reported physical activity and caffeine intake at level 1, between-person 

centered self-reported physical activity and sleep quality were also included in the models at level 2, randomization into intervention groups did not 

have an effect on momentary fatigue; ***p<0.001, **p<.01, *p<.05 
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6.4 Study 3 

Doerr, J. M., Fischer, S., Nater, U. M., & Strahler, J. (under review). Influence of stress 

systems and physical activity on different dimensions of fatigue in female patients with 

fibromyalgia. Journal of Psychosomatic Research. 
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Abstract 

Objective: Fatigue is a defining characteristic and one of the most debilitating features of 

fibromyalgia syndrome (FMS). The mechanisms underlying different dimensions of fatigue in 

FMS remain unclear. The aim of the current study was to test whether stress-related 

biological processes and physical activity modulate fatigue experience.  

Methods: Using an ambulatory assessment design, 26 female FMS patients reported 

general, mental, and physical fatigue levels at six time points per day for 14 consecutive 

days. Salivary cortisol and alpha-amylase were analyzed as markers of neuroendocrine 

functioning. Participants wore wrist actigraphs for the assessment of physical activity.  

Results: Lower increases in cortisol after awakening predicted higher mean daily general and 

physical fatigue levels. Additionally, mean daily physical activity positively predicted next-day 

mean general fatigue. Levels of physical fatigue at a specific time point were positively 

associated with momentary cortisol levels. The increase in cortisol after awakening did not 

mediate the physical activity – fatigue relationship. There were no associations between 

alpha-amylase and fatigue.  

Conclusion: Our findings imply that both changes in hypothalamic-pituitary-adrenal axis 

activity and physical activity contribute to variance in fatigue in the daily lives of patients with 

FMS. This study helps to paint a clearer picture of the biological and behavioral 

underpinnings of fatigue in FMS and highlight the necessity of interdisciplinary treatment 

approaches targeting biological, behavioral and psychological aspects of FMS. 

Key words: ambulatory assessment; fatigue; fibromyalgia; HPA axis; physical activity; 

autonomic nervous system  
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Introduction 

Fibromyalgia syndrome (FMS) is a chronic widespread pain condition with unknown 

etiology, which is accompanied by fatigue, sleep disturbances, and other somatic complaints 

(Wolfe, et al., 2010). Although fatigue is a major and very debilitating complaint in this 

population, most research focuses on pain (Vincent, et al., 2013). We therefore set out to 

assess biological and behavioral factors that might explain fluctuation of fatigue in FMS, 

focusing on endocrine and autonomic activity on the one hand and objectively recorded 

physical activity on the other.    

High levels of chronic stress and related changes in the hypothalamic-pituitary-

adrenal (HPA) axis as well as the autonomic nervous system (ANS) (the main regulatory 

biological stress systems) activity have been discussed as mechanisms of FMS symptom 

development and exacerbation (Nater, Fischer, et al., 2011). There is evidence of a diurnal 

HPA axis hypoactivity (reduced daily cortisol output (Crofford, et al., 1994; Gur, et al., 2004) 

and a reduced increase in cortisol after awakening (Riva, Mork, Westgaard, & Lundberg, 

2012)) in patients with FMS. Concerning ANS activity, most studies in patients with FMS 

indicate a basal hyperactivity (Martinez-Lavin, 2007). It might therefore be suspected that 

reduced HPA axis and increased ANS activity contribute to fatigue manifestation in FMS. 

However, there are only two studies assessing intra-individual associations between HPA 

axis or ANS activity and fatigue in patients with FMS. McLean and colleagues (2005) found 

no association between cortisol (the most important peripheral marker of the HPA axis) and 

fatigue in patients with FMS. Riva and colleagues (2012), assessing the ANS, found a 

negative association between physical (but not mental) fatigue and 24h epinephrine, as well 

as heart rate during stress provocation. The inconsistent findings might be due to 

insufficiently long periods of investigation (one and two days, respectively). Further, Riva and 

colleagues did not account for within-day fluctuations of fatigue and used a controlled 

hospital-hotel setting, which might not be applicable to everyday life. In accordance with the 

findings of Riva and colleagues, there is research suggesting that measuring fatigue on 
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multiple dimensions is warranted in patients with FMS (Ericsson, Bremell, & Mannerkorpi, 

2013). However, most studies on FMS did not account for the multidimensional nature of 

fatigue. 

Everyday life physical activity is an important behavioral mechanism that might 

influence fatigue directly or indirectly, via alterations in HPA axis or ANS activity. Of the two 

studies using everyday life settings, one did not find objectively recorded physical activity 

levels to be predictive of subsequent momentary fatigue (Kop, et al., 2005), and the other 

found negative associations of objectively recorded physical activity with subjects’ estimates 

of their general and physical fatigue levels during the last three months (Segura-Jimenez, et 

al., 2015). These findings seem to contradict laboratory findings and patient reports of 

symptom exacerbation due to enhanced physical activity (Lambin, Thibault, Simmonds, 

Lariviere, & Sullivan, 2011). To our knowledge, no study so far has assessed the direct 

interplay between objectively measured daily physical activity, neuroendocrine activity, and 

fatigue in patients with FMS in an everyday life setting.  

In sum, studies are needed that assess associations between HPA axis as well as 

ANS activity with fatigue a) in the everyday life of patients with FMS to ensure high ecological 

validity, b) over a sufficiently long period of time, c) using a design that is suitable for 

detecting within-individual as well as within-day and between-day changes, and d) measuring 

fatigue on different dimensions. In a sample of patients with FMS, we expect fatigue levels to 

be negatively predicted by HPA axis and physical activity but positively predicted by ANS 

activity. We also expect the physical activity – fatigue association to be mediated by HPA 

axis and ANS activity.   

Method 

Participants 

The current analyses are based on a data from a sub-sample of a larger study on 

psychobiological mechanisms in FMS. Previous findings in the whole sample have been 
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reported in Fischer et al. (2016) and Linnemann et al. (2015). Data collection took place 

between March 2013 and August 2014. Participants were recruited via advertisement in local 

newspapers, information leaflets placed in practices of local general practitioners, 

rheumatologists, and in rheumatology clinics, and via self-help groups. Inclusion criteria 

comprised female sex, speaking German fluently, being between 18 and 65 years of age, 

and fulfilling the Fibromyalgia Research Criteria (Wolfe et al., 2011). Exclusion criteria were a 

BMI above 30kg/m², current pregnancy or breast-feeding, irregular menstrual cycle, current 

major depressive disorder, substance abuse within the last two years, eating disorder within 

the last five years, lifetime psychotic or bipolar disorder, and any unmedicated medical 

condition that affects endocrine or autonomic functioning. Participants received 80 EUR for 

taking part in the study. The study protocol was approved by the institutional review board of 

the Department of Psychology, University of Marburg, and was conducted in accordance with 

the Declaration of Helsinki. All participants gave written informed consent. 

Study protocol 

Eligible participants were invited to the laboratory for an introductory session. During 

this session, baseline questionnaires were completed and participants were instructed in the 

use of a pre-programmed iPod touch®, in saliva sampling, and in how to wear the actigraph. 

Data collection took place over an assessment period of 14 days, with six time points of data 

entry each day (at awakening, 30 minutes later, at 11am, 2pm, 6pm, and 9pm) starting on 

the day after the introductory session. At each of these time points, participants answered 

several questions on the pre-programmed (iDialogPad App, momentary self-report data, G. 

Mutz, Cologne) iPod touch®, followed by a saliva sample. The saliva samples at awakening 

and 30 min after awakening were used to calculate the cortisol awakening response (CAR) 

and the alpha-amylase awakening response (AAR, see “biological measures”). After the 14-

day ambulatory assessment period, participants returned the iPods, actigraphs, and saliva 

samples to the study personnel in a final laboratory session. In this session, they also 
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answered some follow-up questions concerning compliance with and reactivity to the testing 

procedures.  

Questionnaires 

Participants completed detailed medical histories1 ,gynecological histories, and a list 

of current medication, which had been mailed to them after initial screening via telephone. 

These documents were brought to the introductory session and checked for compatibility 

with eligibility criteria. 

In accordance with the Fibromyalgia Research Criteria (Wolfe, et al., 2011), the self-

report measures Widespread Pain Index (WPI) as well as Symptom Severity Score (SSS) 

were used. The WPI measures in how many of 19 body areas participants experienced pain 

during the last three months. The SSS measures severity of fatigue, waking unrefreshed, 

and subjective cognitive impairment on a scale from 0 (“no problems”) to 3 (“severe 

problems”). Criteria were satisfied if the WPI was higher or equal to 7 pain sites and the SSS 

score was higher or equal to 5, or, alternatively, if the WPI was 3-6/19 and the SSS ≥ 9/12. 

The Patient Health Questionnaire 9 (PHQ-9, Löwe, L., Zipfel, & Herzog, 2002) was 

used to exclude patients with a current depressive episode, (i.e. who had experienced 

depressed mood or anhedonia on several days during the past two weeks). 

Measures of fatigue and pain 

To assess changes in fatigue in everyday life, participants rated their general, mental, 

and physical fatigue levels at 6 time points on each day. Phrasing and scaling were based on 

those items of the Multidimensional Fatigue Inventory (Smets, Garssen, Bonke, & De Haes, 

1995) that had the highest loadings on the respective subscales general fatigue, mental 

fatigue, and physical fatigue (R. Schwarz, et al., 2003) and re-phrased so as to refer to the 

present moment. The item “At the moment… I feel fatigued” was used to measure general 

fatigue. “At the moment…I can concentrate well” was measured as a sign of mental fatigue. 

                                                           
1
 Of all the physical conditions assessed, thyroid dysfunction and high blood pressure emerged as significant 

predictors of general fatigue and were therefore included in the following statistical procedures.  
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“…I feel physically fit” was assessed to measure physical fatigue on a momentary basis. 

Each item was scaled from 0 (not at all) to 4 (very much) (Stone, Broderick, Porter, & Kaell, 

1997). Pain was assessed on a visual analog scale “At the moment, I am in this much pain:” 

from 0 (no pain) to 100 (worst imaginable pain). 

Measures of stress 

Chronic stress was assessed using the screening scale (SSCS) of the Trier Inventory 

for the Assessment of Chronic Stress (Schulz, Schlotz, & Becker, 2004). This scale consists 

of 12 items that measure the occurrence of various stress experiences within the last three 

months on a scale from 0 (“never”) to 4 (“very often”). Momentary stress levels were 

measured using the item “At the moment, I feel stressed out” from 0 (not at all) to 4 (very).  

Control variables 

Sleep quality had predictive value for general fatigue levels in one of our previous 

studies (Doerr, et al., 2015). Therefore, participants rated their sleep quality every morning at 

the first measurement time point using the item “How well did you sleep last night?” (on a 

visual analog scale from 0 to 100). The item was based on the sleep quality item of the 

Pittsburgh Sleep Quality Index (PSQI; Buysse, et al., 1989). Further control questions 

concerned eating, drinking, and smoking behavior, as well as the intake of medication since 

the last data entry, which were all measured dichotomously (0 “no”, 1”yes”).  

Biological measures 

Saliva samples were collected using the SaliCap® system (IBL, Hamburg, Germany). 

Participants accumulated saliva in their mouths for two minutes and subsequently salivated 

into a pre-labeled polypropylene tube via a straw. They were instructed to store saliva 

samples in their freezers or refrigerators and return them to the laboratory at the follow-up 

appointment, which was scheduled right after the collection period. 
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Biochemical analyses were conducted at the Biochemical Laboratory of the Department of 

Clinical Biopsychology, University of Marburg. Samples were kept frozen at -20°C, and on 

the day of analysis, thawed and centrifuged at 1620 × g for 11 min. Salivary cortisol (sCort, 

Kirschbaum & Hellhammer, 1994) levels were measured using a commercially available 

enzyme-linked immunoassay (IBL, Hamburg, Germany). As a measure of ANS activity, 

salivary alpha-amylase (sAA, Nater & Rohleder, 2009) was extracted from saliva samples 

using a kinetic colorimetric test and reagents from Roche (Roche Diagnostics, Mannheim, 

Germany). Inter- and intra-assay variance for both assays was below 10%. Awakening 

responses were calculated by subtracting the first from the “+30 min” - measurement time 

point. The CAR refers to a rise in cortisol within 30 to 45 minutes after awakening, while the 

AAR represents a decline within the same time frame (Nater & Rohleder, 2009; Pruessner, et 

al., 1997).  

For objective measurement of physical activity, participants wore a triaxial wrist 

actigraph (Somnowatch, Randersacker, Germany) on their non-dominant wrist recording 

movement counts for every 1-second interval continuously during the 14 days of data 

collection. Recordings started at 6am on the morning of the first day of measurement and the 

signal was sampled at 32 Hz with 12 Bit ADC. Participants were instructed to take off the 

actigraph when bathing, swimming, or taking a shower. As we were interested in everyday-

life physical activity in these analyses, night recordings were excluded. The excluded time 

span was based on the awakening and sleeping times participants reported on their iPods at 

awakening. Movement counts were aggregated per minute (sum score). Time spans during 

which the actigraph had obviously not been worn (mean activity count <10/minute) were 

excluded from analyses. Finally, mean values of the movement sum scores between two 

measurement time points (awakening until 11am, 11am until 2pm, 2pm until 6pm, 6pm until 

9pm, 9pm until sleeping time – considering the actual time participants completed their iPod 

reports) as well as daily mean scores (awakening until sleeping time) were calculated. 
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Statistical procedure 

As time points were nested within persons, we used hierarchical linear models for 

statistical analyses, using the HLM program (Raudenbush, et al., 2005). All χ² tests for the 

fatigue outcomes were statistically significant (p<.001); this indicates that there is variance in 

the outcomes by person, which justifies the use of hierarchical linear modeling. General 

fatigue, mental fatigue, physical fatigue, movement scores, sCort and sAA values, pain, and 

stress were considered as level-1 variables. At the person level (level 2), the intercept (β0) 

was modeled as a function of BMI, thyroid dysfunction (yes/no), high blood pressure 

(yes/no), WPI score, and SSCS score. Age did not turn out to be a relevant predictor of any 

fatigue dimension in our analyses and was thus not included in the analyses. As we collected 

data at the level of time points within days as well as at a daily level, separate respective 

analyses were conducted. In these analyses, mean daily values of the different fatigue 

dimensions were used. As subjective sleep quality was measured once daily, it was included 

in the analyses at level 1 concerning daily measures and as person mean at level 2 for 

within-day analyses only. Further, time since awakening was included in within-day analyses 

at level 1 to account for diurnal patterns of biological parameters, fatigue, and physical 

activity. As a measure of effect size, we calculated “Pseudo-R² = (σ²reference model – σ²final 

model)/ σ²reference model”, where the reference model is the final model excluding the 

predictor in question (Singer & Willett, 2003). Missing data were automatically listwise 

excluded per measurement time point per person by the HLM program. 

Results 

Thirty-two women completed the 14 days of assessment, of whom three did not wear 

actigraphs due to incompatibility with their jobs. Two further data sets had to be excluded 

because of technical difficulties with the App that was used to collect momentary self-report 

data, and one data set was excluded because of technical difficulties with the actigraph. 

Thus, the final sample for the current analyses comprised 26 FMS patients with a mean age 

of 53 (±7) years. On average, 11 (±4) pain sites, a symptom severity of 8 (±2), and an illness 
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duration of 10 (±7) years were reported. Table 1 depicts momentary fatigue, pain, and stress 

mean values across the 14 days of assessment. The compliance rate was 96% (i.e. on 

average, participants responded to the iPod on 54 out of 56 occasions relevant for the 

analyses). The intraclass correlation (ICC) of general fatigue was 0.39 (mental fatigue: 

ICC=0.29, physical fatigue: ICC=0.15), indicating that 61% of the variance in general fatigue 

(71% in mental fatigue, 85% in physical fatigue) was explained at the level of time points. 

The course of fatigue dimensions and physical activity  throughout the day (mean across 14 

days of assessment) can be seen in Figure 1. As mental fatigue and physical fatigue were 

assessed in an inverted way (as subjective ability to concentrate and subjective physical 

fitness), positive unstandardized coefficients (UCs) indicate a negative association with the 

respective construct. 

Pain and fatigue levels co-varied within participants, which was true for every fatigue 

dimension (general fatigue: Pseudo-R²=0.11; mental fatigue: Pseudo-R²=0.09, physical 

fatigue: Pseudo-R²=0.13, see Table 2). No association was found between momentary sCort 

value and levels of general fatigue or mental fatigue, but a positive association was found 

with physical fatigue (see Table 2, Pseudo-R² for physical fatigue: 0.02). This indicates that 

cortisol levels were higher when patients felt more physically fatigued. On a daily basis, CAR 

negatively predicted mean daily general fatigue (UC=-0.01, t-ratio=-2.18, p=.039, Pseudo-

R²=0.05) as well as mean daily physical fatigue (UC=0.00, t-ratio=2.08, p=.048, Pseudo-

R²=0.05), but was not associated with mean daily mental fatigue (UC=-0.00, t-ratio=-0.10, 

p=.921). SAA activity was neither associated with any fatigue dimension on a momentary 

basis (general fatigue: UC=-0.00, t-ratio=-0.98, p=.338, mental fatigue: UC=0.00, t-

ratio=0.43, p=.671, physical fatigue: UC=0.00, t-ratio=0.65, p=.522), nor was there any 

association between AAR and any fatigue dimension on a daily basis (general fatigue:  

UC=0.00, t-ratio=1.91, p=.067; mental fatigue: UC=-0.00, t-ratio=-0.51, p=.618, physical 

fatigue: UC=-0.00, t-ratio=-0.06, p=.952).  
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There was no immediate effect of physical activity on any fatigue dimension (see 

Table 2) or on pain (UC=0.01, t-ratio=0.617, p=.543). However, physical fatigue negatively 

predicted subsequent physical activity (UC=6.67, t-ratio=5.49, p<.001, Pseudo-R²=0.04). 

Neither general fatigue (UC=-0.95, t-ratio=-1.28, p=.466), nor mental fatigue (UC=1.83, t-

ratio=1.38, p=.179), nor pain (UC=0.06, t-ratio=0.99, p=.331) was associated with 

subsequent physical activity. Results from analyses considering daily measures show that 

mean daily physical activity levels were associated with higher mean daily general fatigue 

levels the next day (UC=0.00, t-ratio=2.35, p=.027, Pseudo-R²=0.05), and higher physical 

activity levels were associated with same-day higher stress levels (UC=5.38, t-ratio=4.62, 

p<.001, Pseudo-R²=0.05). However, the interaction effect of mean daily stress x mean daily 

physical activity on next-day mean daily fatigue was not significant (UC=0.00, t-ratio=1.29, 

p=.199). Furthermore, neither momentary sCort (UC=0.00, t-ratio=0.31, p=.759) nor 

momentary sAA values (UC=-0.04, t-ratio=-0.52, p=.611) were associated with physical 

activity since the last measurement time point. Additionally to table 2, which depicts complete 

models of momentary fatigue levels, complete models predicting same-day mean 

associations (including the daily effects of sleep quality) can be accessed in the online 

supplement. 

As an association was found between mean daily physical activity and mean next-day 

general fatigue as well as between CAR and mean daily general fatigue, it seemed 

reasonable to expect a mediation of the physical activity – fatigue association by the CAR. 

However, physical activity did not turn not out to be a predictor of next-day CAR (UC=-0.00, 

t-ratio=-0.98, p=.339), which is a violation of the 2nd requirement for mediation (Korchmaros & 

Kenny, 2003). Therefore, the CAR had to be ruled out as mediator between physical activity 

and fatigue. The predictive effect of mean physical activity on next-day mean general fatigue 

and the predictive effect of the CAR on mean general fatigue therefore seem to be 

independent of each other.  
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Discussion 

We found that higher momentary cortisol values were associated with higher 

immediate physical fatigue in patients with FMS. Additionally, we found evidence that the 

CAR is a negative predictor of general and physical fatigue. There was no immediate 

association between physical activity and any of the fatigue dimensions or pain measured on 

a momentary basis (within days). Mean physical activity level throughout the day, however, 

positively predicted mean daily general fatigue levels the next day. Neither the CAR nor 

momentary cortisol values were associated with physical activity. Moreover, there was no 

association between sAA (either momentary values or AAR) and any fatigue dimension or 

preceding physical activity. 

The finding that a reduced CAR was intra-individually associated with higher fatigue 

symptoms during the remainder of the day complements research showing a reduced CAR 

in FMS (Riva, Mork, Westgaard, & Lundberg, 2012) or in other chronically fatigued 

populations (Powell, et al., 2013). In concert with the association of immediate cortisol values 

with physical fatigue, this implies that changes in daily HPA axis activity do indeed play an 

important role in symptom exacerbation in FMS. In contrast, we did not find an association 

between CAR and pain levels in a recent analysis in the same sample of patients with FMS 

(Fischer, et al., 2016), indicating a specific effect of changes in CAR on fatigue.  

To our knowledge, this is the first investigation of associations between sAA, a rather 

new marker of autonomic activity, and fatigue symptomatology in patients with FMS. 

However, our analyses did not show sAA to be a significant predictor of fatigue. Thus, our 

results imply that diurnal autonomic activation is not associated with increases or decreases 

in daily fatigue in FMS, which constitutes a valuable addition to current research on the role 

of ANS activity in FMS symptomatology. Due to the multitude of possible settings, stress 

measures, and ANS markers, more research is needed to paint a clearer picture of ANS 

functioning in association with symptom exacerbation in FMS. Future studies will thus have 
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to include markers of different aspects of the autonomic nervous system to achieve a more 

comprehensive view.  

The null results of HPA or ANS activity being a mediator between physical activity and 

fatigue levels speak for an independence of the influence of HPA axis activity and physical 

activity on fatigue on a daily basis. However, this does not automatically imply that there are 

no long-term effects of physical activity on fatigue that are mediated or moderated by HPA 

axis or ANS activity. Long-term prospective studies which address these assumptions, 

combining everyday with laboratory assessments, are lacking. 

Our results further suggest that everyday physical activity is not responsible for 

immediate symptom exacerbation in patients with FMS. On the other hand, our participants 

seemed to reduce their physical activity when feeling physically fatigued. This finding is in 

accordance with other studies in chronic pain patients, which showed a decrease in physical 

activity when higher fatigue was reported (Kop, et al., 2005; Murphy, Alexander, Levoska, & 

Smith, 2013). Additionally to these studies, our results suggest that the physical fatigue 

dimension is responsible for the effect on subsequent physical activity, which again 

underlines the importance of measuring fatigue multidimensionally. The null finding of an 

association between physical activity and mental fatigue is in line with another recent study 

(Segura-Jimenez, et al., 2015). The fatigue-enhancing effect of previous-day physical activity 

must be interpreted in light of the fact that participants reported higher levels of stress on 

days with increased physical activity. It is therefore conceivable that increased physical 

activity reflected having a “busy day” as opposed to being physically active as part of leisure 

activities or exercise. However, as feeling stressed is not a direct measure of “busyness”, this 

interpretation remains speculative. Nevertheless, from this perspective, our results do not 

contradict studies showing that patients with FMS benefit from exercise programs (for an 

overview see Busch, et al., 2008) or that physical activity is negatively associated with 

longer-term fatigue levels (Segura-Jimenez, et al., 2015). Rather, our findings underline the 

fact that patients with FMS might find it hard to begin and adhere to exercise programs (e.g. 
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Schachter, Busch, Peloso, & Sheppard, 2003) in view of physical fatigue experience. Future 

studies should compare leisure physical activity (or exercise) with everyday life physical 

activity in the context of work or other obligatory activities in terms of their influence on 

fatigue in FMS and follow up on the recovery.  

Our findings show that different dimensions of fatigue are influenced by different 

biological and behavioral factors. Specifically, the physical dimension of fatigue was more 

strongly related to markers of the HPA axis, whereas mental fatigue was associated neither 

with CAR nor with momentary cortisol. Despite not being a perfect match with our design, 

Riva and colleagues (2012) also found physical, but not mental, fatigue to be associated with 

urinary epinephrine levels. It thus seems that experiencing physical fatigue is more strongly 

related to biological processes than mental fatigue. This implies that patients probably benefit 

most from interdisciplinary treatment approaches targeting biological and psychological 

aspects of fatigue. Clearly, more research is needed on this matter. 

One major strength of our study is the high ecological validity due to its ambulatory 

assessment approach. The assessment period of 14 days with five measurements each day 

produced a sufficiently high number of observations, and enhances statistical power and 

reliability. Due to these multiple observations, we were able to detect within-individual as well 

as within-day and between-day associations. Another strength is the objective and 

continuous assessment of physical activity. Furthermore, analyses were controlled for 

various potential confounders such as sleep quality or time since awakening. On the other 

hand, internal validity is always a critical issue in studies using ambulatory assessment 

designs, because it cannot be completely ruled out that measures are influenced by 

unassessed variables. Additionally, our sample size of 26 might have led to an 

underestimation of random effects (Maas & Hox, 2005). A sample size of about 20-30 is, 

however, well within the range of other studies on patients with FMS using similar designs, 

whereas a study period of 14 days (resulting in a large sample size at level 1) exceeds those 

of most comparable studies (e.g. Bellamy, Sothern, & Campbell, 2004; Kop, et al., 2005; 
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Korszun et al., 2002). Given that we additionally exclusively interpret fixed effects referring to 

level-1 variables, we are confident about the validity of our findings. Excluding male patients 

with FMS as well as FMS patients with a comorbid depressive episode reduced the 

representativeness of our sample. However, these measures were necessary to control for 

effects of those variables on biological markers. 

In sum, we showed that HPA axis activity plays a critical role in fatigue experienced 

by patients with FMS during their normal daily living. ANS activity did not turn out to be a 

predictor of any fatigue dimension on a momentary or a daily basis. Furthermore, everyday 

life physical activity had no immediate effect on fatigue or pain exacerbation. The effects of 

HPA axis functioning and physical activity were independent of each other (concerning their 

influence on each other as well as on fatigue). Moreover, the physical fatigue dimension 

appeared to be more strongly associated with HPA axis functioning, whereas mental fatigue 

was not. Thus, our recommendation is to include different dimensions of fatigue in future 

studies, which ideally combine different levels of observation (subjective, behavioral, 

biological) in a long-term longitudinal design using both ambulatory and laboratory 

assessment strategies. Health care professionals should now consider the role of physical 

fatigue when trying to enhance physical activity in patients with FMS. 
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Figure legend 

Fig. 1 Daily profiles of physical activity (upper left), general fatigue (upper right), mental 

fatigue (lower left), and physical fatigue (lower right) averaged across 14 days of 

measurement (mean ± standard error of mean), N = 26, general, mental, and physical 

fatigue were assessed on a scale from 0 (not at all) to 4 (very much). 
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Table 1 

Descriptive analyses of relevant parameters  

 M (±SD) 

At the moment…  

… I am in this much pain (0-100)  49.59 (±24.79) 

… I feel fatigued (0-4) 2.21 (0.98) 

… I can concentrate well (0-4) 1.99 (0.74) 

… I feel physically fit (0-4) 1.64 (0.80) 

… I feel stressed out (0-4) 1.48 (1.04) 

“How well did you sleep last night?” 66.02 (23.38) 

Note. Mean and standard errors of the items at four measurement time points per day  
(11am, 2pm, 6pm, 9pm) over 14 days, sleep quality was reported at awakening once daily 
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Table 2 

Hierarchical linear models predicting momentary general, mental, and physical fatigue (N=26) using restricted maximum likelihood.  

Outcome General fatigue Mental fatigue Physical fatigue 

fixed effects UC SE t-ratio UC SE t-ratio UC SE t-ratio 

intercept 1.98 0.12 16.36*** 2.24 0.13 17.43*** 2.05 0.13 15.21*** 

level 2          

 Sleep quality (person 

mean) 

0.00 0.01 0.14 0.01 0.01 1.69 0.00 0.00 0.25 

 BMI 0.07 0.02 3.27** 0.03 0.02 1.63 -0.03 0.02 -1.71 

 SSCS 0.03 0.01 2.65* 0.01 0.01 0.99 -0.00 0.01 -0.05 

 WPI 0.05 0.02 2.59* -0.02 0.03 -0.64 0.00 0.01 0.26 

 Thyroid dysfunction -0.43 0.13 -3.32** -0.08 0.15 -0.44 0.03 0.11 0.30 

 High blood pressure 0.86 0.12 6.97*** -0.08 0.12 -0.67 0.05 0.25 0.21 

level 1          

 time since awakening 0.00 0.00 3.33*** -0.00 0.00 -3.61*** -0.00 0.00 -5.23*** 

 momentary pain 0.01 0.00 5.65*** -0.01 0.00 -6.86*** -0.02 0.00 -7.78*** 

 momentary stress 0.26 0.05 5.30*** -0.12 0.02 -4.70*** -0.01 0.03 -0.29 

 momentary cortisol -0.00 0.00 -0.03 -0.01 0.00 -1.89 -0.01 0.01 -2.73* 
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value 

 physical activity 2-3 

hours before 

measurement 

0.00 0.00 0.22 -0.00 0.00 -1.39 -0.00 0.00 -0.88 

random effects SD VC χ² SD VC χ² SD VC χ² 

Intercept 0.39 0.15 423.97*** 0.45 0.20 664.42*** 0.37 0.14 391.45*** 

momentary pain 0.01 0.00 75.29*** 0.01 0.00 45.91** 0.01 0.00 50.49** 

momentary stress 0.22 0.05 130.49*** 0.09 0.01 48.46** 0.11 0.01 47.71** 

momentary cortisol level 0.02 0.00 45.59** 0.01 0.00 41.94* 0.02 0.00 48.07** 

physical activity 0.00 0.00 26.31 0.00 0.00 29.59 0.00 0.00 21.55 

Note. UC: unstandardized coefficients, SE= standard error, SD = standard deviation, VC = Variance Component, SSCS = Screening Scale for 

Chronic Stress – Subscale of the Trier Inventory for Chronic Stress, WPI = Widespread Pain Index, CAR = cortisol awakening response; 

***p<.001, **p<.01, *p<.05, for general fatigue, higher values imply a higher level of the construct (a positive association implies an increase in 

general fatigue with an increase in the respective predictor); for mental and physical fatigue, higher values imply a lower level of the construct (a 

positive association implies an increase in mental or physical fatigue with a decrease in the respective predictor)   
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6.5 Zusammenfassung (German summary) 

Erschöpfung ist eine alltägliche subjektive Erfahrung, die als Reaktion auf eine 

mentale oder körperliche Belastung sowie im Laufe eines Tages gegen Abend vermehrt 

auftritt. Erschöpfung kann als eindimensional oder mehrdimensional (z.B. eine körperliche 

und eine mentale Qualität umfassend) begriffen werden. Sie deutet dem Organismus, sich 

zu erholen und erfüllt somit eine wichtige psychobiologische Funktion. Von klinisch 

bedeutsamer Erschöpfung wird dann gesprochen, wenn die Erschöpfung nur unzureichend 

durch Erholungsverhalten abgebaut werden kann. Als medizinisch unerklärt gilt sie, wenn 

kein bekannter somatischer Grund für die Erschöpfung gefunden werden kann. Klinisch 

bedeutsame, medizinisch nicht erklärte, Erschöpfung bedingt starke funktionale wie 

emotionale Beeinträchtigungen für die betroffene Person. Weiterhin werden immense Kosten 

im Gesundheitssystem auf Erschöpfungszustände zurückgeführt. Es liegen verschiedene 

Definitionen, Klassifikations-Richtlinien, und Bezeichnungen für Syndrome vor, deren 

Hauptsymptom medizinisch unerklärte Erschöpfung ist.  

In Form eines Übersichtsartikels wurde daher zunächst ein Überblick über die 

prominentesten Beispiele von Definitionen von Erschöpfungssyndromen (Neurasthenie, das 

chronische Erschöpfungssyndrom und Burnout) erstellt (Doerr & Nater, 2013). Außerdem 

wurde in diesem Artikel die Abgrenzung der Syndrome zu Depression diskutiert. Der 

Übersichtsartikel schlussfolgert, dass die Syndrome in der Tat in ihren Kriterien stark 

überlappend und daher nicht sinnvoll voneinander abzugrenzen sind. Im Hinblick auf 

Depression liegen allerdings nicht-überschneidende Symptome vor, die eine Abgrenzung 

ermöglichen. Vor allem sollte Wert auf eine gründliche Ausschluss-Diagnostik gelegt und die 

Funktionalität der Begriffe reflektiert werden, bevor sie Verwendung finden.  

Es scheint von besonderer Bedeutung, herauszufinden, wie das Symptom 

Erschöpfung entsteht und welche Mechanismen zu klinisch bedeutsamer, medizinisch 

unerklärter Erschöpfung führen. Ein solcher Mechanismus könnte „Stress“ sein, der als eine 

psycho- (sich „gestresst“ fühlen) biologische (Aktivierung des Körpers) Reaktion auf eine 



MECHANISMS OF FATIGUE IN EVERYDAY LIFE – Appendix – 6.5 Zusammenfassung 

THESIS JOHANNA M. DÖRR  121 

Anforderung, die von der individuellen Person als bedrohlich erlebt wird, definiert ist. Als 

wichtigste Stress-responsive biologische Systeme gelten die Hypothalamus-Hypophysen-

Nebennierenrinden-Achse (HHNA) sowie das Autonome Nervensystem (ANS).  

Ziel der empirischen Untersuchungen, die in dieser Dissertation zusammengefasst 

sind, war es, den Zusammenhang zwischen Stress und Erschöpfung sowie interagierenden 

Faktoren auf biologischer Ebene (Aktivität der HHNA und des ANS), subjektiver Erlebens-

Ebene (Schlafqualität als Zeichen für Erholung), sozialer Ebene (Partner), sowie 

behavioraler Ebene (körperliche Aktivität) im Alltag zu untersuchen. Hierfür wurden Studien 

in Ambulanten Assessment-Designs (Erhebungen von Daten im Alltag von Personen) 

durchgeführt, um eine direkte Überführbarkeit der Ergebnisse auf Alltags-Situationen zu 

gewährleisten. In allen Studien wurden die subjektiven Angaben der Probanden zu mehreren 

Messzeitpunkten täglich über mehrere Tage hinweg jeweils mit Hilfe von Eingaben in iPod 

touchs® erfasst. Biologische Parameter wurden mit Hilfe von Speichelproben ermittelt, die zu 

den gleichen Messzeitpunkten gesammelt wurden, und aus denen Cortisol als Marker der 

HHNA-Aktivität und Alpha-Amylase als Marker der ANS-Aktivität extrahiert wurden.  

Die erste Studie überprüfte die mögliche Reziprozität von Stress und Erschöpfung 

sowie die Mediation des Zusammenhangs von Stress und Erschöpfung durch Schlafqualität 

oder HHNA- und ANS-Aktivität. Die Erhebung fand in einer Studierenden-Stichprobe in zwei 

unterschiedlichen Phasen (zu Beginn des Semesters sowie in der Prüfungsvorbereitung) 

statt. Die Reziprozität von Stress und Erschöpfung sowie die Mediation des 

Zusammenhangs von Stress am Vortag und Erschöpfung am nächsten Tag über 

Einschränkungen in der Schlafqualität bestätigten sich. Es fanden sich keine Hinweise auf 

eine Mediation des Zusammenhangs von Stress und Erschöpfung über die Aktivität der 

HHNA oder des ANS.  

In der zweiten Studie wurde in einer Stichprobe aus Paaren (Doerr, Nater, Spoerri, 

Ehlert, & Ditzen, ready to be submitted) die Annahme überprüft, dass sich die alltägliche 

Erschöpfung abhängig von Einflüssen des Partners zeigt. So wurde von den Paaren eine 
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geringere Erschöpfung angegeben, je positiver die Interaktion mit dem Partner eingeschätzt 

wurde. Weiterhin konnte die Annahme, dass Erschöpfung, Stress, und der Ausstoß von 

Cortisol bei Paaren co-reguliert sind (also in positiver Abhängigkeit von den jeweiligen 

momentanen Werten des Partners stehen), bestätigt werden. Eine Co-Regulation der Alpha-

Amylase-Werte mit denen des Partners zeigte sich nur bei Frauen. 

Die dritte Studie (Doerr, Fischer, Nater, & Strahler, under review) umfasste eine 

Stichprobe aus Fibromyalgie-Patientinnen (die neben chronischen Schmerzen auch von 

klinisch bedeutsamer Erschöpfung betroffen sind). Neben den subjektiven Angaben und den 

biologischen Werten wurde hier zusätzlich die Bewegungsmessung mit Hilfe von Aktigraphie 

in die Analysen einbezogen. Es zeigte sich eine Vorhersage täglicher (genereller und 

körperlicher) Erschöpfung durch die Cortisol-Aufwachreaktion am morgen. Weiterhin hing 

momentane körperliche Erschöpfung mit erhöhten Cortisol-Werten zusammen. Körperliche 

Aktivität des Vortags zeigte einen Zusammenhang mit Erschöpfung am Folgetag, der jedoch 

nicht über Cortisol oder Alpha-Amylase-Werte mediiert wurde. Weiterhin zeigte sich 

momentane Erschöpfung unabhängig von vorausgehender körperlicher Aktivität. Körperliche 

Erschöpfung sagte jedoch anschließende körperliche Aktivität negativ vorher.  

Als Schlussfolgerung lässt sich festhalten, dass Stress alltägliche Erschöpfung 

vorhersagt (was vor allem in der ersten Studie deutlich wird). Die Reziprozität dieser 

Beziehung sollte in zukünftigen Studien näher untersucht werden. Als wichtiger vermittelnder 

Mechanismus zwischen Stress und Erschöpfung von einem Tag auf den anderen stellte sich 

Schlaqualität heraus. In keiner Studie fanden sich Hinweise auf eine Mediation des 

Zusammenhangs von Stress und Erschöpfung über Veränderungen in der Aktivität der 

HHNA oder des ANS auf momentaner oder täglicher Ebene. Dies schließt jedoch nicht aus, 

dass sich, durch Stress verursachte, langfristigere Veränderungen in der Aktivität dieser 

Systeme auf Erschöpfung auswirken. Hinweise auf diese Annahme finden sich (bzgl. der 

HHNA) in der dritten Studie. Es sollten sich Studien anschließen, die einen längeren 

Zeitraum (Monate bis Jahre) umfassen. Bezüglich möglicher Interventions- und 
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Präventionsansätze scheint der Einsatz von Stress-Management-Techniken, inklusive einer 

Erhöhung der Schlafhygiene, sowie der Einbezug des Partners/ der Partnerin (sofern 

vorhanden) von herausragender Bedeutung. Weiterhin sollten Interventionen, die auf die 

Erhöhung von körperlicher Aktivität bei chronisch erschöpften Personen abzielen, diese auf 

einen möglichen kurzfristigen Anstieg von Erschöpfung psychoedukativ vorbereiten.   
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6.6 Content of supplementary CD 

 

A:    online supplement of study 1: list of equations  

B: online supplement of study 2 (tables): overview of the full 

models of co-regulation of stress, cortisol, and salivary alpha-

amylase 

C:  online supplement of study 3 (table): overview of full models of 

same-day mean associations (including the daily effects of 

sleep quality)  
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6.7 Curriculum Vitae 
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