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Abstract

Introduction—Chronic Fatigue Syndrome (CFS) is a poorly understood illness that is
characterized by diverse somatic symptoms, hypothalamic pituitary adrenal (HPA) axis
dysfunction and heightened inflammatory indicators. These symptoms are often exacerbated and
accompanied by psychological distress states and depression. Since depression is known to be
associated with HPA axis dysfunction and greater inflammation, a psychoneuroendocrinological
(PNE) model of inflammation was examined in persons diagnosed with CFS in order to uncover
underlying biopsychosocial mechanisms in this poorly understood chronic illness.

Methods—Baseline data were drawn from two randomized controlled trials testing the efficacy
of different forms of psychosocial intervention, and included psychological questionnaires, di-
urnal salivary cortisol, and blood samples. Data were analyzed with structural equation modeling
(SEM).

Results—The sample (N=257) was mostly middle-aged (Mage=49.41 + 10.9, range=20-73
years), White non-Hispanic (69.3%), female (84.8%), highly educated (87.5% completed some
college, college, or graduate program), and depressed (CES-D M =23.87 + 12.02, range 2-57).
The SEM supporting a psychoneuroendocrinological model of immune dysregulation in CFS fit
the data X2 (12) = 17.725, p=0.1243, RMSEA= 0.043, CFI=0.935, SRMR=0.036. Depression was
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directly related to evening salivary cortisol and inflammation, such that higher evening cortisol
predicted greater depressive symptoms (p=0.215, p<0.01) and higher pro-inflammatory cytokines
(interleukin-2 [IL-2], IL-6, and tumor necrosis factor-alpha [TNF-a] levels (=0.185, p<0.05),
when controlling for covariates.

Discussion—Results highlight the role of depression, cortisol and inflammation in possible
biological mechanisms involved in the pathophysiology of CFS. Time-lagged, longitudinal
analyses are needed to fully explore these relationships.
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1. INTRODUCTION

Chronic fatigue syndrome (CFS) is a chronic unremitting condition with an estimated
worldwide prevalence of 0.8-3.5% (Bhui et al., 2011), and is overrepresented among women
(Klimas and Koneru, 2007). The disorder is a mysterious and debilitating inflammatory
illness with no known etiology or cure. CFS symptoms include debilitating fatigue, post-
exertional malaise, sore throat, and unrefreshing sleep, among other varied somatic
symptoms (Fukuda et al., 1994). Research has revealed physiological manifestations of the
disease, such as dysregulated cortisol awakening response (CAR) and cytokine expression
imbalance, which are both shown to be associated with psychological distress in otherwise
healthy individuals and those suffering from similar disorders such as fibromyalgia
(Marques et al., 2009; Menzies et al., 2013a; Powell et al., 2013; Sutcigil et al., 2007;
Vreeburg et al., 2013). However, there is less known about how cortisol relates to
inflammatory cytokine levels in this patient population.

Cortisol dysregulation has been shown in CFS (Nater et al., 2008), which is significant
because chronically dysregulated cortisol can result in poorer inflammatory control (Cohen
etal., 2012). Periods of increased perceived stress or depression can have deleterious effects
on immune functioning (Anderson et al., 2014; Silverman and Sternberg, 2012; Wright et
al., 2015). The concept of allostatic load, which was put forth by McEwen and colleagues
(McEwen, 2000) may be relevant here (Arroll, 2013). One of the concepts in allostatic load
is the idea that cortisol is immunosuppressive under short term, acute conditions. However,
with chronic increased cortisol secretion, the cells and tissues of the body become less
responsive to cortisol (i.e., glucocorticoid resistance, GR) (Cohen et al., 2012; Marques et
al., 2009; McEwen, 2000). Once glucocorticoid resistance occurs, immune cells are less
responsive to the immunosuppressive actions of cortisol; therefore, pro-inflammatory
cytokine production is relatively uninhibited (Cohen et al., 2012; Marques et al., 2009;
McEwen, 2000; Silverman and Sternberg, 2012).

Hypothalamic pituitary adrenal (HPA) axis functioning can be evaluated in many ways. The
cortisol awakening response (CAR) either with respect to baseline or increased levels (area

under the curve with respect to ground [AUCg] and increase [AUCI], respectively), cortisol

diurnal slope, and evening cortisol levels are all indicators of HPA functioning and have
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been implicated in chronic stress and depression (Herbert, 2013; Hsiao et al., 2010; Powell
et al., 2013). Given the putative role of inflammatory signaling in CFS (Broderick et al.,
2010; Fletcher et al., 2009; Jason et al., 2011; Klimas and Koneru, 2007; Morris et al., 2016;
Peterson et al., 2015), it is important to evaluate the effect of HPA functioning on
inflammatory markers in CFS patients, yet little work exists, especially using structural
modeling techniques.

Because links between psychological adversity and neuroimmune processes (i.e.
glucocorticoid resistance and inflammation) have been established in many conditions
(Cohen et al., 2012; Marques et al., 2009; Pace et al., 2007), it is important to consider the
role of psychological distress states such as depression in CFS (Jason et al., 2011). CFS is
commonly comorbid with depression. In a study comparing CFS, fibromyalgia and irritable
bowel syndrome, CFS sufferers experienced more mood and anxiety disorders (ORs=2.00—
4.08 and 1.63-2.32, respectively) than the other groups (Janssens et al., 2015). The
interaction of HPA dysregulation, depression, and inflammation may account for the
debilitating fatigue and somatic symptoms of CFS/ME by way of sickness behavior
processes (Dantzer et al., 2008; Maes, 2011). There is evidence that HPA dysregulation
predicts depression and inflammation, and that depression itself is also directly linked to
inflammation; however, a model simultaneously examining the direct and indirect effects of
depression on cortisol variables and inflammation has not yet been tested in the CFS
population using statistical approaches such as structural equation modeling (SEM) (Maes,
2011; Menzies et al., 2013b; Morris et al., 2015). Analytical approaches such as SEM are
particularly useful for simultaneously estimating indirect and direct effects of factors that are
possibly involved in the dysregulation of homeostatic systems evident in this heterogeneous
disorder. The present study aims to test a pyschoneuroendocrinological model in this patient
population to examine the inter-relationships among depressive symptoms and multiple
indicators of HPA axis function and inflammation.

2. METHODS

2.1. Participants

Participants in this study were participating in one of two trials evaluating the effects of
psychosocial interventions. Baseline data using in this analysis were derived from the
women who participated in the trials. Recruitment procedures for one of these trials are
described elsewhere, and reflect the procedures used in the second trial (Hall et al., 2014;
Lattie et al., 2012b). All participants received a physician-determined CFS diagnosis, as
defined by the CDC criteria (Fukuda et al., 1994). Recruitment methods included physician
referral, support groups, CFS conferences and advertisements in CFS-related websites.
Participants were eligible if they were fluent in English, and were between the ages of 21
and 75 years.

Potential participants were excluded from the study if they met criteria for schizophrenia,
bipolar disorder, substance abuse, or if they were actively suicidal, as assessed by a brief
screening measure adapted from the Structured Clinical Interview for the DSM-IV (First et
al., 1997). Participants were also excluded if they showed markedly diminished cognitive
capabilities, as evidenced by making four or more errors on the Short Portable Mental Status

Int J Psychophysiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Milrad et al.

Page 4

Questionnaire (Pfeiffer, 1975). Presence of another condition (e.g. AIDS, lupus, rheumatoid
arthritis) that might influence biological processes associated with CFS symptomatology, or
taking medications that would modulate immune or neuroendocrine functioning excluded
participants from the study. Potential participants were also excluded from the study if they
were suffering from untreated obstructive sleep apnea (OSA). A total of approximately 220
screened participants were excluded from the two studies.

Participants who met criteria signed an informed consent form and were administered a
battery of self-report measures. Salivary cortisol samples were collected for two consecutive
weekdays, and a blood sample was drawn by a certified phlebotomist, all within a span of 10
days. After completing these assessments participants were compensated with $50.

2.2. Center for Epidemiologic Studies Depression Scale (CES-D)

The CES-D (Radloff, 1977) is a 20-item measure that assesses depressive symptomatology
over the past week. Participants were asked questions such as “I felt sad” and responded on a
4 point scale ranging from “Rarely or none of the time (<1 day)” to “Most or All of the Time
(5-7 days).” A score of 16 or above indicates clinically significant depressive symptoms.
The reliability coefficient for the CES-D is 0.85 in the general population, 0.90 in an in-
patient psychiatric population (Radloff, 1977), and 0.88 in a chronically ill population of
HIV patients (Gay et al., 2016).

2.3. Salivary Cortisol

We provided the participants with 8 Salivette® tubes, as described previously (Hall et al.,
2014; Lattie et al., 2012a). Participants provided saliva samples from two consecutive
weekdays, on which they were asked to take a sample at awakening, 30 minutes after
awakening, at 4 pm and at 9 pm. Participants were instructed to abstain from eating or
drinking before and between the first two samples each day, and to avoid eating a large meal
an hour before the afternoon and evening samples. Participants were also asked to avoid
alcohol for at least 12 hours prior to sample collection and to avoid vigorous exercise on
sample collection days. Following the collection of samples, participants were instructed to
freeze the Salivette® tubes in their home freezers in order to keep the salivary cortisol stable
until it was retrieved by a member of the study staff or mailed back to the lab. Once
received, saliva samples were frozen at —20°C until enough samples were accumulated to be
assayed in batches. On the day of the assay, saliva samples were thawed, vortexed and
centrifuged at 1500 RPM for 15 minutes. Samples were then assayed using the Salimetrics
high sensitivity ELISA kit (State College, PA). The present study only focused on
awakening and 30 minutes post awakening to calculate the AUC values. In addition evening
(9 pm) averaged cortisol values were computed separately. Area under the curve with respect
to ground (AUCg) and increase (AUCI) were also calculated (Powell et al., 2013). AUC
values were used to approximate the cortisol awakening response (CAR), while evening
cortisol was analyzed separately.

2.4. Circulating Pro-Inflammatory Cytokines

Blood was centrifuged and plasma stored at —80°C within 4 hours of collection until the
samples were assayed in batches and in duplicate. Circulating pro-inflammatory cytokines

Int J Psychophysiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Milrad et al.

Page 5

interleukin-2 (IL-2), IL-6 and tumor necrosis factor-alpha (TNF-a.) were measured from
blood plasma as previously described (Fletcher et al., 2009) using the an ELISA-based test
(Q-Plex™ Human Cytokine —Screen, Quansys Biosciences Logan, Utah). Images of the
ELISA plate were captured using Quansys Imager, driven by an 8.4 megapixel Canon 20D
digital SLR camera, and analyzed using Quansys Software. In order to assure compatibility
with measurements of cytokines in previously published studies in the field (Chiswick et al.,
2012; Trune et al., 2011; Wong et al., 2008), the antigen standard concentrations used by
Quansys (R&D) were referenced to “gold standard” for each cytokine represented on the
multiplex plate as previously described (Lattie et al., 2012b).

2.5. Statistical Analyses

Descriptive analysis of the sample was run using IBM SPSS Statistics software version 24.
Structural equation modeling (SEM) analyses were performed using Mplus software version
7.4 (Muthen and Muthen, Los Angeles, CA). Cross-sectional direct and indirect associations
between observed measures and a hypothesized latent construct were estimated
simultaneously using maximum likelihood estimation (Markus, 2012). According to
traditional SEM practices, the analyses were performed in two steps. First, a confirmatory
factor analysis (CFA) was conducted to establish construct validity (Markus, 2012). The
latent construct /nflammation was hypothesized to represent the common variance among
selected indicators including circulating serum pro-inflammatory I1L-2, IL-6, and TNF-a.
The latent construct HPA Dysregulation was similarly composed of indicators including area
under the curve with respect to increase (AUCI), area under the curve with respect to ground
(AUCQg), and evening cortisol concentration. These indicators were chosen because of their
relevance to the factor and also to this patient population (Fletcher et al., 2009; Gupta et al.,
1997; Moss et al., 1999; Pandi-Perumal et al., 2007; Powell et al., 2013). Then, path analysis
was performed to analyze direct associations between validated latent constructs and other
measured variables (Markus, 2012). Cortisol and cytokine data were winsorized and/or log-
transformed (i.e. In(IL-6+1)) to meet assumptions of normality. Inflammation was regressed
on evening cortisol and depression, while controlling for participants’ age, education level,
and gender, as those variables have been shown to affect both HPA functioning and
inflammation (O'Connor et al., 2009). Model fit indices were compared against Root Mean
Square Error of Approximation (RMSEA) < 0.05, Comparative Fit Index (CFI) = 0.95, and
Standardized Root Mean Square Residual (SRMR) < 0.08 (Kline, 1998). Chisquare tests
were also used to confirm model fit at a=0.05 (Kline, 1998).

3. RESULTS

The sample (N=257) was mostly middle-aged (Mage=49.41 + 10.9, range=20-73 years),
White non-Hispanic (69.3%), female (84.8%), highly educated (87.5% completed some
college, college, or graduate program), and depressed (CES-D M =23.87 + 12.02, range 2—
57), as shown in Table 1. Two latent factors were operationalized: 1) HPA Dysregulation
indicated by AUCg, AUCI, and evening cortisol; and 2) /nflammation indicated by IL-2,
IL-6, and TNF-a.. The CFA yielded a measurement model of adequate fit according to
previously established standards (Markus, 2012) X2(8): 13.306, p=0.1017, RMSEA= 0.052,
CF1=0.957, SRMR=0.048. Standardized and unstandardized factor loadings, which were
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shown to have statistically significant associations between each measured indicator and
respective latent construct, are shown in Table 2.

Evening cortisol did not load as strongly onto the HPA Dysregulation factor as the other
indicators pertaining to cortisol awakening response (Table 2). The normalized residual
between evening cortisol and circulating IL-6 was 2.426. The correlation between the two
latent constructs was not significant (®=-0.005, se=0.084, p=0.956). The results are
presented in Figure 1 (unstandardized loadings).

The results of the CFA showed no correlation between the two latent constructs HPA
Dysregulation and Inflammation, and implied that evening cortisol should be considered as a
separate indicator of diurnal cortisol abnormalities (i.e. as an indicator of flattened diurnal
cortisol slope). Because prior literature showed that evening cortisol was related to cytokine
levels that peak during the night (i.e. IL-6) (Logan and Sarkar, 2012; Nakamura et al., 2010;
Vgontzas et al., 2002), and that evening cortisol levels are associated with depression (Hsiao
et al., 2010; Kabia et al., 2015), a new model was tested that used only (observed) evening
cortisol as an indicator of HPA functioning. The latent construct /nflammation was regressed
on depression and evening cortisol (Figure 2) while controlling for possible confounding
variables age, educational status (as a measure of socio-economic status) and gender
(O'Connor et al., 2009). Taking into account the results from the CFA, and modification
indices of the first model, evening cortisol and IL-6 were covaried. The resulting mixed
structural regression model fit the data and supported that evening cortisol predicts greater
depressive symptoms, which predict greater inflammation (2 (12) = 17.725, p=0.1243,
RMSEA=0.043, CFI=0.935, SRMR=0.036). Table 3 summarizes the structural and
regression-based results.

This model includes the direct effect of evening cortisol on depression ($=0.215, se= 0.063,
p=0.001), such that a one unit increase in evening cortisol relates to a 0.215 standardized
unit increase in depression severity (as measured by the CES-D), when controlling for age,
gender, and education. The model also supports the direct association between depression
and inflammation ($=0.185, SEM=0.086, £=0.048), when controlling for age, gender, and
education, such that a one unit increase in depression results in a 0.185 standardized unit
increase in inflammation. There is a positive indirect effect of evening cortisol on
inflammation, via depression ($=0.185, SEM=0.086, £=0.048), such that a one unit increase
in evening cortisol relates to a 0.185 standardized unit increase in inflammation, with respect
to a one unit increase in depression, when controlling for the effects of age and gender.
There is no significant direct effect of evening cortisol on inflammation ($=0.016,
SEM=0.093, p=0.865). There are no indirect effects of evening cortisol on the relationship
between depression and inflammation (no support of evening cortisol as a mediator,
(=0.00). The model supports the indirect path between evening cortisol, depression, and
inflammation (with depression as the intermediate in this pathway) (8=0.039). Among the
variables entered as covariates, only education exerted a negative direct effect on
inflammation (= —0.228, se=0.080, p=0.004), such that a one unit increase in education
results in a —0.228 standardized unit decrease in inflammation (Figure 2, path shown). All
other covariates (age and gender) did not show significant associations with depression or
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inflammation (all p’s>0.05). Finally, the covariance between evening cortisol and IL-6 was
significant (¢= 0.154, se= 0.075, p=0.041).

4. DISCUSSION

The present study tested a structural model examining the relationships between HPA
dysregulation, depression and inflammation in persons diagnosed with chronic fatigue
syndrome (CFS). A CFA showed that the two latent factors HPA Dysregulation and
Inflammation adequately captured shared variance of indicators AUCg, AUCi and evening
cortisol; and IL-6, IL-2, and TNF-a, respectively. A mixed structural regression model fit
the data, and supported the theory that greater evening salivary cortisol predicts greater
depression, which predicts greater circulating pro-inflammatory cytokines (IL-2, IL-6, TNF-
a). Interestingly, results showed that evening cortisol levels were not directly associated
with inflammation, as defined.

That evening cortisol levels were associated with depression corroborates findings from
studies conducted in adolescents and older adults (Kabia et al., 2015; Van den Bergh and
Van Calster, 2009). There is also evidence that cortisol awakening response (CAR) area
under the curve (AUC) measurements are not consistently related to depression in other
work (Adam et al., 2010; Carnegie et al., 2014). In a sample of healthy individuals, trait
hopelessness reactivity, which was related to the likelihood of developing depression in
other studies, was correlated with an increased CAR(van Santen et al., 2011); therefore, our
use of the CES-D did not capture this subtle facet of depression, which may explain our
negative results. In a sample of otherwise healthy participants suffering from burnout and
healthy controls, the CAR was not significantly different between the control and burnout
groups, nor was depression related to the CAR in the burnout group (Mommersteeg et al.,
2006). Burnout syndrome is characterized by many of the same symptoms of CFS, including
but not limited to exhaustion, muscle aches and pains, concentration and memory problems,
and tension headaches. Perhaps, the CAR more easily reflects variance in trait-like negative
attitudes in healthy individuals versus that of individuals with depressive and comorbid
somatic symptoms. The mechanism behind these myriad apparent distinctions is an
extremely complicated area of psychoneuroendocrinology that warrants further study
(Saxbe, 2008).

The CAR has been studied extensively in CFS; however, the sample characteristics across
studies differ with respect to whether or not depression status is an exclusionary factor
(Amel Kashipaz et al., 2003). The results of the present study underscore the importance of
examining evening cortisol levels in a sample of CFS individuals who also present with
varying levels of depressive symptoms. Depression was also shown to predict increased
inflammation in healthy and chronically ill individuals (Berk et al., 2013; Dantzer et al.,
2008). The results presented here add to the literature relating greater depressive symptoms
to greater inflammation, and extend these findings to men and women with CFS.

The results showing that evening cortisol or HPA Dysregulation did not correlate with
inflammation (as defined in our study) did not support the theory that cortisol would affect
inflammatory cytokine levels either by acting as an immunosuppressive agent or would
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reflect glucocorticoid resistance (possibly due to CFS and/or chronic stress). The idea of
glucocorticoid resistance in CFS is controversial. Indeed, there is some recent evidence of
glucocorticoid hypersensitivity in CFS (de Vega et al., 2017; Papadopoulos et al., 2009;
Vangeel et al., 2015).Using evening cortisol as the index of HPA functioning in our model
might not have adequately captured the hypo- or hyper-sensitivity to glucocorticoids that is
sensitive to mood fluctuation or intrinsic in CFS patient phenotypes. Moreover, our study did
not use DST or LPS challenge experimental paradigms which would better capture HPA
dysregulation dynamically /in vivo or in-vitro, respectively (Gaab et al., 2005; Zhang et al.,
2016). Our results, among others, solicit the need for further research exploring psycho-
neuro-endocrine-immune relationships, especially in this patient population and particularly
when taking into account the inconsistent results seen currently in the literature (Light et al.,
2012).

Although this study generated some provocative findings there are several limitations that
must be kept in mind when interpreting the results. The model tested was based on
secondary analyses of cross-sectional, baseline data from previously conducted psychosocial
intervention trials. As in many secondary analyses, not all key information is available for
examining the role of competing or confounding variables. For instance, the study did not
examine the effects of BMI, which is usually included as a covariate in endocrinological and
immunological research (O'Connor et al., 2009), because the data was not available on all
cases. There are also other indicators of endocrine dysfunction or inflammation that were
not measured in this study (e.g. GC receptor or inflammatory gene expression), and those
variables might better measure relevant phenomena such underlying proposed associations
between glucocorticoid receptor resistance and poorer inflammatory control (Antoni et al.,
2012; Cohen et al., 2012). While the CES-D has high reliability for depressed and
chronically ill individuals, caution is warranted in interpreting these results, as the CES-D
has two items that might overlap with CFS symptoms (i.e. trouble concentrating, restless
sleep).

Additionally, many of the mechanisms posited in this area of research are bidirectional and
are potentially affected by related variables, such as sleep (Lorton et al., 2006; Milrad et al.,
2017; Pace et al., 2007). We have reported elsewhere that greater sleep disruption is
associated with greater inflammation in CFS patients (Milrad et al., 2017). Inflammation can
directly cause depressive symptoms, as pro-inflammatory cytokines can cross the blood-
brain barrier to induce sickness behavior and depressed mood (Dantzer, 2009). Inflammatory
cytokines can also negatively impact glucocorticoid signaling (Marques et al., 2009).
Importantly, relatively little is known about the ways that the clinical symptoms of CFS
fluctuate in response to variability in the psychological, endocrine and inflammatory
measures tested in the present study, though there is some preliminary evidence linking CFS
symptom exacerbation to psychological adversity (Antoni et al., 1994; Bhui et al., 2011,
Chan et al., 2014; Lattie et al., 2012b; Lopez et al., 2011). However most of these studies are
cross-sectional.

Therefore, future studies using longitudinal designs and employing structural equation
modeling and latent growth modeling should be applied using these variables to further
assess the biobehavioral processes that were tested in this study in relation to the waxing and
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waning of CFS symptoms over time. These findings shed light specifically on important
associations between individual differences in depression, one HPA axis dysregulatory
indicator, and inflammatory markers in CFS, a poorly understood condition that is likely
maintained and exacerbated as a function of psychological adversity and accompanying
neuroimmune processes. Further research should be aimed at assessing mechanisms of
change of these variables and at improving these interacting variables synergistically. If
depression plays a key role in determining neuroimmune processes that underlie the
symptomology of CFS then behavioral and pharmacologic approaches to managing
depression and other forms of adversity can be examined as part of a comprehensive
treatment approach.

In a more general sense, fatigue, inflammation, depression, and HPA dysregulation is
implicated in a wide variety of disorders that affect physical and mental well-being. While
all variables can theoretically affect one another, the mechanism by which that happens
differs for disorders. As an example, in a sample of people diagnosed with multiple
sclerosis, proinflammatory cytokine levels are correlated with fatigue but not HPA axis
dysfunction, while HPA dysfunction is correlated with cognitive impairment (Heesen et al.,
2006). In contrast, breast cancer survivors with persistent fatigue show altered cortisol
responses (Bower et al., 2005). Therefore, the type of analysis used in this study might be
helpful in determining the psychoneuroendocrinological mechanisms of action of other
fatigue-related disorders in order to more completely understand the etiology of the
symptoms and optimize its treatment.
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Highlights
. A structural regression model of chronic fatigue syndrome (CFS) is presented.
. The psychoneuroendocrinological model of immune dysregulation in CFS fit
the data.
. Results highlight the role of depression, cortisol and inflammation in CFS.
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Table 1

Demographic and Symptom-Related Characteristics of the Sample

Participant Characteristics

M £ SD
Age in years 49.36 + 10.90
BMI (kg/in?) 27.52 £ 6.50
Depression Severity (CES-D) 23.78 +12.09
Fatigue Severity 25.80 £ 6.40
Fatigue Interference 47.18+ 14,51
CFS/ME Symptom Severity 2.33+.78
Demographics 77 (%)
Male 39 (15.2%)
Female Female 218 (84.8%)
Attended at least part of college 225 (87.5%)

White non-Hispanic

178 (69.3 %)
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