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Abstract: The term fatigue is not only used to describe a sleepy state with a lack of drive, as
observed in patients with chronic physical illnesses, but also a state with an inhibition of drive
and central nervous system (CNS) hyperarousal, as frequently observed in patients with major
depression. An electroencephalogram (EEG)-based algorithm has been developed to objectively
assess CNS arousal and to disentangle these pathophysiologically heterogeneous forms of fatigue.
The aim of this study was to test the hypothesis that fatigued patients with CNS hyperarousal
score higher on depressive symptoms than those without this neurophysiological pattern. Methods:
Subjects with fatigue (Multidimensional Fatigue Inventory sum-score > 40) in the context of cancer,
neuroinflammatory, or autoimmune diseases were drawn from the 60+ cohort of the Leipzig Research
Center for Civilization Diseases. CNS arousal was assessed by automatic EEG-vigilance stage
classification using the Vigilance Algorithm Leipzig (VIGALL 2.1) based on 20 min EEG recordings
at rest with eyes closed. Depression was assessed by the Inventory of Depressive Symptomatology
(IDS-SR). Results: Sixty participants (33 female; median age: 67.5 years) were included in the analysis.
As hypothesized, fatigued patients with CNS hyperarousal had higher IDS-SR scores than those
without hyperarousal (F1,58 = 18.34; p < 0.0001, η2 = 0.240). Conclusion: hyperaroused fatigue in
patients with chronic physical illness may be a sign of comorbid depression.

Keywords: depression; fatigue; electroencephalography; hyperarousal; neurophysiology

1. Introduction

Fatigue is a widespread symptom among patients with cancer, neuroinflammatory or autoimmune
disease. For example, severe chronic fatigue is reported in 41–57% of patients with rheumatoid
arthritis [1], and in 67% of patients with Sjogren’s syndrome [2]. Among cancer patients, the prevalence
rate ranges from 59% to 100%, depending on the clinical status of the cancer [3]. In patients with
Parkinson’s disease, prevalence rates between 37% and 57% [4] have been reported. Moreover,
more than 80% of multiple sclerosis patients suffer from intractable chronic fatigue within the first year
of disease onset [5].
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However, fatigue is also a symptom and prodromal symptom in major depression (MD; [6]), which
is a frequent comorbid diagnosis in patients with the somatic disorders mentioned above, with estimated
prevalence rates of between 17% and 40% [7–10]. Evidence has been provided that fatigue in the context
of inflammatory and immunological processes should not be confused with fatigue in MD, because
they show profound neurophysiological differences—especially concerning central nervous system
(CNS) arousal [11,12]. A differentiation of these distinct forms of fatigue along the dimension of CNS
arousal may have implications for treatment [11–13]. Transdiagnostically, the dimension of arousal
gained relevance within a new research framework for studying mental illnesses—the Research Domain
Criteria (RDoC) Project [14]—wherein arousal and its regulation constitute one of the five fundamental
dimensions. The term brain arousal refers to global brain states which, on a behavioral level, vary along a
continuum between wakefulness and sleep. It can be assessed using a resting state electroencephalogram
(EEG; [15,16]) by automatic EEG-vigilance stage classification with the Vigilance Algorithm Leipzig
(VIGALL; [17]; for the validation of VIGALL, see [18–22]). Resting state eyes-closed EEG has been
extensively used to study CNS arousal, providing data largely free of eye-movement artifacts and not
confounded by a subject’s ability (and motivation) to maintain wakefulness, as required by eyes-open or
eyes fixating on a cross paradigms. The classification with VIGALL takes into account frequency patterns
and the cortical distribution of EEG activity by utilizing low resolution electromagnetic tomography
(LORETA; [23]). Using this tool, inter-individual differences in the regulation of brain arousal during a
20 min resting state EEG can be discerned. While most individuals show progressive declines to lower
EEG-vigilance stages (i.e., drowsy or sleepy) during the resting state EEG, others remain in a state of high
arousal (i.e., alert or hypervigilant) throughout the recording. Such hyperarousal is a frequent finding
in medicated and unmedicated patients with MD [24–27], and it has been shown to correlate with
symptom severity in MD patients [27]. In addition, at the gene level, a genome-wide association study
(GWAS) revealed significant evidence of an association of brain arousal with TMEM159, with other
GWAS analyses and gene expression data suggesting a role of TMEM159 in MD [28]. Other indicators
of hyperarousal in MD, such as prolonged sleep onset latencies [29,30], increased heart rate and skin
conductance levels [31], or hyperactivity of the hypothalamic-pituitary-adrenal (HPA)-axis [32], are in
line with the view that arousal may play a significant pathophysiological role in MD.

In contrast to the hyperarousal frequently observed in depression, evidence has been provided
that fatigue in the context of somatic disorders may be associated with hypoarousal. This is supported
by previous findings of a fast decline to low arousal levels during a 15 min EEG at rest in fatigued cancer
patients [33]. It is also corroborated by the inflammatory response model of fatigue [34], suggesting an
upregulation of proinflammatory and sleep-promoting cytokines (i.e., Interleukin-1 beta (IL-1) and
tumor necrosis factor-α (TNF-α)) in fatigued patients with physical illness. Indeed, the association of
IL-1 and TNF-α with fatigue has been demonstrated in several medical conditions [35,36]. Additionally,
associations between TNF-α and sleepiness have been reported [25,37].

In view of these findings, we have proposed to define two subtypes of fatigue based on their
assumed underlying neurobiological mechanisms concerning arousal regulation [11,12]—hyperaroused
fatigue with reduced sleep propensity, inhibition of drive and exhaustion (typical of depression),
and hypoaroused fatigue with increased sleepiness, a lack of drive, and sickness behaviour, typical in
context of inflammatory and immunological processes [11].

Up to now, there has been little research on the association between depressive symptoms and
CNS arousal in patients with fatigue and physical illness. The question is justified because of the high
prevalence rates of comorbid depression. There is first evidence that hyperaroused fatigue in these
conditions may be accompanied by CNS hyperarousal. For example, although fatigue in multiple
sclerosis has been reported to co-occur with excessive daytime sleepiness [38,39] and short sleep onset
latencies in the multiple sleep latency test (MSLT; [39]), HPA-axis upregulation in multiple sclerosis
patients with fatigue was also reported [40]. Furthermore, increased HPA-axis activity was found to
be associated with hyperstable arousal regulation in medicated patients with multiple sclerosis [41].
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Therefore, based on the accumulated evidence outlined above, we expect that CNS hyperarousal
would be indicative of depression.

The aim of this study was to test the hypothesis that fatigued patients with CNS hyperarousal have
a higher depression score than those without this neurophysiological pattern. Participants with cancer
or neuroinflammatory or autoimmune disease—complaining about fatigue—were selected from a
population-based study, the Leipzig Research Center for Civilization Diseases (LIFE)-Adult-Study [42].
All had undergone a comprehensive medical assessment, including a 20 min eyes-closed resting
EEG. The Vigilance Algorithm Leipzig (VIGALL 2.1, licensed under GPL3) was used to score the
EEG-vigilance stages (indicating arousal states) for each 1 s epoch of the resting EEG. The individual
arousal regulation type was determined based on the time course of the arousal stages. Individuals
with and without CNS hyperarousal were compared regarding their depression score and, within
sensitivity analyses, concerning their depressive symptom profiles.

2. Materials and Methods

2.1. Sample

The participants were drawn from the 60+ LIFE cohort of the LIFE-Adult-Study, a population-based
cohort study in Leipzig, Germany [42]. All participants had given written informed consent, and all
the procedures were conducted according to the Declaration of Helsinki and were approved by the
Ethics Committee of the University of Leipzig (263-2009-14122009). We selected study participants
(age range: 60–70) with cancer or neuroinflammatory or autoimmune disease (to be present within the
last 12 months and/or treated at time of assessment), with a sum-score of >40 in the Multidimensional
Fatigue Inventory (MFI-20; [43]), who had undergone a 20 min resting-state EEG (n = 72). We excluded
participants with substance dependence; participants with psychotic, affective, or anxiety disorders
(assessed with the Structured Clinical Interview for DSM-IV axis I disorders; [44]); and participants on
antidepressant medication, benzodiazepines, and z-hypnotics. We also excluded participants with
pathological EEG activity, low-voltage alpha or alpha-variant rhythms, or with substantial artifacts in
the EEG. The final sample consisted of 60 participants (33 female; median age: 67.5).

2.2. Questionnaires

Fatigue was assessed with the MFI-20, a 20-item self-rating questionnaire consisting of five
fatigue dimensions: general fatigue, physical fatigue, mental fatigue, reduced activity, and reduced
motivation [43]. Each dimension contains four items ranging from 1 to 5, with higher scores indicating
a higher degree of fatigue. A sum-score over 40 was used as cut-off-point, analogous to the study by
Olbrich et al. [33], in which the presence of fatigue in cancer patients with a MFI cut-off-point above 40
was validated by a senior physician.

The sum-score of the self-rating version of the Inventory of Depressive Symptomatology
(IDS-SR; [45]), a 30-item questionnaire, was used to assess the severity of depression (no depressive
symptomatology: IDS-SR < 14; mild depressive symptom severity: 14 ≤ IDS-SR < 26; moderate
depressive symptom severity: 26 ≤ IDS-SR < 39; severe depressive symptom severity: IDS-SR ≥ 39).

Sleep quality and sleep duration were assessed using the German version of the Pittsburgh
Sleep Quality Index (PSQI; [46]), which assesses subjectively rated sleep. The PSQI is a 19-item
questionnaire designed to measure sleep quality and disturbance over the past month in clinical
populations. The sleep component scores are summed to yield a total score ranging from 0 to 21, with
a higher total score indicating worse sleep quality [46]. Trait daytime sleepiness was assessed with
the Epworth Sleepiness Scale (ESS; [47]), an 8-item questionnaire, with scores over 10 indicating mild
excessive daytime sleepiness [48].

2.3. EEG Recording and Preprocessing

EEGs were recorded and processed according to a standard operating procedure [17]. During the
recording, the participants lay on a semi-reclined lounge chair in a sound- and light attenuated
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booth. Before the recording, the participants were asked to complete a simple arithmetic task
(counting backwards by sixes starting at 100) to ensure similar arousal levels between subjects.
Thereafter, they were instructed to close their eyes and to relax during the 20 min resting condition.
Electroencephalographic and electro-oculographic activities were recorded with a sampling rate of
1000 Hz from 31 electrode sites, following an extended 10–20 system using a QuickAmp-40 amplifier
(Brain Products GmbH, Gilching, Germany). Impedances were kept below 10 kΩ. EEG offline
processing was conducted in BrainVision Analyser 2.1 (Brain Products GmbH, Gilching, Germany).
After filtering (0.5 Hz high-pass, 70 Hz low-pass, with a 48 dB/Oct slope and 50 Hz notch filter),
the data were segmented into 1 s epochs and down-sampled to 500 Hz for further preprocessing
(and again to 100 Hz immediately before VIGALL application). Graphoelements indicating sleep onset
(sleep spindles, K-complexes) were marked by experienced raters according to set criteria, as these
markers are used by VIGALL to classify C-stages. Using independent component analysis (ICA; [49]),
components corresponding to muscle, sweating, cardiac, and eye movement artifacts were removed
(in most cases, 2 eye and 1 cardiac component and up to 5 components containing muscle or other
artifacts, depending on which components were found). Afterwards, segments with remaining artifacts
(approximately 2% of all segments) were marked (and not classified by VIGALL).

2.4. EEG-Vigilance Staging and Parameterization

To assess CNS arousal, we applied VIGALL 2.1 to the 20 min EEG to classify each of the 1200
1 s segments into one-out-of-seven EEG-vigilance stages, ranging from active wakefulness (Stage 0) to
sleep onset (Stage C), including Stage 0 (low-voltage EEG without slow horizontal eye movements),
Stage A (dominant alpha rhythm; cortical areas: A1 (occipital); A2 (central); A3 (frontal)), Stage B1
(low-amplitude non-alpha EEG with slow horizontal eye movements), Stage B2/3 (high delta and theta
power), and Stage C (occurrence of sleep spindles, K-complexes, sleep onset). Subsequently, using the
scoring criteria presented in Table 1, we calculated an Arousal Stability Score [30] for each participant,
to assess the degree of arousal decline during the 20 min resting EEG. We divided the patients into
two groups: patients with hyperaroused fatigue (Arousal Stability Score ≥ 13) and patients with
non-hyperaroused fatigue (Arousal Stability Score ≤ 12). The rationale for this cut-off was based on
previous findings in depressed patients [24,25], who remained in high EEG-vigilance stages during an
EEG at quiet rest (indicating hyperarousal). An Arousal Stability Score of 13 or 14 indicates that more
than 2/3 of all the segments in each of the twenty 1 min epochs were classified as at least Stage A or
higher (Table 1).

Table 1. Scoring criteria of the Arousal Stability Score. The score quantifies the degree of arousal
decline on the basis of subsequently classified 1 s EEG segments with VIGALL 2.1.

Score Scoring Criteria EEG Block Operational Definition

14 More than 2/3 of all segments in each 1 min
epoch classified as 0/A1- or 0/A-stages

1–4 Predominant classification of 0 and A1
13 1–4 Predominant classification of 0 and A

12 At least 1/3 of all segments in a 1 min epoch
classified as B1-stages

4 Stage B1 emerged in min 16–20
11 3 Stage B1 emerged in min 11–15
10 2 Stage B1 emerged in min 6–10
9 1 Stage B1 emerged in min 1–5

8 At least 1/3 of segments in a 1 min epoch 4 Stage B2/3 emerged in min 16–20
7 classified as B2/3-stages 3 Stage B2/3 emerged in min 11–15
6 2 Stage B2/3 emerged in min 6–10
5 1 Stage B2/3 emerged in min 1–5

4 At least one C-stage classified 4 Stage C emerged in min 16–20
3 3 Stage C emerged in min 11–15
2 2 Stage C emerged in min 6–10
1 1 Stage C emerged in min 1–5

Annotations: EEG block 1 = min 1–5, EEG block 2 = min 6–10, EEG block 3 = min 11–15, EEG block 4 = min 16–20.
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2.5. Statistical Analyses

Statistical analyses were conducted in SPSS Statistics 24 (IBM corp., Armonk, NY, USA). To identify
the relevant covariates for the between-group comparison of the depression score, we analyzed the
differences in demographic and clinical variables between the arousal groups using parametric (t-test) or
nonparametric tests (Chi2, Mann–Whitney U) depending on data level and their distribution. The term
gender was defined as male or female sex. For the main analysis, an analysis of variance (ANOVA) was
utilized to calculate the between-group differences in the IDS-SR sum-score. The significance level was
set at p = 0.05 (one-tailed). For the exploratory sensitivity analyses, we employed two-tailed tests.

3. Results

3.1. Descriptive Analyses

The characteristics of the total sample and of the arousal subgroups are described in Table 2.
Of the 60 study participants, 31.7% (n = 19) had an Arousal Stability Score of 13 or higher, indicating
that they remained in high arousal states during the 20 min EEG. Those 19 participants were assigned
to the hyperaroused fatigue subgroup; all the others (n = 41) were assigned to the non-hyperaroused
fatigue subgroup (cf. Table 2). Forty percent of the participants (n = 24) did not report any depressive
symptoms, 53.3% (n = 32) had mild ones, and 6.7% (n = 4) had moderate to severe depressive symptom
severity. The hyperaroused subgroup did not differ from the non-hyperaroused subgroup in regard
to age, type of physical illness, daytime sleepiness, and severity of fatigue (p < 0.390). There was a
statistical trend for significant differences concerning gender (χ2 = 3.92; df = 1; p = 0.057), wherein
female participants tended to have higher arousal levels than male participants. There were no
group differences concerning the time of day of the EEG recording, coffee consumption prior the
EEG recording, and daytime sleepiness (cf. Table 3). The self-rated sleep quality, as assessed by the
PSQI total score, differed between groups (Z = −2.78; p = 0.005), indicating worse sleep quality in the
hyperaroused as compared to the non-hyperaroused subgroup. However, the frequency distribution
of PSQI phenotypes (cf. Table 3) did not differ between the groups (χ2 = 3.680; p = 0.159).

Table 2. Characteristics of the total sample, and the arousal subgroups.

All (n = 60) Hyperaroused
(n = 19)

Non-Hyperaroused
(n = 41)

Demographics
Age, median years 67.5 68.0 67.0
Sex, f/m (%) 33/27 (55.0/45.0) 14/5 (73.7/26.3) 19/22 (46.3/53.7)

Cancer, n (%) 30 (50.0) 10 (52.6) 20 (48.8)
Skin cancer 10 4 6
Breast cancer 9 3 6
Prostata cancer 4 0 4
Bladder cancer 2 1 1
Colon cancer 2 1 1
Kidney cancer 1 0 1
Lymphoma 1 1 0
Thyroid cancer 1 0 1

Neuroinflammatory/autoimmune, n (%) 30 (50.0) 9 (47.4) 21 (51.2)
Rheumatoid arthritis 19 7 12
SLE/Sjogren syndrome 10 1 9
Multiple sclerosis 2 1 1
Parkinson’s disease 2 1 1

Fatigue
MFI, median sum-score 52.0 55.0 51.0

Annotations: MFI = Multiple Fatigue Inventory; SLE = Systemic Lupus Erythematosus.
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Table 3. Description of arousal-related variables in the total sample, and in the arousal subgroups.

All (n = 60) Hyperaroused
(n = 19)

Non-Hyperaroused
(n = 41)

Arousal Stability Score, median 10.0 13.0 9.0
ESS, mean score (SD) 7.9 ± 3.4 6.8 ± 3.0 8.3 ± 3.6
PSQI, mean score (SD) 6.5 ± 3.5 8.4 ± 3.6 5.6 ± 3.1
Good sleep quality, n (%) 26 (47.3) 5 (29.4) 21 (55.3)
Poor sleep quality, n (%) 19 (34.6) 7 (41.2) 12 (31.6)
Potentially clinically relevant sleep disorder, n (%) 10 (18.2) 5 (29.4) 5 (13.2)
Total time in bed, median hours (range) 8.6 (4.0–12.5) 9.0 (6.5–12.5) 8.5 (4.0–10.0)
EEG-Related Variables
Time of EEG recording, median, hh:mm 9:00 9:00 9:00
Coffee prior to EEG, yes (%) 51 (85.0) 16 (84.2) 35 (85.4)

Annotations: ESS = Epworth Sleepiness Scale; PSQI = Pittsburgh Sleep Quality Index (only n = 55 (hyperaroused:
n = 17; non-hyperaroused: n = 38) with available data).

3.2. Main Analysis: Between-Group Comparisons of the Depression Score

The hyperaroused subgroup (IDS-SR sum-score: 20.6 ± 7.3, range 10–41) scored higher on
depression than the non-hyperaroused subgroup (IDS-SR sum-score: 12.6 ± 6.2, range 1–24).
We conducted a one-way ANOVA to assess the level of depressive symptomatology across the
subgroups (hyperaroused vs non-hyperaroused). Levene’s test of significance indicated that the
assumption of homogeneity of variance was met (F(1, 58) = 0.559; p = 0.458). The main group effect was
significant (F(1, 58) = 18.340; p < 0.0001; η2

p = 0.240), indicating that patients with hyperaroused fatigue
scored significantly higher on the IDS-SR than patients with non-hyperaroused fatigue (cf. Figure 1A).
To control for gender, a two-way ANOVA was conducted with gender as additional factor (respective
means in either group are presented in Figure 1B). Levene’s test for the equality of variances was
met (F(3, 56) = 0.089; p = 0.966). The main group effect was still significant (F(1, 56) = 11.80; p = 0.001;
η2

p = 0.174) when gender was included as a factor in the model, whereas the effect of gender was not
significant (F(1, 56) = 2.150; p = 0.152; η2

p = 0.036), indicating that gender had no significant effect on
the level of depressive symptomatology. Furthermore, there was no significant interaction between
group and gender (F(1, 56) = 0.181; p = 0.672; η2

p = 0.003).
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Figure 1. Between-group comparisons (hyperaroused (n = 19) vs. non-hyperaroused (n = 41)).
(A) Between-group comparison of the mean sum-score of the Inventory of Depressive Symptomatology
(IDS-SR). (B) Between-group comparison of the IDS-SR means, stratified by gender.

Post-hoc receiver operating characteristic (ROC) analyses, examining arousal stability (at the
cut-off score of 13) as a diagnostic screening test for moderate to severe depression, revealed a 0.87 area
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under the curve (AUC; p = 0.014; 95% CI 0.765–0.976), indicating a sensitivity of 100%, a specificity of
73%, and a Youden Index of 0.7 [50].

3.3. Exploratory Sensitivity Analyses: Between-Group Comparisons of IDS-SR Items

To assess whether the arousal groups differ concerning typical depressive symptoms, we conducted
Mann–Whitney U (MWU) tests. MWU tests revealed significant differences between the hyperaroused
and the non-hyperaroused subgroups in items initial insomnia (Z = −3.803, p < 0.001), early morning
awakening (Z = −3.368, p < 0.0001), feeling sad (Z = −2.517, p = 0.012), feeling anxious or tense
(Z = −2.874, p = 0.004), increased appetite (Z = −2.202, p = 0.028), concentration/decision-making
(Z = −3.070; p = 0.002), self-criticism/blame (Z = −2.361, p = 0.018), energy level (Z = −2.940, p = 0.003),
psychomotor retardation (Z = −3.033, p = 0.002), and agitation (Z = −3.046, p = 0.002). Relative to
individuals in the non-hyperaroused group, individuals in the hyperaroused group took a longer time
to fall asleep and woke up too early; felt more often sad, anxious, or tense; felt more often slowed down
or restless; had more frequently a negative view of themselves; experienced more often concentration
and decision-making problems; had an increased appetite and a lower energy level.

4. Discussion

The aim of the current study was to test the hypothesis that fatigued patients with chronic physical
illnesses, and CNS hyperarousal during a 20 min EEG at rest, have a higher depression score than
those without this neurophysiological pattern. The hypothesis was confirmed; individuals with
hyperaroused fatigue had significantly higher depression scores than those with non-hyperaroused
fatigue; an eta-squared value of over 0.2 indicated a large effect size. The between-group differences in
depression scores remained significant when gender was included as a factor in the model. In sensitivity
analyses, individuals in the hyperaroused group achieved higher scores in a series of depressive
symptoms, such as depressed mood, insomnia, and concentration/decision-making problems, as
compared to individuals in the non-hyperaroused group.

Our results are in line with a previous study examining arousal regulation in multiple sclerosis
patients with fatigue, wherein evidence for distinct pathophysiological correlates of fatigue was
provided [41]. In this study, the hyperaroused fatigue subtype, as assessed by EEG-vigilance using
VIGALL, corresponded to the highest HPA-axis activity, while the hypoaroused fatigue subtype
revealed the lowest HPA-axis activity [41]. These findings, as the results of the current study,
corroborate the validity of the distinction of fatigue subtypes along the axis of brain arousal and of
CNS hyperarousal as a state marker of depression [11,12,24].

Group differences in the IDS-SR total score between patients with and without hyperarousal, as
revealed by exploratory item comparisons, emerged not merely due to confounding symptoms of the
underlying disease, such as pain, weight changes, or negative view of the future. Instead, individuals
in the hyperaroused group achieved higher scores in a series of typical symptoms of depression,
including depressed mood, concentration/decision-making difficulties, and sleep and psychomotor
changes. An inconsistency was the reported increased appetite in the hyperaroused group, which is
more often associated with the atypical depressive subtype [51]. A possible explanation consists in
the fact that our sample was composed of individuals with chronic physical illnesses, which may be
accompanied by changes in appetite by themselves. Although subjects with current major depression,
as assessed by a structured clinical interview, were excluded, 7% of the sample complained about
moderate to severe depressive symptoms, possibly revealing discrepancies between the self-rating
and physician-rating scales. Further, 53% of the sample reported mild depressive symptoms. To date,
an association between hyperarousal and depressive symptoms has been frequently demonstrated in
the context of major depression [24–26]; our results suggest that this association could exist within
subthreshold depressive symptomatology.

The sleep quality, assessed with the PSQI, differed significantly between the arousal
groups—hyperaroused individuals reported worse sleep quality. In contrast, daytime sleepiness,



Brain Sci. 2020, 10, 569 8 of 10

assessed with ESS, was comparable. In healthy individuals, one would expect that poor sleep at night
would be associated with increased daytime sleepiness and CNS hypoarousal. In patients with major
depression, however, CNS hyperarousal is considered an important pathogenetic mechanism leading
to both sleep problems and increased brain arousal during the day [30,52]. This could explain the
co-occurrence of poor sleep quality and high daytime arousal in the current study.

Three limitations should be mentioned: (i) the presence of chronic physical diseases was assessed
via self-reporting without validation by a medical specialist; (ii) the applied questionnaires (physical
disease diagnoses) were designed specifically for the LIFE study and have not been externally validated;
(iii) the advanced age of the sample (median age: 67.5 years) limits the generalizability of the study.

Despite these limitations, the hypothesis that a subgroup of hyperaroused fatigued patients with
somatic disorders might suffer from undetected depression, has been confirmed. Considering the
relevancy for treatment decisions, future clinical trials stratifying fatigued patient by patterns of brain
arousal for treatment allocation, are warranted.

Author Contributions: Conceptualization: C.U., G.S., T.H., U.H.; methodology: C.U., C.S., P.J., U.H.; data curation
or project coordination: C.E., K.W.; data preprocessing: C.S., P.J.; investigation: C.U., G.S.; formal analysis: C.U.,
G.S.; writing—original draft preparation: C.U., G.S.; writing—review and editing: all authors. All authors have
read and agreed to the final version of the manuscript.

Funding: This publication is supported by LIFE—Leipzig Research Center for Civilization Diseases, University of
Leipzig. LIFE is funded by means of the European Union, by the European Regional Development Fund (ERDF),
and by means of the Free State of Saxony within the framework of the excellence initiative.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Overman, C.L.; Kool, M.B.; Da Silva, J.A.; Geenen, R. The prevalence of severe fatigue in rheumatic diseases:
An international study. Clin. Rheumatol. 2016, 35, 409–415. [CrossRef]

2. Segal, B.; Thomas, W.; Rogers, T.; Leon, J.M.; Hughes, P.; Patel, D.; Patel, K.; Novitzke, J.; Rohrer, M.;
Gopalakrishnan, R. Prevalence, severity, and predictors of fatigue in subjects with primary Sjögren’s
syndrome. Arthr. Care Res. 2008, 59, 1780–1787. [CrossRef] [PubMed]

3. Weis, J. Cancer-related fatigue: Prevalence, assessment and treatment strategies. Expert Rev. Pharm.
Outcomes Res. 2011, 11, 441–446. [CrossRef] [PubMed]

4. Beiske, A.G.; Loge, J.H.; Hjermstad, M.J.; Svensson, E. Fatigue in parkinson’s disease: Prevalence and
associated factors. Mov. Disord. 2010, 25, 2456–2460. [CrossRef] [PubMed]

5. Fox, R.J.; Bacon, T.E.; Chamot, E.; Salter, A.R.; Cutter, G.R.; Kalina, J.T.; Kister, I. Prevalence of multiple
sclerosis symptoms across lifespan: Data from the narcoms registry. Neurodegener. Dis. Manag. 2015, 5, 3–10.

6. Ghanean, H.; Ceniti, A.K.; Kennedy, S.H. Fatigue in patients with major depressive disorder: Prevalence,
burden and pharmacological approaches to management. CNS Drugs 2018, 32, 65–74. [CrossRef]

7. Matcham, F.; Rayner, L.; Steer, S.; Hotopf, M. The prevalence of depression in rheumatoid arthritis:
A systematic review and meta-analysis. Rheumatology 2013, 52, 2136–2148. [CrossRef]

8. Caruso, R.; Nanni, M.; Riba, M.; Sabato, S.; Mitchell, A.; Croce, E.; Grassi, L. Depressive spectrum disorders
in cancer: Prevalence, risk factors and screening for depression: A critical review. Acta Oncol. 2017, 56,
146–155. [CrossRef]

9. Boeschoten, R.E.; Braamse, A.M.; Beekman, A.T.; Cuijpers, P.; van Oppen, P.; Dekker, J.; Uitdehaag, B.M.
Prevalence of depression and anxiety in multiple sclerosis: A systematic review and meta-analysis.
J. Neurol. Sci. 2017, 372, 331–341. [CrossRef]

10. Goodarzi, Z.; Mrklas, K.J.; Roberts, D.J.; Jette, N.; Pringsheim, T.; Holroyd-Leduc, J. Detecting depression in
parkinson disease: A systematic review and meta-analysis. Neurology 2016, 87, 426–437. [CrossRef]

11. Hegerl, U.; Lam, R.W.; Malhi, G.S.; McIntyre, R.S.; Demyttenaere, K.; Mergl, R.; Gorwood, P. Conceptualising
the neurobiology of fatigue. Aust. N. Z. J. Psychiatry 2013, 47, 312–316. [CrossRef] [PubMed]

12. Hegerl, U.; Ulke, C. Fatigue with up-vs downregulated brain arousal should not be confused. Prog. Brain Res.
2016, 229, 239–254. [PubMed]

http://dx.doi.org/10.1007/s10067-015-3035-6
http://dx.doi.org/10.1002/art.24311
http://www.ncbi.nlm.nih.gov/pubmed/19035421
http://dx.doi.org/10.1586/erp.11.44
http://www.ncbi.nlm.nih.gov/pubmed/21831025
http://dx.doi.org/10.1002/mds.23372
http://www.ncbi.nlm.nih.gov/pubmed/20976741
http://dx.doi.org/10.1007/s40263-018-0490-z
http://dx.doi.org/10.1093/rheumatology/ket169
http://dx.doi.org/10.1080/0284186X.2016.1266090
http://dx.doi.org/10.1016/j.jns.2016.11.067
http://dx.doi.org/10.1212/WNL.0000000000002898
http://dx.doi.org/10.1177/0004867413481505
http://www.ncbi.nlm.nih.gov/pubmed/23568158
http://www.ncbi.nlm.nih.gov/pubmed/27926440


Brain Sci. 2020, 10, 569 9 of 10

13. Hegerl, U.; Hensch, T. Why do stimulants not work in typical depression? Aust. N. Z. J. Psychiatry 2017, 51,
20–22. [CrossRef] [PubMed]

14. Cuthbert, B.N.; Insel, T.R. Toward the future of psychiatric diagnosis: The seven pillars of RDOC. BMC Med.
2013, 11, 126. [CrossRef] [PubMed]

15. Olbrich, S.; Sander, C.; Minkwitz, J.; Chittka, T.; Mergl, R.; Hegerl, U.; Himmerich, H. EEG-vigilance
regulation patterns and their discriminative power to separate patients with major depression from healthy
controls. Neuropsychobiology 2012, 65, 188–194. [CrossRef] [PubMed]

16. Sander, C.; Hensch, T.; Wittekind, D.A.; Bottger, D.; Hegerl, U. Assessment of wakefulness and brain arousal
regulation in psychiatric research. Neuropsychobiology 2015, 72, 195–205. [CrossRef] [PubMed]

17. Hegerl, U.; Sander, C.; Ulke, C.; Böttger, D.; Hensch, T.; Huang, J.; Mauche, N.; Olbrich, S. Vigilance Algorithm
Leipzig (VIGALL) Version 2.1—Manual. Available online: http://research.uni-leipzig.de/vigall/ (accessed on
20 July 2020).

18. Olbrich, S.; Mulert, C.; Karch, S.; Trenner, M.; Leicht, G.; Pogarell, O.; Hegerl, U. EEG-vigilance and bold
effect during simultaneous EEG/fMRI measurement. NeuroImage 2009, 45, 319–332. [CrossRef]

19. Jawinski, P.; Kittel, J.; Sander, C.; Huang, J.; Spada, J.; Ulke, C.; Wirkner, K.; Hensch, T.; Hegerl, U.
Recorded and reported sleepiness: The association between brain arousal in resting state and subjective
daytime sleepiness. Sleep 2017, 40, zsx099. [CrossRef]

20. Huang, J.; Hensch, T.; Ulke, C.; Sander, C.; Spada, J.; Jawinski, P.; Hegerl, U. Evoked potentials and behavioral
performance during different states of brain arousal. BMC Neurosci. 2017, 18, 21. [CrossRef]

21. Ulke, C.; Huang, J.; Schwabedal, J.T.C.; Surova, G.; Mergl, R.; Hensch, T. Coupling and dynamics of cortical
and autonomic signals are linked to central inhibition during the wake-sleep transition. Sci. Rep. 2017, 7,
11804. [CrossRef]

22. Huang, J.; Ulke, C.; Sander, C.; Jawinski, P.; Hegerl, U.; Hensch, T. Impact of brain arousal and time-on-task
on autonomic nervous system activity in the wake-sleep transition. BMC Neurosci. 2018, 19, 18. [CrossRef]
[PubMed]

23. Pascual-Marqui, R.-D. Loreta (low resolution brain electromagnetic tomography): New authentic 3d
functional images of the brain. ISBET Newsl. Issue 1994, 5, 4–8.

24. Hegerl, U.; Wilk, K.; Olbrich, S.; Schoenknecht, P.; Sander, C. Hyperstable regulation of vigilance in patients
with major depressive disorder. World J. Biol. Psychiatry 2012, 13, 436–446. [CrossRef] [PubMed]

25. Schmidt, F.M.; Pschiebl, A.; Sander, C.; Kirkby, K.C.; Thormann, J.; Minkwitz, J.; Chittka, T.; Weschenfelder, J.;
Holdt, L.M.; Teupser, D.; et al. Impact of serum cytokine levels on EEG-measured arousal regulation in
patients with major depressive disorder and healthy controls. Neuropsychobiology 2016, 73, 1–9. [CrossRef]

26. Ulke, C.; Tenke, C.E.; Kayser, J.; Sander, C.; Böttger, D.; Wong, L.Y.; Alvarenga, J.E.; Fava, M.; McGrath, P.J.;
Deldin, P.J. Resting EEG measures of brain arousal in a multisite study of major depression. Clin. EEG Neurosci.
2018, 50, 3–12. [CrossRef]

27. Ulke, C.; Wittekind, D.A.; Spada, J.; Franik, K.; Jawinski, P.; Hensch, T.; Hegerl, U. Brain arousal regulation in
SSRI-medicated patients with major depression. J. Psychiatr. Res. 2018, 108, 34–39. [CrossRef]

28. Jawinski, P.; Kirsten, H.; Sander, C.; Spada, J.; Ulke, C.; Huang, J.; Burkhardt, R.; Scholz, M.; Hensch, T.;
Hegerl, U. Human brain arousal in the resting state: A genome-wide association study. Mol. Psychiatry 2018,
24, 1599–1609. [CrossRef]

29. Kayumov, L.; Rotenberg, V.; Buttoo, K.; Auch, C.; Pandi-Perumal, S.R.; Shapiro, C.M. Interrelationships
between nocturnal sleep, daytime alertness, and sleepiness: Two types of alertness proposed.
J. Neuropsychiatry Clin. Neurosci. 2000, 12, 86–90. [CrossRef]

30. Ulke, C.; Sander, C.; Jawinski, P.; Mauche, N.; Huang, J.; Spada, J.; Wittekind, D.; Mergl, R.; Luck, T.;
Riedel-Heller, S.; et al. Sleep disturbances and upregulation of brain arousal during daytime in depressed
versus non-depressed elderly subjects. World J. Biol. Psychiatry 2017, 18, 633–640. [CrossRef]

31. Carney, R.M.; Freedland, K.E.; Veith, R.C. Depression, the autonomic nervous system, and coronary heart
disease. Psychosom. Med. 2005, 67, 29–33. [CrossRef]

32. Pariante, C.M.; Lightman, S.L. The hpa axis in major depression: Classical theories and new developments.
Trends Neurosci. 2008, 31, 464–468. [CrossRef] [PubMed]

33. Olbrich, S.; Sander, C.; Jahn, I.; Eplinius, F.; Claus, S.; Mergl, R.; Schonknecht, P.; Hegerl, U. Unstable
EEG-vigilance in patients with cancer-related fatigue (CRF) in comparison to healthy controls. World J.
Biol. Psychiatry 2012, 13, 146–152. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/0004867416676369
http://www.ncbi.nlm.nih.gov/pubmed/27807011
http://dx.doi.org/10.1186/1741-7015-11-126
http://www.ncbi.nlm.nih.gov/pubmed/23672542
http://dx.doi.org/10.1159/000337000
http://www.ncbi.nlm.nih.gov/pubmed/22538271
http://dx.doi.org/10.1159/000439384
http://www.ncbi.nlm.nih.gov/pubmed/26901462
http://research.uni-leipzig.de/vigall/
http://dx.doi.org/10.1016/j.neuroimage.2008.11.014
http://dx.doi.org/10.1093/sleep/zsx099
http://dx.doi.org/10.1186/s12868-017-0340-9
http://dx.doi.org/10.1038/s41598-017-09513-6
http://dx.doi.org/10.1186/s12868-018-0419-y
http://www.ncbi.nlm.nih.gov/pubmed/29642849
http://dx.doi.org/10.3109/15622975.2011.579164
http://www.ncbi.nlm.nih.gov/pubmed/21722018
http://dx.doi.org/10.1159/000441190
http://dx.doi.org/10.1177/1550059418795578
http://dx.doi.org/10.1016/j.jpsychires.2018.11.003
http://dx.doi.org/10.1038/s41380-018-0052-2
http://dx.doi.org/10.1176/jnp.12.1.86
http://dx.doi.org/10.1080/15622975.2016.1224924
http://dx.doi.org/10.1097/01.psy.0000162254.61556.d5
http://dx.doi.org/10.1016/j.tins.2008.06.006
http://www.ncbi.nlm.nih.gov/pubmed/18675469
http://dx.doi.org/10.3109/15622975.2010.545434
http://www.ncbi.nlm.nih.gov/pubmed/21247259


Brain Sci. 2020, 10, 569 10 of 10

34. Dantzer, R.; Heijnen, C.J.; Kavelaars, A.; Laye, S.; Capuron, L. The neuroimmune basis of fatigue.
Trends Neurosci. 2014, 37, 39–46. [CrossRef] [PubMed]

35. Heesen, C.; Nawrath, L.; Reich, C.; Bauer, N.; Schulz, K.H.; Gold, S.M. Fatigue in multiple sclerosis:
An example of cytokine mediated sickness behaviour? J. Neurol. Neurosurg. Psychiatry 2006, 77, 34–39.
[CrossRef] [PubMed]

36. Bower, J.E.; Lamkin, D.M. Inflammation and cancer-related fatigue: Mechanisms, contributing factors, and
treatment implications. Brain Behav. Immun. 2013, 30, S48–S57. [CrossRef]

37. Krueger, J.M.; Majde, J.A.; Rector, D.M. Cytokines in immune function and sleep regulation.
Handb. Clin. Neurol. 2011, 98, 229–240. [PubMed]

38. Stanton, B.; Barnes, F.; Silber, E. Sleep and fatigue in multiple sclerosis. Mult. Scler. 2006, 12, 481–486.
[CrossRef]

39. Sater, R.; Gudesblatt, M.; Kresa-Reahl, K.; Brandes, D.; Sater, P. The relationship between objective parameters
of sleep and measures of fatigue, depression, and cognition in multiple sclerosis. Mult. Scler. J.—Exp.
Transl. Clin. 2015, 1, 2055217315577828. [CrossRef]

40. Gottschalk, M.; Kümpfel, T.; Flachenecker, P.; Uhr, M.; Trenkwalder, C.; Holsboer, F.; Weber, F. Fatigue and
regulation of the hypothalamo-pituitary-adrenal axis in multiple sclerosis. Arch. Neurol. 2005, 62, 277–280.
[CrossRef]

41. Stoppe, M.; Meyer, K.; Schlingmann, M.; Olbrich, S.; Bergh, F.T. Hyperstable arousal regulation in multiple
sclerosis. Psychoneuroendocrinology 2019, 110, 104417. [CrossRef]

42. Loeffler, M.; Engel, C.; Ahnert, P.; Alfermann, D.; Arelin, K.; Baber, R.; Beutner, F.; Binder, H.; Brähler, E.;
Burkhardt, R. The life-adult-study: Objectives and design of a population-based cohort study with 10,000
deeply phenotyped adults in Germany. BMC Public Health 2015, 15, 691. [CrossRef] [PubMed]

43. Smets, E.M.; Garssen, B.; Bonke, B.; De Haes, J.C. The multidimensional fatigue inventory (MFI) psychometric
qualities of an instrument to assess fatigue. J. Psychosom. Res. 1995, 39, 315–325. [CrossRef]

44. First, M.B. Structured clinical interview for the DSM (SCID). Encycl. Clin. Psychol. 1995. [CrossRef]
45. Drieling, T.; Scharer, L.O.; Langosch, J.M. The inventory of depressive symptomatology: German translation

and psychometric validation. Int. J. Methods Psychiatr. Res. 2007, 16, 230–236. [CrossRef] [PubMed]
46. Hinz, A.; Glaesmer, H.; Brähler, E.; Löffler, M.; Engel, C.; Enzenbach, C.; Hegerl, U.; Sander, C. Sleep quality

in the general population: Psychometric properties of the Pittsburgh sleep quality index, derived from a
German community sample of 9284 people. Sleep Med. 2017, 30, 57–63. [CrossRef]

47. Bloch, K.E.; Schoch, O.D.; Zhang, J.N.; Russi, E.W. German version of the Epworth sleepiness scale. Respiration
1999, 66, 440–447. [CrossRef]

48. Sander, C.; Hegerl, U.; Wirkner, K.; Walter, N.; Kocalevent, R.-D.; Petrowski, K.; Glaesmer, H.; Hinz, A.
Normative values of the epworth sleepiness scale (ess), derived from a large German sample. Sleep Breath.
2016, 20, 1337–1345. [CrossRef]

49. Makeig, S.; Bell, A.J.; Jung, T.-P.; Sejnowski, T.J. Independent Component Analysis of Electroencephalographic
Data. In Advances in Neural Information Processing Systems; MIT Press: Cambridge, MA, USA, 1996; pp. 145–151.

50. Youden, W.J. Index for rating diagnostic tests. Cancer 1950, 3, 32–35. [CrossRef]
51. Gold, P.; Chrousos, G. Melancholic and atypical subtypes of depression represent distinct pathophysiological

entities: CRH, neural circuits, and the diathesis for anxiety and depression. Mol. Psychiatry 2013, 18, 632.
[CrossRef]

52. Hegerl, U.; Hensch, T. The vigilance regulation model of affective disorders and ADHD. Neurosci. Biobehav. Rev.
2014, 44, 45–57. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tins.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24239063
http://dx.doi.org/10.1136/jnnp.2005.065805
http://www.ncbi.nlm.nih.gov/pubmed/16361589
http://dx.doi.org/10.1016/j.bbi.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21056190
http://dx.doi.org/10.1191/135248506ms1320oa
http://dx.doi.org/10.1177/2055217315577828
http://dx.doi.org/10.1001/archneur.62.2.277
http://dx.doi.org/10.1016/j.psyneuen.2019.104417
http://dx.doi.org/10.1186/s12889-015-1983-z
http://www.ncbi.nlm.nih.gov/pubmed/26197779
http://dx.doi.org/10.1016/0022-3999(94)00125-O
http://dx.doi.org/10.1002/9781118625392.wbecp351
http://dx.doi.org/10.1002/mpr.226
http://www.ncbi.nlm.nih.gov/pubmed/18200596
http://dx.doi.org/10.1016/j.sleep.2016.03.008
http://dx.doi.org/10.1159/000029408
http://dx.doi.org/10.1007/s11325-016-1363-7
http://dx.doi.org/10.1002/1097-0142(1950)3:1&lt;32::AID-CNCR2820030106&gt;3.0.CO;2-3
http://dx.doi.org/10.1038/mp.2013.5
http://dx.doi.org/10.1016/j.neubiorev.2012.10.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample 
	Questionnaires 
	EEG Recording and Preprocessing 
	EEG-Vigilance Staging and Parameterization 
	Statistical Analyses 

	Results 
	Descriptive Analyses 
	Main Analysis: Between-Group Comparisons of the Depression Score 
	Exploratory Sensitivity Analyses: Between-Group Comparisons of IDS-SR Items 

	Discussion 
	References

