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Abstract

Background

The nature of the relationship between fatigue and its risk factors is poorly understood. In

the present study the genetic and environmental association between anxiety-depression,

musculoskeletal (MS) pain and fatigue was examined, and the role of neuroticism as a

shared risk factor that may possibly explain the co-occurrence between these phenotypes

was investigated in a combined cross-sectional and longitudinal twin design.

Methods

The sample consisted of 746 monozygotic (MZ) and 770 dizygotic (DZ) twins in the age

group of 50–65 (mean = 57.11 years, SD = 4.5). Continuous measures of fatigue symptoms

and the other phenotypes were employed. Using Cholesky modeling, genetic and environ-

mental influences on the phenotypes, and the associations among them, were determined.

Analyses were performed using measures of neuroticism obtained concurrently and 13–19

years earlier.

Results

Results from multiple regression analyses showed that neuroticism, anxiety-depression

symptoms, and MS pain were all significantly associated with fatigue, controlling for sex,

education, and general health indices. The best-fitting biometric models included additive

genetic and individual-specific environmental effects. Heritabilities in the 0.40–0.53 range

were demonstrated. Furthermore, while there was a considerable overlap in genetic risk

factors between the four phenotypes, a substantial proportion of the genetic risk shared

between anxiety-depression and fatigue, and between MS pain and fatigue, was indepen-

dent of neuroticism.
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Conclusion

Evidence for a common underlying susceptibility to report fatigue symptoms, genetically

linked to neuroticism, anxiety-depression, and MS pain, was found. Both unique and pleio-

tropic effects appear to be involved in the genetic architecture of the phenotypes.

Introduction

Fatigue is a common complaint in clinical settings as well as in the general population [1, 2].

Due to its subjective nature, fatigue is difficult to conceptualize and define, but there seems

to be a general agreement that the condition involves a strong and persistent form of mental

and/or physical tiredness, weakness, exhaustion, and inability to concentrate [3, 4]. The

diagnostic entity chronic fatigue syndrome (CFS) is defined as the presence of impairing

fatigue for six months or more, associated with pain and other secondary symptoms and for

which no medical or psychiatric causes can be found [4]. While primary care and commu-

nity studies usually find that between 20% and 40% of the respondents report recent prob-

lems with fatigue, CFS conditions are relatively rare [2]. Available evidence suggests that

adult community prevalence rates of CFS vary from 0.5% to 4% [5], depending on the

assessment methods and the case criteria used. Similar prevalence estimates of prolonged

fatigue in community samples of adolescents have been reported [1]. However, the bound-

ary between common fatigue (‘feeling tired and weak’) and diagnosable CFS is quite arbi-

trary, and many researchers have maintained, also in earlier epidemiological reviews [6],

that fatigue is probably best conceptualized as a continuously distributed symptom cluster

in the general population [2].

Although several common medical conditions are known to cause fatigue symptoms

(e.g., infections, autoimmune disorders, thyroid deficiency, and sleep apnea), a substantial pro-

portion of acute or chronic fatigue conditions remains unexplained [1]. However, several risk

factors have been shown to be associated with symptom onset and development: (a) Demo-

graphic, lifestyle and environmental factors, including psychosocial and physical working con-

ditions [2]; (b) anxiety-depression symptoms and functional somatic conditions (e.g., irritable

bowel syndrome) [7]; (c) personality traits, in particular neuroticism [8]; (d) persistent pain

conditions, including both regional and chronic widespread pain (CWP) [9]; and (d) genetic

factors [10]., Of note, in fatigue research little attention has generally been paid to the fact that

many of the risk factors listed above are inter-related at both the phenotypic and the genetic

level [8, 11]. Thus, genetically informative studies are needed that simultaneously examine

essential risk factors, such as pain and anxiety-depression symptoms, to determine how they

are related to fatigue symptoms.

The relatively few published twin studies of fatigue, mostly of CFS or CFS-like conditions,

generally indicate moderate genetic effects, with most heritability estimates ranging from 30%

to 50% [12]. Similar heritability estimates have been shown for CFS-like conditions in children

[13]. Despite significant sex differences in prevalence of fatigue symptoms or syndromes [5],

results from a comprehensive Swedish twin study indicate that the relative importance of

genes and environmental factors is fairly similar in males and females [10]. However, a couple

of later twin studies suggest non-negligible sex differences in the genetic architecture of fatigue

measured both as dichotomous CFS variants [14] and as a continuous symptom measure [15].

Thus, twin research so far provides little consensus with regard to sex differences in genetic

and environmental contributors to fatigue.
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Epidemiological research, including some longitudinal studies [9, 16], have shown that

fatigue is moderately to strongly associated with various psychiatric disorders, in particular

anxiety and depression, and general psychological distress. Of significance, chronic fatigue

with a co-occurring mood or anxiety state is associated with greater functional impairment

than when it occurs alone [1]. Genetic associations between fatigue and depression, anxiety,

and general psychological distress were reported by Hickie et al. [12] in what is most likely

the first study in this area. Another early study of a small sample of female twins showed that

chronic fatigue was strongly associated with psychological distress, but there was no evidence

for genetic covariation [17]. Similarly, a recent and much larger study of female twins [9]

found no genetic correlation (but a significant individual-specific environmental correlation)

between chronic fatigue and major depression. Kato et al. [18] examined underlying genetic

and environmental associations between four functional somatic syndromes (CWP, chronic

fatigue, irritable bowel syndrome, and recurrent headache) and two psychiatric disorders

(major depression and generalized anxiety disorder) in a large twin sample and were able to

identify two latent traits in a common pathway model. The first latent trait (characterized by a

substantial genetic loading), was common to all six conditions, whereas the other trait (charac-

terized by about equal genetic and individual-specific environmental influences) loaded on all

four of the functional somatic syndromes. Thus, the first latent trait indicates that functional

somatic syndromes, including fatigue, share underlying mechanisms in part with major

depression and generalized anxiety disorder. However, only female twins were included in

these biometric analyses. Similar findings were reported in a study of fatigue, insomnia, and

depression in another sample of female twins [19]. Finally, a South Asian twin study of three

groups of symptoms (psychological, fatigue, and somatic), all measured as continuous vari-

ables, demonstrated one latent factor with both genetic and environmental loadings, but with

somewhat different parameter values for men and women [15]. Taken together, these studies

strongly suggest the existence of genetic associations between fatigue, negative affect symp-

toms, and somatic complaints or functional somatic disorders. However, the findings are far

from unequivocal, and the issue of sex differences in underlying genetic architecture must be

characterized as unsettled. It should furthermore be noted that in twin and general epidemio-

logical research in this area, psychometric information (e.g., factor structure and reliability

of essential assessment instruments), based on the particular sample investigated, are rarely

reported.

Fatigue and pain, and musculoskeletal (MS) pain in particular, often co-occur, and having

multiple symptoms may increasingly add to subjective suffering and limitations in functioning

[20]. Despite numerous studies of both community and clinical populations, the relationship

between pain and fatigue is still poorly understood, and very little genetically informative

research on this important public health issue has been published. As mentioned above, Kato

et al. [18] demonstrated that the four functional somatic syndromes they studied were geneti-

cally related to each other, and to anxiety and depression, but the genetic correlation between

CWP and fatigue specifically was not provided. Interestingly, Burri et al. [9] reported strong

genetic correlations between CWP on the one hand, and fatigue and depression on the other

(the coefficients were 0.78 and 0.63, respectively). As noted, however, their analyses included

female twins only, and the authors emphasize that replication studies in independent twin

samples are required to further explore the validity and significance of their findings.

The lifespan nature of fatigue conditions and their high prevalence across age groups high-

lights the need to identify persistent predisposing and perpetuating factors in the pursuit of a

multidisciplinary etiological understanding of this health problem. Of particular significance,

there is growing evidence that the personality trait of neuroticism—the disposition to experi-

ence negative affect such as anxiety, depression, and anger—is a robust correlate and predictor
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of a wide variety of health-related processes and outcomes [21]. Thus, people who are higher

in neuroticism are vulnerable to a broad range of mental and somatic disorders [22], higher

levels of comorbidity [23], work-related stress [24], and chronic pain conditions [8]. More-

over, neuroticism seems to influence pain-modulating states such as pain vigilance and cata-

strophizing [25], and somatic symptom amplification processes in general [26]. Importantly,

neuroticism has been shown to be the personality dimension most consistently associated

with common fatigue symptoms and CFS or CFS-like illness [16, 27]. Taken together, existing

research indicates that neuroticism is best viewed as a general vulnerability factor, which may

possibly explain—fully or partly—the association between fatigue and several of its risk factors,

including anxiety-depression symptoms and pain.

Although very few twin studies of fatigue and personality have been conducted, their results

appear highly consistent. Analyses of longitudinal twin data from the Swedish twin Registry

showed that neuroticism, assessed 25 years earlier, predicted chronic fatigue through genetic

mechanisms common to the two phenotypes [8, 16]. Similar findings from a cross-sectional

twin study were reported by Poeschla and coworkers [28]. To our knowledge, the presence of

genetic associations between neuroticism and fatigue symptoms has not been examined in

independent, longitudinal replication studies. In one of the studies based on Swedish twin

Registry data [8], high levels of neuroticism were also linked to increased risk of developing a

variety of somatic conditions, including CWP, ulcers, and headaches. Unfortunately, none of

these studies included any of the well-known risk factors for fatigue, particularly anxiety-

depression and pain symptoms, in their analyses. Thus, the potentially incremental effect of

these risk factors, beyond neuroticism, is unknown.

In the present study we sought to extend the current literature by examining the relation-

ship of fatigue symptoms to neuroticism, anxiety-depression, and MS pain in adult twins aged

50–65. Analyses based on both cross-sectional and longitudinal data, including assessments of

neuroticism obtained 13–19 years earlier, were performed. More specifically, the purpose of

the study was threefold. First, the prevalence of individual fatigue symptoms as well as the

dimensionality (factor number) and reliability of the composite fatigue scale were examined.

Second, phenotypic associations were investigated, both zero-order correlations and associa-

tions after statistical control for demographic variables and general health indices. Third,

biometric twin modelling was employed to determine to what extent common genetic or envi-

ronmental liability factors contribute to the covariance between the phenotypes. Specifically,

the potential role of neuroticism as a shared risk factor that may explain the associations of

anxiety-depression and MS pain with fatigue symptoms, was examined.

Methods

Participants and data collection

Twins were recruited from the Norwegian Twin Registry (NTR). The registry comprises sev-

eral cohorts of twins [29], and the current study is based on a random sample from the cohort

born 1945–1960. In 2011, questionnaires were sent to a total of 2136 twins. After reminders,

1516 twins responded, yielding a response rate of 71%. Of the participants, 1272 individuals

were pair responders, and 244 were single responders. Zygosity has previously been deter-

mined based on questionnaire items and has been shown to classify 97–98% of the twins cor-

rectly [30]. The cohort, as registered in the NTR, consists only of same-sex twins, and the

study sample consisted of 290 monozygotic (MZ) male twins, 247 dizygotic (DZ) male

twins, 456 MZ female twins and 523 DZ female twins. Age range of the sample was 50–65

(mean = 57.11, SD = 4.5). This twin cohort also participated in surveys in 1992–98, in which

a short form of the Eysenck Personality Questionnaire (EPQ) neuroticism scale [31] was

A twin study of fatigue, neuroticism, anxiety-depression, and pain
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included. Neuroticism was also assessed in 2011, together with anxiety-depression symptoms,

MS pain, and fatigue, and the earlier EPQ neuroticism data were added to the 2011 data file.

The study was approved by the Regional Committee for Medical and Health Research Ethics

—South East Norway, and informed consent was obtained from all participants.

Measures

As noted, in the 1992–98 surveys neuroticism was assessed using the short form of the EPQ

[31, 32]. The EPQ instrument has been employed in several Norwegian studies, including twin

studies [33]. The short form of the EPQ neuroticism scale consists of 12 items, and internal

consistency reliability (Cronbach’s alpha) in the present sample was 0.80. In 2011, neuroticism

was assessed using a Norwegian version of the NEO Personality Inventory Revised (NEO-

PI-R) [34, 35]. Internal consistency reliability (Cronbach’s alpha) for the six facets comprising

the neuroticism domain was 0.84 in this sample. Accumulated research has shown that person-

ality traits, including neuroticism, are highly stable across the life span, particularly in adult-

hood [36]. Corrected for attenuation due to measurement errors, stability coefficients in the

0.82–0.94 range have been reported in meta-analyses [37].

Fatigue and MS pain symptoms were measured using the Giessen Symptom Checklist

(GSCL) [38, 39]. The GSCL has been widely used in epidemiological research (e.g., [40]), but

also in experimental studies [41]. The fatigue sub-scale comprises 6 items: (1) Physical weak-

ness, (2) excessive need for sleep, (3) tendency to rapid exhaustion, (4) tiredness or drowsiness,

(5) feeling distant, difficulty concentrating, and (6) feeling of listlessness. The participants

were asked to rate the degree to which they ‘generally’ suffered from the complaints, using a

5-point scale: 1—not at all; 2—slightly; 3—somewhat; 4—considerably; and 5—strongly. Inter-

nal consistency reliability was very good (Chronbach’s alpha = 0.88).

Pain symptoms were measured using 3 items from the MS sub-scale of the GSCL. These

items were (1) pains in joints or limbs, (2) backache, and (3) pain in neck and shoulders. Addi-

tional 3 symptoms (i.e., headaches, heaviness or tiredness in the legs, and head-pressure) are

included in the original full MS complaints sub-scale of the GSCL [38]. In the present study,

however, in which MS pain symptoms in the strict sense constitute one of the main study vari-

ables, and content (item) overlap of fatigue and MS symptoms is to be avoided, results based

on the shortened scale (i.e., the mean of the 3 first items) will be reported. Internal consistency

reliability for this scale was acceptable (Chronbach’s alpha = 0.76).

Depression-anxiety symptoms (in 2011) were assessed using 5 questions from the Symptom

Checklist 25 (SCL-25), which is a shortened version of an originally 90-item questionnaire

designed by Derogatis and coworkers [42, 43]. The twins were asked if they during the last 14

days had been (1) feeling fearful; (2) feeling tense or keyed up; (3) feeling hopeless about the

future; (4) feeling blue; and (5) worrying too much about things. Each item was rated on a

4-point scale: 1 –not at all; 2 –a little bit; 3 –quite a bit; and 4 –extremely. The sum of these 5

items (SCL-5) has been shown to correlate 0.92 with the total SCL-25 score [33]. The SCL-5

has been used in previous Norwegian twin studies of e.g. back-neck pain [44] and internalizing

disorders [45]. The latter study [45], which comprised nearly 8000 adult twins, showed a

strong genetic correlation of 0.82 between current self-reported (SCL-5) anxiety-depression

symptoms, and lifetime internalizing disorders, suggesting a substantial overlap in genetic lia-

bility. Internal consistency for the SCL-5 in the present sample was very good (Chronbach’s

alpha = 0.87).

The demographic variables included in the study were sex and education (5 levels). Age was

not significantly associated with any of the main variables, probably due to restricted age range

in this particular cohort, and was consequently not included as a covariate in the analyses. A
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set of general health indices was adopted from previous large-scale Norwegian health surveys

[40, 46]. These were (1) presence of known medical disease (yes/no), (2) presence of lasting

functional impairment (yes/no), and (3) reduced activity or days in bed due to illness (acute or

chronic) or injury for the last two-week period (yes/no), before completing the questionnaire.

Statistical analyses

Initially, the distributions of the individual fatigue symptoms and the prevalence of symptom-

atic individuals were examined. Next, exploratory factor analysis with maximum likelihood

extraction was used to determine the dimensionality (number of factors) underlying the

item covariance structure. Three common factor selection procedures were employed: (1) the

eigenvalues > 1.0 rule, (2) the scree test, and (3) parallel analysis. Due to the non-indepen-

dence of observations within samples of genetically related individuals, the correlation and fac-

tor analyses were carried out in two sub-samples comprising, respectively, twin 1 and twin 2

from the twin pairs. Correlations among the study variables were then inspected, and multiple

regression analysis based on the total sample and the twin 1 and twin 2 sub-samples separately

were conducted to examine the independent effects of neuroticism, anxiety-depression symp-

toms and MS pain on the total (mean) fatigue symptoms score in a model also including

demographic and general health variables. Because regression analysis needs to reflect the

paired structure of the data when the complete sample is examined, Generalized Estimating

Equations (GEE) were used [47].

In the biometric analyses standard Cholesky models [48, 49] were used to estimate the

genetic and environmental contributions to variance in and covariance between neuroticism,

anxiety-depression symptoms, MS pain, and fatigue. All models were run with OpenMx [50].

Generally, biometric modeling allows for estimating three major sources of variance, i.e., addi-

tive genetic factors (A), common environment (C), and non-shared or individual-specific (E)

environment. In addition, non-additive genetic effects (D) may be tested, but are only indi-

cated if the observed MZ-correlations are greater than twice the DZ-correlations. Models are

constrained so that latent A-factors correlate perfectly among MZ-twins, and at 0.5 among

DZ-twins. C-factors are correlated at unity for both zygosity groups, and E-factors are by defi-

nition uncorrelated. The Cholesky model specifies as many latent genetic and environmental

factors as observed variables (phenotypes) in a triangular decomposition (for illustration see

Fig 1). Thus, the genetic factor A1 (Fig 1) influences the neuroticism trait and the three other

phenotypes, whereas factor A2 influences anxiety-depression, MS pain, and fatigue, control-

ling for neuroticism, and likewise for A3 and A4.

Several nested models were compared in order to identify the best-fitting one according to

the minus2LogLikelihood difference test (Δ-2LL) and the Akaike Information Criterion (AIC)

[51]. Thus, an ACE model was compared to an AE model, and the consequences of constrain-

ing the parameters to be equal across sex in a given model were assessed. In investigating poten-

tially sex-limited effects of genetic and environmental factors using the Cholesky model, the

approach outlined by Neale et al. [48] was adopted. In same-sex twin samples only so-called

common effects sex-limitation can be assessed, i.e., it is presupposed that the same factors cause

variation in males and females, but they may do so to a different extent. Hence, the genetic and

environmental correlation matrices must be constrained to be equal for males and females. In

the scalar model, which is a sub-model of the common effects model, the sex-specific effects are

removed and the variance components (A, C, E) for females are all constrained to be equal to a

scalar multiple of the male variance components. In consequence, the standardized variance

components are equal across sex even if the unstandardized components may differ. In the first

two models, parameters were estimated separately for males and females (common effects sex

A twin study of fatigue, neuroticism, anxiety-depression, and pain
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limitation). In models 3 and 4, scalar sex limitation was examined, and in models 5 and 6 all

structural parameters were constrained to be equal across sex (no sex limitation). The model

with the lowest AIC represents the best balance of goodness-of-fit and parsimony.

Results

Although the mean fatigue symptom level was rather low (mean = 1.51; SD = 0.42), the per-

centage of symptomatic individuals (i.e., those reporting above 1 –‘not at all’ on the symptom

scales) was considerable, ranging from 27.4% (for listlessness) to 43.9% (for tiredness or

drowsiness) (Table 1). Depending on symptom type, between 2.1% and 6.3% of the respon-

dents indicated that they suffered ‘considerably’ or ‘strongly’ from their complaints. Further-

more, nearly 63% of the participants reported two or more symptoms, and about 25%

reported four to six (maximum) symptoms (data not shown). Mean symptom level was signifi-

cantly higher for women compared to men (1.56 and 1.41, respectively, p<0.001), but no sig-

nificant difference between the MZ and DZ groups was observed (data not shown).

Fig 1. Path diagram of the best-fitting AE Cholesky model. The model is depicting genetic (A) and environmental (E) influences on the phenotypes neuroticism

(Neuro, assessed at time 2: 2011), anxiety-depression (Anx-Dep) symptoms, musculoskeletal (MS) pain, and fatigue. 95% CI in parentheses. h2 –heritability coefficient.

https://doi.org/10.1371/journal.pone.0198594.g001
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Factor analysis of the fatigue symptoms yielded only one factor as judged by the eigenvalue

>1 criterion, and scree plot inspection (data not shown). Parallel analysis led to the same con-

clusion, i.e., plotted eigenvalues from random data crossed the plot of eigenvalues from the

sample data (the scree plot) between the first and the second factor (data not shown). The first/

second eigenvalues in the two sub-samples were 3.75/0.67 and 3.89/0.69, respectively, and the

factor loadings were in the 0.60–0.85 range. This common ‘fatigue symptom factor’ explained

62% and 65%, respectively, of the symptom variance in the twin 1 and twin 2 sub-samples, and

may thus be characterized as both salient (in terms of explained variance) and well-defined (in

terms of factor loadings).

Next, the phenotypic relationship between fatigue symptoms, neuroticism, anxiety-depres-

sion, and MS pain was examined in correlation and regression analyses (Tables 2 and 3).

Descriptive statistics for the study variables and the covariates are shown in Table 3. As

expected for this non-clinical sample of twins, anxiety-depression and MS pain symptom levels

at the lower end of the scales were found. Yet, a large proportion (i.e., 40.9%) of the partici-

pants reported having at least one medical condition. The highest phenotypic correlation was

observed between fatigue and MS symptoms (r = 0.60, p< 0.001), and the other phenotypic

correlations ranged between 0.28 and 0.54. In addition, female sex and lower education were

associated with fatigue (r = -0.11 and r = -0.20, respectively; p< 0.001).

In multiple regression analysis (GEE), both neuroticism (time 1 and time 2), anxiety-

depression symptoms, and MS pain were found to be significantly associated with the fatigue

index (Table 3). Furthermore, all the general health indices also yielded significant statistical

effects on the dependent variable. The associations of sex and education with fatigue symp-

toms were no longer significant. In hierarchical regression analyses conducted separately in

the twin 1 and twin 2 sub-samples, neuroticism assessed at time 2 (NEO-PI-R), anxiety-

Table 1. Score distributions (percentages) for the six symptoms included in the fatigue index, and prevalence of symptomatic individuals (i.e., with a score equal to

or greater than 2: Slightly).

1: Not at all 2: Slightly 3: Somewhat 4: Considerably 5: Strongly % symptomatic

1. Physical weakness 68.0 18.7 8.5 3.9 0.9 32.0

2. Excessive need for sleep 66.4 19.8 8.4 3.1 2.4 33.6

3. Tendency to rapid exhaustion 65.1 20.1 8.5 4.2 2.1 34.9

4. Tiredness/drowsiness 56.1 29.7 9.3 2.9 2.0 43.9

5. Feeling unconcentrated/distant 72.4 21.0 4.5 1.8 0.3 27.6

6. Listlessness 72.6 20.2 4.7 1.8 0.8 27.4

https://doi.org/10.1371/journal.pone.0198594.t001

Table 2. Phenotypic correlations.

1. Neuroticism (time 1) 2. Neuroticism (time 2) 3. Anxiety-depression 4. MS pain symptoms

1. Neuroticism (time 1)

2. Neuroticism (time 2) 0.54

(0.51–0.56)

3. Anxiety-depression 0.47

(0.44–0.50)

0.58

(0.55–0.60)

4. MS pain symptoms 0.26

(0.22–0.29)

0.28

(0.25–0.32)

0.32

(0.29–0.36)

5. Fatigue 0.33

(0.30–0.37)

0.39

(0.36–0.42)

0.50

(0.47–0.53)

0.60

(0.58–0.62)

Time 1—(1992–1998); Time 2—(2011); MS—Musculoskeletal. Pearson correlation coefficients; 95% CI in parentheses.

https://doi.org/10.1371/journal.pone.0198594.t002
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depression and MS pain symptoms accounted for about 58% of the variance in fatigue symp-

toms in both sub-samples when entered together in the first block of variables. When the gen-

eral health indices were included as independent variables in the second block, the amount of

explained variance increased to just about 60%. In analyses using neuroticism measured at

time 1 (EPQ), the amount of explained variance in the first/second block of variables were

47%/51% and 49%/53%, respectively, in the twin 1 and twin 2 sub-samples. In order to explore

to what extent the regression parameter values are influenced by extreme scorers, the GEE

analyses were rerun, excluding participants with a mean score of 3 (‘considerable’) or above

on the fatigue scale. In these analyses, in which about 5% of the total sample were left out, the

regression coefficients for neuroticism, anxiety-depression, and MS pain were still significant,

with only a small reduction or no reduction in the parameter values for neuroticism at time 1

and time 2, respectively (data not shown).

In the multivariate biometric analyses, a set of Cholesky models including neuroticism,

anxiety-depression, MS pain and fatigue was tested. Table 4 shows the fit of the different mod-

els including neuroticism and the other study variables assessed simultaneously (i.e., at time

2). As can be seen, for each pair of ACE-AE models (i.e., the following pairs of the models

listed in Table 4: 1 vs. 2; 3 vs. 4; 5 vs. 6), the AE model produced the best fit. Moreover, as com-

pared with the first four models (common effects/scalar sex limitation), model 5 and 6 (no sex

Table 3. Risk factors for fatigue.

1. Variable 2. Mean (SD)

% (dichotomous variables)

3. Regression coefficients

(Neuroticism time 1)

4. Regression coefficients

(Neuroticism time 2)

Neuroticism (time 1/time 2) 1.80 (0.22)/1.58 (0.42) 0.17� 0.12�

Anxiety-depression 1.32 (0.48) 0.40��� 0.40���

MS pain symptoms 1.98 (0.92 0.31��� 0.32���

Education 3.21 (1.32) 0.00 (ns) 0.01 (ns)

Sex (women, %) 64.6 -0.01(ns) 0.00 (ns)

Reduced activity/in bed (%) 11.3 0.24��� 0.22���

Medical condition (%) 40.9 0.14��� 0.15���

Functional impairment (%) 8.6 0.23��� 0.24���

Descriptive statistics (second column) and estimates of regression coefficients based on generalized estimating equations, representing statistical effects of independent

variables on fatigue. Results from analyses including neuroticism scores obtained at time 1 and time 2 are shown in the third and fourth column, respectively (the other

independent variables are identical in the two analyses). Time 1—(1992–1998); Time 2—(2011); MS—Musculoskeletal;

� p < 0.05;

��� p < 0.001; ns—not significant.

https://doi.org/10.1371/journal.pone.0198594.t003

Table 4. Model fitting results for model including neuroticism (time 2), anxiety-depression symptoms, MS pain and fatigue.

Model -2 log likelihood df Δ-2LL (Δdf) AIC

1. ACE (sex-specific parameters) 8571.44 5960 - -3348.56

2. AE (sex-specific parameters) 8583.45 5980 10.00 (20) -3376.55

3. AEC (scalar sex limitation) 8588.87 5974 17.52 (14) -3359.03

4. AE (scalar sex limitation) 8589.86 5984 18.41 (24) -3378.15

5. AEC (no sex limitation) 8696.28 5978 124.83 (18) -3259.72

6. AE (no sex limitation) 8697.35 5988 125.90 (18) -3278.66

A—Additive genetic effects; C—Common environmental effects; E—Individual-specific environmental effects; AIC—Akaike’s Information Criterion; time 2—2011; MS

—Musculoskeletal. Best-fitting model shown in bold.

https://doi.org/10.1371/journal.pone.0198594.t004

A twin study of fatigue, neuroticism, anxiety-depression, and pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0198594 June 7, 2018 9 / 21

https://doi.org/10.1371/journal.pone.0198594.t003
https://doi.org/10.1371/journal.pone.0198594.t004
https://doi.org/10.1371/journal.pone.0198594


limitation) resulted in a significant worsening of fit as judged by both AIC and the Δ-2LL test.

Thus, some form of sex limitation appears necessary to achieve an adequate model fit, with

model 4 (AE) having lowest AIC and thus designated as the best-fitting model.

The Cholesky models were then rerun, now including neuroticism at time 1, in addition to

the other study variables. Again, for each pair of ACE-AE models, the AE model produced the

best fit (data not shown). However, the two best-fitting models, i.e., model 2 and model 4,

demonstrated essentially the same degree of fit (Δ-2LL = 8.63, Δdf = 4, ns; AIC = -4687.86, and

AIC = -4687.23, respectively). For comparison purposes, parameter values based on model 4

will be reported. Finally, a set of models was run that included both time 1 and time 2 neuroti-

cism measures simultaneously, in addition to MS pain and fatigue symptoms. In these analy-

ses, model 4 provided the best balance of fit and parsimony of the observed data (AIC =

-5138.80), with model 2 emerging as the second-best model (AIC = -5135.73). A strong genetic

correlation (rg = 0.79, p< 0.05) between the two neuroticism measures was found, in addition

to a much weaker, but significant individual-specific environmental correlation (re = 0.28,

p< 0.05). Probably due to this substantial genetic commonality the genetic cross-effects of

neuroticism at time 2 (NEO-PI-R) on MS pain and fatigue were no longer significant (data not

shown). However, a small but significant individual-specific environmental effect (i.e., 0.16) of

neuroticism (time 2) on fatigue, but not on MS pain, was found.

Fig 1 shows the standardized Cholesky parameters of the scalar sex limitation (AE) model

based on simultaneous (time 2) assessments of the four phenotypes (i.e., model 4 in Table 4).

A genetic factor (A1) accounted for 53% of the total variance in neuroticism (NEO-PI-R),

22% of the variance in anxiety-depression symptoms, 10% of the variance in MS pain, and

13%, of the variance in fatigue. A second genetic factor (A2), independent of A1, accounted

for an additional 18% of the variance in anxiety-depression symptoms, and 8% in MS pain

and 15% in fatigue. The third genetic factor (A3) accounted for additional 31% of the vari-

ance in MS pain and 16% of the variance in fatigue. Finally, there was also a modest amount

of specific genetic variance for fatigue (A4), explaining 9% of its variance. Moderate to strong

heritability estimates for the four phenotypes were found (Fig 1). In contrast to the distinct

and fairly uniform pattern of genetic associations emerging from these analyses, environ-

mental effects (i.e., the cross-effects of E1, E2 and E3) were generally much smaller and did

not form a particularly homogenous pattern. Thus, while moderate cross-effects of E1 on

anxiety-depression symptoms were observed (Fig 1), this environmental factor accounted

for only a trivial amount of the variance in fatigue symptoms (3%) and a non-significant

amount of variance in MS pain. Furthermore, the E2 factor also accounted for just a small

amount of the variance in fatigue symptoms (3%), and its influence on MS pain was non-sig-

nificant. The effect of the E3 factor on fatigue was equal to the effects of the E1 and E2 fac-

tors, accounting for 3% of the phenotypic variance. Taken together, however, these results

indicate that there are small, but non-negligible individual-specific environmental influences

of neuroticism, anxiety depression, and MS pain on fatigue. Finally, the total individual-spe-

cific environmental effects on each phenotype were substantial, explaining a large amount of

the variance in neuroticism (47%), anxiety-depression symptoms (49%), MS pain (50%), and

fatigue symptoms (47%).

Parameter estimates based on the second AE Cholesky model (including neuroticism

assessed at time 1) were broadly similar to the ones observed for the first AE model, and partic-

ularly the genetic effects (S1 Fig). The cross-effects of the E1 factor in this AE model were even

smaller than the corresponding E1 effects in the first AE model, accounting for less than 1% of

the variance in fatigue. In contrast, the genetic component of neuroticism, measured 13–19

years earlier or concurrently (time1/time2), accounted for a substantial and comparable

amount of the total variance in anxiety-depression (26%/22%), MS pain (10%/10%), and
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fatigue (15%/13%). The other genetic and environmental effects in the second AE model were

almost identical to the corresponding effects in the first AE model.

Genetic and individual-specific environmental correlations generated from the model

including neuroticism (time 2), anxiety-depression symptoms, MS and fatigue symptoms are

shown in Table 5. As can be seen, the genetic correlations are substantial and considerably

larger than the environmental correlations. A strong genetic correlation between anxiety-

depression symptoms and neuroticism could be detected, as well as more moderate genetic

correlations between neuroticism, and MS pain and fatigue. Furthermore, there were moder-

ate to strong genetic correlations among anxiety-depression symptoms, MS pain and fatigue.

Significant individual-specific environmental correlations could be observed between fatigue

on the one hand, and neuroticism, anxiety-depression symptoms, and MS pain, on the other.

The highest environmental correlation was between neuroticism and anxiety-depression

symptoms. The genetic correlations between time 1 neuroticism scores and anxiety-depression

symptoms was 0.80 (0.68–0.92), between neuroticism and MS pain 0.43 (0.30–0.57), and

between neuroticism and fatigue 0.54 (0.42–0.69). The corresponding environmental correla-

tions were 0.22 (0.12–0.32), 0.06 (-0.03–0.16), and 0.12 (0.01–0.21).

Discussion

Our study contributes to the knowledge of structure, correlates, and etiology of fatigue symp-

toms in primarily two ways. First, the relationship of fatigue to neuroticism, anxiety-depres-

sion and MS pain was investigated, for the first time we assume, in a genetically informative,

combined cross-sectional and longitudinal design. Second, the distributions and psychometric

structure of common fatigue symptoms were examined.

Relation to previous research

In congruence with previous psychometric research on the GSCL instrument [38, 39], a one-

factor model was shown to be an appropriate measurement model for the fatigue symptoms

sub-scale. Furthermore, on the phenotypic level neuroticism (assessed concurrently or 13–19

years previously), anxiety-depression symptoms and MS pain were significantly and robustly

associated with fatigue. Biometric modeling showed that all phenotypes were at least moder-

ately heritable (h2 ranging from 40% to 53%), and the best-fitting model comprised only A and

E factors. With regard to the fatigue symptom index, the estimated heritability of 0.53 matched

earlier reports [12]. Extending previous research, Cholesky modeling revealed significant

genetic cross-effects, indicating that shared genetic etiology (pleiotropy) produces associations

among the phenotypes, but also that the genetic overlap between anxiety-depression levels and

Table 5. Genetic correlations (above diagonal) and individual-specific environmental correlations (below diagonal) between the phenotypes.

1. Neuroticism (time 2) 2. Anxiety-depression 3. MS Pain symptoms 4. Fatigue

1. Neuroticism (time 2) 0.75

(0.65–0.84)

0.45

(0.33–0.56)

0.50

(0.39–0.60

2. Anxiety-depression 0.44

(0.36–0.52)

0.60

(0.47–0.73)

0.73

(0.62–0.83)

3. MS pain symptoms 0.09

(-0.004–0.19)

0.10

(0.003–0.20

0.88

(0.80–0.95)

4. Fatigue 0.26

(0.16–0.35)

0.33

(0.23–0.41)

0.30

(0.21–0.39)

Time 2—2011; MS—Musculoskeletal; 95% CI in parentheses.

https://doi.org/10.1371/journal.pone.0198594.t005
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fatigue, and between MS pain and fatigue, is not solely due to their relationships with neuroti-

cism. Importantly, the independent genetic influence of MS pain on fatigue was substantial,

and the genetic correlation between the two phenotypes was especially strong (rg = 0.88).

Overall, our results concur with previous twin studies in this area, which have examined a

subset of the phenotypes included in the present study, but not all four phenotypes simulta-

neously. Moreover, as shown by Hickie et al. [12], while fatigue and psychological distress

share some common genetic factors, fatigue has also substantial independent genetic and envi-

ronmental risk factors.

A large proportion of the participants (i.e., between 20% and 30%) indicated that they were

just ‘slightly’ affected by fatigue symptoms. Of particular note, however, between 2.1% and

6.3% (depending on symptom type) reported that they suffered ‘considerably’ or ‘strongly’

from their symptoms. Such symptom loads are obviously of clinical significance, and the per-

centage of individuals falling into this category is highly similar to prevalence estimates of CFS

or CFS-like illness reported in general population studies [1, 10]. Importantly, however, when

excluding individuals with a probable fatigue disorder (i.e., with scores� 3 on the fatigue

scale), the associations of fatigue with neuroticism, anxiety-depression, and MS pain remained

significant and the changes in regression parameter values were small to moderate. Thus, the

phenotypic associations are not caused solely by a relatively small group of extreme scorers,

which argues for the use of a continuous phenotype definition.

The role of sex and general health status

As expected, general health variables were significantly associated with fatigue symptoms in

bivariate analyses and when entered simultaneously as independent variables in multiple

regression analyses. However, hierarchical regression analyses conducted separately in the

two twin sub-samples revealed that these variables accounted for just a tiny proportion of the

variance in fatigue symptoms when entered after neuroticism, anxiety-depression, and MS

symptoms, which together accounted for more than 50% of the variance. In accordance with

previous epidemiological research [1, 2], women evidenced a higher fatigue complaint level

than men. However, this sex effect was no longer significant after adjustment for education,

general health indices, and the other main study variables. Evidently, a substantial part of the

sex difference in fatigue symptoms can be attributed to sex differences in other phenotypic

characteristics, in particular neuroticism [8], various pain conditions, including MS pain [52],

and anxiety-depression and other negative affect symptoms [18]. Furthermore, while pheno-

typic variance was generally somewhat larger for women than men, in biometric modeling

standardized A and E parameters could be set equal across sex without a resulting reduction in

model fit. These results largely confirm findings from at least two other twin studies of fatigue

[10, 12], one of which also including anxiety, depression, and general psychological distress

[12]. As noted, studies based on very large samples drawn from the Swedish Twin Registry

have shown that although the risks for all phenotype definitions of fatigue (ranging from any

fatigue to CFS-like illness) were between two to four times higher in females [5], the genetic

architecture of these phenotypes was highly similar across the sexes [10].

Theoretical models

A strongly influential common genetic factor was identified, accounting for about 50% of the

total variance in neuroticism and between 10% and 25%, of the variance in negative affect, MS

and fatigue symptoms. This factor may reflect a general susceptibility to psychological and

somatic distress, which is a core characteristic of the neuroticism trait [23, 26]. Interestingly,

similar findings were reported by Hansell and colleagues [53] in a study of adolescent twins.
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They showed that the relationship between neuroticism, anxiety-depressions symptoms, and

perceived somatic health was to a large extent due to a common genetic factor. Importantly,

additional genetic covariation between anxiety-depression and somatic health, independent of

neuroticism, was demonstrated.

A general explanation for the link between neuroticism and health outcomes is one pro-

posed by Eysenck [31], stating that chronic emotional instability and activation result in psy-

chological distress and physiological ‘wear and tear’. According to the concept of allostasis, a

later contribution to stress theory [54], an organism seeks to maximize adaptation and the

probability of survival by changing parameters of its internal physiological milieu, matching

them to the perceived environmental demands [55]. However, recurrent or chronic allostatic

activity (i.e., stress responses) leads to systemic somatic damage, reduced mental health and

well-being, and loss of resilience to additional stressors [56]. These accumulating effects are

termed allostatic load and are generally measured using multisystem biomarker composites,

representing e.g., cardiovascular, immune, metabolic, and neuroendocrine systems. There is

currently only scant research available on the relationship of allostatic load with fatigue and

neuroticism. In a population-based case-control study, Maloney et al. [57] showed that, com-

pared with healthy controls, persons with CFS or CFS-like conditions were significantly more

likely to have a high allostatic load. In a recent longitudinal study, Stephan et al. [58] found

that neuroticism was linked to allostatic load at baseline, but higher allostatic load was not

associated with increases in neuroticism over the 4-year study period. The present study con-

firms the pervasive relationship between neuroticism and both mental and physical health

indices. Whatever the underlying mechanisms might be, in line with previous twin research

[8, 53] our findings indicate that the phenotypic associations are primarily mediated by shared

genetic influences.

It is now possible to test for such pleiotropy in associations between fatigue, neuroticism

and various health indices using data from single nucleotide polymorphism (SNP) genotyping

in genetically unrelated individuals. In a newly published study, probably the first of its kind

and using data on more than 100 000 participants in the UK Biobank, Deary and colleagues

[59] carried out a genome-wide association study (GWAS) of responses to a single question

regarding tiredness/low energy (“Over the last two weeks, how often have you felt tired or had

little energy?”). Significant genetic correlations were identified between self-reported tiredness

and psychological/psychopathological traits (e.g., major depressive disorder, bipolar disorder,

schizophrenia, verbal-numerical reasoning, and neuroticism), as well as various biomedical

and health behavior indices (e.g., body mass index [BMI], C-reactive protein, forced expiratory

volume, smoking status, and triglycerides). Of note, particularly strong genetic correlations

between tiredness, and depressive disorder (rg = 0.59) and neuroticism (rg = 0.62) were dem-

onstrated. The proportion of variance explained by all common SNPs for the tiredness ques-

tion was 8.4%, and significant associations were identified between tiredness phenotypic

scores and polygenic profile scores for several of the physical and psychological traits, includ-

ing depressive disorder and neuroticism. The authors maintain that tiredness appears to be

genetically linked to a systemic proneness to poor health as shown particularly by its genetic

associations with markers of allostatic load. They furthermore suggest that neuroticism may

represent a separate route to fatigue, a predominantly affective one, but with a probable over-

lap with biomedical mechanisms and risk factors mentioned above. As evidence for this

hypothesis, the authors mention that when polygenic profile score analyses of tiredness were

adjusted for neuroticism, the associations between tiredness and mental disorders (except

schizophrenia) were largely attenuated, whereas most of the biomedical/behavior health

associations remained significant. These results suggest, firstly, that it is the proneness to

neuroticism, rather than the specific proneness to mental disorders, that may account for the
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relationship between tiredness and mental health indices. Secondly, they show that while neu-

roticism is associated with some of the physical health-related traits included in the UK Bio-

bank [60], the genetic associations between tiredness and biomedical/health behavior traits

identified by Deary et al. [59] are evidently not wholly confounded by neuroticism level.

Previous research into the genetics of fatigue has primarily focused on genes associated

with biological mechanisms hypothesized to be implicated in the disorder, particularly genes

involved in the immune system, the hypothalamic-pituitary-adrenal (HPA) axis, and the sero-

tonergic system. In a review of this literature, Landmark-Høyvik et al. [61] concluded that the

search for genetic markers of fatigue has been unproductive, and most studies are hampered

by lack of power, phenotypic heterogeneity, and poor study design. In a recent review [62],

several potentially important associations of SNPs related to neurotransmitter systems, the

HPA axis, and immune-mediated inflammation with fatigue, including CFS and disease-

related fatigue, were discussed. Of note, the review suggest a major role for cytokine SNPs in

all the fatigue subgroups. The authors point out, however, (1) that sample sizes for all the stud-

ies included were relatively small; (2) that many studies lack an accurate case-definition; (3)

that there are relatively few longitudinal studies; and (4) that no GWAS studies were found.

Regrettably, the Deary et al. [59] study did not include measures of cytokines, HPA axis activ-

ity, or pain symptoms. Thus, large-scale studies of genetic markers of various definitions of

fatigue, and genetic markers shared with phenotypes and endophenotypes associated with

fatigue, are needed to attain a better understanding of the genetic architecture and etiological

mechanisms involved in the disorder.

Results from the Cholesky analyses also demonstrated weaker, but significant environmen-

tal influences (E1) between neuroticism and both anxiety-depression symptoms and fatigue.

Since these effects involve health outcomes (i.e., mental and physical symptoms), differences

in stress exposure within twin pairs may partly explain these findings. Several studies have

shown that higher levels of neuroticism are associated with greater exposure and reactivity to

stressors [63, 64]. In addition, people higher in neuroticism typically exhibit less adequate cop-

ing strategies such as self-blame or denial [65]. Furthermore, neuroticism-related stress hyper-

reactivity appears to cause an increased sensitization to pain and stress [66], making the more

stress-exposed twin in a pair gradually more different from his or her co-twin.

A second common genetic factor, independent of neuroticism and specific to anxiety-

depression and both MS and fatigue symptoms, was also identified. This finding is consistent

with previous twin research on personality and psychopathology, showing that there is sub-

stantial, but not complete, overlap between the genetic factors that influence individual

variation in neuroticism and those that increase liability to anxiety-depression and other inter-

nalizing disorders [11]. In the present context, however, the most challenging finding is the

detection of independent phenotypic and genetic associations of anxiety-depression symptoms

with MS pain and fatigue. As noted, a similar finding of an independent (of neuroticism)

genetic association between anxiety-depression and somatic distress has been reported by

Hansell et al. [53] in a study of adolescent twins. A first possible explanation is that neuroticism

and anxiety-depression may be associated with fatigue via both common and differential

effects of allostatic activity. However, in the Maloney et al. study [57] cited above, the associa-

tion between fatigue and allostatic load was independent of depression scores, although there

was a weak but significant correlation between the latter two measures. No measure of neuroti-

cism was included in the study, however. Furthermore, the longitudinal study by Stephan et al.

[58] (which showed that neuroticism was linked to allostatic load only at baseline), did not

comprise measures of negative affect symptoms, pain, fatigue or other subjective states that

conceivably could be related to allostatic load over time. Interestingly, a population-based

study [67] showed that high neuroticism and low conscientiousness were both associated with
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higher levels of the cytokine interleukin-6 (IL-6), which is a commonly used as marker of allo-

static load [55]. However, the associations were weak (i.e., correlations in the 0.04–0.07 range),

and some studies have failed to find an association between neuroticism and IL-6 [68]. Thus,

while immunologic and inflammatory processes are obviously of crucial significance in

numerous somatic conditions (including conditions often causing fatigue symptoms), their

role as underlying mechanisms in the relationship between neuroticism, anxiety-depression,

MS pain, and fatigue symptoms must be regarded as unsettled.

Another possibility is that the relationship between neuroticism, anxiety-depression, pain

and fatigue is primarily due to individual differences in symptom awareness and symptom

amplification. According to this symptom perception hypothesis [26], people higher in neurot-

icism focus more on internal states, becoming preoccupied with symptoms and exaggerating

their effects (see also [8]). Thus, neuroticism, as well as briefer negative affect states, will pri-

marily influence the experience and reporting of subjective health condition, not objectively

verifiable physical symptoms and processes such as elevated blood pressure or inflammatory

activity. However, individuals with higher neuroticism levels are vulnerable to a broad range

of health problems [23], and several large-scale longitudinal studies have documented that ini-

tial neuroticism levels are predictive of somatic and psychiatric morbidity assessed several

decades later, including moderate to severe conditions that have lasted for significant periods

of time [8, 22]. Furthermore, the simultaneous inclusion of neuroticism and anxiety-depres-

sion scores in the regression and Cholesky models in the present study shows that if the associ-

ation of anxiety-depression with MS pain and fatigue is due to a symptom perception/over-

reporting effect, this effect is different from the one caused by individual differences in neurot-

icism, both phenotypically and genetically.

Although the relationship between pain and fatigue has been the focus of substantial epide-

miological research in the past, there are very few studies using genetically informative designs.

The strong phenotypic correlation (i.e., r = 0.60) between fatigue and MS pain which emerged

in the present study, concur with common clinical observations and previous epidemiological

research indicating that pain is a frequent symptom in patients with CFS or CFS-like illness.

The diagnostic criteria for CFS contain five painful symptoms (including MS pain and head-

ache), and MS pain is the most common of these, affecting as many as 93% of patients [69].

Furthermore, the genetic correlations between fatigue on the one hand, and neuroticism, anxi-

ety-depression and MS symptoms on the other, were substantial, with the correlation between

fatigue and MS symptoms emerging as particularly strong. This last finding is comparable to

the genetic correlation reported by Burri et al. [9] between fatigue symptoms and CWP. As

expected, there were also environmental factors influencing MS pain and fatigue (as reflected

in e.g., a moderate individual-specific environmental correlation), indicating that conse-

quences of life events such as illnesses and accidents may affect both phenotypes.

A first and intuitively appealing hypothesis is that fatigue may be a consequence of chronic

or episodic pain, possibly mediated by factors such as exacerbated sleep problems and psycho-

logical distress. Alternatively, pain may be more easily experienced when being fatigued due to

enhanced pain sensitization [70, 71]. A third possibility is that fatigue and pain are symptomat-

ologically related due to shared risk factors and mechanisms. This hypothesis, according to

which a synchronous association between changes in fatigue and pain can be envisioned, has

actually gained some support in a longitudinal study [72].

Taken together, the findings from both phenotypic and biometric studies strongly suggest

that fatigue and MS symptoms are related largely due to shared genetic factors, not because

one symptom cluster causes the other. Thus, the fatigue symptoms often observed in individu-

als with MS pain or other pain conditions may actually not be due to general effects of chronic

pain, such as disturbed sleep or side-effects of medication, but may be part of one, complex
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syndrome (see also [9]). This conclusion is also in accordance with the main findings from a

comprehensive longitudinal study, noted above [72], among adult patients presenting with

fatigue in 147 medical practices across the Netherlands. Although a fairly complex pattern of

results emerged from the statistical analyses, a model reflecting simultaneous change in pain

and fatigue was more strongly supported than models specifying a temporal (and implicitly

causal) relationship between the symptoms.

Clinical and preventive implications

MS pain and other pain conditions, anxiety-depression symptoms, and fatigue affect a signifi-

cant portion of the general population [2, 18, 73]. Thus, mental health practitioners may

encounter patients with such symptoms, which are frequently co-occurring and forming com-

plex syndromes, on a regular basis. Of particular note in this context is our finding of signifi-

cant individual-specific environmental influences, both cross-effects and a unique factor,

explaining nearly 50% of the total variance in fatigue. Even when taking into account that

these environmental factors also include error of measurement (e.g., the fatigue questionnaire

used is about 80% reliable), the systematic individual-specific environmental variance accounts

for a substantial amount of the total variance in fatigue symptoms. Importantly, the sources of

these influences—psychological, social and medical causal and maintaining factors—would

appear to be particularly useful targets for the development of treatment and prevention

approaches [9]. One implication of the current research is that the optimal treatment approach

for co-occurring fatigue, pain and negative affect symptoms should simultaneously address

both physical and psychological symptoms. Interestingly, recent clinical trials have demon-

strated that compared with conventional (more passive) forms of rehabilitation, cognitive

behavioral therapy (CBT) and graded exercise therapy (GET) were more effective in reducing

the frequency of muscle and joint pain in fatigue patients [69]. Another implication is that pre-

vention strategies should be designed to also target the vulnerability for mental and somatic

distress or disorders inherent in neuroticism, a vulnerability existing across the whole lifespan,

rather than just treating the subsequent manifestations of those conditions [21, 23].

Limitations

The present study has notable strengths such as using a genetically informative sample of male

and female twins who can be considered representative of a large segment of the Norwegian

general population. Still, a couple of limitations should also be noted. First, our assessment was

based on self-reports, without physical examinations or other objective data. Thus, clinical

conditions that may cause fatigue symptoms were not assessed, and the results may not be

directly comparable to those based on clinical samples. As noted by several researchers [61],

efforts to identify causes, mechanisms or biological markers of CFS or CFS-like conditions

have been relatively unsuccessful, and several definitions of fatigue, based mostly on subjective

symptoms, have been proposed [2]. A comparative advantage of the current study is that statis-

tical control for general health indices and demographic variables was conducted in the regres-

sion analyses. It can furthermore be argued that subjective symptom reporting is significant

and valid in its own right as it represents the symptoms with which patients present to their

physicians or other therapists, and milder forms of chronic fatigue are much more common

than CFS in primary care. Second, the data were obtained in a specific cohort consisting of

middle-aged twins, and associations between fatigue symptoms and psychological, social, and

medical characteristics may vary with age. However, individual findings from the current

study, such as heritability estimates and genetic correlations between fatigue, pain, and other

study variables were broadly in agreement with previous research [9, 10, 12], including Hansell
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et al.’s study [53] of adolescent twins. Additionally, the relationship between neuroticism, neg-

ative affect symptoms, and somatic complaints appears highly robust and has been demon-

strated across developmental phases, from childhood to old age [74]. Indeed, the present study

demonstrated that neuroticism assessed 13–19 years previously were predictive of current

fatigue symptoms.

Conclusions

In conclusion, our results indicate that a substantial part of the variance in fatigue symptoms

can be accounted for by a single underlying factor. Extending previous research, the current

study examined the role of neuroticism as a general vulnerability factor that may possibly

explain the association of fatigue with anxiety-depression and MS symptoms. Cholesky model-

ing indicated substantial unique genetic and individual-specific environmental influences on

each phenotype. Genetic sources accounted for most of the associations among the four phe-

notypes, but non-negligible environmental cross-effects were also observed. Moreover, a

second common genetic factor, independent of neuroticism and specific to the three other

phenotypes, as well as a third factor specific to MS symptoms and fatigue, and a fourth factor

unique to fatigue, also emerged in the analyses. These results suggest that both unique and

pleiotropic effects are involved in the genetic architecture of the phenotypes. Overall, our

findings confirms that self-reported fatigue is linked genetically to personality, negative affect

symptoms, and pain processes, and is thus both complex (comprising heterogeneous symp-

toms, occurring across different conditions) and multifactorial (involving several mechanisms

and risk factors).

Supporting information

S1 Fig. Path diagram of the second AE Cholesky model (including neuroticism assessed at

time 1).
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