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Abstract 

Background  Fatigue, low muscle endurance, muscle weakness and low-grade inflammation are strongly 
related to frailty at higher age. When signs of self-perceived fatigue and low muscle endurance are interrelated 
with low-grade inflammation at midlife, they might be used as early markers for frailty. This study investigated 
whether the interrelationships among self-perceived fatigue, muscle endurance and inflammation can be observed 
at midlife.

Methods  A total of 965 participants of the Copenhagen Aging and Midlife Biobank (aged 52 ± 4 years, 536 males, 
426 females) were assessed for self-perceived fatigue (20-item multidimensional fatigue inventory), muscle endurance 
(grip work), circulating markers of inflammation (hsCRP, IL-6, IL-10, TNF-alpha and IFN-γ), daily physical activity (PAS-2), 
body composition (%body fat assessed by bio-impedance) and self-reported health status. Participants were catego-
rised (correcting for age and gender) according to high fatigue and/or low muscle endurance, differences in inflam-
matory profile between fatigue categories were assessed by ANCOVA (corrected for PAS-2, %body fat and presence 
of inflammatory conditions).

Results  Overall, muscle endurance, fatigue and inflammatory markers were significantly interrelated. Higher levels 
of hsCRP (p < 0.001), IL-6 (p < 0.001), IL-10 (p = 0.035) and TNF-alpha (p = 0.028) were observed in participants present-
ing both low muscle endurance and high fatigue. IFN-γ was highest in those with high fatigue but normal muscle 
endurance (p = 0.015).
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Conclusions  Middle-aged participants with higher fatigue in combination with low muscle endurance show higher 
levels of inflammation, independently from physical activity, body fat and inflammatory pathology. The underlying 
mechanisms should be identified and future studies should also investigate whether these individuals show early 
signs of reduced physiological reserve capacity, which in later life come to full expression by means of frailty.
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Background
Fatigue is a common reported complaint among older 
adults and is increasingly acknowledged as a geriatric 
syndrome [1]. It poses a significant risk for adverse health 
outcomes, such as disability, falls, hospitalization and 
mortality in older adults [2]. Research has shown that 
muscle strength declines with age and contributes sig-
nificantly (i.e. more than 20%) to the association between 
fatigue and physical function in older adults [3]. Suf-
ficiently high maximal strength is crucial for the ability 
to perform functional tasks including rising from a chair 
or lifting objects. However, in older persons, continuing 
and completing these tasks necessitates sustained mus-
cle contractions at a nearly maximal intensity. Reduced 
muscle endurance might therefore explain the occur-
rence of fatigue, one of the key characteristics of physical 
frailty [4, 5]. Fatigue is often considered a marker of aged-
related accumulation of deficits, reflecting the underly-
ing vulnerability of an individual’s homeostatic reserves, 
aligning with the concept of frailty [6]. In the pathophysi-
ology of frailty and fatigue, inflammation has been rec-
ognized to play a predominant role in older adults [7], 
however none of the studies has showed this relationship 
already at midlife.

Aging is accompanied by a chronic low-grade inflam-
matory profile (CLIP), characterised by disbalanced lev-
els of pro-inflammatory (hsCRP, IL-6, IL-1β, TNF) and 
anti-inflammatory (IL-10, IL-1RA) circulating molecules 
[8–11]. CLIP contributes to sarcopenia [12, 13] (age-
related muscle wasting) [14] and frailty [15–20], increas-
ing the risk of negative health outcomes by up to 11-fold 
[21, 22]. Age-related changes in the immune system, 
defined as immunosenescence, are also associated with 
negative health outcomes. Here, late-stage differentiated 
CD8 + T-cells can become “inflammescent” [23], charac-
terized by a senescence-associated secretory phenotype 
(SASP) [24], leading to exacerbation of CLIP [17, 24–27]. 
CLIP has also been shown to induce neuroinflamma-
tion, increasing the activation of glial cell in the tempo-
ral cortex and activity in multiple brain regions in young, 
middle aged and older adults [28–30] which can lead to 
centrally stimulated fatigue [31].

Fatigue is one of the main characteristics of frailty, half of 
the existing frailty scales include at least one fatigue com-
ponent. It appears that self-perceived fatigue is prominently 

represented in the frailty scales, while muscle endurance is 
underrepresented [32]. However, muscle endurance is a 
parameter that can distinguish frail older adults from their 
non-frail counterparts [33], therefore muscle endurance is a 
very promising parameter to help elucidating the pathways 
leading to frailty as well as to develop preventive and thera-
peutic interventions. Inflammation seems to have a medi-
ating role in the presence of fatigue in frailty. In addition, 
a prospective study with participants aged 24–91 years 
showed that participants with high inflammatory response 
after abdominal surgery showed higher feelings of self-
perceived fatigue and low muscle endurance compared to 
those with low inflammatory response after surgery [34].

It can be hypothesized that when individuals show 
already at midlife development of CLIP which would be 
accompanied by reduced physiological reserve capacity 
(characterized by low muscle endurance and high feelings 
of self-perceived fatigue), they might be more prone to 
physical frailty in the future. This hypothesis is supported 
by previous research showing that pre-frail older adults 
had higher levels of self-perceived fatigue combined with 
low muscle endurance compared to their robust counter 
parts, which was influenced by inflammatory markers [35]. 
In older adults, fatigue, muscle endurance and inflamma-
tion have been playing a predominant role in the develop-
ment of frailty [36]. Muscle endurance and self-perceived 
fatigue are interrelated, however, these factors also provide 
complementary information about fatigue in adults [34, 37, 
38]. In clinical decision making, it can be relevant to know 
whether older adults experiencing both self-perceived 
fatigue and low muscle endurance are also those who pre-
sent CLIP already at midlife in order to target them with 
preventive interventions to avoid progression towards 
frailty at later life. Therefore, the aim of this study was to 
explore the relationship between self-perceived fatigue, 
muscle endurance, and low-grade inflammation in adults at 
midlife. In addition, we aimed to investigate whether sub-
groups can be identified showing at midlife early signs of 
reduced muscle endurance and/or increased self-perceived 
fatigue, and to portray their inflammatory status.

Materials and methods
Participants
This study included 965 participants, belonging to a sub-
group of the Copenhagen Aging and Midlife Biobank 



Page 3 of 14Bautmans et al. European Review of Aging and Physical Activity            (2024) 21:2 	

(CAMB), which has been described extensively else-
where [39, 40]. In summary, CAMB is based on a merger 
of three established cohorts: The Copenhagen Perinatal 
Cohort (CPC; 8102 men and women born at the National 
University Hospital in Copenhagen in 1959-61), The 
Metropolit Cohort (MC; 10,171 men born in Copen-
hagen in 1953), and the Danish Longitudinal study on 
Work, Unemployment and Health (DALWUH; 11,082 
men and women, born 1949 and 1959, constituting a ran-
dom sample of the Danish population in 1999). Sample 
size calculation using G-power [41] indicated a minimum 
sample size of 103 participants needed for an F-test with 
7 predictors to detect a medium effect size (ES = 0.15) 
with 80% power and alpha = 0.05. For the purpose of the 
present study the fatigue resistance test, a measure of 
muscle endurance was added to the test battery [42] in 
a subset of 965 participants of the cohort who were con-
secutively enrolled between November 2010 and March 
2011. The participants’ enrolment for this study has been 
described in detail by De Dobbeleer et al. [43]. The local 
ethical committee has approved the CAMB cohorts (No: 
H-A-2008-126). CAMB has also been registered at the 
Danish Data Protection Agency as a combined database 
(No: 2008-41-2938). All participants provided written 
informed consent.

Muscle endurance
Muscle endurance was measured using a Dynamom-
eter G100 system (Biometrics Ltd, Newport, UK), con-
sisting in an adjustable handgrip handle (standard 
JAMAR dynamometer configuration) equipped with 
in-build compression load cell (capacity = 0-90 kg, accu-
racy = < 1% of rated load) and connected via a strain 
gauge amplifier (National Instruments, type SCC-SG24) 
to a computer. All tests were performed with the domi-
nant hand. Prior to the start the system was calibrated 
by applying a 20 kg load to the dynamometer handle and 
before each assessment the system was adjusted for envi-
ronmental conditions (ambient temperature) by doing 
a zero-calibration. To avoid in-between assessment 
zero-calibrations, the handgrip handle was calibrated 
in position 2 (middle grip position) and maintained in 
that position for all participants. Grip strength, fatigue 
resistance and grip work of the dominant hand were 
assessed as described previously [38]. Briefly, the subject 
was asked to squeeze the handle as hard as possible for 3 
times with 30 s interval. If the force of the third attempt 
exceeded both preceding measures by more than 5%, 
participants performed a fourth attempt. A fifth test was 
done if the force of the fourth test exceeded the third 
with more than 5%. The highest of 3–5 attempts was 
noted as the maximal grip strength (in kg). Afterwards, 
the subject was again instructed to squeeze the handgrip 

handle as hard as possible and to maintain this maximal 
pressure as long as possible. The time (in seconds) dur-
ing which grip strength dropped to 50% of its maximum 
was recorded as fatigue resistance [42]. Grip work, a 
parameter reflecting the total effort produced during the 
fatigue resistance test, was estimated as described previ-
ously [37, 38, 43]. This parameter represents the physi-
ologic work delivered by the handgrip muscles during 
the fatigue resistance test. Grip Work is calculated by 
multiplying fatigue resistance in seconds by 75% of the 
maximal grip strength: (Grip work = 0.75 * maximal grip 
strength * fatigue resistance). Fatigue resistance and grip 
work were also expressed per kilogram body mass as 
described previously [34, 37, 38, 44, 45].

Self‑perceived fatigue
Self-perceived fatigue was assessed using the Danish ver-
sion of the Multidimensional Fatigue Inventory (MFI-20) 
[46], covering five domains of fatigue: General Fatigue, 
Physical Fatigue, Mental Fatigue, Reduced Motivation 
and Reduced Activities. Each subscale includes four items 
with five-point categories, resulting in a subscale score 
range of 4 to 20, with higher scores indicating greater 
fatigue. According to Watt et al. [46], each subscale was 
constructed by summation of its four items, if at least half 
of the items were not missing. Missing items were substi-
tuted by the mean of the non-missing items. Finally, also 
a total MFI-score (score range from 20 to 100) was calcu-
lated by summing the scores of the 5 subscales.

Physical activity
Physical activity was evaluated by the PAS-2 question-
naire and expressed in 24-hour MET score according 
to Andersen et al. [47]. Briefly, weighed daily hours and 
minutes of sleep (0.9 MET/hour), TV/sedentary leisure 
activity (1 MET), Sedentary work (1.5 MET), standing/
walking work (2 MET), heavy physical work (5 MET) and 
commuter cycling/walking (4 MET) were multiplied by 5 
for work and commuter activities or by 7 for sleep and 
TV/sedentary leisure time to obtain MET-time per week. 
In addition, weighed weekly hours and minutes of light 
(3 MET), moderately strenuous (5 MET) and strenuous 
(6 MET) leisure time physical activities were obtained. 
When the sum of the hours/week reported in the ques-
tionnaire was less than 168 h (i.e. 24 h * 7 days), the unre-
ported hours were weighed with a MET-value of 2 MET. 
Weekly MET-time for all activities were summed and 
the total weekly MET-time was divided by 7 to calculate 
the daily summed MET-time. Weekly hours that were 
recorded in excess (i.e. >168 h) in the questionnaire were 
divided by 7, weighed with a MET-value of 2 MET and 
subtracted from the daily MET-time.
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Anthropometry & body composition
Weight and height were measured (at the nearest 0.1 
kg and 0.01 m respectively) and body mass index (BMI) 
was calculated as weight*height−2 (kg*m−2). Whole body 
fat was estimated by a Tanita MC-180 bioimpedance 
(hand-to-foot) device (Tanita corp., Tokyo, Japan) and 
expressed as percentage of body weight.

Prevalence of inflammatory conditions
Based on self-reported health status and the interview at 
the study clinic the presence of (1) acute systemic inflam-
matory event(s) (i.e. fever, cold, flu, pneumonia, diges-
tive tract infection, urinary tract infection or any other 
infection during the last 3 weeks; fractures or surgery 
during the last month; visit at the dentist during the last 
week), (2) auto-immune disease or arthritis (i.e. chronic 
intestinal inflammation, arthritis or other connective tis-
sue disease), (3) lung disease (i.e. asthma, chronic bron-
chitis, emphysema or other serious lung disease) and (4) 
chronic viral infection (i.e. HIV positive or hepatitis B or 
C) was recorded.

Inflammatory mediators
Non-fasting blood samples were taken by venepunction 
the day of physical testing, before participating in the 
physical tests. Blood samples were centrifuged at room 
temperature immediately after sampling and plasma 
was stored at -80  °C for ulterior (within maximum 2 
years) determination of inflammatory biomarkers. High-
sensitivity C-reactive protein (hs-CRP) was quanti-
fied by immune-turbidimetric analysis by using Roche/
Hitachi automatic instrument COBAS®. The assay used 
was Tina quant (Roche Diagnostics GmbH, Mannheim, 
Germany) according to the manufacturer’s instructions. 
Intra-assay and inter-assay precision expressed as coef-
ficient of variance was determined by the manufacturer 
as respectively 1.34% and 5.70% for low, and 0.28% and 
2.51% for high standards; detection limit 0.03  mg/L. 
Concentrations of IL-6, TNFα, IFNγ and IL-10 were 
determined simultaneously using an electro-chemilumi-
nescence’s multiplex system on Sector 2400 Imager from 
Meso Scale Discovery (Gaithersburg, USA) according to 
the manufactures instructions. Lower limits of detec-
tion (LOD) were respectively 0.210pg/mL, 0.281pg/
mL, 0.189pg/mL and 0.210pg/mL for IL-6, TNFα, IFNγ 
and IL-10. We imputed values from a uniform distribu-
tion (between 0 and LOD) when measurements of the 
cytokines fell below the LOD [48].

Statistical analysis
Analyses were done using IBM SPSS statistics 22 (IBM 
Corporation, New York, USA). Average values are pre-
sented with standard deviation (SD) or quartile deviation 

(QD, P75-P25) depending on measure level and normal-
ity of distribution. Several data presented non-normal 
distribution as evaluated using the Kolmogorov-Smirnov 
Goodness of Fit Test (hs-CRP, weekly physical activity) 
or were scored on an ordinal scale (20–100 and 4–20 for 
MFI-20 total score and subscale scores respectively). For 
not normally distributed data as well as for the ordinal 
variables non-parametric tests were used for analysis. 
Gender differences were explored with either independ-
ent samples t-test or Mann-Whitney U-test. Differences 
between 3 or more subgroups were assessed by one-
way Analysis of Variance (ANOVA) or Kruskall-Wallis 
test. Bonferroni post-hoc test was performed for post-
hoc testing. Spearman’s rho correlation coefficient was 
computed to explore potential relationships between 
muscle endurance and self-perceived fatigue, mobil-
ity, and inflammation. Grip Work was corrected for 
body weight and computed for males and females sepa-
rately because  the relation between muscle endurance 
and inflammatory markers might be influenced by body 
composition [34, 44, 49]. To test the hypothesis whether 
persons with low muscle endurance and high feelings of 
self-perceived fatigue are more prone to inflammation, 
we assessed the interaction between muscle endurance 
and self-perceived fatigue (Grip work * 1/MFI-20) on 
inflammation (Appendix A Table A.2-A.7). Inflamma-
tion predicted significantly on all these fatigue interac-
tions. A low score on the MFI-20 and a high score on 
the grip work are considered to be good, a classic inter-
action computation as the product of these parameters 
would neutralize the linear increase in interaction score 
with combined worsening scores on muscle endurance 
and self-perceived fatigue. Therefore, we recomputed 
the MFI-20 scores as 1/MFI-20 for testing its interac-
tion with grip work. In line with earlier research [35] a 
“Capacity to Perceived Vitality” (CPV) ratio between 
Grip Work and MFI-20 score was computed (expressed 
as: Grip Work/ MFI-20), resulting in high ‘combined’ 
fatigue levels when the ratio was low, and low ‘combined’ 
fatigue levels when the ratio is high. In total 5 different 
ratios were computed, CPVtotal faigue, CPVgeneral fatigue, 
CPVphysical fatigue, CPVreduced activity, CPVreduced motivation and 
CPVmental fatigue. Linear regression models were computed 
with the ratio as dependent factor, and inflammatory 
markers as independent parameters. Cohort, age, sex, 
weekly physical activity [24-hour MET score], percentage 
body fat and presence of inflammatory conditions were 
used as covariates. To investigate whether the relation-
ships found in the linear regression analyses were biased 
by the presence of inflammatory conditions we also per-
formed the same analyses for persons with and without 
inflammatory conditions separately. Additionally, par-
ticipants were classified according to high or normal 
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levels of self-perceived fatigue (MFI-20 scores) and low 
or normal levels of muscle endurance (Grip Work), con-
sidering values ≥ P70 as high and values ≤ P30 as low. 
Cutoff-values related to these percentiles were calculated 
(see supplementary table A.20) and classification of the 
participants was performed for each cohort (MC, DAL-
WUH, CPC) and sex (males & females) separately. Dif-
ferences in inflammatory profile were explored according 
to the combination of self-perceived fatigue and muscle 
endurance by Analysis of Co-Variance (ANCOVA, with 
weekly physical activity [24-hour MET score], percentage 

body fat and presence of inflammatory conditions as 
covariates) and accounted for multiple-testing with the 
Bonferroni post-hoc test correction. Non-normal distrib-
uted inflammatory parameters were log10-transformed 
and studentized residuals obtained by the corrected 
models were verified for normality of distribution using 
the Kolmogorov-Smirnov Goodness of Fit Test. Differ-
ences in sex and cohort with categorisation according 
to the combination of self-perceived fatigue and muscle 
endurance were analysed by Chi-Square test. Significance 
was set a priori at two-sided p < 0.05.

Table 1  Participants’ characteristics

Values expressed as mean ± SD for continuous variables, and as median (P25-P75) for ordinal variables and continuous variables with not-normal distribution; 
MC = Metropolitan Cohort; DALWUH = Danish Longitudinal Study on Work Unemployment and Health; CPC = Copenhagen Perinatal Cohort; y = yes, n = no; 
significantly different from aDALWUH, bCPC (One-way ANOVA with Bonferroni post hoc test for males & unpaired t-test for females for continuous variables, Mann-
Whitney U test for ordinal variables, p < 0.05); csignificantly different from females participants within same cohort (unpaired t-test for continuous variables, Mann-
Whitney U test for ordinal variables, p < 0.05), dsignificantly different from MC and CPC (Chi-Square test p < 0.05)

Parameter MC DALWUH CPC

 Males  Males  Females  Males  Females

Physical characteristics n = 175 n = 41 n = 59 n = 320 n = 370

Age (years) 57.9 ± 0.3a, b 56.6 ± 5.1b 56.8 ± 5.1b 50.1 ± 0.8 50.1 ± 0.8

Height (m) 1.792 ± 0.067 1.777 ± 0.085 1.653 ± 0.063b 1.800 ± 0.064 1.672 ± 0.060

Weight (kg) 85.7 ± 14.7 83.7 ± 14.3c 71.5 ± 14.4 86.9 ± 15.0c 71.1 ± 14.1

Body Mass Index (kg*m−2) 26.7 ± 4.1 26.5 ± 4.2 26.1 ± 4.8 26.8 ± 4.3c 25.4 ± 4.9

Body Fat (%) 22.6 ± 5.8 21.4 ± 6.7c 32.5 ± 6.8 21.3 ± 6.3c 31.4 ± 6.9

Physical activity (24-hour MET 
score)

38.8 (36.9–42.4)b 39.8 (37.3–44.6) 38.6 (36.5–40.7)b 40.1 (37.4–43.3) 39.3 (37.7–42.2)

Maximal Grip Strength (kg) 48.4 ± 8.0b 50.4 ± 7.6c 31.1 ± 5.4b 52.3 ± 8.6c 32.6 ± 5.1

Fatigue Resistance (sec) 33.4 (24.3–44.6) 35.2 (26.9–46.1) 33.7 (20.4–48.6) 34.7 (27.0-47.2) 36.4 (25.5–53.7)

Grip Work (kg*sec) 1264.8b  (874.7-1625.6) 1287.7  (983.2-1858.3) 814.2  (467.0-1085.3) 1375.9c (1028.2-1841.7) 897.1  (600.4-1266.3)

Grip Work /body mass 
(kg*sec*kg−1)

14.4 (10.5–19.5) 16.4 (11.9–21.5)c 11.5 (5.7–18.2) 16.4 (11.6–21.8)c 12.4 (8.0-19.3)

Self-perceived fatigue (MFI-20) n = 159 n = 37 n = 56 n = 311 n = 366

Total Fatigue score (score 
20–100)

46 (36–55)a, b 38 (31–45) 39 (31–53) 36 (30–46)c 41 (31–52)

CPV ratio n = 159 n = 37 n = 56 n = 311 n = 366

CPV- Total Fatigue ratio 28,58b  (19,93 − 40,98) 32,36c  (22,82 − 54,67) 17,97  (12,61 − 31,73 38,39c  (26,05–51,62) 22,07  (12,49 − 35,67)

Inflammatory conditions(y/n) 115/60 22/19 36/23 179/140 201/168

Acute systemic inflammatory 
event (y/n)

74/101 15/26 24/35 118/201 134/235

Auto-immune disease or arthritis 
(y/n)

55/120 8/33 16/43 66/254 87/283

Lung disease (y/n) 27/148 5/36 7/52 37/283 47/323

Chronic viral infection (y/n) 0/175 1/40 0/59 3/316 2/367

Inflammatory parameters n = 169 n = 41 n = 59 n = 316 n = 363

hs-CRP (mg/L) 1.0 (0.5–2.3) 1.0 (0.5–2.5) 1.2 (0.5–2.4) 1.1 (0.5–2.3) 0.9 (0.5–2.1)

IFN-γ (pg/mL) 0.43 (0.30–0.63) 0.44 (0.32–0.81) 0.45 (0.34–0.58) 0.40 (0.28–0.66) 0.40 (0.28–0.58)

IL-6 (pg/mL) 2.01 (1.37–3.55)b 1.85 (1.16–3.01) 1.86 (1.27–2.65) 1.47 (1.01–2.28) 1.46 (1.02–2.34)

IL-10 (pg/mL) 1.29 (0.80–2.06) 1.34 (0.84–2.98) 1.00 (0.60–2.22) 1.05 (0.65–1.88) 0.91 (0.53–1.79)

TNF-alpha (pg/mL) 4.74 (4.02–6.02) 5.19 (4.46–6.24) 4.22 (3.56–5.40) 4.58 (3.38–5.59)c 4.13 (3.47–5.22)
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Results
The participants’ characteristics are shown in Table  1 
and in Appendix A table A.1. There was no significant 
difference between the three cohorts for body weight, 
BMI and body fat. Physical activity level as well as maxi-
mal grip strength were significantly higher in CPC par-
ticipants compared to MC and (female) DALWUH 
participants. Muscle endurance was similar in the three 
cohorts, except for uncorrected grip work, which was 
significantly higher in male CPC compared to MC par-
ticipants. Males showed significantly higher body weight, 
grip strength and grip work, as well as lower body fat 
and BMI (only among CPC) compared to females. Over-
all, self-perceived fatigue was significantly higher in MC 
participants compared to DALWUH (total, physical 
and mental fatigue, and reduced activity) and CPC (all 
subscales) participants. Among the CPC participants, 
females showed significantly higher fatigue scores (total, 
general and physical fatigue) compared to males. There 
was a significant difference in CPV ratio’s between the 
three cohorts; the males in the MC cohort scored signifi-
cantly lower compared to the CPC male participants on 
all ratios. The overall prevalence of inflammatory pathol-
ogy (acute and chronic) was 57.4% (expressed as the 
percentage of the number of participants with an inflam-
matory condition relative to the total number of partici-
pants) without significant differences between cohorts or 
sex, except for the presence of auto-immune disease or 
osteoarthritis which was significantly lower in the male 
DALWUH compared to MC and CPC male participants. 
Regarding the inflammatory parameters, MC showed 
significantly higher IL-6 levels compared to (male) CPC 
participants, and TNF-alpha was significantly higher in 
male versus female CPC participants.

As can be seen in Table  2, higher muscle endurance 
was significantly related to less self-perceived fatigue 
(except for general fatigue and fatigue resistance). When 

stratified for sex, grip work was significantly related to all 
self-perceived fatigue subscales except for general and 
mental fatigue in the male, whereas for muscle endur-
ance the relationship with the subscales reduced activity 
(males), reduced motivation (males) and mental fatigue 
(males & females) lost statistical significance. Higher 
age was significantly associated to higher self-perceived 
fatigue (except for mental fatigue) and lower physical 
activity levels. In the male participants separately, all rela-
tionships remained statistically significant, whereas in 
the females age remained only significantly related to the 
level of physical activity and the fatigue subscale reduced 
activity. Higher level of physical activity was significantly 
related to better muscle endurance and grip work.

In Table  3 the relationships of inflammatory mark-
ers with age, self-perceived fatigue, physical activity and 
muscle endurance are shown. Higher age was signifi-
cantly related to higher circulating cytokine levels (IFN-
γ, IL-6, IL-10 and TNF-alpha), but not with hs-CRP. 
Overall, higher levels of self-perceived fatigue were sig-
nificantly related to higher circulating levels of hs-CRP 
and IL-6, except for mental fatigue (for hs-CRP in the 
males and for IL-6 in both sexes separately). IFN-γ was 
only significantly related to total fatigue (only in females) 
and with the subscales physical fatigue (only in females) 
and reduced activity (not in males and females sepa-
rately). Higher levels of IL-10 were significantly related 
to higher scores on the subscales reduced motivation and 
mental fatigue (both scales not in male separately), and 
with reduced activity (not in male and female separately). 
Higher TNF-alpha levels were significantly related to 
all fatigue subscales (except for mental fatigue only in 
females and for general fatigue), but not in the male sepa-
rately (except for total fatigue and reduced activity). Low 
muscle endurance was significantly related to higher lev-
els of circulating hs-CRP, IL-6 and TNF-alpha (except for 

Table 2  Relationships between muscle endurance, self-perceived fatigue, age and physical activity

a Corrected for body weight, values represent Spearman Rho correlation coefficients *p < 0.05, †p < 0.01

Parameter Age Fatigue Resistancea Grip Worka

 Males  Females  Total  Males  Females  Total  Males  Females  Total

Age - - - 0.02 -0.08 -0.07* -0.05 -0.10* -0.02

Total Fatigue 0.19† 0.06 0.11† -0.09* -0.17† -0.12† -0.10* -0.21† -0.16†

General Fatigue 0.16† 0.03 0.08* -0.04 -0.09 -0.05 -0.05 -0.12* -0.10†

Physical Fatigue 0.21† 0.04 0.10† -0.10* -0.23† -0.13† -0.11* -0.26† -0.20†

Reduced Activity 0.16† 0.10* 0.13† -0.08 -0.21† -0.15† -0.09* -0.25† -0.16†

Reduced motivation 0.12† 0.04 0.09† -0.08 -0.13† -0.10† -0.09* -0.17† -0.12†

Mental Fatigue 0.08 0.05 0.06 -0.06 -0.08 -0.07* -0.05 -0.11* -0.08*
Physical activity -0.10* -0.14† -0.11† 0.09* 0.11* 0.10† 0.11* 0.12* 0.13†
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fatigue resistance in males), whereas no significant rela-
tionships were found with circulating IFN-γ or IL-10.

Significant relationships of inflammatory markers 
with the CPV ratios (ratio Grip work/MFI, reflecting the 
interplay between muscle endurance and self-perceived 
fatigue) were found (Appendix A table A.2-A.7). For IL-6 
and hs-CRP, there was a significant relationship with all 
CPV ratio’s. Also the other inflammatory markers were 
significantly related to several CPV ratio’s (except for 
TNF-alpha with CPVphysical fatigue, CPVgeneral fatigue and 
CPVmental fatigue; for IFN-γ with CPVreduced activity and 
CPVreduced motivation ; and for IL-10 with CPVphysical fatigue 
and CPVgeneral fatigue). Since the presence of inflammatory 
conditions was a significant predictor for the CPV-ratios, 
we have repeated the linear regression analyses for par-
ticipants with and without inflammatory conditions sep-
arately (see supplementary tables A.8 t/m A.19). Overall, 
the inflammatory biomarkers showed higher (standard-
ized) beta coefficients in subjects without compared to 
those with inflammatory conditions. For IL-6 and CRP, 
the association with the CPV ratios remained statisti-
cally significant in participants with and without inflam-
matory conditions (except for CPV-mental which was 
significantly predicted by these biomarkers in subjects 
without inflammatory conditions contrary to those with 
inflammatory conditions, and for CPV general where 
the association with HsCRP was borderline (p = 0.052) 
significant in those without inflammatory conditions). 
For IL-10, IFN-γ and TNF-alpha the association with the 
CPV ratios lost statistical significance in subjects with 
inflammatory conditions (except for the relation between 
IL-10 and CPVgeneral fatigue) whereas it remained statisti-
cally significant in those without inflammatory condi-
tions for IL-10 with CPVreduced activity, IFN-ɣ with all CPV 
ratios and TNF-alpha with CPVgeneral fatigue. In a next step, 
participants were classified according to high or normal 
levels of self-perceived fatigue and low or normal levels 
of muscle endurance (considering values ≥ P70 as high 
and values ≤ P30 as low). No significant differences in sex 
or cohort between categories according to the combina-
tion of muscle endurance and self-perceived fatigue were 
found (Chi-Square test, all p-values > 0.05 for each fatigue 
subscale). As can be seen in Fig. 1, participants with high 
self-perceived fatigue and low muscle endurance pre-
sented significantly the highest levels of inflammatory 
markers (except for IFN-γ) where those with high self-
perceived fatigue and normal muscle endurance showed 
the highest levels, see Fig.  1E) and those with normal 
self-perceived fatigue and normal muscle endurance the 
lowest levels of inflammatory markers (all ANCOVA 
analyses p < 0.05). As shown in Table  4, a similar pat-
tern was found when considering the MFI-20 subscales 
for self-perceived fatigue (all ANCOVA analyses p < 0.05 

except for TNF-alpha on the subscales ‘general fatigue’ 
and ‘reduced motivation’ and for IFN-γ on all subscales).

Discussion
This study aimed at exploring the interrelationship 
among muscle endurance, self-perceived fatigue and cir-
culating levels of inflammatory markers at midlife. The 
main finding was that middle-aged participants with high 
self-perceived fatigue in combination with low muscle 
endurance presented the highest levels of inflammatory 
markers. These results are in line with earlier research, 
in a prospective study involving abdominal surgery 
patients aged 24–91 years, we found that worsening 
muscle endurance after surgery was significantly related 
to higher IL-6 release following surgery and to higher 
self-perceived fatigue following the intervention. Sur-
gery-induced increase in circulating IL-6 at day 4 post-
surgery was highest in patients showing both worsened 
muscle endurance and worsened self-perceived fatigue 
[34]. Our observations were significant for hs-CRP, IL-6, 
IL-10 and TNF-α and were independent from age, sex, 
co-morbidity, body composition and physical activity 
level since classification of the participants according to 
high or normal levels of self-perceived fatigue and low 
or normal levels of muscle endurance was performed 
for each cohort and sex separately. All analysis were cor-
rected for the presence of inflammatory conditions. In 
addition, we found that the associations between inflam-
matory biomarkers and CPV ratios were stronger (i.e. 
more consistent statistical significance and showing 
higher standardized beta coefficients) in persons without 
compared to those with inflammatory conditions. This 
supports our hypothesis that the association between 
increased inflammatory biomarkers and low CPV 
ratios might be due to CLIP and not disease-induced 
inflammation.

Surprisingly, we observed that the anti-inflammatory 
cytokine IL-10 followed the same pattern as the pro-
inflammatory biomarkers when looking at the associa-
tion between fatigue and inflammation. However, the 
association between IL-10 and fatigue is less pronounced 
compared to the pro-inflammatory biomarkers. Based 
on previous research it is plausible that also the level of 
IL-10 slightly increases with CLIP, since during ongoing 
pro-inflammatory activity anti-inflammatory mecha-
nisms increase slightly [50–52]. IL-10 is an anti-inflam-
matory cytokine that typically acts to downregulate the 
inflammatory response and to prevent excessive inflam-
mation. However, in certain situations, elevated IL-10 
levels may also be associated with immune system acti-
vation. It is possible that the immune system is attempt-
ing to counterbalance the pro-inflammatory effects by 
increasing anti-inflammatory signals. This compensatory 
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mechanism might therefore induce a small increase in 
IL-10 during CLIP [51].

Intriguingly, for IFN-γ, the highest levels were seen 
in those participants with high self-perceived fatigue 
(total MFI-score) in combination with normal muscle 

endurance. Likewise, when considering the MFI sub-
scales, no significant differences were observed between 
the four groups for IFN-γ levels. In the literature, 
increased IFN-γ levels, inducing increased tryptophan 
degradation and enhanced neopterin formation, have 

Fig. 1  Circulating levels of inflammatory mediators according to self-perceived fatigue and muscle endurance. Bars represent mean ± 
standard error. Inflammatory markers are expressed as log(10) transformed values. Since all log(10) transformed values For IFN-γ were negative 
(IFN-γ concentrations were >1) all data were summed by 1 in order to optimise the visual interpretation of figure 1E. ANCOVA analysis 
(with weekly physical activity, percentage body fat and presence of inflammatory conditions as covariates) revealed significant differences 
between the subgroups for A hs-CRP (p<0.001), B IL-6 (p<0.001), C TNF-alpha (p=0.028), D IL-10 (p=0.035) and E IFN-γ (p=0.015). Overall, participants 
with high self-perceived fatigue and low muscle endurance presented the highest (except for IFN-γ, figure 1E) and those with normal self-perceived 
fatigue and normal muscle endurance the lowest levels of inflammatory mediators. F Post-hoc pairwise comparisons showed that participants 
with high self-perceived fatigue and low muscle endurance presented significantly higher hs-CRP and IL-6 levels compared to those with normal 
self-perceived fatigue and normal muscle endurance (p<0.01), as well as lower hs-CRP compared to those with normal self-perceived fatigue 
but low muscle endurance (p<0.01). Participants with normal self-perceived fatigue and normal muscle endurance showed also significantly lower 
levels of IL-6 compared to those with normal self-perceived fatigue and low muscle endurance (p<0.05), and lower hs-CRP, IL-6 and IFN-γ compared 
to participants with high self-perceived fatigue and normal muscle endurance (respectivelyp<0.05, p<0.01 and p<0.01)
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been associated with self-perceived fatigue symptoms 
in patients with symptomatic Epstein-Barr virus infec-
tion [53], and with depressive mood and fatigue in older 
persons with CLIP [54]. Possibly, IFN-γ mediated fatigue 
is a different type of fatigue with another underlying 
mechanism than that evaluated in our study participants. 
Another interesting observation is the fact that the sepa-
rate relationships between muscle endurance and self-
perceived fatigue on the one hand and the relationships 
with inflammatory mediators on the other hand were - 
although statistically significant - rather moderate to low 
(Spearman Rho correlation coefficients between +/-0.07 
and +/-0.23). In future studies addressing the role of 

midlife self-perceived fatigue and muscle endurance on 
frailty at older age, the evaluation of both parameters 
should be continued, as they are not interchangeable.

The impact of inflammation on self-perceived fatigue 
has been demonstrated earlier. In fact, inflammatory 
cytokines released in the peripheral blood circulation can 
on the one hand cross the blood-brain barrier, causing 
sickness behaviour and on the other hand activate specific 
immune-to-brain communication pathways (such as vagal 
nerve stimulation), thus affecting dopaminergic, seroto-
nine and norepinephrine neurotransmission in the central 
nervous system, and induce fatigue sensations [55, 56]. Lit-
erature on the relationship between self-perceived fatigue 

Table 4  Circulating levels of inflammatory mediators according to self-perceived fatigue and muscle endurance

ANCOVA analysis (with weekly physical activity, percentage body fat and presence of inflammatory conditions as covariates); values are expressed as adjusted 
mean ± SE; asignificantly different from participants with NORMAL Fatigue & NORMAL Muscle Endurance (Bonferroni post hoc test p < 0.05); bsignificantly different 
from participants with HIGH Fatigue & LOW Muscle Endurance. (Bonferroni post hoc test p < 0.05); csignificantly different from participants with HIGH Fatigue & 
NORMAL Muscle Endurance (Bonferroni post hoc test p < 0.05)

Parameter HIGH Fatigue 
LOW Muscle
Endurance

NORMAL Fatigue 
NORMAL Muscle
Endurance

HIGH Fatigue 
NORMAL Muscle
Endurance

NORMAL Fatigue 
LOW Muscle
Endurance

p-value*

General Fatigue n = 119 n = 431 n = 225 n = 154

Log hsCRP (pg/mL) 0.213 ± 0.42a 0.015 ± 0.022b 0.040 ± 0.030b 0.008 ± 0.036b < 0.001

Log IL-6 (pg/mL) 0.348 ± 0.032a 0.193 ± 0.017b 0.280 ± 0.023a 0.260 ± 0.032 < 0.001

Log TNF-α (pg/mL) 0.695 ± 0.018 0.654 ± 0.009 0.667 ± 0.013 0.685 ± 0.016 0.137

Log IL-10 (pg/mL) 0.156 ± 0.057 0.064 ± 0.030 0.068 ± 0.042 0.214 ± 0.05 0.043

Log IFN-γ (pg/mL) -0.346 ± 0.036 -0.389 ± 0.019 -0.320 ± 0.026 -0.396 ± 0.036 0.130

Physical Fatigue n = 102 n = 454 n = 202 n = 171

Log hsCRP (pg/mL) 0.184 ± 0.046a -0.016 ± 0.021b 0.109 ± 0.032a 0.049 ± 0.034 < 0.001

Log IL-6 (pg/mL) 0.353 ± 0.035a 0.191 ± 0.016b 0.293 ± 0.025a 0.268 ± 0.026 < 0.001

Log TNF-α (pg/mL) 0.688 ± 0.020 0.649 ± 0.009 0.679 ± 0.014 0.690 ± 0.020 0.046

Log IL-10 (pg/mL) 0.160 ± 0.063 0.091 ± 0.030 0.009 ± 0.044 0.204 ± 0.047c 0.018

Log IFN-γ (pg/mL) -0.364 ± 0.040 -0.387 ± 0.019 -0.317 ± 0.028 -0.379 ± 0.030 0.220

Reduced Activity n = 113 n = 438 n = 218 n = 160

Log hsCRP (pg/mL) 0.182 ± 0.043a -0.015 ± 0.021b 0.100 ± 0.031a 0.039 ± 0.035 < 0.001

Log IL-6 (pg/mL) 0.363 ± 0.033a 0.184 ± 0.016b 0.300 ± 0.024a 0.254 ± 0.027 < 0.001

Log TNF-α (pg/mL) 0.709 ± 0.018a 0.641 ± 0.009b 0.694 ± 0.013a 0.677 ± 0.015 0.001

Log IL-10 (pg/mL) 0.207 ± 0.059 0.050 ± 0.030 0.097 ± 0.043 0.178 ± 0.049 0.037

Log IFN-γ (pg/mL) -0.347 ± 0.037 -0.381 ± 0.019 -0.334 ± 0.027 -0.393 ± 0.031 0.388

Reduced Motivation n = 121 n = 436 n = 220 n = 152

Log hsCRP (pg/mL) 0.159 ± 0.041a -0.008 ± 0.022b 0.085 ± 0.031 0.047 ± 0.037 0.002

Log IL-6 (pg/mL) 0.316 ± 0.031a 0.186 ± 0.017b 0.296 ± 0.023a 0.284 ± 0.028a < 0.001

Log TNF-α (pg/mL) 0.696 ± 0.018 0.650 ± 0.009 0.677 ± 0.013 0.684 ± 0.016 0.052

Log IL-10 (pg/mL) 0.194 ± 0.057 0.038 ± 0.030 0.119 ± 0.042 0.187 ± 0.051 0.019

Log IFN-γ (pg/mL) -0.341 ± 0.036 -0.384 ± 0.019 -0.329 ± 0.027 -0.401 ± 0.032 0.228

Mental Fatigue n = 104 n = 467 n = 189 n = 168

Log hsCRP (pg/mL) 0.190 ± 0.044a -0.001 ± 0.021b 0.083 ± 0.033 0.038 ± 0.035b 0.001

Log IL-6 (pg/mL) 0.263 ± 0.034 0.189 ± 0.016 0.307 ± 0.025a 0.318 ± 0.027a < 0.001

Log TNF-α (pg/mL) 0.685 ± 0.019 0.649 ± 0.009 0.684 ± 0.014 0.691 ± 0.015 0.031

Log IL-10 (pg/mL) 0.141 ± 0.061 0.032 ± 0.029 0.150 ± 0.046 0.216 ± 0.048a 0.005

Log IFN-γ (pg/mL) -0.383 ± 0.039 -0.382 ± 0.018 -0.324 ± 0.029 -0.369 ± 0.030 0.373
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and inflammation in apparently healthy, community-
dwelling adults are more limited compared to evidence 
from studies involving patients suffering from inflamma-
tory diseases [57] (such as cancer, neurological conditions 
and auto-immune disease). In our study we showed that 
when performing the analysis for persons with and with-
out inflammatory conditions separately, the relationship 
between CPV ratios and inflammatory markers was even 
higher in the persons without inflammatory conditions, 
providing evidence that our findings were not biased by 
disease-related inflammation. Other studies showed higher 
levels of fatigue in relation to higher circulating levels of 
inflammatory biomarkers in middle-aged diabetes patients 
(aged 52 ± 14 years) [58] and middle-aged breast can-
cer survivors (aged 55 ± 8 years) [59]. On the other hand, 
two prospective studies found no significant relationship 
between changes in self-perceived fatigue [60] and trajec-
tories of vital exhaustion [61] during young adulthood and 
circulating markers of inflammation at early midlife. How-
ever, participants of the Coronary Artery Risk Develop-
ment in Young Adults study with persistently higher levels 
of CRP at early mid-life showed a significantly higher pro-
spective risk for the occurrence of self-perceived fatigue 
over 5-years follow-up [62]. Cooper, Popham [63] found 
that underweight or obese adults (age 60–64) with higher 
levels of IL-6 showed higher levels of physical fatigability, 
in our analysis we corrected for bodyweight and fat and 
the results remained similar. Similarly, Whitehall II study 
participants (aged 39–63 years) presenting higher CRP 
and IL-6 levels showed significantly higher odds for new-
onset fatigue at 3 years follow-up (OR = 1.28 [1.09–1.49] 
for high CRP and OR = 1.24 [1.06–1.45] for high IL-6) [64]. 
Even though we have performed a cross sectional study, 
these data suggest a causal relationship between low-grade 
inflammation at middle-age and the subsequent develop-
ment or worsening of self-perceived fatigue.

Self-perceived fatigue is mostly related to central factors 
while muscle endurance is mediated by central as well as 
peripheral factors (or a combination of both) [65]. Cen-
tral factors increasing muscle endurance include reduced 
efferent supraspinal drive of motoneurons and direct inhi-
bition of motoneurons due to altered afferent input from 
muscle receptors [66, 67]. Peripheral factors – at the level 
of the muscle itself - contributing to muscle fatigue include 
alterations of the actin-myosin interactions, excitation-
contraction coupling and sarcoplasmic reticulum function 
[67]. The pathways through which inflammation affects 
skeletal muscle fatigue have been described in an exten-
sive review by Morris et al. [68] However, muscle fatigue 
is rarely assessed in clinical studies. Previously, we showed 
that inflammation impairs recovery of muscle endurance 
in hospitalised geriatric patients, despite medical treat-
ment of the aetiology and physiotherapy [69]. In another 

study we found evidence for the involvement of periph-
eral processes in the loss of muscle endurance in hospi-
talized geriatric patients with acute inflammation [70]. In 
the present study we cannot exclude that both central and 
peripheral factors were involved explaining the inflamma-
tion-related self-perceived fatigue and low muscle endur-
ance. However, there is evidence that both types of fatigue 
can be influenced by central processes. Research showed 
that increased levels of inflammatory cytokines affect 
neuroinflammation [28–30] which can lead to fatigue. 
Ho, Teresi [71] reported that levels of IL-6 are associ-
ated with  neuroinflammation in young adolescents with 
depression while Vints, Kušleikiene [28] found a signifi-
cant relationship between elevated levels of serum kynure-
nine and neuroinflammation in older adults. Therefore, it 
can not be excluded that the interplay between peripheral 
and central fatigue was mediated by inflammation.

To our knowledge, this is one of the first reports on the 
relationship between muscle endurance and low-grade 
inflammation in a population of community-dwelling mid-
dle-aged adults. Moreover, literature data regarding the 
impact of inflammation on combined self-perceived and 
muscle fatigue are extremely scarce. Based on the results 
of our present study we suggest that older adults show-
ing higher sensations of fatigue in combination with lower 
muscle endurance might represent a clinical subgroup 
with reduced physiological reserve capacity. It can be 
hypothesized that this subgroup of individuals is at higher 
risk for the development of physical frailty at higher age. 
However, our results and hypothesis need to be confirmed 
and validated in future prospective studies. The underlying 
factors for the significantly higher levels of inflammatory 
biomarkers in the CAMB-participants presenting high 
self-perceived fatigue in combination with low muscle 
endurance remain unclear. In fact, low-grade inflamma-
tion has been associated to various factors including age, 
body fat, physical inactivity as well as to comorbidity [26, 
72]. However, in our study we have adjusted the data for 
age and sex, and corrected statistical analyses for age, sex, 
physical activity, percentage body fat and inflammatory 
pathology. It can be hypothesized that these older adults 
show already early signs of CLIP or immunosenescence. 
Although CLIP and immunosenescence are usually con-
sidered as characteristics of older adults at high age (i.e. 
>65 years), it is likely that this results from insidious and 
progressive processes starting already earlier in life. Latent 
viral infection such as CMV is considered to accelerate 
the accumulation of senescent immune cells which are 
assumed to be involved in the occurrence of CLIP [73, 74]. 
Unfortunately, we have no data regarding CMV seroposi-
tivity in our participants. Depression is another factor that 
can contribute the interrelationship between fatigue and 
inflammation, but that was not included in our analysis. 
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Higher levels of pro-inflammatory markers such as CRP, 
IL-6 and TNF-α and more fatigue are seen in patients with 
depressive disorders [75, 76] because of negative effects on 
the nervous system [77].

The strength of this study relies in the inclusion of a 
relatively large sample of CAMB participants, a repre-
sentative cohort of middle-aged participants living in 
and around Copenhagen (DK), in whom psychological 
(self-perceived fatigue), physical (muscle endurance) and 
biological (inflammatory biomarkers) outcomes were 
assessed; providing unique data on potentially early deter-
minants of frailty. Another strength is the fact that all 
data and statistical analyses were adjusted and corrected 
for potential confounding factors. However, this study 
has also some limitations. Firstly, information on health 
status and medication use was based on self-report and 
interview, and it cannot be excluded that some clinical 
conditions might have been under-reported or missed. 
Secondly, we have no data on latent viral infection or pro-
portions of T-cells showing senescence markers of our 
participants; and thus the underlying causes of low-grade 
inflammation in those participants with high fatigue and 
low muscle endurance remains speculative. Finally, this is 
a cross-sectional study design and our results need to be 
confirmed in future prospective research.

Conclusion
We found that middle-aged older adults with higher 
fatigue in combination with lower muscle endurance 
show higher levels of inflammation, independently from 
age, sex, physical activity, body fat and inflammatory 
pathology. The underlying mechanisms should be iden-
tified, and future studies should also investigate whether 
these individuals show early signs of reduced physiologi-
cal reserve capacity, which at later life might come to full 
expression as frailty.
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