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Abstract

Objective. The aim of this exploratory study was to investigate
the development of low-grade inflammation during ageing and
its relationship with frailty. Methods. The trajectories of 18
inflammatory markers measured in blood samples, collected at 5-
year intervals over a period of 20 years from 144 individuals
aged 65–75 years at the study endpoint, were related to the
degree of frailty later in life. Results. IFN-c-related markers and
platelet activation markers were found to change in synchrony.
Chronically elevated levels of IL-6 pathway markers, such as CRP
and sIL-6R, were associated with more frailty, poorer lung
function and reduced physical strength. Being overweight was a
possible driver of these associations. More and stronger
associations were detected in women, such as a relation between
increasing sCD14 levels and frailty, indicating a possible role for
monocyte overactivation. Multivariate prediction of frailty
confirmed the main results, but predictive accuracy was low.
Conclusion. In summary, we documented temporal changes in
and between inflammatory markers in an ageing population over
a period of 20 years, and related these to clinically relevant
health outcomes.

Keywords: chemokines, chronic low-grade inflammation, cytokines,
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INTRODUCTION

Understanding the ageing process is important for
finding ways to prevent or delay age-related
morbidity and thus to ensure a good quality of
life for an elderly population that is rapidly
expanding worldwide.1 One factor that is crucial
for ‘successful’ ageing is an adequately functioning

immune system necessary for combating pathogens
and warding off internal threats such as
malignant transformation. But immune processes
can become out of balance in the elderly, leading
to persistent low-grade inflammation.2,3 It is
thought that those with long-lasting low-grade
inflammation have reduced responses to
pathogens and carcinogenesis, and are more
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prone to autoimmunity. This would render them
more vulnerable to developing age-related
diseases and becoming frail.2,3 In addition to
ageing, a potential driver of chronic low-grade
inflammation could be the amount of body fat,
since adipocytes can activate the immune system
directly.4

It is still largely unknown when and how low-
grade inflammation develops in the course of
ageing, and how this is related to frailty. The few
longitudinal studies on this subject showed that in
frail people, often low-grade inflammation was
present over a long period of time.5–8 In most
studies, including our own,7 the presence of
chronic low-grade inflammation was assessed by
measuring the plasma concentrations of only one
or two inflammatory markers, notably CRP and
IL-6.6 However, inflammation is a complex process
in which many proteins are involved. Some studies
already suggested that looking at a larger panel
of inflammatory biomarkers, including a broader
range of (chemotactic) cytokines, would improve
the understanding of the relationship between
low-grade inflammation and age-related
diseases.9 Furthermore, taking sex differences into
account seems relevant. Women generally have
higher scores on frailty than men but nevertheless
have a greater life expectancy.10 In order to gain
more insight into how long-lasting low-grade
inflammation relates to frailty, and taking into
account sex differences, we performed an
exploratory study using data and blood samples
from a selection of participants (n = 144) in the
longitudinal Doetinchem Cohort Study. Blood
samples and data were collected at 5-year
intervals covering a period of approximately
20 years.

We had several aims. First, we wanted to
explore the development of low-grade
inflammation in an ageing population by
investigating whether, and how, concentrations of
multiple inflammatory markers change with age.
Second, we wanted to know whether exposure to
low-grade inflammation over a prolonged period
of time is related to frailty or the likelihood of
becoming frail, and to specific ageing-related
clinical outcomes such as decreased physical
(handgrip) strength and lung function
(spirometry). Lastly, we investigated whether
being overweight is an important factor in these
relationships.

RESULTS

Study population characteristics

The study group consisted of 144 participants, (73
men and 71 women; Figure 1), with an average age
of 68.3 years (min 59.7, max 73.5 years) at the
endpoint of follow-up (Table 1). The average
follow-up time was 19.3 years (min 14.4, max
20.9 years). Since blood samples were taken every
5 years, a maximum of five samples per individual
was available for analysis, which was the case for
most participants (n = 107). Of the other study
participants, either four samples (n = 34) or
three samples (n = 3) were available. Highest
concentrations were in the order of 106 pg mL�1,
for example, of soluble CD14 (sCD14; average
endpoint level: 2.19 9 106 pg mL�1) and C-reactive
protein (CRP; 1.28 9 106 pg mL�1; Supplementary
table 1); lowest concentrations were around
1 pg mL�1, for example, of IL-10 and IL-6 (average
endpoint level: 0.65 and 2.31 pg mL�1,
respectively). Concentrations of sIL-2R and IL-1b
were below the detection limit in > 40% of the
cases; therefore, these were excluded from analysis,
leaving a total of 18 inflammatory markers
(Supplementary table 1).

Sex-specific changes in concentrations of
inflammatory markers during ageing

We estimated the average inflammatory marker
levels over the whole 20-year follow-up by
calculating the area under the concentration versus
time curve (AUC) for each individual and each
inflammatory marker separately. The AUC values
for CCL5 were consistently higher in women than
in men (Supplementary figure 1). In both men and
women, an increase during ageing was observed in
the levels of CXCL10, CXCL11 and CCL27 (Figure 2).
In women, but not in men, there were increases in
CRP, sIL-6R, CCL2, CCL11 and sCD14. These markers
increased until age 60 approximately, after which
the trajectories of inflammatory markers in men
and women appeared to become more similar
(Figure 2). Indeed, the sex differences that existed
at study baseline, in particular higher
concentrations in women of CCL5 and BDNF, and
lower concentrations of CCL11 and CCL2, were no
longer found at the study endpoint (data not
shown).
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The role of menopause

To study whether changes in inflammatory marker
levels in women are affected by menopause, we
compared the levels of inflammatory markers just
before menopause with those shortly after
menopause (enough information, including age at
menopause, was available for 40 out of 70
women; Supplementary figure 2). The average
self-reported age at menopause was 50.3 years
(95% CI 39.7–60.9), and the average time between
measurement before and after menopause was
5.3 years (95% CI 2.6–8.1). After menopause,
concentrations of CCL2, CCL11, sGP130, CCL27 and

CXCL10 were higher. Thus, our data show that
inflammatory marker trajectories differ between
men and women although these become more
similar with increasing age. This is possibly partly
explained by the hormonal changes in
menopause.

Correlations between inflammatory
markers at the study endpoint

We studied relations between inflammatory
markers by calculating their correlations at the
study endpoint. This revealed multiple
associations (Figure 3a). The strongest positive
associations (q > 0.50) were as follows: IL-6 with
IL-10 (q = 0.72); IL-6 with sCD40L (q = 0.58); IL-6
with CXCL9 (q = 0.53); sCD40L with CXCL9
(q = 0.50); and BDNF with CCL5 (q = 0.68). These
associations were found both in men and in
women, but were stronger in women
(Supplementary figure 3a and b). Other positive
associations were seen between the structurally
related IFN-c-inducible chemokines CXCL9, CXCL10
and CXCL11 (Figure 3a); again, these associations
were stronger in women than in men

Figure 1. Timeline of the study. Participants aged 65–75 years at the study endpoint had been followed for more than 20 years, with plasma

samples taken and stored at 5-year intervals. Healthy ageing index scores at baseline were determined. At last assessment, a frailty index based

on 35 health parameters, including lung function and handgrip strength, was calculated for each participant.

Table 1. Baseline characteristics of the study population

Value

N 144

Women, % (n) 49.3 (71)

Age at baseline (years) 49 (SD 2.6, range 42.4–53.5)

Age at the endpoint (years) 68.3 (SD 2.8, range 59.7–73.5)

Mean follow-up timespan (years) 19.3 (SD 1.8, range 14.4–20.9)

BMI 26.5 (SD 4, range 20.5–46.8)

Numbers are mean (SD) unless otherwise stated.
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Figure 2. Trajectories of inflammatory markers as a function of age. Average trajectories are shown for men (n = 73) and women (n = 71) with

95% confidence intervals, estimated by local polynomial regression. A continuous line means that an association was found between

inflammatory marker trajectory and age; a dashed line means that no association was found. The y-axis shows the percentage of the maximum

concentration per biomarker. Average concentrations per biomarker (pg mL�1) are given in Supplementary table 1.
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(Supplementary figure 3 and b). BDNF correlated
positively with most of the CXCL and CCL
chemokines (CCL1, CCL2, CCL5, CCL11, CXCL9 and
CXCL11) (Supplementary figure 3a and b).

Relations between inflammatory marker
changes over time

In order to study how changes in concentrations
of inflammatory markers during ageing relate to
each other, we looked for synchronous changes in
biomarkers. Our hypothesis was that when
biomarkers change together, this probably reflects
an underlying biological process inducing these
changes. To identify synchronous changes, we
determined in which of the four possible time
intervals in the 20 years of follow-up (based on
five consecutive measurements once every
5 years), a marker had its greatest increase in
concentration. Then, for every pair of biomarkers
we tested in what proportion of participants this
interval of greatest change was the same (e.g. the
interval between the second and third blood
withdrawal). In both men and women, the
clearest evidence of synchronous change was
found for IL-6 and IL-10 (Figure 3b), and for

markers of the innate immune system, such as
markers of platelet activation (sCD40L and P-
selectin) and of chemotaxis and granulocyte
activation (CCL11 and CCL5; Figure 3b). Also, the
structurally related chemokines CXCL9, CXCL11
and CXCL10 tended to change in lockstep. In
addition, CXCL9 and CXCL11 were related to not
only multiple other inflammatory markers, such as
IL-10 and IL-6, but also CCL5, P-selectin and
sCD40L. This suggests the potential sensitivity of
using a set of inflammatory markers for detecting
IFN-c pathway activation in aged men and
women.

In this longitudinal analysis, inflammatory
marker profiles of men and women appear
somewhat more similar than in the cross-sectional
analysis at the study endpoint. Thus, while in the
latter analysis CCL5 correlated with more markers
in women than in men (Supplementary figure 3a
and b), this appeared to be less so in the
longitudinal analysis (Supplementary figure 3c
and d). In summary, multiple inflammatory marker
levels were correlated with each other, with IL-6
showing the strongest correlations with other
markers, followed by markers related to platelet
activation and activation of the IFN-c pathway.

(a) (b)

Figure 3. Relationships between inflammatory markers shown: (a) correlations between pairs of inflammatory markers at the study endpoint;

and (b) similarities between pairs of inflammatory marker trajectories during the approximately 20 years of follow-up. In (a), direction and

strength of the association are visualised by ellipses of different eccentricities and a colour gradient. The inset shows the correlation between one

pair of biomarkers (IL-6 and IL-10) as an example. In (b), the blue colour gradient and the size of the circles encode the percentage of

participants in whom a pair of biomarkers peaked in concentration at the same time interval during follow-up. For the pair of biomarkers IL-6

and IL-10, this was seen in 69% of the participants (see inset). * = existence of an association between two inflammatory markers is confirmed,

based on a false discovery rate of 15%. n = 144.
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Correlations at the study endpoint were stronger
and more numerous in women.

Levels of inflammatory markers over time
related to frailty at the study endpoint

CRP concentrations over time (expressed as AUC)
were most strongly associated with frailty at the
study endpoint (Figure 4a and b; correlation in
men, q = 0.44; in women, q = 0.50; frailty index
based on 35 deficits, see Supplementary table 3).
CRP levels appeared to be continuously elevated
in those with higher frailty index scores at the
endpoint (Figure 4b), as we reported previously.7

In women only, associations with frailty were seen
for sIL-6R (q = 0.34), sCD14 (q = 0.33) and sCD40L
(q = �0.29). Also, increases or decreases in
biomarkers levels with advancing age (measured
as fold change over the 20-year study period)
were associated with frailty at the study endpoint.
This was seen in women for sCD14 and sIL-6R
(Figure 4c, q = 0.42 and q = 0.35, respectively).

Inflammatory markers, BMI and waist
circumference, and frailty

We investigated the relationship between the
inflammatory marker profile and two measures of
body fat, namely body mass index (BMI) and waist
circumference. Average BMI increased with age in
both sexes over the 20 years of follow-up (men,
q = 0.24; women, q = 0.37; Supplementary figure
4a). In both men and women, greater BMI
corresponded to higher frailty scores (Figure 4d).
In women, average BMI and waist circumference
during the follow-up were positively associated
with the AUCs of CRP (q = 0.55) and of sIL-6R
(q = 0.28; Supplementary figure 4b and c). In men,
a larger waist circumference was positively
associated with CRP.

We further analysed how adjusting for BMI
influenced these associations. Apart from the
association between CRP and frailty, this revealed
an association of BDNF with frailty in men that
was not found without adjusting for BMI
(q = 0.35 and q = 0.21, respectively).

Prediction of frailty with multiple
inflammatory marker trajectories

Since multiple associations were found between
inflammatory marker trajectories and frailty, we
further investigated how well the AUCs of all the

biomarkers combined would predict the frailty
index score using a random forest algorithm with
BMI and age at the last measurement also
included in the model. The predictive accuracy
was 12% in men and 10% in women. With
predictive accuracy not being greater, only
signification can be given to the top results of the
algorithm (Figure 5). These top results confirmed
findings of the association study: BMI and CRP
were the most important predictors (in men and
women), followed closely by sCD14 (only in
women).

Trajectories of inflammatory markers
related to an increase in frailty

Next, we studied whether the development of
low-grade inflammation is related to the onset of
frailty. This was done in two different ways. First,
we investigated whether chronic low-grade
inflammation was related to an increase in frailty
over a period of 5 years, that is between
measurement rounds 5 and 6, for which we had
enough data to calculate the frailty index. We
found no evidence for this over such a relatively
brief period of time (Supplementary table 2).
Second, to prospectively investigate the risk of
becoming frail over a longer period of time, we
selected a subgroup of individuals who were
‘healthy’ at study baseline. Being ’healthy’ was
defined using an alternative health index with
fewer items, which could be assessed at study
baseline (score of 9 or 10 out of 10 on the healthy
ageing index score; 31 women and 27 men;
Figure 6a).11 We then related the frailty score at
the study endpoint to the levels of inflammatory
markers over time. In women, frailty development
was associated with higher AUCs of CRP and sIL-
6R (q = 0.44 and 0.56, respectively; Figure 6b and
c). As participants who became frail tended to
have higher BMIs (Figure 6d), we also adjusted for
BMI, which resulted in weaker associations
(correlation coefficient of frailty and sIL-6R:
q = 0.49; of frailty and CRP: q = 0.22). Thus, it is
likely that BMI plays an important role in shaping
the relation between chronic inflammation and
frailty.

Trajectories of inflammatory markers
related to lung function

Lung function is an important determinant of
health that is known to decline with age, and for
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(a)

(b)

(c) (d)

Figure 4. Relationship between frailty at the study endpoint and inflammatory marker levels over time in men (n = 73) and women (n = 71). (a)

The cumulative ‘exposure’ to inflammatory marker levels over time, expressed as the area under the inflammatory marker concentration curve

versus time (AUC), standardised to take into account differences in follow-up periods and transformed into z-scores for visualisation and better

comparison between inflammatory markers. (b) Trajectories of individuals (grey lines) and the local polynomial regression lines with 95%

confidence intervals per frailty category (bold coloured lines), based on frailty index score at the study endpoint (concentrations are scaled to

percentage of maximum concentration per marker). This complements the analysis in (a) and visualises marker levels evolving over time. The

frailty categories in (b) were used for illustration purposes only; in the statistical analyses, the continuous frailty index score was used.

Inflammatory markers are displayed when their AUCs showed an association with the frailty index score at the endpoint in at least one of the

sexes. Plot area backgrounds in (b) are rendered in grey if no association was found. (c) Frailty index score (y-axis) versus fold change in

inflammatory markers over the 20-year period (x-axis). A vertical reference line of no increase (fold change of 1.0) is shown in bold grey. (d)

Frailty index score (y-axis) versus average body mass index (BMI) over time, expressed as AUC values (x-axis).
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which clinically accepted quantitative measures
have been defined. To investigate whether
chronic inflammation is associated with a sharper
decline in lung function with age, we related
inflammatory marker trajectories over the
previous 20 years to spirometric measurements at
the endpoint, in particular the forced expiratory
volume in one second (FEV1) and the forced vital
capacity (FVC). In women, higher CRP levels were
associated with both smaller FEV1 and FVC
(correlation of the AUC of CRP with q = �0.48 for
both). In contrast, higher levels of CXCL11 and of
sCD40L were associated with greater FEV1
(q = 0.33 for both; Figure 7a). In men, no
associations were found between the
inflammatory marker trajectories and the FEV1. In
conclusion, stronger lung function decline is
associated with higher CRP levels and with lower
concentrations of CXCL11 and of sCD40L in
women only.

Trajectories of inflammatory markers
related to handgrip strength

Another important determinant of health that
declines with advancing age is muscle strength.
We related handgrip strength, as measured with a
dynamometer, to inflammatory marker
trajectories (Figure 7b). In both sexes, we found a
negative association between the AUCs of CRP

trajectories and handgrip strength. But only in
men did this association hold out after adjusting
for BMI, a potential confounder. Also only in
men, a negative association was found between
IL-10 trajectories and handgrip strength
(q = �0.28), also after adjusting for BMI.

DISCUSSION

In this unique longitudinal study with 20 years of
follow-up data, we quantified the presence of
chronic low-grade inflammation in ageing men
and women using multiple inflammatory markers.
Our main findings are that low-grade chronic
inflammation is associated with frailty and could
be an important mediator of the relationship
between BMI and frailty. CRP, sIL-6R, sCD14 and
sCD40L were identified as the most important
biomarkers. The associations of biomarkers with
frailty were stronger and more numerous in
women than in men, although with advancing
age, inflammatory marker trajectories became
more similar between the sexes. Levels of several
immune markers were found to change
simultaneously during ageing in our study
population, indicating possible relationships
between these markers, but not all age-related
biomarkers were related to frailty.

This study revealed that changes in markers of
the IL-6 pathway, of platelet activation and of

Figure 5. Variable importance of the inflammatory marker concentrations over the previous 20 years (area under the curve) per individual in

predicting frailty at the study endpoint using a random forest algorithm. Age at the study endpoint and BMI were included as variables in the

model. Expl. Var: explained variance. % increase in mean-squared error: percentage increase in mean-squared error of the prediction of frailty

after the variable is replaced by ‘random noise’. A higher value thus means that the variable is more important in predicting frailty.
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monocyte activation are associated with clinically
relevant health outcomes at older age, in
particular frailty. Body fat turned out to be an
important factor in this process, since BMI and
waist circumference were shown to be related to
both frailty and markers of the IL-6 pathway.
However, the power to predict frailty with the
inflammatory marker trajectories was weak,
probably because of the heterogeneity in the

study population and the small numbers of
individuals.

Age-related increase in inflammatory
marker levels

We detected an increase in multiple biomarker
levels with advancing age, which is in line with
studies reporting chronic low-grade inflammation

(a)

(b)

(d)

(c)

Figure 6. (a) Subgroup of selected participants who were ‘healthy’ at baseline. 1Health status at baseline was defined by a healthy ageing index

(‘healthy’ taken to be a score of 9 or 10 out of 10). 2 Health status at the endpoint was defined by a frailty index score. (b, c) Relation of frailty

at the study endpoint with trajectories of CRP and sIL-6R in the subgroup of people who were ‘healthy’ at study baseline. To capture the

cumulative ‘exposure’, trajectories of CRP and sIL-6R in (b) and of BMI in (d) are expressed as the area under the concentration/BMI versus time

curve per individual. Grey lines in (c) are individual trajectories. Bold coloured lines in (b) are (robust) linear regression lines, and in (c) and (d),

local polynomial regression lines with 95% confidence intervals. In (c), the colour denotes the ‘frailty category’ at the study endpoint. Frailty

categories are used for visualisation of the longitudinal trajectory; for the statistical analyses, the continuous frailty index score was used.

Concentrations in (c) are scaled to percentage of maximum concentration per marker.
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at older age.2,12 Both in men and in women,
IFN-c-related chemokines clearly changed with
age, resulting in higher concentrations of CXCL10
and CXCL11 at older ages. Elevated concentrations
of these IFN-c-induced and structurally related
chemokines could be a sign of activation of both
the innate and the adaptive immune systems. This
could be clinically important, since these
chemokines have been proposed as possible
biomarkers for heart failure.13 CXCL10 has
previously been described to increase with age in
studies with shorter follow-up times.14,15 Also,
CCL27 levels increased with age. This is possibly
related to an accumulation of skin damage, since
CCL27 is a cytokine involved in T-cell-mediated
homing to the skin.16,17

In women, other inflammatory markers were
also found to increase with advancing age. This
included the IL-6 pathway-related markers CRP
and sIL-6R, and two chemokines involved in
innate immune cell activation, namely CCL2 and
CCL11. These sex-specific increases all seemed to
reach a plateau at around the age of 60 years.
Differences in the immune profile between men
and women could be because of hormonal
differences, as stated previously.18,19 This is in line
with our data, which suggest that the hormonal
shifts of menopause can partially explain why
concentrations of multiple inflammatory markers
increase over time in women before the age of
60, and then level off. Of note is that while sIL-6R
and CRP were found to increase with age in

(a)

(b)

Figure 7. Inflammatory marker trajectories in men and women of those that showed an association with physiological clinical parameters of

ageing at the study endpoint. (a) Lung function assessed by forced expiratory volume in one second (FEV1); and (b) handgrip strength measured

as a proxy for physical strength. As a measure of cumulative ‘exposure’, inflammatory marker levels were assessed as the area under the

inflammatory marker concentration versus time curve per individual (AUC) during the 20-year follow-up. AUC values were transformed to z-

scores for visualisation. % predicted: FEV1 value compared with the reference values from the Global Lung Initiative,60 specific for age, length

and sex. An association is indicated by a continuous trendline; otherwise, a dashed trendline is shown.
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women, IL-6 levels were not. This may be
explained by the molar excess of sIL-6R in the
circulation, which naturally binds IL-6 and thereby
may limit its detection. Thus, IL-6 concentrations
as measured in plasma are likely an
underestimation of the biological activity of IL-6
via both the classical and trans-signalling
pathways.20 Still, we expected to find an
association between IL-6 levels and age. IL-6 levels
were found to be higher at older age in several
previous studies,6,21,22 which is why it is thought
to be a key player in chronic low-grade
inflammation in the elderly. This discrepancy may
further be because of the relatively small sample
size in our longitudinal study and the relatively
narrow age range of the participants at study
endpoint, when frailty was assessed, in
comparison with these prior studies. However,
other studies also did not find a relation between
IL-6 and age.15,23,24 One of these also claimed this
was because of the limited age range of its
participants.24 Interestingly, another study on this
topic found similar elevations of sIL-6R and CRP,
but not IL-6, with frailty.25 Taken together, all
studies point to associations of IL-6 pathway
markers with frailty.

Chronic low-grade inflammation related to
(an increase in) frailty

As expected, in line with our previous study,7 the
association of higher CRP levels in frailer men and
women was detected in this subcohort again. In
fact, CRP turned out to be one of the
inflammatory markers with the strongest
association with frailty and with the chance of
becoming frail over time. This was followed by
sIL-6R in women, indicative of involvement of the
IL-6 pathway. Previous literature about immune
marker alterations preceding the risk of becoming
frail is limited, with one study showing
associations between higher CRP and the risk of
becoming frail.5 In another study, associations
were reported between IL-6 and ‘incident frailty’
over a period of 5 years. sIL-6R was not measured
in that study.15 Probably an important driver in
this process is being (over)weight, since the
associations with frailty in our study disappeared
after adjustments for BMI. A plausible reason for
this is that a higher BMI both increases the risk of
becoming frail and raises inflammatory biomarker
levels.4 Excessive adipose tissue, especially visceral
adipose tissue, is known to contribute to chronic

inflammation by increased secretion of adipokines
and inflammatory cytokines, and by inducing
accumulation of macrophages.4,26,27 It has been
suggested that waist circumference is a better
estimate of visceral pro-inflammatory body fat
than BMI in the elderly.28 Indeed, we saw
stronger associations of IL-6 pathway markers
with waist circumference than with BMI in men.
Of note is that even after adjusting for BMI,
frailer women also showed higher levels of sCD14,
mostly because of an increase in this marker’s
level in the preceding 20 years. sCD14 is a marker
of monocyte activation since it is released from
monocytes after stimulation with Toll-like
receptor ligands,29 in particular lipopolysaccharide
(LPS). sCD14 also binds to LPS, and it has been
suggested that sCD14 is necessary for platelets
and endothelial cells to respond adequately to
LPS.30,31 Thus, sCD14 might be important in the
defence against bacterial infections. Its increase in
concentration over time in frailer women is in line
with previous reports showing higher monocyte
numbers in frailer women.32,33

As low-grade inflammation occurs more
frequently in frail participants, most associations
between inflammatory marker levels and frailty
were positive, as expected. Yet in women, we also
found a negative association of sCD40L levels with
frailty (not after adjustment for BMI). sCD40L,
which is released mainly by activated
platelets,34,35 is a soluble membrane glycoprotein
involved in B-cell responses,36 and in macrophage
and monocyte signalling.37 It thus plays an
important role in the communication between
innate and adaptive immune responses. sCD40L is
commonly seen as a pro-inflammatory molecule,38

but it might also have an immunosuppressive role,
as has been suggested in studies on HIV infection
and cancer, by inducing the expansion of
regulatory T-cell populations,36,39 and suppressing
T-cell proliferation.39 This could imply that lower
levels of sCD40L indicate a failing regulation of
immune responses, with higher low-grade
inflammation as a result.

Lung function and physical strength

Elevated CRP levels have often been found to be
associated with unfavorable health outcomes such
as impaired lung function40 and reduced handgrip
strength.41–43 We largely confirmed these results
in our study, showing that inflammatory marker
levels had persistently been higher over an age
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range of 20 years in people who were found to
have reduced lung function and handgrip
strength at the end of this period. This confirms
that low-grade inflammation in a proportion of
the older population is indeed ‘chronic’. In
addition, only in women, higher levels of sCD40L
and CXCL11 were found to be associated with
better lung function measures. We are not aware
that these markers have been previously reported
to be related to lung function in a community-
dwelling population. While as discussed above,
sCD40L was shown in previous studies to possibly
have an anti-inflammatory role, this is not the
case with CXCL11. In fact, we would rather expect
a negative correlation of this marker with lung
function because of its pro-inflammatory effect in
the IFN-c pathway. Such a negative association
was seen in cross-sectionally performed studies on
sarcoidosis44 and other diseases affecting the
lung.45 These showed higher levels of CXCL11 to
be associated with worse lung function, which is
in contrast with our findings. Further studies
are needed to confirm our findings in a
community-dwelling population, and to explain
why in our study this relationship was found only
in women.

Interestingly, in men we also found a negative
correlation of handgrip strength with
concentrations of IL-10, a cytokine commonly seen
as anti-inflammatory. A similar relationship of
greater muscle strength (knee extension strength)
and lower IL-10 values was also described in a
previous study,46 although in most studies no
association between IL-10 and grip strength was
detected.47,48 Our results also show that IL-10
correlates strongly with several pro-inflammatory
markers such as IL-6, which is in line with previous
studies.15,46 Further research is needed to confirm
the results and to investigate whether these
elevated IL-10 levels could be a compensatory
response to low-grade inflammation.

Strengths and limitations

Our longitudinal analysis of a well-described
cohort is a major strength of this study. To the
best of our knowledge, our study is unique in
that an extensive panel of inflammatory markers
was measured repeatedly at 5-year intervals in the
same individuals over a period of 20 years. Since
variation within individuals was much smaller
than the variation between individuals, we had
more power to detect changes in protein levels

with advancing age than in cross-sectional studies,
even when these have larger sample sizes.
Furthermore, while the sample size for cross-
sectional analyses of a single analyte was limited
compared with large cohort studies, our study
made use of a spectrum of inflammatory markers,
thus giving a more comprehensive insight into
inflammation than studies that measured only a
few inflammatory markers. Also, since
inflammatory marker levels can vary considerably
between studies because of methodological
differences, an advantage of our study was that
all inflammatory markers were measured in the
same assay and that all samples of the same
individual were measured on the same plate,
giving the opportunity to relate them to each
other. A limitation is that we did not have a
frailty index measurement at baseline, which
restricted our ability to analyse the relationship
between levels of inflammatory markers and the
risk of becoming frail. Thus, while we assumed
that the participants who we selected to be
healthy at baseline had a low frailty index score,
this selection was based on a relatively simple
health score rather than the frailty index score
that we used at the study endpoint. Other
limitations are that the study population might
not be fully representative of the general
population, given the relative small number of
participants in this study and possibly selective
dropout of participants, which is commonly seen
in longitudinal cohorts. However, the response
rate in the Doetinchem Cohort Study is good,
generally above 70%.49 A further potential
limitation is that the prolonged storage of the
plasma samples could have affected the sample
quality. However, the samples were consistently
stored at low temperature and the trajectories
were remarkably stable within individuals,
indicating that protein degradation was probably
of minor influence.

CONCLUDING REMARKS

Our exploratory study gives a unique insight into
longitudinal changes in the immune profile of
ageing men and women over a period of about
20 years, and revealed multiple associations of
immune markers with clinically relevant outcomes
at the study endpoint, such as frailty, handgrip
strength and lung function. More specifically,
the findings implicate an important role for the
IL-6 pathway as indicated by elevated markers
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such as CRP and, in women, monocyte activation
as indicated by sCD14. As BMI and waist
circumference are related to elevations of immune
markers in the IL-6 pathway, chronic inflammation
might be an important mediator of the
relationship between BMI and frailty.

METHODS

The Doetinchem Cohort Study (DCS) is a population-based
longitudinal study of 7769 participants at study entry that
have been followed since 1987.49,50 Every 5 years, plasma
samples were taken and data regarding the participants’
lifestyle and health were collected. For the present study, a
subgroup of 144 people aged 65–75 years were selected
from the DCS, stratified by sex and with equal numbers of
participants classified as relatively healthy, frail or of
intermediate health status, as described elsewhere.7 In
brief, the healthy ageing/frailty were defined as those with
the 15% lowest/highest frailty index score (see below)
among their age- and sex-matched peers. The individuals
selected were still actively participating in the study at least
until 2016 and had taken part in at least four out of the
previous five assessment rounds of the DCS. The
measurements of the present study were performed as an
extension of the regular DCS assessments, with the sample
size being restricted by budgetary and logistic constraints.

Frailty index

Details on the frailty index score used in this study can be
found elsewhere.7 Its definition was based on previous
studies.51,52 In our implementation, it consists of 35 potential
age- and health-related ‘deficits’, covering a broad range of
domains, including cognitive, physical and psychological
functioning. The score used in this study differed from the
one previously used and validated in the DCS7 in two
respects. First, it was updated including the latest available
data. Second, being overweight was left out of the score so
that we could better investigate the influence of being
overweight on our results. Details and cut-off values for all of
the 35 deficits are shown in Supplementary table 3. All
deficits are bound between zero (best possible score) and
one (worst possible), and the frailty index is the average
score per individual. The frailty index was calculated in the
two latest available DCS assessment rounds (rounds 5 and 6).
Frailty categories (‘healthy’, ‘intermediate’ and ‘frail’; see
DCS subgroup selection above) were only used for
visualisation in some figures; in all statistical analyses, the
continuous frailty index score was used.

Healthy ageing index

An alternative health status score, the healthy ageing index,
was measured at study baseline and was used to select a
subgroup of participants that were ‘healthy’ at baseline. The
score is based on health deficits defined by systolic blood
pressure, plasma glucose concentration, plasma creatinine
concentration, lung function (forced vital capacity) and
global cognitive function,53 all treated as categorical

variables, as described elsewhere.11 Except for plasma
glucose levels, the deficits were comparable to some of those
included in the frailty index score. Every item has a similar
weight in the score, and the score ranges from 0 to 10, with
10 being the best and 0 the worst possible outcome.

Measurements of inflammatory markers

Plasma samples were collected repeatedly from the same
individuals over a period of approximately 20 years, from
1991 to 2017, and stored at �80°C.49,50 For this study, the
samples were thawed at room temperature, and shortly after
thawing, a large panel of inflammatory markers was
measured, consisting of the following cytokines: chemokines
and soluble receptors – C-C motif chemokine ligand (CCL)1
(alternative name I-309), CCL2 (MCP-1), CCL5 (RANTES),
CCL11 (Eotaxin), CCL27 (C-TACK), C-X-C motif chemokine
ligand (CXCL)9 (MIG), CXCL10 (IP-10), CXCL11 (I-TAC),
interleukin (IL)-1b, IL-10, IL-6, soluble CD40 ligand (sCD40L),
soluble CD14 (sCD14), soluble IL-2 receptor (sIL-2R), soluble
IL-6 receptor (sIL-6R), soluble glycoprotein 130 (sGP130),
complement factor 5a (C5a), brain-derived neurotrophic
factor (BDNF) and P-selectin. Concentrations of the markers
were measured using a validated bead-based multiplex
immunoassay (Flexmap 3D�; Luminex, Austin, TX, USA) at the
Multiplex Core Facility Lab, University Medical Center
Utrecht, The Netherlands. That laboratory has expertise in
measuring combinations of cytokines and chemokines by
Luminex assays in various patient cohorts and validated each
bead region per cytokine.54,55 All detection antibodies were
coupled to magnetic beads and were tested for specificity. To
minimise assay variation within individuals, all samples from
the same participant (n = 6) were measured on the same
plate. As an additional quality control anti-bead antibodies
were detected in the plasma samples, these antibodies may
give false-positive results in a bead-based assay.
Measurement of samples took place in 2018, in three
independent batches. Levels of C-reactive protein (CRP) in
plasma had been measured previously in DCS rounds 2, 3, 4
and 5.56 Apart from sIL-2R and IL-1b, the proportion of
samples in which concentrations were below the limit of
quantification (LOQ) was less than 20% for all inflammatory
markers. Concentrations below the LOQ were imputed with a
random value below the LOQ based on the maximum-
likelihood estimation.57 sIL-2R and IL-1b were excluded from
analysis since more than 65% of the samples were below the
LOQ. For IL-6 and IL-10, 85 samples out of a total of 689 (from
15 of the 144 participants) were found to contain bead
binding antibodies and were therefore excluded. This
reduced the sample size for these cytokines to n = 129 out of
the total n = 144 individuals (n = 65 men and n = 64
women). A sensitivity analysis including these samples
showed that their exclusion did not affect the outcomes of
our statistical analyses. The sample size for sGP130 was also
not complete (n = 67 men and n = 66 women) since sGP130
was not measured in the first batch of cytokine
measurements.

Anthropometric measurements

Body mass index was calculated as body mass in kilograms
divided by the square of the height in metres. A tape
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measure was used to measure waist circumference, which
was done with the participant in an upright standing
position and wrapping the tape measure horizontally
around the waist, at the midpoint between the lower rib
and the iliac crest.

Handgrip strength

Participants applied as much force as possible with their
dominant hand to a hydraulic dynamometer (Jamar,
Patterson Medical, Warrenville, IL, USA), with their elbow
at a 90° angle. The greatest applied force out of three
separate attempts was used.

Lung function

At the study endpoint, a heated pneumotachometer (E
Jaeger, Wurzburg, Germany) was used to measure forced
expiratory volume in one second (FEV1) and forced vital
capacity (FVC) as previously explained in detail.58

Spirometric measurements were done and evaluated
according to the American Thoracic Society and European
Respiratory Society guidelines.59 FEV1 and FVC values were
transformed to percentage of predicted values, with
predictions based on the Global Lung Initiative’s (2012)
reference values60 specific for age, length, sex and
ethnicity, using the R macro provided on https://www.ers-
education.org/guidelines/global-lung-function-initiative/
spirometry-tools.aspx.

Statistical analysis

Longitudinal biomarker trajectory estimators

To estimate the ‘inflammatory burden over time’ for each
individual and each inflammatory marker, the area under
the concentration versus time curve (AUC) was calculated
and was divided by the total time of follow-up to adjust for
possible differences in follow-up time. The AUC values of
every inflammatory marker were subsequently log-
transformed and mean-centred per measurement batch to
adjust for possible confounding batch effects. To estimate
the changes in inflammation over time, we also calculated
the within-individual proportional increase or decrease per
year. To do this, we used a slope of log-transformed
concentration over time per individual, calculated in a
median-based linear model,61 as an estimator for rate of
change over time. A median-based linear model is less
sensitive to outliers or to deviations from a normal
distribution than ordinary linear regression models.62,63

Association studies

All the results were adjusted for multiple testing by
controlling the false discovery rate64 separately for each
analysis. A nominal false discovery rate of at most 15%
(meaning, roughly speaking, an average of 1.5 false
discoveries per 10 discoveries presented as such) was
tolerated in view of the number of tests carried out. For
testing associations, we used the permutation versions of

the Spearman and Wilcoxon–Mann–Whitney tests blocked
for certain background or confounding variables (e.g. age)
as implemented in the R package coin65 with P-values
estimated by simulation. The concept of blocking in
experimental designs is explained elsewhere.66 Strengths of
associations were thus expressed as Spearman’s q coefficient
of correlation, ranging between 0 (no correlation) and 1
(perfect correlation).

To investigate whether changes in plasma concentrations
of inflammatory markers change with age, we carried out
Spearman’s tests between each marker’s concentrations and
age blocking by a participant. Thus, we focused on within-
individual increases in the marker’s concentration during
the 20 years of follow-up. Should a marker tend to increase
or decrease with age, the Spearman correlation between
the marker’s concentration and a participant’s age should
tend to exhibit consistently large or consistently small
values across the cohort.

Single associations between an inflammatory marker’s
trajectory (the AUC) and sex were tested with the
Wilcoxon–Mann–Whitney test, blocking for age at last
measurement (in two categories, 65–70 and 70–75 years)
and BMI (three categories) to adjust for these variables.

Associations between inflammatory markers at the
study’s endpoint were adjusted for age at last measurement
and the immunoassay batch number (three batches).
Longitudinal relationships between pairs of biomarkers
were tested by investigating synchronous changes in
biomarker levels. For every pair of markers, we investigated
whether the interval of maximum increase in one marker
coincided with that in another marker more often than
what might be expected by chance, by carrying out one-
tailed binomial tests postulating the ‘probability of success’
of ¼ under the null hypothesis of no association.

To address our research question as to whether chronic
low-grade inflammation is related to frailty, we carried
out several association studies, all separately for men and
women. First, we tested associations, with Spearman’s
tests, between the AUC of each marker’s inflammatory
trajectory and the frailty index score, adjusted for age at
last measurement. Analogous associations were tested
using BMI as an additional blocking variable, to get an
idea about the importance of BMI in these relationships.
Then, we investigated the association between the
individual’s slope of the inflammatory protein trajectories
and frailty at the endpoint, using Spearman’s tests
blocked by the baseline level of the marker (in tertiles)
and BMI. Next, the relation was investigated between
every immune marker trajectory and change in frailty
index score from round 5 to round 6, adjusting the
associations for age at last measurement and for the
initial frailty index score at round 5 (using tertiles for
blocking). The latter was done to adjust for a possible
regression to the mean effect and to give more weight to
smaller increases in frailty index of people that already
had a high index in the beginning.

The tested relationships of the inflammatory markers
with lung function parameters were also adjusted for
smoking with two blocking categories: current smokers
versus non-smokers or former smokers. The relationships
with handgrip strength were adjusted for age and were
repeated with adjustment for BMI.
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Prediction analysis

We used a random forest prediction algorithm67 to
investigate whether frailty could be predicted using several
dependent variables, namely the AUCs of all the
inflammatory markers, age at the endpoint and BMI. The
overall performance of the prediction analysis was assessed
in terms of the percentage explained variance. The relative
weights of the independent variables in predicting frailty
were assessed by ranking their ‘importance’. This variable
importance was quantified in terms of the percentage
increase in mean-squared error (MSE) when the effect of
that variable was removed.

All statistical analyses were performed with R version
3.6.2,68 with several general packages for data
processing69,70 and for visualisation.71–73 Correlations
between inflammatory markers were visualised using the
corrplot package.74
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