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Abstract 

Frailty describes an age‑associated state in individuals with an increased vulnerability and less resilience 
against adverse outcomes. To score frailty, studies have employed the questionnaires, such as the SF‑36 and EQ‑
5D‑3L, or the Frailty Index, a composite score based on deficit accumulation. Furthermore, ageing of the immune 
system is often accompanied by a state of low‑grade inflammation (inflammageing). Here, we aimed to associate 29 
circulating markers of inflammageing with frailty measures in a prospective cohort study to understand the mecha‑
nisms underlying ageing.

Frailty measures and inflammageing markers were assessed in 317 participants aged 25–90. We determined four dif‑
ferent measures of frailty: the Frailty Index based on 31 deficits, the EQ‑5D‑3L and two physical domains of the SF‑36. 
Serum/plasma levels of inflammageing markers and CMV/EBV seropositivity were measured using different tech‑
niques: Quanterix, Luminex or ELISA.

All four measures of frailty strongly correlated with age and BMI. Nineteen biomarkers correlated with age, some 
in a linear fashion (IL‑6, YKL‑40), some only in the oldest age brackets (CRP), and some increased at younger ages 
and then plateaued (CCL2, sIL‑6R). After correcting for age, biomarkers, such as IL‑6, CRP, IL‑1RA, YKL‑40 and elastase, 
were associated with frailty. When corrected for BMI, the number of associations reduced further.

In conclusion, inflammageing markers, particularly markers reflecting innate immune activation, are related to frailty. 
These findings indicate that health decline and the accumulation of deficits with age is accompanied with a low‑
grade inflammation which can be detected by specific inflammatory markers.
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Introduction
There are major differences in how individuals and 
their immune systems cope with ageing. Ageing of the 
immune system leads to a number of profound changes 
to the composition of leukocyte subsets and their func-
tioning [1]. Older age has been associated with increased 
chronic inflammation, as evidenced by elevated C-reac-
tive protein (CRP), TNF-α and IL-6 levels; a process 
also known as inflammageing [2–4]. Inflammageing is 
typically characterized by an enhanced innate immune 
response [5], manifested by increased circulation of 
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proteins associated with macrophages (e.g. soluble 
CD163 (sCD163), YKL-40, sCD14) and neutrophils (e.g. 
elastase, PR3, IL-8). Adaptive cells are also vulnerable 
to the ageing process and a substantial age-associated 
decline in diversity has been reported [6]. Partly, this has 
been associated with increased exposure to chronic viral 
infections such as cytomegalovirus (CMV) and Epstein-
Bar virus (EBV), resulting in the expansion of these anti-
gen-specific memory cells, a process known as memory 
inflationn [6, 7].

Frailty is used to describe a declining health in older 
adults, resulting in an increased vulnerability to adverse 
outcomes, most notably: physical impairment, disease 
and mortality [8–11]. Frailty largely concerns the abil-
ity of an organism to cope with outside stressors, and is 
more prevalent in individuals with multiple comorbidi-
ties or in residents of long term care facilities [8–11]. It 
is a dynamic state which tends to increase with age, but 
can also fluctuate over time [12]. Moreover, an asso-
ciation between frailty and the body mass index (BMI) 
has been reported; higher frailty scores were found in 
the most extreme BMI values (both low and high) [13]. 
Understanding the mechanisms behind frailty is of high 
relevance since the population is aging worldwide.

There are a number of approaches to measure frailty. 
A frequently used method to determine an individual’s 
frailty, is the Frailty Index as described by Rockwood 
and Mitnitski, which is known to be a better predictor 
of hospitalization and mortality than age itself [12, 14]. 
The Frailty Index reflects the accumulation of an indi-
vidual’s deficits ranging from impaired hearing to the 
presence of heart failure. Another important instrument 
to determine this syndrome, the Frailty Phenotype, has 
been developed by Fried et al., (2001) which measures 
frailty based on a number of physical assessments such 
as the grip strength and walking speed [11]. Other instru-
ments capture frailty dimensions by questioning patients 
on their level of functioning and impairment in various 
domains (physical, emotional, social, mental), such as the 
EuroQol-5 Dimensions-3 Level (EQ-5D-3L) and Short-
form (SF)-36 [15, 16]. These methods are often employed 
to assess patient-reported outcomes after interventions, 
for example during clinical trials, although aspects of 
these questionnaires are also used as measures of frailty 
[17].

Considering the accumulation of deficits in frail indi-
viduals, we hypothesize that inflammageing occurs more 
extensively in frail than non-frail individuals, and that 
specific biomarkers are able to reflect these differences. 
Therefore, in this study, we investigated the association 
between frailty scales and serum markers of inflam-
mageing in participants of three different age groups 
(adults, middle-aged and older adults) of the VITAL 

study (Vaccines and Infectious disease in the Ageing Pop-
ulations) [18, 19]. To this end, we selected a number of 
markers previously associated with frailty(e.g. IL-6, CRP, 
neopterin, iFABP2) and added additional markers previ-
ously linked to systemic inflammation and innate immu-
nity [2–4, 20–24]. Four frailty scales were assessed: the 
Frailty Index, the EQ-5D-3L, and two domains of the 
SF-36.

Results
Frailty is strongly associated with age and BMI
We first assessed the associations of age, sex and BMI 
with the four frailty scales: Frailty Index, EQ-5D-3L, 
and the Physical Functioning and General Health 
domains of the SF-36 (PF.SF36, HG.SF36). Frailty scales 
were recorded in all participants divided over three age 
groups, with the oldest age group (≥ 65 years of age) con-
taining the most participants (Table  1). Participants in 
the younger age group (25–49  years of age) were more 
often female than participants in the older groups. The 
median age of male participants was 7 years higher than 
that of female participants (p = 0.014; Fig. 1A). We there-
fore corrected for sex when assessing the effect of age on 
frailty scales.

The four frailty scales correlated significantly with 
age, when corrected for sex (p < 0.0001; Fig.  1B). For 
the Frailty Index, we observed an accumulation of defi-
cits with increasing age, with the natural logarithm of 
the slope of the mean at 0.029 (95% confidence interval: 
0.022 – 0.036;  R2 = 0.52, p < 0.001), which corresponds 
with previous reports that used this index [25, 26]. How-
ever, the highest Frailty Index score found within our 
study was 0.53, which is slightly lower than the defined 
submaximal limit of 0.67 [12, 14]. Frailty scales correlated 
with each other, with the strongest association between 
the Frailty Index and the number of prescription medica-
tions (Spearman’s R = 0.70, Supplementary Fig. S1A).

Frailty measures were also associated with BMI 
(Supplementary Fig. S1B). Participants with a higher 
BMI tended to be frailer than participants with a BMI 
lower than 25. In our study population, male par-
ticipants had a significantly higher BMI than females 
(p = 0.006). However, BMI also correlated positively 
with age (p = 0.003, Z-statistic = 2.96) after controlling 
for sex.

Changes in concentration of serum inflammageing 
markers follow different trajectories with age
Out of 29 biomarkers measured, 19 of them were signifi-
cantly associated with age, when corrected for sex (Table 2, 
Supplementary Fig. S2). The patterns of levels of inflam-
mageing markers were however not uniform: four differ-
ent trajectories could be identified (Fig. 2A). The levels of 
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six biomarkers increased steadily from young to middle 
aged to older adults (trajectory a). In the second trajectory, 
we observed elevated levels of five markers (e.g. CCL2) in 
middle aged and older adults compared to younger adults, 
but no further increase in adults over 65  years (trajec-
tory b). The third trajectory is characterized by elevated 
levels in the older adults only, which is observed for eight 

markers (e.g. PR3; trajectory c). The final category of ten 
serum markers was not associated with age (trajectory d).

As many of the biomarkers that we selected were asso-
ciated with activation of cells of the innate immune sys-
tem, we examined whether absolute counts of circulating 
monocytes or neutrophils correlated with the serum/
plasma levels of the biomarkers (Fig.  2B). Interestingly, 

Table 1 Characteristics of VITAL cohort participants included in this study

a significantly different between Young and Older groups
b significantly different between Young and Middle age groups
c significantly different between Middle age and Older groups. For the characteristics of the Frailty Index, see Supplementary Table S1. IQR inter-quartile range, BMI 
body mass index, CMV Cytomegalovirus, EBV Epstein-Barr virus, EQ-5D-3L EuroQol-5 Dimensions-3 Level, SF-36 short-form-36, PF physical functioning, HG general 
health. In some cases, the percentage of CMV and EBV positive and negative participant do not add up to 100%, which is due to participants at borderline antibody 
concentrations (between ≥ 4 and < 7.5 RU/mL for CMV; ≥ 16 and 22 RU/mL for EBV)

Total Young (25–49 years) Middle age (50–64 years) Older (≥ 65 years)

N 317 63 95 159

Age median (IQR) 65 (54–75) 35 (29–42) 58 (55–61) 75 (69–81)

Sex % female 54 67 a 59 47

BMI kg/m2, median (IQR) 24.6 (22.4–27.5) 24.0 a b (21.5–25.5) 24.0 (21.8–26.5) 25.3 (23.4–28.6)

CMV %positive / %negative 48/51 42/57 51/47 50/48

EBV %positive / %negative 83/14 76/18 87/13 83/13

Smoking, %smoking > 4 cigarettes/week 3.7 1.6 3.2 5.0

Frailty index median (IQR) 0.13 (0.08–0.20) 0.06 a b (0.03–0.10) 0.10 c (0.06–0.14) 0.18 (0.13–0.26)

EQ-5D-3L median (IQR) 1 (0.81–1) 1 a (0.84–1) 1 c (0.84–1) 0.84 (0.81–1)

SF-36 PF median (IQR) 95 (80–100) 100 a b (95–100) 95 c (90–100) 85 (65–95)

SF-36 HG median (IQR) 70 (60–80) 75 a (70–85) 75 c (65–85) 65 (55–75)

Health rating median (IQR) 8.0 (7.0–8.5) 8.0 (7.5–9.0) 8.0 (7.5–9.0) 8.0 (7.0–8.5)

Number of medications median (IQR) 2 (0–4) 0 a (0–1) 1 c (0–2) 4 (2–6)

Fig. 1 Frailty scales are significantly associated with age. Graph A shows the age distribution of the total study population (n = 317) by sex. In 
B, shown are associations of participant age with the Frailty Index, the EQ‑5D‑3L (EuroQol‑5 Dimensions‑3 Level) questionnaire, the PF (physical 
functioning) and HG (general health) domains of the SF‑36 (short‑form‑36). The significance of the sex‑corrected Spearman correlation coefficient 
is indicated in each graph. The regression line is shown in black and the shaded region represents the confidence interval
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we show that a number of markers in trajectory a, c and 
d, but not in trajectory b, associate with monocyte and/
or neutrophil counts. The strongest associations were 
seen for IL-1RA, whose levels correlated with mono-
cyte counts (Spearman R = 0.30) and neutrophil counts 
(R = 0.47) [7, 27].

Associations of chronic CMV and EBV infections with frailty 
and inflammageing markers
As chronic infections with CMV and EBV have been 
associated with ageing of the immune system [7, 27], 
we investigated their association with the markers of 

inflammageing stratified by age and sex (Supplemen-
tary Fig. S3). Serum levels of the pro-angiogenic protein 
angiopoietin-2 showed a positive association with both 
CMV (p = 0.019, Z = 2.35) and EBV (p = 0.007, Z = 2.66) 
positivity, independent of age and sex. In addition, 
sCD163 levels were found to be higher in CMV-positive 
participants (p = 0.0005, Z = 3.49), and CCL-2 levels in 
EBV-positive participants (p = 0.016, Z = 2.39). For all 
other markers, no significant association was observed. 
A significantly higher Frailty Index score was found in 
participants that were seropositive for CMV (p = 0.048), 
but not EBV. Age only had a moderate effect on CMV 

Table 2 Levels of inflammageing markers differ between age groups

Markers are sorted per group depending on the pattern as seen in Fig. 2. Shown is median ± IQR. IQR inter-quartile range

Median (IQR) Unit Total Young Middle- age Older

N 317 63 95 159

 Group a

 IL-6 pg/mL 0.89 (0.46–1.37) 0.40 (0.22–0.84) 0.69 (0.43–1.12) 1.10 (0.72–1.74)

 Elastase ng/mL 208 (153–296) 175 (128–220) 195 (154–271) 228 (166–338)

 sCD163 ng/mL 745 (518–1134) 529 (381–547) 681 (530–1039) 906 (627–1244)

 CXCL10 (IP-10) pg/mL 24.7 (18.8–31.7) 18.8 (14.7–23.2) 21.2 (17.5–28.5) 29.1 (22.1–35.4)

 YKL-40 ng/mL 37.6 (26.0–67.7) 24.3 (19.7–31.2) 30.3 (22.0–42.9) 58.2 (35.8–93.6)

 Neopterin nmol/L 8.47 (5.74–11.33) 5.78 (4.11–8.01) 7.65 (5.64–9.72) 10.45 (7.13–13.95)

Group b

 CCL2 pg/mL 402 (317–498) 335 (290–416) 413 (319–519) 417 (339–523)

 IL-8 pg/mL 20.5 (14.8–34.1) 14.9 (11.5–21.4) 20.5 (15.3–42.6) 22.3 (16.4–35.4)

 sIL-6R ng/mL 46.9 (41.3–52.9) 42.8 (37.3–49.6) 47.1 (41.3–52.9) 48.4 (42.4–53.8)

 iFABP2 pg/mL 1138 (843–1644) 908 (660–1233) 1113 (863–1507) 1235 (932–1839)

 sGP130 ng/mL 143 (131–157) 134 (120–145) 143 (130–158) 147 (136–158)

Group c

 PR3 ng/mL 32.4 (24.5–46.8) 27.9 (22.6–38.6) 28.7 (19.9–42.9) 37.9 (26.4–52.7)

 CRP mg/L 1.19 (0.55–2.82) 0.75 (0.23–1.89) 1.00 (0.45–2.29) 1.62 (0.68–3.31)

 sCD14 ng/mL 1446 (1252–1645) 1327 (1129–1533) 1418 (1229–1573) 1661 (1135–2254)

 Angiopoietin-2 pg/mL 2023 (1593–2742) 1787 (1268–2545) 1909 (1545–2319) 2233 (1749–3000)

 sCD25 pg/mL 522 (427–653) 467 (381–547) 478 (388–61) 595 (488–718)

 IL-1RA pg/mL 855 (670–1106) 708 (567–975) 770 (651–992) 936 (779–1245)

 IFN-γ pg/mL 0.04 (0.03–0.07) 0.03 (0.02–0.04) 0.04 (0.02–0.06) 0.05 (0.03–0.08)

 SAA ng/mL 135 (6–735) 45 (5–356) 67 (5–356) 259 (39–886)

Group d

 Calprotectin ng/mL 1586 (1102–2310) 1538 (772–2084) 1661 (1135–2254) 1661 (1135–2254)

 C5a ng/mL 21.3 (16–28.6) 19.5 (15.6–25.5) 19.6 (14.7–28.7) 22.7 (16.9–29.5)

 PTX-3 pg/mL 5519 (4103–7188) 5328 (3789–6988) 5402 (4032–6949) 5679 (4697–7278)

 Cathepsin G ng/mL 6.62 (4.70–8.66) 6.48 (4.60–8.04) 6.10 (4.65–8.83) 7.20 (4.83–8.77)

 A1AT/elastase complex µg/mL 56 (38–96) 55 (9–106) 73 (26–135) 52 (39–81)

 GM-CSF pg/mL 0.17 (0.13–0.22) 0.17 (0.13–0.23) 0.17 (0.12–0.22) 0.18 (0.13–0.22)

 IL-1β pg/mL 0.03 (0.01–0.‑6) 0.02 (0.01–0.05) 0.04 (0.02–0.07) 0.03 (0.01–0.06)

 TNF-α pg/mL 2.22 (1.87–2.68) 2.08 (1.72–2.52) 2.31 (1.81–2.68) 2.21 (1.81–2.68)

 IL-10 pg/mL 0.57 (0.42–0.83) 0.50 (0.38–0.68) 0.66 (0.45–0.86) 0.56 (0.40–0.84)

 IFN-α pg/mL 0.01 (0.01–0.02) 0.01 (0.01–0.02) 0.01 (0.00–0.02) 0.01 (0.01–0.02)
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and EBV status, particularly in participants aged over 
50 years (Table 1).

Markers of inflammageing associate with frailty in older 
participants
To explore the interplay between inflammageing and 
frailty, we correlated the frailty measures in the VITAL 
cohort with the biomarker levels. First, we associated all 
biomarkers with the Frailty Index using a principle com-
ponent analysis (PCA). Due to the strong association of 
age with the Frailty Index, we performed this analysis in 
the older participants (Fig. 3). We then colored the indi-
viduals based on their Frailty Index score, and show that 
individuals with increasingly higher scores tended to 
cluster farther away from individuals in the lowest Frailty 
Index bracket.

We subsequently aimed to determine which biomark-
ers are the main drivers of the differential clustering. To 
this end, we first analysed which of the inflammageing 
markers associated with frailty as an absolute measure in 
all participants (Fig. 4A). Out of 29 markers, 21 showed 
an association with at least one frailty measure (the 
Frailty Index, EQ-5D-3L and SF-36 domains PF and HG). 
Even though this implies a relation between markers of 

inflammageing and frailty, we already showed that age 
has a strong association with levels of these markers.

Therefore, we aimed to identify markers that associate 
with frailty in individuals of the same age. To this end, 
we analyzed the association of the different frailty meas-
ures with markers of inflammageing in all VITAL cohort 
participants correcting for age and sex as confound-
ers (Fig. 4B). The Frailty Index was associated with four, 
EQ-5D-3L with six, PF.SF36 with five and HG.SF36 with 
four inflammageing markers. IL-6 and CRP were associ-
ated with all four frailty scales, and innate immune mark-
ers YKL-40 and IL-1RA associated with three out of the 
four frailty scales. The direction of these associations was 
the same for all markers: a positive correlation with the 
Frailty Index and a negative correlation with the scores 
on the EQ-5D-3L and SF-36 domains. The only exception 
was Elastase, which correlated positively with EQ-5D-3L 
scores. Additionally, we analysed the associations in the 
individuals over 60 years, as the frailty scales might per-
form more precise in the older population. We however 
showed that this analysis did not lead to substantially dif-
ferent outcomes (Fig. 4C).

We additionally confirmed the predictive value of 
the biomarkers and age on the Frailty Index using a 
regression analysis (Table 3). As expected, age was the 

Fig. 2 Trajectories of serum markers of inflammageing in three age groups and their association with innate cells. In A, four different trajectories 
could be identified, based on statistical significance (Mann Whitney U) between the age groups. Shown are an example of each trajectory, 
indicating significant or non‑significant differences between the groups, and the other markers that follow this pattern. In B, we show 
the correlations of circulating monocyte and neutrophil counts with the biomarkers. Shown are the Spearman R coefficients, with color coding 
according to the strength of the association. *: p < 0.05, ***: p < 0.001, ****: p < 0.0001, ns: not significant
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Fig. 3 Principal component analysis (PCA) comparing the inflammageing markers in participants over 60 years of age between different classes 
of scores on the Frailty Index. The log‑transformed markers were included in the PCA analysis. Participants (n = 187) were divided into different 
frailty classes; the red dots represent the participants with the lowest frailty scores and the blue and purple dots the participants with the highest 
frailty scores. The percentage of variance explained by the Principle Components (PC) 1 and 2 are mentioned on the axis. The eclipses cover 80% 
of the datapoints

Fig. 4 Frailty scales are associated with levels of inflammageing markers. Here, we show the correlation of 29 markers with the outcomes 
of frailty in participants in the VITAL study (n = 317). In A we show that inflammageing markers were associated with frailty as an absolute 
measure, only corrected for sex. In B, we show the age and sex‑corrected correlations of the markers with the outcomes of frailty. In C, we show 
age‑ and sex‑corrected associations in 60 plus participants. The inflammageing markers are divided in groups A, B, C, and D based on their 
trajectory with age, see Fig. 2. Statistical significance of the Spearman’s correlation coefficient is indicated with *: p < 0.05, **: p < 0.01, ***: p < 0.001, 
***: p < 0.0001. EQ‑5D‑3L: (EuroQol‑5 Dimensions‑3 Level), PF (physical functioning), HG (general health), SF‑36 (short‑form‑36). The effect of age 
and sex was controlled in univariate correlation analyses using the blocked Spearman rank tests as implemented in the R package coin (v1.4.2) 
was used with the distribution parameter approximate (nresample = 100,000)
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strongest predictor of the Frailty Index. Additionally, 
CRP and IL-1RA were discovered as independent pre-
dictors of the Frailty Index. We next analyzed the asso-
ciations separately for male and female participants. 
Besides age, IL-6 and IL-1RA levels independently pre-
dicted the Frailty Index in female participants. In male 
participants, YKL-40 and PR3 levels were found as 
independent predictors, with YKL-40 levels positively 
and PR3 levels negatively associated with the Frailty 
Index. Thus, this analysis confirms the predictive val-
ues of the inflammageing biomarkers (especially CRP, 
IL-6, IL-1RA and YKL-40) for frailty and reveals sex 
differences in this prediction.

BMI may partly influence the association between frailty 
and inflammageing markers
Both CRP and IL-6 have previously been associated 
with BMI and visceral adiposity [28–30], and in our 
cohort we observe significant associations of BMI 
with frailty scales. We investigated the associations 
of 29 markers with BMI in our cohort (Fig.  5A). We 
observed that seven inflammageing markers were 
associated with BMI, including IL-6 and CRP. There-
fore, we tested associations of frailty scales with 
inflammageing markers by controlling for confound-
ing effects of BMI, age and sex. These analyses showed 
reduced numbers of associations for all frailty meas-
ures except the Rockwood Frailty Index (Fig. 5B).

Discussion
In this comprehensive study we aimed to study the asso-
ciation between ageing-associated biomarkers with frailty 
scales. We showed that frailty is closely related to both 
age and BMI, requiring us to correct for these factors to 
truly understand the associations between the biomark-
ers and frailty. We found several markers, including IL-6, 
CRP, YKL-40, IL-1RA, PR3 and elastase to be associated 
with frailty measures. Our findings indicate that frailty 
is related to dysfunctional immunological processes that 
arise with ageing, such as low-grade inflammation and 
neutrophil dysfunction.

Ageing of the immune system is accompanied by 
increased levels of a wide range of cytokines and other 
pro-inflammatory markers in the blood [2, 5]. In this 
study we showed a positive association of age with 19 
biomarkers. The underlying mechanisms may vary. 
Inflammageing is likely caused by increased recognition 
of danger signals and a reduced barrier function of the 
mucosa in the gut [2, 3, 31]. Another cause of inflam-
mageing is cellular senescence, which is a cellular fate 
caused by DNA damage resulting in cells that are pre-
vented from proliferating, but characterized by a resist-
ance to apoptosis and the production of a wide range of 
pro-inflammatory cytokines [32–34]. Finally, BMI tends 
also to increase with age, and particularly a high fat mass 
associates with low-grade inflammation [29, 30]. The 
interplay between these and additional factors leads to 
a pattern of increasing inflammatory biomarkers with 

Table 3 Multiple linear regression analysis of associations of the inflammageing markers and age

All data, with the exception of age, were log-transformed. Biomarkers that were not normally distributed after log transformation were excluded (SAA, Cathepsin G, 
A1AT/Elastase, IL-1β, IFNα). Participants with missing data were excluded from the analysis (n = 40). Regression was performed with stepwise inclusion of variables, 
results of the most predictive models are shown
1 R2 = 0.358, F(3,277) = 51.558, p < 0.001
2 R2 = 0.457, F(3,145) = 40.771, p < 0.001
3 R2 = 0.375, F(3,128) = 25.661, p < 0.001

Dependent variable Predicting variable Final model of multiple linear 
regression B (95% CI)

Standardized B value p value

Total participants (n = 292)1

 Frailty Index scores Age 0.008 (0.006–0.010) 0.456  < 0.001

CRP 0.097 (0.037–0.157) 0.169 0.002

IL‑1RA 0.225 (0.056–0.395) 0.140 0.009

Female participants (n = 157) 2

 Frailty Index scores Age 0.007 (0.005–0.010) 0.405  < 0.001

IL‑1RA 0.343 (0.159–0.527) 0.244  < 0.001

IL‑6 0.162 (0.049–0.275) 0.213 0.005

Male participants (n = 135) 3

 Frailty Index scores Age 0.008 (0.005–0.11) 0.406  < 0.001

YKL‑40 0.278 (0.126–0.430) 0.299  < 0.001

PR3 ‑0.143 (‑0.274–‑0.012) ‑0.153 0.033



Page 8 of 13van Sleen et al. Immunity & Ageing           (2023) 20:68 

increasing age. Interestingly we observed that the bio-
markers’ increase with age follows different patterns: 
some markers tend to increase continuously, some 
may increase at middle age but then plateau, and some 
increase only in the oldest adults. Further studies may 
reveal whether the distinct underlying causes of inflam-
mageing may explain these different patterns.

The choice of frailty measures is important in studies 
that investigate the link between frailty and immuno-
logical processes. The four main frailty measures in this 
study likely reflect partially different types of frailty. The 
Frailty Index [26], focusses on deficits, which typically 
develop with age, and indeed the Frailty Index strongly 
correlated with age. The advantage of the Frailty Index is 
that it is a more objective instrument to measure frailty, 
rather than the EQ-5D-3L and SF-36 which were solely 
based on questionnaires. The associations of the Frailty 
Index with the biomarkers are less impacted by BMI 
compared those of the EQ-5D-3L and SF-36 domains, 
as all four associations between the Frailty Index and the 
biomarkers remained after correcting for BMI. The num-
ber of prescribed medications used correlated strongly 

with the other frailty measures, suggesting its potential 
use as an easily obtained and objective measure of frailty. 
Due to the use of home visits, The Frailty phenotype, by 
Fried et al. (2001), was not used in our analyses since it 
would require more space to perform the physical tests 
than generally available in a house in the Netherlands 
and would be more suitable for a study center or hospital 
setting.

A number of markers that are typically associated with 
innate immunity activation were found to be associated 
with frailty measures. The pro-inflammatory cytokine 
IL-6 and the closely related acute-phase marker CRP 
were associated with frailty. IL-6 and CRP have often 
been proposed as potential markers of frailty [35–38]. 
Also TNF-α levels have been found to associate with 
frailty, however this was not the case for the Frailty Index 
in this study, nor in another recent study [20]. The asso-
ciation between IL-6/CRP levels and frailty may partly be 
explained by the close interplay with BMI. IL-6 and CRP 
levels have been associated with increased adiposity, and 
adipocytes are potent producers of IL-6, particularly dur-
ing a state of chronic low-grade inflammation [28, 39]. In 

Fig. 5 Body mass index (BMI) has an important impact on levels of inflammageing markers and plays a role as a confounder in the association 
between frailty and inflammageing markers. In A, we show the associations of 29 markers with BMI in the VITAL cohort. In B, we show associations 
of 29 markers with frailty measures corrected for BMI, age and sex. The inflammageing markers are divided in groups A, B, C, and D based on their 
trajectory with age, see Fig. 2. Statistical significance of the Spearman’s correlation coefficient is indicated with *: p < 0.05, **: p < 0.01, ***: p < 0.001, 
***: p < 0.0001
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this study we show a strong relation between BMI and 
the frailty measures. When correcting for BMI, the asso-
ciation between IL-6 and three of the frailty measures 
remained.

We also included a number of markers that have less 
often been studied in the context of frailty. We found that 
YKL-40 levels associated with frailty measures, and even 
after correcting for age and BMI the association with the 
Frailty Index and EQ-5D-3L remained. YKL-40, (chi-
tinase-3-like protein 1) is produced by certain types of 
neutrophils and macrophages and was previously found 
to play a role in orchestrating angiogenesis, tissue fibro-
sis, inflammation, oxidative tissue injury, and extracel-
lular remodeling responses [40–45]. As a biomarker that 
likely reflects immune activation and potentially periph-
eral macrophage or even microglial activation, YKL-40 
has been associated with neurodegenerative diseases, 
including a role as a prognostic marker [46, 47]. Ele-
vated YKL-40 levels have been also reported to be asso-
ciated with atherosclerosis and cerebrovascular disease 
[48, 49]. In a study with 80-year old participants, YKL-
40 levels associated with all-cause mortality, which also 
implies a link with frailty [50]. Our results are in line with 
those previous observations.

The level of IL-1RA, an antagonist of pro-inflamma-
tory IL-1 signaling, was also associated with age-cor-
rected frailty, even though this relation was largely lost 
when we corrected for BMI. Indeed, IL-1RA levels have 
been associated with the risk for cardiovascular disease, 
which likely plays a prominent role in frailty [51]. IL-1RA 
release is stimulated by inflammatory mediators includ-
ing IL-1β and IL-6, in which is thought of as a nega-
tive feedback mechanism [52]. Moreover, IL-1RA levels 
appeared to be closely associated with innate cells counts 
in the blood. Similarly, levels of neopterin, a marker of 
global immune activation described to increase with age, 
were associated with sex-corrected frailty, as previously 
described [23]. However, this association did not persist 
when we corrected for age and/or BMI.

We also showed that two neutrophil-associated 
markers, PR3 and Elastase, associated negatively with 
frailty, despite their positive association with age. Both 
PR3 and Elastase are important proteases that neutro-
phils use to induce their extravasation from the blood 
and migration within the tissue [53]. Elastase can be 
found in free form or bound to its inhibitor A1AT, but 
here only the free form of Elastase was associated with 
frailty. One study has investigated neutrophil dysfunc-
tion in the context of frailty [54]. Here they discovered 
that elastase activity, measured indirectly via AαVal360 
levels, was reduced in frail older adults. Interestingly, 
elastase levels in this study and AαVal360 levels in the 
study by Wilson et  al. do increase with age, but also 

associate negatively with frailty. Potentially, the dys-
functional neutrophils contribute to the delayed dis-
posal of pathogens, resulting in lower thresholds for 
inflammatory responses.

An additional finding in this study was the observed 
association of serum angiopoietin-2 levels with both 
anti-CMV and EBV seropositivity. The association of 
angiopoietin-2 levels with chronic CMV and EBV infec-
tions has not been reported before, but increased angi-
opoietin-2 levels have been related to chronic hepatitis 
C infection [55]. Angiopoietin-2 is an inflammation-
associated protein that promotes angiogenesis, the for-
mation of new small blood vessels [56]. Angiogenesis is 
instigated by angiopoietin-2 by disrupting the homeo-
static angiopoietin-1 – Tie2 signaling in the presence of 
vascular endothelial growth factor (VEGF). Potentially, 
the variety of liver manifestations that are associated 
with CMV and EBV infection explain the higher angi-
opoietin levels; a comparable mechanism was observed 
in patients with chronic hepatitis C [55, 57]. In addition 
to angiopoietin-2, we also found an association of mac-
rophage activation marker sCD163 with anti-CMV sero-
positivity, confirming a prior report [58], and monocyte 
chemoattractant CCL2 with anti-EBV antibodies. We 
considered the CMV and EBV status of the participants 
due to the link with immune ageing [7, 27], however 
we found no additional overlap in markers associated 
with frailty and markers associated with CMV and EBV 
status.

Strengths of this study include the use of a broad pro-
spective cohort with participants from a large age range 
(25–92  years old). Additionally, we used both objec-
tive and subjective determinants of frailty and focus on 
a comprehensive set of markers that were associated 
with mechanisms behind inflammageing. Frailty asso-
ciations with inflammageing markers were performed 
with sophisticated analyses in which we corrected for 
the confounders age, sex and BMI. Weaknesses include 
the fact that male participants in this study were on 
average older than the female participants. This con-
founder, was however corrected for in most on the 
analyses. Also, the Fried Frailty Index was not used, due 
to logistical constraints. Finally, acknowledge a limita-
tion in our statistical approach, as we did not perform 
p-value adjustments. Instead, we utilized a permutation 
test approach, which offers a robust method for assess-
ing the statistical significance of Spearman’s correlation 
between variables while also accounting for potential 
confounders. Our choice of biomarkers was guided 
by a priori hypotheses, and applying stringent p-value 
adjustments, like Bonferroni correction, might lead to 
a heightened risk of Type II errors and mask potentially 
meaningful biomarker patterns.
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Conclusion
We here show that several inflammageing markers are 
independently associated with frailty, even when cor-
rected for age, sex and BMI. These associations provide 
clues on reasons why ageing affects people differently 
with regards to their physical health and resilience 
against stressors. These biomarkers could potentially be 
employed in ageing studies to assess frailty instead or in 
addition to the Frailty Index or questionnaires, that are 
both time consuming and less consistent between differ-
ent studies. The immunological mechanisms and cellular 
source of these frailty-associated biomarkers require fur-
ther studies to validate the observed markers herein in a 
global inflammageing signature. Thus, it would be impor-
tant to associate these biomarkers to extensive immu-
nophenotyping of the same participants at the same visit. 
The main goal of the VITAL cohort concerns the investi-
gation of the vaccine responses in the ageing population. 
Therefore, future studies will aim to associate both frailty 
measures and inflammageing markers with outcomes of 
vaccination.

Materials and methods
The VITAL cohort
The VITAL cohort consists of individuals aged 25–90. 
Younger (age 25–49) and middle-aged (age 50–64) 
participants were employees recruited from Health 
institutes at the Utrecht Science Park and Spaarne Hos-
pital (Hoofddorp). The older participants (age ≥ 65) were 
recruited from a previous study on influenza in older 
adults [59, 60]. These cut-offs have often been used in the 
field of ageing and gerontology and follow the American 
Medical Associations’ age designations. We excluded 
individuals with previous adverse reactions to vaccina-
tion or for whom blood drawing may be harmful. We 
also excluded immunocompromised individuals due to 
disease, or immune-mediating medication, such as high-
dose glucocorticoids or chemotherapy during the study 
or in the previous three years. Also, participants were 
excluded if they did not receive an influenza vaccination 
in the 2018–2019 season. Participants were recruited for 
the VITAL longitudinal intervention cohort which aims 
aim at getting a better insight of the influence of age 
and age-related changes on vaccine-induced immune 
responses, and at gaining knowledge on the trajectory of 
immune decline in older adults and middle-aged adults 
in comparison to adults [18, 19]. Here, we included clini-
cal data, questionnaires and serum and plasma samples 
from 317 participants at the first study visit in 2019, 
which was prior to influenza vaccination. Blood was 
drawn from each participant; serum and EDTA-plasma 
were stored within 8 h at -80 °C until further use.

Assessment of frailty status in the VITAL cohort
As our main determinant for frailty, we designed a 
Frailty Index for the VITAL cohort, following the cri-
teria that were described by Rockwood and Minitski 
[25]. The deficits that are included in the Frailty Index 
should meet defined criteria. These criteria state that: 
each deficit counts equally in the Frailty Index; the 
included deficits must cover a range of functions; defi-
cits are associated with health; the prevalence of the 
deficit increases with age; the parameter (whether or 
not someone has the deficit) is measured in ≥ 95% of 
the study population; the deficit is present in ≥ 1% of 
the study population; and the deficit does not occur 
in > 80% of the study population < 80  years [12, 14, 25, 
26, 61]. The Frailty Index in the VITAL cohort contains 
31 deficits, which is within the recommended range of 
30–40 deficits (see Supplementary Table S1 for the full 
list of deficits and scoring methods). Deficits included 
in the Frailty Index covered a range of systems, includ-
ing cardiovascular, gastrointestinal, sensory, motor 
and neural systems. If participants were missing data 
for ≥ 20% of the deficits, the Frailty Index could not be 
determined. The Frailty Index results in a score rang-
ing from 0 (least frail) to 1 (most frail), although scores 
above 0.67 have been reported to be too high to be 
compatible with life.

Two additional methods for defining frailty were based 
on self-reported questionnaires, comprising the EQ-
5D-3L and the SF-36. The EQ-5D-3L is a questionnaire 
on five dimensions: mobility, self-care, usual activities, 
pain/discomfort and anxiety/depression [16]. For each 
dimension, the participants scored their health on three 
levels. Using the population norms of the Netherlands, a 
composite score ranging from -1 (most frail) to 1 (least 
frail) was set. The SF-36, a set of generic, coherent, and 
easily administered quality-of-life measures, comprises 
36 multiple-choice questions [15]. The complete SF-36 
questionnaire results in scores in eight domains, rang-
ing from 0 (most frail) to 100 (least frail). In this study, 
we only used data from two domains, PF and HG, as they 
displayed the most variation in scores. Additionally, we 
compared the four measures of frailty with the Health 
Rating score and the number of prescription medications. 
The Health Rating score, ranging from 0 (most frail) to 10 
(least frail) was a simple rating scored by the participant 
based on the question “I rate my health with a score of …”. 
The number of prescription medications included every 
type of medication that was prescribed by a physician, 
also including ointments, eye/ear drops and specific vita-
mins. Prescription medications that are not indicative of 
a frail state (contraception, malaria prophylaxis, and one-
time sedation for medical procedures) were not included 
in the number of medications.
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Laboratory measurements
Levels of biomarkers reflecting inflammageing were 
measured with different techniques in serum or plasma 
samples of the VITAL participants (Supplementary Table 
S2). Twenty biomarkers were measured at the University 
Medical Center Groningen (UMCG) in the Netherlands, 
using either Luminex multiplex assays or ELISA assays. 
An additional nine markers were assessed in Cimi-Paris 
(France), by ELISA or by the high-sensitivity Quanterix 
assays (Simoa or Corplex). For technical information, 
including dilutions and standard curve ranges, see Sup-
plementary Table S2. Samples that were above or below 
the range of the standard curve were set at a fixed value, 
as indicated in Supplementary Table S2. Assays were 
performed in accordance with the manufacturer’s rec-
ommendations. The absolute number of monocytes and 
neutrophils was assessed by the DxH 500 Hematology 
Analyzer (Beckman Coulter).

Tests to determine CMV and EBV status at the first 
visit, based on immunoglobulin G antibodies against 
CMV and EBV, was performed by multiplex immuno-
assay (MIA), as described before [27, 62]. For CMV, a 
concentration of < 4 relative units (RU) ml − 1 was cat-
egorized as seronegative, ≥ 4 and < 7.5 RU ml − 1 as bor-
derline, and ≥ 7.5 RU ml − 1 as seropositive. For EBV, a 
concentration of < 16 RU ml − 1 was categorized as seron-
egative, ≥ 16 AU ml − 1, and < 22 RU ml − 1 as borderline 
and ≥ 22 RU ml − 1 as seropositive.

Statistics
Statistical analysis and data visualization were done in R 
(v4.2.1) statistical programming language. Associations 
between two continuous variables (frailty vs age and 
frailty vs cytokine measurements) were tested with the 
permutational framework for Spearman correlation test 
test implemented in the coin (v1.4.2) R package. The anal-
ysis considered sex as a ‘block’ for stratification and the 
null distribution of the test statistic was approximated via 
Monte-Carlo resampling  (nresample = 100,000). The asso-
ciations of the different frailty measures with cytokines 
in older adults included two different approaches. First 
comparison tested associations without correcting for 
sex and age and second comparison included stratifica-
tion combined for age and sex to avoid cofounding in this 
study. To stratify based on BMI, we categorized partici-
pants into lean (less than 25), overweight (between 25.0 
and 30) and obese (above 30).

Additionally, multiple regression analyses were per-
formed in IBM SPSS Statistics 28 with the Frailty Index 
scores as dependable outcome and age and the biomark-
ers as predictable variables. Due to the non-normal 
distribution of the data, the Frailty Index scores and 

biomarker levels were log transformed. Participants with 
missing data were also excluded from the analysis. This 
analysis was performed for all participants, and sepa-
rately for female and male participants. Multicollinearity 
was checked with VIF statistics < 10 and thereafter the 
collinearity diagnostics.

The PCA was performed using log-transformed con-
centrations of CRP, sCD14, Calprotectin, IL-8, Elastase, 
PR3, Angiopoietin-2, C5a, CCL2, sCD25, sCD163, 
CXCL10, sGP130, sIL-6R, IL1RA, PTX-3, YKL-40, Neop-
terin, iFABP2, GM-CSF, TNFα, IL-6 and IL-10. Only par-
ticipants above 60  years of age and with complete data 
on these markers were included. We used the cut-off of 
60 years of age and older, rather than 65, to have sufficient 
power to cluster the participants based on biomarker 
levels. The PCA was performed using the prcomp func-
tion (factoextra package) and visualized with the ggplot2 
package in RStudio 2022.07.2.. Individuals were grouped 
and colored based on the Frailty Index score. The eclipses 
cover 80% of the data point per frailty group. The amount 
of variance explained by Principle Components (PC) 1 
and 2 are mentioned on the axis.
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