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A B S T R A C T

Background: Chronic systemic inflammation has been linked to premature mortality and limited somatic as well as
mental health with consequences for capability to work and everyday functioning. We recently identified three
biochemical clusters of endocrine and immune parameters (C-reactive protein (CRP), interleukin-6 (IL-6),
fibrinogen, cortisol and creatinine) in participants, age 35–81 years, of the open access Midlife in the United
States Study (MIDUS) dataset. These clusters have been validated in an independent cohort of Japanese mid-life
adults. Among these clusters, the one characterized by high inflammation coupled with low cortisol and creati-
nine concentrations was associated with the highest disease burden, referred to as high-risk cluster in the
following. The current study aims to further examine the nature of this cluster and specifically whether it predicts
mortality and the reported inability to work the last 30 days 10 years after the biomarker assessment.
Methods and findings: Longitudinally assessed health data from N ¼ 1234 individuals were analyzed in the current
study. Logistic regression analyses were performed to predict mortality within one decade after first assessment
(T0 ¼ first assessment; T1 ¼ second assessment). General linear models were used to predict the number of days
study participants were unable to work due to health issues in the last 30 days (assessed at T1, analyses restricted
to individuals <70 years of age). Biological sex, disease burden, and age at T0 were used as covariates in all
analyses. Individuals in the previously identified high-risk cluster had a higher risk for mortality (22% of in-
dividuals deceased between T0 and T1 versus 10% respectively 9% in the two other clusters). Logistic regression
models predicting mortality resulted in a significant difference between individuals from the high-risk cluster
compared to those from an identified reference cluster (indicator method, p ¼ .012), independently of age and
disease burden. Furthermore, individuals in the high-risk cluster reported a higher number of disability days
during the past 30 days (3.4 days in the high-risk cluster versus 1.5 respectively 1.0 days in the reference clusters)
assessed at T1. All pairwise comparisons involving the high-risk cluster were significant (all ps < .001).
Conclusions: Immune-endocrine profiles are predictive of mortality within the following decade over and above
age and disease burden. The findings thus highlight the importance of biomarker-based risk profiling that may
provide new targets for interventions in the context of preventive medicine in the transition from health to disease
and disease-related mortality.
1. Introduction

Chronic systemic inflammation is closely linked to a broad range of
diseases and thus, predicts lower overall functioning and all-cause mor-
tality. In a recent study using a bioinformatics approach, we identified
three biochemical clusters in the general population that were associated
hology, Charit�e – Universit€atsme
s).
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with differences in disease burden in assigned individuals (Bertele et al.,
2021). This novel, cluster-based approach represents a promising step in
the direction of more advanced and comprehensive methods of
health-risk evaluation, while picking up the trend towards a more
personalized perspective on medicine. In the current paper, we explored
the predictive value of the identified clusters for mortality and aspects of
dizin Berlin, Luisenstraße 57, 10117, Berlin, Germany.
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Fig. 1. Overview of the data collection Process.
Note: MIDUS ¼ Midlife in the United States study.
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everyday functioning, over and above the associated variation in disease
burden.

Inflammation results from the process by which the immune system
reacts to harmful stimuli, such as pathogens, damaged cells, or toxic
compounds (Parham, 2021). By releasing C-reactive protein (CRP),
interleukin-6 (IL-6), and fibrinogen, the body tries to eliminate the initial
cause of insult (Parham, 2021). Thus, intermittent acute inflammation is
critical for survival. However, the presence of certain social, psycholog-
ical, environmental, and biological factors has been linked to the pre-
vention of resolution of acute inflammation, causing a prolonged
reactivity of the immune system (i.e., chronic systemic inflammation).
Chronic systemic inflammation, which induces increased oxidative stress
resulting in tissue injury, cellular damage and increased cellular allostatic
load (Straub, 2017; Calder et al., 2013; Chatterjee, 2016), significantly
contributes to the risk for a broad range of age-associated diseases, like
cardio- and cerebrovascular diseases (Danesh, 2000; Danesh et al., 1998,
2004), diabetes type 2 (Wang et al., 2013), stroke (Welsh et al., 2008;
Zhou et al., 2016; Di Napoli et al., 2001), and cancer (Allin and Nor-
destgaard, 2011; Qian et al., 2019).

However, chronic inflammation is systemic, that is, it does not occur as
an isolated process but is closely interwoven with other somatic alter-
ations, particularly with metabolic and endocrine actions (Cruz et al.,
2018; Knight et al., 2021; Milrad et al., 2018). It is thus likely that the
longer-term implications of systemic inflammation vary based on an in-
dividual's overall somatic health condition. As a consequence, systemic
inflammation may be more detrimental in one individual compared to
another, depending on interindividual variation in other aspects of
physiology. Interestingly, this perspective is barely reflected in previous
research in the field of inflammation. Rather, studies frequently used
either one single or a set of a few inflammatory markers (Pearson et al.,
2003; Sabatine et al., 2007) but concurrent consideration of other con-
current pathophysiological processes is not reported as common practice
in the literature.

To consider inflammatory responses as isolated processes in research,
despite their well-known interactions with other functions, might limit
their predictive power with respect to longer-term outcomes. More
pivotally, this constrained perspective might obscure essential knowl-
edge for preventive approaches and treatment. At the same time, there is
an urgent need for interdisciplinary tools to effectively predict in-
dividuals at risk for diseases and premature mortality to identify targets
for prevention and intervention due to the rising numbers of non-
communicable diseases and the massive related financial burden for
the healthcare systems (Global Burden of Disease Collaborative Network,
2018).

We have recently proposed a novel, cluster-identification tool (based
on routinely assessed biomarkers; CRP, IL-6, fibrinogen, cortisol, and
creatinine) enabling to assign adults from a representative cohort study
to one of three biochemical clusters (1). Among these three clusters, we
found one cluster of high inflammation coupled with low creatinine and
cortisol concentrations, i.e., high-risk cluster (1). This cluster indicated
the highest disease burden compared to the other two clusters.

The current study aimed to test the predictive value of the previously
identified biochemical high-risk cluster for mortality and the reported
inability to work the last 30 days due to illness 10 years following the
biomarker assessment over and above age and disease burden at baseline
assessment.

2. Methods

2.1. Participants and setting

In the scope of the studyMidlife in the United States Study (MIDUS), a
total of N ¼ 7108 individuals between 25 and 74 years of age were
recruited from January 1995 to September 1996 from a national random-
digit-dial sample of adults living in the 48 contiguous states (Ryff et al.,
2010). Participants from MIDUS 1 were reinvited for a follow-up study
2

with an emphasis on biomarkers (2004–2006), referred to as MIDUS 2,
yielding a response rate of 70 percent (n ¼ 4963). Additionally, a sup-
plement sample of African Americans (n ¼ 592) was recruited from
Milwaukee, Wisconsin. Overall, a representative subset of 1255 in-
dividuals participated in the biomarker sub study, and of those complete
biomarker data (regarding CRP, IL-6, fibrinogen, cortisol, and creatinine)
was available from 1234 individuals. Informed consent was obtained by
all participants. More than half of the 1234 participants were female
(56.8%) and the average age at the time of biomarker assessment (T0)
was 52.52 years (SD ¼ 11.71). From 2013 to 2014, the third data
collection took place, referred to as MIDUS 3, including mortality data
from all 1234 participants (T1) and survey data that included self-reports
on the reported inability to work the last 30 days from 929 of the par-
ticipants of the MIDUS 2 biomarker subsample (T1). For an overview of
the data collection process, please see Fig. 1.

For more information about the MIDUS project, please see [http://
www.midus.wisc.edu/data/index.php].
2.2. Measures

2.2.1. Biomarkers and biochemical clusters
Detailed information on biomarker assessment and generating

biochemical clusters is provided in Bertele et al. (1). In brief, plasma
levels of CRP and fibrinogen were assayed using immunonephelometric
assays; IL-6 was quantitatively assessed using Enzyme-Linked Immuno-
sorbent Assays (ELISA). The laboratory inter-assay coefficient of variance
was 5.7% for CRP, 13% for IL-6, 2.6% for fibrinogen, all below the 20%
acceptable range (Gruenewald et al., 2012). To obtain a cumulative
cortisol and creatinine measure 12-h overnight urine samples were
collected between 7 p.m. and 7 a.m. (22).

Biochemical clusters were created using k-mean clustering based on
the levels of CRP, IL-6, fibrinogen, cortisol and creatinine, as these

http://www.midus.wisc.edu/data/index.php
http://www.midus.wisc.edu/data/index.php


Table 2
Logistic regression analyses predicting mortality.

B Standard
error

Wald df p Exp(B)

Cluster (general) 6.3 2 .043
Reference vs. high-risk
cluster

.82 .33 6.24 1 .012 2.27

Reference vs. metabo-
endocrine

.18 .32 .3 1 .59 1.19

Sex -.61 .22 7.6 1 .006 .54
Age .1 .01 84.78 1 <.001 1.1
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biomarkers cover broad physiological functioning; CRP, fibrinogen, and
IL-6 are pro-inflammatory markers (i.e., positively associated with
inflammation), cortisol is the end product of the hypothalamus-pitui-
tary–adrenal axis is an immune-modulatory mediator playing a crucial
role in the stress response (Bertele et al., 2021; Thompson et al., 2010;
Baumeister et al., 2016; Rückerl et al., 2007; Kashani et al., 2020; Zorn
et al., 2017). The final k-mean clustering solution distinguished three
different biomarker patterns; one with average levels on all five bio-
markers, one with high concentrations of CRP, IL-6, and fibrinogen
coupled with low cortisol and creatinine (i.e., high-risk cluster), and one
with average CRP, IL-6, and fibrinogen but high concentrations of both
cortisol and creatinine (i.e., metabo-endocrine cluster). The first cluster
was used as a reference group (i.e., reference cluster) in all analyses, as
this was the largest group (N¼ 937, see Table 1) and individuals assigned
to this cluster indicated average levels on all biomarkers and low disease
burden, suggesting a low pathological character of this cluster (1).

2.2.2. Mortality
Through October 2015, mortality data on all MIDUS participants was

obtained using three different methods; (1) A National Death Index (NDI)
search in 2009 confirmed the death of 173 participants; (2) 322 deaths
were recorded during tracing and mortality closeout interviews con-
ducted by the University of Wisconsin Survey Center (UWSC) as part of
MIDUS 3 (2013–2015), and (3) 57 deaths were recorded during normal
longitudinal sample maintenance (Elliot et al., 2018).

2.2.3. Ability to work
In the scope of MIDUS 3 (2013–2015), participants’ functioning/

ability to work was assessed by a single item by which information was
obtained on the number of days the respondents had been unable to work
during the last 30 days (exact wording in the survey: “In the past 30 days,
how many days were you completely unable to go to work or carry out
your normal household work activities because of your physical health or
mental health?”).

2.2.4. Covariates
Biological sex was assessed dichotomously (0 ¼ male, 1 ¼ female).

Depression, peptic ulcer disease, and cancer were assessed dichoto-
mously (diagnosis yes ¼ 1 vs. no ¼ 0) at T0 (MIDUS 2). If an individual
reported at least one cerebro- or cardiovascular disease (heart disease,
hypertension, or stroke), they were assigned 1, when an individual re-
ported none of these diseases, they were assigned 0.

2.3. Data analyses

All analyses were conducted using IBM SPSS Statistics 27. As a first
step, the percentages of deceased individuals in each cluster were
calculated. Second, we conducted a logistic regression analysis control-
ling for sex, age, and disease burden at T0 to predict mortality (yes vs. no)
by the biochemical clusters. In doing so, we applied the indicator method
comparing the high-risk and the metabo-endocrine cluster to the refer-
ence group. As a third step, we calculated the average days participants
indicated that they were unable to work due to illness in the last 30 days
separately in each cluster. Fourth, a General Linear Model (GLM) using
Table 1
Demographics by cluster.

Total sample
(N ¼ 1234)

Reference
cluster (n ¼ 937)

High-risk
cluster (n ¼
102)

Metabo-endocrine
cluster (n ¼ 195)

Sex 56.8% female 76.2% female 59.6% female 31.3% female
Age M ¼ 52.52 SD

¼ 11.71
M ¼ 55.25 SD ¼
11.61

M ¼ 55.40 SD
¼ 12.09

M ¼ 50.63 SD ¼
11.24

BMI M ¼ 29.77 SD
¼ 6.626

M ¼ 28.88 SD ¼
5.81

M ¼ 34.49 SD
¼ 9.26

M ¼ 30.9 SD ¼ 6.99

Note: BMI¼Body Mass Index.
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Bonferroni pairwise comparisons and controlling for sex, age, and disease
burden at T0 was performed to predict the days participants indicated
that they were unable to work.

3. Results

3.1. Primary analysis

3.1.1. Biochemical clusters and mortality
Between T0 and T1, 9.8% of the individuals assigned to the reference

cluster deceased (Ndeceased ¼ 92, Ntotal ¼ 937), 21.6% in the high-risk
cluster (Ndeceased ¼ 22, Ntotal ¼ 102), and 8.7% in the metabo-endocrine
cluster (Ndeceased ¼ 17, Ntotal ¼ 195), respectively.

Logistic regression analyses using the indicator method and control-
ling for sex, age, and disease burden at T0 revealed a significant associ-
ation between assignment to the clusters and mortality (p ¼ .043, see
Table 2). The indicator comparison between the reference cluster and the
high-risk cluster was significant (B ¼ 0.82, standard error (SE) ¼ 0.33, p
¼ .012); the comparison between the metabo-endocrine and the refer-
ence cluster was not significant (B¼ 0.18, SE¼ 0.32, p¼ .59). Likelihood
ratio tests revealed that removing the cluster variable as a predictor, the
model would explain significantly less variance in mortality (Model Log
Likelihood: �316.16, Change in �2 Log Likelihood: χ2(2) ¼ 5.95, p ¼
.048).

Odds ratios for mortality by cluster separately for males and females
can be found in the supplemental material (see Fig. S1). Comparing the
odds ratios between males and females ((Number of deceased males/
number of non-deceased males)/(deceased females/non-deceased fe-
males)), there was a tendency towards higher mortality in males vs. fe-
males across clusters (odds ratio (OR)¼ 1.96), but especially in the high-
risk cluster (OR ¼ 2.29).

3.1.2. Reported inability to work
The number of days participants reported that they were unable to

work due to illness (in the last 30 days) varied across clusters. While, on
average, individuals in the reference cluster were 1.51 (SD ¼ 5.08, Nres-

pondents ¼ 745) days unable to work, individuals in the high-risk cluster
were 3.36 (SD ¼ 7.68, Nrespondents ¼ 42) days unable to work, and in-
dividuals in the metabo-endocrine cluster were 0.99 (SD ¼ 4.52, Nres-

pondents ¼ 142) days unable to work.
The GLM with pairwise comparisons controlling for sex, age, and

disease burden at T0 revealed a significant association between cluster
assignment and the reported inability to work the last 30 days (F(2,790)
Depression .72 .25 8.44 1 .004 2.05
Cerebro- and
cardiovascular
disease

.74 .23 10.54 1 .001 2.1

Peptic ulcer disease .01 .45 0 1 .98 1.01
Cancer .27 .26 1.1 1 .29 1.3
Constant �7.4 .84 78.34 1 <.001 0

Note: Nagelkerke's R2 ¼ 0.29. Results of the group comparisons are based on the
indicator method. Sex is coded as follows: 0 ¼ male, 1 ¼ female, chronological
age was assessed at the time of biomarker assessment. Depression, cerebro- and
cardiovascular disease, peptic ulcer disease, and cancer have been assessed via
self-report (yes vs. no). Cerebro- and cardiovascular diseases include heart dis-
ease, hypertension, and stroke.
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¼ 3.3, p ¼ .037, Table 3). Pairwise comparisons according to Bonferroni,
indicated that the differences between the reference and the high-risk
cluster (z ¼ 2.28, p ¼ .008) and between the high-risk and the metabo-
endocrine cluster were significant (z ¼ 2.97, p ¼ .001) (see Table 4).
The effect sizes (Cohen's d) for the group differences were .35 (95%
confidence interval: 0.04-0.66) for the high-risk cluster vs. the reference
cluster and 0.1 for (95% confidence interval: �0.08–0.28) the metabo-
endocrine cluster vs. the reference cluster.

The average days of sickness by cluster and sex can be found in the
supplements (see Fig. S2). There was a descriptive tendency towards a
higher number of sick days in males in the high-risk cluster compared to
females assigned to the high-risk cluster.

4. Discussion

The findings of the current study reveal an association between a
biochemical profile that is characterized by high inflammation and low
cortisol and creatinine concentrations (i.e., high-risk cluster) and mor-
tality 10 years later independent of age, sex, and disease burden at
biomarker assessment. Furthermore, in those alive 10 years post
biomarker assessment, the same cluster negatively predicted function-
ality (i.e., reported inability to work the last 30 days) (1). Previous
studies are in concordance with these results by suggesting that chronic
systemic inflammation predicts mortality and lower every day func-
tioning (e.g., measured as cognitive impairment) (Gorelick, 2010; Paine
et al., 2015; C-reactive protein concen, 2010). Mechanisms that might
link systemic inflammation to these detrimental outcomes might be the
increased disease susceptibility associated with systemic inflammation
(Furman et al., 2019) as well as the fact that inflammation often occurs in
individuals who present with a variety of risk factors that augment dis-
ease susceptibility across the lifespan such as poor diet (Navarro et al.,
2016) and obesity (Ellulu et al., 2016). According to the Free Radical
Theory of Aging, systemic inflammation can induce a chronic state of
allostatic load, accompanied by high levels of oxidative stress. In the
long-term, this may yield impaired stem cell reproductivity, immunose-
nescence (i.e., aging of the immune system), and cellular aging (35)
resulting from increased biomolecular entropy as well as functional and
structural damage of cellular DNA (Wang, 2021). Consequently, due to
these (accelerated) aging processes, individuals might be more suscep-
tible to poor health and consequently, for premature mortality (Harman,
1992).

However, previous studies on systemic inflammation and longer-term
Table 3
General linear models predicting inability to work.

Source Type III Sum of
Squares

df Mean
Square

F p

Corrected Model 2377.81 43 55.3 2.62 <.001
Intercept 1226.84 1 1226.84 58.29 <.001
Cluster 139.05 2 69.53 3.3 .037
Sex .49 1 .49 .02 .88
Age 1033.58 36 28.71 1.36 .08
Depression 114.33 1 114.33 5.43 .02
Cerebro- and
cardiovascular
disease

207.69 1 207.69 9.87 .002

Peptic ulcer disease 556.65 1 556.65 26.44 <.001
Cancer 7.48 1 7.48 .36 .55
Error 16628.85 790 21.05
Total 20484 834
Corrected Total 19006.66 833

Note: R2 ¼ 0.13 (Adjusted R2 ¼ 0.08). Sex is coded as follows: 0 ¼ male, 1 ¼
female, age was assessed at the time of biomarker assessment. Depression, cer-
ebro- and cardiovascular disease, peptic ulcer disease, and cancer have been
assessed via self-report (yes vs. no). Cerebro- and cardiovascular diseases include
heart disease, hypertension, and stroke. At T1, participants' functionality/ability
to work was assessed by a single item by which information was obtained on the
number of days the respondents had been unable to work during the last 30 days.
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outcomes commonly considered single inflammatory markers as pre-
dictors for mortality and functionality without taking other related bio-
markers into account (29–31). Furthermore, previous research mostly
involved clinical samples with a high pathological burden to investigate
the link between inflammation and mortality (e.g., individuals suffering
from chronic obstructive pulmonary disease (Mendy et al., 2018), pa-
tients infected with HIV (Tien et al., 2010), kidney disease patients (Alves
et al., 2018)), making it challenging to distinguish inflammatory risk for
earlier mortality from the established disease phenotypes. The current
study expands on previous findings by using our previously proposed
biomarker clusters based on multiple biomarkers, that cover a broad
range of somatic functioning, as predictors for mortality and the reported
inability to work the last 30 days in a large non-clinical population
sample 10 years after biomarker assessment; all while controlling for
disease burden at baseline (1). With that, the novel approach of risk
evaluation might be more precise with respect to its predictive value (1)
and, as described below, might reveal valuable and innovative implica-
tions for treatment and intervention.

Relating the biochemical clusters to mortality and the reported
inability to work the last 30 days, we found that individuals with high
inflammation and low cortisol and creatinine concentrations had the
highest risk for mortality and impaired functionality (1). Importantly, the
high-risk biochemical profile, that was associated with higher disease
burden at baseline, was associated with mortality and functionality 10
year later independent of age and different disease states at baseline. It is
possible though that the biochemical risk profile led to an accelerated
disease progression among individuals assigned to this cluster, resulting
in higher rates of mortality and lower everyday functioning. Investi-
gating the potential moderating role of the biochemical risk profiles of
the association between disease states at baseline and mortality and
functionality 10 years later was not possible in the current study due to
the limited sample size. Future studies should test these potential in-
teractions in larger, population-based studies.

Belonging to the metabo-endocrine cluster, which was characterized
by high concentrations of cortisol and creatinine accompanied by
average inflammatory markers, was not associated with higher mortality
rates compared to the reference cluster. This is in line with the obser-
vations from our previous study (Bertele et al., 2021), where the
metabo-endocrine cluster did not show a higher disease burden than the
reference cluster. These observations seem in contrast with previous
research linking hypercortisolism to disease states and mortality (Min,
2016; Steffensen et al., 2016). However, this discrepancy might further
emphasize the importance of considering biomarkers in the context of
other biomarkers and somatic processes as a matter of principle when
examining longer-term outcomes.

An important question relevant for preventative targets is related to
the etiology of the identified clusters. In a previous study, we reported
that individuals assigned to the high-risk cluster were significantly more
likely to report experiences of childhood maltreatment (CM; that is, ex-
periences of child abuse and neglect), pointing to early-life stress as one
possible etiological factor of this cluster (1). In line with this are findings
of a recent review suggesting CM as a leading contributor to a number of
diseases and mortality (Grummitt et al., 2021), which may in part be
mediated by the well-established low-grade, systemic inflammatory
states in individuals exposed to CM. Our results suggest that assessment
of additional biomarkers, in addition to inflammatory mediators, may
increase precision of risk profiling. Moreover, CM exposure is known to
be associated with telomere shortening (Shalev and Belsky, 2016; Shalev,
2012), to accelerate age-induced effects on neurogenesis (Ruiz et al.,
2018) and cognitive decline (Barnes et al., 2009; Pesonen et al., 2013).
Individuals assigned to the high-risk cluster, hence, might be especially
affected by accelerated aging processes due to increased systemic
inflammation causing high levels of oxidative stress and hence, cell
damage and tissue injury, but also due to other age-accelerating pro-
cesses yet to be studied (3–5). Further advancing the understanding of
the etiology factors of the identified biochemical clusters would reveal



Table 4
General linear models predicting inability to work: Bonferroni pairwise comparisons between clusters.

Cluster vs. Cluster Z of mean difference Standard error of mean difference P 95% Confidence Interval

Lower Bound Upper Bound

Reference High-risk �2.28 .76 .008 �4.09 -.47
Metaboendocrine .69 .44 .33 -.35 1.74

High-risk Reference 2.28 .76 .008 .47 4.09
Metabo- endocrine 2.97 .84 .001 .97 4.98

Metabo- Reference -.69 .44 .33 �1.74 .35
endocrine High-risk �2.97 .84 .001 �4.98 -.97
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valuable implications with respect to more tailored, personalized (pre-
emptive) interventions. In the context of such interventions, for example,
trauma-focused psychotherapy might play a crucial role and it might be
of importance to monitor the nutrient balance (micronutrients, minerals
and vitamins, in particular) of at-risk individuals as well as to administer
supplements when needed, as it has been shown that an
anti-inflammatory diet for example can buffer some of the
age-accelerating processes (for reviews, see (Cheng et al., 2010;
Stromsnes et al., 2021)).

Comparing the longer-term outcomes of the biochemical clusters in
males and females, we observed a descriptive tendency towards higher
mortality and the reported inability to work the last 30 days in males,
potentially suggesting that an assignment to the high-risk cluster is more
detrimental in males than in females (see S5 and S6). If replicated in
larger studies the moderating role of sex steroids of the associations
observed here should be examined.

The assessment of CRP, IL-6, fibrinogen, cortisol, and creatinine
concentrations, represent a valuable approach for identifying individuals
at-risk for premature mortality and for impaired functionality in the
following years. As it is relatively in-expensive, the assessment of these
five biomarkers might be integrated into routine diagnostics and treat-
ments and could help identify individuals at risk that could be offered
tailored interventions including early-on therapy approaches focusing on
biological mechanisms initiated after CM exposure, that are being
increasingly understood, preventing the manifestation of biochemical
risk profiles in the first place.

Our work has several strengths such as the representative general
population sample and the use of gold standard biomarker assessment
methods. Yet, the findings have some limitations. First, the sample size
for the mortality analysis was relatively small, possibly decreasing the
power to detect effects of each cluster on mortality. The small sample size
also prohibited the examination of potential interactions between the
biochemical clusters and each disease state over the lifespan. Future
longitudinal studies involving larger sample sizes should investigate
whether an assignment to the high-risk cluster might accelerate disease
progression in these individuals. Second, the reported inability to work
the last 30 days was assessed via self-report, which bears the risk of a
reporting bias and via a single item. Although this procedure is supported
by previous literature (Fisher et al., 2016; Cunny and Perri, 1991), the
use of only one item prohibits to test the psychometric properties of the
assessment. In addition, disease burden has been addressed in a limited
fashion focusing on depression, heart disease, stroke, hypertension,
peptic ulcer disease and cancer. Although the chosen disease states cover
pathology in various somatic systems, it is still possible that other rele-
vant covariates/diseases were not considered potentially limiting the
generalizability of our results. Furthermore, the selection of available
biomarkers in MIDUS was limited. In addition to the five biomarkers
chosen here, future studies should also consider additional biomarkers
and parameters to cover an even broader range of functionality. For
example, estrogen and testosterone concentrations (representing the
reproductive systems and known for their influence on aging processes
and disease risk (Ohnaka, 2017; Gurvich et al., 2018)), mitochondrial
integrity (as an additional indicator of the metabolic system (Bratic and
Larsson, 2013; Lee et al., 2012)), as well as nutritional balance
5

parameters (known for their crucial role in healthy and unhealthy aging
processes over the lifespan, for a review see Cheng et al. (2010)) might be
candidates worth including.

This study validated the predictive character of three previously
identified biochemical clusters with respect to mortality and the reported
inability to work the last 30 days 10 years following the biomarker
assessment (1). Our findings suggest that an inflammatory-endocrine
profile characterized by high inflammation coupled with low cortisol
and creatinine concentrations represents a valuable risk marker for
mortality and functionality a decade later; over and above the disease
burden reported at baseline. Future studies should further validate the
predictive power of the identified high-risk cluster with respect to other
longer-term outcomes and they should also focus on the development of
effective early-on targeted interventions personalized based on
biochemical risk profiles. Moreover, additional etiology factors of
biochemical risk profiles should be identified, enhancing our under-
standing of the role of early-life stress and other life history factors as well
as genetic risk and epigenetic factors in this context. In addition, future
research should aim at identifying potential protecting, that is resilience,
factors in individuals with biochemical risk profiles.
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