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Abstract
A robust and heterogenous secretory phenotype is a core feature of most senescent 
cells. In addition to mediators of age-related pathology, components of the senes-
cence associated secretory phenotype (SASP) have been studied as biomarkers of 
senescent cell burden and, in turn, biological age. Therefore, we hypothesized that cir-
culating concentrations of candidate senescence biomarkers, including chemokines, 
cytokines, matrix remodeling proteins, and growth factors, could predict mortality 
in older adults. We assessed associations between plasma levels of 28 SASP proteins 
and risk of mortality over a median follow-up of 6.3 years in 1923 patients 65 years 
of age or older with zero or one chronic condition at baseline. Overall, the five se-
nescence biomarkers most strongly associated with an increased risk of death were 
GDF15, RAGE, VEGFA, PARC, and MMP2, after adjusting for age, sex, race, and the 
presence of one chronic condition. The combination of biomarkers and clinical and 
demographic covariates exhibited a significantly higher c-statistic for risk of death 
(0.79, 95% confidence interval (CI): 0.76–0.82) than the covariates alone (0.70, CI: 
0.67–0.74) (p < 0.001). Collectively, these findings lend further support to biomarkers 
of cellular senescence as informative predictors of clinically important health out-
comes in older adults, including death.
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1  |  INTRODUC TION

Cellular senescence is a mediator of aging and chronic disease 
(LeBrasseur et al., 2015). Diverse forms of age-related damage, in-
cluding DNA lesions, mitochondrial dysfunction, proteotoxic ag-
gregates, and inflammation converge on a common cellular fate of 
stable growth arrest, or senescence (Newgard & Sharpless, 2013). 
Senescent cells accumulate with advancing age and are enriched 
in human tissues with disease and/or dysfunction, including skele-
tal muscle (Englund et  al.,  2023), lung (Schafer et  al.,  2017), brain 
(Neumann et al., 2023), adipose tissue (Choudhery et al., 2014), bone 
(Farr et al., 2016), and kidney (Barnett et al., 2012). A distinguishing 
characteristic and mechanism by which senescent cells drive age-as-
sociated pathologies across multiple organs is the senescence asso-
ciated secretory phenotype (SASP).

The SASP is remarkably heterogenous and differs by cell type. 
Components of the SASP include cytokines, chemokines, matrix 
remodeling proteins, growth factors, and a host of other bioactive 
molecules, such as miRNA and lipids (Coppe et al., 2010; Lopes-Pa-
ciencia et  al.,  2019; Terlecki-Zaniewicz et  al.,  2018). The robust, 
diverse, and secreted nature of the SASP led to the premise that 
its components could be leveraged as circulating biomarkers of se-
nescent cell burden. A candidate panel of senescence biomarkers 
was developed by quantifying the SASP of several human cell types 
in vitro (Schafer et al., 2020). In humans, the circulating concentra-
tions of candidate senescence biomarkers have exhibited positive 
associations with chronological age and clinical manifestations of 
advanced biological age, including, frailty, adverse postsurgical out-
comes, and reduced physical function (Fielding et  al.,  2022; Scha-
fer et  al.,  2020), in a manner consistent with increased senescent 
cell burden. Although not unique to senescent cells, the biological 
diversity of the included proteins, their enrichment in tissues with 
high senescent cell burden, their inclusion in senescence-specific 
gene sets (Coppe et al., 2010; Saul et al., 2022), and their increased 
circulating abundance in preclinical models with high senescent cell 
burden (Englund et al., 2023; Yousefzadeh et al., 2020), provide the 
foundation for their use as biomarkers of senescence.

Our previous studies have largely been cross-sectional and fo-
cused predominantly on persons with established chronic diseases 
(e.g., aortic stenosis, ovarian cancer, and idiopathic pulmonary fibro-
sis), frailty, and functional limitations (Aversa et al., 2023; Fielding 
et al., 2022; Schafer et al., 2020). To advance the utility of senes-
cence biomarkers in humans and to provide further evidence in sup-
port of their potential as biomarkers of biological age, we tested the 
hypothesis that, among relatively healthy older persons with zero or 
one chronic condition at baseline, those with higher concentrations 
of senescence biomarkers would have an increased risk of death. 
To this end, we used the resources of the Mayo Clinic Biobank to 

study associations between SASP biomarkers and risk of death in 
approximately 2000 participants over the age of 65 with zero or one 
chronic condition.

2  |  RESULTS

2.1  |  Study participants

The Mayo Clinic Biobank is an institutional resource comprised of 
57,000 adult volunteers, including 24,244 persons over the age of 
65 years, who have donated biological specimens, provided risk 
factor data, and have given permission to access their electronic 
health records (EHR) for clinical research studies (Olson et al., 2019). 
We randomly selected eligible participants from the Mayo Clinic 
Biobank with zero or one chronic condition for this study. One per-
son did not provide consent to use their EHR for research and 72 
persons did not have medical records available in the time window of 
the study or did not have any diagnostic information in their records. 
Therefore, 1923 persons were included in our final study population.

Characteristics of the study population, including 1066 women 
and 857 men 65 years of age or older, are shown in Table  1. The 
study population was predominantly white (97%) and non-Hispanic 
(99%). Additionally, 68% of study participants had no chronic con-
ditions at baseline and 32% had one condition. The most common 
chronic conditions in this population were arthritis (n = 208; 10.8%), 
hyperlipidemia (n = 108, 5.6%), and a history of any cancer (n = 129; 
6.7%; Supplemental Table 1). The median duration of follow-up was 
6.3 years (interquartile range: 1.7, 8.7), and 283 deaths occurred. 
Cause of death was missing for 74 persons (26.2%), but neoplasms 
(n = 62; 21.9%), diseases of the circulatory system (e.g., cardiovascu-
lar diseases; n = 41; 14.5%), and diseases of the nervous system (e.g., 
dementia; n = 36; 12.7%) were the most common causes of death 
in this population. As expected, older age and male sex were asso-
ciated with an increased risk of death (Table 1). However, persons 
with one chronic condition at baseline were less likely to die during 
follow-up compared to persons with no chronic conditions.

2.2  |  Age, sex, and biomarkers of 
cellular senescence

The plasma concentrations of 28 candidate senescence biomarkers 
were measured in plasma samples from the participants (Supple-
mental Table 2). Twenty-three biomarkers (82%) were significantly 
associated with chronological age, with GDF15 (r = 0.39), activin A 
(r = 0.30), and TNFR1 (r = 0.26) having the strongest relationships (all 
p < 0.01) (Supplemental Table 3). Men had higher levels of activin A, 
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Fas, GDF15, ICAM1, MMP9, PARC, SOST, TNFα, TNFR1, and TNFR2 
than women, whereas women had higher levels of MDC, RAGE, 
RANTES, and uPAR than men (Supplemental Table 4).

2.3  |  Senescence biomarkers and risk of death

The plasma levels of 14 senescence biomarkers were associ-
ated with increased risk of death after adjusting for age, sex, race, 
and the presence of a chronic condition using LASSO regression 

(Supplemental Table 5). The five biomarkers with the strongest asso-
ciations with mortality are displayed in Figure 1a. GDF15 levels were 
most strongly associated with risk of death (hazard ratio [HR] = 1.79). 
Plasma concentrations of VEGFA, PARC, and MMP2 conferred the 
next highest HRs for death amongst the senescence biomarkers 
(VEGFA HR: 1.21; PARC HR: 1.14; MMP2: HR 1.13). By contrast, 
lower levels of RAGE were associated with an increased risk of death 
(HR: 0.81).

In an initial model including only age, sex, race, and presence of 
a chronic condition, the c-statistic for the risk of death during follow 

Characteristic n (%)
Unadjusted HR 
(95% CI)

Adjusted HR* 
(95% CI)

All persons in cohort 1923

Number of deaths 283 (14.7)

Age group

65–69 861 (44.8) Referent Referent

70–74 562 (29.2) 1.49 (1.09–2.06) 1.49 (1.08–2.05)

75+ 500 (26.0) 3.61 (2.74–4.75) 3.42 (2.59–4.51)

Sex

Men 857 (44.6) Referent Referent

Women 1066 (55.4) 0.50 (0.39–0.64) 0.53 (0.42–0.68)

White race

No 61 (3.2) Referent Referent

Yes 1862 (96.8) 1.07 (0.51–2.27) 1.06 (0.50–2.25)

Hispanic ethnicity

No 1906 (99.1) Referent Referent

Yes 17 (0.9) 0.68 (0.17–2.71) 1.02 (0.25–4.12)

Number of chronic conditions at baseline

0 1313 (68.3) Referent Referent

1 610 (31.7) 0.46 (0.36–0.61) 0.48 (0.37–0.63)

Abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; HR, hazard 
ratio; ; TIA, transient ischemic attack.
*Adjusted for age, sex, race, ethnicity, and number of conditions at baseline.

TA B L E  1 Risk of death by participant 
characteristics.

F I G U R E  1 Circulating biomarkers of cellular senescence predict mortality beyond traditional risk factors. (a) The five senescence 
biomarkers with the strongest associations with mortality from LASSO regression models that include age, sex, race, and presence of 
a chronic disease at baseline (grey shaded portion of the plot). (b) The C-statistics indicating the ability of covariates alone, senescence 
biomarkers alone, and covariates plus biomarkers to predict death. *** indicates a p value <0.001 for the change in C-statistic between 
the covariates model alone and the model that includes both covariates and biomarkers (training data).
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up was 0.70 (95% CI: 0.67, 0.74) in the training dataset, which repre-
sented a random sample of 80% of the study population (Figure 1b; 
Supplemental Table  5). The addition of senescence biomarkers 
to the initial model significantly improved the prediction of death 
to 0.79 (95% CI: 0.76, 0.82) (Figure  1b; Supplemental Table  5; p 
value<0.001). The same biomarkers were also studied in the test 
dataset (the remaining 20% of the study population); however, the 
difference in c-statistics between the covariate model (0.68, 95% CI: 
0.60, 0.75) and covariate plus biomarker model (0.72, 95% CI: 0.66, 
0.79) was not statistically significant (p value = 0.13). Of note, the 
c-statistic for the senescence biomarkers alone was 0.76 (95% CI: 
0.73, 0.80) in the training data set and 0.70 (95% CI: 0.63, 0.77) in 
the testing data set.

LASSO models do not provide p values or confidence intervals, 
making it more difficult to interpret statistical significance. There-
fore, we also studied the variables selected by the LASSO mod-
els (Supplemental Table  5) in Cox proportional hazards regression 
models to provide an estimate of the variability of the hazard ra-
tios. Higher levels of GDF15, VEGFA, PARC, and MMP2, and lower 
levels of RAGE, were significantly associated with an increased risk 
of mortality in the overall population (Supplemental Table  6; all p 
values <0.005). We also studied the performance of models that in-
cluded GDF15 alone, and GDF15 plus RAGE (Supplemental Table 6). 
We found that model performance changed only slightly when only 
GDF15 was included compared to the full list of SASP proteins se-
lected by the LASSO model (c statistic = 0.76 for the full model and 
0.74 with age, sex, race, number of conditions, and GDF15 alone).

Finally, we also examined whether model performance differed 
in men compared to women. In men, GDF15 levels, again followed 

by VEGFA, RAGE, and PARC, were most strongly associated with 
mortality even after adjusting for age, race, and the presence of one 
disease (Figure 2a). As observed in the overall study population, the 
addition of senescence biomarkers to the covariates significantly im-
proved the performance of the model at predicting mortality from 
0.69 (95% CI: 0.64, 0.74) to 0.79 (95% CI: 0.75, 0.83) in men within 
the training data set (p < 0.001; Figure 2b). Similarly, GDF15 levels, 
followed by VEGFA, PARC, and TNFR1 but not RAGE, were most 
strongly associated with mortality in women, even after adjusting 
for baseline covariates (Figure  2c). Again, the addition of senes-
cence biomarkers to covariates in the model increased the predic-
tion of mortality by covariates alone from 0.67 (95% CI: 0.61, 0.73) 
to 0.78  (95% CI: 0.72, 0.83) in women within the training data set 
(p = 0.004; Figure 2d).

3  |  DISCUSSION

There is compelling evidence for cellular senescence as a funda-
mental mechanism of aging. It is therefore plausible that biomark-
ers of senescent cell burden may be prognostic for mortality. In 
older adults with zero or only one chronic condition at baseline, we 
found that candidate biomarkers of cellular senescence predicted 
mortality beyond traditional demographic risk factors, including 
chronological age, sex, and the presence of a chronic disease. In 
particular, higher levels of GDF15, VEGFA, PARC, and MMP2, and 
lower levels of RAGE, were significantly associated with an in-
creased risk of death. These results suggest that blood-based bio-
markers of cellular senescence in older adults may be informative 

F I G U R E  2 Results of LASSO models 
run separately for men and women. 
Hazard ratios are presented for the top 
five biomarkers that were significant in 
overall models for men and women. (a) 
Senescence biomarkers associated with 
mortality in men in LASSO regression 
models including age, race, and presence 
of a chronic disease at baseline. (b) 
C-statistics indicating the ability of 
covariates alone, senescence biomarkers 
alone, and covariates plus biomarkers 
to predict death in men. (c) Senescence 
biomarkers associated with mortality 
in women in LASSO regression models 
including age, race, and presence of 
a chronic disease at baseline. (d) The 
C-statistics indicating the ability of 
covariates alone, senescence biomarkers 
alone, and covariates plus biomarkers to 
predict death in women. *** and ** denote 
p < 0.001 and 0.004, respectively.
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predictors of biological age and clinically important health out-
comes, including death.

(Fielding et al., 2022; Schafer et al., 2020) As expected, chrono-
logic age and male sex were strong predictors of mortality. However, 
14 senescence-related proteins contributed to an increased predic-
tive capacity for mortality beyond the traditional risk factors. In par-
ticular, GDF15 was most strongly associated with mortality in the 
overall models, even after accounting for demographic character-
istics. In addition, inclusion of only GDF15 resulted in similar model 
performance to models that included 14 SASP proteins. These data 
suggest that GDF15 is driving much of the predictive capacity of 
the SASP markers studied. GDF15 is a stress-induced cytokine, and 
is upregulated by several inflammatory or stress-regulated proteins. 
(Wischhusen et al., 2020) Higher GDF15 levels have been observed 
in older persons, persons with heart disease, and in persons with spe-
cific cancers. (Wischhusen et al., 2020) Our results are in agreement 
with previous studies showing that elevated levels of GDF15 are as-
sociated with an increased risk of death in populations of all ages, 
even after adjustment for several risk factors (Eggers et al., 2013; Ho 
et al., 2018; Rohatgi et al., 2012).

After GDF15, lower RAGE levels were most strongly associated 
with mortality. RAGE binds advanced glycation end products to 
activate pro-inflammatory responses, and higher levels have been 
observed in persons with several chronic conditions. (Bierhaus 
et  al.,  2005) However, prior data regarding associations between 
RAGE and mortality are mixed (Erusalimsky,  2021). Some studies 
suggest that higher levels of RAGE are associated with an increased 
risk of mortality, particularly in persons with diabetes or heart dis-
ease (Erusalimsky, 2021; Ho et al., 2018). Higher RAGE levels have 
also been associated with an increased risk of mortality in frail, but 
not non-frail older adults (Butcher et al., 2019). By contrast, lower 
levels have been associated with mortality in persons free from car-
diovascular disease (Grauen Larsen et al., 2019; Selvin et al., 2013). 
The explanation for these inconsistent results is unclear. Basta and 
colleagues have found that persons with lower levels of RAGE had a 
higher systemic inflammatory state. (Basta et al., 2006) Additionally, 
mouse models have shown associations with anti-inflammatory and 
vascularprotective effects of RAGE. (Bucciarelli et  al.,  2002; Park 
et al., 1998) Therefore, previous inconsistent findings might be ex-
plained if higher RAGE levels confer a level of protection in healthier 
adults, but not in adults with established chronic diseases, where 
other factors may oppose the protective effect. Our study popula-
tion was largely free of chronic disease at baseline, and our results 
are similar to studies of persons without cardiovascular diseases. 
(Butcher et al., 2019; Grauen Larsen et al., 2019; Selvin et al., 2013).

VEGFA had the third strongest association with mortality. Data 
regarding associations between VEGFA levels and mortality in gen-
eral populations are limited. VEGFA is upregulated by cardiomyocytes 
during inflammation, mechanical stress, and cytokine stimulation, 
and higher levels have been associated with a range of cardiovas-
cular disease and poor cardiovascular outcomes. (Braile et al., 2020) 
Similarly, VEGFA induces angiogenesis and higher levels of VEGFA 
are associated with tumor survival, growth, and metastasis. (Saman 

et al., 2020) The role of VEGFA in predicting mortality in a relatively 
healthy aging population is currently unclear; however, the role of 
VEGFA in both cardiovascular disease and cancer progression make 
it a plausible biomarker for predicting mortality due to these condi-
tions. Our data suggest that VEGFA may add to predictive models 
for mortality in combination with demographic characteristics, num-
ber of chronic conditions, GDF15, and RAGE levels.

We also found that higher levels of PARC and MMP2 had the 
next strongest associations with mortality. Higher levels of PARC 
(also known as CCL18) have been previously associated with an in-
creased risk of death in patients with a range of chronic diseases, 
including chronic obstructive pulmonary disease, (Sin et  al.,  2011) 
idiopathic pulmonary fibrosis, (Prasse et al., 2009) coronary artery 
disease, (de Jager et  al.,  2012) and cancer progression. (Cardoso 
et al., 2021) Similarly, elevated MMP2 levels have been previously 
associated with an increased risk of death in patients with acute cor-
onary syndrome (Dhillon et al., 2009) and several cancers. (Jiang & 
Li, 2021; Wen et al., 2014) Our results suggest that higher levels of 
PARC and MMP2 may also predict death even in relatively healthy 
older adults.

Finally, we found that the strongest predictors of mortality in 
both men and women were GDF15, VEGFA, and PARC levels. Simi-
larly, RAGE was selected as a contributor to mortality prediction in 
LASSO models for both men and women, but the hazard ratio for 
women was 0.997, suggesting only a minor contribution in women. 
These results are consistent with previous findings in colorectal can-
cer, where lower levels of soluble RAGE were associated with col-
orectal cancer in men, but no association was observed in women. 
(Aglago et al., 2021) In addition, MMP2 levels were associated with 
mortality in men, but not women, while TNFR1 levels were asso-
ciated with mortality in women, but not men. We also found that 
non-white race was a risk factor for mortality in men, but a protec-
tive factor in women. Unfortunately, sample sizes for these models 
are small, considering the number of potential predictor variables. In 
particular, it was not possible to further explore the impact of non-
white race separately in men and women because there were only 
33 non-White men and 28 non-White women in the study sample. 
Thus, these data should be considered preliminary. However, these 
data suggest that sex-specific biomarker models of aging may need 
to be explored in future studies with large enough samples of both 
men and women.

Strengths of our study include the cohort study design. We have 
previously shown that candidate senescence biomarkers are associ-
ated with chronologic age and clinical manifestations of advanced bio-
logical age in older adults, including frailty index, adverse postsurgical 
outcomes (e.g., complications and rehospitalization), and limitations in 
physical function (Fielding et al., 2022; Schafer et al., 2020). However, 
previous studies have focused on crosssectional associations or condi-
tion-specific outcomes in persons with established disease or geriatric 
syndromes. It can be difficult in crosssectional studies to determine if 
elevated biomarker levels preceded the development of the condition 
or if they were a result of the condition. To prove that these markers 
are useful for predicting outcomes of aging, it is necessary for these 



6 of 10  |     ST. SAUVER ET AL.

markers to be present prior to the onset of a particular outcome of 
interest. It is also necessary for these markers to improve the predic-
tion obtained using aging measures that can be more easily collected 
(e.g., chronologic age and sex). Our cohort study design allowed us to 
identify persons with zero or only one chronic disease at baseline, and 
to follow them passively through their medical records until death. 
This design ensured that the exposure (SASP biomarker measures) 
preceded the development of our outcome (death), and allowed us to 
examine whether these biomarkers are useful predictors of mortality.

A second strength of our study was the use of penalized regres-
sion (LASSO regression) to study associations between participant 
characteristics, presence of chronic disease, senescence biomarkers, 
and mortality. LASSO regression is well-suited for addressing mul-
ticollinearity among the predictor variables, and provides a sparse, 
interpretable model that avoids overfitting. Additionally, we ran Cox 
proportional hazard models to provide a sense of the variability in 
the hazard ratios. We note, however, that the Cox models may be 
overfit, and thus, the LASSO results should be considered as the pri-
mary findings. Additionally, although we had a large sample size, ef-
forts to validate our findings in the training data set were challenged 
by the relatively small sample size of the testing data set, represen-
tative of 20% of the study population. Similar trends were observed, 
but statistical power was more limited, particularly in sex-specific 
analyses.

Other limitations of this study include the relatively homogenous 
study population drawn from a single midwest region. In particu-
lar, the population was predominantly white and non-Hispanic. It is 
therefore necessary to repeat these analyses in populations of other 
races, ethnicities, and residing in other areas of the country to deter-
mine whether the results are broadly generalizable.

Surprisingly, we found that persons with one condition at base-
line were at a reduced risk of mortality compared to persons with-
out one condition. Age did not differ significantly between persons 
with and without a condition reported in the medical record (median 
age of 71.4 years; IQR: 67.3, 75.4) for those with 0 conditions and 
71.1 years (IQR: 67.4, 74.8) for those with 1 condition at baseline; 
(p = 0.40). Therefore, differences in age did not account for mortal-
ity differences observed between the two groups. It is possible that 
some of the persons we identified as having no conditions at baseline 
may have had undiagnosed conditions that were not recognized at 
the time the SASP biomarkers were measured. Assuming that such 
conditions placed these persons at higher risk for mortality, failing 
to account for these conditions would most likely bias our results 
toward no association; thus, our results may be conservative. How-
ever, it is also possible that persons with a condition may have been 
treated for their condition, and these results may reflect beneficial 
effects of treatments or therapies for the diagnosed conditions. 
Arthritis, hyperlipidemia, and cancers were the most common con-
ditions in this population. In a sensitivity analysis, we found that per-
sons with arthritis were not at a lower risk of death, but persons with 
hyperlipidemia were at a lower risk of death during follow-up com-
pared to persons without these conditions (arthritis HR: 0.84, 95% 
CI:0.56, 1.27; hyperlipidemia HR: 0.26 [0.13, 0.53]). Hyperlipidemia 

is routinely treated with statins, and statins have been associated 
with a decreased risk of all-cause mortality in observational cohort 
studies. (Baigent et al., 2005) Unfortunately, prescription medication 
information was not available for this population, and further studies 
are necessary to assess associations between such treatments and 
SASP levels. Cancer was the third most common condition in this 
population; however, the ICD codes used to identify cancers for this 
cohort are broad, and include some less severe diagnoses such as 
carcinomas in situ (n = 9). In addition, the number of persons with any 
single cancer was very small in this dataset (most common diagnoses 
were breast cancer [n = 21] and prostate cancer [n = 18]). The lim-
ited number of persons with any single cancer made it impossible to 
explore associations between cancer types and mortality. We note, 
however, that adjusting for having any condition at baseline did not 
significantly change the contribution of SASP biomarkers to predic-
tion of mortality. These results suggest that having any of these con-
ditions did not confound the association between SASP biomarkers 
and mortality.

We note that our study population was healthier than the aver-
age general population 60 years of age or older. We have previously 
reported that 77% of persons 65 years and older in this geographic 
region have 2 or more chronic conditions. (Rocca et al., 2014) There-
fore, our results may not apply to the average person 60 years or 
older. We hypothesize that higher levels of GDF15, VEGFA, PARC, 
and MMP2, and lower levels of RAGE, will also predict mortality in 
persons with more than one chronic condition; however, further 
studies are necessary to test this hypothesis. In addition, we hypoth-
esize that younger persons with evidence of accelerated aging (e.g., 
a high burden of chronic disease in early or midlife) will also show 
changes in these biomarkers. Further studies are therefore neces-
sary in younger populations to determine whether these biomarkers 
may be useful in identifying persons who are at high risk of acceler-
ated aging.

In summary, biomarkers of cellular senescence improved predic-
tion of mortality beyond traditional demographic and clinical charac-
teristics, suggesting that circulating concentrations of these proteins 
may reflect a fundamental mechanism of aging that ultimately leads 
to death.

4  |  METHODS

This study was reviewed and approved by the Mayo Clinic and Olm-
sted Medical Center Institutional Review Boards (Mayo Clinic: #18–
006044; Olmsted Medical Center: #035-OMC-18).

4.1  |  Study population

Study participants were selected from persons 65 years of age or 
older participating in the Mayo Clinic Biobank (Olson et al., 2019). 
Briefly, the Mayo Clinic Biobank is an institutional resource includ-
ing volunteers who have donated biological specimens, provided risk 
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factor data, and have given permission to access clinical data from 
their EHR for clinical research studies. Participants were contacted 
as part of a pre-scheduled medical examination at Mayo Clinic 
between April 2009 and September 2015. All participants were 
18 years or older at the time of enrollment. Approximately 57,000 
participants have been included, and 24,224 of these participants 
were 65 years of age or older at the time of enrollment and had avail-
able plasma specimens.

We used the resources of the Rochester Epidemiology Project 
(REP) medical records-linkage system to identify persons who had 
none or only one chronic disease at the time of the blood draw. We 
considered 20 chronic conditions defined by the Department of 
Health and Human Services as important for studies of multimor-
bidity in aging (Supplemental Table 1) (Goodman et al., 2013). The 
REP has been previously described (Rocca et al., 2018). Briefly, this 
system links and archives billing codes generated by the participat-
ing healthcare institutions at health care visits (inpatient, outpatient, 
emergency room, or other) for persons living in a 27-county region 
of south-eastern Minnesota and west-central Wisconsin (Rocca 
et al., 2018). A random sample of 2000 persons who had codes for 
zero or only one chronic condition in the previous 5 years was se-
lected for this study.

4.2  |  Senescence biomarkers (exposures)

Proteins were selected based on previous work (Schafer et al., 2020), 
and full names and abbreviations are shown in Supplemental 
Table 2. The concentrations of target proteins were quantified using 
commercially available multiplex magnetic bead-based immunoas-
says (R&D Systems) on the Luminex xMAP multianalyte profiling 
platform and analyzed on MAGPIX System (Merck Millipore) using 
220 μL of plasma. MMP9, MMP2, PARC, RANTES, PAI1 and MPO 
were analyzed on a standard 6-plex panel using 20 μL plasma diluted 
1:100. MMP1, ICAM1, GDF15, TNFRI, uPAR, and Fas were run on a 
standard 8-plex panel using 30 μL plasma diluted 1:2. MMP7, MDC, 
RAGE, SOST, OPN, and TNFR2 were assessed as part of a standard 
8-plex panel using 30 μL plasma diluted 1:2. Eotaxin, MCP1, PDGF-
AA, PDGF-AB, and VEGF were assessed as part of a performance 
12-plex assay using 30 μL plasma diluted 1:2. TNFα and IL7 were 
run on a high-sensitivity 4-plex panel using 55 μl plasma diluted 1:2 
(100ul assay volume). Activin A concentration was determined by a 
Quantikine ELISA Kit (R&D Systems) using 55 μl plasma diluted 1:2. 
All assays were performed according to the manufacturer's proto-
cols. Assay performance characteristics are reported in Supplemen-
tal Table 7, and a matrix showing the correlations between the SASP 
biomarkers is presented in Supplemental Table 8.

4.3  |  Mortality (outcome)

We followed persons in the study through the REP to identify per-
sons who died during follow-up. The REP includes dates of death 

from all health care providers that participate in the REP, from Min-
nesota State death certificates, and from the National Death Index 
(NDI+) for persons who died outside the state of Minnesota. Study 
subjects were followed from date of plasma collection through last 
clinical visit date, death, or 04/30/2022 (last available follow-up in-
formation for the cohort), whichever came first.

4.4  |  Data analysis

Patient characteristics were summarized as number and percent. 
Correlations between pairs of SASP biomarkers and the SASP bio-
markers and age were assessed using Spearman correlation coef-
ficients. Differences in SASP biomarker levels between men and 
women were assessed with linear regression of natural log-trans-
formed SASP biomarker on sex, adjusted for age and race. Least 
absolute shrinkage and selection operator (LASSO) regression was 
used to create predictive models for mortality. (Tibshirani,  1996) 
LASSO selects predictors by shrinking coefficients for less influential 
predictors to zero, resulting in a final sparse prediction model. Sev-
enteen people had missing data and were excluded from the LASSO 
modeling. All SASP biomarkers were log transformed after being 
evaluated for skewed distributions, and, if appropriate, winsorized. 
Biomarkers were then standardized by subtracting the mean and di-
viding by the standard deviation. An 80% random sample was used 
for the training dataset; the remaining 20% was used for the testing 
dataset. To avoid overfitting, 10-fold cross-validation was used to 
select the optimal tuning parameter for the training dataset, defined 
as the minimum of the cross-validation error curve for the partial 
likelihood. The resulting model was subsequently applied in the test-
ing dataset, and C-statistics were calculated to assess model per-
formance in both the training and testing datasets. Models were fit 
using (1) age, sex, race (white vs non-white), and number of chronic 
conditions at baseline (0 vs 1), (2) all SASP biomarkers and (3) all vari-
ables (forcing in age, sex, race, and number of conditions). We also 
ran models separately within men and women.

We note that LASSO models do not provide 95% confidence in-
tervals or P values, so Cox proportional hazards regression models 
were run with age, sex, race, number of chronic conditions at base-
line and the SASP biomarkers selected from the LASSO regression 
as predictors. These results indicated that GDF15, RAGE, VEGFA, 
PARC, and MMP2 were most strongly associated with an increased 
risk of death (Supplemental Table 5). HR estimates are slightly differ-
ent between the LASSO and Cox models. However, because LASSO 
models better account for correlation between the variables, we 
present LASSO hazard ratios in the primary results. Analyses were 
conducted using SAS statistical software, version 9.4 (SAS Institute 
Inc, Cary, NC) and R version 4.0.3.
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