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Abstract

This paper focuses on the idea that there are clear social hallmarks of aging including low lifetime 

socioeconomic status, adversity in childhood and adulthood, being a member of a minority group, 

adverse health behaviors, and adverse psychological states. The “Social Hallmarks of Aging” are 

analogous to the “Geroscience Hallmarks of Aging” in reflecting a set of underlying and 

interrelated social causes of multiple agerelated health outcomes. This paper presents empirical 

work incorporating the social hallmarks of aging with indicators of multiple biological hallmarks 

of aging as well downstream biology in explaining a range of health outcomes in order to show the 

relative strength of the associations of social and biological measures with important health 

outcomes. Social factors are strongly related to physical and cognitive functioning and 

multimorbidity in this older population and this remains true when the significant number of 

biological measures are controlled. This can be interpreted to mean that a significant amount of 

social variance in age-related health outcomes is not explained by these measures of biology. 

Indicators of the geroscience hallmarks of aging only relate modestly to the variability in human 

health outcomes. Attention to the social hallmarks related to human aging can usefully be 

incorporated into work on the biological hallmarks of aging to make greater progress in 

understanding human aging.
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Introduction

The new focus on “Geroscience” within the Biology of Aging has energized the entire aging 

research community to try to identify the role of a limited number of underlying biological 

mechanisms of aging that are at the root of a process of physiological deterioration which 

underlies aging- related health outcomes (Barzilai et al. 2018; Kennedy et al. 2014; Moffitt 

2020; Sierra 2016). These mechanisms have been outlined by several researchers and, while 

they differ in details, the basic ideas are fairly similar – that a set of intertwined molecular 
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and cellular changes are at the heart of age-related change underlying multiple age-related 

health conditions. For instance, Lopez-Otin et al. (2013) have listed nine “Hallmarks of 

Aging”: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 

deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell 

exhaustion, and altered intercellular communication. Franceschi et al. (2018) focus on a 

somewhat different set of mechanisms centered on inflammaging with 7 pillars of aging: 

stress, macromolecular damage, proteostasis, stem-cell regeneration, epigenetics, and 

metabolism. Future research will be needed to clarify the relative importance of these 

various mechanisms in human aging as integration of all of these measures in the study of 

aging of a human cohort has not been possible to date. Certainly such work Is needed before 

interventions to affect the aging process can be undertaken.

Determinants of age-related health outcomes in humans

It is time to integrate this view of what causes aging-related health change with the 

significant body of work on human aging that makes clear the importance of what I call the 

“social hallmarks of aging.” Social hallmarks of aging include: low socioeconomic status, 

minority status, adverse life events, adverse psychological states, and adverse behaviors 

(Figure 1). There is an extensive body of literature presenting evidence that variability in the 

aging process of humans is highly related to these social factors. This is generally 

characterized as research on the social determinants of health (Adler and Ostrove 1999; 

Braveman et al. 2011). This work, however, has not presented a coherent statement that the 

major outcomes of aging are all related to these social processes; nor has it characterized the 

variability in the way social factors link to a variety of age-related health outcomes.

Like the biological hallmarks of aging, increased levels of social adversity are associated 

with accelerated aging across multiple outcomes, while decreased exposure to social 

hallmarks retards the onset of poor health outcomes with aging (Friedman et al. 2015; Jones 

et al. 2019; Levine and Crimmins 2014). Like the molecular and cellular mechanisms 

characterized as the “Biological Hallmarks of Aging,” the social mechanisms are highly 

interrelated mechanisms, which are very difficult to separate either experimentally or in 

human lives. This view of the social hallmarks of aging reflects what recent social theory 

has termed the “fundamental” cause of poor health in multiple societies and across time 

(Link and Phelan 1995). Low social status may be the most fundamental of causes as it is 

connected to multiple types of resources including money, power, connections, and 

knowledge (Adler et al. 1994; Marmot et al. 2012). It is also connected to additional 

negative influences on age-linked health outcomes: experience of adverse life events, 

traumas, and stressors, adverse psychological states, and adverse behaviors.

These are not new ideas to the study of health outcomes in social science. The many 

pathways through which social status works to affect age-related health outcomes have been 

explored for decades. However, early studies often focused on one age-related disease or on 

disability, rather than “aging.” For instance, early work showed the importance of social 

factors in cardiovascular risk (Kraus et al. 1980; Marmot et al. 1991), on disability (Cutler et 

al. 2006; Manton et al. 2006), and on mortality (Cutler et al. 2006). Gradually, many studies 

have examined multiple age-related outcomes including physical and cognitive functioning 
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as well as multiple diseases and mortality, or the broad set of age-related health outcomes 

(Elovainio et al. 2009; Seeman et al. 2001). Models of health outcomes have increasingly 

noted that the risk factors for morbidity and mortality from many conditions overlap and that 

health change with age is a process of change with multiple dimensions (Crimmmins 2015). 

The idea of “Social Hallmarks of Aging” is analogous to the “Geroscience Hallmarks of 

Aging” in reflecting a set of underlying and interrelated social causes of multiple age-related 

health outcomes.

Models of human health have also increasingly incorporated the idea that “aging” is a 

lifelong process that begins very early in life (Ben- Shlomo and Kuh 2002; Kuh et al. 2003) 

and that health at older ages is affected by experiences throughout life. While specific times 

in life, or certain experiences, may be critical and leave a long lasting health imprint, others 

may reflect chronic states. The relative importance of early and late life factors, or chronic or 

acute experiences, have not been clarified for the major health-associated conditions related 

to aging although there is ample evidence of effects from all of these types of influences 

(Barker and Thornburg 2013). The many social pathways which affect health have also been 

explored over decades, but these have not been clearly examined as a set of highly 

intertwined circumstances affecting the set of health-related changes that accompany the 

aging experience.

The integration of biology into social science studies of aging

The fact that social determinants “get under the skin” through multisystem biology was 

introduced into social science work about 3 decades ago with the recognition of the value of 

determining the pathways through which social factors affect health outcomes if intervention 

was to be successful. “Allostatic load” was one of the early formulations for including 

multisystem biology changes into the study of aging (Kim et al. 2018; Seeman et al. 2001). 

This work grew out of a network of social scientists, physicians, and biologists who 

incorporated the measurement of biology as possible at the time into community surveys. 

Allostatic load laid the foundation for the idea that multiple aspects of biology affect 

multiple health outcomes linked to aging (Seeman et al. 2001). As technology has changed 

and medical and biological knowledge have thrived, more recent work has incorporated 

additional aspects of biology into summarizing the physiological changes with age (Belsky 

et al. 2015; Levine 2013). “Biological age,” “phenotypic age” and the “pace of aging” 

reflect recent attempts to integrate broader and deeper biology into human aging (Belsky et 

al. 2017; Liu et al. 2019; Moffit et al. 2017). Incorporation of these indicators has increased 

ability to explain age-related outcomes in multiple studies (Hastings et al 2017; Jylhävä et al 

2017).

These indicators remain at a level primarily downstream from the changes reflected in the 

molecular and cellular mechanisms reflected in the biological hallmarks of aging. However, 

recently numerous studies of human populations have incorporated measurement of some 

biological hallmarks. Those most frequently included are telomere length and epigenetic 

changes represented by DNA methylation. Telomere length is seen by many as a summary 

measure of aging in and of itself; it has been referred to as a “miotic clock” because of its 

reductions with age and associations with disease (Notterman and Mitchell 2015; Puterman 
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et al. 2016; Zhu et al 2019). Epigenetic age acceleration, also seen as a summary measure of 

aging, has been measured in numerous population studies in recent years (Fiorito et al. 2019; 

McCrory et al. 2019). Mitochondrial function is an additional hallmark of aging which can 

be represented by mitochondrial copy number which has been shown to be lower at older 

ages and to be linked to numerous diseases and poor cognitive functioning (Ashar et al. 

2015; Lee et al. 2010; Montier et al. 2009; Picard et al. 2018; Taylor and Turnbull 2005; 

Thyagarajan et al. 2013). The relationships among some of these variables and their relative 

contribution to explaining outcomes has been the topic of a number of recent papers (Belsky 

et al. 2017; Jylhävä et al 2017).

Empirical results on associations of social and biological hallmarks of aging with health 
outcomes

Studies of aging humans are a long way from including all of the biological and social 

hallmarks of aging in one study of lifelong human health change with aging but we should 

take clues from the results we have to date on where to focus future research. As indicated 

above social scientists have attempted to begin integrating multiple biological and social 

hallmarks of aging as well as more extensive physiological measures into their studies. For 

many indicators, the measurement may still be less than ideal; nevertheless examining 

indicators of the major social influences with what can be measured in biology for multiple 

age-related health outcomes allows us to see both how much of the variability in outcomes is 

explained by social factors and by measured biological factors. To promote the case that 

more will be learned about human aging from integrating social factors along with 

biological factors that underlie the aging process into multidisciplinary work, some basic 

empirical data are presented that link indicators of the social and biological hallmarks of 

aging to four aging-related health outcomes: physical and cognitive functioning, 

multimorbidity, and mortality. This allows us to consider how similar or different are the 

predictors of major health outcomes related to aging; how relatively important are social and 

biological factors in explaining which outcomes; and whether the biological factors we can 

measure are mediators of the social variables as theorized. The value of this analysis is that 

the associations of all of the variables can be assessed in the same data allowing the 

comparative approach across the measured social and biological variables. We use a large 

national sample of Americans over the age of 50 for this analysis.

Data and analyses.—The data used are largely cross-sectional, collected in 2016 from a 

large nationally representative study of Americans over the age of 56, the Health and 

Retirement Study (HRS) (https://hrs.isr.umich.edu/documentation). The HRS began in 1992 

but it first incorporated the collection of venous blood in 2016. These blood samples are the 

basis of extensive biological measurement in a subsample of 4,018 people which is the basis 

of the analytic group used for this demonstration. The original sample of 4018 is reduced to 

1159 because of missing data for some of variables. The high level of missingness occurs 

because of the extensive list of both social and biological variables in the models and the 

many different aspects of the survey that needed to be completed over numerous waves to 

provide the data. Details on the missing cases are shown in Supplemental Figure 1. People 

who are missing are more likely to be members of ethnic minority groups and have a lower 
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level of education. They are also likely to have a higher level of physical and cognitive 

dysfunction and are more likely to die before the next interview.

The four aging-related health outcomes which reflect the major adverse health outcomes 

linked to aging include: multimorbidity (presence of 5 diseases), disability (difficulty with 

ADL/IADL functioning), cognitive deficiency (score on cognitive tests subtracted from 

highest score possible), and mortality over two years. Social hallmarks are measured by 

indicators of social status in childhood and adulthood, race and ethnicity (which are included 

with the SES variables in allocating R2), adverse experiences in childhood, adult trauma, 

negative psychological states, poor health behaviors, and age and gender are included in 

regression equations. Details on the definitions of each of these variables and their year of 

collection are included in Supplemental Table 1.

Biological variables included reflect a number of indicators at multiple levels, both 

physiological, systemic, with some at the more basic cellular and molecular levels reflecting 

the biological hallmarks. Physiological functioning is measured by biological age minus 

chronological age using a validated indicator of physiological status (Levine 2013). This 

version of biological age includes 10 indicators: albumin, alkaline phosphatase, CMV, puff 

test results, CRP, creatinine, total cholesterol, BUN, fasting glucose, and systolic blood 

pressure. Subtracting chronological age from biological age minus chronological age 

provides a measure of how much older a person appears relative to the average in his/her age 

group based on this combination of measures. The other three biological indicators reflect 

attempts to begin to measure the biological hallmarks of aging: telomere length, 

mitochondrial copy number, and epigenetic age acceleration. Epigenetic age acceleration is 

reflected in an estimate of Horvath’s initial epigenetic clock which provides an estimate of 

epigenetic age based on 353 DNA methylation measures (Horvath 2013). Details on the 

measurement of the other biological variables are provided in Crimmins et al. (2017). For 

the non- Hispanic white sample, a model with polygenic risk scores relevant for these health 

outcomes based on GWAS of 2.1 million SNPS and provided by HRS is also examined. A 

polygenic score for cognition is included in the cognitive model; polygenic scores for 

coronary artery disease, myocardial infarction, and type 2 diabetes in the multimorbidity 

model; and a polygenic score for longevity in the physical functioning and mortality models. 

Belsky (2014) has discussed the value of using polygenic risk scores in samples such as used 

here. In these models, if variables reflect mechanisms mediating between prior causes and 

outcomes, their inclusion should reduce the effect of the prior causes and they should be 

significant themselves. We see the biological variables, aside from the polygenic scores, as 

intervening mechanisms between the social variables and the health outcomes. These reflect 

the potential mechanisms by which social variables “get under the skin.”

Results from four sets of equations are shown: the first includes demographic variables (age 

and sex) along with indicators of the social hallmarks, the second includes demographic 

variables and the set of biological variables, the third set incorporates all of the variables in 

the first two models, and the fourth set is only for non-Hispanic whites and includes the 

polygenic risk scores with all the other variables. Results are shown in both Table 1 and 

Figure 2. Table 1 shows the t values for each regression coefficient in a heat map so the 

strength of the relationship with the indicators can be judged. The darker the red results, the 
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stronger the link to a poor health outcome; blue means a poor health outcome is less likely. 

Figure 2 attributes the variance explained (R2) to different groups of variables based on the 

Shapley decomposition method (Israeli 2007; Liu et al. 2019). Numbers for Figure 2 are 

shown in Supplemental Table 2. We are interested in how much variance is explained by the 

social variables, the biological variables, and how this changes when they are both included 

in the same models.

Empirical Results.—For Model 1 (Table 1 A), the general picture is of a strong red map, 

meaning lower social status, more adverse circumstances, worse psychological states, and 

poor health behaviors all predict worse health outcomes. The exception is for mortality 

where only negative psychological states are related to higher mortality. This may reflect 

that we have data only for a two-year period when people who were sick and likely to die in 

the next two years may not have participated in the blood collection as indicated by the 

mortality among those missing and those included in the analysis. For this reason, the results 

on mortality should not be seen as representative of what would happen over a longer time.

The social hallmarks explain the majority of the variance explained in the outcomes, except 

for mortality where the majority of the variance explained reflects age and sex differences, 

the demographic indicators. Mortality and cognitive dysfunction have the most variance 

explained – between 25 and 30 percent (Figure 2 A). SES is especially important in 

explaining the cognitive measure.

The second model indicates a very strong link between the biological age-chronological age 

measure and all health outcomes. Accelerated epigenetic age is related to worse physical 

functioning and more diseases (Table 1B Model 2). The other biological measures do not 

have significant relationships with the outcomes. With age and sex controlled, the biological 

variables explain 9% of the variability in mortality, 8% in cognitive dysfunction, 10% of the 

number of diseases, and 6% of the variance in physical functioning (Figure 2 B).

As expected, the third model indicates some decrease in both the role of the social variables 

and the biological variables when the other set is controlled. With the social variables 

controlled, the biological age – chronological age has reduced explanatory power (Table 1 

C). Some of the social hallmarks, particularly SES on multimorbidity, also become 

insignificant. This is because they were sharing explanatory power; the assumption is that 

the pathway goes from SES through biology. The social variables are more important than 

the collection of biological variables in explaining each of these outcomes. Social variables 

(SES, childhood health and hardship and adult trauma, psychological, and behaviors) 

explain 1.8 times the variance in mortality when compared to these biological variables 

(Figure 2 C and supplemental table 2). For multimorbidity the relative explanation of the 

social variables is 36% greater. The differentials in the two other measures are much greater: 

almost five times (4.7) as much in cognitive functioning, and six times (6.1) as much in 

physical functioning.

The final model which includes the polygenic risk scores, and for this reason is limited to 

the non Hispanic white population (Model 4 – Table 1 D). The polygenic score for longevity 

is statistically-significantly related to lower mortality; and the polygenic score for cognition 
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is significantly negatively related to cognitive dysfunction. The polygenic scores explain 

relatively small amounts of variance: 3% for mortality and 1% for cognitive dysfunction 

(Figure 2 – Supplemental Table 2). The social hallmarks continue to explain most of the 

accounted for variance with the inclusion of the polygenic scores in this sample. Among the 

biological measures, biological age minus chronological age is a reasonably important 

explanatory variable for most outcomes, but the other hallmark of aging markers appear 

stronger in this sample, at least for the prediction of ADL/IADL difficulties.

Future explanations of human aging

Variability in human aging is strongly related to the social determinants of aging; and it 

remains so when extensive biology is introduced as mediating measures. This means that the 

social variability in the aging process is only partly explained by the biology introduced. Our 

hypothesis is that if we could fully capture the basic biological mechanisms of aging, they 

would explain the social variability in the process as social factors need to “get under the 

skin” through biology. If we fully incorporated biology, the social determinants should 

become insignificant.

While the field has begun to make progress in explaining some of the variation in human 

aging outcomes with biological data that reflects downstream biology relative to the 

physiological hallmarks of aging, these are not basic molecular and cellular mechanisms. 

Our inclusion of measures reflecting some of the hallmarks of geroscience did not provide 

much explanation of social variability in aging. We have far to go before we are able to 

include indicators of all of the hallmarks of biological aging into human population studies, 

but these initial measures are somewhat disappointing. The evidence presented suggests that 

focus on the social hallmarks of aging will help to achieve the geroscience agenda to slow 

human aging. Scientific advances will be made when biological approaches incorporate 

some of the concepts in the social hallmarks of aging in experimental design to test 

pathways based on what has been shown to promote earlier aging in humans. This could 

serve as an initial step in the process of developing measures that explain human aging. 

Research then needs to eventually involve human cohorts with measurement of complete life 

circumstances and complete biology in order to demonstrate the relative importance of 

hypothesized mechanisms and understand how to intervene in the aging process.

Social scientists are also a long way from fully incorporating indicators of all of the 

mechanisms that are related to the social hallmarks of aging. More work is needed to 

incorporate information on times in life as well as the specific experiences that lead to more 

rapid aging. Variables incorporated do not fully capture all aspects of life related to social 

hardship and deprivation. For instance, the above analysis includes an indicator of 

psychological status in the models, but did not fully incorporate indicators of the stress 

mechanisms so clearly outlined by Epel (2020). Social scientists can also make progress by 

better clarifying who is resilient to experiencing some of the social hallmarks by dividing 

people into those with and without “expected results” or who have unusual life patterns. 

Such work will set the stage for better interventions to improve health outcomes.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Social hallmarks are strongly related to multiple age-related health outcomes.

• Biological Hallmarks are modestly related to age-related health outcomes.

• An indicator of multisystem biological functioning is strongly related to 

health outcomes.

• Integration of social and biological mechanisms is needed to understand 

human aging
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Figure 1: 
The Social Hallmarks of Aging
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Figure 2: 
R2 Decomposition resulting from regressions of the Social Hallmarks of Aging and Multiple 

Biological Measures on Four Age-Related Health Outcomes: Model 1 – the Social 

Hallmarks, Model 2 biological Measures, Model 3 both sets of measures, Model 4 adding 

Polygenic risk

A. Model 1 – R2 attributed to Social Hallmarks and Demographc Factors

B. Model 2 – R2 attributed to Biological and Demographic Factors

C. Model 3 - R2 attributed to Biological, Demographic, and Social Factors
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D. Model 4: Non-Hispanic White Only - R2 attributed to Genetic, Biological, Demographic, 

and Social Factors

Models 1–3 (N=1159); Model 4 (N=832)

Decomposed R2 shown in supplemental table 1
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Table 1:

t values from regressions predicting 4 aging health outcomes with 3 models: Model 1 - the social hallmarks of 

aging, model 2 - multiple biological indicators, model 3 - includes both the social hallmarks of aging and 

biological indicators (N=1,159)

A. Model 1 - Social Hallmarks and Démographe Factors

B. Model 2 - Biological and Demographic Factors

C. Model 3 - Biological, Demographic, and Social Factors

D. Model 4 - Polygenic Scores, - Biological, Demographic, and Social Factors: Non-Hispanic Whites
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