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ABSTRACT
Background  Socioeconomic status (SES) is associated 
with many chronic diseases, indicators of senescence and 
mortality. However, the changing salience of SES in the 
prediction of adult health is not well understood. Using 
mRNA-seq abundance data from wave V of the National 
Longitudinal Study of Adolescent to Adult Health (Add 
Health), we examine the extent to which SES across 
the early life course is related to gene expression-
based signatures for chronic diseases, senescence and 
inflammation in the late 30s.
Methods  We use Bayesian methods to identify the 
most likely model of life course epidemiology (critical, 
sensitive and accumulation models) that characterises 
the changing importance of parental SES and SES during 
young (ages 27–30) and mid-adulthood (ages 36–39) in 
the prediction of the signatures.
Results  For most signatures, SES is an important 
predictor in all periods, although parental SES or 
SES during young adulthood are often the most 
predictive. For three signatures (components of 
diabetes, inflammation and ageing), critical period 
models involving the exclusive salience of SES in 
young adulthood (for diabetes) or parental SES (for 
inflammation and ageing) are most probable. The 
observed associations are likely mediated by body mass 
index.
Conclusion  Models of life course patterns of SES may 
inform efforts to identify age-specific mechanisms by 
which SES is associated with health at different points 
in life and they also suggest an enhanced approach to 
prediction models that recognise the changing salience 
of risk factors.

INTRODUCTION
Socioeconomic status (SES) during different life 
stages is strongly linked to adverse health outcomes, 
a phenomenon observed both within the USA and 
globally.1 However, the intricate social and biolog-
ical mechanisms contributing to these negative 
health consequences remain to be fully elucidated. 
Parental SES (pSES) is likely associated with diseases 
in adulthood, including types 1 and 2 diabetes,2 some 
neoplasties,3 coronary heart disease,4 dementia and 
multimorbidities.5 Moreover, socioeconomic back-
ground is related to the treatment and management 
of many chronic diseases and also to risk factors for 
health, including common biomarkers.6

Nevertheless, the relative importance of SES at 
different times in the early life course is not well 

established. Existing evidence points to the long-
lasting importance of childhood SES as it relates to 
differential exposure and vulnerability to psycho-
social stressors7 as well as to physical stressors 
that reflect poor health-related habits.8 In turn, 
these psychosocial and physical stressors trigger 
gene expression patterns that, if chronically acti-
vated, lead to disease processes that unfold over 
many years of life.9 Indeed, evidence consistently 
reveals that low SES influences the molecular 
underpinnings of disease processes—as described 
with transcription and methylation data—that 
eventuate in poor health later in life largely via 
inflammatory and immune-related pathways.10–12

Life course epidemiology (LCE) proposes 
heuristic models to interpret studies of recurring 
risk and later health, including critical and sensi-
tive period, accumulation, pathway and mobility 
models,7 distinctions that may be applied to the 
predictive salience of SES over decades of life. 
Findings from a recent scoping review are illus-
trative, suggesting that SES influences health 
according to a sensitive period or pathway model 
but not a critical period model. According to this 
scoping review, pSES predicts multimorbidity in 
later life, and this relationship may be partially 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Parental and adult socioeconomic status (SES) 
are significantly associated with diseases later 
in life, yet their relative impact, in the context of 
life course models of epidemiology, is still to be 
determined.

WHAT THIS STUDY ADDS
	⇒ SES across the early life course is important for 
expression-based signatures of chronic diseases 
and senescence. Results point to the importance 
of sensitive period models: SES during 
adolescence and young and mid-adulthood all 
predict the signatures.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Addressing health inequalities from the outset, 
beginning with the household of origin and 
extending into the early years of an individual’s 
own household, is crucial to mitigate long-term 
impacts and secure equitable health outcomes.
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accounted for by SES in adulthood (aSES). Accumulation 
models were not tested by any of the studies included in the 
review.5

Yet, the models that best correspond to findings about pSES 
in connection with aSES have often been limited.5 First, SES 
needs to be measured on multiple occasions,13 although extant 
studies typically focus on associations involving pSES alone14 or 
pSES while controlling aSES.15 Studies that only measure pSES 
are ambiguous in terms of the models of LCE since they cannot 
rule out any possibility. Studies that measure pSES and then 
aSES on only one occasion can rule out the critical period model 
and possibly pathways models but are otherwise ambiguous. 
Second, many studies rely on p values to determine if pSES and 
aSES are statistically significant predictors of health as tests of 
life course models, although the limitations of p values are well 
recognised.16

The present paper examines transcriptional patterns indicative 
of disease processes, ageing and inflammation using nationally 
representative, well-powered data from the National Longitu-
dinal Study of Adolescent and Adult Health.17 The data include 
standard measures of parental and adult SES at three measure-
ment occasions between roughly ages 12 and 42. The use of tran-
scriptomic data is strategic because the sample is relatively young 
and healthy, in terms of diseases, but at risk for future health 
challenges. Thus, the study of the molecular underpinnings of 
disease provides potentially revealing data beyond what can be 
learnt from the study of disease states. Indeed, the prevalence 
of many common chronic conditions—including cardiovascular 
disease (CVD), rheumatoid arthritis, chronic obstructive pulmo-
nary disease (COPD) and Alzheimer’s disease—increased mark-
edly from the 40s onward, after the most recent wave of Add 
Health had been collected.18–20

An important mediating mechanism for the observed 
patterns of associations between SES and gene expression is 
body mass index (BMI), which is a proxy, although imperfect, 
for obesity. Recent meta-analyses have consistently shown 
that associations between SES and elevated inflammatory 
biomarkers are mediated by BMI,21 and BMI mediates asso-
ciations between SES and several molecular mechanisms that 
underpin disease.22 BMI is not only due to genetic, psycholog-
ical and metabolic causes but it is also deeply connected with 
social determinants of health.23 Life course theory,7 funda-
mental cause theory24 and health lifestyle theories23 have 
been used in previous research to describe the interrelation 
between social process and excessive weight gain. Indeed, 
Cockerham23 has highlighted how social determinants of 
obesity are an important facet to consider when studying 
health inequalities, especially early in the life course. Thus, 
we examine the extent to which BMI mediates the observed 
patterns.

We draw on Bayesian methods to assign probabilities that 
commonly studied models of LCE (ie, critical and sensitive 
periods, and accumulation) correspond to the data25 and, for 
sensitive period models, we identify the measurement occa-
sions that are especially salient.26 Moreover, we test the medi-
ating role of adult BMI in these associations. Identification of 
the most appropriate life course model for specific indicators 
of health is potentially valuable because inconsistent results in 
the study of SES and specific health outcomes may be recon-
ciled by a life course approach.27 Moreover, the differing 
salience of SES across the life course may inform the creation 
of improved risk scores, identify possible strategic points for 
prevention and intervention efforts and guide the search for 
age-specific mediators.28

METHODS
Data come from waves I, IV and V of Add Health, a nationally 
representative sample of adolescents who have now entered mid-
adulthood. SES is measured at three time points: wave I (pSES 
when individuals were largely between 14 and 17 years), wave 
IV (SES in young adulthood, at about ages 27–30) and wave V 
(SES in mid-adulthood largely at ages 36–39). SES at wave III 
was not considered because 37% of respondents were still in 
school and employment at this time of life may reflect relatively 
transient jobs.29 SES was measured as a standardised composite 
of the three indicators: education, income and socioeconomic 
index indicating occupational status. We draw on the mRNA-seq 
data of 3379 subjects (out of 4543 from whom mRNA data were 
collected) with complete information on the models’ variables. 
The principal source of missing data was pSES. The final mRNA 
sample is compared with the overall sample in table 1. Generally, 
the samples are roughly comparable, especially when consid-
ering the dispersions of variables.

Education is the maximum grade completed by either parent, 
divided into four categories: high school and less, vocational, 
college, and more than college. Parental income is the gross 
household income, log-transformed and recoded in 12 catego-
ries for comparability with adult income. Parental occupation 
represents the highest socioeconomic index score of parents’ 
jobs. In waves IV and V, education is reported as the highest 
self-reported years of education in the same four categories. 
Income is the gross family income, reported on an ordinal scale 
with values representing midpoints of 12 categories. Occupation 
represents the socioeconomic index score of the current job30 
(see online supplemental appendix 1, table S1 and online supple-
mental dataset S1 for details).

Transcriptomic profiles of consenting participants were 
collected during wave V of the Add Health Study (2016–
2017) via an intravenous blood draw. Detailed information on 
the study design, interview procedures, consent procedures, 
demographic assessments, collection, sequencing and quality 
control of the blood sample, and derivation of the analytical 
samples is reported in previous studies.11 Genes with low 
counts were excluded from the analysis. Normalisation of the 
raw mRNA-seq counts is based on weighted trimmed mean of 
log expression ratios (Trimmed Mean of the M-values (TMM) 
normalisation) and we also corrected for batch effects using an 
empirical Bayes framework (see online supplemental appendix 
2 for details on implementation using R).

We selected 13 disease and senescence signatures reflecting 
common chronic conditions in the American population and, 
for each signature, used sparse principal component analysis to 
reduce dimensionality; the optimal number of sparse principal 
components (PCs) was identified. The signatures were derived 
from out-of-sample genome-wide and expression-wide associ-
ation studies (see online supplemental table S2). The optimal 
number of principal components was determined by inspecting 
scree plots, and the weights from the PCs were reported in an 
Excel file (online supplemental file). Thus, we obtain several 
summary measures for each gene set signature, reflecting the 
number of PCs (in parenthesis): CVD (4), lupus (5), colorectal 
cancer (4), rheumatoid arthritis (5), asthma (6), hypertension 
(3), aortic aneurysm (3), COPD (3), diabetes (6), inflammation 
(4), Alzheimer (7) and senescence (4). The sparse PCs loadings 
for each gene set signature are available in online supplemental 
dataset S2.

The assignment of the most appropriate model of LCE—
critical, accumulation and sensitive models—is based on a 
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two-step Bayesian procedure. We first use the relevant life 
course model31 and then choose the most descriptive life 
course models using the sequential partitioning test (SPT) 
procedure.26 In the first step, a regression model estimates 
the association between SES across all measurement occasions 
and each PC (ie, a global association), as well as the relative 
weights (summing to 1) associated with each measurement 
occasion. We simultaneously model all PCs within a Bayesian 
hierarchical framework. This approach addresses the multiple 
comparison issues.32 Moreover, one of the advantages of the 
Bayesian framework is the possibility of directly modelling 
missing data.33 We use the Bayesian imputation procedure to 
impute missing parental income, a major source of missing-
ness (see table 1). For the imputation, we used 21 variables to 
predict parental income (see methodological details in online 
supplemental appendix 3).

In the second step, the probability of each life course model 
is evaluated using the range statistics (the maximum weight 
minus the minimum weight) which lies on the interval (0, 1).26 
A range statistic close to 0 or 1 indicates an accumulation and 
critical model, respectively, and a sensitive model is otherwise 
indicated. We use the regions of the practical equivalence 
approach and partition the unit interval as (0, 0.15), (0.15, 
0.85), (0.85, 1) to indicate accumulation, sensitive period 
model and critical period, respectively. For example, estimated 
weights equalling 0.40, 0.25 and 0.35 would fall into the accu-
mulation interval (ie, 0.40−0.25=0.15). The probability of 
each model is then calculated as the proportion of posterior 
estimates falling into intervals that correspond to the three 
models. For sensitive period results, the simplex representing 
the three weights is partitioned until the most credible solu-
tion is reached (for full details see, Chumbley et al26). Controls 
include birth year, biological sex, race/ethnicity, region and 
sample-specific quality control measures for mRNA.

Table 1  Descriptive information, Add Health

mRNA subsample (N=3379) Overall (N=12 300)

Sex

 � Male 1364 (40.4%) 5334 (43.4%)

 � Female 2015 (59.6%) 6965 (56.6%)

 � Missing 0 (0%) 1 (0.0%)

Age at wave V

 � Mean (SD) 37.3 (1.82) 37.6 (1.87)

 � Median (min, max) 37.0 (33.0, 42.0) 38.0 (33.0, 44.0)

Year of birth

 � 1974 1 (0.0%) 11 (0.1%)

 � 1975 7 (0.2%) 69 (0.6%)

 � 1976 164 (4.9%) 707 (5.7%)

 � 1977 574 (17.0%) 2216 (18.0%)

 � 1978 649 (19.2%) 2414 (19.6%)

 � 1979 671 (19.9%) 2313 (18.8%)

 � 1980 547 (16.2%) 1940 (15.8%)

 � 1981 440 (13.0%) 1540 (12.5%)

 � 1982 314 (9.3%) 1057 (8.6%)

 � 1983 12 (0.4%) 33 (0.3%)

Race and ethnicity

 � White Non-Hispanic 2270 (67.2%) 7205 (58.6%)

 � Black Non-Hispanic 535 (15.8%) 2389 (19.4%)

 � Asian Non-Hispanic 151 (4.5%) 714 (5.8%)

 � Other Non-Hispanic 37 (1.1%) 153 (1.2%)

 � Hispanic 386 (11.4%) 1839 (15.0%)

SES composite W1

 � Mean (SD) 0.479 (2.34) 0.183 (2.34)

 � Median (min, max) 0.211 (−6.22, 4.89) −0.00546 (−6.22, 4.89)

 � Missing 674 (19.9%) 3505 (28.5%)

Occupation scores W1

 � Mean (SD) 42.7 (13.3) 41.6 (13.3)

 � Median (min, max) 36.8 (16.9, 60.9) 36.8 (16.9, 60.9)

 � Missing 0 (0%) 947 (7.7%)

Education W1

 � High school 999 (29.6%) 4372 (35.5%)

 � Vocational 997 (29.5%) 3543 (28.8%)

 � College 707 (20.9%) 2293 (18.6%)

 � More than college 676 (20.0%) 1910 (15.5%)

 � Missing 0 (0%) 182 (1.5%)

Income W1

 � Mean (SD) 52 600 (32700) 48 300 (32600)

 � Median (min, max) 45 000 (2500, 150 000) 45 000 (2500, 150 000)

 � Missing 674 (19.9%) 2933 (23.8%)

SES composite W4

 � Mean (SD) 0.394 (2.21) 0.0693 (2.27)

 � Median (min, max) 0.429 (−7.23, 4.79) 0.0398 (−7.27, 4.79)

 � Missing 0 (0%) 2227 (18.1%)

Occupation scores W4

 � Mean (SD) 51.9 (21.6) 49.2 (21.5)

 � Median (min, max) 53.8 (10.6, 92.8) 46.5 (10.6, 92.8)

 � Missing 0 (0%) 1644 (13.4%)

Education W4

 � High school 483 (14.3%) 2253 (18.3%)

 � Vocational 1408 (41.7%) 4747 (38.6%)

 � College 870 (25.7%) 2372 (19.3%)

 � More than college 618 (18.3%) 1538 (12.5%)

 � Missing 0 (0%) 1390 (11.3%)

Continued

mRNA subsample (N=3379) Overall (N=12 300)

Income W4

 � Mean (SD) 66 000 (38100) 63 700 (38200)

 � Median (Min, Max) 62 500 (2500, 150 000) 62 500 (2500, 150 000)

 � Missing 0 (0%) 2011 (16.3%)

SES composite W5

 � Mean (SD) 0.492 (2.31) 0.0494 (2.39)

 � Median (min, max) 0.635 (−6.39, 4.59) 0.0177 (−6.39, 4.59)

 � Missing 0 (0%) 618 (5.0%)

Occupation scores W5

 � Mean (SD) 54.8 (22.1) 53.4 (22.2)

 � Median (min, max) 58.6 (10.6, 93.7) 55.1 (10.6, 93.7)

 � Missing 0 (0%) 7933 (64.5%)

Education W5

 � High school 426 (12.6%) 2310 (18.8%)

 � Vocational 1265 (37.4%) 4969 (40.4%)

 � College 833 (24.7%) 2566 (20.9%)

 � More than college 850 (25.2%) 2433 (19.8%)

 � Missing 5 (0.1%) 22 (0.2%)

Income W5

 � Mean (SD) 91 000 (55 900) 84 200 (56 800)

 � Median (min, max) 87 500 (2500, 200 000) 62 500 (2500, 200 000)

 � Missing 0 (0%) 175 (1.4%)

SES, socioeconomic status.

Table 1  Continued
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Finally, we consider the extent to which BMI mediates observed 
patterns given the prominent role of BMI in past research.11 25 
The direct and average causal mediated effects (ACMEs) are 
estimated in a counterfactual framework. For these models, SES 
scores reflect the sum of SES at the three time periods weighted 
by their respective weights and the total is further weighted by 
the global association.

RESULTS
Table 2 presents the posterior probabilities for accumulation, 
sensitive and critical period life course models for which we 
observe a credible global association with total early life and 
adulthood SES (ie, when the 95% credible interval of the 
global association did not contain 0). Of 54 disease signa-
ture PCs, 17 showed a credible association with total early 
life and adulthood SES. For example, the cardiovascular PC1 
gene set is credibly associated with total early life and adult-
hood SES, with a sensitive period model being most prob-
able (p=0.80), followed by critical period (p=0.18), and 
the accumulation model is quite unlikely (p=0.02). Table 2 
shows that accumulation models always are very unlikely, 
and in most instances, sensitive period models are clearly 
most likely.

In the three instances where the critical period model is 
most likely—diabetes (PC5), inflammation (PC2) and ageing 
(PC2)—the results are ambiguous because the probabilities 
associated with the sensitive period models are comparably 
high. Nevertheless, the exclusive salience of SES in young 
adulthood for diabetes (PC5) and pSES for inflammation 
(PC2) and ageing (PC2) is the most probable among the 
options.

Table 3 reports the posterior probability of the most cred-
ible ranking for SES in different life course periods for the 
sensitive period models identified in table  2 for which a 
decisive posterior probability from the partitioning proce-
dure was observed. Table 3 suggests three conclusions. First, 
in all instances, SES at one period of life is more salient than 
at the other two measurement occasions. This pattern may 
appear to correspond to a critical period pattern but, given 

the results reported in table 2, it indicates that one period 
is more salient than the other two periods, and the magni-
tude of the latter two cannot be distinguished but they are 
important predictors. Second, SES in young adulthood is the 
most salient period for about half of the PCs. Third, pSES 
was most salient for the other PCs, with young adulthood 
being important but indistinguishable from mid-adulthood.

Finally, we examined the extent to which BMI might 
mediate associations between weighted lifetime SES and the 
PCs. Results in table 4 indicate credible mediation of BMI 
(ie, when the 95% credible interval of the ACME does not 
contain 0 for most of the 17 PCs (as reported in table  1). 
The proportion mediated varies depending on the gene set, 
ranging from 52% for lupus (PC5) to 6% for asthma (PC3), 
but for many signatures about 20%–30% of the association 
may be mediated by BMI. These results suggest the possi-
bility that lifestyle factors such as BMI may partially mediate 
the observed association between early-life and adulthood 
SES and gene expression.

DISCUSSION
This paper examines the changing salience of SES across the 
early life course—spanning adolescence to mid-adulthood—in 
the prediction of mRNA-seq signatures for common, chronic 
diseases, senescence and inflammation among participants in 
a large, diverse sample. Previous research suggests the impor-
tance of pSES in the prediction of adult disease, but studies 
increasingly focus on whether SES’s predictive power changes 

Table 2  Probability of regions of practical equivalence for three 
broad life course models based on Chumbley et al26

Signatures Accumulation Sensitive Critical

CVD (PC1) 0.02 0.80 0.18

Lupus (PC5) 0.01 0.66 0.33

Colorectal (PC3) 0.03 0.90 0.08

RA (PC1) 0.00 0.62 0.38

RA (PC4) 0.01 0.61 0.38

RA (PC5) 0.03 0.83 0.14

Asthma (PC2) 0.01 0.72 0.26

Asthma (PC3) 0.01 0.71 0.28

Diabetes (PC3) 0.01 0.66 0.34

Diabetes (PC5) 0.00 0.45 0.54

Inflammation (PC2) 0.00 0.43 0.57

Inflammation (PC3) 0.02 0.75 0.23

Inflammation (PC4) 0.01 0.75 0.24

Alzheimer (PC2) 0.01 0.69 0.30

Alzheimer (PC6) 0.01 0.86 0.13

Ageing (PC2) 0.00 0.49 0.51

Ageing (PC4) 0.00 0.71 0.28

CVD, cardiovascular disease; PC, principal component; RA, rheumatoid arthritis.

Table 3  Ranking measurement occasions by their importance 
(ie, their relative magnitude) for PCs (with credible lifetime SES 
coefficients)

Signatures Ranking
Posterior 
probability

Lupus (PC5) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.85

CVD (PC1) Parental SES>SES in young and mid-adulthood 0.62

Colorectal (PC3) Parental SES>SES in young and mid-adulthood 0.64

RA (PC1) Parental SES>SES in young and mid-adulthood 0.94

RA (PC4) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.82

RA (PC5) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.44

Asthma (PC2) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.66

Asthma (PC3) Parental SES>SES in young and mid-adulthood 0.76

Diabetes (PC3) Parental SES>SES in young and mid-adulthood 0.81

Diabetes (PC5) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.87

Inflammation (PC2) Parental SES>SES in young and mid-adulthood 0.92

Inflammation (PC3) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.63

Inflammation (PC4) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.83

Alzheimer (PC2) SES in mid-adulthood>parental SES 0.62

Alzheimer (PC6) Parental SES and SES in young adulthood>SES 
in mid-adulthood

0.86

Ageing (PC2) Parental SES>SES in mid-adulthood 0.96

Ageing (PC4) SES in young adulthood>parental SES and SES 
in mid-adulthood

0.86

CVD, cardiovascular disease; PCs, principal components; RA, rheumatoid arthritis; SES, 
socioeconomic status.
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over decades of life.27 34 Such information may be helpful to 
improve risk models that predict health outcomes by providing 
weights for SES on multiple occasions in life as opposed to 
current practice, which pays little attention to the changing 
salience of repeated exposures to risk (eg, the Framingham 
risk score to predict cardiovascular events35 and the Cardio-
vascular Risk Factors, Ageing and Incidence of Dementia score 
to predict future dementia.36 Also, such research provides 
clues about change and stability in mediating mechanisms that 
link status with disease, and they also suggest strategic ages for 
intervention and prevention.

Indeed, the results point to the importance of sensitive period 
models in predicting PCs related to CVD, colorectal cancer, 
rheumatoid arthritis, asthma, inflammation, Alzheimer and 
ageing. (Several signatures were best predicted by a critical 
period model, but they were all characterised by considerable 
uncertainty.) The predominance of sensitive period models is 
noteworthy for four reasons. First, although it is true that sensi-
tive period models are a ‘catch-all’ category that refers to any 
pattern that is not accumulation or critical period, these latter 
two possibilities are tested using regions of practical equivalence, 
meaning that a considerable range of weights would qualify as 
either model.

Second, the omnibus test identifies sensitive period models, 
and the SPT identifies SES in one period of life as especially 
salient and the other two occasions as important but indistin-
guishable in their associated weights. This pattern may also 
be regarded as a ‘relaxed accumulation model’, according to 
which SES at all measurement occasions is consequential, but to 
varying degrees. Thus, SES during adolescence and young and 
mid-adulthood all predict the signatures, and one occasion is 
most predictive.

Third, none of the sensitive period models posits that the 
measurement occasion that is contemporaneous with the 
signature is most predictive. Contemporaneous SES could 
reasonably be expected to predict health because it affects 
one’s immediate living conditions, including such factors as 

access to healthcare, wholesome foods, exercise facilities, a 
clean environment, and, indeed, available strategies to cope 
with a changing climate. Such factors should be especially 
relevant to mRNA-seq abundance levels, which are somewhat 
transient, at least at the level of specific genes. Nevertheless, 
pSES or SES during young adulthood is decidedly most salient 
in the prediction of the signatures.

Finally, the results raise the possibility of different mechanisms 
or the changing importance of the same mechanisms across the 
life course. Such a view has been adopted, for example, by the 
Lancet Commission on Dementia, which documented that, 
based on the best available evidence, mechanisms that increase 
the odds of dementia change considerably from young to mid-
adulthood.37 Future research would ideally investigate whether 
inequalities in senescence and chronic disease reflect mecha-
nisms that change across the life course and, indeed, our model-
ling strategy can accommodate multiple risk factors. Given 
that people’s role configurations—involving various types of 
students, intimate relations and work—change considerably, 
their stress exposures and the resources needed to address them 
likely change as well.

Most of the observed associations are possibly mediated 
by BMI. Higher BMI is associated with chronic inflammation 
caused by adipose tissue which might influence dysregulation in 
gene expression. Moreover, BMI is responsible for many deaths 
worldwide through its involvement in the genesis of many 
diseases, such as CVD, type 2 diabetes and various cancers. 
Therefore, it is important to better understand the mediating 
role of BMI in the association between life course SES and gene 
expression.

Several limitations should be noted. First, the data and 
methods do not allow for causal inference but rather the 
results should be construed as multivariate descriptions. 
Although there are strategies to identify the effects of educa-
tion or income on health (eg, family-based fixed effect models 
or Mendelian randomisation), the identification of unique 
SES effects at multiple time points spanning many decades 
of life remains a vexing problem. Second, the signatures are 
based on results from genome-wide and expression-wide 
association studies that are from predominantly Caucasian 
samples (from the USA, the UK and Iceland). Yet results based 
on such samples may obscure ancestry-distinct associations 
between genetic variation and phenotypes,38 meaning that 
the signatures may not be equally applicable to all ancestral 
groupings that are represented in Add Health. Third, tests of 
life course models of epidemiology—for example, whether 
the data best correspond to a sensitive period model—assume 
that substantive conclusions are not sensitive to changes in 
the timing or number of measurement occasions. Third, our 
associational study seeks to determine correlations between 
SES at different time points and health, but we are not able 
to answer the question of whether it is SES that influences 
health or vice-versa. Finally, although the results point to 
sensitive period models for most signatures, the mediational 
model only examines BMI in wave V. Although such a speci-
fication is of interest, evidence suggests that BMI at different 
points in life may have independent, salient associations 
with at least some indicators of adult health,39 40 including 
expression-based signatures.25

Nevertheless, the present study provides evidence that SES 
across the early life course is important to the prediction of the 
expression-based signatures for chronic diseases and senescence, 
and thus suggests the importance of reducing inequalities in health 
by targeting mechanisms associated with SES in the household of 

Table 4  Decomposition of the weighted total effects in average 
direct effect (ADE) and average causal mediated effects (ACME) with 
credible interval for each of the PCs

Signatures ADE ACME (Credible interval)
Proportion 
mediated

CVD (PC1) 0.016 0.008 (0.005, 0.012) 0.331

Lupus (PC5) 0.015 0.016 (0.012, 0.021) 0.518

Colorectal (PC3) 0.033 0.009 (0.005, 0.013) 0.208

RA (PC1) 0.022 0.009 (0.005, 0.012) 0.282

RA (PC4) 0.024 0.005 (0.003, 0.008) 0.166

RA (PC5) 0.022 0.006 (0.003, 0.010) 0.219

Asthma (PC2) 0.034 0.006 (0.003, 0.009) 0.143

Asthma (PC3) 0.025 0.002 (−0.001, 0.005) 0.061

Diabetes (PC3) 0.011 0.006 (0.003, 0.009) 0.343

Diabetes (PC5) 0.015 0.009 (0.006, 0.013) 0.383

Inflammation (PC2) −0.021 −0.005 (−0.008, –0.002) 0.185

Inflammation (PC3) 0.015 0.006 (0.004, 0.009) 0.296

Inflammation (PC4) 0.030 0.014 (0.010, 0.018) 0.311

Alzheimer (PC2) −0.028 0.000 (−0.003, 0.002) 0.012

Alzheimer (PC6) 0.022 0.009 (0.006, 0.013) 0.291

Ageing (PC2) 0.027 0.003 (0.001, 0.006) 0.110

Ageing (PC4) 0.039 0.012 (0.008, 0.016) 0.231

CVD, cardiovascular disease; PC, principal component; RA, rheumatoid arthritis.
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origin but also in the first years of one’s own household. Based on 
the present results and previous research, BMI is likely to be a prom-
inent source of explanation, although SES-based mechanisms that 
are age-specific remain to be explored. A significant challenge when 
investigating health inequalities in adult chronic diseases is that 
outcomes typically occur in later life, but the underlying processes 
are operative for decades.13 Gene expression data provided us with a 
novel window into predisease patterns because they reveal evidence 
of chronic disease mechanisms already in young adulthood. Our 
results highlight the sensitive period as the most likely LCE model 
confirmed by the data. These results are in line with previous liter-
ature as demonstrated by a recently published meta-analysis on life 
course socioeconomic conditions and multimorbidity in old age.5 
Further research should investigate possible interventions in early 
life aimed at decreasing the burden of diseases later in life.
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Development (University of Zürich). This research uses data from Add Health, a 
programme directed by Robert Hummer and designed by J. Richard Udry, Peter S. 
Bearman and Kathleen Mullan Harris (University of North Carolina at Chapel Hill). 
The Add Health programme is funded by Grant P01-HD31921 from the Eunice 
Kennedy Shriver National Institute of Child Health and Human Development, with 
cooperative funding from 23 other federal agencies and foundations (https://www.​
cpc.unc.edu/projects/addhealth/about/funders).

Competing interests  None declared.

Patient consent for publication  Not applicable.

Ethics approval  Study participants provided informed written consent with 
respect to all aspects of the Add Health study in accordance with the University of 
North Carolina School of Public Health Institution Review Board (IRB). The present 
analyses received an exemption (as anonymised secondary data analysis) from the 
Schweizerische Vereinigung der Forschungsethikkommission.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available in a public, open access 
repository. Data are available on reasonable request. Data may be obtained from a 
third party and are not publicly available. Add Health data are available at https://
www.cpc.unc.edu/projects/addhealth/documentation/. All the data used in these 
analyses, except for the transcriptomic data, are not restricted. The mRNA-seq data 
are available via a restricted data contract. Additional information and application 
for the restricted-use data can be accessed through the Carolina Population Center 
(CPC) data portal at https://data.cpc.unc.edu/projects/2/view.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/​
licenses/by/4.0/.

ORCID iD
Cecilia Potente http://orcid.org/0000-0001-9096-2841

REFERENCES
	 1	 Yang YC, Gerken K, Schorpp K, et al. Early-Life Socioeconomic Status and Adult 

Physiological Functioning: A Life Course Examination of Biosocial Mechanisms. 
Biodemography Soc Biol 2017;63:87–103. 

	 2	 Tsenkova V, Pudrovska T, Karlamangla A. Childhood socioeconomic disadvantage and 
prediabetes and diabetes in later life: a study of biopsychosocial pathways. Psychosom 
Med 2014;76:622–8. 

	 3	 Vohra J, Marmot MG, Bauld L, et al. Socioeconomic position in childhood and cancer 
in adulthood: a rapid-review. J Epidemiol Community Health 2016;70:629–34. 

	 4	 Lee M, Khan MM, Wright B. Is Childhood Socioeconomic Status Related to Coronary 
Heart Disease? Evidence From the Health and Retirement Study (1992-2012). 
Gerontol Geriatr Med 2017;3:2333721417696673. 

	 5	 Wagner C, Carmeli C, Chiolero A, et al. Life course socioeconomic conditions and 
multimorbidity in old age - A scoping review. Ageing Res Rev 2022;78:101630. 

	 6	 Liu RS, Aiello AE, Mensah FK, et al. Socioeconomic status in childhood and C reactive 
protein in adulthood: a systematic review and meta-analysis. J Epidemiol Community 
Health 2017;71:817–26. 

	 7	 Kim P, Evans GW, Chen E, et al. How socioeconomic disadvantages get under the skin 
and into the brain to influence health development across the lifespan. In: Halfon N, 
Forrest CB, Lerner RM, eds. Handbook of Life Course Health Development. Cham (CH): 
Springer, 2018.

	 8	 Jebeile H, Kelly AS, O’Malley G, et al. Obesity in children and adolescents: 
epidemiology, causes, assessment, and management. Lancet Diabetes Endocrinol 
2022;10:351–65. 

	 9	 Cole SW. Social regulation of human gene expression: mechanisms and implications 
for public health. Am J Public Health 2013;103 Suppl 1:S84–92. 

	10	 Castagné R, Kelly-Irving M, Campanella G, et al. Biological marks of early-life 
socioeconomic experience is detected in the adult inflammatory transcriptome. Sci 
Rep 2016;6:38705. 

	11	 Shanahan MJ, Cole SW, Ravi S, et al. Socioeconomic inequalities in molecular 
risk for chronic diseases observed in young adulthood. Proc Natl Acad Sci U S A 
2022;119:e2103088119. 

	12	 Stringhini S, Polidoro S, Sacerdote C, et al. Life-course socioeconomic status 
and DNA methylation of genes regulating inflammation. Int J Epidemiol 
2015;44:1320–30. 

	13	 Lynch J, Smith GD. A life course approach to chronic disease epidemiology. Annu Rev 
Public Health 2005;26:1–35. 

	14	 Schrempft S, Belsky DW, Draganski B, et al. Associations Between Life-Course 
Socioeconomic Conditions and the Pace of Aging. J Gerontol A Biol Sci Med Sci 
2022;77:2257–64. 

	15	 Kamphuis CBM, Turrell G, Giskes K, et al. Socioeconomic inequalities in cardiovascular 
mortality and the role of childhood socioeconomic conditions and adulthood risk 
factors: a prospective cohort study with 17-years of follow up. BMC Public Health 
2012;12:1045. 

	16	 Greenland S, Senn SJ, Rothman KJ, et al. Statistical tests, P values, confidence 
intervals, and power: a guide to misinterpretations. Eur J Epidemiol 2016;31:337–50. 

	17	 Harris KM, Halpern CT, Whitsel EA, et al. Cohort Profile: The National 
Longitudinal Study of Adolescent to Adult Health (Add Health). Int J Epidemiol 
2019;48:1415–1415k. 

	18	 Doney B, Hnizdo E, Dillon CF, et al. Prevalence of Airflow Obstruction in U.S. 
Adults Aged 40-79 Years: NHANES Data 1988-1994 and 2007-2010. COPD 
2015;12:355–65. 

	19	 Roth GA, Johnson CO, Abate KH, et al. The Burden of Cardiovascular Diseases Among 
US States, 1990-2016. JAMA Cardiol 2018;3:375–89. 

	20	 Helmick CG, Felson DT, Lawrence RC, et al. Estimates of the prevalence of arthritis 
and other rheumatic conditions in the United States. Part I. Arthritis Rheum 
2008;58:15–25. 

	21	 Bridger Staatz C, Kelly Y, Lacey RE, et al. Life course socioeconomic position and body 
composition in adulthood: a systematic review and narrative synthesis. Int J Obes 
2021;45:2300–15. 

	22	 Ravi S, Shanahan MJ, Levitt B, et al. Socioeconomic inequalities in early adulthood 
disrupt the immune transcriptomic landscape via upstream regulators. Sci Rep 
2024;14:1255. 

	23	 Cockerham WC. Theoretical Approaches to Research on the Social Determinants of 
Obesity. Am J Prev Med 2022;63:S8–17. 

	24	 Phelan JC, Link BG, Diez-Roux A, et al. “Fundamental causes” of social inequalities in 
mortality: a test of the theory. J Health Soc Behav 2004;45:265–85. 

	25	 Potente C, Harris KM, Chumbley J, et al. The Early Life Course of Body Weight and 
Gene Expression Signatures for Disease. Am J Epidemiol 2021;190:1533–40. 

	26	 Chumbley J, Xu W, Potente C, et al. A Bayesian approach to comparing common 
models of life-course epidemiology. Int J Epidemiol 2021;50:1660–70. 

	27	 Cerutti J, Lussier AA, Zhu Y, et al. Associations between indicators of 
socioeconomic position and DNA methylation: a scoping review. Clin 
Epigenetics 2021;13:221. 

	28	 Vineis P, Kelly-Irving M, Rappaport S, et al. The biological embedding of social 
differences in ageing trajectories. J Epidemiol Community Health 2016;70:111–3. 

	29	 Galobardes B, Shaw M, Lawlor DA, et al. Indicators of socioeconomic position (part 
2). J Epidemiol Community Health 2006;60:95–101. 

	30	 Hauser RM, Warren JR. Socioeconomic Indexes for Occupations: A Review, Update, 
and Critique. Sociol Methodol 1997;27:177–298. 

	31	 Madathil S, Joseph L, Hardy R, et al. A Bayesian approach to investigate 
life course hypotheses involving continuous exposures. Int J Epidemiol 
2018;47:1623–35. 

	32	 Gelman A, Hill J, Yajima M. Why We (Usually) Don’t Have to Worry About Multiple 
Comparisons. J Res Educ Eff 2012;5:189–211. 

en S
ante P

ublique. P
rotected by copyright.

 on N
ovem

ber 19, 2024 at C
entre de D

ocum
entation

http://jech.bm
j.com

/
J E

pidem
iol C

om
m

unity H
ealth: first published as 10.1136/jech-2023-221812 on 29 A

ugust 2024. D
ow

nloaded from
 

https://www.cpc.unc.edu/projects/addhealth/about/funders
https://www.cpc.unc.edu/projects/addhealth/about/funders
https://www.cpc.unc.edu/projects/addhealth/documentation/
https://www.cpc.unc.edu/projects/addhealth/documentation/
https://data.cpc.unc.edu/projects/2/view
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-9096-2841
http://dx.doi.org/10.1080/19485565.2017.1279536
http://dx.doi.org/10.1097/PSY.0000000000000106
http://dx.doi.org/10.1097/PSY.0000000000000106
http://dx.doi.org/10.1136/jech-2015-206274
http://dx.doi.org/10.1177/2333721417696673
http://dx.doi.org/10.1016/j.arr.2022.101630
http://dx.doi.org/10.1136/jech-2016-208646
http://dx.doi.org/10.1136/jech-2016-208646
http://dx.doi.org/10.1016/S2213-8587(22)00047-X
http://dx.doi.org/10.2105/AJPH.2012.301183
http://dx.doi.org/10.1038/srep38705
http://dx.doi.org/10.1038/srep38705
http://dx.doi.org/10.1073/pnas.2103088119
http://dx.doi.org/10.1093/ije/dyv060
http://dx.doi.org/10.1146/annurev.publhealth.26.021304.144505
http://dx.doi.org/10.1146/annurev.publhealth.26.021304.144505
http://dx.doi.org/10.1093/gerona/glab383
http://dx.doi.org/10.1186/1471-2458-12-1045
http://dx.doi.org/10.1007/s10654-016-0149-3
http://dx.doi.org/10.1093/ije/dyz115
http://dx.doi.org/10.3109/15412555.2014.948998
http://dx.doi.org/10.1001/jamacardio.2018.0385
http://dx.doi.org/10.1002/art.23177
http://dx.doi.org/10.1038/s41366-021-00898-z
http://dx.doi.org/10.1038/s41598-024-51517-6
http://dx.doi.org/10.1016/j.amepre.2022.01.030
http://dx.doi.org/10.1177/002214650404500303
http://dx.doi.org/10.1093/aje/kwab049
http://dx.doi.org/10.1093/ije/dyab073
http://dx.doi.org/10.1186/s13148-021-01189-0
http://dx.doi.org/10.1186/s13148-021-01189-0
http://dx.doi.org/10.1136/jech-2015-206089
http://dx.doi.org/10.1136/jech.2004.028092
http://dx.doi.org/10.1111/1467-9531.271028
http://dx.doi.org/10.1093/ije/dyy107
http://dx.doi.org/10.1080/19345747.2011.618213
http://jech.bmj.com/


758 Potente C, et al. J Epidemiol Community Health 2024;78:752–758. doi:10.1136/jech-2023-221812

Original research

	33	 Gelman A, Carlin JB, Stern HS, et al. Bayesian Data Analysis. 3rd Ed. New York: 
Chapman and Hall/CRC, 2015.

	34	 Dunn EC, Soare TW, Raffeld MR, et al. What life course theoretical models best explain the 
relationship between exposure to childhood adversity and psychopathology symptoms: 
recency, accumulation, or sensitive periods? Psychol Med 2018;48:2562–72. 

	35	 Wilson PW, D’Agostino RB, Levy D, et al. Prediction of coronary heart disease using 
risk factor categories. Circulation 1998;97:1837–47. 

	36	 Ngandu T, Lehtisalo J, Solomon A, et al. A 2 year multidomain intervention of diet, 
exercise, cognitive training, and vascular risk monitoring versus control to prevent 
cognitive decline in at-risk elderly people (FINGER): a randomised controlled trial. The 
Lancet 2015;385:2255–63. 

	37	 Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention, intervention, and 
care: 2020 report of the Lancet Commission. The Lancet 2020;396:413–46. 

	38	 Sinkala M, Elsheikh SSM, Mbiyavanga M, et al. A genome-wide association study 
identifies distinct variants associated with pulmonary function among European and 
African ancestries from the UK Biobank. Commun Biol 2023;6:49. 

	39	 Kivimäki M, Kuosma E, Ferrie JE, et al. Overweight, obesity, and risk of 
cardiometabolic multimorbidity: pooled analysis of individual-level data for 
120 813 adults from 16 cohort studies from the USA and Europe. Lancet Public 
Health 2017;2:e277–85. 

	40	 Tirosh A, Shai I, Afek A, et al. Adolescent BMI Trajectory and Risk of Diabetes Versus 
Coronary Disease. Sur of Anesth 2011;55:296–7. 

en S
ante P

ublique. P
rotected by copyright.

 on N
ovem

ber 19, 2024 at C
entre de D

ocum
entation

http://jech.bm
j.com

/
J E

pidem
iol C

om
m

unity H
ealth: first published as 10.1136/jech-2023-221812 on 29 A

ugust 2024. D
ow

nloaded from
 

http://dx.doi.org/10.1017/S0033291718000181
http://dx.doi.org/10.1161/01.cir.97.18.1837
http://dx.doi.org/10.1016/S0140-6736(15)60461-5
http://dx.doi.org/10.1016/S0140-6736(15)60461-5
http://dx.doi.org/10.1016/S0140-6736(20)30367-6
http://dx.doi.org/10.1038/s42003-023-04443-8
http://dx.doi.org/10.1016/S2468-2667(17)30074-9
http://dx.doi.org/10.1016/S2468-2667(17)30074-9
http://dx.doi.org/10.1097/01.SA.0000407026.86152.a1
http://jech.bmj.com/

	Socioeconomic status across the early life course predicts gene expression signatures of disease and senescence
	Abstract
	Introduction﻿﻿
	Methods
	Results
	Discussion
	References


