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A B S T R A C T

Experiencing more stressful life events has been linked to higher levels of inflammation, but this association may 
depend on when in the lifespan the stressors occur. To address this knowledge gap, we tested two lifespan 
theories, the accumulation of risks and sensitive period models, by assessing the association between the total 
number of stressful events and their life stage occurrence on later-life C-reactive protein (CRP). We harmonized 
data across two cohort studies, maximizing variation in stressors reported across the lifespan. Participants (Ntotal 
= 7,952, 57.7% female, Mage = 69) from the Health and Retirement Study (HRS: n = 5,136, Mage = 70.6) and the 
English Longitudinal Study of Aging (ELSA: n = 2,816, Mage = 66.1) completed retrospective surveys of stressful 
life events and indicated what year(s) each event occurred and had blood drawn ~4.5 years later. Stressful events 
were summed across the participants’ lifespans (age 0 to current age) and within childhood (0–17 years), young 
adulthood (18–39), midlife (40–59), and late adulthood (60+). In main effects models, more cumulative stressors 
(γ = .05, SE = .02, p = .012) and stressors in young adulthood (γ = .06, SE = .03, p = .037) were associated with 
higher levels of CRP. In models with all life stages together among adults age 65+ (n = 4,972), experiencing 
more stressors in midlife significantly predicted higher levels of CRP (γ = .08, SE = .04, p = .038). Our findings 
replicate prior evidence of an association between cumulative stressors and inflammation and extend this work 
by identifying stressors in young adulthood and midlife as potentially unique sensitive periods that predict higher 
levels of later-life inflammation.

1. Introduction

Stressful life events, especially events that threaten an individual (e. 
g., physical assault, natural disaster, illness) or their close family (e.g., 
partner addiction, partner illness, loss of child), are commonly experi-
enced (Kessler et al., 2017), may potentially be traumatic, and have been 
linked to greater morbidity and mortality risk (Kivimäki and Steptoe, 
2018; Rutters et al., 2014). Various mechanisms may explain this 
increased risk, including activation of the physiological stress response 
(McEwen, 1998; Wheaton et al., 2013), which results in the release of 
hormones and inflammatory cytokines that, if sustained over time, can 
heighten risk for various chronic diseases and mortality (Berntson et al., 
2017; Cohen et al., 2019; Hamer et al., 2008). Importantly, markers of 
systemic inflammation including C-reactive protein (CRP) may capture 
associations between stressful events and health decline before the onset 
of age-related chronic diseases (Furman et al., 2019). Despite much 
evidence linking stressful events to health risk, including inflammation, 

what remains understudied is how the timing of stressful events across the 
lifespan may affect inflammation. The current study tests both the 
accumulation of risks and sensitive period models to identify potential 
life stages when individuals may be at higher risk of physiological dys-
regulation following stressful events (Tursich et al., 2014).

The accumulation of risks model posits that the total number of 
stressful life events has a cumulative effect on health and increases risk 
of chronic disease (Cohen et al., 2019; McEwen, 2004). There is general 
support for the accumulation of risks model (but also see (Elliot et al., 
2018; van Ockenburg et al., 2015)). Experiencing more 
retrospectively-reported stressful events across the lifespan was associ-
ated with higher levels of inflammation in midlife and older adults from 
nationally representative cohorts (Hostinar et al., 2015; Lin et al., 2016). 
Furthermore, prospective reports of stressful events predicted higher 
levels of inflammation in midlife (Bourassa et al., 2021).

The sensitive period model suggests that stressful events experienced 
during certain developmental stages may be stronger predictors of 
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health (Miller et al., 2011). The majority of studies guided by this theory 
have focused on childhood as a sensitive period; empirical and 
meta-analytic evidence identified associations between various types of 
childhood stressors and higher levels of inflammation (Almuwaqqat 
et al., 2021; Chiang et al., 2022; Hartwell et al., 2013; Rooks et al., 
2012). Importantly, however, studies focused on childhood do not often 
consider stressors that take place in adulthood, leaving it unknown 
whether the effects of childhood stressful events on inflammation persist 
above and beyond stressors experienced later in life. The few studies that 
have tested this provide support that stressors both in childhood (< age 
18) and adulthood (age 18+) uniquely predict higher levels of inflam-
mation, with slightly larger standardized effects reported for adulthood 
stress (Bourassa et al., 2021; Hostinar et al., 2015; Lin et al., 2016) 
(Weighted adulthood β = .06; Weighted childhood β = .04). However, 
these studies compared the effects of different stressful events in 
adulthood versus childhood; to fully test the sensitive period model, the 
same stressful events need to be compared across different life stages 
within the same study. Moreover, previous literature is limited by 
classifying any stressors that occur above the age of 18 as “adulthood” 
events, despite there being unique developmental stages, and potentially 
unique effects, within adulthood (Papalia et al., 2007).

The current study tested the accumulation of risks and sensitive 
period lifespan models to determine whether the total number of 
stressful life events and their life stages of occurrence associate with 
levels of CRP in older adults. We tested stressors experienced in four 
unique developmental stages: childhood (<18), young adulthood 
(18–39), midlife (40–59), and late adulthood (60+). These stages are 
developmentally informed and capture trends in social engagement, 
financial/resource availability, and goal prioritization across the life-
span that may buffer or exacerbate the effects of stressors on health 
(Scott et al., 2019; Stebbins et al., 2022). We hypothesized that the 
cumulative number of events would be associated with higher levels of 
CRP and based on findings from the only prospective cohort study to test 
major stressful events as a predictor of inflammation (Bourassa et al., 
2021), we hypothesized that stressful events in childhood and young 
adulthood would have the largest effects. There was not enough prior 
evidence to make predictions about midlife and late adulthood stages. 
We used an Integrative Data Analytic approach (Curran and Hussong, 
2009) to analyze raw data pooled from two cohorts, the Health and 
Retirement Study (HRS) and the English Longitudinal Study of Aging 
(ELSA), which offered advantages including a larger sample size and 
increased power, increased lifespan coverage, and variation in the re-
ports of stressful events (Bainter and Curran, 2015). Conducting an 
integrative data analysis requires harmonization of predictors and out-
comes across each cohort. Therefore, in primary analyses we utilized 
objective exposures to stressful events (e.g., natural disaster, physical 
attack) that were the same across cohorts, and CRP as the primary 
outcome because it was the only inflammatory marker measured in both 
cohorts.

In secondary analyses within the HRS sample, we also tested asso-
ciations between stressful life events and two additional inflammatory 
markers, interleukin-6 (IL-6) and soluble tumor necrosis factor receptor- 
1 (sTNFR-1), and five DNA-methylation based measures of epigenetic 
age (epigenetic clocks: Horvath 1 (Horvath, 2013), Hannum (Hannum 
et al., 2013), PhenoAge (Levine et al., 2018), GrimAge (Lu et al., 2019), 
and Pace of Aging measure DunedinPoAm38 (Belsky et al., 2020)). IL-6 
and the TNF-α receptor sTNFR-1 are involved in the acute inflammatory 
response and can stimulate production of acute phase proteins including 
CRP; cytokine dysregulation, captured by having prolonged high levels 
of each of these biomarkers, is associated with increased risk of 
morbidity, mortality, and age-related declines in physical and cognitive 
function (Justice et al., 2018). Changes in DNA methylation precede 
inflammatory dysregulation and measures of epigenetic age offer addi-
tional advantages including the ability to predict healthspan (Levine 
et al., 2018), time-to-death (Lu et al., 2019), and rate of deterioration 
across organ systems (Belsky et al., 2020). Experiencing a greater 

number of stressful events across the lifespan, (Katrinli et al., 2020; 
Skinner et al., 2024), in childhood (Joshi et al., 2023; Klopack et al., 
2022), and in both childhood and adulthood (Suglia et al., 2024) have 
all been linked to older epigenetic ages in later life across various 
epigenetic clocks (Lim et al., 2022). In the current study, combined 
assessment of inflammation and epigenetic age allowed us to explore 
whether our hypotheses extend across primary (i.e., epigenetic) and 
integrative (i.e., inflammatory) hallmarks of biological aging 
(López-Otín et al., 2013).

2. Method

2.1. Participants and procedure

Participants were from the Health and Retirement Study (HRS) and 
the English Longitudinal Study of Aging (ELSA), each population-based 
cohort studies of adults aged 50 years or more residing in the United 
States and England respectively. HRS began data collection in 1992 with 
follow-up visits every four years for two separate cohorts, and ELSA 
began data collection in 2002/2003 with follow-up visits every two 
years for all participants. HRS participants completed retrospective life- 
history surveys in 2012/2010 or 2008/2006 (2012/2010 data were 
prioritized for analyses based on proximity to the blood draw) and CRP 
was measured at a venous blood (VB) draw in 2016. ELSA participants 
completed retrospective life-history surveys in 2007 and participated in 
a venous blood draw in 2009, 2013, and 2017 (the blood draw time 
point closest to the life-history survey was prioritized for analyses). 
Covariates were assessed at the time of blood draw. In HRS of the 13,896 
individuals who reported at least one stressful life event (2012/2010: N 
= 9,740; 2006/2008: N = 4,156), 5,796 of them had CRP and covariate 
data, and 5,136 provided at least one year that corresponded with an 
endorsed event. In ELSA of the 4,907 individuals who reported at least 
one stressful life event, 3,050 of them had CRP and covariate data (2009: 
N = 2,747; 2013: N = 214; 2017: N = 89), and 2,816 provided at least 
one year that corresponded with an endorsed event.

2.2. Measures

2.2.1. Stressful life events (harmonized items)
HRS assessed the most recent occurrence of major stressful life events 

across 7 categories in the “Lifetime Traumas” questionnaire. ELSA 
assessed the earliest occurrence of 11 negative life events within the 
“Difficult Life Events” inventory. HRS and ELSA share 7 items that were 
harmonized (leaving only four items that could not be analyzed). The 
shared items included reporting experiencing (yes = 1 or no = 0): (1) has 
a child of yours ever died (this item was collected in the life history 
interview for ELSA), (2) a major fire, flood, earthquake, or other natural 
disaster, (3) combat experience, (4) having a partner or child addicted to 
drugs or alcohol, (5) being a victim of serious physical attack or assault, 
(6) a life threatening illness or accident (self), and (7) a life threatening 
illness or accident of a spouse, child, relative, or close friend. HRS and 
ELSA collected what year each endorsed event occurs; from this, we 
calculated the age per event. To facilitate retrospective recall, partici-
pants completed “Event History Calendars” or “Lifegrids” that make the 
accurate recalling of events, including those that took place in child-
hood, easier for older adults (Berney and Blane, 1997). The number of 
stressful life events was summed across one’s lifespan (cumulative 
stressors) and summed within four different life stages: childhood (range 
(mean) = age 0–17 (10.5)), young adulthood (range (mean) = age 
18–39 (27.7)), midlife (range (mean) = age 40–59 (49.6)), and late 
adulthood (range (mean) = age 60–91 (67.8)). We categorized the years 
0–17 as “childhood” due to the fewer number of events reported in 
childhood and concerns about power; however, we recognize this en-
compasses several developmental stages within early life. In exploratory 
analyses we further probed more granular stages of childhood repre-
senting pre- and post-puberty onset (childhood pre-puberty range 
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(mean) = age 0–12 (7.4); childhood post-puberty range (mean) = age 
13–17 (15.2)).

2.2.2. Childhood adversity
HRS and ELSA had two additional items that measured childhood 

adversities that were added to the childhood event sum for sensitivity 
analyses. These two items included (1) Did either of your parents’ drink 
or use drugs so often that it caused problems in the family and (2) were 
your ever physically abused by either of your parents (yes = 1 or no = 0). 
Unlike the stressful life events in 2.2.1, HRS participants did not report 
the year that these childhood adversities took place; rather, HRS defined 
childhood adversities as events that took place younger than age 18. 
ELSA defined childhood adversities as events that took place younger 
than age 16 and collected the age at which the event occurred.

2.2.3. Inflammation
HRS and ELSA collected a measure of high sensitivity CRP (hsCRP, 

mg/L), measured using a latex-particle enhanced immunoturbidimetric 
assay kit in HRS and the N latex CRP mono assay on the Dada Behring 
Nephelometer in ELSA (HRS: the lab inter-assay CV is 5.1% at a con-
centration of 1.05 mg/L and 6.7% at a concentration of 3.12 mg/L). We 
removed outliers ± 3 standard deviations (n = 134) and CRP values 
were log transformed for normality then harmonized using the propor-
tion of maximum possible scores (POMP) technique, in line with prior 
integrative data analyses (Lam et al., 2021; Stawski et al., 2019). HRS 
assessed two additional markers of inflammation, which we examined in 
secondary analyses: interleukin-6 (IL-6, pg/mL) and soluble tumor ne-
crosis factor receptor 1 (sTNFR-1, pg/mL), both measured using the 
ELISA technique (IL-6: the manufacturer inter-assay CV is 8.3% at a 
concentration of 41.5 pg/mL and 7.1% at a concentration of 1800 
pg/mL; sTNFR-1: the manufacturer inter-assay CV is 11.8% at a con-
centration of 19.5 pg/mL and 10% at a concentration of 971 pg/mL).

2.2.4. Epigenetic clocks
HRS assayed whole blood samples for DNA methylation data using 

the Infinium Methylation EPIC BeadChip at the University of Minnesota. 
DNA methylation data were used to estimate epigenetic age from five 
epigenetic clocks, which we examined in secondary analyses: Horvath 1, 
Hannum, PhenoAge, and GrimAge, and the Pace of Aging measure, 
DunedinPoAm38 (Belsky et al., 2020; Crimmins et al., 2020; Hannum 
et al., 2013; Horvath, 2013; Levine et al., 2018; Lu et al., 2019).

2.2.5. Covariates
Covariates were collected at the time of blood draw and included 

chronological age, sex (male = 0, female = 1: to account for men typi-
cally having higher inflammation than women (Bernardi et al., 2020)), 
cohort (HRS = 0, ELSA = 1: to account for variation across countries and 
study design differences), body mass index (BMI), smoking status at the 
time of blood draw (0 = no, 1 = yes), and time elapsed between 
life-history survey and blood draw in years (calculated as: date of blood 
draw– date of life history survey). Secondary covariates in sensitivity 
analyses included race (0 = White, 1 = Non-white), education (0–14+
years of education), and a comorbidity index (i.e., the total number of 
physician-diagnosed chronic diseases: hypertension, diabetes, cancer, 
chronic lung disease, heart disease, and stroke). The HRS comorbidity 
index was extracted from the RAND cooperation longitudinal data set. 
Corresponding items were extracted from the ELSA core data files 
capturing whether the participant endorsed having been diagnosed 
previously or currently having any of the same conditions collected in 
the HRS comorbidity index.

3. Data analysis

In primary analyses predicting CRP, data from HRS and ELSA cohorts 
were combined. We used multilevel models to account for individuals 
(level 1) nested within households (level 2) at the time of survey 

completion. Data were analyzed using the lmer (linear mixed effects) 
function from the lmer library (1.1.35.1) in R (version 4.3.1). Models 
were estimated using Restricted Maximum Likelihood Estimation 
(REML) and included a random intercept for household, but adding a 
random slope did not improve model fit as only a small proportion of the 
total variance was accounted for by household clustering (ICC = 8.6%). 
All models controlled for primary covariates (section 2.2.5) including 
chronological age, sex, cohort, BMI, smoking status, and time elapsed 
between survey completion and the blood draw. Standardized effects (β) 
for primary models are reported in supplemental materials (Hoffman, 
2015).

To address Aim 1 (cumulative model), we tested the total number of 
stressful life events as a predictor of CRP. To address Aim 2, we first 
tested stressful life events from each of the four life stages (i.e., child-
hood, young adulthood, midlife, late adulthood) as separate predictors 
of CRP in individual main effects models. Main effects models were 
corrected for multiple comparisons to account for the four life stages 
tested (Benjamini and Hochberg, 1995). Then, in independent effects 
models, stressors in the different life stages were included in the same 
model together predicting CRP to compare the effects of the life stages 
above and beyond each other. Independent effects models were tested 
using a sub-sample of individuals who were old enough to experience 
stressors in the first three life stages (age 45+: n = 7,928) and old 
enough to experience stressors in all life stages (age 65+: n = 4,972).

In secondary analyses, we tested both aims using additional biolog-
ical aging outcomes, IL-6, sTNFR-1, and epigenetic clocks, which were 
present only in the HRS cohort. We conducted linear regression models 
using the lm (linear model) function from the stats (version 4.3.1) 
package in R because there were no dependent observations in this sub- 
sample. We used a similar model building approach as we did for CRP to 
test each additional outcome; we first tested the cumulative effect of 
stressful life events, then the main effects of stressors in each life stage 
(correcting for multiple comparisons across four life stages). If any main 
effects were statistically significant, we further probed independent ef-
fects by including life stages together in the same model. All secondary 
analyses include primary covariates (age, sex, cohort, body mass index, 
smoking status at the time of blood draw, and time elapsed between life- 
history survey and the blood draw). In addition to the primary cova-
riates, models testing epigenetic outcomes further controlled for cell 
type distributions (CD4+ total, CD8+ total, B cells, NK cells, and 
monocytes).

4. Results

Characteristics of the combined sample (N = 7,952; 5,136 from HRS 
and 2,816 from ELSA) are presented in Table 1 and bivariate correla-
tions among study variables are in Table S1. Participants were on 
average 69 years old at the time of blood draw (SD = 9.97, range =
36–107), 42% male, 85% White, and 66% completed at least 12 years of 
education (see Table 1). To allow for comparisons across cumulative and 
life stage analyses, participants included in this study had to have 
experienced at least one stressful life event in their lifetime; this 
encompassed the majority of individuals (65% of the full sample), which 
aligns with surveys from the World Mental Health organization 
demonstrating 70% of individuals experience a major stressful event in 
their lifetime (Kessler et al., 2017). Participants who reported one or 
more events did not differ significantly from those who did not report 
any stressful events on sex, age, body mass index (BMI) or CRP. How-
ever, our sample was less likely to smoke (% non-smokers: 1 or more 
events = 89.3% vs no events = 90.4%, X2 = 2329, p < .001), was 
comprised of more ELSA participants (% ELSA: 1 or more events =
35.4% vs no events = 21.3%, X2 = 6.98, p = .008), and had fewer years 
between survey completion and the blood draw (mean (SD) time lapsed: 
1 or more events = 4.57 (2.33) vs no events = 5.03 (2.23) t = 10.66, p <
.001). Participants experienced an average of 1.7 events across the 
lifespan (range: 1–6). Fig. 1 displays the frequency of, and highlights the 
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substantial variability in, the events reported in each of the four life 
stages (childhood (<18), young adulthood (18–39), midlife (40–59), 
and late adulthood (60+). Close to half of the sample experienced events 
during midlife (45%) or young adulthood (43%) but events in childhood 

and late adulthood were still common and reported in approximately 1 
in every 5 participants. The most reported stressors were illness of a 
close other, illness of self, and natural disaster (Fig. S1).

Results from models testing the (1) cumulative effect of stressful life 
events and the (2) main and (3) independent effects of stressful life 
events within each life stage on CRP are shown in Fig. 2. Results are 
depicted from primary analyses (Fig. 2, Model 1) that controlled for 
main covariates (age, sex, cohort, body mass index [BMI], smoking 
status, and time elapsed between the stressor survey and blood draw in 
years) and from six sets of sensitivity analyses (Fig. 2, Models 2–7). 
Sensitivity analyses: 1) Further controlled for race and education (Model 
2), because individuals with higher socioeconomic status may have re-
sources that buffer the effects of some stressors; 2) Removed BMI as a 
covariate (Model 3), based on evidence suggesting that it may operate as 
a substantive mediator (and not covariate) in the long-term relationships 
between stress and inflammation (Schrepf et al., 2014); 3) Removed the 
self-illness stressful event from the event count (Model 4), to ensure that 
individual illness was not directly related to heightened inflammation 
(Bourassa et al., 2021); 4) Removed individuals with raw CRP levels 
above 10 mg/L (Model 5), to ensure acute illness at the time of blood 
draw was not a confound (Pearson et al., 2003); 5) Further controlled for 
a comorbidity index at the time of blood draw to ensure the presence of 
chronic illnesses that may have associations with inflammation (i.e., 
hypertension, diabetes, cancer, chronic lung disease, heart disease, and 
stroke) was not a confound (Pawelec et al., 2014) (Model 6); and 6) 
Included additional childhood specific adversities (section 2.2.2) to our 
event count (Model 7), to ensure that there was an equal likelihood of 
stressful life events taking place across the lifespan because some of the 
events in primary analyses were less likely to occur before age 18 (e.g., 
combat experience). Results are reported as unstandardized coefficients.

4.1. Cumulative effect of stressors on CRP

Cumulative models tested the effect of the total number of life 
stressors summed across all life stages on CRP. In primary models 
adjusted for main covariates, experiencing more stressful events across 
the lifespan was associated with higher levels of CRP (γ = .051, SE =
.020, p = .012). This finding remained similar across all sensitivity an-
alyses (see Fig. 2 and Table S2), with one exception: Removing in-
dividuals with CRP levels greater than 10 mg/L (n = 563), who may 
have acute illness, did not change the direction of the association but did 
attenuate the significance (γ = .037, SE = .019, p = .052). We further 
probed this association in Fig. S2 and concluded the individuals with 
high CRP were not driving the observed association (i.e., they did not 
have a stronger positive association between the total number of events 
and CRP than the rest of the sample) and therefore this attenuation was 
likely due to decreased power.

4.2. Main effects of stressors experienced in individual life stages on CRP

Main effects models tested each life stage separately as a predictor of 
CRP. Primary models were adjusted for main covariates and corrected 
for multiple comparisons across four life stages using the Benjamini 
Hochberg correction method (Q = .05) (Benjamini and Hochberg, 
1995). Experiencing more stressors in young adulthood (ages 18–39) 
was associated with higher levels of CRP (γ = .056, SE = .026, p = .037), 
but this association did not withstand correction for multiple compari-
sons (BH threshold = .013). This young adulthood finding was generally 
consistent and survived correction for comparison across three out of the 
six sensitivity analyses (see Fig. 2 and Table S4). When BMI was 
removed as a covariate, a new association emerged between experi-
encing events in midlife (ages 40–59) and higher CRP, which survived 
correction (midlife: γ = .084, SE = .029, p = .004; Table S5). In primary 
analyses, there were no statistically significant associations between 
experiencing stressors in childhood (ages 0–17), midlife (40–59), or late 
adulthood (60+) and CRP (Tables S3, S5, and S6).

Table 1 
Sample descriptives for analyses.

ELSA (N = 2816) HRS (N = 5136) Combined Sample 
(N = 7952)

Mean 
(SD), %

range Mean 
(SD), %

range Mean 
(SD), %

range

Sex
Male 1290 

(45.8%)
 2071 

(40.3%)
 3361 

(42.3%)


Female 1526 
(54.2%)

 3065 
(59.7%)

 4591 
(57.7%)



Age (years)
Mean 
(SD)

66.1 
(9.40)

[37.0, 
99.0]

70.6 
(9.91)

[36.0, 
107]

69.0 
(9.97)

[36.0, 
107]

Currently Smoking
No 2481 

(88.1%)
 4618 

(89.9%)
 7099 

(89.3%)


Yes 335 
(11.9%)

 518 
(10.1%)

 853 
(10.7%)



Body Mass Index (BMI) (kg/mˆ2)
Mean 
(SD)

28.0 
(4.96)

[15.7, 
71.1]

28.9 
(6.18)

[14.4, 
68.0]

28.6 
(5.79)

[14.4, 
71.1]

Time Elapsed (blood draw year– life history survey year)
Mean 
(SD)

2.52 
(1.74)

[2.00, 
11.0]

5.69 
(1.77)

[4.00, 
10.0]

4.57 
(2.33)

[2.00, 
11.0]

Race
White 2730 

(96.9%)
 4001 

(77.9%)
 6731 

(84.6%)


Non- 
White

37 
(1.3%)

 1108 
(21.6%)

 1145 
(14.4%)



Missing 49 
(1.7%)

 27 (.5%)  76 (1%) 

Education
Less 
than 12 
years

1779 
(63.2%)

 826 
(16.1%)

 2605 
(32.7%)



More 
than 12 
years

988 
(35.1%)

 4283 
(83.4%)

 5271 
(66.3%)



Missing 49 
(1.7%)

 27 (.5%)  76 (1%) 

Comorbidity Index
Mean 
(SD)

.64 (.82) [0, 4] 1.67 
(1.23)

[0, 6] 1.3 
(1.21)

[0, 6]

Missing 0 (0%)  48 (.9%)  48 (.6%) 
Total Events Continuous

Mean 
(SD)

1.56 
(.763)

[1.00, 
6.00]

1.82 
(.993)

[1.00, 
6.00]

1.73 
(.926)

[1.00, 
6.00]

Reported Childhood Event
Yes 943 

(33.5%)
 587 

(11.4%)
 1530 

(19.2%)


Reported Young Adulthood Event
Yes 1255 

(44.6%)
 2200 

(42.8%)
 3455 

(43.4%)


Reported Midlife Event
Yes 1039 

(36.9%)
 2599 

(50.6%)
 3638 

(45.7%)


Reported Late Adulthood Event
Yes 397 

(14.1%)
 1506 

(29.3%)
 1903 

(23.9%)


log CRP
Mean 
(SD)

.585 
(1.07)

[-2.30, 
3.34]

.871 
(.968)

[-1.77, 
3.68]

.770 
(1.01)

[-2.30, 
3.68]

CRP POMP
Mean 
(SD)

5.11 
(1.89)

[0, 
10.0]

4.85 
(1.78)

[0, 
10.0]

4.94 
(1.82)

[0, 
10.0]

Raw CRP (mg/L)
Mean 
(SD)

3.11 
(3.73)

[.100, 
28.3]

3.88 
(4.72)

[.170, 
39.7]

3.60 
(4.41)

[.100, 
39.7]

Note. Covariates age, sex, BMI, smoking status, race, education, and comorbid-
ities are reported at the time of blood draw.
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4.3. Independent effects of stressors in life stages on CRP in sample aged 
45+

Independent effects models tested the effects of stressors experienced 
in the first three life stages (i.e., childhood, young adulthood, and 
midlife) above and beyond each other when entered in the same model. 
To ensure individuals had an equal opportunity of experiencing events 
in all three life stages, we conducted these analyses in participants aged 
45 years and older (n = 7,928; i.e., the youngest age was a minimum of 5 
years into the midlife stage). Experiencing more stressors in young 

adulthood and midlife were associated with higher CRP levels, above 
and beyond each other and childhood (young adulthood: γ = .078, SE =
.028, p = .005; midlife: γ = .064, SE = .029, p = .024). The association 
between young adulthood events and CRP was consistent across all 
sensitivity analyses (see Fig. 2 and Table S7). The association between 
midlife events and CRP was similar across all sensitivity analyses but 
was attenuated slightly and no longer statistically significant when 
adjusting for race and education and when individuals with CRP levels 
greater than 10 mg/L were removed (Fig. 2 and Table S7).

Fig. 1. Histogram of the frequency of different stressful life events experienced in each life stage 
Note. Figure demonstrates the variation in the different stressful life events experienced in each of the four life stages.

Fig. 2. Model estimates for primary and sensitivity analyses for each stage of model building 
Note. Unstandardized γ coefficients and 95% confidence intervals for primary (Model 1, N = 7,952) and sensitivity (Models 2–7) analyses of stressors experienced 
across the lifespan (cumulative) and in childhood (<18 years), young adulthood (18–39 years), midlife (40–59 years), and late adulthood (60+ years) in main effects 
models (life stages tested separately) and independent effects models (life stages tested together) in sub-samples aged 45+ (n = 7,928) and 65+ years old (n = 4,972). 
Tables with estimates can be found in supporting materials. All analyses control for age, sex, smoking status, cohort, and the time elapsed between survey completion 
and blood draw.

A.R. Hillmann et al.                                                                                                                                                                                                                            Brain, Behavior, & Immunity - Health 41 (2024) 100861 

5 



4.4. Independent effects of stressors in life stages on CRP in sample aged 
65+

Independent effects models tested the effects of stressors experienced 
in up to all four life stages (i.e., childhood, young adulthood, midlife, 
and late adulthood) above and beyond each other when entered in the 
same model. To ensure individuals had an equal opportunity of expe-
riencing events in all four life stages, we conducted these analyses in 
participants aged 65 years and older (n = 4,972; i.e., the youngest age 
was a minimum of 5 years into the late adulthood stage). Experiencing 
more stressors in midlife was associated with higher CRP above and 
beyond the other life stages (midlife: γ = .078, SE = .038, p = .038). This 
finding remained consistent across all sensitivity analyses (see Fig. 2 and 
Table S8). In addition, a new association between stressful events in 
young adulthood and higher CRP emerged in sensitivity analyses that 
removed BMI as a covariate (young adulthood: γ = .088, SE = .039, p =
.024), dropped the self-illness stressor from the event count (young 
adulthood: γ = .11, SE = .045, p = .013), and removed individuals with 
CRP levels greater than 10 mg/L (young adulthood: γ = .074, SE = .034, 
p = .028) (Table S8).

4.5. Secondary analyses with additional biomarkers of aging

We conducted secondary analyses within the HRS sample to test 
additional inflammatory markers (IL-6 and sTNFR-1) and epigenetic age 
(see full results in supporting materials). We found a similar pattern of 
results across the additional biomarkers; the cumulative number of 
stressful life events was associated with higher levels of IL-6 and sTNFR- 
1 and a faster Pace of Aging (IL-6: b = .008, SE = .002, p < .001; sTNFR- 
1: b = .012, SE = .005, p = .017; Pace: b = .005, SE = .002, p = .007). In 
main effects models that withstood correction for multiple comparison, 
experiencing more events in young adulthood was associated with 
higher IL-6 (b = .012, SE = .003, p < .001) and more events in late 
adulthood was associated with higher sTNFR-1 (b = .026, SE = .009, p =
.002).

4.6. Exploratory analyses

We conducted exploratory analyses testing sex as a moderator in the 
association between total number of life stressors/stressors in each life 
stage and CRP, based on prior evidence that men and women may 
experience different stressor types and have different negative affective 
and physiological responses to stress especially across the lifespan 
(Davis et al., 2011). There were no statistically significant interactions 
between the total number of stressors nor any of the life stages and sex 
on CRP (p’s > .49). We also created more fine-grained childhood stages 
(pre- and post-puberty) to capture some of the social and biological 
changes that take place within childhood that may be relevant for stress 
responses. There were no statistically significant associations between 
pre-puberty childhood stressors or post-puberty childhood stressors and 
CRP (p’s > .69).

5. Discussion

The current study examined the association between the cumulative 
number of stressful life events, and the life stages in which stressful 
events occur, and systemic inflammation in a cross-country sample of 
almost 8,000 older adults pooled across two cohort studies. The results 
supported a cumulative effect of the total number of stressors on 
inflammation and identified young adulthood and midlife as potential 
sensitive periods where stressors have the largest effect on inflamma-
tion. These results were independent of chronological age, sex, BMI, 
smoking status, time elapsed between survey completion and the blood 
draw, and cohort. Additionally, the patterns of results were largely 
robust across multiple sensitivity analyses that controlled for race and 
education, removed BMI as a covariate, dropped the self-illness stressor, 

removed individuals with high CRP (greater than 10 mg/L), controlled 
for chronic conditions, and included additional childhood adversities (i. 
e., parental drug/alcohol use, abuse). The effect sizes of stressful events 
were modest, for both cumulative and young adulthood/midlife effects, 
but the standardized effects (see Supporting Tables) were about one- 
third the size of other predictors of inflammation, including chrono-
logical age and smoking status.

Our cumulative findings support the accumulation of risks model and 
align with previous studies linking retrospective reports of more 
stressful life events experienced across the lifespan to higher levels of 
inflammation (Hostinar et al., 2015; Lin et al., 2016). Higher levels of 
CRP have clinical relevance and have been shown to prospectively 
predict all-cause, cancer, and cardiovascular disease mortality risk 
(Barron et al., 2015). Although CRP is often regarded as being more 
stable and reliable biomarker than other inflammatory markers, we 
further replicated our cumulative findings across two additional in-
flammatory markers (IL-6 and sTNFR-1) and the third-generation 
epigenetic clock Pace of Aging. These findings validate the cumulative 
effect of stress on multiple biomarkers of aging and highlight the po-
tential for repeated exposure to stressful events across the lifespan to 
increase risk for poorer health outcomes including morbidity, mortality, 
and age related declines in physical and cognitive functioning (Furman 
et al., 2019; Justice et al., 2018). The only contradictory finding across 
all six cumulative sensitivity analyses was the attenuated association 
when dropping individuals (n = 563) with high levels of CRP (p = .052). 
We concluded this was due to reduced power and not driven by current 
illness. We maintain that the models with the full range of CRP values 
are most generalizable because in older adult samples higher CRP values 
may represent important variation in health status as opposed to acute 
illness (Giollabhui et al., 2020); for instance, in our sample having CRP 
levels greater than 10 was linked to having significantly higher BMI 
(mean BMI = 32.13) compared to individuals with CRP levels below 10 
(mean BMI = 28.33, t = − 11.4, p < .001).

Our life stage findings extend the current literature by identifying 
stressful events in young adulthood and midlife as most consistently 
predictive of inflammation, above and beyond events in childhood and 
late adulthood. Specifically, in the independent effects models in the 
45+ sample where we compared events in childhood, young adulthood, 
and midlife within the same model, both stressful events in young 
adulthood and midlife were significant predictors of higher CRP with the 
same standardized effect size (β = .03). However, in the independent 
effects models in the 65+ sample where all life stages were compared to 
each other, only midlife remained a significant predictor. In the exclu-
sively older adult (65+) sample it is possible that the association be-
tween young adulthood stressors and CRP was weakened because this 
sub-set of participants included fewer people who reported young 
adulthood stressors. Importantly, when the health-related stressor was 
removed from analyses, the independent effects in the 65+ sample 
mirrored those in the 45+ sample, suggesting that proximal health 
related stressors in midlife may be responsible for some of the findings 
observed in the 65+ sample.

The associations with young adulthood and midlife stress align with 
previous work that most consistently links stressful events between ages 
18–30 and 31–64 years to self-rated health, acute/chronic conditions, 
and functional disability above and beyond stressors in childhood and 
late adulthood (Krause et al., 2004). It is possible that young and 
middle-aged adults are most vulnerable to major stressful events 
because they may hold more social roles (e.g., being both a parent and 
caregiver to older parents) and so in stressful circumstances (e.g., death 
of a loved one, natural disaster) they may serve as primary support 
providers for both their children and parents and receive less support 
than they give (Fingerman et al., 2011; Wang and Gruenewald, 2019; 
Wrzus et al., 2013). Another explanation we considered was whether the 
financial stress that accompanies some of these events was putting strain 
on young and midlife adults who are financially responsible for de-
pendents. Previous work has shown low socioeconomic status (SES) is 
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associated with stressful experiences (John-Henderson et al., 2016; 
Tschanz et al., 2013). To address this possibility, we included education 
as a covariate in sensitivity analyses; education is relatively stable across 
the lifespan and should more accurately reflect the individual’s socio-
economic status at the time the stressor occurred as compared to other 
measures of SES that may fluctuate over time (i.e., income, occupation). 
In the 45+ independent effects analyses, the addition of education did 
not attenuate the young adulthood association with CRP, and moder-
ately attenuated the midlife association with CRP (p = .056). The 
addition of race and education explained only an additional .5% of the 
total variance in CRP, suggesting other factors beyond sociodemo-
graphics may explain the health significance of stressors in these life 
stages. Aside from this attenuation, the young adulthood and midlife 
associations were largely consistent across sensitivity analyses (see 
Fig. 2) and emerged as both significant main effects and independent 
effects predictors of additional biomarkers of aging. For example, when 
we tested additional biomarkers, young adulthood stressors emerged as 
a significant predictor in main effects models (predicting IL-6) and in 
independent effects models (predicting IL-6). Midlife stressors also 
emerged as a significant predictor in independent effects models (pre-
dicting IL-6, PhenoAge, and Pace of Aging) (see supporting materials 
Secondary Analyses).

Based on prior work (Chiang et al., 2022) it was surprising that we 
did not find an association between childhood stressors and inflamma-
tion, but this could be because previous studies have not often controlled 
for adulthood stress in the model. There was variability in the number 
and type of stressors experienced during each life stage, including 
childhood, suggesting a floor effect was not a likely explanation for our 
null childhood associations. To further ensure there was an equal op-
portunity of experiencing stressful life events during each life stage, in 
sensitivity analyses we included additional childhood adversity items, 
and our results remained unchanged. Despite the addition of two 
childhood specific adversities, it should be noted that we still did not 
have data on various childhood experiences that are often assessed, such 
as childhood sexual and emotional abuse. It is also possible we may have 
failed to detect a statistically significant childhood effect because our 
definition of childhood was too broad (0–17 years), but when we tested 
more granular childhood developmental stages (pre-puberty 0–12 and 
post-puberty 13–17) our results remained the same. Furthermore, there 
were fewer childhood stressors reported compared to the other life 
stages, and failure to detect results, especially when further dividing this 
group into more granular stages, could be due to reduced power. Testing 
additional childhood developmental stages with a more comprehensive 
measure of childhood adversity is an important area to explore in future 
lifespan research. Additionally, to determine if our findings replicate, 
future studies should continue to test the sensitive period model by using 
large samples with sufficient variation in events reported across the 
lifespan and by comparing the life stages within the same model.

The current study has notable strengths including the integrative 
data analysis approach, large sample size, generalizability of results 
across two countries, assessment of multiple biomarkers relevant for 
healthy aging, and incorporation of a lifespan approach to test two 
relevant lifespan models. This is the first study with sufficient charac-
terization of and variation in stressful events across the lifespan to test 
the associations between stressors in multiple well-defined develop-
mental stages and systemic inflammation, whereas previous studies 
have only compared childhood (<18 years) to adulthood stressors (18+) 
(Bourassa et al., 2021; Lin et al., 2016).

The current study also has a number of limitations, including the 
retrospective reporting of stressful events. However, the HRS and ELSA 
samples took additional consideration to ensure accurate retrospective 
reporting, including utilizing an “Event History Calendar” or “Lifegrid” 
where participants construct personal timelines and reference landmark 
events that are recalled with high accuracy (e.g., births, deaths) and 
historical events relevant to the cohort (e.g., death of Queen Victoria, 
JFK assassination). Participants generally report that the Lifegrid makes 

recall easier (Pascale and McGee, 2008), and in a small sample of older 
adults (N = 57) 80% of individuals were able to accurately recall details 
about their childhood home environment compared to archival data 
(Berney and Blane, 1997). Furthermore, exploration of the factors that 
may explain the associations between young adulthood and midlife 
stressors and health was limited by the available stress data collected in 
HRS and ELSA. For example, we have no measure of the perceived 
severity of the events, leaving it unclear if and to what extent the events 
were traumatic or if they led to symptoms of PTSD, which would further 
increase risk of heightened inflammation (Bourassa and Sbarra, 2024; 
Tursich et al., 2014). In addition, the available measure of stressful 
events does not have sufficient variation in event types to determine if 
categories of stressors (e.g., social threats, physical threats) have dif-
ferential impacts on inflammation. For example, based on previous 
theoretical and empirical research, we would expect that the presence of 
social threats would have particularly substantial influences on 
inflammation, but we were unable to test this hypothesis (e.g., Slavich 
et al., 2023); these data may be collected more easily prospectively and 
could be considered in future work. An additional consideration is that 
this analysis focused on the effect of stressful events among individuals 
who experienced at least one stressful event, which permitted compar-
ison across our cumulative and life stage analyses. Our analytic sample 
largely did not differ from the individuals who did not report any 
stressful events on the primary covariates (i.e., BMI, sex, age) or levels of 
CRP, but there may be other differences on unmeasured variables that 
could have biased response rates. For this reason, we caution the over 
generalization of our findings. Last, although our sample combined 
people across countries, it was not racially diverse and due to data pri-
vacy restrictions, our race categorization specificity was limited (i.e., 
White vs. non-White); race and ethnicity can have important implica-
tions for how individuals are exposed to and respond to stress (Slopen 
et al., 2010).

In conclusion, our findings support prior evidence that over time 
stressors have a cumulative wear and tear effect on our physiology. In 
addition, stressful events that occur during sensitive periods of adult 
development, specifically young adulthood and midlife, may have the 
largest negative effects on chronic inflammation. Therefore, imple-
menting strategies to ameliorate the negative health effects of some of 
these stressful life events may be most beneficial if implemented as early 
as young adulthood. Future concurrent research is needed to investigate 
protective factors (e.g., social support) that may be most effective in 
buffering the negative effects of stress during these life stages.
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