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Abstract

Aim: Allostatic load (AL) is a composite measure of cumulative physiological stress, but its role in heart
failure (HF) onset and prognosis remains unclear.

Methods: We analyzed data from two U.S. cohorts. Logistic regression assessed AL and incident HF in 3,814
adults from the Health and Retirement Study (HRS, 2016-2020). Cox regression examined AL with
cardiovascular and all-cause mortality in 1,200 HF patients from the National Health and Nutrition
Examination Survey (NHANES, 1999-2010 and 2015-2016). AL was derived from nine biomarkers and
categorized as low (0-2), medium (3), or high (= 4).

Results: In HRS, after full adjustment, high AL was associated with increased incident HF risk versus low
AL (OR =2.07; 95% CI: 1.29-3.32; P = 0.002), with each 1-unit increase raising risk by 30% (P < 0.001). In
NHANES, after full adjustment, high AL predicted elevated cardiovascular (HR = 2.03; 95% CI: 1.37-3.03;
P <0.001) and all-cause mortality (HR = 1.70; 95% CI: 1.30-2.22; P < 0.001). Per unit increase, AL raised
cardiovascular mortality by 18% and all-cause mortality by 15%. Model performance improved modestly
with AL.

Conclusions: Elevated AL is independently associated with HF incidence and poorer prognosis, supporting
its potential as an integrative biomarker for HF risk stratification and prevention.
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Graphical abstract. Associations of allostatic load with heart failure incidence and prognosis.

Introduction

Cardiovascular disease (CVD) remains the leading cause of death, particularly among the elderly population
[1]- According to World Health Organization (WHO) data from 2019, CVD accounted for approximately 17.9
million deaths, representing 32% of all global deaths. It is estimated that by 2030, the number of elderly
aged 65 and above will increase by 20% [2]. Consequently, the rising prevalence of CVD among the aging
population is expected to impose a substantial strain on public health systems worldwide [3, 4]. Heart
failure (HF), a serious condition when the heart can’t pump blood well enough to give your body a normal
supply, is increasingly regarded as a major health burden globally, with approximately 37.7 million people
affected worldwide [5-9]. According to a 2014 report, compared to other forms of CVD, HF accounted for
approximately 108 billion US dollars in medical expenditures in 2012, with the majority of this amount
spent on direct medical costs [8]. In China, the prevalence of HF among adults aged = 35 years is
approximately 1.3%, translating to about 13.7 million cases nationwide [10]. The burden is projected to
increase alongside the aging population, posing significant public health and economic challenges.

The allostatic load (AL) is a physiological measure of the cumulative burden of chronic stress on the
body, evaluated through multi-system biomarkers of dysregulation [11]. Although AL is associated with
various adverse health outcomes, including all-cause mortality and cardiovascular mortality [12-14], its
role in predicting HF risk and prognosis has not been well studied. Here, we aim to explore the role of AL in
the pathogenesis of HF: (1) using the longitudinal data from the Health and Retirement Study (HRS) to
assess the association between AL and new-onset HF; (2) using the National Health and Nutrition
Examination Survey (NHANES) data to study the impact of AL on the cardiovascular and all-cause mortality
among patients with HF. Given the rising incidence of HF, and usually there’s no cure, our results could
provide a new avenue in the prevention and management of HF.
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Materials and methods
Data availability statement

The HRS data used in this study are publicly available at (https://hrs.isr.umich.edu/about). The NHANES
data are accessed from the National Health and Nutritional Examination Survey (https://wwwn.cdc.gov/
nchs/nhanes/) and NHANES 2019 Public-Use Linked Mortality File (https://www.cdc.gov/nchs/linked-
data/mortality-files).

Study population

The HRS is a nationally representative longitudinal survey of approximately 20,000 U.S. adults aged 50 and
older, initiated in 1992 and conducted biennially. Details of the multistage area probability sampling
method used to recruit a nationally representative sample of noninstitutionalized U.S. adults have been
reported previously [15]. For this study, we use the data from the waves 2016, 2018, and 2020 because
biomarker data from the Venous Blood Study (VBS) were only available in wave 2016. Participants were
eligible for inclusion if they met the following criteria: 1) no self-reported diagnosis of HF or cancer at
baseline in 2016; 2) complete data to calculate AL at baseline; 3) complete information on the key
covariates, including age, sex, race/ethnicity, education, family income, marital status, smoking status,
drinking status, diabetes, and hypertension. A total of 3,814 eligible participants were included at baseline
in the HRS cohort. After excluding participants with missing covariate data, 2,951 participants were
included in the fully adjusted analyses (Figure S1).

The NHANES is an official representative survey designed to assess the health and nutritional status of
the civilian and noninstitutionalized U.S. population. It uses a complex, multistage probability sampling
design and is conducted in a 2-year cycle by the official institute, the National Center for Health Statistics
(NCHS) [16-18]. For this analysis, we included data from seven continuous NHANES cycles: 1999-2000,
2001-2002, 2003-2004, 2005-2006, 2007-2008, 2009-2010, and 2015-2016. The waves in 2011-2012
and 2013-2014 were deleted due to missing data on C-reactive protein (CRP) for AL calculation.
Participants from these cycles were linked to mortality outcomes through the data from the 2019 Linked
Mortality File. The inclusion criteria were as follows: 1) age = 25; 2) complete data on AL; 3) with HF; 4)
complete data on key covariates, including age, sex, race/ethnicity, education, family income, marital status,
smoking status, drinking status, serum creatinine, coronary heart disease, diabetes, and taking
antihypertensive medication. Participants with missing figures for mortality status or survival time were
excluded. A total of 1,200 individuals with HF were included in the NHANES cohort at baseline. After
exclusion of participants with missing covariate data, 568 participants were included in the fully adjusted
analyses (Figure S2).

Measurement

HF in the HRS was identified using the self-reported responses to the survey question: “Has a doctor ever
told you that you have congestive heart failure?”. In NHANES, HF was determined by the question “Ever told
had congestive heart failure?”.

The AL was constructed using the same set of physiological indicators in both the HRS and NHANES
cohorts. In NHANES studies and as established in the formal studies on AL, the AL was deprived from ten
physiological biomarkers representing three major biological system: CRP for the immune system; systolic
and diastolic BP and resting pulse for the cardiovascular system; and body mass index (BMI), total
cholesterol (TC), high density lipoprotein cholesterol (HDL-C), glycosylated hemoglobin (HbA1c), albumin,
and triglycerides (TG) for the metabolic system [12, 19, 20]. However, TG is a weak indicator of AL in prior
studies and was therefore excluded in the present analysis [21-23]. The AL in this study included nine
biomarkers: systolic BP, diastolic BP, resting pulse, BMI, TC, HDL-C, HbA1c, albumin, and CRP [24]. Each
biomarker was assigned a score of 1 if the value exceeded clinical cut-off thresholds, and 0 otherwise. The
total AL score ranged from 0 to 9. Participants were classified into three groups: low (0-2), medium (3),
and high AL (= 4), based on score distribution and prior studies [23]. The clinical cut-off of AL thresholds
was selected based on widely accepted standards from previous literature and applied consistently across
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both datasets [24]. Specifically, the following cut-off values were used: systolic BP = 140 mmHg, diastolic BP
> 90 mmHg, TC = 240 mg/dL, HDL-C < 40 mg/dL, CRP = 0.3 mg/dL, HbAlc 2 6.4%, albumin < 3.8 mg/dL,
resting pulse > 90 bpm, and BMI > 30 kg/m?

Covariates included age, sex (male, female), race/ethnicity (white, others), education (< 12 years, 12
years, and > 12 years), marital status (married, separate), family income (< $14,999; $15,000-24,999;
$25,000-49,999; = $50,000), smoking statue (yes, no), drinking statue (yes, no), serum creatinine, coronary
heart disease (yes, no), diabetes (yes, no) and taking antihypertensive medication (yes, no).

Statistical analysis

Continuous variables were expressed as means # standard deviation or median (interquartile range), while
categorical variables were expressed as counts and percentages. Normally distributed continuous variables
were compared using independent t-tests or ANOVA, whereas non-normally distributed variables were
compared using Mann-Whitney tests or Kruskal-Wallis tests, as appropriate. Categorical variables were
compared using Chi-square tests. Logistic regression was used to evaluate the association between AL and
the incidence of HF using the HRS data, and the Cox proportional hazards regression model was used to
assess the association between AL and the risk of cardiovascular and all-cause mortality using the data
from the NHANES and HRS.

Logistic regression results were reported as odds ratios (ORs) with 95% confidence intervals (CIs). The
Cox proportional hazards regression results were reported as hazard ratios (HRs) with 95% Cls. For both
datasets, three models were constructed: Model 1 was unadjusted; Model 2 adjusted for demographic
characteristics (age, sex, education level, marital status, race/ethnicity, and income); Model 3 further
adjusted for health behaviors and clinical factors (smoking, drinking, serum creatinine, coronary heart
disease, antihypertensive medication, and diabetes). Tests for trend were performed by modeling ordered
AL categories as ordinal variables in the regression analyses. Interaction analyses were conducted by
including multiplicative interaction terms between AL and subgroup variables in the regression models. To
evaluate the incremental predictive value of AL, we constructed a baseline line prediction model based on
variables included in the American Heart Association PREVENT equation, including age, sex, systolic BP, TC,
HDL-C, BMI, smoking status, diabetes, and estimated glomerular filtration rate (eGFR) [25]. AL was then
added to the baseline model to assess its additional predictive contribution. Model discrimination was
evaluated using the C-statistic (area under the receiver operating characteristic curve, AUC). Differences in
AUCs between models were compared using DeLong’s test with bootstrap resampling. Reclassification
performance was further assessed using continuous net reclassification improvement (NRI) and integrated
discrimination improvement (IDI).

In a sensitivity analysis, participants who died within 2 years of follow-up were excluded. To make full
use of all the information in the sample, multiple imputation (MI) methods have been performed in another
sensitivity analysis. Although there were no changes to the method and laboratory for AL-related
measurements, we conducted another sensitivity analysis to test the potential effects of measurement
changes over time by dividing the cohort into three groups (NHANES 1999-2004, NHANES 2005-2010,
NHANES 2015-2016). Additional sensitivity analyses were conducted after excluding participants with
baseline coronary heart disease to further evaluate the robustness of the observed associations.
Furthermore, stratified analysis was performed by selected variables: age (< 65 vs. = 65 years old), sex
(male vs. female), race (white vs. others), marital status (married vs. single), taking antihypertensive
medication (yes vs. no), and diabetes (yes vs. no). In addition, Kaplan-Meier survival analyses stratified by
AL groups were conducted for both CVD and all-cause mortality. We assessed the incremental predictive
value of AL by comparing base models (containing demographic, socioeconomic, health behavior, and
clinical covariates) to extended models that included AL in both cohorts. Multicollinearity among covariates
was assessed using variance inflation factors (VIFs), and no significant multicollinearity was detected (all
VIFs < 5). The proportional hazards assumption was evaluated using Schoenfeld residuals. Statistical
analyses were performed using R 4.2.3 (R Foundation for Statistical Computing, Vienna, Austria). A two-
sided P value of < 0.05 was considered statistically significant.

Explor Cardiol. 2026;4:1012118 | https://doi.org/10.37349/ec.2026.1012118 Page 4



Results

A total of 3,814 participants were included in the analysis. Overall, the mean age of study participants was
76.74 + 9.17 years, and 50.3% were male. A total of 1,200 participants with HF were included in the
analysis. The mean age of participants was 72.65 * 10.56 years, and 59.3% were male (Table 1). Most of the
AL components were lower in participants without HF or in those who survived (Table S1).

Table 1. Characteristics of participants.

Characteristics Health and Retirement Study National Health and Nutrition Examination Survey
No heart Heart failure P value Survived CVD death Other-cause P value*
failure N=151 N =427 N=324 death
N = 3,663 N =449

Age, year 72.31+10.05 76.74 +9.17 S 001 61.46+1298 72.65+10.56 71.78+10.60 < 0.001

Male (%) 1,453 (39.7) 76 (50.3) 0.009 231 (54.1) 192 (59.3) 260 (57.9) 0.319

White (%) 1,306 (35.7) 49 (32.5) 0.412 169 (39.6) 199 (61.4) 274 (61.0) < 0.001

Education level

<12 years (%) 666 (18.2) 38 (25.2) 0.015 167 (39.2) 146 (45.2) 212 (47.2) 0.127
12 years (%) 1,100 (30.0) 52 (34.4) 105 (24.7) 70 (21.7) 103 (22.9)
> 12 years (%) 1,897 (51.8) 61 (40.4) 154 (36.2) 107 (33.1) 132 (29.4)
Married (%) 2,425 (66.2) 85 (56.3) 0.012 222 (52.4) 139 (56.6) 202 (45.0) 0.037
Family income
< $14,999 (%) 531 (14.5) 30 (19.9) 0.041 108 (29.1) 102 (35.0) 137 (30.5) 0.003
$15,000-24,999 (%) 476 (13.0) 27 (17.9) 84 (22.7) 60 (20.6) 99 (22.0)
$25,000-49,999 (%) 963 (26.3) 30 (19.9) 121 (32.6) 109 (37.5) 122 (27.2)
> $50,000(%) 1,693 (46.3) 64 (42.4) 58 (15.6) 20 (6.9) 35(7.8)

Smoking (%) 397 (10.8) 17 (11.3) 0.090 14 (3.3) 8 (2.5) 11 (2.4) 0.003

Drinking (%) 753 (20.6) 18 (11.9) 0.008 33 (7.7) 21(6.5) 40 (8.9) 0.280

Coronary heart disease 32 (0.9) 6 (4.0) < 182 (42.6) 134 (41.4) 173 (38.5) 0.522

(%) 0.001

Diabetes (%) 976 (26.6) 64 (42.4) (<) 001 146 (35.4) 132 (42.3) 177 (39.4) 0.126

Antihypertensive 1,900 (51.9) 113 (74.8) < 328 (76.8) 241 (74.4) 302 (67.3) 0.383

medication (%) 0.001

Serum creatinine, mg/dL ~ 1.12 1.10 < 0.92 1.12 1.10 (0.9-1.50) <0.001
(0.90-1.44) (0.9-1.50) 0.001  (0.77-1.11) (0.90-1.44)

Allostatic load score

Low (%) 1,705 (46.6) 48 (31.8) < 195 (45.7) 129 (39.8) 179 (39.9) 0.234
Moderate (%) 1,016 (27.7) 43 (285) 9001 95222 68 (21.0) 106 (23.6)
High (%) 942 (25.7) 60 (39.7) 137 (32.1) 127 (39.2) 164 (36.5)

*: Group differences were analyzed using independent t-tests or ANOVA for normally distributed continuous variables,
Mann-Whitney U tests for non-normally distributed variables, and chi-square (x°) tests for categorical variables. Other-cause
death does not include CVD death. CVD: cardiovascular disease.

Association between AL and HF in the general population

About 31.8% of participants were classified in the low AL group. During approximately 4 years of follow-up,
a total of 151 incident HF cases (9.93 per 1,000 person-years) were identified in the HRS cohort. The
incidences of HF were 2.74%, 4.06%, and 5.99% in participants with low, moderate, and high AL groups,
respectively.

Each unit increase in AL score was associated with a 49% higher risk of HF (OR = 1.49; 95% CI:
1.21-1.82, P< 0.001). Compared to the low AL group, participants in the high AL group had a significantly
higher risk of HF (OR = 2.17; 95% CI: 1.46-3.21, P< 0.001), and the medium AL group did not show
statistically higher risk of HF (OR = 1.44; 95% CI: 0.94-2.21, P = 0.090). After adjusting for other covariates,
consistently, each unit increase in AL was associated with a 30% increase in the risk of HF (OR = 1.30; 95%
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CI: 1.13-1.49, P < 0.001). Compared to the low AL group, a significantly higher risk of HF (OR =2.07; 95%
CI: 1.29-3.32, P = 0.002) remained in the high AL group, but not for the medium AL group (OR = 1.26; 95%
Cl: 0.75-2.11, P = 0.391) (Table 2).

Table 2. Association between AL and incident heart failure in the HRS cohort.

AL NiCase (%) OR 95% CI P value
Model 1

Low AL (0-2) Reference

Medium AL (3) 1,059/29 (2.7) 1.44 0.94-2.21 0.090
High AL (= 4) 1,002/103 (10.28) 2.17 1.46-3.21 <0.001
P for trend 3,814/151 (4.0) 1.47 1.21-1.79 < 0.001
Per unit increment 3,814/151 (4.0) 1.49 1.21-1.82 <0.001
Model 2

Low AL (0-2) Reference

Medium AL (3) 1,058/29 (2.7) 1.50 0.98-2.32 0.064
High AL (= 4) 999/103 (10.3) 2.21 1.47-3.33 <0.001
P for trend 3,807/151 (4.0) 1.49 1.21-1.82 <0.001
Per unit increment 3,807/151 (4.0) 1.45 1.28-1.61 < 0.001
Model 3

Low AL (0-2) Reference

Medium AL (3) 842/22 (2.6) 1.26 0.75-2.11 0.391
High AL (= 4) 823/81 (9.8) 2.07 1.29-3.32 0.002

P for trend 2,951/115 (3.90) 1.46 1.14-1.84 0.002
Per unit increment 2,951/115 (3.90) 1.30 1.13-1.49 < 0.001

Model 1 was unadjusted; Model 2 adjusted for age, sex, education level, marital status, race/ethnicity, and income; Model 3
further adjusted for smoking, drinking, serum creatinine, coronary heart disease, antihypertensive medication, and diabetes.
HRS: Health and Retirement Study; AL: allostatic load; OR: odds ratio; Cl: confidence interval.

Association between AL and mortality among patients with HF

Only 39.8% of patients were classified in the low AL group. Over a median follow-up of 5.92 years (Q1-Q3:
3.17-11.08 years), 324 (27%) cardiovascular deaths and 773 (64.4%) all-cause deaths were observed. The
cardiovascular mortality rates among HF patients in low, moderate, and high AL groups were 25.65%,
25.28%, and 29.67%; and 61.23%, 64.68% and 67.99% for all-cause mortality rates, respectively.

After adjusting for other covariates, each unit increase in AL score was significantly associated with a
18% higher risk of cardiovascular mortality (HR = 1.18; 95% CI: 1.05-1.31, P = 0.007). Patients with HF in
the high AL group had doubled the risk of CVD death compared to the low AL group (HR = 2.03; 95% CI:
1.37-3.03, P < 0.001), while the medium AL group was not significant (HR = 1.30; 95% CI: 0.82-2.07, P =
0.261). After controlling for other covariates, a per-unit increase in AL was associated with a 15% increased
risk of all-cause mortality (HR = 1.15; 95% CI: 1.06-1.24, P = 0.001). Compared to the low AL group, the
high AL group was significantly associated with higher mortality (HR = 1.70; 95% CI: 1.30-2.22, P < 0.001),

and the medium AL group was also significant (HR = 1.35; 95% CI: 1.01-1.79, P = 0.041) (Table 3 and
Figure 1).

Table 3. Association between allostatic load (AL) and mortality outcomes among individuals with heart failure in the
NHANES cohort.

AL NiCase HR 95% ClI P value
CVD-death

Model 1

AL score = low Reference

AL score = medium 269/68 1.11 0.83-1.49 0.494
AL score = high 428/127 1.31 1.03-1.68 0.030
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Table 3. Association between allostatic load (AL) and mortality outcomes among individuals with heart failure in the
NHANES cohort. (continued)

AL NiCase HR 95% CI P value
P for trend 1,200/324 1.15 1.01-1.30 0.031
Per unit increment 1,200/324 1.08 1.01-1.15 0.024
Model 2

AL score = low Reference

AL score = medium 233/57 1.15 0.83-1.59 0.399
AL score = high 371/113 1.58 1.21-2.06 0.001
P for trend 1,040/288 1.26 1.10-1.44 0.001
Per unit increment 1,040/288 1.14 1.06-1.23 0.001
Model 3

AL score = low Reference

AL score = medium 63/16 1.30 0.82-2.07 0.261
AL score = high 101/29 2.03 1.37-3.03 < 0.001
P for trend 586/144 1.42 1.16-1.74 0.001
Per unit increment 586/144 1.18 1.05-1.33 0.007
All cause-death

Model 1

AL score = low Reference

AL score = medium 269/174 1.21 1.00-1.45 0.048
AL score = high 428/291 1.26 1.07-1.48 0.005
P for trend 1,200/773 1.12 1.04-1.22 0.004
Per unit increment 1,200/773 1.07 1.03-1.12 0.002
Model 2

AL score = low Reference

AL score = medium 233/148 1.33 1.08-1.63 0.007
AL score = high 371/253 1.54 1.29-1.84 <0.001
P for trend 1,040/671 1.24 1.14-1.35 < 0.001
Per unit increment 1,040/671 1.14 1.08-1.19 <0.001
Model 3

AL score = low Reference

AL score = medium 111/77 1.35 1.01-1.79 0.041
AL score = high 163/120 1.70 1.30-2.22 < 0.001
P for trend 586/353 1.31 1.15-1.49 < 0.001
Per unit increment 586/353 1.15 1.06-1.24 0.001

Model 1 was unadjusted; Model 2 adjusted for age, sex, education level, marital status, race/ethnicity, and income; Model 3
further adjusted for smoking, drinking, serum creatinine, coronary heart disease, antihypertensive medication, and diabetes.
NHANES: National Health and Nutrition Examination Survey; HR: hazard ratio; Cl: confidence interval; CVD: cardiovascular
disease.

Predictive value of AL

In the HRS cohort, adding baseline AL to the HF model modestly improved discrimination for incident HF,
with the C-statistic increasing from 0.711 (95% CI: 0.669, 0.753) to 0.720 (95% CI: 0.678, 0.761), yielding a
difference of 1.15% (95% CI: -0.73%, 3.03%). The NRI was 0.142 (95% CI: -0.031, 0.316), and the IDI was
0.0016 (95% CI: -0.0022, 0.0053). The extended model incorporating AL showed a higher C-statistic for
CVD mortality, increasing from 0.689 (95% CI: 0.654, 0.723) to 0.709 (95% CI: 0.674, 0.743), with a
difference of 1.95% (95% CI: 0.36%, 3.89%). For all-cause mortality, the C-statistic rose from 0.689 (95%

Cl: 0.668, 0.714) to 0.699 (95% CI: 0.679, 0.725), with a difference of 1.00% (95% CI: 0.26%, 2.16%)
(Table 4).

Stratified analysis and sensitivity analysis

We conducted stratified analyses to examine whether the association between high AL and adverse
outcomes differed by subgroup and showed similar results (Figure 2 and Figure 3). Sensitivity analyses
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Figure 1. Kaplan—Meier curves for cardiovascular disease (CVD). (A) death and all-cause death (B) by allostatic load (AL)
group in the NHANES cohort. Numbers at risk and events are shown below the curves. Hazard ratios (HRs) were estimated
using Cox proportional hazards models adjusted for covariates (age, sex, education level, marital status, race/ethnicity, income,
smoking, drinking, serum creatinine, coronary heart disease, antihypertensive medication, and diabetes).

Table 4. Predictive value of AL in HF onset and prognosis.

Cohorts Outcomes Models C-statistic (95% CI) NRI (95% Cl) IDI (95% CI)
Estimate Difference (%)
HRS HF incidence  Base model 0.711 (0.669, Ref Ref Ref
0.753)
Base model + 0.720 (0.678, 1.15 (-0.73, 0.142 (-0.031, 0.0016 (—0.0022,
AL 0.761) 3.03) 0.316) 0.0053)
NHANES CVD-death Base model 0.689 (0.654, Ref Ref Ref
0.723)
Base model + 0.709 (0.674, 1.95 (0.36, 0.182 (0.023, 0.0002 (—0.0003,
AL 0.743) 3.89) 0.346) 0.0007)
All-caused Base model 0.689 (0.668, Ref Ref Ref
death 0.714)
Base model + 0.699 (0.679, 1.00 (0.26, 0.132 (0.065, 0.0001 (—0.0001,
AL 0.725) 2.16) 0.259) 0.0003)

Base mode included age, sex, race, education levels, married status, family income, smoking, drinking, coronary heart disease,
antihypertensive medication, diabetes, and serum creatinine. HRS: Health and Retirement Study; NHANES: National Health
and Nutrition Examination Survey; AL: allostatic load; Cl: confidence interval; CVD: cardiovascular disease; HF: heart failure;
NRI: net reclassification improvement; IDI: integrated discrimination improvement.

excluding participants who died within 2 years of follow-up (Table S2), imputation of missing data (Table
S3 and Table S4), or grouping the NHANES data into three cohorts (1999-2004, 2005-2010, and
2015-2016) showed similar results (Table S5). The subgroup analysis findings should be considered
exploratory because of the relatively limited sample size and statistical power. The associations between AL
and study outcomes remained generally consistent after excluding participants with baseline coronary
heart disease (Table S6).

Discussion

Using two nationally representative cohorts (the HRS and NHANES), we found that elevated AL was
significantly associated with the incidence of HF in the general population and with both cardiovascular and
all-cause mortality among patients with HF. Furthermore, adding AL to traditional models modestly
improved the performance of predictive models for both HF onset and prognosis.
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Variable Case/N OR (95% CI) Pvalue P for interaction

Sex 0.681
Male 76/1529 —a— 143 (0.97, 2.13) 0.073

Female 75/2285 —a—> 1.48 (1.10, 2.00) 0.01

Age 0.980
<65 21/941 —&—> 1.38 (0.73, 2.62) 0.323

>65 130/2873 - 1.38 (1.09, 1.76) 0.008

Race 0.292
White 49/1355 —=> 1.58 (1.19, 2.10) 0.002

Other Race 102/2453 —a— 1.17 (0.76, 1.78) 0.475

Marital Status 0.753
Married 85/2510 —a— 1.43 (1.03, 1.99) 0.033

Separate 66/1303 —a— 148 (1.05, 2.09) 0.027
Diatebes 0.424
Yes 64/1040 —a> 1.65 (1.12,2.41) 0.01

No 84/2736 —=— 1.30 (0.95, 1.78) 0.096
Antihypertensive medication 0.246
Yes 113/2013 ~=— 135 (1.03,1.76) 0.027

No 33/1682 —=a 1.89 (1.12,3.21) 0.018

051152

Higher HF prevalence Lower HF prevalence

Figure 2. Subgroup analyses of the associations of a unit increase in allostatic load (AL) with incident heart failure in
the HRS cohort (2016-2020). ORs and 95% Cls were obtained from logistic regression models with MI. Models were adjusted
for all covariates (age, sex, education level, marital status, race/ethnicity, income, smoking, drinking, serum creatinine, coronary
heart disease, antihypertensive medication, and diabetes). P values represent within-group effects; P for interaction tests cross-
stratum effect modification. OR: odds ratio; HRS: Health and Retirement Study; Cl: confidence interval; HF: heart failure.

A B
Variable Case/N HR (95% CI) Pvalue P forinteraction Variable Case/N HR (95% Cl) Pvalue P for interaction
Sex 0.331 Sex 0.782
Male 192/683 ~#—  1.14(0.84,1.56) 0.395 Male 452/683 Ll 0.184
Female 132/517 — 252 (1.52, 4.17) Female 321/517 - 0.027
Age 0.139 Age 0.099
<65 70/406 —a—> 1.31(0.81,2.10) 0.271 <65 175/406 - 0.17
>65 254/794 == 1.35(1.01,1.81) 0.044 >65 598/794 - 0.851
Race 0.441 Race 0.580
White 199/642 —=— 1.31(0.91,1.89) 0.143 White 473/642 HiH 0.362
Other Race 125/558 —=— 1.39 (0.97, 1.99) 0.069 Other Race 300/558 H_— 0.054
Marital Status 0.944 Marital Status 0.956
Married 139/621 —> 2.04 (1.30, 3.21) 0.002 Married 341/621 - 0.041
Separate 181/583 —&— 1.37(0.98, 1.91) 0.066 Separate 419/583 HH 0.124
Diatebes 0.451 Diatebes 0.363
Yes 132/455 —= 1.82(1.22,2.72) 0.003 Yes 309/455 - 0.017
No 180/707 -=—  1.13(0.80, 1.61) 0.479 No 440/707 HH 0.353
Antihypertensive medication 0.445 Antihypertensive medication 0.711
Yes 241/871 &~ 1.27(0.95,1.69) 0.102 Yes 543/871 H- 0.113
No 82/326 —=a 194 (1.13,3.34) 0.016 No 227/326 - 0.256
T 11
051152 051152
Higher HF prevalence Lower HF prevalence ;—ligher HF prevalence Lower HF prevalence)

Figure 3. Subgroup analyses of mortality risk per 1-unit increase for cardiovascular disease (CVD). (A) death and all-
cause death (B) in allostatic load (AL) among participants with heart failure in the NHANES cohort (1999-2016). HRs and 95%
Cls were estimated from Cox proportional hazards models. Models were adjusted for all covariates (age, sex, education level,
marital status, race/ethnicity, income, smoking, drinking, serum creatinine, coronary heart disease, antihypertensive medication,
and diabetes). P values represent within-stratum associations; P for interaction indicates heterogeneity across subgroups. HR:
hazard ratio; CI: confidence interval.

Our findings align with a growing body of literature that links elevated AL to a spectrum of adverse
cardiovascular outcomes, including hypertension, coronary artery disease, stroke, and HF [13, 15, 24, 26-
29]. This association has been observed across diverse populations and study designs. A landmark study by
Seeman et al. [28] in the MacArthur Successful Aging cohort reported that high AL predicted increased
incidence of cardiovascular events and all-cause mortality over a 7-year follow-up period, even after
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adjusting for baseline health status and sociodemographic variables. This is further supported by a
systematic review and meta-analysis of 17 prospective studies, which found that elevated AL was
associated with a 22% increased risk of all-cause mortality and a 31% increased risk of cardiovascular
mortality [30].

More specifically regarding HF, evidence consistently shows a strong association. The REGARDS study
demonstrated a stepwise increase in HF risk with higher AL, with the highest quartile associated with over
fourfold increased risk compared with the lowest quartile [27]. Similarly, the Jackson Heart Study found
that high AL was linked to higher HF incidence and mortality, and this relationship was modified by
psychosocial resilience [31]. Corroborating these findings, the Echocardiographic Study of Latinos reported
that increasing AL was associated with both prevalent cardiac abnormalities and incident HF [32].

Evidence regarding the prognostic role of AL in patients with established HF remains limited. While
several studies have demonstrated the prognostic value of AL in other specific populations, such as cancer
survivors [27] patients with ischemic heart disease or stroke, where higher AL predicted a greater risk of
cardiovascular events [33, 34]. A notable exception is a study of older adults with HFpEF, which found that
elevated AL was independently associated with greater risks of all-cause mortality, cardiovascular
mortality, and HF readmission, with clear dose-response trends [30]. Our findings, derived from NHANES
data, align with and extend this evidence by showing that among patients with HF, higher AL was
independently associated with increased risks of both CVD and all-cause mortality. Furthermore, adding AL
to traditional models for HF and mortality achieved modest improvement in discrimination and
reclassification. These findings indicate that AL may serve not only as a marker of HF but also may provide
complementary value for risk stratification in a clinical setting.

Biologically, AL reflects the “wear and tear” on multiple physiological systems from chronic stress,
including neuroendocrine, metabolic, inflammatory, and cardiovascular pathways [35]. The persistent
activation of the hypothalamic-pituitary-adrenal axis and sympathetic nervous system is a central
mechanism underlying the development of these conditions; in turn, they initiate the pathophysiological
changes that favor myocardial remodeling and precipitate the onset of HF [34, 36]. In established HF,
elevated AL may exacerbate endothelial dysfunction, oxidative stress, and autonomic imbalance,
accelerating disease progression, worsening diastolic function, and increasing susceptibility to arrhythmias
[32, 35].

Our study is among the first to examine AL in relation to both HF onset and post-diagnosis outcomes,
as well as its predictive value, using two independent cohorts. However, several limitations should be
considered. First, HF was based on self-report in the HRS cohort, which is susceptible to recall bias and
misclassification. Prior work has shown that self-reported HF has relatively low sensitivity (28-38%)
compared to adjudicated clinical diagnoses, which could lead to non-differential misclassification and
attenuation of true associations [37]. Therefore, the observed associations should be interpreted with
caution, and future studies using clinically adjudicated HF diagnoses are needed to validate our findings. In
addition, information on HF subtypes (e.g., HFrEF and HFpEF) was unavailable in both cohorts, limiting our
ability to explore potential heterogeneity in the association between AL and different HF phenotypes.
Second, as an observational study, residual confounding (e.g., by unmeasured factors like chronic
psychosocial stress or mental health) or reverse causation cannot be entirely excluded [38]. Third, AL was
assessed only at baseline, preventing an examination of how longitudinal changes in AL, which may be a
stronger predictor of cardiovascular outcomes than a single measurement, influence risk [39]. In addition,
because AL includes blood pressure and glycemic components, adjustment for hypertension and diabetes
may partially overlap with AL-related physiological burden. However, sensitivity analyses suggested that
these variables remained clinically important covariates, and the overall associations remained generally
consistent. Fourth, the lack of data on HF subtypes limited our ability to explore potential mechanistic
differences in how AL relates to specific HF phenotypes [29]. A final limitation is the potential for selection
bias due to sample attrition and missing data. Despite efforts to address this through sensitivity analyses
and MI, the generalizability of our findings to these excluded populations may be constrained. Despite these
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limitations, the use of two nationally representative cohorts and consistent findings across analyses
strengthens the robustness of the observed associations.
Conclusion

In conclusion, elevated AL is a significant predictor of both HF incidence and subsequent cardiovascular and
all-cause mortality. AL captures the cumulative burden of chronic physiological stress and may serve as an
integrative biomarker for early identification of at-risk individuals. Future research should test targeted
interventions to reduce AL and improve HF prevention and management.
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