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Abstract

Background Cancer survivors may experience accelerated biological aging, increasing their risk of mortality.
However, the association between phenotypic age acceleration (PAA) and mortality among cancer survivors remains
unclear. This study aimed to evaluate the relationship between PAA and all-cause mortality, cancer-specific mortality,
and non-cancer mortality among adult cancer survivors in the United States.

Methods We utilized data from the National Health and Nutrition Examination Survey (NHANES) from 1999 to 2018,
including 2,643 (unweighted) cancer patients aged > 20 years. Phenotypic age was calculated using ten physiological
biomarkers, and the residuals from regressing phenotypic age on chronological age (age acceleration residuals, AAR)
were used to determine PAA status. Participants were divided into PAA and without PAA groups based on the sign of
the residuals. Weighted Cox proportional hazards regression models were used to assess the association between PAA
and mortality, adjusting for demographic characteristics, lifestyle factors, and comorbidities. Restricted cubic spline
(RCS) models were employed to explore the dose-response relationship between AAR and mortality.

Results Over a median follow-up of 9.16 years, 991 (unweighted) participants died. After adjusting for multiple
covariates, PAA was significantly associated with increased risks of all-cause mortality (HR=2.07; 95% Cl: 1.69-2.54),
cancer-specific mortality (HR=2.15; 95% Cl: 1.52-3.04), and non-cancer mortality (HR=2.06; 95% Cl: 1.66-2.57). Each
one-unit increase in AAR was associated with a 4% increase in the risk of all-cause, cancer-specific, and non-cancer
mortality (HR=1.04; 95% Cl: 1.03-1.05). RCS models indicated a linear dose-response relationship between AAR and
mortality.

Conclusions Among U.S. adult cancer survivors, PAA is significantly associated with all-cause, cancer-specific, and
non-cancer mortality. PAA may serve as an important biomarker for predicting prognosis in cancer survivors.
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Introduction

Advancements in medical technology and the promo-
tion of early cancer screening have significantly improved
cancer survival rates, leading to a growing population
of cancer survivors [1]. However, cancer survivors face
multiple health challenges, including treatment-related
side effects, increased comorbidities, and reduced qual-
ity of life [2, 3]. Recently, researchers have focused on the
biological aging processes in cancer survivors, suggesting
that they may experience accelerated biological aging,
which could impact long-term health outcomes [4, 5].

Biological age refers to an individual’s physiological
and functional status relative to their chronological age
and reflects the degree of aging of the organism [6]. In
recent years, various biomarkers have been proposed to
more accurately capture biological aging, including epi-
genetic clocks (e.g., Horvath clock, Hannum clock, Grim-
Age), which measure DNA methylation patterns and
have shown strong associations with mortality and other
age-related outcomes [7, 8]. However, these epigenetic
methods often require specialized laboratory procedures
and can be expensive, limiting their feasibility in large-
scale population studies. In contrast, phenotypic age
(PA) integrates commonly measured clinical biomarkers
(e.g., albumin, creatinine, glucose, C-reactive protein) to
provide a comprehensive assessment of an individual’s
biological aging [9], making it more accessible and cost-
effective for broad epidemiological applications. Pheno-
typic age acceleration (PAA) reflects the extent to which
an individual’s biological age exceeds their chronologi-
cal age, with positive values indicating accelerated aging
[10]. Previous studies have shown that PAA is highly cor-
related with all-cause and cardiovascular mortality in
patients with chronic diseases such as coronary artery
disease and diabetes [11, 12], yet it remains unclear
whether PAA is associated with mortality risk among
cancer survivors.

Therefore, using nationally representative data from
the National Health and Nutrition Examination Survey
(NHANES), this study aimed to evaluate the association
between PAA and all-cause mortality, cancer-specific
mortality, and non-cancer mortality among adult can-
cer survivors in the United States. We hypothesized that
PAA would be significantly associated with these mortal-
ity outcomes and that a dose-response relationship exists.
The findings will deepen our understanding of biological
aging in cancer survivors and provide new prognostic
assessment tools for clinical practice, ultimately improv-
ing long-term health management for this population.

Methods

Study population

This study was based on data from NHANES conducted
between 1999 and 2018. NHANES is a nationally repre-
sentative survey conducted by the National Center for
Health Statistics (NCHS) using a stratified, multistage
probability sampling design to assess the health and
nutritional status of the non-institutionalized U.S. popu-
lation. We included cancer patients aged > 20 years, iden-
tified by a “Yes” response to the question: “Have you ever
been told by a doctor or other health professional that
you had cancer or a malignancy of any kind?” [13]. Partic-
ipants with missing follow-up data, phenotypic age data,
covariate data, or who were pregnant were excluded. A
total of 2,643 adult cancer patients were included (Fig. 1).
All analyses were weighted to ensure national represen-
tativeness. NHANES study protocols were approved by
the NCHS Research Ethics Review Board, and all par-
ticipants provided written informed consent. This study
adhered to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines.

Measurement of phenotypic age acceleration

PA was estimated using ten aging-related variables:
chronological age, albumin, creatinine, glucose, C-reac-
tive protein (CRP), percentage of lymphocytes, mean cell
volume, red cell distribution width, alkaline phosphatase,
and white blood cell count [14]. PAA residuals were cal-
culated by regressing phenotypic age on chronological
age. PAA reflects the extent to which an individual’s bio-
logical age exceeds their chronological age; participants
with positive residuals were classified as having PAA,
while those with negative residuals were classified as
without PAA [15]. Additionally, age acceleration residu-
als (AAR) were used as continuous variables to assess the
dose-response relationship between phenotypic aging
and mortality.

Ascertainment of mortality

Participants’ survival status was determined using the
NHANES public-use linked mortality files, with follow-
up through December 31, 2019. Causes of death were
classified based on the International Classification of
Diseases, 10th Revision (ICD-10), including all-cause
mortality, cancer-specific mortality (ICD-10 codes C00—
C97), and non-cancer mortality.

Assessment of covariates

Based on previous studies and clinical judgment [16, 17],
covariates included age, gender, race, marital status, pov-
erty income ratio (PIR), education level, body mass index
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Fig. 1 Study flow chart

(BMI), Healthy Eating Index (HEI-2015), smoking status,
alcohol intake, physical activity, cardiovascular disease
(CVD), hypertension, hyperlipidemia, and diabetes. Each
covariate was selected for its potential to confound the
relationship between PAA and mortality among cancer
survivors. Specifically, age and gender are fundamental
demographic factors associated with both overall mor-
tality and biological aging processes [18, 19]. Race was
included because racial disparities may contribute to
differences in baseline health status, access to care, and
mortality risk, as well as modulate aging biomarkers [20].
Marital status often reflects social support levels, which
can affect health behaviors and prognosis in cancer
patients [21]. Socioeconomic status, captured by PIR and
education level, may affect both the biological aging tra-
jectory (via chronic stress, healthcare access, and lifestyle
factors) and mortality risk [22, 23]. BMI is a well-known

> (n=16)
3. Covariates data missing (n=733)
4. Pregnant (n=0)

indicator of metabolic and nutritional status and has
been linked to inflammation and chronic diseases, poten-
tially influencing both aging markers and survival [24,
25]. We included HEI-2015 as a measure of dietary qual-
ity because diet can modulate inflammation and over-
all health, thus affecting mortality and potentially the
rate of biological aging [26]. Lifestyle factors, such as
smoking status, alcohol intake, and physical activity, are
crucial determinants of health: they influence inflamma-
tion, metabolic profiles, and the risk of chronic diseases,
thereby potentially confounding the relationship between
PAA and mortality [27]. CVD, hypertension, hyperlipid-
emia, and diabetes were included given that these comor-
bidities can both accelerate biological aging and increase
mortality risk [28—30]. By adjusting for these covariates,
we aimed to isolate the effect of PAA from other path-
ways that could lead to higher mortality.
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Specifically, age was treated as a continuous variable
reflecting participants’ chronological age, while gender
was categorized as male or female. We classified race
into Non-Hispanic White versus Others (including non-
Hispanic Black, Mexican American, other Hispanic,
and other races). Marital status was categorized as mar-
ried/living with partner or unmarried/other (widowed,
divorced, or separated). The PIR was divided into three
groups (1-1.3, 1.31-3.50, and >3.50) [31], and education
level was defined as less than high school, high school or
equivalent, or more than high school. We calculated BMI
by dividing weight (kg) by height squared (m”2). The
HEI-2015 score, ranging up to 100, was used to assess
overall dietary quality based on 13 components [32]. We
defined smoking status as never smokers (fewer than
100 cigarettes in a lifetime), former smokers (smoked
more than 100 cigarettes but no longer smoke), or cur-
rent smokers (smoked more than 100 cigarettes and cur-
rently smoke) [33]. Alcohol intake was categorized as
never drinkers (<12 drinks in a lifetime), former drinkers
(212 drinks/year but did not drink in the past year), or
current drinkers (>12 drinks/year who drank in the past
year) [34]. Physical activity referred to time spent weekly
on activities such as walking, cycling, work, or recreation;
participants were labeled as insufficiently active (0-599
MET-min/week) or sufficiently active (>600 MET-min/
week)'3, We defined CVD as any self-reported history of
coronary heart disease, angina, stroke, heart attack, or
congestive heart failure. Hypertension was determined
by an average systolic blood pressure>140 mmHg and/
or diastolic blood pressure>90 mmHg, a self-reported
diagnosis, or use of antihypertensive medications [33].
Hyperlipidemia was defined by any of the following crite-
ria: use of lipid-lowering medications, hypertriglyceride-
mia (triglycerides =150 mg/dL), or hypercholesterolemia
(total cholesterol>200 mg/dL, LDL=130 mg/dL, or
HDL <40 mg/dL) [35]. Lastly, diabetes was diagnosed if
participants reported a physician diagnosis, or if their
HbAlc was 26.5%, fasting glucose>7.0 mmol/L, ran-
dom/ oral glucose tolerance test (OGTT) glucose>11.1
mmol/L, or they used diabetes medications/insulin®.

Statistical analysis

Statistical analyses were performed using R software (ver-
sion 4.2.3) and Free Statistics software (version 1.9.2; Bei-
jing, China, http://www.clinicalscientists.cn/freestatistic
s), employing NHANES-recommended sampling weights
for national representativeness. Following NHANES ana-
lytic guidelines, we incorporated the complex sampling
design and mobile examination center (MEC) exam sam-
ple weights for both baseline characteristics and time-to-
event outcomes (including deaths and follow-up time).
Detailed information regarding the weighted analysis
can be found in the Supplementary Methods. Categorical
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variables were expressed as weighted percentages; con-
tinuous variables as weighted means (standard devia-
tions). Group differences were compared using weighted
chi-square tests and weighted independent-samples
t-tests. Survey-weighted Kaplan-Meier survival curves
assessed mortality differences between PAA groups, with
weighted log-rank tests.

The proportional hazards assumption was tested using
Schoenfeld residuals. Weighted Cox proportional haz-
ards regression models were employed to calculate haz-
ard ratios (HRs) and 95% confidence intervals (Cls) for
the association between PAA and mortality. Model 1 was
minimally adjusted (age, gender) to capture the crude
association, Model 2 further controlled for key demo-
graphic and lifestyle factors (race, marital status, poverty
income ratio, education level, HEI-2015, physical activity,
smoking status, and alcohol intake), and Model 3 incor-
porated major clinical comorbidities (CVD, hypertension,
hyperlipidemia, and diabetes). This stepwise approach is
frequently adopted in epidemiological research to illus-
trate how the observed relationship shifts as additional
confounders are introduced, thereby clarifying the inde-
pendent effect of PAA [36]. We then applied restricted
cubic spline (RCS) models to explore potential nonlinear
dose—response relationships between AAR and mortal-
ity. RCS is widely adopted in biomedical studies due to its
flexibility in capturing nonlinear trends, interpretability
for clinical audiences, and stability at the boundaries (as
it constrains the spline to be linear in the tails). Subgroup
analyses evaluated the consistency of PAA’s association
with mortality across different populations.

Sensitivity analyses included: (1) excluding partici-
pants who died within 2 years of follow-up; (2) missing
covariate values were imputed using multiple imputa-
tion by chained equations, resulting in 5 imputed datas-
ets based on variables in the final statistical model. The
results from all imputed datasets were combined fol-
lowing Rubin’s Rules [15]; (3) propensity score match-
ing (PSM) was performed using the PAA group as the
reference, with a 1:1 nearest neighbor matching algo-
rithm and a caliper width of 0.2 to minimize bias and
control for potential confounders. We used a logistic
regression model in which the outcome variable was
membership in the PAA group (yes/no), and the predic-
tor variables included age, gender, race, marital status,
PIR group, educational level, BMI, HEI-2015, physical
activity, smoking status, alcohol intake, CVD, hyperten-
sion, hyperlipidemia, and diabetes. After computing the
propensity scores, we matched participants from each
group based on the smallest distance within the specified
caliper. We evaluated the balance of covariates between
the matched groups using the standardized mean differ-
ence (SMD), with SMD<0.1 indicating acceptable bal-
ance. Additional details on both multiple imputation
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procedures and PSM implementation can be found in the
Supplementary Materials. Cox regression models were
re-fitted to verify result robustness.

Results

Participant characteristics

Among 14,380 (in thousands) cancer patients, the
mean age was 62.32+14.55 years. Participants were
divided based on PAA status. The PAA group had a sig-
nificantly higher mean age than the without PAA group
(65.53+£13.27 vs. 60.37+14.95 years; P<0.0001). The
PAA group had a higher proportion of males (51.45%
vs. 37.47%; P<0.0001) and a lower proportion of non-
Hispanic Whites (85.63% vs. 90.64%; P=0.0013). The
prevalence of CVD, hypertension, diabetes, and hyper-
lipidemia was significantly higher in the PAA group (all
P<0.05). Baseline characteristics differed significantly
between groups (Table 1).

Association between PAA and mortality

During a median follow-up of 9.16 years (IQR: 3.42—
12.58 years), weighted analyses showed a total of 3,942
(in thousands) deaths, including 1,177 (in thousands)
cancer-specific deaths and 2,765 (in thousands) non-can-
cer deaths. Survey-weighted Kaplan—Meier survival anal-
ysis showed that the PAA group had significantly higher
all-cause, cancer-specific, and non-cancer mortality than
the without PAA group (Fig. 2; all p<0.001).

After adjusting for multiple covariates, PAA was signif-
icantly associated with increased risks of all-cause mor-
tality (Model 3, HR=2.07; 95% CL: 1.69-2.54; P<0.001),
cancer-specific mortality (HR=2.15; 95% CI: 1.52-3.04;
P<0.001), and non-cancer mortality (HR=2.06; 95% CI:
1.66-2.57; P<0.001) (Table 2). Each one-unit increase
in AAR was associated with a 4% increase in mortality
risk (HR =1.04; 95% CI: 1.03-1.05; P<0.001). RCS mod-
els indicated a linear positive association between AAR
and all-cause, cancer-specific, and non-cancer mortal-
ity (Fig. 3; all Pfor nonlinearity>0.05). The association
between PAA and all-cause mortality remained con-
sistent across subgroups of age, gender, smoking status,
alcohol intake, CVD, hypertension, hyperlipidemia, and
diabetes (Fig. 4). A significant interaction was observed
in the age subgroup.

Sensitivity analysis

After excluding participants who died within 2 years,
the association between PAA and all-cause mortal-
ity remained significant (HR=1.95; 95% CI: 1.60-2.36;
P<0.001) (Table 3). Results were stable after multiple
imputation and PSM (Supplementary Table 1, Supple-
mentary Table 2).
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Discussion

This study, using NHANES data from 1999 to 2018, is the
first to systematically evaluate the association between
PAA and mortality among U.S. adult cancer survivors.
We found that PAA was significantly associated with
increased risks of all-cause, cancer-specific, and non-
cancer mortality, even after adjusting for multiple con-
founders. A linear dose-response relationship between
AAR and mortality was observed, indicating that higher
degrees of biological age acceleration correspond to
greater mortality risk. These findings underscore the
potential value of PAA as a prognostic predictor for can-
cer survivors and enhance our understanding of the rela-
tionship between biological aging and health outcomes in
this population.

Our findings align with previous research on biologi-
cal age acceleration and mortality risk but provide new
evidence specific to cancer survivors. Levine et al. devel-
oped the phenotypic age metric, integrating multiple
physiological biomarkers to assess biological aging com-
prehensively, and found that acceleration in phenotypic
age was significantly associated with all-cause mortality
and morbidity [14]. In the general population, each one-
year increase in biological age was associated with a 9%
increase in all-cause mortality risk. Similarly, we found
that each one-unit increase in AAR was associated with
a 4% increase in all-cause mortality risk, which is compa-
rable. However, studies focusing on cancer survivors have
been limited.

Some research has explored biological aging markers in
specific cancers. Kresovich et al. found that DNA meth-
ylation age acceleration was associated with increased
all-cause and breast cancer-specific mortality in breast
cancer patients [37]. Likewise, Kuo et al. observed that
PAA was linked to poorer survival in lung cancer patients
[38]. These studies, however, had smaller sample sizes
and focused on single cancer types, limiting generaliz-
ability. Our study utilized nationally representative data,
encompassing multiple cancer types, enhancing exter-
nal validity. We found that the PAA group had a 107%
increased risk of all-cause mortality, a 115% increased
risk of cancer-specific mortality, and a 106% increased
risk of non-cancer mortality, possibly reflecting more
pronounced biological aging processes in cancer survi-
vors, leading to higher mortality risks. Our study is the
first to systematically evaluate PAA’s association with
different mortality causes, providing strong evidence for
its prognostic value in cancer survivors. Additionally, we
confirmed the association between biological age accel-
eration and non-cancer mortality. Walker et al. reported
that biological age acceleration was linked to increased
mortality from cardiovascular and other non-cancer dis-
eases in the general population [5]. Our results empha-
size the impact of biological aging on the overall health of
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Table 1 Baseline characteristics of individuals with cancer in NHANES 1999-2018
Variables Total without PAA PAA P-value
Weighted Population, n(in thousands) 1438045 8956.31 5424.14
Age, mean (SD), years 62.32 (14.55) 60.37 (14.95) 65.528 (13.27) <0.0001
Gender, n(in thousands), %
Male 6146.50 (42.74) 3355.96.27 (37.47) 2790.53 (51.45) <0.0001
Female 8233.95 (57.26) 5600.35 (62.53) 2633.60 (48.55)
Race, n(in thousands), %
Non-Hispanic White 12762.72 (88.75) 8117.89 (90.64) 4644.83 (85.63) 0.0013
Others 1617.73 (11.25) 83841 (9.36) 779.32(14.37)
Marital status, n(in thousands), %
Married/Living with partner 9726.69 (67.64) 6245.89 (69.74) 3480.80(64.17) 0.0484
Never married/Other 4653.76(32.36) 271041 (30.26) 194335 (35.83)
PIR, n(in thousands), %
1-1.3 2184.31 (15.19) 1224.36 (13.67) 959.95 (17.70) <0.0001
1.31-3.50 5139.16 (35.74) 2901.94 (32.40) 223722 (41.25)
>3.50 7056.98 (49.07) 4830.00 (53.93) 2226.98 (41.06)
Education level, n(in thousands), %
Less than high school 2027.05 (14.10) 1197.77 (13.37) 829.28(15.29) 0.0254
High school or equivalent 3438.78 (23.91) 1996.96 (22.30) 1441.82(26.58)
Above high school 8914.62 (61.99) 576157 (64.33) 3153.05 (58.13)
BMI, mean (SD), kg/m? 28730 (6.38) 27.367 (5.61) 30.982 (6.93) <0.0001
HEI-2015 score, mean (SD) 54.69 (13.082) 56.11(13.278) 5235(12411) <0.0001
Physical activity, n(in thousands), %
Insufficiently active 7405.54 (51.50) 4509.00 (50.34) 2896.54 (53.40) 0.1859
Sufficiently active 6974.91 (48.50) 4447 31 (49.66) 2527.60 (46.60)
Smoking status, n(in thousands), %
Never 6307.48 (43.86) 4131.82(46.13) 2175.66 (40.11) 0.0306
Former 5786.74 (40.24) 3488.32(38.95) 229842 (42.37)
Current 2286.25 (15.90) 1336.17 (14.92) 950.08 (17.52)
Alcohol intake, n(in thousands), %
Never 1380.04 (9.60) 883.08 (9.86) 496.96 (9.16) <0.0001
Former 3375.57(23.47) 1752.81(19.57) 1622.76(29.92)
Current 9624.84 (66.93) 6320.41 (70.57) 3304.43(60.92)
CVD, n(in thousands), %
No 11552.85(80.34) 7676.51 (85.71) 3876.34 (71.46) <0.0001
Yes 2827.60 (19.66) 1279.80 (14.29) 1547.80 (28.54)
Hypertension, n(in thousands), %
No 6184.40 (43.01) 4392.60(49.04) 1791.80 (33.03) <0.0001
Yes 8196.05 (56.99) 4563.71(50.96) 3632.34 (66.97)
Hyperlipidemia, n(in thousands), %
No 2690.92(18.71) 1884.34(21.04) 806.58 (14.87) 0.0021
Yes 11689.53 (81.29) 7071.97 (78.96) 4617.56 (85.13)
Diabetes, n(in thousands), %
No 11512.16 (80.05) 7985.72 (89.16) 352644 (65.01) <0.0001
Yes 286829 (19.95) 970.58 (10.84) 1897.71(34.99)
AAR, median [IQR] -2.551[-7.27,3.26] -6.17[-9.17,-3.39] 4911234,9.71] <0.0001

Abbreviations: PAA, phenotypic age acceleration; AAR, age acceleration residual; BMI, body mass index; HEI-2015, Healthy Eating Index-2015; PIR, poverty income

ratio; CVD, cardiovascular disease

cancer survivors, suggesting that clinical practice should
focus on comprehensive health management, not just

cancer.

Moreover, PAA offers advantages over chronological
age by capturing the influence of lifestyle, environment,
and underlying health conditions on the aging process

[39]. Unlike chronological age, which is a simple measure
of time lived, PAA reflects the cumulative physiological
toll arising from factors such as smoking, diet, physical
inactivity, and comorbid diseases [40]. This enhanced
definition and application value of PAA has led to grow-
ing interest in using it as a biomarker for various health
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outcomes, including mortality, chronic diseases, and
functional decline, extending its relevance beyond oncol-
ogy. In the cancer context specifically, PAA may help
identify individuals whose underlying biology is more
vulnerable to both disease progression and treatment-
related toxicities, thus guiding more personalized treat-
ment and follow-up plans.

Our study identified a linear dose-response relationship
between AAR and mortality. This finding indicates that
greater degrees of biological age acceleration are associ-
ated with higher mortality risk. Similar dose-response
relationships have been reported in other research. For
example, Perna et al. found that DNA methylation age
acceleration was significantly associated with all-cause
mortality, cardiovascular disease, and cancer incidence
[41]. This further supports the validity of biological
age acceleration as an effective prognostic indicator. In

our subgroup analyses, we observed that the associa-
tion between PAA and all-cause mortality was consis-
tent across various subgroups, demonstrating the broad
applicability of this relationship. However, a significant
interaction was noted in the age subgroup. Older patients
may be more sensitive to biological age acceleration, and
its impact on mortality risk might be more pronounced.
This could be attributed to the accumulation of physi-
ological damage and decreased adaptability to environ-
mental stressors in the elderly [42]. This finding aligns
with the study by Li et al,, who reported that the asso-
ciation between biological age acceleration and mortality
risk was more significant in older individuals [43].
Several biological mechanisms may mediate the asso-
ciation between PAA and increased mortality. First,
cancer and its treatments (e.g., chemotherapy and radio-
therapy) can lead to DNA damage, oxidative stress, and
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Table 2 Weighted adjusted hazard ratios of phenotypic age acceleration with risk of all-cause mortality and cause-specific mortality

Characteristics Age acceleration residual P-value Phenotypic age acceleration P-value
No Yes
All-cause mortality
Model 1 1.04 (1.03-1.05) <0.001 1 (reference) 2.31(1.93-2.77) <0.001
Model 2 1.04 (1.03-1.05) <0.001 1 (reference) 2.15(1.76-2.62) <0.001
Model 3 1.04 (1.03-1.05) <0.001 1 (reference) 2.07 (1.69-2.54) <0.001
Cancer mortality
Model 1 1.04 (1.03-1.05) <0.001 1 (reference) 234 (1.71-3.19) <0.001
Model 2 1.04 (1.03-1.05) <0.001 1 (reference) 2.10(1.51-2.90) <0.001
Model 3 1.04 (1.03-1.05) <0.001 1 (reference) 2.15(1.52-3.04) <0.001
Non-Cancer mortality
Model 1 1.04 (1.03-1.05) <0.001 1 (reference) 2.32(1.91-2.81) <0.001
Model 2 1.04 (1.03-1.05) <0.001 1 (reference) 2.19(1.76-2.73) <0.001
Model 3 1.04 (1.03-1.05) <0.001 1 (reference) 2.06 (1.66-2.57) <0.001

Model 1 was adjusted for age and gender. Model 2 was additionally adjusted for race, marital status, PIR group, educational level, BMI, HEI-2015, physical active,
smoking status, and alcohol intake. Model 3 was additionally adjusted for CVD, hypertension, hyperlipidemia, and diabetes

Abbreviations: BMI, body mass index; HEI-2015, Healthy Eating Index-2015; PIR, poverty income ratio; CVD, cardiovascular disease

cellular senescence, accelerating biological aging [4].
These changes may decrease tissue function and promote
organ system decline, increasing mortality risk. Sehl et al.
demonstrated that biological age significantly increased
in breast cancer patients after chemotherapy, support-
ing the treatment’s impact on aging [44]. Second, PAA
may reflect immune dysfunction and chronic inflamma-
tion, two key drivers of “inflammaging”” [45, 46] Persis-
tent low-grade inflammation can hasten the senescence
of immune cells (immunosenescence), impairing the
immune system’s ability to surveil and eliminate malig-
nant or pre-malignant cells [47]. Elevated pro-inflam-
matory cytokines (e.g., IL-6, TNF-a) also disrupt normal
tissue homeostasis and can alter the tumor microenviron-
ment, favoring cancer progression and metastasis [48].
These pathways are especially relevant in cancer survi-
vors, given that both the malignant process and antican-
cer therapies can trigger prolonged immune activation or
suppression. Third, metabolic dysregulation frequently
coexists with cancer or emerges post-treatment. We
observed a higher prevalence of CVD, hypertension, dia-
betes, and hyperlipidemia in the PAA group, conditions
closely linked to both aging and mortality risk [12, 49].
Metabolic syndrome features (e.g., insulin resistance and
dyslipidemia) may exacerbate oxidative stress and inflam-
matory responses, creating a vicious cycle that further
accelerates biological aging [50]. Moreover, excess adi-
posity and poor metabolic control can negatively impact
treatment tolerance and recovery in cancer survivors,
compounding risks [51]. Finally, lifestyle factors such as
sedentary behavior, smoking, and suboptimal diet may
amplify PAA by intensifying inflammatory and metabolic
imbalances. These modifiable risk factors, when super-
imposed on cancer-related physiological stress, could
push PAA to higher levels and portend worse survival
outcomes. By examining these interconnected pathways

(including immune dysfunction, chronic inflammation,
and metabolic derangements), future research may better
identify targeted interventions (e.g., anti-inflammatory
treatments, tailored exercise programs, and metabolic
control strategies) that attenuate PAA and potentially
improve long-term prognoses in cancer survivors.

This study has several strengths. First, it used nation-
ally representative NHANES data with a large, diverse
sample. Second, phenotypic age, incorporating multiple
physiological markers, provided a comprehensive assess-
ment of biological aging. Third, adjusting for numerous
confounders enhanced result reliability. Fourth, sensitiv-
ity and subgroup analyses verified robustness and con-
sistency. However, limitations exist. First, although we
adjusted for various demographic, lifestyle, and clinical
factors, residual confounding by unmeasured or impre-
cisely measured variables may persist, potentially over-
estimating or underestimating the association between
PAA and mortality. An E-value of 3.55 suggests that only
a relatively strong unmeasured confounder could fully
explain away our observed results. Second, certain vari-
ables (e.g., smoking, alcohol intake) are self-reported,
raising the possibility of reporting bias. Underreporting
of adverse behaviors, for instance, could lead us to under-
estimate their true impact on PAA and mortality. Finally,
the data spanned multiple NHANES cycles (1999-2018),
secular trends (e.g., healthcare improvements) and pop-
ulation aging over this period might shift baseline risks,
and our models did not explicitly account for such tem-
poral or cohort effects.

Clinically, PAA may serve as a promising prognostic
tool for identifying high-risk cancer patients who could
benefit from more individualized treatment strategies
and closer surveillance. By integrating PAA into survi-
vorship care, clinicians could better tailor interventions
aimed at reducing accelerated aging—such as structured
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This spline model was adjusted for age, gender, race, marital status, PIR group, educational level, BMI, HEI-2015, physical active, smoking status, alcohol

intake, CVD, hypertension, hyperlipidemia, and diabetes

Abbreviations: BMI, body mass index; HEI-2015, Healthy Eating Index-2015; PIR, poverty income ratio; CVD, cardiovascular disease

exercise programs, anti-inflammatory dietary patterns,
and optimized management of comorbidities. Ultimately,
understanding the relationship between PAA and cancer
patient prognosis has crucial implications for improving
long-term health outcomes and survivorship care, high-
lighting the need for further research into interventions
that may mitigate biological age acceleration.

Conclusion

In summary, PAA is significantly associated with all-
cause, cancer-specific, and non-cancer mortality among
U.S. adult cancer survivors. PAA may be an important
independent biomarker for predicting prognosis in this
population. Our findings support incorporating bio-
logical age assessments into clinical practice and pro-
vide a foundation for developing strategies to improve
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Table 3 Weighted adjusted hazard ratios of phenotypic age acceleration with risk of all-cause mortality and cause-specific mortality

after excluding deaths within 2 years

Characteristics Age acceleration residual P-value Phenotypic age acceleration P-value
No Yes
All-cause mortality
Model 1 1.04 (1.03-1.05) <0.001 1 (reference) 2.19(1.83-2.62) <0.001
Model 2 1.04 (1.03-1.05) <0.001 1 (reference) 2.02(1.67-244) <0.001
Model 3 1.04 (1.03-1.05) <0.001 1 (reference) 1.95 (1.60-2.36) <0.001
Cancer mortality
Model 1 1.04 (1.02-1.05) <0.001 1 (reference) 2.08 (1.51-2.87) <0.001
Model 2 1.04 (1.02-1.05) <0.001 1 (reference) 1.89(1.37-2.62) <0.001
Model 3 1.04 (1.02-1.05) <0.001 1 (reference) 1.94 (1.37-2.74) <0.001
Non-Cancer mortality
Model 1 1.04 (1.03-1.05) <0.001 1 (reference) 224 (1.84-2.74) <0.001
Model 2 1.04 (1.03-1.05) <0.001 1 (reference) 2.08 (1.66-2.61) <0.001
Model 3 1.04 (1.03-1.05) <0.001 1 (reference) 1.97 (1.57-2.46) <0.001

Model 1 was adjusted for age and gender. Model 2 was additionally adjusted for race, marital status, PIR group, educational level, BMI, HEI-2015, physical active,
smoking status, and alcohol intake. Model 3 was additionally adjusted for CVD, hypertension, hyperlipidemia, and diabetes

Abbreviations: BMI, body mass index; HEI-2015, Healthy Eating Index-2015; PIR, poverty income ratio; CVD, cardiovascular disease

long-term health in cancer survivors. Future studies
should explore the longitudinal trajectory of PAA in
diverse cancer populations, examine potential mecha-
nisms more deeply, and test targeted interventions aimed
at slowing or reversing biological aging to enhance survi-
vorship outcomes.
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