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A B S T R A C T

Objectives: Hypertension, a key contributor to mortality, is impacted by biological aging. We investigated the
relationship between novel biological agingmetrics - Phenotypic Age (PA) and Phenotypic Age Acceleration (PAA) -
andmortality in individuals with hypertension, exploring themediating effects of arterial stiffness (estimated Pulse
Wave Velocity, ePWV), and Heart/Vascular Age (HVA).
Methods:Using data from62,160NationalHealth andNutrition Examination Survey (NHANES) participants (1999–
2010), we selected 4,228 individuals with hypertension and computed PA, PAA, HVA, and ePWV. Weighted,
multivariable Cox regression analysis yielded Hazard Ratios (HRs) relating PA, PAA to mortality, and mediation
roles of ePWV, PAA, HVA were evaluated. Mendelian randomization (MR) analysis was employed to investigate
causality between genetically inferred PAA and hypertension.
Results: Over a 12-year median follow-up, PA and PAA were tied to increased mortality risks in individuals with
hypertension. All-cause mortality hazard ratios per 10-year PA and PAA increments were 1.96 (95% CI, 1.81–2.11)
and 1.67 (95% CI, 1.52–1.85), respectively. Cardiovascular mortality HRs were 2.32 (95% CI, 1.97–2.73) and 1.93
(95% CI, 1.65–2.26) for PA and PAA, respectively. ePWV, PAA, and HVA mediated 42%, 30.3%, and 6.9% of PA’s
impact on mortality, respectively. Mendelian randomization highlighted a causal link between PAA genetics and
hypertension (OR=1.002; 95% CI, 1.000–1.003).
Conclusion: PA and PAA, enhancing cardiovascular risk scores by integrating diverse biomarkers, offer vital insights
for aging and mortality evaluation in individuals with hypertension, suggesting avenues for intensified aging
mitigation and cardiovascular issue prevention. Validations in varied populations and explorations of underlying
mechanisms are warranted.
©2024TheAuthor(s). Published byElsevierMasson SAS on behalf of SERDI Publisher. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hypertension is a major preventable risk factor for cardiovascular
diseases (CVD), stroke, renal failure, and cognitive impairment [1]. Over
the past 30 years, the number of adults (ages 30–79) with hypertension
has almost doubled, affecting approximately 1.28 billion people
worldwide and causing approximately 10 million deaths annually
[1,2]. The age-standardized prevalence rate of hypertension rises from
7.3% at ages 30–34 to 58.2% at ages 75–79, suggesting that hypertension
ismore common in the older adults population [3]. Therefore, despite the
complex and yet unclear etiology of hypertension, the inevitable
biological aging is increasingly recognized as a key factor in the onset
of hypertension.

Biological agingmay participate in blood pressure regulation through
pathways such as oxidative stress, inflammation, endothelial dysfunction
and vascular remodeling [4,5]. However, aging is not a uniform
phenomenon, and individuals of the same chronological age can exhibit
different rates of biological aging and different health outcomes [6]. In
order to better reflect the degree of aging and health status of individuals,
researchers have calculated the biological age based on molecular-level
biomarkers such as epigenetics, metabolomics and transcriptomics or
clinical or functional indicators [7], which is capable of independently
reflecting a person’s rate of aging and potential lifespan, regardless of
their chronological age [8,9]. However, there are some drawbacks in
these calculated biological ages, such asmethylation clocks being limited
by tissue and cell types, and telomere length being influenced by
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environmental factors and genetic variations [10]. Therefore, a new,
reliable and robust biological aging measurement is of practical
importance for the stratified assessment and health management of
hypertension.

Recently, phenotypic age (PA) is a novel indicator of biological aging,
which has been proven to highly predict mortality even in different
stratifications [11]. PA is calculated based on a combination of
chronological age and nine clinical chemistry biomarkers that represent
the expected age within the population that corresponds to a person’s
estimated mortality risk. Phenotypic age acceleration (PAA) is the
residual of the regression between PA and chronological age, which
reflects the relative aging level of an individual compared to their peers
and degree of biological aging [12]. However, the PA and PAA’s
predictive value in patients with hypertension, a group vulnerable to
cardiovascular complications, remains to be clarified.

The changes in arterial stiffness and cardiovascular age are closely
associated with the inevitable process of biological aging [13,14].
Alterations in vascular structure and function caused by biological aging
result in physiological maladaptation such as impaired vascular
reactivity, increased vascular thickness, and stiffness [15,16], thereby
increasing the risk of arteriosclerosis and cardiovascular age. The
estimated pulse wave velocity (PWV) is a method to measure arterial
stiffness, derived from easily obtainable data (age and blood pressure)
using a standardized formula [4]. Based on the Framingham Risk Score
(FRS) the heart age/vascular age (HVA) changes can be calculated [17].
In this study, we aim to explore whether ePWA and HVA can mediate or
modify the association between PA, PAA, and mortality risk in the
individuals with hypertension, and whether they can provide additional
information for assessing and managing biological aging and
hypertension.

Our study aims to explore the relationship between PA and PAA and
mortality risk in hypertension, and to evaluate their potential value in
hypertension management. Additionally, we seek to provide a more
nuanced understanding of the relationship among aging phenotypes and
hypertension andmortality outcomes in individualswith hypertension by
mediation analysis.

2. Method

2.1. Study population

TheNationalHealth andNutritionExamination Survey (NHANES) is a
cross-sectional survey conducted in two-year cycles, and its results can be
weighted to provide health and nutritional status for non-institutional-
ized adults and children in the United States. The data used in this study
come from sixNHANES survey cycles conducted between 1999 and 2018,
with follow-up until the end of December 2019. A total of 62,160
participants were included in the data, of which 13,505 patients with
hypertension were selected. After excluding participants with missing
clinically relevant information, and mortality outcome data, uncertain
medical history, and insufficient information for calculating PA,
statistical analysis included 4,228 participants finally (Supplementary
Fig. S1).

The study plan and research procedures were approved by the Ethics
Review Committee of the National Center for Health Statistics and all
adult participants providedwritten informed consent before the start. For
more detailed information, please visit https://wwwn.cdc.gov/Nchs/
Nhanes/.

2.2. Blood pressure assessment and hypertension classification

Blood pressure was measured by trained professionals through a
standard sphygmomanometer, and participantswere asked to rest quietly
for 5min before testing. The blood pressure value is the average of at least
three measurements. Detailed information on quality assurance and

quality control processes can be found in the physicians’ section of the
MEC operational manual [18].

The diagnosis of hypertension in participants includes being informed
or diagnosed with hypertension by a doctor, having a systolic blood
pressure (SBP) �140 mm Hg and/or diastolic blood pressure (DBP) �90
mm Hg, or reporting the use of antihypertensive medications.

2.3. PA and PAA

PA is a new method of calculating biological age proposed by Levine
et al. [11],which can serve as amarker for tracking theagingprocess prior
to the appearance of clinical symptoms of disease [19]. The calculation of
PA involves nine biomarkers, including albumin, creatinine, glucose, C-
reactive protein, lymphocyte percentage, mean cell volume, red blood
cell distribution width, alkaline phosphatase, and white blood cell count,
as well as chronological age. PAA is the regression residual of
chronological age on biological age, with its negative value indicating
that an individual has a younger phenotypic age [20]. Supplementary
Methods provides detailed calculation formulas for PA and PAA.

To minimize the impact of collinearity between PA and PAA on the
results, we employed a grouping strategy. The individuals with
hypertension was divided into high PA and low PA groups based on
the median of PA and into high physiological age risk and low
physiological age risk groups based on the positive or negative value
of PAA.

2.4. FRS and HVA

The FRS is calculated specifically in different genders according to the
method described by D’Agostino et al., incorporating factors such as age,
total cholesterol (TC), high-density lipoprotein (HDL) cholesterol, arm
systolic pressure, ongoing hypertension treatment, smoking, anddiabetes
status [17]. In addition, after excluding other risk factors, the HVA
corresponding to people with the same predicted risk obtained through
FRS can be calculated [17]. The cardiovascular disease risk of a person is
converted to the age of apersonwith the same risk but all other risk factors
are at normal levels. In the calculated HVA, for the mathematical
calculations, we used the ages of 80 and 30 to replace the descriptions of
“>80” and “<30”.

Based on the comparison of HVA with chronological age, we classify
patients whose HVA is greater than their chronological age into the high-
risk group for age-associated disease, and the rest are classified into the
low-risk group for age-associated disease.

2.5. Arterial stiffness

The degree of arterial stiffness is determined by calculating ePWV,
which is a newnon-invasivemethod of calculation [4]. The level of ePWV
is also related to arterial aging, and when ePWV exceeds 10m/s, the risk
of death correspondingly increases [21,22]. Detailed formulas for ePWV
calculation are shown in Supplementary Methods.

Based on the ePWV level at 10m/s, the population is classified into a
high arterial stiffness group and a low arterial stiffness group.

2.6. Outcome: mortality

The National Center for Health Statistics has publicly released
national mortality index data. Based on this, the participants’ vital status
(all-cause mortality and cause-specific mortality) was determined by
matchingwith thenationalmortality rate indexup to the endofDecember
2019. The follow-up time was calculated as the time from baseline to
death or censoring date. According to International Classification of
Diseases, 10th Revision (ICD-10), there are nine cause-specific mortality
rates. The ICD-10 codes for the 9 cause-specific mortality can be seen in
the Supplementary Table S1.
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2.7. Other variables

Covariateswere selected based on established correlationswith aging,
mortality, and cardiovascular health in theindividuals with hypertension
to control for potential confounding factors that could influence the
relationship between PA/PAA and mortality risk.

Standardized questionnaires and computer-assisted personal inter-
view systems were used to collect demographic information, including
age, gender, ethnicity, education level, marital status, Family poverty-to-
income (FamilyPIR) ratio, waist, body mass index (BMI), smoking and
drinking status, history of Chronic Obstructive Pulmonary Disease
(COPD), history of arthritis, and use of medication. The levels of total
triglycerides (TG), TC, low-density lipoprotein cholesterol (LDL), HDL,
serum creatinine (CR) and glycated hemoglobinA1c (HbAc1) were
assessed using standard biochemical techniques by trained technicians in
NHANES. More details can be found in the NHANES Laboratory/Medical
Technicians Procedures Manual [23].

Estimated glomerular filtration rate (eGFR) is calculated through
serum CR, with Charlson Comorbidity Index (CCI) determined by health
status [24]. eGFR levels are categorized into quartiles to address
covariance with CR. Diabetes mellitus (DM) encompasses self-reported
cases, medication use, or fasting glucose �126mg/dL. Prediabetes is
defined by HbA1c (5.7%–6.4%), impaired fasting glucose (IFG, 100–
125mg/dL), or impaired glucose tolerance (IGT, 140–199mg/dL).
Combined heart failure, coronary artery disease, angina, myocardial
infarction, and stroke are termedCVD[25]. Chronic kidneydisease (CKD)
identification aligns with Kidney Disease: Improving Global Outcomes
(KDIGO) guidelines. Hyperlipidemia criteria include lipid-lowering
medication use, specific LDL, HDL, or TG levels (LDL levels �140mg/
dL, or male HDL<40mg/dL or female HDL<50mg/dL) [26]. The frailty
index (FI) spans from 0 to 1, with frailty thresholds set at >0.25 for frail,
0.16–0.25 for pre-frail, and <0.16 for non-frail. The frailty index covers
multiple systems including 49 deficiencies, whose individual variables
and their scores are shown in Supplementary Table S2.

2.8. Mendelian randomization

2.8.1. Data source
Instrumental variants (IVs) for genetically inferred PAAwere sourced

from a genome-wide association study (GWAS) meta-analysis [27].
Summary-level data were also obtained from a GWAS of hypertension,
encompassing 54,358 patients and 408,652 controls. To mitigate bias
from population stratification in our MR analysis, the GWAS data
comprised individuals of European ancestry, both male and female [28]
(Supplementary Table S3).

2.8.2. IV selection
Three criteria for Mendelian randomization studies need to be

implemented: a significant association between IVs and exposure; no IVs
linkagewith confounders related to outcomes; and IVs affecting outcomes
only through exposure variables [29]. SNPs related to PAA (p< 5e-08)
were selected. Clustering SNPs in linewith the1000GenomesProject’s LD
reference, the most significant SNPs were retained. Phenoscanner was
employed to eliminate SNPs possibly infringing MR analysis indepen-
dence [30]. The proportion of variance explained by each SNP was
evaluated to assess the strength of each SNP, and the F-statistic computed
(Supplementary Methods). Supplementary materials (Supplementary
Fig. S2 and Supplementary Table S4) detail the IVs selection process and
summary.

2.8.3. Analysis
ThemainMR analysis utilized inverse varianceweighted (IVW)meta-

analysis [31]. Sensitivity analysis, comprising weighted median andMR-
PRESSO, was conducted to offset polymorphic effects’ bias [32].
Cochran’s Q assessed IV heterogeneity, while MR-PRESSO detected
pleiotropy [33,34]. A sensitivity analysis, cML-MA-BIC, was executed for

possible instrumental variable hypothesis breaches [35]. The Bonferroni
test adjusted Mendelian randomization for multiple testing.

2.9. Statistical analysis

Due to the complex sampling survey design of NHANES, we utilized
relevant survey weights (MEC2yr) to generate nationally representative
estimates for the data from 1999 to 2010. In the baseline information,
continuous variables and categorical variables were displayed as
mean� sd and percentages, with their group differences compared
through weighted analysis of variance tests and weighted Chi-square
tests. Survival probabilities for people with hypertensionwith varying PA
levelswere assessedwith standardized Kaplan–Meier curves and log-rank
tests. The relationship (hazard ratio, HR, and 95% confidence intervals,
CIs) between PA and PAA with all-cause mortality and cause-specific
mortality was evaluated using univariate weighted Cox proportional
hazards models and multivariate weighted Cox proportional hazards
models. The models’ proportional hazard assumption was verified with
Schoenfeld residuals (Supplementary Fig. S3).

To mitigate confounding influences, covariates were adjusted across
models (Models 1–4). Restricted cubic spline curves (RCS) depicted the
relationship between PA, PAA, and both all-cause and cause-specific
mortality in patients with hypertension. The predictive value of PA and
PAA formortality in individualswith hypertensionwas assessed using the
ROC curve and AUC, compared to the FRS. The DeLong test determined
the statistical significance of AUC differences. Causal mediation analysis
was conducted to determine if the association between PA (X) and both
all-cause and cardiovascular disease mortality (Y) is mediated through
arterial stiffness, cardiac/vascular age, and PAA (M) [36]. A mediating
effect is acknowledged only when there’s a significant relationship
between X andM and a significant connection betweenM and Y [37].We
also compared the estimates between models with and without the
hypothesized mediators. Subgroup analyses assessed the consistency of
associations between PA, PAA, and mortality, visualized using forest
plots.

All statistical analyses were conducted using R software (Version
4.2.1, The R Foundation; http://www.R-project.org) and EmpowerStats
software (Version 5.0, X&Y Solutions, Inc., Boston, MA; http://www.
empowerstats.com). A p-value of less than 0.05 was deemed statistically
significant.

3. Result

3.1. Characteristics

The 4228 patients with hypertension screened in NHANES represent
15 million non-institutionalized residents in the United States, among
which 50.09% are female, 53.83% are white individuals, and the
weighted average age is 56.24 years (Supplementary Table S5). The PA
and PAA of the participants were 53.11�0.42 and -3.12� 0.17,
respectively.

Based on the PAA level, the patients are divided into high
physiological age risk and low physiological age risk groups, and their
baseline characteristics are shown in Table 1. Those who were former
heavy drinkers, had high BMI levels, had histories of cardiovascular
disease, chronic kidney disease, and diabetes, or were in pre-diabetic
stages were more likely to be in the high physiological age risk group
(Table 1).

3.2. Relationship between PA or PAA and all-cause mortality

During a median follow-up period of 12 years, a total of 1,469 deaths
were recorded. Furthermore, for eachadditional 10years of PA, the risk of
mortality in patients with hypertension increased by 75% (HR=1.75,
95% CI=1.63–1.87, P<0.0001). After multi-factor adjustments, the
association between PA and the risk of death in the individuals with
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Table 1
Baseline characteristics of study population in high physiological age risk and low physiological age risk groups.

Variable High physiological age risk (1212, 24.18%) Low physiological age risk (3016, 75.82%)

Age 58.18 (0.57) 55.62 (0.39)
Gender

Female 538 (45.84) 1580 (52.11)
Male 674 (54.16) 1436 (47.89)

Race/ethnicity
Black 332 (17.37) 570 (9.78)
Mexican 177 (5.25) 520 (4.86)
Other 97 (6.75) 256 (8.09)
White 606 (70.63) 1670 (77.27)

Smoke
former 406 (31.57) 1024 (33.48)
never 507 (41.56) 1554 (50.86)
now 299 (26.87) 438 (15.67)

Drinking status
former 382 (28.56) 718 (19.86)
heavy 174 (14.32) 408 (14.30)
mild 368 (32.87) 1076 (39.82)
moderate 102 (10.13) 363 (13.99)
never 186 (14.12) 451 (12.03)

Maritalstatus
Divorced 161 (12.66) 320 (9.90)
Living with partner 74 (5.53) 128 (5.02)
Married 614 (54.01) 1811 (65.17)
Never married 122 (11.22) 238 (7.96)
Separated 42 (3.03) 72 (1.71)
Widowed 199 (13.54) 447 (10.24)

Education
College graduate or above 140 (13.63) 588 (24.63)
High school or less 773 (57.70) 1666 (47.16)
Some college 299 (28.67) 762 (28.21)

Frailty
Non-frailty 333 (28.75) 1790 (63.55)
Pre-Frailty 399 (34.72) 781 (24.41)
Frailty 480 (36.52) 445 (12.05)

Diastolic blood pressure 71.69 (0.63) 74.35 (0.40)
Systolic blood pressure 134.18 (0.60) 132.97 (0.41)
Family poverty income ratio 2.64 (0.06) 3.20 (0.04)
Waist 110.77 (0.64) 101.12 (0.38)
Body mass index 32.98 (0.29) 29.47 (0.16)
Total cholesterol 190.89 (1.75) 203.03 (0.92)
High density lipoprotein 49.14 (0.55) 54.26 (0.37)
Low density lipoprotein 111.32 (1.49) 120.68 (0.85)
Total triglycerides 152.21 (2.41) 140.45 (1.50)
Creatinine 1.13 (0.02) 0.87 (0.00)
HbA1c 6.37 (0.05) 5.51 (0.01)
eGFR 77.58 (0.98) 87.33 (0.48)
PhenoAge 65.34 (0.70) 49.21 (0.39)
ePWV 9.64 (0.07) 9.36 (0.05)
HVA 69.11 (0.52) 62.12 (0.41)
Antihypertensive drugs
NO 332 (28.50) 1222 (42.95)
YES 880 (71.50) 1794 (57.05)
Lipid-lowering drugs
NO 786 (65.68) 2222 (74.48)
YES 426 (34.32) 794 (25.52)
Glucose-lowering drugs
NO 830 (73.91) 2759 (93.89)
YES 382 (26.09) 257 (6.11)
Cardiovascular diseases
NO 852 (73.32) 2539 (86.56)
YES 360 (26.68) 477 (13.44)
Hyperlipidemia
NO 196 (15.74) 508 (16.38)
YES 1016 (84.26) 2508 (83.62)
Diabetes mellitus
No 155 (15.25) 1101 (41.85)
Prediabete 406 (36.14) 1388 (44.39)
Diabetes 651 (48.61) 527 (13.76)
Chronic kidney diseases
NO 589 (54.98) 2337 (83.13)
YES 623 (45.02) 679 (16.87)
Chronic obstructive pulmonary disease
NO 1108 (91.07) 2833 (93.83)
YES 104 (8.93) 183 (6.17)
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hypertension still existed (Model 1: HR=1.64, 95% CI=1.55–1.73,
P<0.0001;Model 2:HR=1.57, 95%CI=1.49–1.66, P<0.0001;Model
3: HR=2.03, 95% CI=1.87–2.20, P< 0.0001). Furthermore, after full
adjustment in Model 4, for each additional 10 years of PA, the all-cause
mortality risk increased by 96% for patients with hypertension (HR=
1.96, 95% CI=1.81–2.11, P< 0.0001, Table 2).

Additionally, PAA can also serve as an independent predictive factor
for the risk of death in patients with hypertension. For each additional 10
years of PAA, the risk of death in patients with hypertension increases by
39% (HR=1.39, 95% CI=1.30–1.49, P< 0.0001). After full multi-
factor adjustments, for each additional 10 years of PAA, the risk of death
in patients with hypertension increases by 67% (Model 4: HR=1.67,
95% CI=1.51–1.84, P<0.0001, Table 3).

The individuals with hypertension was divided into high and low
groups based on the median of PA, to explore the relationship
between PA and survival rate in the individuals with hypertension.
The Kaplan–Meier curve shows that patients with hypertension and
low levels of PA have a higher survival rate (Supplementary Fig. S4).
Moreover, in the unadjusted model (High vs Low: HR=7.76, 95%
CI=6.70–8.98, P< 0.0001) and multi-factor adjusted model (High vs
Low: HR=2.21, 95% CI=1.73–2.81, P< 0.0001), patients with
hypertension and high PA levels have a higher risk of death
(Supplementary Fig. S4A). Similar results were observed in the
stratification of PAA, with the low physiological age risk group having
a higher survival rate and lower risk of death (high physiological age
risk vs low physiological age risk: HR=1.36, 95% CI=1.18–1.57,
P<0.0001; Supplementary Fig. S4B).

3.3. Relationship between PA or PAA and cause-specific mortality

Among the 1,469 deaths recorded in patients with hypertension, 411
patients died from cardiovascular diseases. For each additional 10 years
of PA or PAA in patients with hypertension, the risk of death from CVD
increases by 103% (P< 0.0001, Table 2) and 54% (P<0.0001, Table 3)
respectively. After full multivariate adjustments, with the increase in PA
and PAA, the risk of death from CVD in patients with hypertension
eventually increases by132%(P<0.0001, Table 2) and93%(P< 0.0001,
Table 3). Furthermore, patientswith hypertension and lowPA levels have
a higher survival rate in terms of CVD mortality. After multivariate
adjustment, compared to the lowPA group, the high PA group had a 1.57-
fold increased risk of CVD mortality (High vs Low: HR=2.57, 95%
CI=1.71–3.87, P< 0.0001; Supplementary Fig. S4C). Similar results
were also observed in the stratification of PAA, where the high
physiological age risk group had a higher risk of CVD mortality (high
physiological age risk vs low physiological age risk: HR=1.60, 95%
CI=1.20–2.15, P< 0.0001; Supplementary Fig. S4D).

Moreover, in the final adjusted model, for each additional 10 years of
PA and PAA in patients with hypertension, the risk of death from other
cause specific mortality increases by 59%–404% (excluding Accidents,
P>0.05, Table 2) and 53%–289% (excluding Accidents and Alzheimer’s
disease, P>0.05, Table 3) respectively. The restricted cubic splines (RCS)
model was used to analyze the dose-response association between PA and
PAA and both all-cause mortality and cardiovascular disease mortality,
which demonstrated a non-linear relationship of them (non-linear
P>0.05, Supplementary Fig. S5).

Table 1 (continued)

Variable High physiological age risk (1212, 24.18%) Low physiological age risk (3016, 75.82%)

Arthritis
NO 639 (52.41) 1820 (62.59)
YES 573 (47.59) 1196 (37.41)

Continuous variables are presented as the weighted mean (Standard error, SE), category variables are presented as the counts (weighted %).

Table 2
Cox regression analysis results examining the association of Phenotypic age on all-cause and cause-specific mortality in Hypertension population fromNHANES 1999 to
2010.

PhenoAge Unadjusted Model Adjusted Model 1 Adjusted Model 2 Adjusted Model 3 Adjusted Model 4
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

All-cause mortality 1.75 (1.63,1.87) 1.64 (1.55,1.73) 1.57 (1.49,1.66) 2.03 (1.87,2.20) 1.96 (1.81,2.11)
Cardiovascular disease 2.03 (1.86,2.21) 1.89 (1.73,2.06) 1.82 (1.66,2.00) 2.49 (2.14,2.90) 2.32 (2.01,2.69)
Cerebrovascular disease 2.20 (1.94,2.51) 2.19 (1.88, 2.56) 2.30 (1.92, 2.77) 2.85 (2.18,3.71) 2.55 (1.85, 3.53)
Respiratory disease 2.03 (1.82,2.27) 1.88 (1.65, 2.13) 2.03 (1.69, 2.43) 3.05 (2.19, 4.23) 3.16 (2.15, 4.63)
Diabetes mellitus 2.06 (1.78,2.39) 2.03 (1.71, 2.41) 2.01 (1.60, 2.51) 1.54 (0.98, 2.42) 1.59 (1.05, 2.43)
Renal disease 2.44 (2.05,2.91) 2.61 (1.83, 3.73) 3.21 (2.48, 4.17) 3.51 (2.78, 4.45) 5.04 (3.97, 6.40)
Caner 1.92 (1.74,2.12) 1.78 (1.60,1.98) 1.77 (1.60,1.97) 2.22 (1.92,2.57) 2.21 (1.91,2.56)
Influenza and pneumonia 2.08 (1.77,2.45) 2.04 (1.68, 2.48) 2.38 (1.78, 3.19) 5.12 (2.69, 9.74) 5.04 (2.13,11.92)
Alzheimer’s disease 2.17 (1.93,2.45) 1.81 (1.44,2.26) 1.97 (1.54,2.51) 2.80 (1.75,4.46) 2.58 (1.60,4.16)
Accidents 1.13 (0.80,1.60) 1.21 (0.76,1.95) 1.25 (0.81, 1.94) 1.64 (0.88, 3.05) 1.55 (0.88, 2.71)
Residual (all other causes) 1.82 (1.66,1.99) 1.79 (1.64, 1.95) 1.74 (1.61, 1.89) 2.47 (2.10,2.89) 2.49 (2.12,2.91)

Cerebrovascular disease indicates all deaths resulting from conditions affecting the blood vessels in the brain, such as stroke and transient ischemic attack (TIA).
Respiratory diseases indicated all deaths from chronic lower respiratory diseases.
Renal disease indicated all deaths from nephritis, nephrotic syndrome, and nephrosis.
HR per 10 years increase in Phenotypic age with 95% CIs.
Model 1: age (20–44, 45–64, >65 years), SBP (continuous), DBP (continuous).
Model 2: Model 1+gender, race/ethnicity, smoke, alcohol user, FamilyPIR, education, BMI (continuous).
Model 3: Model 2+HbA1c (continuous), CCI, TC (continuous), TG (continuous), CR (continuous), eGFR (continuous), lipid-lowering drug (yes/no), glucose-lowering
drug (yes/no).
Model 4: Model 3+CVD (yes/no), CKD (yes/no), DM (yes/no), hyperlipidemia (yes/no), arthritis (yes/no), COPD (yes/no), waist (yes/no), Marital status (yes/no).
HR, Hazard ratio; CI, confidence interval; BMI, bodymass index; HbA1c, Glycated hemoglobin; TC, total cholesterol; CR, creating; TG, triglyceride; DBP, diastolic blood
pressure; SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate; CVD, cardiovascular disease; DM, Diabetes mellitus; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease; PA, Phenotypic age.
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3.4. Predictive value of PA and PAA

ROC analysis was used to evaluate the predictive value of PA and PAA
for all-cause mortality and CVD mortality in patients with hypertension.
The results indicate that PA and PAA have an independent predictive role
for all-cause mortality (AUC=0.836, 95% CI 0.8234–0.8486, P< 0.001;
AUC=0.763, 95% CI 0.7466–0.7793, P< 0.001) and cardiovascular
disease mortality (AUC=0.851, 95% CI 0.8313– 0.8709, P< 0.001;
AUC=0.786, 95% CI 0.7610–0.8112, P< 0.001). Compared to the FRS
(AUC for all-cause mortality=0.763, 95% CI 0.7466–0.7793, P< 0.001;
AUC for CVD=0.786, 95% CI 0.7610–0.8112, P< 0.001), PA has a
higher predictive value for the prognostic risk in patients with
hypertension, whereas PAA might be slightly less effective (Supplemen-
tary Fig. S6).

3.5. Mediation analysis

Causal mediation analysis elucidated whether and to what extent
arterial stiffness (ePWV), HVA, and PAAmediate the association between
PA and all-cause and cardiovascular disease mortality risks in patients
with hypertension (Fig. 1; Supplementary Table S6).

In models unadjusted for arterial stiffness (ePWV), HVA, and PAA,
hypertension patientswithhigh PA levels had a1.21-fold increased risk of
all-cause mortality (HR=2.21, 95% CI=1.73–2.81, P< 0.0001) and a
1.57-fold increased risk of cardiovascular disease mortality (HR=2.57,
95% CI=1.71–3.87, P<0.0001) respectively, compared to those with
low PA levels. After separately adjusting for ePWV, HVA, and PAA, the
hazard ratios for all-cause and CVD mortality when comparing patients
with hypertension and high PA to those with low PA were respectively
reduced to 1.64 (95% CI=1.27–2.09, P<0.001) /1.66 (95%CI=1.06–
2.59, P<0.0001), 2.10 (95% CI=1.64–2.68, P<0.0001)/2.35 (95%
CI=1.55–3.57, P<0.0001) and 1.75 (95% CI=1.37–2.24, P< 0.0001)
/1.88 (95% CI=1.24–2.86, P< 0.0001). Consequently, the proportions
of all-cause and CVD mortality effects mediated were 42.0% and 48.7%
(P<0.0001) by ePWV, 6.9% and 11.2% (P< 0.0001) byHVA, and 30.3%
and 33.3% (P< 0.0001) by PAA respectively.

However, when comparing the high physiological age risk group with
the low physiological age risk group, the proportions mediated by ePWV

and HVA were not statistically significant (P> 0.05, Supplementary
Table S6).

3.6. MR analysis of the causal relationship between genetically inferred PAA
and hypertension

In the GWAS data, 10 SNPs were identified (Table S4). SNPs without
genome-wide significant associations or overlaps with the outcome trait
were included in the analysis as genetic instruments. Upon adjusting for
confounding SNPs, the MR effect was gauged using a fixed-effect model.
Inverse VarianceWeighted (IVW) analysis identified a tight link between
PAA and hypertension incidence [Odds Ratio (OR)=1.002; 95%
Confidence Interval (CI) 1.000–1.003; P=0.023; Supplementary
Fig. S7], suggesting a potential positive causal relationship. Similar
associations persisted in MR-PRESSO and cML-MA-BIC analyses after
outlier elimination, though no significant link was seen in the weighted
median model (OR=1.001, 95% CI 0.999–1.004, P=0.067) and MR
Egger Model (OR=1.000, 95% CI 0.996–1.004, P=0.984). The
Cochran Q test reported no notable heterogeneity (Cochran’s
Q=10.515713, p=0.310), and no pleiotropic bias was found in
sensitivity analysis concerning genetic prediction of PAA. Additionally,
Leave-One-Out (LOO) analysis assured that the results were not
influenced by any single SNP. TheMR-Egger regression intercept showed
no apparent horizontal pleiotropy (intercept=0.001, p=0.319).

3.7. Subgroup analysis

PA and PAA are positively associated with the overall mortality and
CVD mortality risk in patients with hypertension across different
genders, ages, races, and stratifications of various chronic diseases
including COPD, CKD, and hyperlipidemia (Fig. 2 and Supplementary
Fig. S8). This suggests that different demographic characteristics and
disease statuses do not cause bias in the predictive effects of PA and
PAA on mortality. Interestingly, among males with hypertension, black
individuals, or those with obesity (high BMI), the predictive capacity of
PA or PAA for all-cause or CVD mortality appeared less pronounced,
despite non-significant differences (interaction P> 0.05). Therefore,
these factors should be taken into account when assessing and

Table 3
Cox regression analysis results examining the association of Phenotypic age acceleration on all-cause and cause-specific mortality in Hypertension population from
NHANES 1999 to 2010.

Phenotypic age acceleration Unadjusted Model Adjusted Model 1 Adjusted Model 2 Adjusted Model 3 Adjusted Model 4
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

All-cause mortality 1.39 (1.30,1.49) 1.53 (1.45, 1.62) 1.46 (1.38, 1.54) 1.74 (1.58, 1.92) 1.67 (1.51, 1.84)
Cardiovascular disease 1.54 (1.38,1.73) 1.70 (1.56, 1.86) 1.63 (1.48, 1.79) 2.03 (1.67, 2.48) 1.93 (1.58, 2.36)
Cerebrovascular disease 1.37 (1.19,1.58) 1.65 (1.37, 2.00) 1.85 (1.53, 2.23) 2.29 (1.59, 3.30) 2.24 (1.49, 3.38)
Respiratory disease 1.44 (1.24,1.67) 1.64 (1.39, 1.94) 1.68 (1.31, 2.15) 2.48 (1.56, 3.94) 2.58 (1.50, 4.44)
Diabetes mellitus 1.67 (1.45,1.92) 1.97 (1.70, 2.29) 2.00 (1.64, 2.44) 1.57 (1.11, 2.23) 1.53 (1.06, 2.20)
Renal disease 1.79 (1.54,2.09) 2.33 (1.70, 3.19) 2.91 (2.49, 3.41) 3.73 (3.10, 4.49) 3.89 (3.23, 4.69)
Caner 1.44 (1.28,1.61) 1.59 (1.43, 1.77) 1.57 (1.40, 1.75) 1.89 (1.57, 2.28) 1.87 (1.55, 2.26)
Influenza and pneumonia 1.55 (1.33,1.82) 1.75 (1.45, 2.11) 1.85 (1.45, 2.35) 3.72 (1.65, 8.40) 3.64 (1.38, 9.60)
Alzheimer’s disease 0.71 (0.43,1.18) 0.78 (0.49,1.23) 1.03 (0.62, 1.73) 1.17 (0.54, 2.54) 1.17 (0.54, 2.48)
Accidents 1.30 (1.07,1.59) 1.31 (1.04,1.63) 1.32 (1.01, 1.72) 1.90 (1.00, 3.61) 1.77 (0.95, 3.32)
Residual (all other causes) 1.41 (1.32,1.50) 1.63 (1.51,1.76) 1.60 (1.49,1.71) 1.85 (1.48,2.31) 1.80 (1.43,2.26)

Cerebrovascular disease indicates all deaths resulting from conditions affecting the blood vessels in the brain, such as stroke and transient ischemic attack (TIA).
Respiratory diseases indicated all deaths from chronic lower respiratory diseases.
Renal disease indicated all deaths from nephritis, nephrotic syndrome, and nephrosis.
HR per 10 years increase in Phenotypic age acceleration with 95% CIs.
Model 1: age (20–44, 45–64, >65 years), SBP (continuous), DBP (continuous).
Model 2: Model 1+gender, race/ethnicity, smoke, alcohol user, FamilyPIR, education, BMI (continuous).
Model 3: Model 2+HbA1c (continuous), CCI, TC (continuous), TG (continuous), CR (continuous), eGFR (continuous), lipid-lowering drug (yes/no), glucose-lowering
drug (yes/no).
Model 4: Model 3+CVD (yes/no), CKD (yes/no), DM (yes/no), hyperlipidemia (yes/no), arthritis (yes/no), COPD (yes/no), waist (yes/no), Marital status (yes/no).
HR, Hazard ratio; CI, confidence interval; BMI, bodymass index; HbA1c, Glycated hemoglobin; TC, total cholesterol; CR, creating; TG, triglyceride; DBP, diastolic blood
pressure; SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate; CVD, cardiovascular disease; DM, Diabetes mellitus; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease, low density lipoprotein.
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managing the biological aging and mortality risks in the individuals
with hypertension.

Further analysiswas conducted to investigate the predictive role of PA
on overall mortality and CVD mortality in patients with hypertension
among different levels of arterial stiffness, HVA, and PAA populations
with hypertension. It was found that only in the high arterial stiffness

group, the predictive effect of PA on overall mortality (interaction
P=0.03, Fig. 2A) and CVD mortality (interaction P=0.03, Fig. 2B)
among patients with hypertension was different. However, no significant
differences were observed in the predictive effects of PAA on overall
mortality and CVD mortality among different levels of arterial stiffness,
HVA populations (Supplementary Fig. S8).

Fig. 1.Mediation analysis. (A) Represents mediationmodel for PA on all-cause mortality risks in patients with hypertension: hypertension as the dependent variable (Y),
the PAas the independent variable (X), and the ePWV, PAAandHVA respectively as themediator (M); (B) Representsmediationmodel for PA on cardiovascularmortality
mortality risks in patients with hypertension: hypertension as the dependent variable (Y), the PA as the independent variable (X), and the ePWV, PAA and HVA
respectively as the mediator (M); (C) Represents mediation model for PAA on all-cause mortality risks in patients with hypertension: hypertension as the dependent
variable (Y), the PA as the independent variable (X), and the ePWVandHVA respectively as themediator (M); (D) Representsmediationmodel for PAA on cardiovascular
mortality mortality risks in patients with hypertension: hypertension as the dependent variable (Y), the PA as the independent variable (X), and the ePWV and HVA
respectively as the mediator (M). Note: PA: Phenotypic age; PAA: Phenotypic age acceleration; ePWV, estimated pulse wave velocity; HVA, heart age/vascular age; X:
independent variable; Y: dependent variable. “+” represents a positive mediating effect and “–” represents a negative mediating effect. P＜ 0.05 indicate that there is no
mediating effect.

Fig. 2. A. Stratified analyses of the associations (hazard ratios, 95% CIs) between Phenotypic age and all-cause mortality in hypertension participants. B. Stratified
analyses of the associations (hazard ratios, 95% CIs) between Phenotypic age and cardiovascular disease mortality in hypertension participants. The adjustment of HRs
involves the following covariates (excluding the stratified variables): gender, age, race, SBP, DBP, BMI, smoking status, drinking status, FamilyPIR, education level, TC,
TG, CR, eGFR, HbA1c, frailty, Antihypertensive drugs, lipid-lowering drugs, hypoglycemic drugs, CVD, DM, hyperlipidemia, CKD, COPD, arthritis, ePWV, HVA and PAA.
HR, Hazard ratio; CI, confidence interval; BMI, bodymass index; HbA1c, Glycated hemoglobin; TC, total cholesterol; CR, creating; TG, triglyceride; DBP, diastolic blood
pressure; SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate; CVD, cardiovascular disease; DM, Diabetes mellitus; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease; ePWV, estimated pulse wave velocity; HVA, heart age/vascular age; PAA, Phenotypic age acceleration.
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4. Discussion

Our study examined the link betweenbiological agingmetrics (PAand
PAA) and mortality in people with hypertension, focusing on arterial
stiffness (ePWV) and HVA mediation. PA and PAA emerged as
independent mortality predictors. ePWV and PAA predominantly
mediated the PA-mortality association. Genetically inferred PAA causally
related to hypertension progression was identified. These results
underscore the significance of integrating age-associated risk measures
and vascular health in hypertension mortality management.

PA is a composite biomarker that reflects the cumulative effects of
aging on multiple biological systems [11]. PAA is the difference between
PA and chronological age, indicating the deviation from normal aging
process. Both PA and PAA can capture the heterogeneity of aging among
individuals with the same chronological age, and provide more accurate
estimation of mortality risk than chronological age alone [12].

However, the hazard ratios of PA and PAA remain consistent across
adjusted models. This stems from complex interactions between aging,
hypertension, and mortality, with each model capturing different facets
of these variables, affecting risk ratios. Additionally, nonlinear relation-
ships of some covariates with outcomes may cause inconsistencies in risk
ratios compared to unadjusted models. Furthermore, unmeasured
confounders or varying impacts of measured confounders in different
modelsmight also contribute to this variability. And, in complex diseases,
the hazard ratios exhibit similar variations when different sets of
covariates are included in the model [38,39].

The study illuminates ePWV, an arterial stiffness marker, as central in
PA’s association with mortality risk in individuals with hypertension,
corroborating prior findings linking arterial stiffness to elevated
physiological age and mortality [40–42]. People with hypertension
stratified by ePWVdemonstrated itsmediation role, accounting for 42.0%
of PA’s influence on mortality, which underscores arterial stiffness’s
critical role inhigh-PApeoplewith hypertension.However, ePWVdid not
fully account for the effect of PA, indicating that other mechanisms may
also be involved.

HVA represents heart and vascular ages, linked to cardiovascular risk.
In patients with hypertension, HVA was found to mediate 13.2% of
mortality risk, reflecting its complex influence.HVA includesphysiological
changes like arterial stiffness and endothelial dysfunction, variably
affecting mortality risk [43]. The complexity partly explains its limited
mediating effect. The interplay of HVAwith demographic factors, lifestyle
behaviors, and comorbidities also impacts mortality risk [44]. Additional-
ly, HVA’s scope, focusing on risk factors such as age, sex, smoking, HDL
cholesterol, and systolic pressure, may exclude other crucial elements like
BMI, diabetes, and lifestyle factors, and its calculation could introduce
measurement errors. These results emphasize the necessity for further
research to understand HVA’s comprehensive role and investigate other
mortality factors in individuals with hypertension.

PAA causally relates to hypertension onset and progression,
potentially reflecting biological phenomena like epigenetic alterations,
telomere shortening, oxidative stress, and inflammation [12,45,46],
whichmay not be captured by PA. These processesmay also contribute to
the development and progression of hypertension and its complications
[47,48]. Apart from ePWV and HVA, PAA mediated 30.3% of the
association between PA and mortality risk in patients with hypertension,
indicating that aging-related mechanisms not captured by PA also
significantly contribute to the relationship between PA andmortality risk
in patients with hypertension. Therefore, measuring PAA may provide
additional information for assessing and managing mortality risk in
individuals with hypertension. However, due to selection bias in the
NHANES population or limitations of cross-sectional data, further studies
are needed to explore the role of PAA.

Besides, although the interaction was not statistically different, the
impact of PA or PAA on mortality appears diminished in obese people
with hypertension compared to those with healthy BMI, suggesting an

“obesity paradox”. This phenomenonmight result from elevated baseline
mortality risk in obese people with hypertension and the metabolic
reserves of overweight individuals against frailty [49,50]. Other
confounders, like diet or medication, may affect PA or PAA’s predictive
power [51]. Women with hypertension and higher PA or PAA showed
elevated cardiovascular and all-cause mortality risks than men, possibly
due to increased arterial stiffness and vascular aging markers. Gender
differences in CVD risk, such as increased myocardial infarction risk in
women with hypertension and post-menopausal hormonal changes
affecting systems like RAAS, underscore the need to understand gender-
specific hypertension effects [52,53]. Notably, black people with
hypertension displayed a lower PA-related mortality risk than white
individuals, potentially due to differences in biological aging and societal
health determinants [12,54]. Future research should explore these
variances and integrate comprehensive health determinants.

In summary, PA and PAA effectively assess biological aging and
mortality risk in patients with hypertension, which assist in gauging
patients’ biological aging and mortality risk, enabling more personalized
and effective prevention and treatment strategies aimed at decelerating
biological aging and reducing mortality risk.

5. Strengths and limitations

Our study highlights aging and mortality risk heterogeneity in people
with hypertension, introducing PA andPAAas aging biomarkers linked to
heightened mortality. The associations varied by the levels of ePWV and
HVA, signifiers of arterial stiffness. Notably, people with hypertension
with elevated ePWV showed a stronger link between PA, PAA, and
mortality. These insights underscore the amplified risk for people with
hypertension with advanced physiological age and arterial stiffness,
necessitating intensified monitoring. Benefiting from the extensive
NHANES database ensured robust analysis and wider relevance. A
subsequent MR study further verified PAA’s linkage to hypertension and
expanded insights to European demographics.

We must also acknowledge that our study has some limitations. First,
we mainly focus on the mortality risk of diseases, however, most clinical
physiological indicators are mainly used for the prediction and diagnosis
of diseases. We cannot infer that the occurrence risk of diseases also has
the same linear relationship. Meanwhile, the use of ePWV, derived from
age andbloodpressuremay introduce variability compared todirect PWV
measurements and not highlight regional arterial differences impacting
cardiovascular health. PA’s biological significance is unclear, possibly
reflecting cardiovascular metabolic health rather than cellular aging
processes. The use of NHANES data may introduce potential selection
bias, unadjusted confounding, and measurement inaccuracies, possibly
obscuring relationships between PA, PAA, and mortality. Our study only
employed a cross-sectional measurement for phenotypic age, phenotypic
age acceleration, ePWV and HVA, which may not reflect the dynamic
changes of these biomarkers over time. NHANES, primarily a social
survey, lacks details like hospitalization, inhibiting morbidity outcome
analyses. Additionally, MR analysis has inherent constraints: potential
genetic variant limitations, population stratification, and variable genetic
impacts on outcomes.While we adoptedmeasures to counter these biases
and employed a sizable sample for robustness, residual biases could
persist. Our MR findings, based on European data, might not be globally
generalizable, underscoring the need for broader studies. Furthermore,
MRanalysiswas constrained by the availability of instrumental variables.
While significant SNPs for PAA were identified, these instrumental
variables were not available for PA, limiting our ability to conduct MR
analysis on PA.

6. Conclusions

The study reveals that PA and PAA are potent indicators of biological
aging and mortality risk in people with hypertension. Arterial stiffness
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andHVAmediate the relationship betweenphenotypic age andmortality,
suggesting potential mechanisms and targets for intervention. Mendelian
randomization evidences a causal association between PAA and
hypertension progression. These results underscore the importance of
combining biological aging and vascular health metrics in hypertension
assessment and management.
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