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Abstract 
Objecti v e: This study aimed to find out whether phenotypic age could mediate the pr otecti v e effects of a healthy lifestyle on mortality. 

Methods: We included adult participants with av aila b le data for individual phenotypic ag e ( PhenoAg e ) and Life’s Essential 8 ( LE8 ) 
scor es fr om the National Health and Nutrition Examination Surv ey 2005–2010 ( thr ee cycles ) and linked mortality records until 31 
December 2019. Adjusted hazard ratios ( HR ) were estimated to evaluate the associations of PhenoAge and LE8 scores with all-cause 
and car dio v ascular mortality risk. Mediation anal yses wer e performed to estimate the proportional contribution of PhenoAge to the 
effect of LE8 on mortality risks. 

Results: A 1-year increment in PhenoAge was associated with a higher risk of all-cause ( HR = 1.04 [95% confidence interval, 1.04–
1.05] ) and car dio vascular ( HR = 1.04 [95% confidence interval, 1.04–1.05] ) mortality, independent of chronological age , demogr aphic 
c har acteristics, and disease history. High level of LE8 ( score: 80–100 ) was associated with a 3.30-y ear y oung er PhenoAg e. PhenoAg e 
was estimated to mediate 36 and 22% of the effect of LE8 on all-cause and car dio v ascular mortality, r especti v el y ( all P < 0.001 ) . As 
for single-metric scores of LE8, PhenoAge mediated 30%, 11%, 9%, and 7% of the effects of the healthy diet, smoking status, blood 

pr essur e, and physical activity on all-cause mortality risk, r especti v el y ( all P < 0.05 ) . 

Conclusion: Adherence to LE8 recommendations slows phenotypic ag ing. PhenoAg e could mediate the effect of LE8 on mortality risk. 

Keywords: phenotypic age; Life’s Essential 8; all-cause mortality; cardiovascular mortality 
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Introduction 

Aging is one of the major risk factors for a variety of chronic dis- 
eases and death [ 1 ]. Ho w e v er, c hr onological a ge does not account 
for the individual differences in the underlying process of biolog- 
ical aging [ 2 ]. Phenotypic age ( PhenoAge ) , a composite score of 
routine clinical markers, has been ne wl y de v eloped to differ enti- 
ate individuals with increased or decreased risk for morbidity and 

mortality among people within the same c hr onological a ge gr oup 

[ 3 ]. 
Emer ging e vidence suggests that v arious modifiable lifestyle 

factors, such as diet [ 4–6 ], physical activity [ 7 , 8 ], smoking [ 9 ],
drinking [ 10 , 11 ], obesity [ 12 , 13 ], and sleep [ 14 , 15 ] are associ-
ated with accelerated or decelerated biological aging measured by 
PhenoAge or other indexes. Life’s Essential 8 ( LE8 ) , recommended 

by the American Heart Association ( AHA ) , is a set of eight health 

behaviors that people can impr ov e thr ough lifestyle c hanges to 
ac hie v e ideal cardiovascular health ( CVH ) [ 16 , 17 ]. Meeting more 
LE8 metrics has been associated with lo w er risks of all-cause and 

cause-specific morbidity and mortality [ 18–22 ]. Adherence to LE8 
i
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 ppr ov ed by the r esearc h ethics boards of the National Center for
ealth Statistics. Ov er all, the continuous NHANES surv eys since
999 used complex m ulti-sta ge pr obability sampling methods to
nroll ∼5000 people for each 2-year cycle. Data was acquired by
t-home interviews and health examinations conducted in mo-
ile examination centers ( MECs ) and was made publicly available
or analysis ( https:// www.cdc.gov/ nchs/ nhanes/ index.htm ) [ 24 ]. 

Ther e wer e 17 132 participants a ged ≥20 years fr om thr ee cy-
les of NHANES IV from 2005 to 2010. Participants with ineligible
ollow-up data, invalid MEC follow-up time, and insufficient data
or calculating PhenoAge or LE8 were excluded. Detailed inclu-
ion criteria and baseline c har acteristics of two sub-populations
re listed in supplementary Fig. 1 and supplementary Tables 2 –3 ,
ee supplementary online material. 

henoAge calculation 

henoAge was calculated using the method described else wher e
 25 ]. In general, PhenoAge is a composite measure ( in units of
ears ) calculated with a linear combination of 10 variables, in-
luding c hr onological a ge and nine r outine clinical biomarkers
serum albumin, creatinine , glucose , C-r eactiv e pr otein ( CRP ) ,
ymphocyte %, mean cell volume, red blood cell distribution
idth, alkaline phosphatase, and white blood cell count]. It was
e v eloped to r eflect one’s mortality risk compar ed with oth-
rs of the same c hr onological a ge. Phenotypic a ge acceler a-
ion ( PhenoAgeAccel ) was also computed accordingly and de-
ned as the residual when regressing PhenoAge on chronologi-
al age in a linear model. It signifies the difference between a
erson’s c hr onological a ge and PhenoAge, whic h r eflects r elativ e
ealth status and disease susceptibility compared with others
f the same c hr onological a ge. A positiv e v alue of PhenoAgeAc-
el suggests older biological age than chronological age and vice
ersa. 

E8 

he AHA LE8 was adapted to ascertain CVH. The LE8 includes
our modifiable CVH behaviors ( not smoking, eating healthily, be-
ng physically active, and healthy sleeping ) and four CVH factors
body mass index ( BMI ) , blood pr essur e, blood non-high-density
ipoprotein ( non-HDL ) cholesterol, and blood glucose] [ 17 ]. An or-
inal point-scoring system ( r anging fr om 0 to 100 ) was applied
o each metric ( supplementary Table 1 , see supplementary on-
ine material ) . The unweighted av er a ge of the eight metric scores
as calculated to scale the ov er all CVH, yielding a summation
E8 scor e r anging fr om 0 to 100 for eac h individual. CVH le v el
as categorized based on the LE8 score as high ( 80–100 ) , mod-

rate ( 50–79 ) , and low ( 0–49 ) . Information on smoking status,
hysical activity le v els, diet and sleep dur ation wer e acquir ed
hr ough intervie wer-administer ed questionnair es. Smoking sta-
us was scored according to current cigarette use and the time
ince quitting. One’s physical activity le v el w as assessed b y the
ntensity and frequency of leisure-time or recreational physical
ctivity during the past 7 or 30 da ys . T he original definition of a
ealthy diet is meeting no less than four out of five components of
he healthy dietary pattern defined by the AHA [ 16 ]. The Healthy
ating Index ( HEI ) [ 26 ] was used to define the dietary metric of
E8. The HEI is a more comprehensive measurement designed to
 v aluate ho w w ell a person’s diet aligns with the dietary recom-
endations from the Dietary Guidelines for Americans [ 26 ]. Sleep

ealth was scored by the av er a ge hours of sleep per night. BMI was
alculated as weight ( in kilograms ) divided by height ( in meters )
quar ed. Blood pr essur e data was acquired during physical exam-
nation in the MECs . T he blood pr essur e used in the current analy-
is was the mean of all readings a vailable . Blood glucose and non-
DL c holester ol le v els wer e measur ed using participants’ blood

pecimens collected in the MECs. 

sertainment of mortality 

ll-cause mortality and cause-specific mortality data were ac-
uir ed fr om the open-source linka ge data fr om the National
eath Index; data can be accessed at https:// www.cdc.gov/ nchs/
ata- linkage/mortality- public.htm . Participants aged ≥18 years
ith sufficient identifying data were eligible for follow-up, from

he date of the interview to 31 December 2019. The leading cause
f death was provided based on the International Statistical Clas-
ification of Diseases 10th r e vision code included in the restricted-
se linkage data. Cardiovascular mortality was defined as any
eath caused by heart diseases or cer ebr ov ascular diseases. 

o v aria tes 

he demogr a phic c har acteristics included sex, ethnicity, mari-
al status, annual family income, and educational attainment.
 articipants who r eported physician-dia gnosed congestiv e heart
ailur e, cor onary heart disease, ang ina/ang ina pectoris, heart at-
ac k, or str oke wer e classified as having cardiovascular disease
 CVD ) . Chr onic obstructiv e pulmonary disease ( COPD ) was de-
ned as self-reported diagnosed emphysema or chronic bronchi-
is. Cancer was defined as self-r eported dia gnosed cancer or ma-
ignancy of any kind. Diabetes was defined both by self-reporting
r Hemoglobin A1c ( HbA1c ) ≥ 6.5%. Hypertension [systolic pres-
ure ( SBP ) ≥ 140 mmHg or diastolic pressure ( DBP ) ≥ 90 mmHg]
nd hyperlipidemia ( total c holester ol ≥ 200mg/dl ) were defined
y self-report or examination and laboratory results. Missing co-
 ariates wer e coded as “not defined” to pr eserv e the sample size. 

tatistical methods 

aseline c har acteristics wer e compar ed acr oss thr ee differ ent
roups of PhenoAge ( sex-specific bottom quintile vs. 2nd to 4th
uintile vs. top quintile ) and LE8 ( high vs . moderate vs . low ) statis-
ical comparisons were performed with the χ2 test for categorical
ariables and analysis of variance ( ANOVA ) for continuous vari-
bles ( supplementary Tables 2 –3 ) . 

We first estimated the effects of PhenoAge on mortality risk.
ox proportional hazard models were used to examine the asso-
iations of PhenoAge [both continuous and categorical variables,
henoAgeAccel, and its ten biomarkers ( v alues wer e standardized
nd centered ) ] and LE8-score [both continuous and categorical
ariables, and single-metric scores ( continuous values were stan-
ardized and centered ) ] with all-cause and cardiovascular mor-
ality risks. Crude mortality rates were calculated as e v ents per
000 person-years of follow-up time until 31 December 2019, or
eath, whic he v er occurr ed first. Adjusted hazard r atios ( HRs ) were
stimated with adjustment for c hr onological a ge, sex, ethnicity,
arital status, educational attainment, annual famil y income, r e-

ear ch c ycle, and disease histories of CVD , COPD , cancer, diabetes,
 ypertension, and h yperlipidemia. 

Then, we e v aluated the r elationships between PhenoAge and
E8. The least-squared means of PhenoAgeAccel were estimated
n three different LE8-score groups and single-metric-score groups
 high vs. moderate vs. low ) , adjusted for demogr a phic c har ac-
eristics and histories of diseases. When estimating the least-
quared means of each component of LE8, the other seven metrics
er e additionall y adjusted. The adjusted means of PhenoAgeAc-

el were calculated using the R package ‘lsmeans’ [ 27 ]. 

https://www.cdc.gov/nchs/nhanes/index.htm
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
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https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://www.cdc.gov/nchs/data-linkage/mortality-public.htm
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
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Table 1. Adjusted HRs for all-cause and cardiovascular mortality by le v els of PhenoAge. 

No. of cases ( incidence 
r a te per 1000 person 

years ) 

All-cause mortality Cardio v ascular mortality 

aHR c ( 95% CI ) P aHR for ( 95% CI ) P 

PhenoAge 
Bottom quintile 19 ( 0.53 ) 0.33 ( 0.20–0.53 ) 0.990 0.66 ( 0.25–1.72 ) 0.393 
2nd to 4th quintiles 767 ( 7.33 ) 1.00 1.00 
Top quintile 1736 ( 66.91 ) 1.95 ( 1.72–2.22 ) < 0.001 2.19 ( 1.71–2.79 ) < 0.001 
1 point increment ( continuous ) a 1.04 ( 1.04–1.05 ) < 0.001 1.04 ( 1.04–1.05 ) < 0.001 
PhenoAgeAccel: 
Bottom quintile 396 ( 11.75 ) 0.81 ( 0.72–0.91 ) < 0.001 0.77 ( 0.62–0.95 ) 0.014 
2nd to 4th quintile 1205 ( 11.78 ) 1.00 1.00 
Top quintile 921 ( 29.88 ) 2.04 ( 1.86–2.24 ) < 0.001 1.92 ( 1.62–2.27 ) < 0.001 
1 point increment ( continuous ) 1.04 ( 1.04–1.05 ) < 0.001 1.04 ( 1.04–1.05 ) < 0.001 
Z-Score of biomarkers b 

Albumin ( g/l ) 0.74 ( 0.71–0.78 ) < 0.001 0.79 ( 0.72–0.85 ) < 0.001 
Creatinine ( μmol/l ) 1.13 ( 1.10–1.16 ) < 0.001 1.13 ( 1.09–1.18 ) < 0.001 
Glucose, serum ( mmol/l ) 1.10 ( 1.06–1.14 ) < 0.001 1.12 ( 1.05–1.20 ) < 0.001 
Log C-r eactiv e pr otein ( mg/dl ) 1.19 ( 1.14–1.24 ) < 0.001 1.16 ( 1.07–1.26 ) < 0.001 
Lymphocyte percent ( % ) 0.83 ( 0.80–0.87 ) < 0.001 0.79 ( 0.73–0.85 ) < 0.001 
Mean cell volume ( fl) 1.13 ( 1.09–1.18 ) < 0.001 1.10 ( 1.02–1.19 ) 0.015 
Red cell distribution width ( % ) 1.23 ( 1.20–1.27 ) < 0.001 1.22 ( 1.16–1.29 ) < 0.001 
Alkaline phosphatase ( U/l ) 1.19 ( 1.16–1.22 ) < 0.001 1.17 ( 1.11–1.23 ) < 0.001 
White blood cell count ( 1000/ μl ) 1.03 ( 1.01–1.06 ) 0.001 1.03 ( 0.98–1.08 ) 0.226 
Chronological age ( years ) 1.08 ( 1.08–1.08 ) < 0.001 1.10 ( 1.09–1.11 ) < 0.001 

All models were adjusted for chronological age, sex, ethnicity ( non-Hispanic White, non-Hispanic Black, Mexican American, other Hispanic, and others ) , marital 
status ( married/living with a partner, div or ced/separated/wido w ed, never married ) , annual family income ( < 25 000 dollars/y ear, 25 000–75 000 dollars/y ear, > 75 000 
dollars/year ) , and educational attainment ( less than high-sc hool, high-sc hool, Bac helor’s degr ee or abov e ) , as well as disease histories including history of COPD, 
CVD, cancer, diabetes, hypertension, and hyperlipidemia. 
a A 1 point increment equals 1 SD increment in the original value . b T he biomarkers listed are those incorporated in the construction of PhenoAge and the values 
w ere standar dized and centr ed befor e inclusion in Cox models. c aHR, adjusted hazard r atio. 
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Thir d, w e assessed the associations of LE8 with mortality risk.
Cox proportional hazard models wer e a pplied, and model 1 was 
adjusted for c hr onological a ge, sex, ethnicity, marital status, ed- 
ucational attainment, annual family income, r esearc h cycle, and 

disease histories of COPD and cancer. Besides, we introduced Phe- 
noAge as an additional covariate in model 2. We did not include 
diabetes, hypertension, and hyperlipidemia as covariates since 
blood pr essur e , fasting glucose , and total c holester ol wer e in- 
cluded in the calculation of LE8. To test the potential ability of 
PhenoAge to discriminate high-risk individuals independent of es- 
tablished risk factors and LE8, we computed reclassification and 

discrimination statistics for differ ent surviv al anal yses models.
C-Indexes, net reclassification improvement, and integrated dis- 
crimination impr ov ement wer e calculated and compar ed with R 

pac ka ges ‘survcomp’ [ 28 ] and ‘survIDINRI’ [ 29 ]. 
Mediation analyses were performed to test whether the LE8 

score and its components affect all-cause and cardiovascular 
mortality risks via PhenoAge and to quantify the mediated pro- 
portions [ 30 ]. Multivariate generalized linear regressions were fit- 
ted for the exposure–mediator models, while parametric survival 
r egr essions wer e fitted for the exposur e–outcome and mediator–
outcome models . T he co v ariates included in both the linear r e- 
gression models and parametric survival regression models were 
consistent with that included in the Cox proportional hazard 

models assessing the associations of LE8 with mortality. The pro- 
portions of the mediated effect were estimated using the R pack- 
age ‘mediation’ [ 31 ]. 

We conducted se v er al sensitivity anal yses. Firstl y, since blood 

glucose was a component of both PhenoAge and LE8, we excluded 

blood glucose from the calculation of LE8 in e v aluating the as- 
sociations of PhenoAge and LE8 and in the mediation analyses.
Secondl y, we r eplaced PhenoAge with PhenoAgeAccel in the me- 
diation analyses. 
All statistical analyses were performed with R 4.1.0 ( R Foun-
ation for Statistical Computing, Vienna, Austria ) . A two-sided P
alue < 0.05 was considered statistically significant. 

esults 

he baseline descriptive characteristics of study participants 
cross PhenoAge quintiles are shown in supplementary Table 2 
 mean age 49.5 years, 48.6% females, 49.1% White ) . During a

edian follow-up time of 11.17 years, 2522 death e v ents wer e
ecorded among 15 320 adults. In Table 1 , participants in the top
uintile of PhenoAge had a 1.95- and 2.19-fold all-cause and car-
iovascular mortality risk ( all P < 0.001 ) , respectively, compared
ith ones in the 2nd to 4th quintiles of PhenoAge after adjusting

or c hr onological a ge, demogr a phics, and disease histories. A 1-
ear increment in PhenoAge yielded a HR of 1.04 ( 95% confidence
nterval ( CI ) , 1.04–1.05 ) for all-cause mortality and 1.04 ( 1.04–1.05 )
or cardiovascular mortality. 

The baseline c har acteristics of sub-population 2 are shown in
upplementary Table 3 . Ov er all, 17.5%, 67.7%, and 14.8% of the
1 060 participants met the high, moderate, and low le v el of CVH
t the time of examination, r espectiv el y. The incr ement in LE8 was
ssociated with a significant reduction in PhenoAge after adjust- 
ent of c hr onological a ge, demogr a phic c har acteristics, and his-

ories of COPD and cancer ( Fig. 1 A ) . The adjusted means of Phe-
oAgeAccel for the high, moderate, and low levels of LE8-score
 ere −3.30 y ears, −1.07 y ears, and 3.02 y ears, r espectiv el y ( Fig. 1 B,

upplementary Table 4 , see supplementary online material ) . High
e v els of all single-metric scores were associated with a reduced
henoAge compared with low levels, except for the score of non-
DL c holester ol ( Fig. 1 B, supplementary Table 4 ) . 
During a median follow-up of 11.17 years, 1659 deaths were 

ecorded. Table 2 shows the associations of LE8 with all-casue

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
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(A) (B)

Figure 1. Adjusted means of PhenoAgeAceel by le v els of LE8 and single components. Least-squared means of PhenoAgeAccel are presented for each 
possible score of LE8 ( A ) and levels of LE8 and its single components ( B ) . In ( A ) , the bars r epr esent the frequency distribution of LE8 scores and the 
broken line represents the least-squared means of PhenoAgeAcc in eight LE8 groups ( from 0 to 100 divided by 12.5 ) . Means were adjusted for 
c hr onological a ge, sex, ethnicity, marital status, education attainment, annual family income, and histories of COPD, CVD, and cancer. In ( B ) , white, 
gr ay, and blac k r epr esent the least-squar ed means of PhenoAgeAcc in high, moder ate, and low le v els of LE8, r espectiv el y. Means wer e adjusted for sex, 
ethnicity, marital status, education attainment, annual family income, and histories of COPD, CVD, and cancer. For LE8 scores, 0–49 was categorized as 
low, 50–79 as moderate, and 80–100 as high. Error bars represent standard error. When estimating the adjusted means of each component of LE8, the 
other se v en metrics wer e additionall y adjusted. A positiv e v alue of PhenoAgeAccel indicates older PhenoAge compar ed with c hr onological a ge, and 
vice v ersa. Ov er all, participants with higher LE8 scores had lo w er PhenoAgeAccel. 

Table 2. Adjusted HRs for all-cause and cardiovascular mortality by le v el of LE8. 

No. of cases 
( incidence r a te per 
1000 person years ) 

All-cause mortality Cardio v ascular mortality 

Model 1 
aHRs a ( 95% CI ) 

Model 2 b 

aHRs ( 95% CI ) 
Model 1 

aHRs ( 95% CI ) 
Model 2 b 

aHRs ( 95% CI ) 

Sum of LE8 
High 105 ( 5.64 ) 0.77 ( 0.63–0.94 ) 0.77 ( 0.63–0.95 ) 0.64 ( 0.42–0.96 ) 0.66 ( 0.43–0.99 ) 
Moderate 1094 ( 13.25 ) 1.00 1.00 1.00 1.00 
Low 460 ( 22.81 ) 1.37 ( 1.22–1.53 ) 1.19 ( 1.06–1.33 ) 1.55 ( 1.27–1.90 ) 1.36 ( 1.11–1.67 ) 
1-SD increment of LE8 0.79 ( 0.75–0.84 ) 0.92 ( 0.87–0.97 ) 0.71 ( 0.64–0.79 ) 0.76 ( 0.69–0.85 ) 
Single-metric score ( 1-SD increment ) c 

HEI 0.95 ( 0.90–1.00 ) 0.96 ( 0.91–1.01 ) 0.91 ( 0.83–0.99 ) 0.92 ( 0.83–1.00 ) 
Blood glucose 0.88 ( 0.83–0.92 ) 0.98 ( 0.93–1.03 ) 0.88 ( 0.80–0.97 ) 0.98 ( 0.89–1.08 ) 
BMI 1.08 ( 1.02–1.14 ) 1.13 ( 1.07–1.19 ) 0.98 ( 0.89–1.08 ) 1.02 ( 0.92–1.12 ) 
Physical activity 0.82 ( 0.78–0.87 ) 0.83 ( 0.78–0.87 ) 0.85 ( 0.77–0.94 ) 0.86 ( 0.77–0.95 ) 
Blood pr essur e 0.92 ( 0.87–0.97 ) 0.92 ( 0.87–0.97 ) 0.85 ( 0.78–0.94 ) 0.86 ( 0.78–0.94 ) 
Smoking status 0.79 ( 0.75–0.84 ) 0.81 ( 0.77–0.86 ) 0.81 ( 0.72–0.91 ) 0.83 ( 0.74–0.93 ) 
Total non-HDL c holester ol 1.11 ( 1.05–1.17 ) 1.09 ( 1.04–1.15 ) 1.00 ( 0.91–1.10 ) 0.99 ( 0.90–1.18 ) 
Sleep health 0.98 ( 0.94–1.03 ) 0.98 ( 0.94–1.03 ) 1.00 ( 0.92–1.08 ) 0.99 ( 0.91–1.08 ) 

All models were adjusted for chronological age, sex, ethnicity ( non-Hispanic White, non-Hispanic Black, Mexican American, other Hispanic, and others ) , marital 
status ( married/living with a partner, div or ced/separated/wido w ed, never married ) , annual family income ( < 25 000/year, 25 000–75 000/year, > 75 000/year ) , educa- 
tional attainment ( less than high-sc hool, high-sc hool, Bac helor’s degr ee or above ) and histories of COPD , CVD , and cancer. All metrics of LE8 were categorized into 
differ ent le v els and assigned a metric scor e r espectiv el y, yielding an unweighted av er a ge of summation LE8-scor e r anging fr om 0–100, whic h was also categorized 
into thr ee le v els ( high: 80–100, intermediate: 50–79, poor: 0–49 ) . When treated as a continuous variable, the sum of the LE8 score and scores of each metric were 
standardized and centered. 
a aHR indicates adjusted hazard ratio. b In model 2, PhenoAge was additionally adjusted. 
c For analyses on single metrics, scores of the other seven components were additionally adjusted. 

m  

s  

l
0  

p  

l  

[  

T  

2  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/pcm

/article/7/3/pbae019/7758812 by guest on 04 D
ecem

ber 2025
ortality and cardiovascular mortality. A 1-SD increment of LE8-
cor e was inv ersel y associated with all-cause and cardiovascu-
ar mortality risks [HR ( 95%CI ) = 0.79 ( 0.75–0.84 ) and 0.71 ( 0.64–
.79 ) , r espectiv el y. Table 2 , r esults for model 1]. Compared with
articipants who met the moderate level of LE8, those with low
e v el had incr eased all-cause and cardiov ascular mortality risks
HR ( 95%CI ) = 1.37 ( 1.22–1.53 ) and 1.55 ( 1.27–1.90 ) , r espectiv el y.
able 2 , results for model 1]. As shown in suppelementary Fig.
 ( see supplementary material ) , the 5- and 10-year cum ulativ e
ortality rates from all-causes and CVD were both lo w er in
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Table 3. Proportion of effect of LE8 on risk of all-cause and cardiovascular mortality mediated by PhenoAge. 

Lifestyle 
metric 

All-cause mortality Cardio v ascular mortality 

Mediated % 

( 95% CI ) P 
Mediated % 

( 95% CI ) P 

Sum of LE8 36 ( 28–48 ) < 0.001 22 ( 15–34 ) < 0.001 
Single-metric a 

HEI 30 ( 12–207 ) 0.028 14 ( 5–78 ) 0.038 
Physical 
activity 

7 ( 4–11 ) < 0.001 8 ( 4–19 ) < 0.001 

Blood pr essur e 9 ( 2–24 ) 0.004 4 ( 1–12 ) 0.018 
Smoking 
status 

11 ( 8–16 ) < 0.001 11 ( 6–28 ) < 0.001 

In mediation anal yses, m ultiv ariate gener alized linear r egr essions wer e fitted for the exposur e–mediator models, while par ametric surviv al r egr essions wer e fitted 
for the exposure–outcome and mediator–outcome models. Both models were adjusted for c hr onological a ge, demogr a phic featur es including sex, ethnicity ( non- 
Hispanic White, non-Hispanic Black, Mexican American, other Hispanic, and others ) , marital status ( married/living with a partner, div or ced/separated/wido w ed, 
ne v er married ) , annual family income ( < 25 000/year, 25 000–75 000/year,> 75 000/year ) , educational attainment ( less than high-sc hool, high-sc hool, Bac helor’s degr ee 
or above ) and histories of COPD , CVD , and cancer. Only significant mediation results are shown in this table. 
a For analyses on single metrics, the other seven metrics were additionally adjusted. 
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respondents who met a high le v el of LE8 than those who met 
moderate or low levels of LE8, indicating better survival for re- 
spondents who met a high le v el of LE8. A 1-SD increment of 
single-metric scores in smoking status, physical activity, diet, 
blood pr essur e, and blood glucose was also associated with lo w er 
all-cause mortality risk ( Table 2 , all P < 0.05 ) . A 1-SD incre- 
ment of single-metric scores in BMI and non-HDL c holester ol 
was positiv el y associated with all-cause mortality risk ( Table 2 ,
all P < 0.05 ) . Introducing PhenoAge as an additional variable in 

this model yielded a significant increase in C-index, indicating an 

ad ded predicti ve po w er of PhenoAge independent of demogr a ph- 
ics and LE8 ( supplementary Table 5 , see supplementary online 
material ) . 

After introducing PhenoAge as an additional covariate in as- 
sessing the associations of LE8 with mortality risks, the effects 
of sum-LE8 on mortality were attenuated and were closer to the 
null hypothesis ( Table 2 , results for model 2 ) . Besides, the effects 
of PhenoAge on mortality remained significant. T herefore , we in- 
tr oduced mediation anal yses to test whether PhanoAge could me- 
diate the effects of LE8 on mortality. 

In mediation analysis on the total LE8, PhenoAge was calcu- 
lated to mediate 36% and 22% of the effects of LE8 on all-cause 
and cardiovascular mortality, respectively ( both P < 0.001 in Ta- 
ble 3 ) . In mediation analyses on single metrics of LE8, non-HDL 
c holester ol and BMI were excluded from mediation analyses due 
to their positive associations with mortality risks ( Table 3 ) . Blood 

glucose was not analyzed either, as it was one of the biomarkers 
used to construct PhenoAge. Among the remaining single-metric 
scores, PhenoAge mediated a considerable proportion of the effect 
of HEI score ( 30%, P = 0.028 ) on all-cause mortality risk, follo w ed 

by smoking status score ( 11%, P < 0.001 ) , blood pr essur e scor e ( 9%,
P = 0.004 ) and physical activity score ( 7%, P < 0.001 ) . 

In sensitivity analysis 1, we first excluded blood glucose from 

the calculation of LE8 in analyses evaluating the associations 
of PhenoAge and LE8 and in the mediation analyses . T he low 

le v el of LE8 ( without blood glucose ) was associated with slo w er 
PhenoAgeAccel compared with that before excluding blood glu- 
cose ( 1.72 for LE8 without blood glucose vs. 3.02 for LE8; see 
supplementary Table 6 in the supplementary online material ) . But 
the adjusted means of PhenoAgeAccel in high and moderate level 
of LE8 were consistent before and after excluding blood glucose.
Besides, the increment of LE8 was still associated with a signif- 
icant reduction of PhenoAge. In mediation analyses, the propor- 
tion of effects of LE8 ( without blood glucose ) on mortality medi- 
ted by PhenoAge was attenuated slightly ( from 36% to 30% for
ll-cause mortality, and from 22% to 19% for CVD mortality; see
upplementary Table 7 in the supplementary online material ) . In
ensitivity analysis 2, we replaced PhenoAge with PhenoAgeAc- 
el in the mediation analyses and the results were almost 
onsistent with the main results ( see supplementary Table 8 in
he supplementary online material ) . 

iscussion 

n a nationally re presentati ve sample of US adults, we found that
etter adherence to a healthy lifestyle measured by LE8 is associ-
ted with a reduced PhenoAge, independent of chronological age 
nd demogr a phics. Our pr ospectiv e anal yses further v alidated the
ssociations between PhenoAge , LE8-score , and their individual
omponents, with all-cause mortality . Importantly , our study pro-
ides strong evidence that PhenoAge can mediate half the effect
f LE8 on all-cause mortality and cardiovascular mortality. 

Our study quantified the direct benefits of adherence to a
ealthy lifestyle and a high le v el of CVH, determined by eight
etrics, on phenotypic aging. Our reuslts aligned with the in-

erse associations of LE8 with PhenoAge from a previous study
 32 ]. But differ entl y, thr ough estimating the adjusted means of
henoAgeAccel, our study provides straightforw ar d information 

hat a high le v el of CVH may slow PhenoAge by 3.30 years, inde-
endently of other factors. More importantly, our study demon- 
tr ated that adher ence to eac h component of LE8 ( except total
 holester ol ) could all exert reduction in PhenoAgeAccel to vary-
ng degrees independent of each other. The results also coincide
ith pr e vious r esearc h demonstr ating the contribution of behav-

oral factors to the variation of PhenoAge [ 33 ]. 
We confirmed that PhenoAge could predict all-cause and car- 

iovascular mortality, independent of chronological age, demo- 
r a phic c har acteristics , and medical history [ 3 ]. T he significant
ncr ease in r eclassification statistics further supported that Phe-
oAge is a functional and beneficial index for improving accuracy

n risk stratification among mass population. Our findings are in
ine with pr e vious studies observing similar associations of each
iomarker included in PhenoAge with mortality risk [ 34–36 ]. 

Our analyses yielded similar results to pr e vious studies show-
ng that ov er all adher ence to LE8, as well as smoking cessa-
ion, staying physically acti ve, k ee ping a healthy diet, and main-
aining an optimal blood pr essur e and glucose le v el wer e as-
ociated with a lo w ered risk for all-cause and cardiovascular

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae019#supplementary-data
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ortality [ 37–44 ]. Unexpectedly, our study found that increments
n BMI and non-HDL c holester ol scor es wer e positiv el y associ-
ted with mortality from all causes. Se v er al studies hav e r eported
nconsistent associations of BMI and non-HDL c holester ol with

ortality from all causes, but none of them reported protec-
ive effects of high scores of BMI or non-HDL c holester ol [ 44–46 ].
ome of the studies have attributed the results partly to the U-
hape associations of non-HDL cholesterol with all-cause mortal-
ty and CVD mortality among US adults [ 44 , 47 ]. To further eluci-
ate the results we also applied restricted cubic splines methods
o our population and found significant nonlinear relationships
f both BMI and non-HDL c holester ol with all-cause mortality
 supplementary Fig. 2 ) . The mechanisms underlying the associ-
tions have not been fully discussed, although the results should
ring attention to re-considering the scoring system of LE8 for the
wo metrics because of the nonlinear associations. In addition, the
ssociations of sleep duration with all-cause and CVD mortality
ere insignificant in our study. Ho w e v er, pr e vious studies based
n more recent NHANES cycles identified small but significant ef-
ects of sleep duration on all-cause mortality [ 44 , 46 ], suggesting
hat it is still important to add sleep duration into LE8. 

Noteabl y, our study intr oduced mediation anal yses to examine
he proportional contribution of PhenoAge to the effect of lifestyle
n mortality risk. We found that PhenoAge mediated almost 51%
f the effect of LE8 on all-cause mortality and half of the effect on
ar diovascular mortality. Further, w e estimated PhenoAge’s medi-
tion effect on mortality risk through the individual components
f LE8. PhenoAge was originally trained as a predictor for mortal-
ty risk [ 25 ], without considering biological mechanisms . T he re-
ults of our mediation analyses support that, although aging is a
omplex process with numerous potential mechanisms involved,
henoAge is an efficacious composite measure that ca ptur es and
uantifies the long-term effect of lifestyle on the aging process.
esides, pr e vious studies hav e indicated the relationship among

ifestyle factors, indi vidual biomark ers included in PhenoAge, and
he aging process . For instance , cigarette smoking has been shown
o be str ongl y and inv ersel y associated with low albumin le v els
 48 ], indicating malnutrition and accelerated aging [ 49 , 50 ]. High
-r eactiv e pr otein le v els, a r eflection of c hr onic inflammation and
ging, can be lo w ered b y lifestyle interventions including weight
ontrol and physical activities [ 51 , 52 ]. Higher levels of mean cell
olume and red blood cell distribution width were associated with
lder a ge, pr obabl y due to slo w ed hemol ysis r ate and a ge-r elated
nemia [ 53 , 54 ]. 

Given that PhenoAge may be an independent predictor of mor-
ality, and a mediator between adherence to a healthy lifestyle
nd long-term health outcomes, our study might have important
linical r ele v ance for public health. First, PhenoAge can be used
s an indicator to help promote the willingness to adhere to a bet-
er lifestyle at the individual le v el. Pr e vious lifestyle-interv ention
CTs using single-metric outcome measur es hav e demonstr ated
eclines in compliance to w ar ds the end of the trials [ 55 , 56 ], in-
icating a possible inadequacy of motivation among participants.
henoAge quantifies the long-term effects of a healthy lifestyle
nd links the benefits dir ectl y to mortality risks. A decreased Phe-
oAge may serve as a better incentive than single-metric mea-
ur es for pr omotion of a better lifestyle. Second, PhenoAge can
e used for risk stratification and implementation of targeted
ifestyle interventions at the population le v el, as it r emained pr e-
ictive of mortality risks independent of c hr onological a ge, de-
ogr a phic c har acteristics, and pr e v alent disease histories, and

ielded ad ditional predicti ve po w er on top of established risk fac-
ors. 
The results of our study should also be interpreted in the con-
ext of the following limitations. Consistent with pr e vious study,
s the de v elopment of PhenoAge was based on the NHANES sam-
le [ 3 ], whether PhenoAge can be applied to populations from
ther countries is still unknown. The current analysis cannot de-
ermine causal relationships between lifestyle and PhenoAge, nor
an it determine the relationship between PhenoAge and mortal-
ty risks. Ho w e v er, the habitual lifestyle behaviors reported by par-
icipants pre-dated the interviews and MEC examinations, coin-
iding with the time sequence of temporal relationships and pro-
iding our inter pr etation with mor e cr edibility. In addition, the
ovariates included in our study were only demographic char-
cteristics and histories of diseases; ho w e v er, some unmeasur ed
actors including environmental exposures could influence Phe-
oAge and mortality risk and thus influence the mediation re-
ults. Ne v ertheless, whether PhenoAge and PhenoAgeAccel can
e modified by changes in lifestyle warrants further prospective
tudies or clinical trials. 

onclusions 

n conclusion, adherence to LE8 recommendations was signifi-
antly associated with slo w ed PhenoAge, leading to reduced risks
f all-cause and cardiovascular mortality. Our r esults pr ov ed that
henoAge could serve as a mediator of the effects of LE8 on mor-
ality, which supports the potential utilization of PhenoAge in
romoting long-term CVH and well-being through realizing the
romise of LE8. 
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