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Abstract The healthy aging index (HAI) has been
recently developed as a surrogate measure of biologi-
cal age. However, to what extent the HAI is associated
with all-cause and cause-specific mortality and whether
this association differs in younger and older adults
remains unknown. We aimed to quantify the association
between the HAI and mortality in a population of UK
adults. In the prospective cohort study, data are obtained
from the UK Biobank. Five HAI components (systolic
blood pressure, reaction time, cystatin C, serum glucose,
forced vital capacity) were scored O (healthiest), 1, and 2
(unhealthiest) according to sex-specific tertiles or clini-
cally relevant cut-points and summed to construct the
HAI (range 0-10). Cox proportional hazard regression
models were used to estimate the associations of the
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HAI with the risk of all-cause and cause-specific mor-
tality. 387,794 middle-aged and older participants were
followed up for a median of 8.9 years (IQR 8.3-9.5).
A total of 14,112 all-cause deaths were documented.
After adjustments, each 1-point increase in the HAI was
related to a higher risk of all-cause mortality (hazards
ratio [HR], 1.17; 95%CI, 1.15-1.18). Such association
was stronger among adults younger than 60 years (1.19,
1.17-1.21) than that among those 60 years and older
(1.15, 1.14-1.17) (P interaction<0.001). For each unit
increment of the HAI, the multivariate-adjusted HRs for
risk of death were 1.28 (1.25-1.31) for cardiovascular
diseases, 1.09 (1.07-1.10) for cancer, 1.36 (1.29-1.44)
for digestive disease, 1.42 (1.35-1.48) for respiratory
disease, 1.42 (1.33-1.51) for infectious diseases, and
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1.15 (1.09-1.21) for neurodegenerative disease, respec-
tively. Our findings indicate that the HAI is positively
associated with all-cause and cause-specific mortality
independent of chronological age. Our results further
underscore the importance of effective early-life inter-
ventions to slow aging and prevent premature death.

Keywords Healthy aging - Mortality - Cohort
study - Biological age

Introduction

Rapid population aging has posed severe threats to
health and social care systems [1]. Between 2019 and
2050, the number of persons aged 65 or over world-
wide is projected to more than double (1.5 billion),
which will outnumber adolescents and youth aged 15
to 24 years (1.3 billion) [2]. Nevertheless, between-
person variations in the pace of aging may exist
among individuals of the same chronological age,
which manifest as differences in susceptibility to dis-
ease and death [3, 4]. Therefore, it is of paramount
importance to study the biological determinants of
the between-person variations in “healthy aging.”
While several aging indicators have been pro-
posed in the UK Biobank, such as the biological
age based on 72 biomarkers [5] and the frailty index
based on 49 items [6], which have provided multi-
system approaches to research and prevention of
diseases of aging, surrogate aging measures with
relative affordability and practicality are needed to
be applicable to the clinical settings. The healthy
aging index (HAI), a modified Physiological Index
of Comorbidity developed by Newman et al. [7], has
been associated with increased mortality risk in older
adults (>60 years) in the United States (US) and
China [8-13]. Using only five noninvasive clinical
tests (systolic blood pressure, reaction time, cysta-
tin C, serum glucose, forced vital capacity), the HAI
not only captures subclinical hypofunction across
multiple organ systems, but also provides incre-
mental value for death prediction beyond clinically
diagnosed chronic diseases among elders [12]. The
global proportion of older individuals is increasing,
and this phenomenon is more pronounced in the
UK than in the US and China, which may result in a
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growing risk of adverse age-related outcomes in the
UK [14]. Although the HAI has been applied in the
UK Biobank recently and has a significant impact
on major vascular events [15], the association of the
HAI with all-cause and cause mortality risk remains
unclear.

In the present study, we aimed to assess whether an
adaptation of the HAI using data from UK Biobank (a
large prospective cohort of over 500,000 middle-aged
people) can be used to identify people at increased
risk of all-cause and cause-specific mortality across a
wide range of ages; and to further investigate whether
the effect of HAI on mortality risk could be modified
by sociodemographic characteristics, lifestyle factors,
and health status.

Method
Study participants

In this prospective cohort study, we sourced
data from the UK Biobank. Details of the design
and survey methods of the UK Biobank have
been described elsewhere [16-18]. In brief, UK
Biobank, a general population cohort study,
recruited more than 500,000 middle-aged par-
ticipants between April 2007 and December 2010
(5.5% response rate for around 9 million people
who received invitations). The baseline survey
was done in 22 assessment centers across England,
Wales, and Scotland, where participants completed
a touch screen questionnaire, took physical meas-
urements, and provided biological samples.

From the initial sample of 502,527 participants,
we excluded those with missing information on all
five HAI components [SBP, reaction time, cystatin C,
serum glucose, and FVC; n=113,372), and other key
covariates [race/ethnicity; n=1361], leaving 387,794
participants included in the present study. Written
informed consent was provided by all participants,
and the study was approved by the North West Mul-
ticenter Research Ethics Committee. We conducted
this research using the UK Biobank Resource under
Application Number 44430. Ethical approval was also
obtained from the Ethical Committee of Peking Uni-
versity (Beijing, China).
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Index components
Systolic blood pressure

Two SBP measurements were taken in a seated
position after a 2-min rest using an appropriate
cuff and an Omron HEM-7015IT digital BP moni-
tor, and in this study, the average was calculated.
For individuals with missing automated SBP read-
ings, we used the mean of these 2 manual values
for imputation. We used sex-specific tertiles of SBP
values to classify participants into three catego-
ries: 0= <135 mmHg for men and <127 mmHg
for women; 1=135-150 mmHg for men and
127-146 mmHg for women; and 2= >150 mmHg
for men and > 146 mmHg for women. Participants
who reported a physician diagnosis of hypertension
or were taking BP-lowering medications were also
grouped in the unhealthiest category (component
score =2).

Reaction time

Although previous studies of HAI have identified
the Digit Symbol Substitution Test (DSST) as a
potential indicator of cognitive performance [8,
13], only a subset of participants who accepted the
invitation to the follow-up assessment have com-
pleted the DSST in the UK Biobank [19]. Given
the strong correlation between DSST score and
reaction time, we proposed that reaction time
could substitute for DSST, both of which fall
within the cognitive domain of processing speed.
Although the replacement measurement may
not represent a phenotype identical to that repre-
sented by the original components, they are none-
theless indicators of neurological health. Reac-
tion times were collected via a touchscreen at the
baseline assessment, in which participants were
asked to complete a computerized version of the
card game “Snap,” pressing a button as quickly as
possible when two cards displayed on the screen
matched. Scores consisted of the average time
to give a correct response. Sex-specific tertiles
of reaction time were applied to classify par-
ticipants into three groups: 0= <493 ms for men
and < 509 ms for women; 1 =493-574 ms for men
and 509-591 ms for women; and 2= > 574 ms for
men and > 591 ms for women.

Cystatin C

Cystatin C was measured by latex-enhanced immu-
noturbidimetric analysis on a Siemens ADVIA 1800,
which was scored using sex-specific tertiles of the cysta-
tin C values: 0= <0.87 mg/dL for men and <0.81 mg/
dL for women; 1=0.87-0.98 mg/dL for men and
0.81-0.91 mg/dL for women; and 2= >0.98 mg/dL for
men and >0.91 mg/dL for women.

Serum glucose

Random glucose was measured by hexokinase
analysis on a Beckman Coulter AU5800 for all par-
ticipants with an available blood sample at baseline.
Given the majority (>95%) of the participants who
took the random test fasted <8 h, we classified par-
ticipants into 3 groups according to clinical cutoff
points of random glucose as follows: 0= <140 mg/
dL, 1=140-200 mg/dL, and 2= >200 mg/dL [20].
In addition, participants who reported a diagnosis of
diabetes or who were using medication for diabetes
were coded as 2.

Forced vital capacity

FVC value was calculated from blow using a Vita-
lograph Pneumotrac 6800. We divided participants
into three FVC categories using sex-specific ter-
tiles: 0=>4750 mL for men and>3400 mL mg/
dL for women; 1=4000-4750 mL for men and
2870-3400 mL for women; and 2= <4000 mL for
men and <2870 mL for women.

All the above HAI components are known risk fac-
tors for death [21-27]. The sum of these five scores
together gave a total HAI score ranging from O to 10,
with a higher value indicating a worse, unhealthier
aging status. The summary of cutoffs used in this
study can be seen in eTable 1. With reference to
previous studies [8, 9, 13, 28], we further catego-
rized HAI scores into the following four levels: 0-2
(healthiest), 3—4, 5-6, and 7-10 (unhealthiest).

Mortality status follow-up

Long-term follow-up for mortality was done in the
UK Biobank through comprehensive data linkage.
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Date and cause of death were obtained from the
National Health Service (NHS) Information Centre
for participants from England and Wales, and from
the NHS Central Register, Scotland, for participants
from Scotland. Details of information about the link-
age procedure can be found at http://content.digital.
nhs.uk/services. Linkage recorded all deaths occur-
ring until 14 February 2018 for England and 31
December 2016 for Scotland. The outcomes of this
study were all-cause mortality and cause-specific
mortality (cardiovascular diseases, cancer, respiratory
disease, digestive disease, neurodegenerative disease,
infectious disease, and all other causes), based on the
10th revision of the International Classification of
Diseases (ICD-10) (eTable 2).

Covariates

This study utilized the following potential con-
founding factors: sociodemographic characteris-
tics [age, sex, ethnicity, UK Biobank assessment
center, social deprivation (Townsend deprivation
index), and highest education levels]; anthropo-
metric indicators [body mass index (BMI)]; life-
style behaviors [smoking status (current, former, or
never), alcohol intake, physical activity, and diet],
personal health and medical history [cardiovascular
diseases, cancer, respiratory disease, digestive dis-
ease, neurodegenerative disease, infectious disease,
and medication use (anti-hypertensive medication,
cholesterol-lowering medication, hormone replace-
ment therapy, oral contraceptive pill, or none)], and
biomarkers [high-density lipoprotein, low-density
lipoprotein, triglycerides, and total cholesterol].
Daily physical activity levels were calculated by
multiplying the metabolic equivalent tasks (METSs)
value for a specific type of physical activity by hours
spent on that activity per week and then adding up the
MET hours for all activities. Overall dietary pattern
was assessed by healthy diet score including the fol-
lowing factors: fruit intake at least three pieces each
day; vegetable intake at least four tablespoons each
day; fish intake at least twice each week; processed
meat intake no more than twice each week; and unpro-
cessed red meat intake no more than twice each week.
We added each healthy dietary factor to calculate the
final diet score ranging from 0 to 5 [29, 30]. Infor-
mation on prevalent diseases was obtained through
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self-reported and hospital inpatient records (eTa-
ble 3). For continuous variables, missing values were
imputed sex-specific median values, while categorical
variables were handled with missing indicators.

Statistical analysis

Baseline characteristics were described across four
categories of HAI (i.e., 0-2, 34, 5-—6, and 7-10) as
means (SD) for continuous variables and percentages
for categorical variables. In addition, we plotted the
mean HAI and the prevalence of unhealthiest aging
status by age and sex to examine the associations of
the HAI with age.

In the full cohort, we used Cox proportional hazard
regression models to estimate the hazard ratios (HRs)
and 95% confidence intervals (CIs) of the risk of all-
cause and cause-specific mortality associated with the
HAI, which was included in the models as a continu-
ous or a categorical variable. Follow-up person-years
were calculated from baseline until the date of death,
or end of follow-up, whichever occurred first. No vio-
lations to the proportional hazards assumption were
observed by inspection of the plots of the Schoenfeld
residual. We undertook separate models by sequential
inclusion of three groups of covariates to examine the
different potential confounding effects on the associa-
tions between HAI levels and mortality risk. Model 1
included basic sociodemographic characteristics (sex,
age, UK Biobank assessment center, and race/ethnic-
ity), followed by model 2 that additionally included
other sociodemographic characteristics (Townsend
deprivation index and highest education level),
anthropometric indicators (BMI), and lifestyle factors
(smoking status, alcohol intake, and physical activ-
ity). Model 3 additionally included chronic health
conditions (eTable 3) and medication use (anti-hyper-
tensive medication, cholesterol-lowering medication,
hormone replacement therapy, oral contraceptive pill,
or none). Notably, we adjusted for all the chronic con-
ditions in the all-cause analysis, and for only one dis-
ease in the corresponding cause-specific analyses. To
visually explore non-linear associations between HAI
and mortality risk, we used restricted cubic splines
for HAI score with 3 knots at the 25th, 50th, and
75th percentiles of the distribution, stratified by sex
and baseline age. We also applied a Kaplan—-Meier
survival curve to compare survival probabilities after
baseline recruitment between different groups of HAI
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stratified by sex and baseline age. In addition, inter-
action terms of potential covariates (age, sex, smok-
ing status, alcohol intake, level of physical activity,
and BMI) were tested using the likelihood ratio test,
which involved comparing models with and with-
out interaction terms, and we performed subgroup
analyses. Considering that most studies of the HAI
used 60 years as the cutoff of age, we conducted sub-
group analysis by age (=60 vs.<60 years) for con-
venience of comparison, with 60 years old also being
the median age. Additionally, we also calculated the
population attributable risk percent (PAR%) to esti-
mate the proportion of death that theoretically would
not have occurred if all participants were in a low-risk
group, in the case of assuming causality.

To examine the robustness of our findings, we also
conducted several sensitivity analyses: additionally
adjusting for dietary factors; excluding individuals
with one or more of these diseases at baseline from
the analysis, either separately or together; excluding
those who had ever used medications; excluding cur-
rent smokers and current drinker. In order to avoid
bias from the imputation of missing covariates, par-
ticipants with missing values were also removed in
another sensitivity analysis. In addition, we excluded
those who had died during the first 5 years of follow-
up to minimize the influence of reverse causality.

All statistical analyses were conducted using
Stata version 16.0. All p values were two-sided and
we defined the level of statistical significance as a P
value less than 0.05.

Patient and public involvement

No patients or the public were involved in setting the
research question or the outcome measures, nor were
they involved in developing plans for the design or imple-
mentation of the study. No patients were asked to advise
on the interpretation or writing up of results. There are no
plans to disseminate the results of the research to study
participants or the relevant patient community.

Results
Population characteristics

Of the 502,527 participants recruited to UK Biobank,
387,794 (77%) who had complete data on HAI and

key covariates were included, with a median fol-
low-up of 8.9 years (IQR 8.3-9.5; total follow-up
3,425,798 person-years). Table 1 summarizes the
main characteristics of the participants by quarters
of HAIL. Among 387,794 participants (mean age
56.4 years, 45.8% men), 90,804 (23.4%) had a score
of 0-2, 122,574 (31.6%) had a score of 3—4, 113,505
(29.3%) had a score of 5-6, and 60,911 (15.7%) had
a score of 7-10. Participants with lower HAI were
more likely to be women, White people, younger,
non-smoker, and more educated, and less likely to
use medications, and to have lower Townsend index,
and a lower prevalence of comorbidities, but higher
level of physical activity. There were no significant
differences between the included and the whole popu-
lations from UK Biobank in terms of most baseline
characteristics.

The HAI showed a right-skewed distribution
towards older age, either in combination or sepa-
rately (eFigs. 1 and 2). The mean HAI across all
participants was 4.23 (SD 2.16). Both the mean
HAI and the prevalence of unhealthiest aging
status increased with age. The prevalence of
unhealthiest aging status increased from 2319
(2.5%) in 92,794 people aged <50 years to 12,827
(9.9%) in 129,870 people aged 50-60 years, and to
45,765 (27.7%) in 165,130 people aged > 60 years.
As shown in Fig. 1, women had a higher mean
HAI between the ages 40 and 59 years, while men
had a higher prevalence of unhealthiest aging sta-
tus across all age subgroups.

Association of healthy aging index with all-cause
mortality

During follow-up, 14,112 all-cause deaths were
documented. Absolute mortality rates according
to HAI categories were 1.40, 2.86, 4.92, and 9.42
deaths per 1000 person-years for participants with
a score of 0-2, 3-4, 5-6, and 7-10, respectively
(Table 2). As shown in Table 2, each HAI com-
ponent was significantly associated with all-cause
mortality; after further adjustment, the magnitude
of associations was slightly attenuated in models
2 and 3. Among all components, serum random
glucose and cystatin C were most strongly associ-
ated with mortality. When all 5 components were
combined, the multivariate-adjusted HRs for par-
ticipants scoring 3—4, 5-6, and 7-10, as compared
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Table 1 Baseline characteristics of study participants according to HAI

Characteristics HAI Samples included UK Biobank
in the study Full samples
0-2 34 (n=57,358) 5-6(n=52,580) 7-10 (n=387,794) (n=502,527)
Healthy Unhealthy
(n=38,694) (n=29,030)
White (%) 97.0% 95.7% 94.2% 91.4% 94.9% 94.6%
Male (%) 42.6% 46.8% 46.3% 47.7% 45.8% 45.6%
Age at baseline 50.4 (7.2) 55.3(1.7) 59.4 (7.0) 62.2 (5.9) 56.4 (8.1) 56.5 (8.1)
(year)
Townsend depri- —1.6 (2.9) -1.5@3.0) -13@3.1) —-0.8(3.3) -143.1) -13@3.1)
vation index
College or univer- 46.0% 37.8% 29.9% 22.0% 33.1% 32.7%
sity degree (%)
Body mass index  26.2 (3.4) 27.3 (3.8) 28.4 (4.2) 29.9 (4.8) 27.4 (4.7) 27.4 (4.8)
(kg/m?)
Physical activity ~ 2907.5 (2951.7)  2891.7 (2988.2) 2817.1 (2959.4) 2533.4(2786.9) 2663.1 (2710.6)  2650.2 (2713.1)
(MET h/week)
Smoking status (%)
Never 58.4% 52.5% 46.1% 38.9% 55.2% 54.8%
Past 31.2% 35.7% 41.2% 47.2% 34.6% 34.6%
Current 10.5% 11.8% 12.7% 13.9% 10.2% 10.6%
Alcohol con- 21.2 (20.3) 22.0 (22.5) 21.5 (22.6) 18.9 (22.2) 14.8 (18.2) 14.7 (18.4)
sumption (g/
day)
Medications (%)
Cholesterol- 5.9% 14.5% 28.0% 50.2% 17.0% 17.6%
lowering
medication
Blood pressure  1.1% 6.8% 14.6% 19.4% 10.0% 10.2%
medication
Insulin 0.0% 0.1% 0.2% 0.5% 0.2% 0.2%
Chronic conditions (%)
Diabetes 0.2% 1.3% 5.5% 31.2% 5.4% 5.4%
Hypertension 3.9% 21.2% 43.2% 69.1% 28.0% 28.7%
Cardiovascular  2.3% 5.3% 10.6% 21.3% 6.2% 6.9%
disease
Cancer 4.1% 6.3% 8.2% 10.1% 8.8% 9.3%
Respiratory 0.7% 1.2% 2.3% 4.0% 1.7% 2.3%
disease
Digest disease ~ 0.1% 0.3% 0.4% 0.6% 0.2% 0.3%
Neurode- 3.0% 3.7% 4.8% 6.7% 4.3% 4.7%
generative
disease
Infectious 0.2% 0.3% 0.6% 1.2% 0.4% 0.5%
diseases
Single item of HAI
Systolic blood 130.8 (12.7) 141.1 (17.1) 148.5 (18.1) 151.4 (18.9) 139.7 (19.6) 139.8 (19.7)
pressure
(mmHg)
Random glu- 4.9(0.7) 5.0 (0.9) 52(.3) 592.3) 5.1(1.2) 51(1.2)
cose (mg/dl)
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Table 1 (continued)

Characteristics HAI Samples included UK Biobank
in the study Full samples
0-2 34 (n=57,358) 5-6(n=52,580) 7-10 (n=387,794) (n=502,527)
Healthy Unhealthy ’ ’
(n=38,694) (n=29,030)
Forced vital 5.2(0.9) 4.6 (0.9) 4.1(0.8) 3.6 (0.7) 3.7(1.1) 3.7(1.1)
capacity
(liters)
Cystatin C 0.8 (0.1) 0.9(0.1) 1.0(0.2) 1.1(0.2) 0.9(0.2) 0.9(0.2)
(mg/dl)
Reaction time  477.4 (67.6) 528.9 (99.4) 576.5 (116.8) 635.7 (125.4) 558.2 (116.9) 559.6 (118.0)
(ms)

Mean (SD) is presented for continuous variables and percentage for categorical variables. Percentages may not total 100 because of
rounding. All exposures were associated with HAI, with P <0.001 for trends across categories
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Fig. 1 Mean HAI and prevalence of unhealthy aging by age
and sex. A The data points represent the mean value of the
HALI per each 5-year age group and the lines represent the fit-

with those scoring 0-2, were 1.31 (1.22, 1.40),
1.60 (1.49, 1.72), and 2.28 (2.11, 2.46) (P for
trend < 0.001). Each 1-point increase in HAI was
associated with a 17% higher risk of all-cause
mortality (HR 1.17; 95%CI 1.15, 1.18). As pre-
sented in Kaplan—Meier survival curves, there
was a graded decrease in the survival probabili-
ties as HAI increased, and the difference between
the HAI categories in survival probability over
time was larger in men and increased with base-
line age (eFig. 3). For participants with healthy
aging status (scoring 3—10), the PAR of all-cause
mortality was 29.8% (95% CI 25.6%, 33.8%), sug-
gesting that approximately one-third of the deaths
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X
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©
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s
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€
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-
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8
S 2223
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o 1.1
& 1.0
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ted curve of the HAL. B The histogram represents the preva-
lence of unhealthy aging with a HAI of 7-10 per each 5-year
age group

might have been prevented if all participants had
not been in the healthy aging status, regardless of
chronological age. Estimates of the PAR for the
alternative levels of HAI or individual compo-
nents can be found in eTable 4. In addition, we
found potential evidence of a non-linear dose-
response association between HAI and mortality
risk (P non-linearity < 0.0001, eFig. 4).

Association of healthy aging index with
cause-specific mortality

Over the follow-up period, 2848 (0.7%) partici-
pants died from cardiovascular disease, 8107 (2.1%)
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Table 2 Associations

. Events per 1000 HR (95% CI)

betwgen single and person-year (95%ClI)

combined HAI components Model 1 Model 2 Model 3

and risk of all-cause

mortality Systolic blood pressuret
0 2.64 (2.54,2.74) (Reference) (Reference) (Reference)
1 3.10 (2.98, 3.22) 0.94 (0.89,0.99)  0.95(0.90, 1.00) 0.97 (0.92, 1.02)
2 5.66 (5.54,5.78) 1.13(1.08,1.18)  1.14(1.09,1.19) 1.14 (1.09, 1.19)

Random glucose

0 3.74 (3.68, 3.81)
1 6.43 (5.31,7.56)
2 10.34 (9.88, 10.81)

Forced vital capacityf

0 2.32(2.24,241)

1 3.53(3.43,3.64)

2 6.55 (6.41, 6.70)
Cystatin Cf

0 2.31(2.22,2.40)

1 3.34(3.23,3.45)

2 6.88 (6.73,7.04)

Reaction timef
0
1

2.77 (2.68, 2.86)
3.93 (3.81, 4.04)

2 5.79 (5.65,5.93)
Total HAI score

0-2 1.40 (1.32, 1.48)

3-4 2.86 (2.76, 2.96)

5-6 4.92 (4.78, 5.06)

7-10 9.42 (9.16, 9.68)
P for trend -

Per score point

(Reference)
1.41 (1.18, 1.68)
1.80 (1.72, 1.90)

(Reference)
1.08 (1.03, 1.13)
1.50 (1.43,1.57)

(Reference)
1.14 (1.08, 1.20)
1.77 (1.69, 1.85)

(Reference)
1.06 (1.02, 1.11)
1.29 (1.23, 1.35)

(Reference)
1.42(1.32,1.52)
1.92 (1.79, 2.06)
3.17 (2.96, 3.41)
<0.001

1.23 (1.22, 1.24)

(Reference)
1.40 (1.18, 1.67)
1.75 (1.66, 1.84)

(Reference)
1.05 (1.00, 1.10)
1.37 (1.31, 1.44)

(Reference)
1.10 (1.05, 1.16)
1.60 (1.53, 1.68)

(Reference)
1.04 (1.00, 1.09)
1.23 (1.18, 1.28)

(Reference)
1.32(1.23,1.41)
1.66 (1.55, 1.78)
2.51(2.33,2.71)
<0.001

1.19 (1.18, 1.20)

(Reference)
1.39 (1.17, 1.66)
1.65 (1.57, 1.75)

(Reference)
1.04 (0.99, 1.09)
1.30 (1.24, 1.37)

(Reference)
1.10 (1.04, 1.15)
1.53 (146, 1.61)

(Reference)
1.04 (0.99, 1.09)
1.20 (1.15, 1.26)

(Reference)

1.31 (1.22, 1.40)
1.60 (1.49, 1.72)
2.28 (2.11, 2.46)
<0.001

1.17 (1.15, 1.18)

TAll of the 5 individual components were included in the model simultaneously

Values are hazard ratios (95% confidence intervals) unless stated otherwise

Model 1: adjusted for sex, age, UK Biobank center, and race/ethnicity

Model 2: model 1 + education, TDI, body mass index, physical activity, smoking status,

and alcohol intake

Model 3: model 2 + medications, and chronic conditions

from cancer, 530 (0.1%) from digestive disease, 757
(0.2%) from respiratory disease, 369 (0.1%) from
infectious disease, and 575 (0.2%) from neurodegen-
erative disease. A strong graded increase in the risk
of cause-specific mortality was also observed across
the HAI categories (Table 3). For each unit incre-
ment of the HAI, the corresponding HRs for risk of
death were 1.28 (1.25, 1.31) for cardiovascular dis-
eases, 1.09 (1.07, 1.10) for cancer, 1.36 (1.29, 1.44)
for digestive disease, 1.42 (1.35, 1.48) for respira-
tory disease, 1.42 (1.33, 1.51) for infectious diseases,

@ Springer

1.15 (1.09, 1.21) for neurodegenerative disease, and
1.33 (1.28, 1.38) for all other causes. The PAR of
cause-specific mortality ranged from 17.1 to 86.7%
for participants who had a relatively higher HAI of
3-10, and the reclassification of HAI groups yielded
similar estimates (eTable 4). Furthermore, we found
linear associations with the risk of death for car-
diovascular diseases (P non-linearity =0.059), can-
cer (P non-linearity =0.100), digestive disease (P
non-linearity =0.720), neurodegenerative disease
(P non-linearity =0.822), and infectious disease (P
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Table 3 Association between HAI and cause-specific mortality

Cause of death

HAI

0-2 34 5-6 7-10
Healthy (n=122,574) (n=113,505) Unhealthy
(n=90,804) (n=60,911)

P for trend Each unit increment

Cardiovascular diseases
Events per 1000 0.17 (0.14, 0.20)

person-year
(95%CTI)

Model 1 [HR
(95% CD)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CD)]

Cancer

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CD)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CD)]

Digestive disease

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CID)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CI)]

Respiratory disease

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CD)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CD)]

Infectious diseases

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CID)]

Model 2 [HR
(95% CD)]

(Reference)

(Reference)

(Reference)

0.99 (0.92, 1.06)

(Reference)

(Reference)

(Reference)

0.04 (0.02, 0.05)

(Reference)

(Reference)

(Reference)

0.01 (0.00, 0.02)

(Reference)

(Reference)

(Reference)

0.02 (0.01, 0.03)

(Reference)

(Reference)

0.43 (0.39, 0.47)

1.83 (1.51,2.22)

1.60 (1.31, 1.94)

1.59 (1.31, 1.93)

1.85(1.77, 1.94)

1.24 (1.14, 1.35)

1.17 (1.07,1.27)

1.16 (1.06, 1.26)

0.08 (0.06, 0.09)

1.88 (1.23,2.89)

1.56 (1.01, 2.41)

1.47 (0.96, 2.27)

0.10 (0.08, 0.12)

6.18 (3.00, 12.72)

5.67 (2.75, 11.67)

5.71 (277, 11.77)

0.06 (0.04, 0.07)

2.27 (1.28, 4.03)

2.18(1.22,3.87)

0.95(0.89, 1.01)

3.26 (2.70, 3.93)

2.48 (2.05, 3.00)

2.37(1.95, 2.86)

2.90 (2.79, 3.00)

1.47 (1.35, 1.60)

1.31 (1.20, 1.42)

1.29 (1.18, 1.41)

0.20 (0.17,0.23)

4.59 (3.04, 6.93)

3.47(2.28,5.26)

3.10 (2.04, 4.70)

0.25(0.22, 0.28)

11.59 (5.68, 23.63)

9.75 (4.77, 19.93)

9.23 (4.51, 18.91)

0.12 (0.10, 0.14)

4.18 (2.38,7.32)

3.80 (2.16, 6.71)

2.45(2.32,2.59)

7.25(5.99, 8.77)

4.69 (3.85,5.71)

4.03 (3.31,4.92)

4.54 (4.36,4.72)

1.96 (1.79, 2.14)

1.62(1.48, 1.78)

1.59 (1.4, 1.74)

0.42 (0.36, 0.48)

9.42 (6.18, 14.37)

6.29 (4.06,9.73)

5.12 (3.30, 7.95)

0.74 (0.66, 0.81)

27.76 (13.60, 56.67)

21.08 (10.26, 43.31)

18.44 (8.95, 38.00)

0.33(0.28, 0.38)

10.18 (5.79, 17.93)

8.67 (4.84, 15.54)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

1.42 (1.39, 1.45)

1.33 (1.30, 1.36)

1.28 (1.25, 1.31)

1.12 (1.11, 1.14)

1.09 (1.08, 1.11)

1.09 (1.07, 1.10)

1.47 (141, 1.54)

1.41 (1.34, 1.49)

1.36 (1.29, 1.44)

1.50 (1.44, 1.56)

1.46 (1.39, 1.52)

1.42 (1.35,1.48)

1.47 (1.39, 1.55)

1.45(1.36, 1.54)
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Table 3 (continued)

Cause of death HAI P for trend Each unit increment
0-2 34 5-6 7-10
Healthy (n=122,574) (n=113,505) Unhealthy
(n=90,804) (n=60911)
Model 3 [HR (Reference) 2.19 (1.23, 3.90) 3.74 (2.11, 6.61) 8.08 (4.49, 14.54) <0.001 1.42(1.33, 1.51)
(95% CD)]

Neurodegenerative disease
Events per 1000 0.04 (0.03, 0.06) 0.13 (0.11, 0.15)
person-year
(95%CI)
Model 1 [HR
(95% CD)]
Model 2 [HR
(95% CD)]
Model 3 [HR
(95% CD)]
All other causes
Events per 1000 0.13 (0.11,0.16) 0.24 (0.21, 0.27)
person-year
(95%CTI)
Model 1 [HR
(95% CD)]
Model 2 [HR
(95% CD)]
Model 3 [HR
(95% CD)]

(Reference) 1.48 (1.01, 2.17)

(Reference) 1.57 (1.07, 2.30)

(Reference) 1.57 (1.07, 2.30)

(Reference) 1.73 (1.37, 2.17)

(Reference) 1.61 (1.28, 2.02)

(Reference) 1.60 (1.27, 2.02)

0.21 (0.19, 0.24)

1.53 (1.05, 2.24)

1.71 (1.16, 2.51)

1.75 (1.19, 2.57)

0.36 (0.32, 0.39)

2.53(2.01, 3.18)

2.20 (1.73,2.78)

2.16 (1.70, 2.74)

0.35(0.30,0.40) - -

1.93(1.31,2.84)  <0.001 1.11 (1.06, 1.16)

227(1.52,340) <0001  1.14(1.09, 1.20)

229(1.53,344) <0001  1.15(1.09, 1.21)

0.82(0.74,0.89) - -

5.76 (4.54,7.31)  <0.001 1.37(1.33,1.42)

4.59 (3.57,5.90)  <0.001 1.34 (1.29, 1.38)

4.38 (3.40,5.65) <0.001 1.33(1.28, 1.38)

Values are hazard ratios (95% confidence intervals) unless stated otherwise

Model 1: adjusted for sex, age, UK Biobank center, and race/ethnicity

Model 2: model 1+ education, TDI, body mass index, physical activity, smoking status, and alcohol intake

Model 3: model 2 + medications, and chronic conditions

non-linearity =0.741), and non-linear associations
with respiratory disease (P non-linearity =0.022) and
all other cause (P non-linearity < 0.001) (eFig. 4).

Subgroup analyses

For all-cause mortality, the effect estimates were
stronger among younger adults (<60 years)
than among older adults (>60 years; P interac-
tion < 0.0001; Fig. 2). Compared with the reference
group (HAI 0-2), the group with the HAI of 7-10
had a 1.15-fold greater risk of mortality in adults
aged > 60 years, while the HRs decreased to 1.19
in adults aged < 60 years. The association was also
significantly different between men and women,
with men generally having higher HRs associated

@ Springer

with HAI than women (P interaction<0.0001;
Fig. 3). In analyses of cause-specific mortality,
stratified analyses by age showed that the asso-
ciation of the HAI persisted in both age groups,
but the association was larger in participants
aged < 60 years than participants aged > 60 years
for cancer mortality (Fig. 2). In addition, there was
a significant difference in the association of the
HAI with the risk of mortality from cardiovascu-
lar diseases (P interaction=0.047) and cancer (P
interaction < 0.0001) between men and women, the
difference in the effect estimates was not clinically
meaningful (Fig. 3).

Notably, significant interactions between
HAI and smoking status were observed in mor-
tality outcome (P=0.026 for interaction in all
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Age < 60 yr HR (95%Cl)
All causes
Healthy aging index of 0-2 [ ] 1(Ref)
Healthy aging index of 3-4 [ ] 1.35(1.24,1.48)
Healthy aging index of 5-6 1.80(1.64,1.99)
Healthy aging index of 7-10 2.70(2.40,3.03)
Per 1 unit incremement 1.19(1.17,1.21)
Cardiovascular disease
Healthy aging index of 0-2 [ ] 1(Ref)
Healthy aging index of 3-4 - 1.53(1.20,1.96)
Healthy aging index of 5-6 2.38(1.85,3.07)
Healthy aging index of 7-10 - 3.99(3.00,5.30)
Per 1 unit incremement 1.29(1.24,1.34)
Cancer
Healthy aging index of 0-2 T 1(Ref)
Healthy aging index of 3-4 bl 1.20(1.08,1.34)
Healthy aging index of 5-6 u 1.47(1.30,1.66)
Healthy aging index of 7-10 1.94(1.66,2.27)
Per 1 unit incremement 1.12(1.09,1.14)
Digestive disease
Healthy aging index of 0-2 L 1(Ref)
Healthy aging index of 3-4 == 1.99(1.16,3.42)
Healthy aging index of 5-6 = 3.90(2.26,6.73)
Healthy aging index of 7-10 = 8.49(4.67,15.43)
Per 1 unit incremement 1.45(1.33,1.57)
Respiratory disease
Healthy aging index of 0-2 " 1(Ref)
Healthy aging index of 3-4 4.44(1.86,10.6)
Healthy aging index of 5-6 7.46(3.10,17.91)
Healthy aging index of 7-10 18.41(7.44,45.54)
Per 1 unit incremement 1.54(1.40,1.69)
Infectious disease .
Healthy aging index of 0-2 1(Ref)
Healthy aging index of 3-4 2.90(1.41,5.96)
Healthy aging index of 5-6 - 4.47(2.11,947)
Healthy aging index of 7-10 10.76(4.79,24.18)
Per 1 unit incremement 1.42(1.28,1.58)
Neurodegenerative disease .
Healthy aging index of 0-2 = 1(Ref)
Healthy aging index of 3-4 = 1.64(0.91,2.96)
Healthy aging index of 5-6 i - 2.27(1.21,4.27)
Healthy aging index of 7-10 1.84(0.75,4.54)
Per 1 unit incremement 1.14(1.01,1.28)
All other causes '
Healthy aging index of 0-2 - 1(Ref)
Healthy aging index of 3-4 1.73(1.32,2.25)
Healthy aging index of 5-6 - 2.63(1.97,3.50)
Healthy aging index of 7-10 4.79(3.39,6.76)
Per 1 unit incremement 1.33(1.27,1.41)

0.2

5

R
Higher risk of mortality

Fig. 2 The association of HAI with all-cause and cause-spe-
cific mortality by age. Models were adjusted for age, sex, UKB
center, education level, TDI, alcohol intake, smoking status,
physical activity, medications (lowing cholesterol, hormone,

participants; P <0.0001 for interaction in women)
(eTable 5). The test for the interaction item of
physical activity was also statistically signifi-
cant (P=0.004 for interaction in all participants;
P=0.021 for interaction in women). In subgroup
analyses with stratification by these covariates, the
effect sizes between HAI and all-cause mortality
were somewhat stronger among regular smokers
(versus never or former smokers) and adults with
high MET hours (versus low or moderate MET

Age = 60 yr HR (95%Cl) P interaction
1 1(Ref) <0.001
1.16(1.03,1.30)
[ 1.35(1.20,1.51)
u 1.91(1.70,2.14)
1.15(1.14,1.17)

1(Ref) 0.284
- 1.55(1.10,2.17)
- 2.18(1.57,3.02)
- 3.74(2.69,5.19)
1.28(1.24,1.31)

1(Ref) 0.004
E 1.04(0.91,1.19)
1.11(0.98,1.27)
= 1.36(1.19,1.56)
1.08(1.06,1.09)

L 1(Ref) 0.137
0.78(0.38,1.58)
1.69(0.88,3.24)

—— 2.48(1.28,4.82)
1.30(1.22,1.40)

" 1(Ref) 0.876

7.96(1.95,32.47)

12.05(2.99,48.65)

22.91(5.67,92.61)
1.37(1.3,1.45)

1(Ref) 0422
1.22(0.47,3.19)
2.25(0.90,5.59)
4.60(1.84,11.49)
1.41(1.30,1.53)

1(Ref) 0.521
1.51(0.90,2.53)
1.61(0.97,2.66)
2.19(1.30,3.67)
1.15(1.08,1.21)

1(Ref) 0.021
1.31(0.80,2.15)
1.57(0.97,2.52)
3.28(2.03,5.29)
1.32(1.25,1.38)

0.2 5 125

Higher risk of mortality

oral pills), and chronic conditions (cardiovascular disease, can-
cer, respiratory disease, digestive disease, neurogenerative dis-
ease, infectious disease)

hours). However, the associations between HAI
and mortality risk were similar across subgroups
stratified according to alcohol intake and BMI
(eTable 5).

Sensitivity analyses
In the sensitivity analyses, the associations of the

HATI with all-cause and cause-specific mortality did
not change appreciably with additional adjustment
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Men HR (95%Cl) Women HR (95%Cl) P interaction
All causes
Healthy aging index of 0-2 n 1(Ref) 1(Ref) <0.001
Healthy aging index of 3-4 u 141 (1.28, 1.55) TI 1.20 (1.09, 1.33)
Healthy aging index of 5-6 u 1.82 (1.66, 2.01) n 137 (1.23, 1.52)
Healthy aging index of 7-10 2.62 (2.37, 2.90) » 1.90 (1.70, 2.14)
Per 1 unit incremement L] 1.18 (1.17, 1.20) 1.14 (1.12, 1.16)
Cardiovascular disease l r
Healthy aging index of 0-2 1(Ref) 1(Ref) 0.050
Healthy aging index of 3-4 Rl 1.44 (1.16, 1.80) —— 2.12 (140, 3.23)
Healthy aging index of 5-6 Rl 2.13 (1.72, 2.65) —m— 3.19 (2.11, 4.83)
Healthy aging index of 7-10 - 3.65 (2.92, 4.57) —— 5.34 (3.48, 8.20)
Per 1 unit incremement u 1.27 (1.24, 1.31) | 1.32 (1.26, 1.38)
Cancer
Healthy aging index of 0-2 L 1(Ref) 1(Ref) <0.001
Healthy aging index of 3-4 = 1.28 (1.13, 1.45) 1.09 (0.97, 1.22)
Healthy aging index of 5-6 = 1.48 (1.30, 1.68) - 1.16 (1.03, 1.31)
Healthy aging index of 7-10 = 1.81 (1.58, 2.08) = 1.42 (1.24, 1.63)
Per 1 unit incremement 1.10 (1.08, 1.12) 1.08 (1.05, 1.10)
Digestive disease I
Healthy aging index of 0-2 1(Ref) 1(Ref) 0.170
Healthy aging index of 3-4 T 1.26 (0.78, 2.06) — 247 (0.93, 6.57)
Healthy aging index of 5-6 —— 2.86 (1.79, 4.55) —— 4.47 (1.71, 11.68)
Healthy aging index of 7-10 —a— 4.82 (2.95, 7.89) —a— 7.15 (2.64, 19.32)
Per 1 unit incremement L] 1.36 (1.28, 1.45) u 1.38 (1.25, 1.53)
Respiratory disease
Healthy aging index of 0-2 L 1(Ref) L] 1(Ref) 0.389
Healthy aging index of 3-4 — 7.83 (2.85, 21.50) — 3.53 (1.24, 10.07)
Healthy aging index of 5-6 — 12.97 (4.75, 35.39) — 5.47 (1.94, 15.38)
Healthy aging index of 7-10 " 26.28(9.57,72.19) — 10.66 (3.74, 30.35)
Per 1 unit incremement L] 143 (1.35, 1.51) L} 1.39 (1.28, 1.51)
Infectious disease
Healthy aging index of 0-2 L 1(Ref) I 1(Ref) 0.441
Healthy aging index of 3-4 — 4.17 (1.63, 10.72) 1.16 (0.54, 2.49)
Healthy aging index of 5-6 — 7.48 (2.94, 19.08) T—= 1.84 (0.87, 3.91)
Healthy aging index of 7-10 — 17.95 (6.92, 46.50) —— 3.44 (1,56, 7.57)
Per 1 unit incremement L] 1.48 (1.37, 1.61) u 1.33 (1.20, 1.47)
Neurodegenerative disease
Healthy aging index of 0-2 L] 1(Ref) L 1(Ref) 0.382
Healthy aging index of 3-4 - 1.46 (0.90, 2.37) = 1.74 (0.94, 3.24)
Healthy aging index of 5-6 == 1.86 (1.15, 3.02) I 1.59 (0.84, 3.00)
Healthy aging index of 7-10 == 2.18 (1.30, 3.64) — 2.50 (1.28, 4.85)
Per 1 unit incremement 1.14 (1.07, 1.22) = 1.15 (1.06, 1.25)
All other causes
Healthy aging index of 0-2 1(Ref) 1(Ref) 0.831
Healthy aging index of 3-4 - 1.61(1.20, 2.16) == 1.59 (1.10, 2.31)
Healthy aging index of 5-6 - 2.26 (1.68, 3.06) = 197 (1.33, 2.92)
Healthy aging index of 7-10 == 442 (3.21, 6.09) == 429 (2.82, 6.54)
Per 1 unit incremement L} 1.34 (1.28, 1.40) L} 1.31(1.23,1.39)
2 5 2
02 1 5 125 0. ! 5 2 125

E—
Higher risk of mortality

Fig. 3 The association of HAI with all-cause and cause-spe-
cific mortality by sex. Models were adjusted for age, UKB
center, education level, TDI, alcohol intake, smoking status,
physical activity, medications (lowing cholesterol, hormone,

for blood lipids, or additional adjustment for dietary
factors (eTable 6). After excluding participants with
diabetes, hypertension, cardiovascular disease, can-
cer, respiratory disease, digestive disease, neurode-
generative disease, or infectious disease at baseline,
the association of the HAI with all-cause mortality
and cause-specific mortality showed small to moder-
ate changes (eTable 7). The most apparent attenua-
tion of associations occurred in mortality risk after
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oral pills), and chronic conditions (cardiovascular disease, can-
cer, respiratory disease, digestive disease, neurogenerative dis-
ease, infectious disecase)

participants who had any of the five aforementioned
diseases at baseline were removed from the analyses,
but these significant associations persisted. Among
relatively healthy participants, the HR for all-cause
mortality per unit increment in the HAI was 1.12
(1.09, 1.14). The exclusion of people from the
analyses who were current smokers, current drink-
ers, with missing covariates, or died during the first
5 years of follow-up only changed the HRs slightly.
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Discussion

In this large-scale prospective UK cohort, we con-
structed a 5-item HAI to characterize healthy aging
levels. Higher HAI was significantly associated with
an increased risk of all-cause and cause-specific mor-
tality with the highest risk from respiratory diseases
and the lowest risk from cancer, even after adjustment
for chronological age and other known risk factors.
In addition, we found that the effect sizes decreased
with chronological age, indicating that interventions
to slow the biological aging to prevent premature
death at an earlier stage of life course might be more
effective.

The strength of association of the HAI with all-
cause mortality reported in the present study is in line
with previous research in smaller cohorts of older
adults (> 60 years), primarily in the US and China
[8-13]. Our finding of a HR for all-cause mortality
of 1.15 for participants aged > 60 years and 1.19 for
those aged <60 years, for one point higher HAIL, in
our fully adjusted model, is in agreement with obser-
vations from the Framingham Offspring Study of 934
subjects (>60 years), which reported that per unit
higher of the 5-item HAI was, after adjustment, asso-
ciated with a HR of 1.15 for all-cause mortality [10].
Furthermore, our findings for all-cause mortality are
also comparable to those reported in the National
Health and Nutrition Examination Survey, the Car-
diovascular Health Study, and the Health, Aging, and
Body Composition Study, with a HR of 1.19, 1.17,
and 1.19, respectively. [8, 11, 13] However, China
Health and Retirement Longitudinal Study (n=3740)
suggested that each point increase in HAI was associ-
ated with a 28% higher mortality risk in older adults
(> 60 years) [12]. A potential reason for this observa-
tion may be that the measurements of HAI in the Wu
et al. [8] study included C-reactive protein addition-
ally, which is a measurement of overall inflammation
rather than specific to a particular organ system as
the traditional definition of HAI, leading to an over-
estimated effect on mortality. While another Chi-
nese cohort, the Rugao Longevity and Ageing Study
(n=1719), has found that the HRs per unit increment
of the HAI for all-cause mortality were 1.11 (95% CI
1.05-1.18), partially due to the selection criteria of
participants aged 70 years or older [9]. These studies,
including ours, collectively showed that public efforts
to understand and promote a healthy aging status in

the whole population will lead to an overall reduction
in mortality risk.

Compared with all-cause mortality, we found that
the HAI was more strongly associated with mortal-
ity from cardiovascular diseases, digestive diseases,
respiratory diseases, infectious diseases, and all other
causes. To our knowledge, only one study has ana-
lyzed the relationships between HAI and cause-spe-
cific mortality, suggesting that each point increase in
HAI was associated with a 23% higher cardiovascular
mortality risk while no significant association with
cancer mortality [8]. This is partially similar to our
finding that per unit higher HAI was associated, in the
fully adjusted model, with a HR of 1.28 for mortal-
ity risk from cardiovascular diseases. However, in our
study, the association between the HAI and the risk of
death from cancer remained even after we excluded
participants with cancer at baseline or those who died
during the first 5 years of follow-up. Findings on can-
cer mortality warrant further confirmation because of
inconsistency between study results [8]. The excess
risk for cause-specific mortality may be partially due
to reduced immunocompetence, progressive dete-
rioration of organ function, or decreased likelihood
of cure among people with higher HAI, leading to
the development of diseases that caused death. For
instance, some of the excess mortality from digestive
diseases may be owing to gut dysbiosis associated
with healthy aging status, which triggers the innate
immune response and chronic low-grade inflamma-
tion, leading to many age-related degenerative pathol-
ogies, all together contributing to the development of
digestive diseases [31-33]. As a whole, our findings
support the notion that healthy aging status, which
could be reflected by HAI, may have protean protec-
tive effects on all these specific systems to promote
longevity.

Although the HAI has been applied in the UK
Biobank with a positive effect on major vascu-
lar events [15], this is the first attempt to associate
the HAI with mortality in the European population,
which includes a considerably younger age range
than previous studies [8—13]. Little is known about
whether HALI is related to mortality risk in y ADDIN
EN.CITE [15]ounger populations. We observed that
in these associations for all-cause and cancer mor-
tality, the effect estimates were moderately stronger
among younger adults (<60 years) than that among
older adults (>60 years). Therefore, the use of a
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continuous HAI as a surrogate for biological age is
more sensitive in younger adults who are at the lower
end of the aging spectrum, which is meaningful for
the prevention of premature death and the extension
of healthy life expectancy. As longevity is a com-
plex trait determined by a combination of genetics,
environment, and stochasticity, accelerated aging
may play a more critical role in younger participants
(<60 years) who lives longer, while deaths in elders
(=60 years) may occur more stochastically [34]. Such
findings suggest that more studies focusing on healthy
aging across the age spectrum and the development
of relevant screening and intervention strategies are
needed.

It is well known that women live longer than men,
while the reasons are still largely unknown. Sex gap
in healthy aging and survival prospects was also
noticed in this study, which are often attributed to cul-
tural differences (e.g., lifestyle factors and poor social
status) in common thinking [35, 36]. However, after
we adjusted for these confounders, the association
between healthy aging and death was still stronger in
men than in women. We assumed that biological fac-
tors, such as sex hormones and telomere shortening,
may at least partly contribute to such sex differences
[37-39]. For instance, estrogen has been related to
lower risks of various life-threatening diseases, while
testosterone has been associated with higher risks
[40]. In addition, compared with women, men have
greater telomere shortening, which is associated with
accelerated aging [38, 41]. Further studies focusing
on the underlying mechanism of the sex differences in
unhealthy aging and death are warranted.

The finding that the HAI was able to stratify the
risk of mortality even among apparently healthy
adults, with no clinically diagnosed chronic condi-
tions, is also novel. The HAI, which measures the
burden of subclinical disease in multiple physiologi-
cal systems, may therefore provide a complemen-
tary explanation of the variation in survival in clini-
cally healthy adults. Compared with the biological
age based on 72 biomarkers [5] and the frailty index
based on 49 items [6], which have shown significant
associations with mortality risk, the HAI has better
performance with relative affordability and practi-
cality. We also found that unhealthy lifestyle factors
such as smoking and low physical activity level may
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further increase the detrimental impacts of HAI on
mortality risk, indicating the positive influence of
smoking cessation and regular exercise to delay aging
[42—44]. Therefore, in a clinical setting, HAI may
be a marker which tracks the effect of aging before
diseases occurred to stratify risk, especially among
younger adults and men as well as individuals who
smoke regularly and lack exercise.

The present study has several strengths. First,
this study was a large-scale prospective cohort study
(n=387,794) based on data from a geographically and
socioeconomically diverse population in the UK. The
inclusion of 222,664 adults younger than 60 years with
a median follow-up of 8.9 years allowed a thorough
analysis of cause-specific mortality in younger adults.
Second, since measures of several potential confound-
ing factors (personal, lifestyle, and chronic conditions)
were available, we were able to adjust for these fac-
tors in our models. Thirdly, several sensitivity analyses
were performed to confirm our findings. Finally, we
constructed the HAI using objectively measured traits,
which have been suggested to be more robust than self-
reported health measures obtained from questionnaire
information. It is worth noting that there are intricate
connections between various health markers. There-
fore, it is important to establish the HAI combining
these various markers, which could be associated with
human health or disease risk in a more concerted man-
ner compared to just looking at these concepts indi-
vidually. From the perspective of public health, the use
of the simple scoring algorithm makes the results of
epidemiological research easier to be interpreted and
translated into practice, thereby being more informa-
tive for the general population. Despite these strengths,
our study had some limitations. First, the assessment of
HAI components was conducted only at one time point
at baseline. The healthy aging status might have altered
over the follow-up period, which could result in an
underestimate of the magnitude of the true association.
Second, although in our study we considered a variety
of potential confounding factors, including personal
variables, lifestyle factors, and history of chronic con-
ditions, residual and unmeasured confounding might
have influenced the association. Third, a large propor-
tion of participants were excluded based on missing
data in the present study, which may lead to selec-
tion bias. However, we have conducted a sensitivity
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analysis and found that the baseline characteristics of
these participants excluded are similar to our analytic
sample (eTable 8). Finally, as a prospective cohort,
the UK Biobank was not representative of the gen-
eral UK population. Therefore, the generalizability to
the broader UK population or the populations of other
races and ethnicities outsides the UK should be made
with caution.

Our findings from the large prospective cohort
study of the UK population for the first time show the
independent associations between the HAI and the
risk of all-cause and cause-specific mortality, with
a stronger association in younger adults (<60 years)
than that in older adults (> 60 years). Our results sug-
gest that the HAI is a better predictor of mortality in
younger adults than in those older. Further research
is needed to explore the use of these routine clinical
measures in clinical settings in identifying individu-
als whose biological age exceeds their chronological
age, especially among younger adults. The identifica-
tion of high-risk individuals may facilitate the devel-
opment of effective intervention strategies to prevent
premature death and improve the quality of life.
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