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Abstract 

Background  Current cardiovascular prevention strategies are based on studies that seldom include valvular heart 
disease (VHD). The role of modifiable lifestyle factors on VHD progression and life expectancy among the elderly 
with different socioeconomic statuses (SES) remains unknown.

Methods  This cohort study included 164,775 UK Biobank participants aged 60 years and older. Lifestyle was determined 
using a five-factor scoring system covering smoking status, obesity, physical activity, diet, and sleep patterns. Based 
on this score, participants were then classified into “poor,” “moderate,” or “ideal” lifestyle groups. SES was classified as high 
or low based on the Townsend Deprivation Index. The association of lifestyle with major VHD progression was evaluated 
using a multistate mode. The life table method was employed to determine life expectancy with VHD and without VHD.

Results  The UK Biobank documented 5132 incident VHD cases with a mean follow-up of 12.3 years and 1418 deaths 
following VHD with a mean follow-up of 6.0 years. Compared to those with a poor lifestyle, women and men followed 
an ideal lifestyle had lower hazard ratios for incident VHD (0.66 with 95% CI, 0.59–0.73 for women and 0.77 with 95% 
CI, 0.71–0.83 for men) and for post-VHD mortality (0.58 for women, 95% CI 0.46–0.74 and 0.62 for men, 95% CI 0.54–
0.73). When lifestyle and SES were combined, the lower risk of incident VHD and mortality were observed among par-
ticipants with an ideal lifestyle and high SES compared to participants with an unhealthy lifestyle and low SES. There 
was no significant interaction between lifestyle and SES in their correlation with the incidence and subsequent mor-
tality of VHD. Among low SES populations, 60-year-old women and men with VHD who followed ideal lifestyles lived 
4.2 years (95% CI, 3.8–4.7) and 5.1 years (95% CI, 4.5–5.6) longer, respectively, compared to those with poor lifestyles. In 
contrast, the life expectancy gain for those without VHD was 4.4 years (95% CI, 4.0–4.8) for women and 5.3 years (95% 
CI, 4.8–5.7) for men when adhering to an ideal lifestyle versus a poor one.

Conclusions  Adopting a healthier lifestyle can significantly slow down the progression from free of VHD to incident 
VHD and further to death and increase life expectancy for both individuals with and without VHD within diverse 
socioeconomic elderly populations.
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Background
Valvular heart disease (VHD) ranks as the third most 
frequent cardiovascular disease, after hypertension and 
coronary artery disease [1], with aortic valve stenosis and 
mitral regurgitation being the most common diagnoses 
[2]. The prevalence of VHD rises sharply with age—it 
affects 5–10% of people aged 65–74  years and 10–20% 
of those over 75 [3]. However, these figures might not 
fully capture the actual situation. In a UK study involv-
ing 2500 individuals over 65, 51% were found to have pre-
viously undiagnosed VHD, which was primarily mild in 
nature [4]. As the global population ages, VHD is likely 
to become the next cardiovascular pandemic. Nonethe-
less, most cardiovascular disease prevention studies have 
overlooked VHD [5–7], and there is currently no estab-
lished preventive strategy that can decelerate the risk of 
VHD, particularly among the elderly.

A healthy lifestyle is one of the potential modifications 
for VHD. Some studies have demonstrated that no cur-
rent smoking [8], no obesity [9], healthy sleep patterns 
[10, 11], healthy dietary habits [12], and physical activ-
ity[13] are linked to a reduced risk of VHD. These life-
style factors have been shown to be interrelated, and 
their combined effects lead to stronger associations with 
health outcomes [14]. And a recent study revealed that a 
comprehensive score of these healthy lifestyle factors is 
significantly linked to the occurrence of VHD [15]. How-
ever, those previous studies focused on only one disease 
stage and did not consider morbidity and mortality as 
a continuum in their analysis. Thus, it is imperative to 
bridge this gap by explore the role of a healthy lifestyle 
on the progression from health to the onset of VHD and 
subsequently to mortality.

An established association exists between socioeco-
nomic status (SES) and an increased risk of cardiovascu-
lar disease [16]. Studies have also shown that lower SES is 
linked to a higher risk of developing aortic valve stenosis 
as well as its associated mortality [17, 18]. It is unclear 
whether a high lifestyle level can attenuate the risk of 
VHD associated with low socioeconomic level. Address-
ing only lifestyle factors while neglecting social determi-
nants may lead to wider health disparities [19]. To ensure 
a fair distribution of healthcare resources, it is essential 
to better understand the role of lifestyle in populations 
with varying SES levels, especially those at higher risk.

Here, we took advantage of the UK Biobank cohort 
study to investigate the potential role of overall lifestyles 
on major VHD risk among older adults. In addition to 
presenting results through the widely used hazard ratios 
(HRs), we also adopted an easily understood metric of 
life expectancy, to provide comprehensive evidence sup-
port for health professionals and the general public to 
plan their future healthcare. Our objective was to assess 

the role of healthy lifestyle on the progression from being 
free of VHD, transitioning to disease onset, and eventu-
ally advancing to mortality. Specifically, we analyzed to 
what extent a healthy lifestyle correlates with longevity in 
people with and without VHD. Furthermore, we explored 
how these changes vary across different SES.

Methods
Study population
The UK Biobank is a large-scale prospective cohort 
study with an open-access protocol [20]. Approximately 
500,000 individuals aged 40–69  years were recruited 
from 22 assessment centers across England, Scotland, 
and Wales between 2006 and 2010. Baseline informa-
tion on participants’ lifestyle, socioeconomic, and health-
related factors were obtained through questionnaires, 
interviews, and physical measurements, while blood 
samples were also collected and processed. All partici-
pants provided written informed consent. This study 
was approved by the National Information Governance 
Board for Health and Social Care and the North West 
Multi-Center Research Ethics Committee. Our analysis 
was restricted to participants who were 60 years old and 
above. We excluded individuals with missing data on life-
style factors, SES, or other covariates.

Lifestyle factors
A lifestyle score was created based on 5 risk factors 
(tobacco smoking, obesity, physical inactivity, unhealthy 
diet, and unhealthy sleep patterns) measured by the UK 
Biobank questionnaire at baseline. We adopted three 
healthy lifestyle criteria based on the cardiovascular 
health promotion goals of the American Heart Asso-
ciation [21]: not smoking for over a year, maintaining a 
body mass index (BMI) below 30, and engaging in regu-
lar physical activity (at least 150  min per week of mod-
erate intensity, 75  min per week of vigorous intensity, 
or a combination of moderate and vigorous activities 
totaling at least 150  min per week). A healthy diet was 
determined according to the 2021 dietary guidance for 
cardiovascular health from the AHA [22]. Since 6 of the 
13 recommended dietary priorities were unavailable in 
the UK Biobank, a healthy diet pattern was identified 
based on increased consumption of fruits, vegetables, 
whole grains, and fish and decreased or no consumption 
of refined grains, processed meats, and unprocessed red 
meats. Additionally, a healthy sleep pattern was defined 
by the presence of at least four of the following character-
istics: being an early riser, sleeping 7–8 h per day, seldom 
or never having insomnia symptoms, not snoring, and 
not experiencing excessive daytime sleepiness [23]. We 
assigned one point to each favorable lifestyle factor and 
categorized overall lifestyle into three levels: poor (zero 
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to two points), moderate (three points), and ideal (four 
to five points). Table S1 in Additional file 1 describes the 
lifestyle factors in greater detail.

SES and covariates
The Townsend Deprivation Index (TDI) was sourced 
from national census data within the UK Biobank, signi-
fying an area-level socioeconomic status (SES) measure 
based on variables including car ownership, household 
overcrowding, owner occupation, and employment [24]. 
The Townsend scores are a continuous variable, where 
higher values indicate a lower SES. Participants were 
divided into two groups, with those scoring above the 
60th percentile defined as having low SES.

We also selected two individual-level measures of SES 
available within the UK Biobank: household income and 
educational qualifications. Average household income 
information was self-reported, with low income defined 
as less than £31,000. Participants also disclosed their 
highest educational qualifications, choosing from a list 
that included “College or university degree,” “A levels/
AS levels or equivalent,” “O levels/GCSEs or equivalent,” 
“CSEs or equivalent,” “NVQ or HND or HNC or equiva-
lent,” “Other professional qualifications,” “None of the 
above,” or “Prefer not to answer.” According to the Inter-
national Standard Classification of Education [25], we 
categorized educational attainment into two levels: low, 
which included “O levels/GCSEs/CSEs or equivalent” 
and “None of the above,” and high, which encompassed 
“College or university degree,” “A levels/AS levels or 
equivalent,” “NVQ or HND or HNC or equivalent,” and 
“Other professional qualifications.

Covariates including age, ethnicity, the medication 
use for cholesterol and blood pressure, and a history of 
hypertension, dyslipidemia, diabetes, coronary artery 
disease, atrial fibrillation, cardiomyopathy, heart failure, 
chronic kidney disease, and cancer were collected via a 
self-administered touchscreen questionnaire. Operative 
procedures for VHD were coded according to the Office 
of Population Censuses and Surveys Classification of 
Interventions and Procedures, version 4 (OPCS-4), using 
hospital inpatient records (K25, K26, K311, K312, K341, 
K351, K352).

Outcomes
The outcome was major VHD, defined as a composite of 
the two most common types in the UK Biobank: aortic 
stenosis and mitral regurgitation. We excluded congeni-
tal and rheumatic valve diseases. Incident cases of VHD 
were identified through linkage with Hospital Episode 
Statistics (HES) and national death registries. For our 
analysis, we considered only the first VHD event in com-
pound cases, disregarding any subsequent events. The 

International Classification of Diseases 10th Revision 
(ICD 10) was used to code VHD cases. Vital status was 
obtained from Death Registries. The date of each VHD 
event was pinpointed as the earliest recorded occur-
rence within the UK Biobank data. A detailed outcome 
definition can be found in Table S2 in Additional file 1. 
Participants were followed-up in the database from their 
assessment date until July 31, 2021, for Scotland, October 
31, 2022, for England, or February 28, 2018, for Wales.

Statistical analysis
Participants of the UK Biobank were followed up from 
baseline until the date of diagnosis, death, withdrawal, or 
completion of follow-up, whichever came first. To inves-
tigate the role of lifestyle on the progression of VHD, we 
employed a multistate model with a Gompertz distribu-
tion [26]. This model included three states: “NO-VHD,” 
“VHD,” and “death.” Three transitions were observed in 
participants: (1) from no VHD to incidence of VHD, (2) 
from no VHD directly to death, and (3) from VHD diag-
nosis to death. We only considered the first occurrence 
of transitioning into a new state and did not allow for 
reversal.

When analyzing transitions 1 and 2, participants who 
had prevalent VHD at the baseline were excluded. For 
transition 3, we included those with prevalent VHD at 
the baseline as well as those who developed VHD during 
follow-up. The multistate survival analysis was controlled 
for covariates including age, ethnicity, histories of hyper-
tension, dyslipidemia, and diabetes, as well as medication 
use for cholesterol and blood pressure. Age at diagnosis 
of VHD was further adjusted in the analysis of transition 
3. We estimated hazard ratios (HRs) to measure the asso-
ciation of lifestyle alone, the combination of lifestyle and 
SES, and lifestyle within SES-stratified subpopulations 
with VHD incidence and mortality. In addition, we cal-
culated the dose–response relationship between lifestyle 
category and health outcomes, in which lifestyle category 
was treated as a continuous variable. To explore multipli-
cative interactions, a product term combining the socio-
economic and lifestyle scores was additionally included 
in our model.

We assessed the life expectancy of individuals with or 
without VHD categorized by lifestyle categories across 
SES levels. First, the Gompertz multistate model was 
employed, utilizing age from 60  years as the time scale, 
to determine the age-specific and SES-specific transi-
tion rates for each transition. Next, the baseline preva-
lence of lifestyle levels was calculated by every 10-year 
age bracket and by SES among participants without VHD 
at baseline and those with VHD during follow-up. Then, 
we used SES-specific hazard ratios by lifestyle, and the 
proportions of lifestyle categories, to weight transition 
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rates as described in previously published methods [27]. 
Finally, using the weighted age-specific and SES-specific 
transition rates, we constructed life tables for people with 
and without VHD [28, 29]. We assumed that individu-
als currently without VHD could develop the condition 
in the future. Our life tables concluded at 100 years, with 
methodological details provided in the supplemental 
method in Additional file  1. Years of life gained due to 
healthier lifestyles was calculated by subtracting the life 
expectancies of participants with ideal and moderate life-
styles from those with a poor lifestyle of the same age and 
SES. The 95% confidence interval for the life expectancy 
was estimated by conducting 2000 Monte Carlo simula-
tions. To account for gender-specific differences in life 
expectancy, all analyses were conducted separately for 
men and women.

We confirmed the robustness of our analyses by per-
forming sensitivity analyses in which (1) the continuous 
lifestyle score was considered rather than categorical 
variable; (2) the five lifestyle factors were analyzed sepa-
rately, instead of being aggregated into a single score; 
(3) additional adjustments were made for potential con-
founders in the lifestyle-VHD relationship, such as coro-
nary artery disease, atrial fibrillation, cardiomyopathy, 
heart failure, chronic kidney disease, and cancer; (4) the 
Cardiovascular Health (CVH) metric, introduced by the 
American Heart Association (AHA), was used instead of 
lifestyle; (5) aortic stenosis and mitral regurgitation were 
considered separately, instead of being aggregated into a 
general VHD category; (6) low socioeconomic status was 
indicated by a TDI percentile above 40, rather than 60th 
percentile; (7) individual-level measures of SES, such as 
household income and educational attainment, were 
used; (8) participants who developed VHD or died within 
the first 2  years of follow-up were excluded; (9) for the 
analysis of VHD patients (transition 3), we made addi-
tional adjustments to account for any operations related 
to VHD; (10) participants without VHD were assumed 
to be immune to the disease, and their expected lifetimes 
were recalculated.; (11) multiple imputation was con-
ducted to impute all missing independent variables and 
test the influence of missing data.

All statistical analyses were performed using the R soft-
ware 4.0. All P values were two-sided and considered sta-
tistically significant when less than 0.05.

Results
Cohort characteristics
There are a total of 164,775 participants with data avail-
able for analysis after excluding 115,688 participants due 
to missing data on lifestyle factors (n = 115,215) and the 
TDI (n = 473) as well as excluding 221,905 participants 
who were younger than 60 years old (Additional file 1: Fig. 

S1). Of the 164,775 participants in the final analysis, 997 
reported VHD at baseline. The mean follow-up period 
was 12.3 years (SD 2.7) for VHD incidence, 6.0 years (SD 
4.3) for mortality among those with VHD, and 12.5 years 
(SD 2.5) for mortality among those without VHD. Over 
the follow-up period, 5132 incident events and 1418 VHD 
deaths, and 17 810 non-VHD deaths occurred.

The baseline characteristics of eligible participants are 
outlined in Table 1. For the overall participants, the mean 
age was 64.1 years (SD 2.8), and 51.8% were female. There 
were 30,006 (18.2%) participants with a poor lifestyle, 
46,119 (28.0%) with a moderate healthy lifestyle, and 
88,650 (53.8%) who adopted an ideal lifestyle. A majority 
of UK Biobank participants met the healthy criteria for 
each lifestyle factor, with no current smoking having the 
highest adherence rate (over 90%), while a smaller pro-
portion achieved healthy diet standards (44.8% to 60.2%) 
and healthy sleep patterns (55.5% to 58.9%). Participants 
with a poor lifestyle exhibited a higher prevalence of 
low SES, household income, and educational attainment 
compared to those in the ideal lifestyle group.

Incident valvular heart disease and mortality
Participants in both moderate and ideal healthy catego-
ries demonstrated lower HRs for all outcomes compared 
to those in the poor healthy category, regardless of gen-
der. For women, individuals following an ideal lifestyle 
had a 34% and 42% lower rate for incident VHD and 
mortality from VHD, respectively, compared to those 
adhering to a poor lifestyle. For men, these figures were 
23% and 38%, respectively (Table 2). Comparable results 
were observed when we repeated the analysis using life-
style scores as a substitute for lifestyle categories, after 
additional adjustment for coronary artery disease, atrial 
fibrillation, cardiomyopathy, heart failure, chronic kidney 
disease, and cancer and by using AHA’s cardiovascular 
health metrics. Analyses for each lifestyle component 
showed that, overall, five factors contributed to lower 
risk of VHD events and mortality in both women and 
men (Additional file  1: Table  S3-S4). When the analysis 
was carried out separately for aortic stenosis and mitral 
regurgitation, a similar pattern was observed, indicating 
that both better health outcomes of aortic stenosis and 
mitral regurgitation were significantly associated with 
healthier lifestyle levels (Additional file 1: Tables S5).

When socioeconomic status and lifestyle categories 
were combined, a monotonic association was observed; 
participants with higher SES and healthier lifestyles 
had better health outcomes in VHD. Those with high 
SES and an ideal lifestyle had a lower risk of incident 
VHD and mortality than their counterparts with low 
SES and a poor lifestyle. There was no significant inter-
action between lifestyle level and SES in terms of VHD 
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Table 1  Baseline characteristics by lifestyle level

SES socioeconomic status, VHD valvular heart disease
a Data were mean ± standard deviation or count (percentage) for continuous and categorical variables
b Lifestyle level was determined as poor (meeting zero to two Healthy lifestyle factors), moderate (meeting three factors), and ideal (meeting four to five factors)
c Low socioeconomic status referred to individuals above the 60th percentile on the Townsend Deprivation Index
d Low household income was classified as less than £31,000 family income levels
e Low education was defined as an individual who has attained a level of equal to or lower than levels/GCSEs/CSEs or equivalent
f Age at diagnosis of VHD and whether an operation for VHD was performed were measured in participants with prevalent VHD at baseline and those who developed 
incident VHD during follow-up

Characteristicsa Women Men

Lifestyle levelb Lifestyle levelb

Poor Moderate Ideal All Poor Moderate Ideal All

(N = 13 221) (N = 22 369) (N = 49 821) (N = 85 411) (N = 16 785) (N = 23 750) (N = 38 829) (N = 79 364)

Age (years) 63.9 ± 2.83 64.0 ± 2.83 64.0 ± 2.83 64.0 ± 2.83 64.0 ± 2.82 64.2 ± 2.85 64.3 ± 2.86 64.2 ± 2.85

White ethnicity 12 902 (97.59) 21 735 (97.17) 48 454 (97.26) 83 091 (97.28) 16 381 (97.59) 23 077 (97.17) 37 610 (96.86) 77 068 (97.11)

SES categoryc

  Low 6424 (48.60) 9355 (41.82) 18 712 (37.56) 34 493 (40.38) 7886 (47.0) 9631 (40.6) 14 015 (36.1) 31 532 (39.7)

  High 6795 (51.40) 13 014 (58.18) 31 109 (62.44) 50 918 (59.62) 8899 (53.0) 14 119 (59.4) 24 814 (63.9) 47 832 (60.3)

Household incomed

  Low 7986 (60.40) 12 694 (56.75) 26 512 (53.21) 47 192 (55.25) 9701 (57.80) 12 833 (54.0) 19 672 (50.66) 42 206 (53.18)

  High 2358 (17.84) 4729 (21.14) 12 367 (24.82) 19 454 (22.78) 5089 (30.32) 8110 (34.15) 14 750 (37.99) 27 949 (35.22)

  Missing data 2877 (21.76) 4946 (22.11) 10 942 (21.96) 18 765 (21.97) 1995 (11.893) 2807 (11.82) 4407 (11.35) 9209 (11.60)

Education attainmente

  Low 7288 (55.12) 10 912 (48.78) 20 870 (41.89) 39 070 (45.74) 7282 (43.38) 9007 (37.92) 12 188 (31.39) 28 477 (35.88)

  High 5775 (43.68) 11 189 (50.02) 28 346 (56.90) 45 310 (53.05) 9303 (55.42) 14 442 (60.81) 26 182 (67.43) 49 927 (62.91)

  Missing data 158 (1.20) 268 (1.20) 605 (1.21) 1031 (1.21) 200 (1.19) 301 (1.27) 459 (1.18) 960 (1.21)

Healthy lifestyle factors

  No current smoking 10 391 (78.59) 20 616 (92.16) 49 039 (98.43) 80 046 (93.72) 12 305 (73.31) 21 355 (89.92) 38 113 (98.16) 71 773 (90.44)

  No obesity 4542 (34.35) 14 674 (65.60) 45 925 (92.18) 65 141 (76.27) 6403 (38.15) 16 815 (70.80) 36 114 (93.01) 59 332 (74.76)

  Regular physical 
activity

3980 (30.10) 13 680 (61.16) 44 697 (89.72) 62 357 (73.01) 5907 (35.19) 16 416 (69.12) 35 710 (91.97) 58 033 (73.12)

  Healthy diet 2324 (17.58) 9207 (41.16) 39 919 (80.12) 51 449 (60.24) 1714 (10.21) 6509 (27.41) 27 352 (70.44) 35 575 (44.83)

  Healthy sleep pattern 2178 (16.47) 9831 (39.93) 39 189 (78.66) 50 298 (58.89) 2845 (16.95) 10 155 (42.76) 31 042 (79.95) 44 042 (55.49)

History of disease

  Hypertension 5718 (43.25) 7832 (35.01) 13 546 (27.19) 27 096 (31.72) 8185 (48.76) 9640 (40.59) 12 966 (33.39) 30 791 (38.80)

  Dyslipidemia 2805 (21.22) 3848 (17.20) 6912 (13.87) 13,565 (15.88) 4439 (26.45) 5493 (23.13) 7589 (19.54) 17 521 (22.08)

  Diabetes 1033 (7.81) 1073 (4.80) 1197 (2.40) 3303 (3.87) 2128 (12.68) 1986 (8.36) 2010 (5.18) 6124 (7.72)

  Coronary artery 
disease

935 (7.07) 1008 (4.51) 1546 (3.10) 3489 (4.08) 2578 (15.36) 2756 (11.60) 3713 (9.56) 9047 (11.40)

  Atrial fibrillation 119 (0.90) 170 (0.76) 323 (0.65) 612 (0.72) 301 (1.79) 388 (1.63) 619 (1.59) 1308 (1.65)

  Heart failure 22 (0.17) 10 (0.04) 15 (0.03) 47 (0.06) 26 (0.15) 24 (0.10) 30 (0.08) 80 (0.10)

  Cardiomyopathy 13 (0.10) 15 (0.07) 19 (0.04) 47 (0.06) 23 (0.14) 23 (0.10) 34 (0.09) 80 (0.10)

  Chronic kidney 
disease

9 (0.07) 21 (0.09) 17 (0.03) 47 (0.06) 20 (0.12) 22 (0.09) 13 (0.03) 55 (0.07)

  Cancer 1911 (14.45) 3112 (13.91) 6774 (13.60) 11,797 (13.81) 1768 (10.53) 2493 (10.50) 3893 (10.03) 8154 (10.27)

  Lip lower medication 3935 (29.76) 5189 (23.20) 8595 (17.25) 17 719 (20.75) 7144 (42.56) 8547 (35.99) 11 618 (29.92) 27 309 (34.41)

  Anti-hypertension 
medication

4973 (37.61) 6668 (29.81) 11 066 (22.21) 22 707 (26.59) 7675 (45.73) 8827 (37.17) 11 777 (30.33) 28 279 (35.63)

  Age at diagnosis 
of VHDf

71.5 ± 5.17 72.0 ± 5.00 71.9 ± 5.05 71.8 ± 5.07 71.2 ± 5.11 71.4 ± 5.02 71.6 ± 5.12 71.4 ± 5.09

  Operation for VHDf 127 (23.39) 161 (24.88) 332 (27.74) 620 (25.97) 306 (30.51) 367 (33.09) 565 (34.66) 1238 (33.08)
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incidence or mortality in those with VHD (Fig. 1). Simi-
lar results were obtained in analyses using the reclassified 
TDI or individual-level measures of SES and when ana-
lyzed separately for aortic stenosis and mitral regurgita-
tion (Additional file 1: Table S6-S7).

Further stratification by SES confirmed that a favora-
ble lifestyle is associated with a lower risk of developing 
VHD and reduced mortality. Across various SES groups, 
the role of lifestyle on VHD incidence and post-VHD 
mortality remained similar (Table 3). The pattern of this 
association remained consistent after excluding health 
outcomes that occurred during the first 2 years of follow-
up, imputing missing data, reclassifying the TDI, and 
considering individual-level SES measures (Additional 
file 1: Table S8-S9). Additionally, lifestyle’s effect on mor-
tality among VHD patients was unchanged after adjust-
ment for VHD operations (Additional file 1: Table S10). A 
similar pattern was also observed when the analysis was 
conducted separately for aortic stenosis and mitral regur-
gitation (Additional file 1: Table S11).

Life expectancy with or without VHD
At age 60 within the low-SES group, women with VHD 
had expected lifespans from 21.5 (95% CI, 20.9–22.2) 
years with a poor lifestyle up to 25.7 (25.2–26.4) years 
with an ideal one. Without VHD, the range was 27.4 
(26.8–28.0) to 31.8 (31.4–32.4) years. Men with VHD 
had projections of 15.9 (15.2–16.8) to 21.0 (20.2–21.7) 
years and without VHD, 23.3 (22.7–24.0) to 28.6 (28.0–
29.2) years. Conversely, in the high-SES group, women 
with VHD had life expectancies of 21.2 (20.6–21.9) to 
25.9 (25.3–26.5) years and men from 18.8 (18.2–19.5) 
to 23.0 (23.3–23.6) years. For those without VHD, 
women could anticipate living 29.7 (29.2–30.3) to 32.8 
(32.3–33.2) years and men from 26.2 (25.6–26.9) to 
29.6 (29.0–30.2) years. These life expectancy ranges all 
corresponded to poor and ideal lifestyles. Consistent 
pattern of results was also observed across different age 
groups and when presuming that both women and men 
without VHD were resistant to the disease (Fig. 2 and 
Additional file 1: Fig. S2).

Table 2  Incident VHD and death by lifestyle level

VHD valvular heart disease, HR hazard ratio, CI confidence interval

Multistate survival analysis with the Gompertz distribution was used to compute HRs (and 95% CI) for the association of lifestyle with incident VHD and mortality. HRs 
for trend were calculated treating the lifestyle level as a continuous variable
a Hazard ratios were calculated using a poor lifestyle as the reference. The analysis was adjusted for age, ethnicity, socioeconomic deprivation status, history of 
hypertension, dyslipidemia, and diabetes, as well as the use of medication for managing cholesterol and blood pressure. For transition 3, age at diagnosis of VHD was 
further adjusted
b The participants with VHD in transition 3 included those with prevalent VHD at baseline (n = 997) and incident VHD (n = 5132) during follow-up

Gender Transition Poor lifestylea Moderate lifestylea Ideal lifestylea HR for trend 
(95% CI)

No. of cases/
person-years

HR (95% CI) No. of cases/
person-years

HR (95% CI) No. of cases/
person-years

HR (95% CI)

Women Incident VHD 458/162789.0 1 [reference] 566/278847.3 0.74 (0.66–0.83) 1007/624752.7 0.66 (0.59–0.73) 0.82 (0.78–0.86)

Mortality 
among those 
without VHD

1594/159142.2 1 [reference] 1957/274364.2 0.74 (0.69–0.79) 3399/616731.5 0.59 (0.56–0.63) 0.77 (0.75–0.80)

Mortality 
among those 
with VHDb

109/2161.6 1 [reference] 97/2882.9 0.70 (0.54–0.90) 147/5186.3 0.58 (0.46–0.74) 0.77 (0.68–0.86)

Men Incident VHD 860/196691.0 1 [reference] 917/285349.2 0.81 (0.75–0.89) 1324/473617.7 0.77 (0.71–0.83) 0.88 (0.85–0.92)

Mortality 
among those 
without VHD

3183/190093.8 1 [reference] 3433/278191.7 0.76 (0.73–0.80) 4244/463114.3 0.58 (0.56–0.61) 0.76 (0.75–0.78)

Mortality 
among those 
with VHDb

283/3927.3 1 [reference] 247/4306.9 0.70 (0.57–0.87) 274/6421.3 0.62 (0.48–0.79) 0.79 (0.73–0.85)

(See figure on next page.)
Fig. 1  The association of the combination of lifestyle and socioeconomic status with health outcomes of valvular heart disease. VHD, valvular 
heart disease; HR, hazard ratio. Multistate survival analysis with the Gompertz distribution was used to compute HRs (and 95% CI) to assess 
the combined effect of socioeconomic status and lifestyle—which were grouped into six categories, with low socioeconomic status and poor 
lifestyle as the reference—on the incidence of VHD and mortality. P for interaction was calculated by additionally including a product term 
of the socioeconomic and lifestyle factors in the model
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Fig. 1  (See legend on previous page.)
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Table  4 presents differences in life expectancy by life-
style level. Life expectancy increased with higher levels 
of a healthy lifestyle in participants, both with and with-
out VHD, after adjusting for covariates. For those with 
VHD in the low socioeconomic status group at age 60, 

life expectancy was 4.2 (95% CI 3.8–4.7) years longer for 
women and 5.1 (4.5–5.6) years longer for men when com-
paring an ideal lifestyle to a poor lifestyle. In the same 
group without VHD, the gains with an ideal lifestyle were 
4.4 (4.0–4.8) years for women and 5.3 (4.8–5.7) years for 

Table 3  Incident VHD and death by lifestyle level stratified by socioeconomic status

VHD, valvular heart disease; SES, socioeconomic status; HR, hazard ratio; CI, confidence interval

Multistate survival analysis with the Gompertz distribution was used to compute HRs (and 95% CI), using a poor lifestyle as the reference. HRs for trend were 
calculated treating the lifestyle level as a continuous variable. The analysis was adjusted for age, ethnicity, history of hypertension, dyslipidemia, and diabetes, as well 
as the use of medication for managing cholesterol and blood pressure. For transition 3, age at diagnosis of VHD was further adjusted

Gender Transition SES Poor lifestyle Moderate lifestyle Ideal lifestyle HR for trend 
(95% CI)

No. of cases/
person-years

HR (95% CI) No. of cases/
person-years

HR (95% CI) No. of cases/
person-years

HR (95% CI)

Women Incident VHD Low 247/78496.1 1 [reference] 253/116325.3 0.68 (0.58–0.81) 401/233655.8 0.62 (0.54–0.72) 0.80 (0.74–0.86)

High 211/84293.0 1 [reference] 313/162521.9 0.80 (0.68–0.94) 606/391096.9 0.69 (0.60–0.80) 0.84 (0.78–0.90)

Mortality 
among those 
without VHD

Low 883/76492.5 1 [reference] 944/114269.1 0.73 (0.67–0.80) 1342/230475.5 0.54 (0.49–0.59) 0.73 (0.70–0.77)

High 711/82649.7 1 [reference] 1013/160095.2 0.76 (0.69–0.83) 2057/386256.1 0.65 (0.59–0.71) 0.81 (0.78–0.85)

Mortality 
among those 
with VHD

Low 56/1163.6 1 [reference] 44/1233.9 0.81 (0.62–0.97) 58/2083.2 0.63 (0.45–0.89) 0.79 (0.67–0.94)

High 53/998.1 1 [reference] 53/1649.0 0.70 (0.50–0.86) 89/3103.1 0.60 (0.49–0.74) 0.74 (0.63–0.87)

Men Incident VHD Low 424/90726.2 1 [reference] 395/114154.6 0.82 (0.72–0.93) 481/22504.5 0.77 (0.67–0.87) 0.88 (0.83–0.93)

High 436/105964.8 1 [reference] 522/171194.6 0.81 (0.72–0.91) 843/304169.3 0.76 (0.69–0.85) 0.88 (0.84–0.93)

Mortality 
among those 
without VHD

Low 1806/87487.7 1 [reference] 1636/111104.1 0.73 (0.68–0.78) 1696/165533.7 0.52 (0.48–0.55) 0.72 (0.69–0.74)

High 1377/102606.1 1 [reference] 1797/167087.7 0.81 (0.76–0.87) 2548/297580.6 0.65 (0.61–0.70) 0.81 (0.78–0.83)

Mortality 
among those 
with VHD

Low 150/1880.3 1 [reference] 113/1822.8 0.80 (0.64–0.99) 109/2196.4 0.61 (0.48–0.76) 0.78 (0.70–0.87)

High 133/2046.9 1 [reference] 134/2484.1 0.85 (0.79–0.96) 165/4224.8 0.64 (0.52–0.79) 0.80 (0.72–0.89)

Fig. 2  Life expectancy for women and men with and without valvular heart disease according to lifestyle level, stratified by socioeconomic 
status. Life expectancy classified by lifestyle level was calculated using weighted transition rates, adjusted for age, ethnicity, socioeconomic 
deprivation status, histories of hypertension, dyslipidemia, and diabetes, as well as medication use for cholesterol and blood pressure management. 
For individuals with VHD, age at diagnosis of VHD was further adjusted. Each bar represents the life span of participants, with lifestyle level denoted 
by labels situated between the bars for women and men. The lighter shades at the ends of each bar depict the 95% confidence intervals
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men. In the high socioeconomic status group with VHD, 
women had a life expectancy increase of 4.7 (4.3–5.1) 
years and men gained 4.1 (3.7–4.6) years; for those with-
out VHD, women gained 3.1 (2.8–3.5) years and men 3.4 
(3.0–3.8) years. A similar pattern of results was observed 
when assuming that both women and men without VHD 
were immune to the disease and after imputing missing 
data (Additional file 1: Table S12-S13).

Discussion
Our analysis of a large cohort study of UK elderly par-
ticipants suggested that a healthier lifestyle is associated 
with a lower risk of major VHD as well as a lower risk of 
mortality in the presence or absence of the disease. When 
considering SES together, participants with a favorable 
lifestyle and high SES had a significantly lower risk of 
incident VHD and mortality compared to those with an 
unfavorable lifestyle and low SES. We found no evidence 
of a significant interaction between lifestyle and SES 
in influencing VHD incidence or death following VHD. 
Stratified analyses by SES revealed that a healthy lifestyle 
is associated with a lower risk of incident VHD, reduced 
mortality, and increased life expectancy for individuals 
with and without VHD across different SES levels.

Our findings are consistent with the EPIC-Norfolk 
study [12], the Atherosclerosis Risk in Communities 
Study [13], and another UK Biobank study [15], which 
reported that a healthier lifestyle can protect against 
incident VHD. Our work suggested that healthy living 
not only helps prevent VHD initially but also reduces the 

risk that it will lead to death. Yuting et al. found similar 
results in cardiometabolic disease (cardiometabolic dis-
ease comprises ischemic heart disease, stroke, and type 
2 diabetes) that a high-risk lifestyle had negative impacts 
on all transitions from healthy to first cardiometabolic 
disease, subsequently to cardiometabolic multimorbid-
ity, and then to death [30]. The present results extend the 
literature that identified a healthy lifestyle as an effective 
way to prevent various types of cardiovascular diseases in 
older adults [5, 31], suggesting that it also applies to VHD. 
The precise mechanisms by which lifestyle affects the risk 
of VHD and mortality remain unclear. Research suggests 
that an unhealthy lifestyle can lead to the overstimulation 
of inflammation, lipid infiltration, oxidative stress, and 
cellular and organ damage [32, 33]. These pathways con-
tribute to the development of aortic stenosis and mitral 
regurgitation [34] and subsequent mortality [35]. Despite 
these findings, further studies are needed to elucidate the 
specific mechanisms through which lifestyle factors con-
tribute to preventing VHD and mortality.

We confirmed that a healthy lifestyle is associated 
with a reduced risk of incident VHD and mortality 
regardless of SES. Furthermore, for the incidence and 
mortality subsequent to VHD, no significant interac-
tion between lifestyle and SES was observed. These 
findings support public health efforts that empha-
size a healthy lifestyle for everyone. Furthermore, the 
present work and a previous study [36, 37]  reported 
that participants with a poor lifestyle tend to have a 
lower socioeconomic status, and we found that when 

Table 4  Years of life gained by lifestyle level stratified by socioeconomic status

VHD valvular heart disease, SES socioeconomic status, CI confidence interval

Years of life gained were computed by subtracting the life expectancy of participants with ideal and moderate lifestyles from those with a poor lifestyle at the same 
age, stratified by socioeconomic status
a We assumed that participants without valvular disease at a given age can acquire the disease later on

SES Age Lifestyle level With VHD Without VHDa

Years of life gained (95% CI) Years of life gained (95% CI)

Women Men Women Men

Low 60 Poor Reference Reference Reference Reference

Moderate 1.9 (1.5–2.4) 2.2 (1.7–2.7) 2.4 (2.0–2.8) 2.6 (2.1–3.0)

Ideal 4.2 (3.8–4.7) 5.1 (4.5–5.6) 4.4 (4.0–4.8) 5.3 (4.8–5.7)

70 Poor Reference Reference Reference Reference

Moderate 1.6 (1.2–2.0) 1.8 (1.3–2.3) 2.1 (1.7–2.5) 2.2 (1.8–2.6)

Ideal 3.5 (3.1–3.9) 4.0 (3.5–4.5) 4.0 (3.6–4.4) 4.6 (4.1–5.0)

High 60 Poor Reference Reference Reference Reference

Moderate 3.3 (2.8–3.7) 1.5 (1.0–2.0) 2.0 (1.6–2.4) 1.7 (1.3–2.2)

Ideal 4.7 (4.3–5.1) 4.1 (3.7–4.6) 3.1 (2.8–3.5) 3.4 (3.0–3.8)

70 Poor Reference Reference Reference Reference

Moderate 2.7 (2.3–3.1) 1.2 (0.7–1.6) 1.8 (1.4–2.2) 1.5 (1.1–1.9)

Ideal 3.9 (3.5–4.3) 3.4 (2.9–3.8) 2.8 (2.5–3.2) 3.0 (2.6–3.4)
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SES and lifestyle categories were combined, a mono-
tonically increasing association with the risk of VHD 
was observed with increasing socioeconomic depriva-
tion and increasingly unhealthy lifestyles. Therefore, 
populations with low SES are more vulnerable. To 
effectively promote lifestyle practices across diverse 
populations, it is essential to allocate increased 
resources and investments towards low SES groups. 
This strategy seeks to enhance the lifestyle stand-
ards across varying SES levels to meet uniform health 
benchmarks, thereby ensuring equitable access to the 
benefits of health-promoting interventions across all 
socioeconomic segments.

To our knowledge, this is the first study to assess the 
association between lifestyle and life expectancy in 
individuals with VHD. We found that a healthy lifestyle 
plays a role in increasing life expectancy for people 
with and without VHD across various SES. At 60 years 
old, an ideal lifestyle increased life expectancy by 
4.4 years for women and by 5.3 years for men without 
VHD, compared to a poorer lifestyle. Corresponding 
estimates for those with VHD were 4.2 years for women 
and 5.1 years for men. The present results are consist-
ent with previous findings on the association of the 
lifestyle with life expectancy with or without diseases. 
Chenjie et  al. found that ideal cardiovascular health, 
also referred to as Life’s Simple 7—which incorporates 
smoking, diet, physical activity, obesity, blood pressure, 
cholesterol, and fasting plasma glucose—is associated 
with increased longevity regardless of the presence of 
cardiometabolic disease, with an additional 3.9  years 
for females and 4.0  years for males with cardiometa-
bolic disease at 65 years old [38]. Yogini et  al. showed 
a survival benefit of about 6.5  years in women and 
5.3 years in men for a healthy lifestyle among 65-year-
olds with multiple chronic conditions, including cardi-
ovascular diseases. For those without multiple chronic 
conditions, the corresponding estimates were 5.9 years 
in women and 6.7 years in men [39]. The current study 
extends previous findings by demonstrating that adopt-
ing a healthier lifestyle is associated with a longer life 
expectancy, even for individuals with VHD and in 
low-SES groups. Given that both VHD and low socio-
economic status significantly increase mortality burden 
[40, 41], adopting a healthier lifestyle help counteract 
the negative association of VHD and low SES with life 
expectancy.

Limitations
Our findings should be interpreted with caution in light 
of several limitations. First, SES and lifestyle were meas-
ured only at enrollment, which means we did not take 

into account potential changes in these factors during 
follow-up. However, this approach provided a more real-
istic picture of the comparison of health outcomes of 
VHD based on the current traits of participants. None-
theless, future research exploring the long-term trajecto-
ries of lifestyle and socioeconomic factors in relation to 
VHD outcomes within well-defined cohorts is impera-
tive. Such investigations would deepen our understand-
ing of the influence these variables exert and provide 
more precise recommendations for the development of 
effective interventions. Second, although we accounted 
for recognized sources of bias, residual confounding 
might still exist, and due to the observational nature of 
our study, no causal inferences can be made. Third, VHD 
was determined from hospital inpatient records in the 
UK Biobank, and as prior studies indicate, the prevalence 
of undiagnosed VHD among the elderly exists in half of 
the population [4]. This implies that the findings from 
this study are based mainly on symptomatic moderate 
and severe VHD and may not be applicable to mild con-
ditions. Fourth, this study only included aortic stenosis 
and mitral regurgitation. Other subtypes of valvular heart 
disease were not included due to their lower incidence in 
the UK Biobank, which prevents individual analyses of 
these conditions. Therefore, it is impossible to ensure that 
the conclusions of this study are consistent across differ-
ent subtypes of valvular heart disease. Consequently, the 
conclusions of this study can only be applied to aortic 
stenosis and mitral regurgitation. Finally, UK Biobank 
participants are predominantly white individuals with 
higher SES and relatively healthy lifestyles. Despite the 
low generalizability of UK Biobank data, research sug-
gests that representativeness of the “target” population 
is not crucial for estimating risk factor associations [42]. 
Nevertheless, caution should be exercised when extrapo-
lating these study results to more diverse populations.

Conclusions
Undertaking a healthy lifestyle helped reduce the pro-
gression from health to incident VHD and subsequently 
to death and prolonged life expectancy in people with 
and without VHD across socioeconomic levels. Our 
findings highlighted the importance of comprehensive 
healthy lifestyle interventions in preventing VHD, which 
can mitigate disease progression and increase life expec-
tancy even among patients with VHD and within low-
SES groups.
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