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ABSTRACT

Background The burden of valvular heart disease (VHD)
has increased significantly among ageing populations, yet
remains poorly understood in the present-day context of
percutaneous and surgical interventions.

Objective To define the incidence, clinical correlates and
associated mortality of VHD in the UK Biobank cohort.
Methods We interrogated data collected in the UK
Biobank between 1 January 2000 and 30 June 2020.
VHD incidence was determined using International
Classification of Disease-10 codes for aortic stenosis
(AS), aortic regurgitation (AR), mitral stenosis, mitral
regurgitation (MR) and mitral valve prolapse. We calculated
HRs for incident VHD and all-cause mortality. Clinical
correlates of VHD included demographics, coronary artery
disease, heart failure and atrial fibrillation. Surgical and
percutaneous interventions for mitral and aortic VHD were
considered time-dependent variables.

Results Among 486 187 participants, the incidence of
any VHD was 16 per 10000 person-years, with highest
rates for MR (8.2), AS (7.2) and AR (5.0). Age, heart
failure, coronary artery disease and atrial fibrillation

were significantly associated with all types of VHD. In our
adjusted model, aortic and mitral VHD had an increased
risk of all-cause death compared with no VHD (HR 1.62,
95%Cl 1.44 t0 1.82,p<0.001 and HR 1.25, 95%Cl 1.09 to
1.44, p=0.002 for aortic and mitral VHD, respectively).
Conclusion VHD continues to constitute a significant
public health burden, with MR and AS being the most
common. Age and cardiac comorbidities remain strong
risk factors for VHD. In the modern era of percutaneous
and surgical interventions, mortality associated with VHD
remains high.

INTRODUCTION

With the declining burden of rheumatic heart
disease in non-endemic countries, valvular
heart disease (VHD) has increasingly become
a disease of ageing.' > Multiple cohort-based
studies show the sharp rise of incident VHD
with age, particularly for mitral regurgitation
(MR) and aortic stenosis (AS). The shift in
VHD epidemiology from rheumatic disease
in younger patients to degenerative valve
disease in older adults with comorbidities
has translated into widespread use of percu-
taneous interventions.” At the same time,
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Valvular heart disease prevalence is rising in Europe
and the USA with ageing populations. In the past de-
cade, several percutaneous interventions have been
approved for use in high-risk patients, and surgical
techniques have dramatically improved.

WHAT THIS STUDY ADDS

= The most common types of incident valve disease
in this large, contemporary cohort from the UK are
mitral regurgitation (8.2 per 10 000), aortic stenosis
(7.2 per 10 000) and aortic regurgitation (5.0 per 10
000). Risk is increased by age and the presence of
cardiac conditions. Despite the existence of surgical
and percutaneous interventions for severe disease,
mortality in patients with valve disease remains
high.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Examination of real-world clinical practice patterns
and guideline adherence for valvular interventions
are warranted to investigate the causes of excess

mortality among patients with valve disease.

improvement in postsurgical care has led
to reduction of morbidity for surgical valve
replacement’ and repair.”

Prior studies have investigated the overall
prevalence, clinical determinants, and
outcomes of VHD in both USA and Euro-
pean cohorts." ?** Such investigations, some
dating to the late 1990s and early 2000s, have
highlighted the presence of modifiable risk
factors such as hypertension and obesity,”? for
the development and progression of VHD.
These studies have also underlined the high
mortality associated with VHD.' ® However,
they have not taken into account the more
contemporary influence of percutaneous
procedures and improved surgical tech-
niques on VHD burden and outcomes.

By leveraging the UK Biobank, a large,
contemporary prospective population-based
study, we aimed to investigate (1) the inci-
dence and clinical correlates of VHD taking
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into consideration current burden of known cardio-
vascular risk factors for VHD and (2) the all-cause and
cardiovascular mortality associated with VHD in the
modern era of percutaneous and surgical interventions.

METHODS

Data sources

The UK Biobank is a large biomedical cohort of adults
age 40-69 who were recruited between 2006 and 2010
across 22 assessment centres in the UK, with follow-up
assessment until 2020. Participant data include baseline
interview of selfreported conditions, physical meas-
urements and linkage to International Classification
of Disease-10 (ICD-10) codes used by National Health
Services for primary care visits, hospital admissions and
death records."” The UK Biobank includes a ‘first occur-
rence’ field for new diagnoses that appear in these data
sources. Participantlevel data provided to researchers
are anonymised to protect identity. The study protocol
was approved by the UK Biobank (Project 26751).

Patient and public involvement

The UK Biobank disseminates research generated from
the database, including this study, for participants and
the general public to view through their website and
twitter feed (https://www.ukbiobank.ac.uk/). Given that
the UK Biobank is a deidentified database, participants
were not contacted or involved in the design and conduct
of this retrospective study.

Study cohort

VHD was defined using ICD-10 codes and self-report
codes for MR, mitral stenosis (MS), mitral valve prolapse
(MVP), tricuspid regurgitation (TR), aortic regurgitation
(AR) and AS (online supplemental table 1). Prior valida-
tion analyses using ICD-10 codes have found a high posi-
tive predictive value for all VHDs studied, with moderate
or severe disease severity in the majority of cases, particu-
larly for AS."" Due to the rare occurrence of congenital
pulmonic valve disease and tricuspid stenosis among
adults, these valvular conditions were not included in our
investigation, which was based on an adult cohort.

MVP was defined by specific ICD-10 codes (online
supplemental table 1). For the purpose of our study, we
placed participants with codes for both MVP and MR in
the general MR category.

Clinical correlates

We chose cardiovascular covariates that are considered
contributors or comorbid conditions to VHD. Systolic
blood pressure (SBP) and body mass index (BMI) were
measured at participant enrolment. Obesity was defined
as BMI>30kg/m®. ICD-10 codes (online supplemental
table 2) were used to identify the presence of smoking
disorder, dyslipidaemia, diabetes, coronary artery disease
(CAD), congestive heart failure (CHF), rheumatic fever,
atrial fibrillation/flutter (AF), infective endocarditis and
pulmonary hypertension.

Valvular interventions

The Office of Population Census and Surveys version
4 procedural coding system was used to identify mitral
and aortic valve surgery (repair and replacement), and
percutaneous interventions including annuloplasties and
repairs. Mitral valve interventions included diagnostic
codes for MR or MS with a corresponding procedural
K code. Percutaneous interventions also included a Y
code defining the approach.'” Aortic valve interventions
included a procedural K code, with transcutaneous aortic
valve replacement (TAVR) defined using addition of
Y code. Tricuspid valve interventions were defined in a
similar fashion (online supplemental table 3).

Outcomes

Incident VHD was defined as ‘first occurrence’ VHD
between January 2000 and June 2020, after excluding
prevalent cases diagnosed in December 1999 or earlier.
Mortality outcomes included all-cause mortality and
cardiovascular mortality due to myocardial infarction,
stroke, cardiac arrest or CHF (see online supplemental
table 4).

Statistical analysis

Continuous variables were expressed as median and
interquartile ranges or mean and SDs if normally distrib-
uted. Categorical data were expressed as number and
percentage of total subjects in each group. Incident rates
were calculated per 10000 person years. The assessment
period of participants with and without VHD ended at
the date of death or June 2020.We used Cox proportional
hazard cause-specific models to calculate HRs and 95%
Cls. Demographics (age, male sex), risk factors (SBP,
obesity, smoking, dyslipidaemia, diabetes, CAD, CHF
and AF) and valve interventions were treated as time-
dependent covariates when calculating HR for incident
VHD. We calculated HR for any VHD as well as valve
disease subtypes: TR, MR, MS, AR, AS. As MVP is consid-
ered a genetic condition,” and its development unre-
lated to typical cardiovascular risk factors, we did not run
multivariate Cox models for this valvulopathy.

Next, we assessed any VHD, mitral valve disease
(inclusive of MR, MS and MVP) and aortic valve disease
(inclusive of AR and AS) as predictors of all-cause and
cardiovascular mortality using Cox proportional hazards
models. These models were adjusted for age, sex, SBP,
obesity, smoking, dyslipidaemia, diabetes, CAD and CHF
as well as valvular interventions. We included only those
interventions that were relevant to the affected valve
(eg, for our aortic valve model we only included aortic
valve interventions). Assessments of Kaplan-Meier versus
predicted survival plots and log-minus-log survival plots
demonstrated that proportional hazards assumptions
were met for each outcome.

Statistical analysis was performed using Stata V.14
(StataCorp) and SAS V.9.4 (SAS Institute). All reported
p values are two sided, and statistical significance is
reported for 0=0.05.
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Valvular heart disease

Table 1 Valvular heart disease incidence rate and age of diagnosis

Population N Age of diagnosis, years IQR IR (per 10000 person-years) 95% Cl
Any valve disease 13615 66 60-72 16.3 16.0t0 16.5
MR 6900 64 59-71 8.2 8.0t084
MS 2095 61 55-67 2.5 241026
MVP 1119 63 57-70 1.3 1.2t01.4
AS 6020 66 60-72 7.2 7.0t07.3
AR 4238 63 58-70 5.0 49t05.2
TR 1664 68 64-74 2.0 1.9t021

AR, aortic regurgitation; AS, aortic stenosis; IR, incidence rate; MR, mitral regurgitation; MS, mitral stenosis; MVP, mitral valve prolapse; TR,

tricuspid regurgitation.

RESULTS

Population characteristics

A total of 486187 subjects were included in the analysis.
There were 13615 cases of new VHD, including 6900 with
MR, 6020 with AS, 4238 with AR, 2095 with MS, 1664 with
TR and 1119 with MVP. Incidence rate per 10000 person-
years was 16.3 (95% CI 16.0 to 16.5) for all VHD, with the
highest for MR at 8.2 (95% CI 8.0 to 8.4), followed by AS
at 7.2 (95% CI 7.0 to 7.3) and AR at 5.0 (95% CI 4.9 to
5.2) (table 1). Demographic characteristics and comor-
bidities are summarised in table 2. Compared with those
without VHD, those with any VHD tended to be older
and were more commonly men (56% vs 45%). Rheu-
matic fever was rare, but a significant contributor to MS
(present in 44% of cases) and MR (present in 12% of
cases). Male sex was slightly more prevalent (66% males)
among those with MVP (table 2). AF was common in all
valve disease subtypes, but rare in the non-valvular popu-
lation. There were 78 mitral valve (8 percutaneous), 238
aortic valve (36 percutaneous) and 25 tricuspid valve (5
percutaneous) interventions. Demographic characteris-
tics and comorbidities of patients with VHD who did and

did not receive interventions are summarised in online
supplemental table 5. Patients with VHD treated with
surgical or percutaneous interventions were predomi-
nantly male, and more likely to have CAD or AF. Patients
who did not undergo valvular procedures had more CHF.

GComorbidity profiles of incident VHD

Fully adjusted Cox proportional hazard models of inci-
dent valve disease are shown in figure 1. All covariates
studied were significantly associated with increased risk
of incident VHD. Age significantly increased risk of all
incident VHD types. Male sex was associated with inci-
dent AS, and AR, but not MS, MR or TR.

The greatest HRs for development of any VHD were
the following cardiac conditions: AF (HR 9.45, 95% CI
9.08 to 9.93), CAD (HR 5.41, 95%CI 5.12 to 5.71) and
CHF (HR 5.2, 95% CI 4.91 to 5.51). Strong positive asso-
ciations for AF and CHF were observed across all VHD
subgroups (figure 1). CAD was associated with increased
hazard for all VHD subtypes except MS. Obesity, SBP,
smoking, diabetes and dyslipidaemia were associated with
increased risk of AS. Obesity and SBP were associated

Table 2 Demographics and comorbidities of incident valve disease

No valve Any valve Mitral valve  Mitral Aortic Aortic Tricuspid

di di prolapse regurgitation  Mitral stenosis regurgitation stenosis regurgitation

(N=472328) (N=13615) (N=1119) (N=6900) (N=2095) (N=4238) (N=6020) (N=1664)
Female, n (%) 259071 (55) 5980 (44) 497 (44) 3242 (47) 1107 (3) 1829 (43) 2443 (41) 822 (49)
BMI >30kg/m?, n (%) 114072 (24) 4418 (33) 144 (13) 1969 (27) 557 (27) 1320 (31) 2228 (37) 561 (34)
SBP (mmHg) 140+20 145+21 14120 144+21 143+21 145+21 147+21 144+21
Smoking (%) 6722 (1) 513 (4) 26 (2) 207 (3) 15 (1) 94 (2) 205 (3) 86 (5)
Dyslipidaemia, n(%) 9958 (2) 1855 (14) 105 (9) 794 (11.5) 47 (2.2) 360 (8.5) 776 (12.9) 222 (13.3)
Diabetes, n (%) 9564 (2.0) 1527 (11.2) 37 (33 590 (8.6) 40 (1.9) 225 (5.3) 735(12.2) 229 (13.8)
CAD, n (%) 4491 (1.0) 2069 (15.2) 119 (10.6) 911 (13.2) 51 (2.4) 417 (9.8) 883 (14.7) 202 (12.1)
CHF, n (%) 1545 (0.3) 1801 (13.2) 68 (6.1) 1098 (15.9) 99 (4.7) 254 (6.0) 430 (7.1) 395 (23.7)
Rheumatic fever, n(%) 30 (0.0) 891 (6.5) 32 (2.9) 836 (12.1) 927 (44.3) 146 (3.5) 130 2.2) 214 (12.9)
Infective endocarditis, n (%) 105 (0.0) 974 (7.2) 52 (4.7) 902 (13.1) 932 (44.5) 155 (3.7) 125 (2.1) 225 (13.5)
Atrial fibrillation and flutter, n (%) 3965 (0.8) 3840 (28.2) 271 (24.2) 2867 (41.6) 1022 (48.8) 1694 (40.0) 2002 (33.3) 540 (32.5)
Pulmonary hypertension, n(%) 54 (0.0) 320 (2.4) 38(3.4) 147 (2.1) 35(1.7) 34(0.8) 48 (0.8) 185 (11.1)

Values are expressed as mean+SDor n (%).

BMI, body mass index; CAD, coronary artery disease; CHF, congestive heart failure; SBP, systolic blood pressure.
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Figure 1 Clinical correlates of incident valvular heart disease (VHD). Forest plots of multivariate Cox regression of incident

VHD, VHD subtypes and clinical correlates. AF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; CHF,
congestive heart failure; DM, diabetes mellitus; SBP, systolic blood pressure.

with increased risk of AR but smoking, diabetes and
dyslipidaemia were not. Smoking and dyslipidaemia were
associated with increased risk of MR but obesity, SBP and
diabetes were not. None of these comorbidities (obesity,
SBP, smoking, diabetes, dyslipidaemia) were associated
with risk of incident MS.

Mortality and VHD

During 8465586 person-years of follow-up, there were
598 deaths among patients with incident valve disease,
including 312 with aortic valve disease (0.37 deaths per
10000 person-years), 213 with mitral valve disease (0.25
deaths per 10000 person-years) and 43 with tricuspid
valve disease (0.51 deaths per 10000 person-years). Of
the total deaths, 193 (79 with aortic valve disease and
83 with mitral valve disease) were from cardiovascular
causes, all driven by cardiac arrest.

After adjusting for covariates, and despite a progres-
sive increase in number of valve interventions over the
years (figure 2), all-cause and cardiovascular mortality
remained higher for patients with any VHD (HR
1.65, 95% CI 1.52 to 1.81 and HR 1.72, 95% CI 1.47 to
1.97, respectively) compared with those without VHD
(figure 3). When considered separately, aortic VHD
(HR 1.62, 95% CI 1.44 to 1.82; HR 1.39, 95% CI 1.09 to
1.69), mitral VHD (HR 1.25, 95% CI 1.09 to 1.44; HR
1.46,95% CI 1.16 to 1.76) and TR (HR 2.74, 95% CI 2.24
to 3.37; HR 3.00, 95% CI 2.12 to 4.16) exhibited higher
all-cause and cardiovascular mortality when compared
with no VHD (figure 3). There was a trend towards
higher mortality among patients who did not receive
interventions compared with those who did, although
not statistically significant (online supplemental figure
1).
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Figure 2 Cumulative number of mitral and aortic
interventions. Number of valvular interventions during the
study period includes both surgical and percutaneous
procedures.
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DISCUSSION and cardiac comorbidities like AF, CHF and CAD
We leveraged the UK Biobank, a large, contemporary, remain strong risk factors for VHD, (3) In the modern
prospective population-based study, to demonstrate  era of percutaneous and advanced surgical interven-
the following: (1) VHD is common and continues to tions, mortality associated with VHD remains high.

constitute a significant public health burden, (2) Age  The strengths of this study are the large size of the
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cohort, with inclusion of participants recruited from
multiple community-based centres across the UK, and
comprehensive record of diagnoses through linkage to
both outpatient and inpatient visits across the entire
National Health Service.

VHD burden

In our study, the incidence rate of any VHD was 16.3 per
10000 person-years, and the most common valve lesions
were MR, AS and AR. Although the incidence rate of
VHD in the UK Biobank was high, it was lower compared
with other contemporary cohorts. A study of the entire
Swedish population from 2003 to 2010 determined an
incidence rate of VHD of 6.4 per 10000 person—years.6
Valve prevalence studies using transthoracic echocardi-
ography to detect severe disease including the OxValve
cohort in the UK and USA studies' are in agreement
with our findings that MR is the most common type of
VHD, followed by AS and AR. TR incidence rate has
not been previously defined in large cohorts, however, a
community-based cohortidentified a prevalence of 0.55%
for moderate or greater TR by TTE, compared with a
VA-based cohort where the prevalence was 15.6%." '°

Risk factors for incident disease

Age and sex

Compared with other population-based studies where
risk of VHD was assessed cross-sectionally, and only
adjusting for age and sex,' ® we assessed incident VHD
over 20 years, and analysed the contribution of multiple
risk factors in a multivariate model. After adjustment for
confounders and potential mediators, we demonstrate
that ageing remained an important risk for incident
VHD of any aetiology, confirming the importance of age-
related degenerative valvular changes.

In our study, men were at higher risk of developing
VHD overall, and more so aortic valve disorders. The
latter finding may be explained by hormonal differ-
ences'” or by a higher burden of other known risk factors
such as aortopathies, endocarditis or bicuspid valves.®

The finding that MVP was slightly more common in
men differs from other cohort-based and pedigree studies
that have highlighted either a similar MVP burden in
both sexes or a female predominance.'® 'Y This may be
related to a different genetic background"* or different
diagnostic definition (ICD codes in the UK Biobank,
echocardiography in US studies).

Valvular comorbidities

Our finding that CAD and CAD risk factors (smoking,
hypertension, obesity, hyperlipidaemia, diabetes) are
significantly associated with incident AS supports the
established paradigm that AS and its predecessor aortic
sclerosis exist along the spectrum of atherosclerotic
degeneration.”!

Low BMI has previously been associated with both MR
and TR.” MVP typically is found in individuals with a thin
body habitus,'® suggesting the coexistence of mild collag-
enopathies is some cases. We found that among cardiac

conditions studied, AF was a strong predictor of all inci-
dent VHD subtypes. The interplay of left atrial dilation
and AF has been well described and can explain this
finding in the case of MR, where mitral annular dilation
leads to failure of leaflets to coapt.” Similarly, functional
TR occurs in the setting of AF even in the absence of left
sided heart disease.”” The heightened risk of AS among
participants with AF was an unexpected finding and, to
our knowledge, has not previously been described. This
may reflect shared risk factors that lead to adverse remod-
elling of both the aortic valve and the atria. Itis intriguing
to consider the possibility that AF itself, such as due to
a resultant unfavourable neurohormonal signalling, may
lead to progression of AS.

There was a strong association between CHF and CAD
with all incident VHD subtypes, which is consistent with
other cohorts.® CAD and myocardial ischaemia can cause
MR and TR, while shared underlying mechanisms may
underlie atherosclerosis and predisposing lesions to MS
(mitral annular calcification) and AS (aortic sclerosis).
Similarly, the association with CHF may be explained by
the presence of functional MR and TR in this cohort.
All VHD subtypes increase risk of CHF, so there is likely
reverse causation or collinearity given presence of shared
risk factors. Further, since most patients with CHF and
CAD undergo echocardiography, VHD is more likely to
be detected.

Valve disease and mortality

The presence of any VHD independently increased the
risk of all-cause mortality by 65% and increased the risk
of cardiovascular mortality by 72%, even after adjusting
for percutaneous and modern-age surgical interventions.
In comparison, a multivariate model from a Belgian
cohort including age, left ventricular hypertrophy, left
ventricular ejection fraction <50%, dyspnoea, Cumula-
tive Illness Rating Scale (CIRS), found a 42% increase
risk of all-cause mortality and a twofold increased risk of
cardiovascular mortality, with moderate-to-severe valve
disease.”* Adjustment for CIRS and echocardiographic
abnormalities may explain the difference in mortality
risk.

Only 316 patients in the UK Biobank cohort received
aortic or mitral valve interventions. Even if we assume
that only 10% of reported AS in this sample was severe,
this would imply less than half received an aortic valve
intervention, which is similar to a recent finding using
the US-based Cardiovascular Health Study.”> A French
population-based cohort found similar low uptake of
valvular interventions despite high associated societal
burden in mortality, readmissions and healthcare costs.*®
Others have highlighted the under-referral of patients
with severe MR for surgical repair® or transcatheter
edge-to-edge repair,”® and of patients with severe AS for
TAVR or SAVR.* The low absolute number of valvular
interventions identified in our study may be a conse-
quence of incorrect or insufficient coding efforts leading
to underestimation of the true number of surgical or

6

Tung M, et al. Open Heart 2022;9:2002039. doi:10.1136/openhrt-2022-002039



Valvular heart disease

percutaneous procedures. However, the persistent excess
mortality related to VHD, and across different types of
VHD (figures 2 and 3), despite a cumulative increase in
interventions over the past 20 years (figure 2), raises the
possibility of low adherence to guideline-directed therapy,
including referral to valve centres and access to interven-
tions, similar to what observed in other European and
US cohorts. In addition, similar all-cause and cardiovas-
cular mortality in untreated compared with treated VHD
suggests that valvular interventions have yet to be incor-
porated into current practice in a way that offers survival
benefit at the population level.

Study limitations

Our study has several limitations. First, UK Biobank partic-
ipants have lower rates of self-reported chronic diseases
and are on average less socioeconomically deprived and
more white, compared with UK census data.™ Second,
available ICD-10 codes did not allow grading of VHD
severity, though prior studies in Sweden and the USA
have shown presence of VHD codes predict moderate
or severe disease.®'’ Further studies using echocardiog-
raphy to quantify valvular disease severity are needed
to confirm appropriateness of interventions and low-
adherence to valvular guidelines in the UK. Third, partic-
ipants did not undergo universal transthoracic echocardi-
ography screening, and participants with known cardiac
conditions like CAD, CHF and AF are more likely to get
screened with echocardiography. Hence, VHD may be
detected at higher rates among these individuals.

In the UK Biobank, VHD continues to constitute a
significant public health burden, with MR and AS being
the most common. Age and cardiac comorbidities,
namely CHF, CAD and AF remain strong risk factors for
VHD. In the modern era of percutaneous and advanced
surgical interventions, mortality associated with VHD
remains high. The link between excess mortality in
VHD and low-adherence to guideline-directed therapies
warrants further investigation.
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