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Aims To assess the trends in calcific aortic valve disease (CAVD) epidemiology, with an emphasis on CAVD mortality, leading
risk factors, and their associations with age, period, and birth cohort.
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Methods and
results

Prevalence, disability-adjusted life years, and mortality were derived from the Global Burden of Disease Study 2019. The
age–period–cohort model was employed to study the detailed trends of CAVD mortality and its leading risk factors.
Globally, CAVD showed unsatisfactory results from 1990 to 2019, with the CAVD deaths of 127 000 in 2019. CAVD
mortality was substantially reduced in high socio-demographic index (SDI) countries [−1.45%, 95% confidence interval
(CI) (−1.61 to −1.30)], mildly increased in high-middle SDI countries [0.22%, 95% CI (0.06–0.37)], and unchanged in
other SDI quintiles. There was a noticeable transition in CAVD deaths from younger to older populations globally. The
CAVD mortality increased exponentially with age, and the male had higher mortality than the female before 80 years
old. Favourable period [0.69, 95% CI (0.66–0.72)] and birth effects [0.30, 95% CI (0.22–0.43)] were mainly observed
in high SDI countries, while unfavourable effects were mostly noticed in high-middle SDI countries. High systolic blood
pressure was the leading risk factor of CAVD deaths globally, and it showed favourable trends in high SDI regions.
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Conclusion Although CAVD mortality reduction was observed globally, unfavourable period, and cohort effects were found in many
countries. Increase of mortality rate among the population ≥85 years was the common challenge across all SDI quintiles,
stressing the necessity to further improve health care for CAVD patients worldwide.
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Introduction
Valvular heart diseases (VHDs) are caused by structural or functional
abnormalities, leading to arrhythmia, heart failure, and even death.1

VHDs are categorized as rheumatic heart diseases (RHDs) and non-
rheumatic heart diseases (NRHD). The latter is further classified
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into calcific aortic valve disease (CAVD), degenerative mitral valve
disease (DMVD), and others.2 Published epidemiologic studies suggest
that VHDs have caused a heavy burden on several countries3–5 and
pose an increasingly great threat to public health with the global
population ageing. Thus, they have been described as ‘the next cardiac
epidemic’.6
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There have been country-dependent changes in the prevalence of
different VHD categories in the past decades, with NRHD and RHD
being dominant in developed and developing countries, respectively.7

Notably, CAVD is the most common VHD in Western countries.
It is estimated to affect more people worldwide; however, it has no
approved medical therapy.8 Hence, determining the epidemiological
trends of CAVD is necessary because it can aid in adjusting future
healthcare budgets and policies and identifying treatment gaps. The
CAVD burden and risk factors are not only affected by physiological
age9 (age effect) but also by related health policies or technological
advances10 (period effect) and early diagnosis or treatment11 (cohort
effect). Although published literature briefly describes the current
situation and changing landscape, it neglects age, period, and birth
cohort disparities.12–15 Therefore, this study aimed to comprehen-
sively describe the temporal trends of disease burden and CAVD
risk factors by (1) collecting disease data from the Global Burden of
Diseases, Injuries, and Risk Factors Study (GBD) 2019, which covers all
available population-level data; and (2) analysing the temporal trends
of disease burden and leading CAVD risk factors in depth using an
age–period–cohort (APC) model, which is necessary to uncover the
independent effects of age, period, and birth cohort.

Methods
Overview
The GBD is a publicly available dataset, and information can be ex-
tracted from it using the Global Health Data Exchange query tool
(http://ghdx.healthdata.org/gbd-results-tool). The GBD 2019 provides a
comprehensive and updated estimation of the descriptive epidemiological
data of 369 diseases and injuries and 87 risk factors. Additionally, it
contains comparative statistics from 1990 to 2019, including 204 coun-
tries and territories worldwide. Detailed GBD information on the study
design and method has been fully introduced previously.16,17 VHDs were
mapped on the GBD cause list based on the International Classification of
Diseases and Injuries 10th Revision (ICD-10). Additionally, the prevalence
rate, disability-adjusted life years (DALYs) rate, mortality, all-age rate, age-
standardized rate (ASR per 100 000 population), and risk factors were
analysed using online public data.

Data sources
Following the ICD-10 codes, data related to RHD, NRHD, CAVD,
DMVD, and other NRHD were mapped to the GBD cause list with
I01–I09.9, I34–I37.9, I35–I35.9, I34–I34.9, and I36–I37.9, respectively.18

The epidemiological quantity of interest includes the number or rate of
prevalence/DALYs/deaths across age groups, males, females, both sexes
combined, and in 204 countries and territories.9 Additionally, all estimates
from the GBD are presented with 95% uncertainty intervals (UIs). The
95% UIs are based on the 25th and 975th ordered values of 1000 draws
of the posterior distribution.9

Risk factors attributable to CAVD mortality
The 87 risk factors included in the GBD 2019 are broadly categorized into
three groups: environmental and occupational, behavioural, and metabolic.
The GBD risk factor estimation approach is based on a comparative risk
assessment framework and involves six steps, which are available in the
GBD 2019 risk factor summary paper.10 We assessed the percentage
contribution of the top three risk factors attributable to CAVD deaths in
1990 and 2019 and their percentage change in the all-age/age-standardized
mortality rate from 1990 to 2019.

Socio-demographic index and geographic
regions
The socio-demographic index (SDI) is measured using the average in-
come per person, average educational attainment (age ≥15 years), and

total fertility rate (age <25 years). It is a comprehensive indicator of a
country or region’s development status.17 The SDI ranges from 0 to 1,
with a higher figure supporting a more advanced socioeconomic status.
According to the 2019 SDI values, countries or territories are divided
into five categories: high, high-middle, middle, low-middle, and low SDI.
Furthermore, the 204 countries and territories globally are grouped into
21 regions based on geographical areas.

World Bank’s classification of countries by
income
Based on the gross national per capita income, as classified by the World
Bank, countries were classified into four levels, namely low-income, lower-
middle-income, upper-middle-income, and higher-income countries.19

Analysis of overall temporal trends in
valvular heart disease burden
Temporal trends in prevalence, DALYs, and mortality of all VHDs were
assessed using all-age rate and ASR. Additionally, temporal trends were
assessed during the CAVD analysis using all-age, age-standardized, and
annual change rates. Age-standardized and annual change rates were
calculated based on age-standard population data from the GBD 2019.
Furthermore, the trends in CAVD burden across six age groups (<40,
40–49, 50–59, 60–69, 70–79, and ≥80 years) were explored.

Statistical analysis
An APC model was used to analyse the temporal trends of CAVD
prevalence/DALYs/mortality rate because of its advantages over traditional
epidemiological analyses, as we have previously described.20 Freely avail-
able R tools were implemented to construct the APC model according to
the details described in the literature.21

The APC model was constructed using input data, including the GBD
2019 estimates of CAVD prevalence/DALYs/deaths number and popu-
lation data for each region or country. Supplementary material online,
Table S1 shows the details of the input data, including 12 age groups
(from 40–44 to 95−99 with 5-year age group intervals) and 17 partially
overlapping 10-year birth cohorts [from1891–1899 (the 1895 cohort)
to 1971–1979 (the 1975 cohort)]. The APC model’s outputs included
(1) net drift (representing the overall temporal trend, expressed as the
annual percentage change of prevalence/DALYs/death rate), (2) local drift
(representing the temporal trend within each age group), (3) age effect
(fitted longitudinal age-specific rates in the reference cohort adjusted for
period deviations), (4) period effect (relative risk of each period compared
with the reference period), and (5) cohort effect (relative risk of each
cohort compared with the reference cohort). The choice of the reference
period (cohort) was arbitrary; hence, it did not affect the interpretation
of results. The 1990–1994 period and 1921–1929 cohort were set as
the reference period and cohort in this study, respectively. All statistical
analyses were performed using R (version 4.1.0), and P-values <0.05 were
considered statistically significant.

Role of the funding source
The funders of this study had no role in the study design, data collec-
tion/analysis/interpretation, or manuscript writing. S.S., Y.Y., B.S., and J.S.
had access to the GBD 2019 public datasets. All the authors have agreed
to submit this manuscript for publication.

Results
Global and regional burden trends in
CAVD from 1990 to 2019
Burden trends of different types of VHD from 1990 to 2019 are
shown in Supplementary material online, Figures S1–S6, indicating
CAVD should be a great concern at present and in the future. We
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performed an in-depth analysis using both traditional parameters and
APC models in this study. In 2019, the population aged <40 years
accounted for only 6.90, 2.88, and 1.70% of the global prevalence,
DALYs, and deaths in CAVD, respectively (Supplementary material
online, Figure S7). Hence, only those aged≥40 years (40–45 to 95–99)
were enrolled to construct the APC models.
Table 1 shows the statistical data of CAVD globally and in 21

regions, including prevalent cases, DALYs, death numbers, and their
relative all-age rates and ASRs in 2019. Moreover, the net drift from
1990 to 2019 was also shown as a direct demonstration of CAVD
changes. Figure 1 and Supplementary material online, Figures S8–S12
display the all-age rates and ASRs of prevalence/DALYs/deaths in 2019
among countries and their net drifts from 1990 to 2019. Globally, the
all-age prevalence, DALYs, and mortality rates (per 100 000) of CAVD
in 2019 were 121.54, 23.75, and 1.64, and after age standardization,
figures were changed to 116.34, 23.90, and 1.76, respectively. CAVD
prevalence in the past 30 years has increased {net drift = 3.69%, [95%
confidence interval (CI): 3.52–3.87], equal to an 86% increase from
1990 to 2019}, followed by a slight decline in the DALYs [−0.70%,
(−0.76 to −0.64), 18% reduction] and death [−0.83%, (−0.76 to
−0.64), 21% reduction].
Consistent with the global trend, the CAVD prevalence in most

regions increased substantially, except in Western and Central sub-
Saharan Africa. Briefly, East Asia was the region with the highest
increase in prevalence [11.96%, (11.62–12.31)], followed by Australa-
sia [10.12%, (9.85–10.38)] and Eastern Europe [8.59%, (8.33–8.85)].
Furthermore, except for five regions (high-income Asia Pacific, high-
income North America, Western Europe, Australasia, and Tropical
Latin America), the DALYs rates in other regions were either in-
creased (net drifts >0.0% per year) or modestly reduced (−0.5
to 0.0%). Despite the decreased global trend of mortality, Central
Europe [3.90%, (3.61–4.20)], Eastern Europe [3.39%, (3.00–3.77)],
Central Asia [3.63%, (2.5–4.76)], North Africa andMiddle East [2.81%,
(2.59–3.04)], and South Asia [3.77%, (3.58–3.96)] showed opposite
trends. Furthermore, no favourable outcome was observed in re-
gions, including Andean Latin America, Central Latin America, the
Caribbean, South East Asia, Oceania, Western sub-Saharan Africa,
Eastern sub-Saharan Africa, Central sub-Saharan Africa, and Southern
sub-Saharan Africa, which required more attention on CAVD man-
agement. Trends in CAVD mortality across the SDI quintiles from
1990 to 2019 are shown in Table 2. Globally, there were 53 000
deaths in 1990 and 127 000 deaths in 2019, an 138.0% increase
(113.4 to 159.3). All-age mortality increased from 1990 to 2019 [%
change = 64.5%, (7.5–79.3)], while the ASR of mortality did not
change. Importantly, the all-age mortality was generally higher than
the age-standardized mortality in high and high-middle SDI countries,
while it was opposite in other countries. These results indicate that
it is more appropriate to use all-age mortality to capture the true
burden of CAVD mortality in higher SDI regions. Except for the
unchanged situation in the low SDI regions, all-age mortality in the
other regions increased. The APC model revealed a decreasing trend
globally, with a net drift of −0.83% (−0.91 to −0.74). However,
significant differences were observed across the SDI quintiles, with a
substantial decrease in high SDI countries [−1.45% (−1.61 to−1.30)],
a slight increase in high-middle SDI countries [0.22% (0.06–0.37)], and
no obvious change in other countries.

National burden trends in CAVD
mortality
Among the 204 countries and territories, 99 had ≥50 deaths due
to CAVD in 2019. Supplementary material online, Table S2 shows
detailed information for these 99 countries and territories, including
population, the total number of deaths, all-age mortality, age-
standardized mortality, and APC model-derived net drift of mortality.

The top three countries were the USA [(death number = 24 826,
(95% UI, 20 354–27 718)], Germany [13 154, (11 099–15 132)],
and Japan [12 868, (8512–15 732)], accounting for 40.1% of CAVD
deaths globally. In 2019, 30 of these 99 countries, almost all were
categorized as high or high-middle SDI countries, had all-age mortality
more than three-fold higher than the global average. In addition, 47
countries showed an increasing trend (net drifts >0.0% per year), and
21 countries showed a substantial increase (net drifts ≥1.0% per year)
in mortality. Poland showed the highest net drift [8.46% (7.66–9.27)],
with an all-age mortality rate change of 1476.4% (784.3–2521.8) from
1990 to 2019. In contrast, some countries, such as the Syrian Arab
Republic, Japan, and France, have shown a substantial decrease (net
drifts ≤ −1.0% per year) in mortality.

Time trends in CAVD mortality across
different age groups
The proportion of CAVD deaths across the six age groups over the
past 30 years is summarized to clearly present the temporal changes
in the age distribution of CAVD deaths (Figure 2A). Globally from
1900 to 2019, there was a noticeable transition in CAVD deaths from
younger to older populations (especially in the population aged ≥80
years), which was more obvious in high and high-middle SDI countries.
In 2019, people aged ≥60 years accounted for the largest population
of CAVD deaths across all SDI countries. However, CAVD mortality
in those aged <60 years could not be ignored in low, low-middle,
and middle SDI regions. The details of the age distribution of CAVD
deaths in each country are summarized in Supplementary material
online, Figures S13–S17.
Next, the annual percentage change in the CAVD mortality rate

for each age group was explored using the local drift derived from
the APC model (Figure 2B). Globally, CAVD mortality showed a
decreasing trend in age groups ≤84 years (P < 0.0001), while it was
significantly increased in those aged ≥85 years (P < 0.0001). The
groups aged 65–70 and 95–99 years showed the steepest decrease
[local drift = −1.57% (−1.71 to −1.43)] and increase [2.38% (2.12–
2.65)], respectively. Populations aged ≥85 years showed increased
CAVD mortality across all SDI regions, especially in high-middle and
high SDI countries. Interestingly, high and high-middle SDI countries
showed decreased and increased CAVD mortality in the popula-
tion aged 70–79 years, respectively. Generally, the high SDI regions
exhibited the greatest reduction in CAVD mortality in age groups
≤84 years, from −2.54% (−2.77 to −2.31) in the 65–69 years age
group to −0.64% (−0.76 to −0.52) in the 80–84 years age group.
Supplementary material online, Figures S18–S22 show the local drift
in CAVD mortality for each country.

Age, period, and cohort effects on CAVD
mortality
Figure 3 shows the APC model-derived estimates of the APC effects
by the SDI quintiles. Age effects represent the age-associated natural
history of CAVD mortality. Period and cohort effects were used to
demonstrate the progress of CAVD in different periods and birth
cohorts, respectively.20 Similar trends in age effects were explored
in both global and different SDI quintiles, suggesting that the risk of
CAVD mortality increased with age. Notably, compared with other
SDI countries, high SDI regions had the highest CAVD mortality rates
across all age groups. Furthermore, female mortality was lower than
male mortality in those aged <80 years, while no sex difference was
found in age effects after 80 years of age (Figure 3A).
Global period effects showed a declining mortality risk before 2010,

but the reduction was attenuated in the past decade. However, the
patterns varied in different SDI regions. For countries with low, low-
middle, and middle SDI, over the past three decades, period effects
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Figure 1 All-age mortality in 2019 (A) and net drift of mortality during 1990−2019 (B) for CAVD in 204 countries and territories. (A) World
map of all-age mortality for CAVD in 2019, with the global all-age mortality rate of 1.64 (95% UI 1.36−1.83) per 100 000 population. (B) World
map of net drifts (estimated annual percentage change of mortality from the age–period–cohort model) for CAVD mortality, with the global net
drift of CAVD mortality of −0.83% [95% CI −0.91 to −0.741]. CAVD, calcific aortic valve disease; UI, uncertainty interval; CI, confidence interval.
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Figure 2 Age distribution of CAVD deaths and local drift of CAVD mortality by SDI quintiles, 1990−2019. (A) Temporal change in the relative
proportion of CAVD deaths across six age groups (<40, 40–49, 50−59, 60−69, 70−79, and ≥80 years), 1990−2019. (B) Age–period–cohort
model-derived estimates of local drifts of CAVD mortality for 12 age groups (40−44 to 95−99 years), 1990−2019. The dots indicate the annual
percentage change of CAVD mortality (% per year), and the shaded areas indicate the corresponding 95% CIs. CAVD, calcific aortic valve disease;
SDI, socio-demographic index; CI, confidence interval.

remained nearly constant, suggesting an unfavourable improvement in
CAVDmortality. A significant reduction in the death rate was found in
high SDI regions with a relative period risk of 0.69 (95% CI, 0.66–0.72)
in 2015–2019, while the opposite trend was observed in high-middle
SDI countries [1.06 (1.01–1.10)], especially in females (Figure 3B).
Globally, an increasing CAVD mortality trend was observed in

those born before 1925, while patterns were reversed after this
cohort. This observation suggested an improvement in CAVD con-
trol. Similar situations were also shown in countries with high-middle
and high SDI, with relative cohort risks for individuals born in the
1975 cohort of 0.72 (0.56–0.92) and 0.30 (0.22–0.43), respectively.
However, it was disappointing that in low, low-middle, and middle
SDI regions, no progress was made in disease control, indicating that

more efforts should be made in those countries (Figure 3C). The age,
period, and cohort effects on CAVD mortality in each country are
shown in Supplementary material online, Figures S23–S27, S28–S32,
and S33–S37, respectively.

Age, period, and cohort effects in
exemplary countries
To better characterize the trends in CAVD mortality, several exem-
plary countries were selected across SDI quintiles, and age distribution
of CAVD deaths, local drifts, and age/period/cohort effects for each
country was analysed (Figure 4).
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Figure 3 Parameter estimates of age, period, and cohort effects on CAVD mortality by SDI quintiles. (A) Age effects are represented by the
fitted longitudinal age curves of CAVD mortality (per 100 000 person-years) and the corresponding 95% CIs. (B) Period effects are represented
by the relative risk of mortality of each period compared with the reference (period 1990–1994) adjusted for age and nonlinear cohort effects
and the corresponding 95% CI. (C) Cohort effects are represented by the relative risk of mortality of each cohort compared with the reference
(cohort 1921–1929) adjusted for age and nonlinear period effects and the corresponding 95% CI. Age, period, and cohort effects are stratified by
sex. CAVD, calcific aortic valve disease; SDI, socio-demographic index; CI, confidence interval.
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Figure 4 Exemplar countries across SDI quintiles showing favourable (A) and unfavourable (B) age–period–cohort effects. Age distribution of
deaths from 1990 to 2019 shows the relative proportion of CAVD deaths across six age groups (<40, 40–49, 50−59, 60−69, 70−79, and ≥80
years). Local drifts show the fitted longitudinal age curves of CAVD mortality (per 100 000 person-years) across 12 five-year age groups (40−44 to
95−99 years) and the corresponding 95% CIs. Age effects show the fitted longitudinal age curves of CAVD mortality (per 100 000 person-years)
and the corresponding 95% CIs. Period effects show the relative risk of mortality of each period compared with the reference (period 1990–1994)
adjusted for age and nonlinear cohort effects and the corresponding 95% CI. Cohort effects show the relative risk of mortality of each cohort
compared with the reference (cohort 1921–1929) adjusted for age and nonlinear period effects and the corresponding 95% CI. CAVD, calcific
aortic valve disease; SDI, socio-demographic index; CI, confidence interval.
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Figure 4 (Continued).

Six countries from the high, high-middle, and low-middle SDI
regions were chosen to characterize the favourable APC effects
(Figure 4A). The USA contributed to most CAVD deaths in 2019
(Supplementary material online, Table S2). However, it showed im-
proved mortality in the past 30 years, indicated by substantially
reduced local drifts in the population aged <80 years, reduced period
risks before 2010, and declining cohort risk in those born after 1915.
France ranked fourth in CAVD deaths and sixth in CAVD all-age

mortality in 2019 globally. Nonetheless, it achieved the greatest im-
provement in CAVD mortality in Europe, with a net drift of −2.46%
(−2.74 to−2.18) (Supplementary material online, Table S2). Mortality
reduction was found in all age groups except for those >90 years
of age. Additionally, period risks showed a declining trend, and co-
hort risks began to decline significantly after 1920. Japan ranked first
in CAVD deaths in Asia in 2019. However, favourable results have
been achieved over the past three decades. Japan demonstrated a



470 S. Shu et al.

transition in the age distribution of CAVD deaths, with those aged
>80 years accounting for the largest population. Similar to Japan,
Spain experienced a transition in the age distribution of CAVD deaths.
However, Spain showed declining risks over the entire study period,
while such improvements disappeared in Japan after 2005. Turkey is
the only high-middle SDI country with reduced mortality (local drifts
<0) in all age groups and a notably declining risk over the periods and
in successive birth cohorts. The Syrian Arab Republic, a low-middle
SDI country, stood out for its highest reduction in CAVD mortality,
revealed by a net drift of −3.16% (−3.98 to −2.33), equal to a 61%
reduction in the past 30 years. For the Syrian Arab Republic, mortality
reduction was observed in all age groups and successive birth cohorts.
Unfavourable APC effects were clearly illustrated in two high-SDI

and four high-middle SDI countries (Figure 4B). Czechia and the
Russian Federation were atypical high SDI countries with significantly
increased CAVD mortality, while most high SDI countries showed
unimproved or reduced mortality according to estimates of net drifts
(Supplementary material online, Table S2). The APC results were sim-
ilar between these two countries, with notable increases in mortality
found in all age groups except 40–44 years old and worsening risks
over the periods and in successive birth cohorts. Poland exhibited
the worst trends in CAVD mortality globally, with a net drift of
8.46% (7.66–9.27), equal to a 955% increase from 1990 to 2019.
Poland showed a transition in the age distribution of CAVD deaths,
especially after 2000. Poland was the only country with a substantial
increase (local drift >1.0%) in all age groups, consistent with the
worsening period and cohort risks over the entire study period. The
other three high-middle SDI countries (Croatia, Portugal, and Serbia)
showed similar transitions in the age distribution of CAVD deaths and
unfavourable APC effects. The population aged>70 years old showed
a notable increase in CAVD mortality in the three countries. Of note,
all six selected countries with unfavourable APC effects were located
in Europe, indicating the necessity to strengthen the management of
CAVD in European countries.

Top leading risk factor and its age,
period, and cohort effects
The three leading risk factors in 1990 and 2019 were ranked to
explore the top leading risk factors of CAVD deaths globally. This
study found that high systolic blood pressure (HSBP), a metabolic risk
factor, ranked first in both 1990 and 2019. Interestingly, the all-age
mortality rate attributable to HSBP increased by 37.3% (18.0–55.7),
while the age-standardized mortality rate decreased by 15.0 (−24.6
to −6.4) from 1990 to 2019 (Figure 5A). This inconsistency may
be related to the change in the population age structure along the
calendar time.
Next, the APC model was used to explore the annual percentage

change in the CAVD mortality rate attributable to HSBP for each age
group and the age, period, and cohort effects. Globally, noticeable
improvements have been made in those aged <85 years. Notably, the
mortality rate attributable to HSBP was substantially reduced (local
drift ≤1.0%) in most age groups in high SDI regions. In contrast, such
improvements were not observed in other SDI regions (Figure 5B).
CAVD mortality caused by HSBP increased with age, both globally
and across SDI quintiles, and was higher in males than in females
aged <70 years (Figure 5C). Favourable period and cohort effects
were only observed in high SDI regions. Contrastingly, no noticeable
improvement was observed in other SDI quintiles, indicating the
importance of controlling HSBP in these regions (Figure 5D, E).

Discussion
VHDs have attracted global attention as the next cardiac epidemic.
The disease burden of RHD has been well controlled. On the other

hand, the management effects of NRHD, especially CAVD, are less
satisfactory. Our analysis showed that the CAVD prevalence rate is
still increasing globally and in most regions, partly because of im-
provements in diagnostic workflow.22 Moreover, CAVD DALYs and
mortality rates were unimproved or even worse in some countries,
especially in European countries. We also revealed an obvious transi-
tion of CAVD deaths from the younger to the older population, which
was more noticeable in countries with a higher SDI. Importantly, this
study’s novel approach of using the APC model for CAVD mortality
revealed several key findings: (1) Traditional all-age rates/ASRs might
not fully agree with the net drift derived from the APC model; (2)
males with CAVD had a higher mortality rate than females of the
same age before 80 years of age; (3) generally, CAVD mortality
increased with age in an exponential mode; (4) the local drift, period
effects, and cohort effects exhibited distinct differences (favourable or
unfavourable) across different SDI regions and among different coun-
tries; and (5) HSBP was the leading risk factor for CAVD mortality,
and it showed favourable APC effects in high SDI regions.
This study compared several parameters, including traditional

all-age rates/ASRs and APC-derived estimates, to comprehensively
describe the disease burden of CAVD. Interestingly, the all-age rates
of CAVD prevalence/DALYs/death are generally higher than ASRs
in economically advantaged regions and countries (Tables 1, 2, and
Supplementary material online, Table S2), which account for most
CAVD cases. Such results might be attributable to the older popula-
tion and relatively easy access to essential interventions for survival.18

Therefore, it is more reliable to use the all-age rate to describe CAVD
in economically advantaged regions and countries, while relying on
ASRs could be misleading. Furthermore, we observed that the change
in the rate of CAVD deaths from 1990 to 2019 using conventional
parameters (all-age/age-standardized mortality) might not fully agree
with that observed using the net drift derived from the APC model in
some countries (such as the USA, Germany, the UK, Spain, Canada,
the Netherlands, and Belgium) (Supplementary material online, Table
S2). This indicates the necessity of differentiating period, and cohort
trends in CAVD mortality.
The present study showed that males with CAVD had a higher

mortality rate than females of the same age before 80 years of age
(Figure 3A). This result is consistent with those of several reported
studies, both in the clinical and basic sciences. Cardiac imaging revealed
that males with CAVD had more severe calcium accumulation in
aortic valves,23 more obvious remodelling of the left ventricle,24 and
worse ventricular function and hemodynamics,25 compared to fe-
males with CAVD. Pathological studies have confirmed severe calcific
remodelling of the aortic valves in males compared to females.26,27

These pathologic differences might be related to testosterone,28 im-
mune cells,29 and other factors. Nevertheless, more studies on sexual
differences in CAVD are required in terms of pathophysiology, man-
agement, and outcomes.
The CAVD mortality increased exponentially with age (Figure 3A),

indicating that a country’s mortality is closely related to its degree
of ageing. Generally, the degree of ageing in economically advantaged
countries is higher than that of economically disadvantaged countries,
which might be one of the key reasons for higher CAVD mortality
(Supplementary material online, Figures S4C and S5C) and a higher
proportion of deaths in the ageing population (Figure 2A) in higher SDI
regions. However, CAVD would pose a great health burden in lower
SDI countries with an obvious ageing trend, especially in countries
with large populations such as China. As the world’s most populous
country (1.42 billion), China will face the severe challenge of popula-
tion ageing considering that the number of older adults is increasing
exponentially, and by 2050, there will be 400 million Chinese citizens
aged >65 years, 150 million of whom will be aged >80 years.30

The USA, France, Japan, Spain, Turkey, and the Syrian Arab Republic
are representative countries that exhibit favourable APC effects on
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Figure 5 Leading three risk factors for global CAVD deaths and APC-derived parameters for CAVD mortality attributable to high systolic blood
pressure. (A) Leading three risk factors for global CAVD deaths and percentage of total deaths (1990 and 2019), and percentage change in all-age
and age-standardized mortality from 1990 to 2019 for both sexes combined. Risk factors are connected by lines between time periods. (B) APC
model-derived estimates of local drifts of CAVD mortality for 12 age groups (40−44 to 95−99 years), 1990−2019. The dots indicate the annual
percentage change of CAVD mortality (% per year), and the shaded areas indicate the corresponding 95% CIs. (C) Age effects are represented by
the fitted longitudinal age curves of CAVD mortality (per 100 000 person-years) and the corresponding 95% CIs. (D) Period effects are represented
by the relative risk of mortality of each period compared with the reference (period 1990–1994) adjusted for age and nonlinear cohort effects
and the corresponding 95% CI. (E) Cohort effects are represented by the relative risk of mortality of each cohort compared with the reference
(cohort 1921–1929) adjusted for age and nonlinear period effects and the corresponding 95% CI. Age, period, and cohort effects are stratified by
sex. CAVD, calcific aortic valve disease; APC, age–period–cohort; SDI, socio-demographic index; CI, confidence interval.

CAVD mortality. Favourable gains may be multifactorial. Historically,
symptomatic CAVD has been treated by surgical aortic valve replace-
ment (SAVR),31,32 balloon aortic valvuloplasty,33 transcatheter AV
implantation (TAVI),34 and medical treatments.35 However, only SAVR
and TAVI are regarded as definitive treatments, while balloon aortic
valvuloplasty mainly acts as a bridge therapy to definitive treatments,
and no available medical therapy influences the natural history of
CAVD.36,37 It should be noted that TAVI reduces mortality in the
highest-risk patients, and eligibility is expanding to moderate- and
low-surgical-risk patients.38 The USA maintained a stable number of

SAVR procedures and decreased in-hospital mortality before 2011.
After FDA approval of TAVI in the USA in 2011, the total num-
ber of aortic valve replacement surgeries surged,39 and the all-age
mortality rate of CAVD further decreased.10 France showed the
greatest improvement in CAVD mortality in Europe, which might be
partly attributable to the increasing number of SAVR40 and the in-
troduction and optimization of TAVI.41,42 According to the data from
French TAVI registries, mortality after TAVI declined dramatically, with
in-hospital mortality decreased from 10.1% in 2010 to 2.2% in 2019
and 1-year mortality decreased from 22.0% in 2010 to 11.0% in
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2018.43 Japan had the largest absolute number of CAVD deaths in
Asia in 2019. However, noticeable improvements have been made
in CAVD mortality, which might partly be the result of TAVI imple-
mentation, such as the OCEAN-TAVI44 and LAPLACE-TAVI45 registry
studies. Spain has achieved an increasing number of SAVR cases with
decreasing in-hospital mortality in the past two decades.46 Further-
more, CAVD management in Spain has been further optimized by
introducing TAVI since 2014.47 There is still room for improvement
despite the great gains of the above countries considering that their
all-age mortality remains 4.5–7.5 times higher than that of the average
level globally. Turkey and the Syrian Arab Republic are two relatively
income-disadvantaged members of the European Society of Cardi-
ology.48 CAVD mortality in these two countries decreased to the
average level globally, but relevant national data were scarce and will
be needed in the future.49

In contrast, six European countries with high or high-middle SDI,
including the Czech Republic, Russia, Poland, Croatia, Portugal, and
Serbia, stood out for their unsatisfactory CAVD mortality rate, indi-
cating a failure in CAVD control. The mismatch between increasing
population ageing and the health medical system, and therapy prac-
tices in these countries might contribute to the disappointing results
of CAVD management. In Russia, lower health expenditures were
shown compared with other European regions, and a continuously
descending trend of expenditures as a proportion of the gross do-
mestic product was revealed.50,51 Additionally, cardiac procedures
performed annually in Russia could not cover the needs of the Russian
population,51 which may have caused the failure of disease manage-
ment. Poland, a European country with a huge burden on medical
security, has been criticized for its inadequate level and allocation of
funds and staff shortages in the health system.52,53 Compared with
other European countries, the slow increase in the TAVI adoption rate
in Poland and the significant variations among national TAVI centres
suggest that the limited progress in CAVD treatment was not pro-
portionate to the increasing prevalence of CAVD.54 Similarly, Croatia
and Portugal had increasingly elevated CAVD prevalence, while TAVI
promotion was insufficient, characterized by low numbers of TAVI
procedures and deficient treatment strategy.55,56 This elevated trend
of CAVD prevalence in most European countries is obvious. With an
ageing population, the medical burden of CAVD in these countries
will become increasingly huge, which appeals to further attention on
disease control in Europe.
HSBP was recently shown to be a risk factor for developing various

cardiovascular diseases, including CAVD.57,58 Hence, the awareness
of blood pressure control was widely raised. Furthermore, measures
were taken by countries and individuals, contributing to the increasing
control rate of hypertension globally, especially in high SDI countries
(control rate up to 60% in 2019),59 which was consistent with the
favourable effects in high SDI regions in the present study. However,
the control rate in other regions, especially in low- and middle-income
countries (LMICs), is relatively disappointing and should be tightly
managed.60

This study had several limitations. First, primary data were limited
in LMICs, resulting in wide uncertainty bounds and affecting the
accuracy of the APC-derived estimates. Hence, primary data collec-
tion in LMICs should be strengthened to improve research accuracy.
Second, the data were analysed at the national level, and subnational
differences were not further explored. Therefore, subnational data
should be analysed to understand detailed differences in the future,
especially in high-burdened countries. Third, limited to the 5-year age
group data in the GBD 2019, our APC analysis was performed using
data with 5-year intervals, which might omit some subtle variations in
age, period, and cohort effects.
This study involved an in-depth analysis of the CAVDmortality rate,

an increasingly important global player in the ageing population. Many
countries showed unimproved or worsened mortality, and CAVD

mortality in the aged population showed an increasing trend. CAVD
prevalence and mortality are of concern with increasing global ageing;
hence, more effective and timely strategies are needed to prevent the
enormous burden of this disease.

Supplementary material
Supplementary material is available at European Heart Journal—Quality
of Care and Clinical Outcomes online.
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Interventional Cardiology TAVI Survey (PICTS): 10 years of transcatheter aortic valve
implantation in Poland. The landscape after the first stage of the Valve for Life Initiative.
Pol Arch Intern Med. 2021;131:413–420.

55. Hartley A, Hammond-Haley M, Marshall DC, Salciccioli JD, Malik IS, Khamis RY et al.
Trends in mortality from aortic stenosis in Europe: 2000–2017. Front Cardiovasc Med
2021;8:748137.

56. Campante Teles R, Gama Ribeiro V, Patrício L, Neves JP, Vouga L, Fragata J et al.
Position statement on transcatheter aortic valve implantation in Portugal. Rev Port
Cardiol 2013;32:801–805.

57. Rahimi K, Mohseni H, Kiran A, Tran J, Nazarzadeh M, Rahimian F et al. Elevated blood
pressure and risk of aortic valve disease: a cohort analysis of 5.4 million UK adults.
Eur Heart J 2018;39:3596–3603.

58. Nazarzadeh M, Pinho-Gomes A-C, Smith Byrne K, Canoy D, Raimondi F, Ayala
Solares JR et al. Systolic blood pressure and risk of valvular heart disease: a mendelian
randomization study. JAMA Cardiol 2019;4:788–795.

59. NCD Risk Factor Collaboration. Worldwide trends in hypertension prevalence and
progress in treatment and control from 1990 to 2019: a pooled analysis of 1201
population-representative studies with 104 million participants. Lancet North Am Ed
2021;398:957–980.

60. Geldsetzer P, Manne-Goehler J, Marcus M-E, Ebert C, Zhumadilov Z, Wesseh CS
et al. The state of hypertension care in 44 low-income and middle-income countries: a
cross-sectional study of nationally representative individual-level data from 1·1 million
adults. Lancet North Am Ed 2019;394:652–662.

https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups

