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ABSTRACT

Calcific aortic valve disease (CAVD) is associated with increased morbidity and mortality. We aimed to elucidate
the 30-year epidemiology of CAVD globally. Global CAVD incidence, prevalence, and deaths increased 3.51-,
4.43-, and 1.38-fold from 1990 to 2019, respectively, without any decreasing trends, even after age
standardization. In 2019, Slovenia had the highest age-standardized rate (ASR) of CAVD incidence
(62.21/100,000 persons) and prevalence (1,080.06/100,000) whereas Cyprus had the highest ASR of deaths
(8.20/100,000). Population aging was an important contributor to incidence. Compared with women, more
men had CAVD and men had earlier peaks in disease prevalence. High systolic blood pressure, diet high in
sodium, and lead exposure were the main risk factors for deaths owing to CAVD. The estimated annual
percentage change, a measure to estimate the variation of ASR, was significantly associated with the ASR and
sociodemographic index (SDI) in 2019 for incidence and prevalence across all 204 countries and territories (all
p<0.0001). With increased lifespan and risk factors, the overall burden of CAVD is high and remains on the rise,
with differences by sex, age, and SDI level. Our findings serve to sound the alarm for organizations, institutions,
and resources whose primary purpose is to improve human health.

INTRODUCTION

Calcific aortic valve disease (CAVD) is an active
progressive disease characterized by an abnormal
accumulation of calcium nodules on the aortic
valve or annulus. CAVD is of clinical importance in
that severe mineralization results in arrhythmia,
thromboembolism, left ventricular dysfunction, and
even sudden death [1-3]. Given the lack of effective
pharmacological strategies for remission and recovery
in CAVD, the only feasible therapy choice is open-
heart or transcatheter aortic valve replacement [4],
which places psychological and physiological burdens
on patients and their family, as well as stresses the

health care system and limited medical resources [5]. A
class | indication for repair or replacement of the aortic
valve is patients with symptoms and severe aortic
stenosis, based on the American Heart Association/
American College of Cardiology (AHA/ACC) practice
guidelines [6]. Therefore, comprehensive understanding
of the spatial and temporal patterns of CAVD
has become critical in the prevention and control of
CAVD.

The Global Burden of Disease Study (GBD) 2019,
which represents an update of the GBD 2017, has
facilitated systematic analyses regarding the global
burden of 87 risk factors, 369 diseases, and injuries in
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204 countries and territories from 1990 to 2019 [7, 8],
as well as comprehensive demographic assessments on
global age- and sex-specific fertility, mortality, healthy
life expectancy, and population estimates from 1950 to
2019 [9]. In this study, we analyzed the epidemiology
of CAVD across 204 countries and territories during the
past 30 years by taking full advantage of estimates from
the GBD 2019. Furthermore, we expect to offer more
thorough information on the burden of CAVD, which
will be beneficial and valuable in generating more
tailored strategies for managing CAVD.

RESULTS
Incidence patterns of CAVD

The global number of newly diagnosed cases of
CAVD increased 3.51-fold from 1990, with 589,638
in 2019, including 313,805 male and 275,833 female
patients. During the same period, the ASIR was
stable (EAPC=2.74, 95% CI. —1.80-7.50) from 3.25/
100,000 persons to 7.13/100,000 persons (Table 1 and
Figure 1A, 1B).

In the five SDI quintiles, the ASIR remained basically
unchanged from 1990 to 2019; however, CAVD
presented a trend of more incident cases, from a 1.22-
fold increase in low SDI quintiles to a 6.54-fold
increase in middle quintiles. Moreover, in 2019, the
highest numbers of incident cases (329,823) and
ASIR (19.04/100,000 persons) were observed in the
high SDI regions (Table 1 and Figure 1A, 1B). The
incident cases of CAVD increased across the 21 GBD
regions, and the largest change, an 18.07-fold increase,
was recorded in East Asia. As for the ASIR,
Australasia showed the largest increase (EAPC=7.42,
95% CI: 4.21-10.74). Furthermore, the most incident
cases were observed in high-income North American
countries (123,568) whereas Australasia had the
highest ASIR (44.39/100,000 persons) in 2019 (Table 1
and Figure 2A, 2B).

The incidence of CAVD varied significantly from
nation to nation. In 2019, the highest number of incident
cases (117,080) was recorded in the United States,
followed by Japan (71,837), China (54,965), and the
Russian Federation (54,152) (Supplementary Tables 1,
2 and Supplementary Figure 1). Moreover, Slovenia,
Hungary, and Romania had the highest ASIR, with
62.21/100,000 persons, 56.24/100,000 persons, and
54.92/100,000 persons, respectively (Supplementary
Table 1 and Supplementary Figure 2). As for trends,
Ireland and Andorra had the largest growth in ASIR
(EAPC=10.76, 95% CI: 2.16-20.08) and cases (42.61-
fold increase), respectively (Supplementary Table 1,
Figure 3A and Supplementary Figure 3).

Prevalence patterns of CAVD

Worldwide, 9,404,078 patients (male 5,027,261, female
4,376,817) had CAVD in 2019, a 4.43-fold increase
from 1990. The ASPR also increased across the study
period (EAP =329, 95% CI, 2.07-4.51), with
116.34/100,000 persons in 2019 (Table 1 and Figure
1C, 1D).

In 2019, low SDI quintiles had the lowest absolute
value (9,675) and ASR (1.67/100,000 persons) of
CAVD prevalence, with the highest value for the two
metrics observed in high SDI quintiles (5,095,444 and
273.52/100,000 persons, respectively). Furthermore, the
number of patients with CAVD increased in all SDI
quintiles, with the largest increase observed in middle
SDI quintiles (20.59-fold increase) whereas the ASPR
increased in middle (EAPC=7.96, 95% CI: 3.47-12.63),
high-middle (EAPC=5.81, 95% CI: 4.48-7.16), and
high SDI quintiles (EAPC=2.69, 95% CI: 1.94-3.43)
from 1990 to 2019 (Table 1 and Figure 1C, 1D). For the
21 GBD regions, the most significant increase was
noticed in East Asia over the 30-year period, both in
terms of cases (47.76-fold increase) and ASPR
(EAPC=10.92, 95% CI: 5.75-16.35) (Table 1 and
Figure 2C, 2D).

During the study, the temporal trend of the CAVD ASPR
was significantly heterogeneous throughout the world,
with the largest increases in Ireland (EAPC=12.52, 95%
Cl: 9.48-15.64), Denmark (EAPC=12.39, 95% CI: 8.93—
15.96), and Malta (EAPC=12.27, 95% CI: 8.21-16.49)
(Supplementary Table 3 and Figure 3B). The number of
patients with CAVD increased across all 204 countries,
with the most remarkable increase noted in Taiwan
(Province of China) (64.05-fold increase), followed by
Malta (63.03-fold increase), and Cyprus (62.05-fold
increase). In 2019, the highest ASPR and highest number
of CAVD patients in all age groups were in Slovenia
(1,080.06/100,000 persons) and the United States
(1,425,073), respectively (Supplementary Tables 2, 3 and
Supplementary Figures 4-6).

Mortality patterns of CAVD

The most CAVD deaths in 2019 were recorded in the
United States, followed by Germany and Japan
(248,256, 13,154, and 12,868, respectively). Cyprus,
Slovenia, and Norway presented the largest ASDR with
8.20/100,000 persons, 6.77/100,000 persons, and
5.72/100,000 persons, respectively. Over the study
period, the greatest change was a 14.88-fold increase in
Poland (Supplementary Tables 2, 4 and Supplementary
Figures 7-9). However, the ASDR was not significantly
different among the 204 countries from 1990 to 2019
(Supplementary Table 4 and Figure 3C).
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Table 1. The spatio-temporal epidemic dynamics of CAVD in cases and ASR from 1990 to 2019.
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Eastern Sub- 1.17 0.02 2.6 1.45 1.2 -0.07
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Abbreviations: CAVD, calcific aortic valve disease; ASR, age standardized rate; SDI, socio-demographic index; GBD, global
burden of disease Ul, uncertainty interval; EAPC, estimated annual percentage change; Cl, confidence interval.
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Figure 1. The disease burden of CAVD globally, and in five SDI quintiles from 1990 to 2019. (A) Incident cases; (B) ASIR; (C)
prevalent cases; (D) ASPR; (E) deaths; (F) ASDR. Abbreviations: CAVD, calcific aortic valve disease; SDI, socio-demographic index; ASIR, age-
standardized incidence rate; ASPR, age-standardized prevalence rate; ASDR, age-standardized deaths rate.

www.aging-us.com 12713 AGING



>

120000

80000

Incidence (all ages)

40900

Incidanca (1 3g65)

i

vy
45

ASIR (por 100,000 persons)

ASIR (per 100,000 persons)

05 200 2015
Year

980 1995 2000

T
2010

T
2015

1800000

1200000

Prevalence (all ages)

600000

® & £
N

PLL LSS

o

600

ASPR (per 100,000 persons)

ASPR (per 100,000 persons)

o

20

T T
1990 1995

T
2005

T
201

Year

T
0 2015

Deaths (all ages)

-

M
45

3.0
i

ASDR (per 100,000 persons)
1.5

0.0

i, Bmm

- LR

!‘L saaas®dya e & e
oo a

B

o8t ®

bbbt

apgpecedede iy

|
|

GiessBoncscran ity

T

bhed

East Asia

Southeast Asia

Oceania

Eastern Europe

Central Europe

Central Asia

High-income Asia Pacific
Australasia

Western Europe

Southern Latin America
High-income North America
Garibbean

Andean Latin America
Central Latin America
Tropical Latin America
North Africa and Middle East
South Asia

Central Sub-Saharan Africa
Eastern Sub-Saharan Africa
Southern Sub-Saharan Africa
Western Sub-Saharan Africa

East Asia
Southeast Asia

QOceania

Eastern Europe

Central Europe

Central Asia

High-income Asia Pacific
Austratasia

Western Europe

Southern Latin America
High-income North America
Caribbean

Andean Latin America
Central Latin America
Tropical Latin America
North Africa and Middle East
South Asia

Central Sub-Saharan Africa
Eastern Sub-Saharan Africa
Southern Sub-Saharan Africa
Western Sub-Saharan Africa

East Asia
Southeast Asia

Oceania

Eastern Europe

Gentral Europe

Central Asia

High-income Asia Pacific
Australasia

Western Europe

Southern Latin America
High-income North America
Caribbean

Andean Latin America
Central Latin America
Tropical Latin America
North Africa and Middle East
South Asia

Central Sub-Saharan Africa

T
1990

T T
1995 2000

T
2005

Year

sissdmsncodramel

Eastern Sub-Saharan Africa
Southern Sub-Saharan Africa
Western Sub-Saharan Africa

Figure 2. The disease burden of CAVD in 21 GBD regions from 1990 to 2019. (A) Incident cases; (B) ASIR; (C) prevalent cases; (D)
ASPR; (E) deaths; (F) ASDR. Abbreviations: CAVD, calcific aortic valve disease; GBD, global burden of disease; ASIR, age-standardized incidence
rate; ASPR, age-standardized prevalence rate; ASDR, age-standardized deaths rate.

WWWw.aging-us.com

12714

AGING



Denmark
EAPC=10.42

Ireland San Marino
EAPC=10.76 EAPC=10.48

EAPC in ASIR
o less than -1
o -1to0
Oto2
L]

[]

L]

2to5
5to 10
more than 10

EAPC in ASPR
less than 0
Oto1

1to5

5to8

8to12

more than 12

s 8 0 0DOO

Czechia Poland Estonia
EAPC=8.09 [EAPC=7.84 EAPC=6.35

EAPC in ASDR
less than -1.5
-1.5t0 -0.5
-0.5t0 0

O0to1

1to5

more than 5

" ®m 8000

Figure 3. The trends of CAVD for both sexes in 204 countries and territories from 1990 to 2019. (A) The EAPC in ASIR; (B) the
EAPC in ASPR; (C) the EAPC in ASDR. Abbreviatons: CAVD, calcific aortic valve disease; EAPC, estimated annual percentage change; ASIR, age-
standardized incidence rate; ASPR, age-standardized prevalence rate; ASDR, age-standardized deaths rate.

WWWw.aging-us.com 12715 AGING



Since 1990, no SDI or GBD regions have shown a
decreasing trend in CAVD deaths or ASDR (Table 1).
In 2019, among the five SDI quintiles, the highest
number of deaths (80,211) and highest ASDR
(3.35/100,000 persons) were both identified in high SDI
quintiles (Table 1 and Figure 1E, 1F). Across the 21
GBD regions, the number of deaths owing to CAVD
increased from 41 in Oceania to 47,894 in Western
Europe; the highest ASDR (4.05/100,000 persons)
was also observed in Western Europe (Table 1 and
Figure 2E, 2F).

Globally, a total of 126,827 patients (male 54,175 and
female 72,652) died from CAVD in 2019, a 1.38-fold
rise from 1990. Over all study years, the ASDR was
relatively stable from 1.75/100,000 persons to
1.76/100,000 persons (Table 1 and Figure 2E, 2F).

Decomposition analysis of incident cases

Around the globe, the number of incident cases of
CAVD increased from 130,822 in 1990 to 589,638 in
2019. According to decomposition analysis, population
growth and population aging, and epidemiological
changes accounted for 44.63%, 61.15%, and 244.94%,
respectively. As for SDI regions, population growth
accounted for 113.71%, 56.16%, 39.60%, 24.34%, and
23.28% of the changes of CAVD incident cases in low,
low—middle, middle, high-middle, and high SDI
quintiles, respectively. These proportions for population
aging were 16.65%, 87.58%, 106.04%, 59.48%, and
44.12% in the five SDI quintiles, respectively.
Furthermore, epidemiological changes accounted for
—8.01%, —76.32%, 508.27%, 548.13%, and 188.47% in
all SDI quintiles, respectively (Figure 4).

Sex—age patterns of prevalence estimates

Globally, the estimated prevalence of CAVD was
higher in male individuals and increased with age,
peaking in the age group 65-69 years for men and 70—
74 years for women, followed by a downward trend. In
2019, the prevalence rate became much higher with
age and approached the maximum among both men
and women age 90-94 vyears. Among five SDI
quintiles, patterns of prevalence estimates by sex
varied dramatically across age groups. In low SDI
quintiles, the number of prevalent cases reached the
highest level among 50-54-year-old men and 65-69-
year-old women; the prevalence rate peaked in men
age 70-74 years and women age 75-79 years. As to
high SDI quintiles, the prevalence rate reached the
maximum in the age group 85-89 years for both sexes,
whereas the number of prevalent cases peaked among
70-74-year-old men and 75-79-year-old women
(Figure 5).

Risk assessment for deaths

On the basis of GBD research, CAVD deaths were
mainly attributable to high SBP, diet high in sodium,
and lead exposure. Worldwide, high SBP (the leading
risk factor) led to 39,749 CAVD deaths in 2019. For
SDI regions, deaths associated with this factor increased
from 1,226 in low quintiles to 23,803 in high SDI
quintiles. A high-sodium diet led to 4,227 global CAVD
deaths in 2019, presenting an upward trend across all
five SDI quintiles over the past three decades. Lead
exposure resulted in 1,925 global CAVD deaths in
2019, an increase of 105.23% from 938 in 1990.
Between 1990 and 2019, the change in deaths owing to
lead exposure decreased from 148.88% in high-middle
quintiles to 75.40% in high SDI quintiles (Figure 6).

Correlation evaluation about EAPC

As shown in Figure 7, the EAPC in the ASIR showed
an important correlation with the ASPR EAPC
(r=0.932, p<0.0001) and ASDR EAPC (r=0.369,
p<0.0001). Additionally, the ASIR EAPC was
significantly related to the ASIR (r=0.5955, p<0.0001)
and SDI (r=0.7178, p<0.0001) in 2019. Similarly, the
ASPR EAPC was significantly associated with the
ASPR (r=0.4111, p<0.0001) and SDI (r=0.7099,
p<0.0001) in 2019 (Supplementary Figure 10).
However, the ASDR EAPC had no significant
correlation with the ASDR or SDI for all 204 countries
in 2019.

DISCUSSION

Our study used the most up-to-date information to
demonstrate that (i) the spatial and temporal patterns of
incidence, prevalence, and deaths owing to CAVD
varied considerably across 204 nation-level units from
1990 to 2019, according to GBD 2019 findings; (ii)
population aging contributed more to the CAVD
incidence than population growth, according to
decomposition analysis; (iii) the sex—age patterns of
prevalence suggested that more men had CAVD and
reached the highest prevalence at younger ages than
women,; (iv) CAVD deaths were mainly attributable to
high SBP, diet high in sodium, and lead exposure, based
on GBD 2019; and (v) the ASIR EAPC had an
important correlation with the ASPR EAPC and ASDR
EAPC whereas the ASIR and ASPR EAPC was
significantly associated with ASR and SDI in 2019
throughout the 204 countries and territories.

Our results suggest that the global number of incident
cases of CAVD have increased continuously, although
the ASIR has remained relatively constant for the
past three decades. Echocardiography, a noninvasive
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method to explore morphological and hemodynamic
characteristics of the heart, can serve as an excellent
source of information regarding valve anatomy and
blood flow parameters in diagnosing CAVD [10, 11]. As
this diagnostic tool has become more widely available,
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the reported incidence of CAVD has grown gradually.
This may explain why higher SDI countries, such as
Slovenia, Hungary, and Romania, had the highest ASIR.
With more widespread screening, it is reasonable to
speculate that the incidence of CAVD will continue to
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Figure 4. The proportions of CAVD incident cases varied from 1990 to 2019 attributed to population growth, population aging, and
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increase worldwide, especially in lower SDI regions.
Additionally, compared with population growth,
population aging may be a strong factor in the trends of
CAVD incidence, according to our decomposition
analysis. Despite disproval of the notion of CAVD is a
degenerative disorder, owing to the advanced age of
patients, age remains an important contributor to this
disease. In a study by Tromsg, Cox proportional hazards
regression was used, with age (hazard ratio 1.11, 95%
Cl: 1.08-1.14) identified as an independent predictor for
incident CAVD [12]. Recently, a cohort study disclosed
that aortic valve calcification density was related to age
(B estimatetstandard error: 6.5+1.8; p=0.0004) in a
multivariate analysis [13]; the potential causes may
include activation of the renin—angiotensin system and
alteration of the phosphocalcic metabolism in older
patients [14-16].
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The CAVD prevalence increased globally from 1990 to
2019, not only in terms of number of cases but also
ASR. This might partly reflect the increasing trend in
incidence, according to the significant correlation
between the ASIR EAPC and ASPR EAPC. With the
exception of high SDI regions, the patterns by sex
showed that more male than female individuals had
CAVD. This finding is in keeping with earlier evidence.
Median aortic valve calcification (2741 [1839-3858]
AU vs. 1279 [882-1915] AU; p<0.0001) and mean
valve weight (2.66+1.07 g vs. 1.87+0.58 g; p<0.0001)
were higher in male than female patients in a study
assessing sex differences in aortic valve fibro-calcific
remodeling [17]. Similarly, in the Framingham
Offspring Study, female patients had 56% lower odds
(95% CI: 41%—-76%; p=0.0003) of aortic valve calcium
compared with their male counterparts in multivariable
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Figure 5. 2019 absolute number of prevalent cases and prevalence rates per 100,000 persons of CAVD by sex and age in (A) the globe; (B)
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models adjusted for long-term risk factors [18].
Investigation of the intrinsic mechanisms of valves
between male and female patients at cellular and genetic
levels is suggested to clarify the difference in CAVD by
sex. Relative to women, proinflammatory, proangiogenic,
and procalcific actions of interferon gamma in valvular
interstitial cells have been found to be more pronounced
in men [19]. Furthermore, inhibition of wvascular
mineralization, upregulation of matrix Gla-protein, and
higher expression of antiapoptotic gene BCL2 were
observed in aortic valve tissue from women [20].
Moreover, women manifest a lower expression level of
pro-fibrotic TGF-p than men [21]. Additionally, the age
patterns suggested that men reached the highest level of
prevalence at younger ages than women, which was
similar to previous findings. Male patients are reported to
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develop severe CAVD nearly 10 years earlier than
female patients [22]. In an LDLr’/ApoB01%/|GF-I|
CAVD mouse model, early initiation of CAVD in
male mice is mediated by gonadal hormones to some
degree, as validated through the attenuation effect of
gonadectomy [23].

Although the prevalent cases and ASPR of CAVD
showed alarming patterns worldwide, the trend in the
global ASDR remained relatively steady throughout the
study period, which might represent a balance between
steadily improving therapeutic strategies and greater
exposure to risk factors. In addition to increasingly
perfected operative treatments, including the
development and widely use of transcatheter aortic
valve replacement, agents used to treat cardiovascular
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complications may work in CAVD [4, 24]. Tissue-
engineered heart valves may exert a widespread and far-
reaching impact on the field of heart valve prosthesis
[25]. Moreover, the possibility that lipid-lowering
therapy improves CAVD outcomes cannot be ruled out
[26], albeit this specific drug strategy has failed to
reduce disease  progression.  Anti-inflammatory
medications also provide a promising pharmacological
treatment, which warrants further research in patients
with CAVD [27]. Denosumab, a human monoclonal
antibody, has recently been reported to lower valvular
calcium deposition [28].

In our study, three main risk factors have been
identified. High SBP is the most well-known risk factor
associated with CAVD. In the PROGRESSA study,
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secretory phenotype by increasing the mechanical strain
on these cells [33]. A diet high in sodium, one of the top
10 risk factors for disability [34], is another significant
contributor to CAVD deaths. There is increasing
evidence that a high-sodium diet enhances the risk of
cardiovascular and cerebrovascular events, which is
associated with the effect of aldosterone on renal
mineralocorticoid receptors [35]. In a hyperlipidemic
rabbit model, aldosterone receptors were demonstrated
to be present in aortic valve tissue, and their selective
blockade could suppress processes in the early stage of
CAVD [36]. Furthermore, a number of studies have
suggested that a high sodium intake contributes to the
occurrence of high blood pressure [37-39], which is
another possible interpretation for the relationship
between CAVD and diet high in sodium. Lead exposure
was established as a potential risk factor related to
CAVD deaths, which may be explained by evidence
that chronic exposure to lead is a factor contributing to
atherosclerosis and hypertension [40-42].

In the present study, we also carried out a series of
correlation analyses and found that the ASIR EAPC
showed an important correlation with the ASPR EAPC
and ASDR EAPC. The burden and outcome of all
diseases, including CAVD, originate from the
occurrence of disease. We found that the temporal trend
in the ASR of incidence and prevalence—that is, the
EAPC—from 1990 to 2019 was positively correlated
with the ASR in 2019, which is not difficult to explain.
The ASR of CAVD reflects the disease burden at that
time, which is closely related to the level and
effectiveness of strategies to prevent CAVD.
Additionally, a significant correlation was found
between the EAPC and SDI in 2019, not only for
incidence but also for prevalence. Possible explanations
for this observation include the following: (i) people in
countries with lower SDI are more likely to be exposed
to communicable, maternal, neonatal, and nutritional
diseases; and (ii) the higher the SDI, the better the
screening and treatment measures.

Ongoing objectives of the GBD include improving the
level of detail in estimations, improving analytical
strategies, and increasing the amount of high-quality
data. Nevertheless, some limitations should be pointed
out in the current study. First, the accuracy and
reliability of the GBD study hinge on the quantity and
quality of data, which played a significant role in our
analysis. For example, the diagnosis of CAVD depends
on the availability of echocardiography. This may lead
to underestimation concerning the real burden of
CAVD, especially in many low-income countries or
less-developed areas. Second, the temporal trends in
disease burden according to CAVD subtype, such as
bicuspid aortic valve and tricuspid aortic valve, were

not estimated in this study owing to a lack of related
raw data. Thirdly, we did not check the association of
ASR and SDI according to CAVD severity, due to the
lack of available information. Finally, calcified aortic
valve stenosis and regurgitation were not differentiated.

CONCLUSIONS

Globally, cases of CAVD have increased continuously
over the past 30 years, with no downward trends
observed in the ASIR, ASPR, or ASDR. Population
aging was an important contributor to incident cases.
Moreover, differences were present in the sex and age
distributions of prevalent cases. A high SBP, a diet high
in sodium, and exposure to lead were the main risk
factors of CAVD deaths. Moreover, the EAPC was
significantly related to the ASR and SDI in 2019 for
incidence and prevalence. Generally, the findings of the
present study will be helpful in elucidating the global
disease burden of CAVD, to develop more effective and
efficient CAVD prevention and treatment strategies.

MATERIALS AND METHODS
Data sources

The GBD study, a cooperative effort among researchers
from institutions around the world, provides a unigque
opportunity to evaluate many different diseases, injures,
and risk factors according to location, age, and sex.
Global health has gradually improved over the past 30
years. Relative to the GBD 2017, the GBD 2019 has
expanded analysis of the burden of disease in all World
Health Organization member states, with nine countries
and territories added to the GBD location hierarchy [9].
Additionally, 12 new causes of disease were added to
the GBD modeling framework, including nine new
cancer sites, pulmonary hypertension, and osteoarthritis
of the hands and other joints [8]. Moreover, a total of 87
risk factors were updated in the GBD 2019, in
comparison with 84 risk factors in the GBD 2017 [7].

To estimate deaths owing to CAVD, the GBD 2019
used the Cause of Death Ensemble model (CODEm), a
highly systematic tool to analyze cause-of-death data
using an ensemble of linear and mixed effects
regression to minimize model-specification bias [43].
CAVD incidence and prevalence were estimated using
large-scale  population-representative data sources
identified in document retrieval and via study
collaborations. Consistent disease estimates were
produced using Disease Modeling—Meta Regression
(DisMod-MR) 2.1, a Bayesian meta-regression software
tool used to simultaneously model the population data.
The overall prevalence was estimated according to the
corresponding health states listed as follows: patients
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with hemodynamically moderate disease, patients with
hemodynamically severe disease who were treated, and
patients with untreated hemodynamically severe disease
and one of the following four outcomes: (i) controlled,
medically managed heart failure; (ii) mild heart failure;
(iii) moderate heart failure; and (iv) severe heart failure
[10, 44].

The sociodemographic index (SDI), a metric for
measuring development, which actually captures three
different but important aspects of each country and
region—income, education, and fertility—allows for the
comparison of health outcomes among countries and the
performance of health systems, to better understand
what the health landscape would look like in the future
[45]. According to SDI value, countries are divided into
five quintiles: high (>0.81), high-middle (0.69-0.81),
middle (0.61-0.69), low-middle (0.46-0.61), and low
SDI (<0.46).

Data identification and extraction

CAVD was identified using codes of the International
Statistical Classification of Diseases and Related Health
Problems, Ninth Revision and Tenth Revision (ICD-9
and ICD-10, respectively). All cardiovascular diseases
coded as 424.1 in the ICD-9 and 135, 135.0, 135.1, 135.2,
135.8, and 135.9 in the ICD-10 were mapped to CAVD
in the study [44]. Consistent with previous GBD studies,
the diagnosis of CAVD required an echocardiography
demonstrating calcification of the bicuspid aortic valve
[10]. The following data on CAVD were extracted from
the GBD 2019 (http://ghdx.healthdata.org/ghd-results-
tool): global, regional, and national population,
incidence, prevalence and deaths attributable to CAVD
by sex and age, as well as national SDI value from 1990
to 2019. All measures were expressed as initial data, rate
per 100,000 persons, and age-standardized rate (ASR)
per 100,000 persons, including age-standardized
incidence rate (ASIR), age-standardized prevalence rate
(ASPR) and age-standardized death rate (ASDR). Age
standardization was according to the World Health
Organization, using an average world population age
structure [46].

Statistical analysis and synthesis

For all ages, the fold change in the number and
amplitude of variation in ASR, namely, the estimated
annual percentage change (EAPC), was used to evaluate
secular trends in CAVD. The EAPC, a concise,
condensed measure of ASR variation during a specified
interval, can represent a shift in the burden of disease
among a certain demographic group and may serve as a
key to changing risk factors. The EAPC was identified
to be 100x(exp(B)—1) and the corresponding 95%

confidence interval (CI) was calculated using a linear
regression model: y=o+fx+e, where y=In(ASR) and
x=calendar year [47]. Briefly, the ASR showed a
decreasing trend if the EAPC estimate and the upper
boundary of its 95% CI were both <0. In contrast, the
ASR indicated an increasing trend if the EAPC estimate
and lower boundary of its 95% CI were both >0.
Otherwise, the ASR was regarded as stable over time.

We performed a decomposition analysis to investigate
the influences of population growth, population aging,
and changes in epidemiology on the variation in CAVD
incidence between 1990 and 2019, as follows: by (i)
calculating incident cases predicted in a scenario with
the age structure in 2019 and without population growth
since 1990; and (ii) calculating the incident cases
predicted in another scenario with the age structure in
1990 and presuming the same population growth to
2019 [48].

Moreover, to explore the distribution of sex and age
regarding CAVD prevalence, we obtained the crude
number and rates of prevalence, to analyze the sex—age
patterns for male and female individuals in 2019,
according to the 20 age groups listed below: under 5, 5—
9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39, 40-44,
45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80—
84, 85-89, 90-94, and 95 years and over.

Three primary risk factors of death owing to CAVD
were identified in the GBD 2019, including high
systolic blood pressure (SBP), diet high in sodium, and
lead exposure. To assess the influences of high SBP,
high-sodium diet, and lead exposure, we applied the
theoretical minimum level, with 110-115 mmHg for
SBP, 1-5 g per day for 24-h urinary sodium, and 2
pg/dL in the blood, corresponding to lead levels in pre-
industrial humans owing to natural sources of lead, to
prevent the possible exposure of zero [49].

Pearson correlation tests were used to assess
correlations among the EAPC in the ASIR, ASPR, and
ASDR of all 204 countries and territories. Additionally,
to investigate possible factors affecting the EAPC, its
correlation with the SDI and ASR was analyzed at
national levels in 2019. Statistically significant
correlation was considered with p<0.05 and r>0.3. All
statistical analyses and visualizations were conducted
using GraphPad Prism 7 (GraphPad Software, San
Diego, CA, USA) and R version 3.5.2 (The R Project
for Statistical Computing, Vienna, Austria).
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. The all-ages incidence cases of calcific aortic valve disease across 204 countries and territories in
2019.
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Supplementary Figure 2. The age standardized incidence rate of calcific aortic valve disease across 204 countries and
territories in 2019.
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Supplementary Figure 3. The fold change in all-ages incidence cases of calcific aortic valve disease across 204 countries and
territories between 1990 and 2019.
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Supplementary Figure 4. The all-ages prevalence cases of calcific aortic valve disease across 204 countries and territories in
2019.
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Supplementary Figure 5. The age standardized prevalence rate of calcific aortic valve disease across 204 countries and
territories in 2019.
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Supplementary Figure 6. The fold change in all-ages prevalence cases of calcific aortic valve disease across 204 countries and
territories between 1990 and 2019.
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Supplementary Figure 8. The age standardized deaths rate of calcific aortic valve disease across 204 countries and territories

in 2019.
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Supplementary Figure 9. The fold change in all-ages deaths of calcific aortic valve disease across 204 countries and territories
between 1990 and 2019.
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Supplementary Figure 10. The SDI across 204 countries and territories in 2019.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 1-4.

Supplementary Table 1. The change of CAVD incidence between 1990 and 2019 and EAPC at 204 countries and
territories.

Supplementary Table 2. The population, incidence cases, prevalence cases and deaths across 204 countries and
territories in 2019.

Supplementary Table 3. The change of CAVD prevalence between 1990 and 2019 and EAPC at 204 countries and
territories.

Supplementary Table 4. The change of CAVD deaths between 1990 and 2019 and EAPC at 204 countries and
territories.
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