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Abstract: The aim of this study was to explore the most updated changing trends of non-rheumatic
calcific aortic valve disease (nrCAVD) and reveal possible improvements. We analyzed the age-
standardized rates (ASRs) of prevalence, incidence, disability-adjusted life-years (DALYs), and
mortality trends of nrCAVD from 1990 to 2019 using data from the Global Burden of Disease (GBD)
study 2019. The relations between ASRs and socio-demographic index (SDI) were analyzed with
Pearson’s correlation coefficients. Decomposition and frontier analysis were employed to reveal the
contribution proportion of influence factors and regions where improvement can be achieved. In 2019,
there were 9.40 million (95% uncertainty interval (UI): 8.07 to 10.89 million) individuals with ntCAVD
globally. From 1990 to 2019, the prevalence rate of nrCAVD increased by 155.47% (95% IU: 141.66% to
171.7%), with the largest increase observed in the middle SDI region (821.11%, 95% UI: 709.87% to
944.23%). Globally, there were no significant changes in the mortality rate of nrCAVD (0.37%, 95%
UL —8.85% to 7.99%). The global DALYs decreased by 10.97% (95% UI: —17.94% to —3.46%). The
population attributable fraction (PAF) of high systolic blood pressure increased in the population
aged 1549 years, while it declined slightly in population aged 50+ years. Population growth was
the main contributing factor to the increased DALYs across the globe (74.73%), while aging was the
driving force in the high-SDI region (80.27%). The Netherlands, Finland, Luxembourg, Germany, and
Norway could reduce DALY rates of ntfCAVD using their socio-demographic resources. According
to these results, we revealed that the burden of nrCAVD increased markedly from 1990 to 2019 in
high-SDI and high-middle-SDI regions. There was a downward trend in the mortality due to nrCAVD
since 2013, which is possibly owing to profound advances in transcatheter aortic valve replacement.
Some countries may reduce burdens of nrCAVD using their socio-demographic resources.

Keywords: non-rheumatic calcific aortic valve disease (nrCAVD); global burden of disease; prevalence;
disability-adjusted life-years (DALYs); socio-demographic index; contribution factor; improvement

1. Introduction

The 20th anniversary of transcatheter aortic valve replacement (TAVR) has seen pro-
found advances since its appearance in 2002, owing to dramatically increased patients with
aortic valve stenosis [1]. Several studies have demonstrated that non-rheumatic calcific
aortic valve disease (nrCAVD) is the main pathological basis of aortic valve stenosis nowa-
days [2,3]. The past three decades witnessed rapid economic and social developments,
with increased burden of non-communicable diseases. As one of these disease burdens,
the prevalence of nrCAVD increased markedly and carried a significant risk of mortality
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and morbidity in the global population [4—6]. In a substudy of the SCOT-HEART mul-
ticenter randomized controlled trial, the authors showed that aortic valve calcification
was observed in 241 (14%) of the 1769 participants aged 58 £ 9 years [7]. In addition, a
meta-analysis including 22 studies found that the prevalence of aortic sclerosis ranged
from 9% in a study where the mean age was 54 years to 42% in a study where the mean
age was 81 years [8]. However, the studies concerning the burden of nrCAVD across the
globe are very limited. Although Simon Yadgir et al. reported the general global changes
of non-rheumatic valvular diseases from 1990 to 2017 [9], the global burden of ntCAVD
was not investigated in detail, particularly the influence factors of ntCAVD epidemiology
and potential improvement gap.

In the present study, we sought to explore the most updated changing trends of
nrCAVD with the Global Burden of Disease (GBD) study 2019 data. Particularly, we used
decomposition and frontier analysis to reveal the contribution proportion of influence
factors and regions where improvement can be possibly achieved.

2. Methods
2.1. Data Sources and Case Definitions

We used data from the Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) 2019, which was designed to provide a comprehensive assessment of health loss due
to diseases, causes of death, and risk factors at the global, regional, and national levels from
1990 to 2019. The non-rheumatic calcific aortic valve disease (nrCAVD) was defined based
on the International Classification of Diseases Ninth Revision (ICD-9) and Tenth Revision
(ICD-10) codes.

2.2. Socio-Demographic Index (SDI)

The socio-demographic index (SDI) was employed to determine the relationship be-
tween the development status of a region or country and the burden of nrCAVD. The SDI
is a composite indicator of social development levels that correlate with health outcomes.
It is calculated from national-level income per capita, educational attainment in the popula-
tion > 15 years old, and women fertility rate under 25 years old. The SDI ranges from 0
(minimum development) to 1 (maximum development), and 204 countries and territories
were categorized into five groups based on SDI quintiles: low SDI, low-middle SDI, middle
SDI, high-middle SDI, and high SDI.

2.3. Estimation of Prevalence, Incidence, and Disability-Adjusted Life-Years

The prevalence and incidence of nrCAVD was estimated using DisMod-MR 2.1, a
Bayesian meta-regression tool by which GBD 2019 collected and analyzed data from
hospital discharges, publications, and household surveys. The disability-adjusted life-years
(DALYs) is calculated by adding the years of life lost (YLLs) due to premature death and
the years lost due to disability (YLDs) in the population.

The age-standardized rates (ASRs) of prevalence, incidence, deaths, and DALYs were
generated by summarizing the products of the age-specific rates and corresponding number
of persons in the same age subgroup of the GBD 2019 standard population, and then
dividing by the sum of the standard population weights. The changes of ASRs between
1990 and 2019 were shown with percentage changes. Uncertainty intervals (Uls) were
calculated from 1000 draws for each quantity. The 95% Uls were defined as the 25th
and 975th ordered draw of the uncertainty distribution. For all analysis, a 95% UI and
95% confidence intervals (CIs) were considered to be statistically significant when zero
was excluded.

2.4. Risk Factors for DALYs

The inclusion criteria of attributable risk factors were previous evidence of causation
with ntCAVD and availability of exposure data in GBD 2019. The final risk factors included
were high systolic blood pressure, diet high in sodium, and lead exposure.
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2.5. Statistical Analysis

Spearman’s rank order correlation was used to measure the strength and direction
of the association between the SDI and age-standardized rates. The change in the SDI
between 1990 and 2019 (the ratio of the index in 2019 to the index in 1990), and the average
annual percentage change (AAPC) of ASR during 1990-2019 was calculated. To assess the
magnitude and direction of trends in the ASR of nrCAVD over time, we used JoinPoint
software (Version 4.7.0.0) to calculate the AAPC and the corresponding 95% confidence
interval (CI) by joinpoint regression analysis. By comparing AAPC with 0, we ascertained
whether the variation trend in different sections is statistically significant.

The decomposition analysis is an analytic approach to identify the additive contribu-
tion of the effect of the differences in factors in 2 populations (such as the population in
1990 and the population in 2019) on the difference in their overall value. The decomposition
of ntfCAVD DALYs by the different causes allows the quantification of the contribution of
each cause to the overall ntfCAVD DALYs. We first used the decomposition methodology of
Das Gupta to decompose ntCAVD DALYs by population age structure, population growth,
and epidemiologic changes (DALYs rate) [10,11]. The number of DALYs at each location
was obtained from the following formula:

20
DALY ay, py, ey = ) ;1 (@i, y # Py *eiy) @

where DALY 4y, py, ey represent DALYs based on the factors of age structure, population,
and DALYs rate for specific year y; a  y represents the proportion of population for the age
category i of the 20 age categories in given year y; p y represents the total population in
givenyeary; and e y represents DALYs rate given age category i in year y. The contribution
of each factor to the change in DALYs from 1990 to 2019 was defined by the effect of one
factor changing while the other factors were held constant.

For example, the effect of age structure was calculated as follows:

[(DALY 22019, p1990, e1990 + DALY 22019, p2019, 2019)/3 + (DALY 22019, p1990, 2019 + DALY a2019, p2019, e1990)/6] — @)
[(DALY a1990, p2019, e2019 + DALY 21990, p1990, e1990)/3 + (DALY 41990, p2019, e1990 + DALY 21990, p1990, e2019) /6]

In order to evaluate the relationship between the burden of nrCAVD and socio-
demographic development, we applied a frontier analysis as a quantitative methodology
to identify the lowest potentially achievable age-standardized DALYs rate on the basis of
development status as measured by the socio-demographic index (SDI). In this method,
data envelopment analysis (DEA) would be used for frontier analysis. The frontier can
be produced from several deterministic algorithms, such as free disposability hull (FDH),
variable returns to scale (VRS), and so on. We used the FDH in our analysis. To incorporate
stochastic variation into the frontier, we used 1000 bootstrapped samples of the data. Each
bootstrap includes a subset of locations produced by randomly sampling with replacement
from all countries in the Global Burden of Disease study. This accounts for autocorrela-
tion of locations over time. In each bootstrapped sample, the following procedure was
performed: Firstly, remove one data point at a time to generate a DEA and identify if
the removed point is a superefficient point (outlier). Then, put the data point back, re-
move the second data point to generate DEA, and examine if it is the superefficient point
(outlier). In this method, the superefficient point is defined as the unit whose number of
age-standardized DALY rate is less than the frontier line at each SDI value calculated after
removing the unit. After all the points are examined and removed all superefficient points
(outliers), we then generate the frontier using DEA with FDH algorithm. We repeat this
step for 1000 iteration bootstrapping, and the mean nrCAVD DALYs frontier at each SDI
value from the bootstrapped samples was computed for each country at each year. Finally,
LOESS regression with a local polynomial degree of 1 and span of 0.2 was then developed
to generate a smoothed frontier [12,13]. To understand the relationship of age-standardized
nrCAVD DALY rates vis-a-vis the frontier in 2019, we calculated the effective difference
(the absolute distance from the frontier) using 2019 SDI and age-standardized nrCAVD
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DALYs rate data point for each country or territory. Countries or territories with lower
DALYs than the frontiers were assigned a zero distance.

The detailed description of the frontier analysis is described in the Supplementary
Method. All the data analyses were conducted with the R program (Version 4.0.4, R
core team).

3. Results
3.1. Prevalence, Incidence, DALY, and Mortality of nrCAVD

Globally, the past 30 years witnessed a marked upward trend in the prevalence of
nrCAVD (Table 1, Figure 1; average annual percent change (AAPC) = 3.36 (95% CI: 2.77
to 3.95)). The estimated prevalence cases of nrCAVD increased from 1.73 million (95% UI:
1.43 million to 2.07 million) in 1990 to 9.40 million (95% UI: 8.07 million to 10.89 million) in
2019. At the same time, the age-standardized prevalence rate per 100 000 population (ASPR)
increased from 45.54 (95% UI: 37.61 to 54.67) to 116.34 (95% UI: 100.39 to 134.5), indicating
a 155.47% (95% UI: 141.66% to 171.7%) augment in ASPR. By sex, the ASPR of nrCAVD in
males was higher than that in females (133.38 vs. 99.86 in 2019), whereas the AAPC was
comparable between females and males. In terms of age, global prevalence rates of nrCAVD
increased with age before 95 years old in both 1990 and 2019. The ASPR of nrCAVD was
very low before 30 years old and declined after 95 years old (Figure 2). Regionally, the
highest ASPR of nrCAVD was reported in Australasia (649.5, 95% UI: 552.0 to 772.74) and
Central Europe (608.31, 95% UI: 517.94 to 713.51) in 2019. In the past 30 years, the largest
increase in ASPR was reported in East Asia (1920.64%, 95% UI: 1545.86% to 2360.13%).
With respect to countries, the highest ASPR change of ntCAVD was observed in Denmark
(2859.7%, 95% UI: 2329.24% to 3473.71%), and the largest number of individuals with
nrCAVD was noted in China (867,917, 95% UI: 687,948 to 1,064,921) in 2019 (Supplementary
Table S1).

Table 1. The prevalence of cases and age-standardized prevalence rate of non-rheumatic calcific
aortic valve disease in 1990 and 2019, and their temporal trends from 1990 to 2019.

1990 2019 1990-2019 19902019
ASPR
Cases Alsol(’)It)(()g;e ! Cases Alsol(’)IE[()g;e ! Percentage AAPC
No. (95% UI) No. (95% UI) No. (95% UI) No. (95% UI) Choange No. (95% CI)
(95% UI)
>.074.809) (37.61 to 54.67) 10,889.727) (10039 to 134.5)  (141.66 to 171.7) (2.77 to 3.95)
838,493 40.28 4,376,817 99.86 147.89 331
Female (690,259 to (32.99 to 48.82) (3,771,235 to 861t011588) (1341 to 165.7) (2.86 to 3.75)
1,016,936) : : 5,082,805) : : : : : :
7
Male (7391%§;§6t° (42 65 1to1 20 91) (4?2’%'5;1” 113 7193363;354 58) (146 %2??6 16) @ 683£84 08)
1,067,498) : : 5,861,586) : : : : : :
1 60.157) (104.61 to 152.72) 5.935,379) (237.08 t0 315.22)  (102.05 to 130.27) (2.18 to 3.41)
High-middle (3?)%4é9824t0 33.9 (3363394%%0 174.53 414.83 5.89
SDI £36,85) (27.98 to 40.44) 4.205.730) (147.33 t0 204.54)  (391.56 to 443.21) (5.55 to 6.23)
Middle SDI 30,505 2.82 658,545 25.93 821.11 8.04
(24,085 to 37,764) (2.23 to 3.49) (529,926 t0 800,781) (2092 to 31.47)  (709.87 to 944.23) (7.89 to0 8.19)
Low-middle 9361 145 67,258 478 229.82 416
SDI (7345 to 11,713) (1.15 to 1.79) (54,355 to 81,974) (3.86 t0 5.82) (201.99 to 259.51) (4.08 to 4.24)
Low SDI 2930 112 9675 1.67 49.94 1.39
(2295 to 3719) (0.88 to 1.38) (7605 to 12,135) (1.34 to 2.07) (44.14 to 56.39) (1.34 to 1.44)
High-income (3‘§294236t0 233.42 (1142})5;;2%0 408.4 74.96 1.94
Asia Pacific 56643 (191.41 to 280.25) 5043.157) (348.93 t0 479.89)  (63.35 to 86.36) (1.8 to 2.08)
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Table 1. Cont.

1990 2019 1990-2019 1990-2019
ASPR
Cases Als OI;IE(()}(;;! ! Cases Als OI;I; [()g)e ! Percentage AAPC
No. (95% UI) No. (95% UI) No. (95% UI) No. (95% UI) Choange No. (95% CI)
(95% UI)

High-income ( 52§7§67g4t0 191.35 (11§ég22'gglto 244.39 27.72 1.86
North America 540921) (155.87 to 232.93) 1727 501) (214.46 t0 279.6) (13.83 to 44.93) (0.81 to 2.92)
Western Europe (127178%162’:0 37.65 (115/)87325/12?)10 204.84 444 6.38

P 266.116) (30.75 to 45.97) 5.205085) (174.62 t0 240.59)  (398.78 to 494.86) (5.73 to 7.03)
Australasia 9877 4177 320,825 649.5 (112§’564é§6t0 9.97
(8177 to 11,826) (34781049.88)  (272,2341t0381,057) (552 to 772.74) 1697 .07) (9.85 to 10.08)
Andean Latin 831 3.77 33,352 59.04 (é‘f 4210 101
America (661 to 1026) 3.02 to 4.63 28,251 to 39,016 50.07 to 69.05) . (9.49 t0 10.72
1733.05)
Tropical Latin 8034 7.79 58,601 23.73 204.51 3.81
P
America (6435 to 9814) (6.23 t0 9.54) (47,232 to 72,054) (19.16 to 29.01) (180.25 to 234) (3.7 t0 3.92)
Central Latin 6996 7.98 76,957 31.82 298.86 5.06
America (5589 to 8531) (644 t09.71) (63,860 to 91,384) (2645 to 37.75) (261.69 to 344.2) (4.14 to 6)
Southern Latin 5497 11.87 101,893 122.72 933.61 8.22
America (4391 to 6936) (9.53 to 14.91) (87,124 t0120,797)  (104.78 to 145.67)  (766.84 to 1118.16) (8.07 to 8.38)
Caribbean 3359 12.61 45467 87.51 594.1 7.07
(2751 to 4009) (103 to 15.1) (37,694 to 54,849) (72.62t0105.56)  (504.42 to 696.1) (6.73 to 7.41)
Central Europe (11224?’5125t0 104.18 (1162(;0é2588t0 608.31 483.91 6.63
184.574) (86.62 to 123.47) 1475,616) (517.94t0 713.51)  (434.98 to 537.45) (6.24 t0 7.02)
1,328,687
121,662 43.32 225 395.8 813.6 8.12
Eastern Burope g7 19015 148.877)  (34.79 to 52.76) (11'%6055'629066;0 (319.64 to 477) (752.33 to 886.02) (7.89 to 8.34)
Central Asia 3767 7.92 41,060 53.22 572.13 6.82
(2956 to 4713) (6.22 t0 9.83) (33,495 to 48,810) (43.89t062.92)  (489.66 to 669.91) (6.7 t0 6.93)
Nr‘:g};ﬁ;gfa 9696 492 54,300 10.83 120.05 3.01
a € (7638 to 11,898) (3.9 t0 6.04) (43,226 to 66,785) (8.67 to 13.35) (104.74 to 135.33) (2.55 to 3.47)
East
South Asia 8332 1.34 30,188 2.03 51.55 1.44
(6398 to 10,638) (1.04 to 1.67) (23,678 to 37,633) (1.6 to 2.52) (45.4 to 58.54) (1.4 to 1.48)
Southeast Asia 1785 0.7 23,986 4.06 480.45 6.17
(1337 to 2357) (0.53 to 0.91) (18,739 to 30,273) (3.21 to 5.09) (408.41 to 566.35) (6.05 to 6.29)
891,018 1920.64
East Asia a3 68128&2)7224 25 572{01 2.74) (707,255 to 33 S;th él 68) (1545.86 to (10 5; 1tc? Zl 57)
' ’ : : 1,093,313) : : 2360.13) : :
Oceania 110 43 1130 18.61 332.86 47
(89 to 136) (3.49 to 5.36) (904 to 1374) (14.95t022.75)  (271.32 to 396.31) (4.17 to 5.24)
Su‘{)\fesztﬁ;rr‘an 1300 127 3870 1.65 29.76 0.85
PV (1004 to 1627) (0.99 to 1.58) (3002 to 4876) (1.3 t0 2.04) (25.16 to 34.98) (0.76 to 0.94)
e 763 093 2602 14 51.64 147
i (589 to 963) (0.73 to 1.15) (2004 to 3271) (1.1 to 1.74) (43.67 to 61.1) (1.41 to 1.53)
Sulf_esr;ﬁian 245 1 796 1.36 36.9 112
i (189 to 315) (0.79 to 1.26) (621 to 1012) (1.08 to 1.69) (28.71 to 46.73) (1.06 to 1.18)
Sjg";g;f;;n 2365 8.15 57409 94.86 1064.03 9.02
PV (1845 to 2936) (6.36 to 10.13) (44,278 to 73,386) (7297 t0120.7)  (877.48 to 1280.35) (8.62 to 9.41)

AAPC, average annual percentage change; ASPR, age-standardized prevalence rate; SDI, socio-demographic
index; Ul, uncertainty interval; CI, confidence interval.
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Figure 1. The global age-standardized prevalence rate (ASPR) of non-rheumatic calcific aortic valve
disease (nrCAVD) in 204 countries and territories. (A) The ASPR of nrCAVD in 1990. (B) The ASPR
of ntCAVD in 2019. (C) The relative change in ASPR of ntCAVD between 1990 and 2019.
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Figure 2. The ASPR of nrCAVD by age group in 1990 and 2017. ASPR, age-standardized prevalence
rate; nrCAVD, non-rheumatic calcific aortic valve disease.

The global incidence number of nrCAVD was 589,638 (95% Ul: 512,895 to 677,062) in
2019, with a 350.72% increase from 130,822 (95% UI: 110,701 to 156,022) in 1990 (Supple-
mentary Table S2). Besides, the age-standardized incidence rates per 100,000 population
(ASIR) increased from 3.25 (95% Ul: 2.76 to 3.86) to 7.13 (95% UI: 6.22 to 8.15), showing
an increase of 119.24 (95% UI: 108.72 to 131.69). In 2019, the highest ASIR was reported in
Australasia (44.39, 95% Ul: 38.08 to 51.79) and Central Europe (33.16, 95% UI: 28.29 to 38.67).
The greatest increase in ASIR was observed in Australasia (698.05%, 95% UI: 597.68% to
830.16%), followed by Eastern Europe (678.78%, 95% UI: 631.44% to 732.11%) and East Asia
(665.55%, 95% Ul: 544.2% to 807.08%).

As shown in Supplementary Table S3, the global age-standardized DALYs rate (ASDR)
of ntCAVD decreased from 26.85 (95% ULI: 24.07 to 30.31) per 100,000 person-years in 1990
to 23.9 (95% UI: 21.1 to 26.55) per 100,000 person-years in 2019, showing a reduction of
10.97% (95% UlL: —17.94% to —3.46%). The ASDR of ntCAVD varied substantially among
different regions. In 2019, the highest ASDR of nrCAVD was reported in Western Europe
(51.94, 95% UI: 45.69 to 56.95) while the lowest ASDR was reported in East Asia (4.36,
95% Ul: 3.59 to 5.18). Over the past 30 years, the largest decrease in DALY's was found in
high-income Asia Pacific (—35.91%, 95% UIL: —45.57 to —27.93) while the greatest increase
was shown in Eastern Europe (169.8%, 95% UI: 114.91% to 265.33%).

Globally, there were no significant changes in the age-standardized mortality rate
(ASMR) per 100,000 population of ntCAVD between 1990 and 2019 (0.37%, 95% UI: —8.85%
to 7.99%; Supplementary Table S4), while the deaths caused by nrCAVD increased from
53,298 (95% UL: 47,760 to 59,731) to 126,827 (95% UI: 105,603 to 141,390). In detail, there
were two periods when the ASMR of nrCAVD increased, 1990 to 1993 and 2003 to 2013. On
the other hand, the ASMR decreased in two periods, 1994 to 2002 and 2013 to 2019.

Stratified by SDI regions and sex, the prevalence, incidence, DALYs, and mortality of
nrCAVD correlated positively with SDI for both men and women (Supplementary Figures
51 and S2). Consistently, the highest ASPR, ASIR, ASDR, and ASMR were seen in the
high-SDI region. At the same time, the middle-SDI region witnessed the greatest increase
in ASPR (821.11%, 95% UI: 709.87% to 944.23%), and the high-middle-SDI region saw the
greatest increase in ASIR (298.74%, 95% UI: 283.11% to 316.0%).
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3.2. Risk Factors for nrCAVD

We studied the trends of population attributable fraction (PAF) of three exposure risk
factors for DALYs of nrCAVD, high systolic blood pressure (HSBP), diet high in sodium,
and lead exposure over the past 30 years. Globally, the age-standardized PAF for HSBP
accounted for 38.02% (95% UI 30.27% to 46.42%) in 1990, and 33.62% (95% UI 25.98% to
42.46%; Supplementary Figure S3) in 2019 of DALYs. The PAF of HSBP declined slightly in
population aged 50+ years, while it increased in those aged 1549 years. Besides, the PAF
of diet high in sodium and lead exposure remained at a low level and relatively constant
from 1990 to 2019. The PAF trends for these risk factors were similar between men and
women at all age groups.

Stratified by SDI regions, the PAF of the three risk factors declined in all age groups in
the high-SDI region, except for diet high in sodium in those aged 15-49 years (Supplemen-
tary Figure 54). For the high-middle SDI region, the trends of PAF for the three risk factors
were similar to the global trends. For other SDI regions, the PAF of HSBP increased in all
age groups, while the PAF of diet high in sodium declined in most age groups.

3.3. Decomposition of nrCAVD

In order to identify the contribution of population growth, aging, and epidemiological
changes to the trends of nrCAVD epidemiology over the past three decades, we conducted
a decomposition analysis of raw DALYs by age structure, population growth, and epi-
demiological changes (referring to age- and population-standardized mortality rates). The
raw DALYs of ntCAVD were increased in all SDI quintiles, and the increase extent of
DALYs was positively related to SDI values. Globally, the population growth contributed
74.73% to the increased burden of nrCAVD DALYs from 1990 and 2019, while the epi-
demiological changes contributed 25.49% to the decreased burden of nrCAVD DALYs
(Figure 3, Supplementary Table S5). The contribution of aging to raw DALYs was highest
in the high-SDI region (80.27%); decreased to 42.56% in the high-middle region, 41.2% in
the middle region, 23.77% in the low-middle region; and was counterproductive in the
low-SDI region (—1.87%). Over the same period, the contribution of population growth
showed a nearly contrary trend to that of aging. Of note, although the contribution of epi-
demiological changes was decreased in most GBD regions, it increased in Central Europe
and Eastern Europe, where it contributed 69.83% and 82.86% to the burden of nrCAVD
DALYs, respectively.

3.4. Frontier Analysis of nrCAVD

Furthermore, we performed a frontier analysis based on age-standardized DALY rates
(ASDR) of nrCAVD and SDI values to explore the possible improvement in the ASDR that
is potentially realized given a nation’s development status. The countries and territories
with lowest ASDR (optimal performers) based on corresponding SDI values were indicated
by the frontier line. The distance from the frontier line is the gap between a country’s
observed and potentially achievable DALYs. This distance is called effective difference.
The effective difference could be potentially reduced or eliminated taking the country’s
socio-demographic resources. Globally, the effective difference for a given SDI tended to
be larger and more variable as SDI increased (Figure 4, Supplementary Table S6). The top
10 countries with the largest effective difference were Cyprus, Slovenia, Hungary, Uruguay,
Bermuda, New Zealand, Greenland, Belgium, Austria, and Argentina. Besides, there were
some countries and territories with high SDI (>0.85) but relatively high effective difference,
such as Netherlands, Finland, Luxembourg, Germany, and Norway. By contrast, several
countries with low SDI (<0.5) showed small effective difference, including Chad, Niger,
Mali, Cambodia, and Laos.
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Figure 3. Changes in nrCAVD DALYs according to population-level determinants of population
growth, aging, and epidemiological change from 1990 to 2019 at the global level and by SDI quintile.
The black dot represents the overall value of change contributed by all three components. For each
component, the magnitude of a positive value indicates a corresponding increase in nrCAVD DALYs
attributed to the component, and the magnitude of a negative value indicates a corresponding
decrease in nrCAVD DALYs attributed to the related component. nrCAVD, non-rheumatic calcific
aortic valve disease; SDI, socio-demographic index.
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Figure 4. (A) Frontier analysis based on SDI and age-standardized ntCAVD DALY rate from 1990
to 2019. The frontier is delineated in solid black color; countries and territories are represented as
dots. (B) Frontier analysis based on SDI and age-standardized nrCAVD DALYs rate in 2019. The
top 10 countries with the largest effective difference (largest ntCAVD DALYs gap from the frontier)
are labeled in black; examples of frontier countries with low SDI (<0.5) and low effective difference
are labeled in blue (e.g., Chad, Niger, Mali, Cambodia, and Laos); and examples of countries and
territories with high SDI (>0.85) and relatively high effective difference for their level of development
are labeled in red (e.g., Netherlands, Finland, Luxembourg, Germany, and Norway). Red dots indicate
an increase in age-standardized ntCAVD DALYs rate from 1990 to 2019; blue dots indicate a decrease
in age-standardized nrCAVD DALYs rate between 1990 and 2019. DALYs, disability-adjusted life
years; SDI, socio-demographic index; ntCAVD, non-rheumatic calcific aortic valve disease.
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4. Discussion

The non-rheumatic calcific aortic valve disease (nrCAVD) has attracted more and more
attention over the past 30 years. In this study, based on the most updated Global Burden
of Disease (GBD) study data, we found that the global age-standardized prevalence and
incidence rate of nrCAVD increased markedly from 1990 to 2019, while there were no overt
changes in the age-standardized DALYs and mortality due to nrCAVD. The population
attributable fraction (PAF) of high systolic blood pressure declined slightly in population
aged 50+ years, while it increased in those aged 1549 years. The population growth was
the main contributing factor to the increased DALYs across the globe, while aging was the
driving force in the high-SDI region. Netherlands, Finland, Luxembourg, Germany, and
Norway could reduce DALY rates of ntCAVD using their socio-demographic resources.

Previous studies showed that the prevalence of nrCAVD increased obviously in some
countries or regions over the past three decades [8,14,15]. In line with prior reports, we
found that both prevalence cases and age-standardized prevalence rate (ASPR) of nrCAVD
increased markedly from 1990 to 2019. In addition, the incidence of nrCAVD also increased
over the same period. There are several risk factors related to ntCAVD pathogenesis [16].
First, it is well established that aging is an important stimulus to nrCAVD [17]. A recent
study of 944 participants aged >65 years reported that overall prevalence of nrCAVD was
22.0%, with 16.7% in individuals aged 65~69 years and 67.0% in individuals aged >85
years [18]. We also found that the prevalence of ntCAVD sharply surges with advancing
age. Interestingly, the global ASPR declined in individuals aged 95+ years, a phenomenon
not reported previously. A possible explanation for this turning relation between ASPR
and age may be that the nrfCAVD and concurrent diseases with shared risk factors would
lead to early death before 95 years old. The turning point of ASPR according to age
came later in 2019 than that in 1990, which may be attributable to population aging and
healthcare progress.

Many studies have demonstrated that hypertension is one of the causes of ntCAVD
and can result in about a 20% increase in risk of nrCAVD [19-21]. In a prospective, observa-
tional study of 101 participants with mild or moderate aortic stenosis, Lionel Tastet et al.
found that patients with systolic hypertension had much faster aortic valve calcification
progression compared with those without systolic hypertension during a 2-year follow-
up [22]. In addition, in a cohort study of 5.4 million UK participants, the authors reported
that each 20 mmHg increment in systolic blood pressure (SBP) was associated with a
41% higher risk of aortic stenosis and a 38% higher risk of aortic regurgitation, and these
associations were stronger in younger participants [23]. In the current study, we observed
that DALYs of ntCAVD attributable to high SBP increased in most regions from 1990 to
2019, except for the high-SDI region. Noteworthily, the risk factor attribution of high SBP
increased in individuals <50 years old, while it decreased in those >50 years old. These
two findings are coordinated because population aging in the high-SDI region is more
severe than that in developing regions. The effect of high SBP on nrCAVD in terms of age
in our study is in line with what was found in the UK cohort [24]. Our findings suggest that
better management of high SBP may help to reduce the burden of nrCAVD in developing
countries, especially for younger individuals. Of note, the causal relationship between
excessive sodium consumption and increased blood pressure has long been demonstrated.
However, our study showed that diet high in sodium had little effect on the disease burden
of nrCAVD. Hence, the present study indicates that sodium is not an independent risk
factor for nrCAVD.

It is well established that the most profound factors promoting epidemiologic transi-
tion over the past 30 years are population growth and aging, which lead to a dramatically
increased burden of non-communicable diseases [4]. It is very important to identify the
contribution of each risk factor in different countries so as to reduce the burden of nrCAVD
and improve health care. The present studied revealed that population growth was the
main contribution to the increased burden of nrCAVD DALYs globally, and this contribu-
tion proportion was inversely related to the SDI value. By contrast, aging contributed more
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to the increased burden of nrCAVD in regions with higher SDI value. Our findings indicate
that improvements in access to healthcare would reduce the burden of nrCAVD.

Mortality due to nrCAVD is being modified by advances in transcatheter aortic valve
replacement (TAVR) over the past ten years [17,24]. A recent study based on the US
National Center for Health Statistics reported that age-adjusted mortality rate (ADMR) of
aortic stenosis increased before 2013 and declined after that [25]. Interestingly, we found
that the global ADMR of nrCAVD also increased from 2003 to 2013 and declined after
2013. This ADMR trend of nrCAVD was especially obvious in the high-SDI region. The
decrease in ADMR since 2013 occurred at a time when the number of TAVR procedures
increased markedly, which suggested the reduced mortality of nrCAVD may be related to
TAVR therapy.

The increased burden of non-communicable diseases was accompanied by social,
economic, and medical developments [4,26]. Therefore, it is not surprising to find that
the prevalence, incidence, mortality, and DALYs of nrCAVD were positively related to
SDI values in our study. The prevalence and incidence of nrCAVD are much higher in
the high-SDI and high-middle-SDI regions than those in other regions. Notably, the case
number of nrCAVD is very large in some developing countries. For instance, China has the
most cases of nrCAVD, which increased about fifty fold over the past 30 years. A similar
trend might occur in India in the following years. Therefore, it is urgent for these regions to
take actions to reduce the burden of nrCAVD. Using frontier analysis, our study suggests
that some developed countries, such as Germany and Norway, can also reduce the burden
of nrCAVD if appropriate measures are taken in the future. Considering the rapid advances
are being achieved in TAVI], they may play an important role in reducing the burden of
nrCAVD. It may be necessary for these regions to introduce and popularize TAVI therapy
in future.

There were several limitations in the present study. First, although the DisMod-MR
2.1 could control potential biases in the data of GBD 2019, the inadequate quality and
quantity of input data from some regions may have adverse effects on the accuracy of
estimates. Second, different methods of diagnosis may result in differences in the incidence
and prevalence of nrCAVD. The transthoracic echocardiography (TEE) is less sensitive than
cardiac computed tomography in detecting nrCAVD, whereas nrCAVD is diagnosed by TEE
in most cases [27,28]. Third, symptomatic and asymptomatic nrCAVD, and aortic stenosis
and aortic regurgitation were mixed in the GBD 2019 database. Subtyping characteristics
of ntCAVD are needed to identify the burden of nrCAVD in detail in the future.

5. Conclusions

The prevalence and incidence of nrtCAVD increased markedly from 1990 to 2019,
particularly in high-SDI and high-middle-SDI regions. Population growth was the main
contributing factor to the increased burden of nrCAVD globally, while aging played the
leading role in the high-SDI region. Better management of high SBP or young individuals
may help to reduce burden of nrCAVD. There was a downward trend in the mortality
due to nrCAVD since 2013, which is possibly owing to profound advances in transcatheter
aortic valve replacement. Some countries with a high SDI value, such as Germany and
Norway, may reduce burdens of nrCAVD using their socio-demographic resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11226733 /51, Figure S1: The age-standardized prevalence
rate, incidence rate, mortality and disability-adjusted life-years of nrCAVD versus SDI quintile for men
and women, 1990-2019. nrCAVD, non-rheumatic calcific aortic valve disease; SDI, socio-demographic
index; Figure 52: The ASPR of ntCAVD versus SDI quintile for men and women by region, 1990-2019.
The black line, a LOWESS smoother, shows the expected value only on the SDI values of the global
regions between 1990 and 2019. ASPR, age-standardized prevalence rate; LOWESS, locally weighted
scatterplot smoothing; nrCAVD, non-rheumatic calcific aortic valve disease; SDI, socio-demographic
index; Figure S3. Percentage contributions of major risk factors attributed for DALYs of ntCAVD
stratified by age and sex. DALYs, disability-adjusted life-years; nrCAVD, non-rheumatic calcific
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aortic valve disease; Figure S4: Percentage contributions of major risk factors attributed for DALY’ of
nrCAVD stratified by SDI quintile and age group. DALYs, disability-adjusted life-years; nrCAVD,
non-rheumatic calcific aortic valve disease; SDI, socio-demographic index; Table S1: The prevalence
cases and age-standardised prevalence rate of non-rheumatic calcific aortic valve disease in 1990
and 2019, and their temporal trends from 1990 to 2019 in 204 countries and territories; Table S2: The
incidence cases and age-standardized incidence rate of non-rheumatic calcific aortic valve disease in
1990 and 2019 and its temporal trends from 1990 to 2019; Table S3: The DALYs and age-standardized
DALYs rate of non-rheumatic calcific aortic valve disease in 1990 and 2019 and its temporal trends
from 1990 to 2019; Table S4: The death cases and age-standardized mortality rate of cardiomyopathy
between 1990 and 2019 and its temporal trends from 1990 to 2019; Table S5: Changes in DALYs
number according to population-level determinants from 1990 to 2019; Table S6: Frontier DALYs and
effective difference by country or territory [29].
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