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Elaborating and understanding disparities in the burden of cardiovascular
disease attributable to high fasting plasma glucose is important to improve
diabetes prevention and promote cardiovascular health. In this study, we pool
data on 791,373 people aged 25 years and older from three population-based
surveys, and estimate the burden of cardiovascular disease attributable to high
fasting plasma glucose between 2010 and 2018 in China by age, sex, region and
socio-demographic index. In 2018, an estimated total of 498.61 thousand (95%
uncertainty interval 463.93 to 534.12) cardiovascular disease-related deaths
are attributable to high fasting plasma glucose in China. High fasting plasma
glucose accounts for 1076.09 years of life lost per 100,000 people (95%
uncertainty interval 1026.88-1129.04) due to cardiovascular disease in 2018,
with substantial variation across provinces. In 2018, the higher age-
standardised cardiovascular disease mortality rate attributable to high fasting
plasma glucose is observed in the high-middle socio-demographic index
region and the middle socio-demographic index region. Nationally, compared
to 2010, exposure to high fasting plasma glucose and population aging in 2018
are the primary drivers of increased fasting plasma glucose-related deaths due
to cardiovascular disease. Findings of this study emphasize the importance of
developing population-specific tailored measures in China and other regions
with similar condition.

Cardiovascular disease (CVD), with its increasing morbidity and
mortality, has become a major threat to the global public health.
According to the Global Burden of Disease (GBD) 2019, there was
nearly 4.58 million individuals died from CVD in China in 2019,
accounting for approximately 43% of all deaths'. Diabetes mellitus
has been identified as one of the four main non-communicable
disease by China and World Health Organization, and it has shown

a continuing increase in prevalence over the past three decades
in countries of all income levels®. In 2017, the weighted prevalence
of diabetes was 11.2% in China using the WHO criteria, affecting
about 129.8 million individuals nationally®>. Additionally, previous
researches indicated that China has a large population with
prediabetes®*, which represents a large reservoir of individuals at risk
of diabetes.
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Regarding that high fasting plasma glucose (FPG), defined as a
FPG greater than or equal to 4.8-5.4 mmol/L>¢, is increasingly recog-
nised as one of the leading risk factors contributing to the increase in
the burden of CVD-related deaths, priority setting for clinical and
public health implications requires more information on the CVD
burden attributable to high FPG. Also, GBD 2019 estimated that there
were 1.07 million deaths were attributed to high FPG in mainland
China, and high FPG accounted for 17.5% of the 4 million deaths from
CVD°. Moreover, GBD 2015 analysis demonstrated that hyperglycae-
mia produced a substantial and ever-increasing CVD burden in the
Brazil’. Also, a recent study revealed that the burden of diabetes and
hyperglycaemia in adults in the Americans has been markedly
increasing and expanding®. However, evidence for comprehensive and
detailed analyses of the CVD burden attributable to high FPG in other
regions, especially in developing countries such as China, is limited.
Furthermore, CVD burden caused by high FPG may be further inten-
sified by the population aging, shifts in lifestyle factors, nutrition
transition, low physical activity and epidemic of over-weight and
obesity. However, previous research did not capture information on
the effect of demographic and epidemiologic shift on CVD burden
attributable to high FPG in China.

As such, in this study, we aimed to systematically describe the
CVD burden attributable to high FPG across China from 2010 to 2018,
and reported the decomposes changes in attributable burden into
population growth, population aging, risk exposure to FPG, and risk-
deleted mortality rates due to CVD. The findings of this study
emphasize the importance of developing population-specific tailored
measures for diabetes prevention and cardiovascular health promo-
tion in China and other countries or regions with similar condition.

Results

Exposure to FPG levels

Between 2010 and 2018, the overall age-standardised FPG level among
adults aged 25 years or older increased from 5.7 mmol/L (95%UI
5.0-6.4) to 5.9 mmol/L (95%Ul 5.3-6.5) for men, and from 5.6 mmol/L
(95%U1 5.0-6.2) to 5.8 mmol/L (95%Ul 5.2-6.4) for women. For most
provinces, the age-standardised mean FPG level for both men and
women increased from 2010 to 2018 (Supplementary Data 1 and
Supplementary Fig S1).

National burden

Nationally, in 2018, the estimated number of CVD-related deaths
attributable to high FPG were 498.61 thousand (95%Ul 463.93-534.12),
with 278.43 thousand (95%Ul 257.99-300.08) of these deaths occur-
ring in men and 220.59 thousand (95%Ul 194.21-250.18) in women
(Table 1, Supplementary Tables S6-S7). The age-standardised CVD
mortality rate attributable to high FPG increased by 4.30%, from 40.80
per 100,000 people (95%UI 38.02-43.77) in 2010 to 42.56 per 100,000
(95%U139.86-45.33) in 2018, with an EAPC of -0.33 (95%Ul -5.33-4.93)
(Table 2). Besides, age-specific CVD mortality rates attributable to high
FPG increased with increasing age, and this pattern was similar for both
men and women (Table 1, Supplementary Tables S6-S7). Compared to
2010, the mortality rates and years of life lost (YLL) rates for CVD
attributable to high FPG in 2018 had substantially increased among
people >80 years, with CVD mortality rates increasing from 481.71 per
100,000 people (95%Ul 374.42-596.57) in 2010 to 618.95 per 100,000
people (95%Ul 510.53-730.89) in 2018 (Table 1). Moreover, we
observed that the gap in CVD mortality attributable to high FPG
between men and women had narrowed after the age of 50 in 2018,
and even among those over 80, women have higher CVD mortality rate
than men (Supplementary Tables S6-S7, and Supplementary Fig S2).In
2010 and 2018, the YLL rates for CVD attributable to high FPG were
907.65 per 100,000 people (95%UI 864.21-949.63) and 1076.09 per
100,000 people (95%Ul 1026.88-1129.04), respectively (Table 1).
Additionally, the age composition of CVD mortality caused by high

FPG suggested a trend toward older ages from 2010 to 2018 (Fig. 1).
Compared with men, women had a higher proportion of individuals
aged 80 years and older who died of CVD attributable to high FPG in
2010 and 2018, with elderly individuals (=80 years old) accounting for
38.41% in 2010 and 50.04% in 2018 of CVD deaths attributable to high
FPG (Supplementary Figs S3-S4).

For specific causes, ischaemic heart disease was the most impor-
tant contributor to FPG-related CVD deaths (247.12 thousand [95%UI
224.01-272.48]) in 2018, followed by ischaemic stroke (135.83 thou-
sand [95%UI 121.17-151.16]) and haemorrhagic stroke (115.36 thousand
[95%U1 108.74-122.35]) (Table 3). However, we found that the number
of haemorrhagic stroke-related deaths attributable to high FPG (103.29
[95%Ul 96.91 to 109.75]) in 2010 was higher than that of ischaemic
stroke-related deaths attributable to high FPG (83.72 [95%UI
75.23-93.19]) in 2010. Of note, for total CVD and its subtypes, men had
a higher mortality burden than women in both 2010 and 2018
(Table 3). Moreover, in 2018, the estimated YLL rates for ischaemic
heart disease, ischaemic stroke and haemorrhagic stroke caused by
high FPG were 518.95 per 100,000 people (95%Ul 487.43-552.79),
266.91 per 100,000 people (95%Ul 246.78-289.30) and 288.95 per
100,000 people (95%Ul 276.84-301.71) (Supplementary Table S8).
Additionally, 13.26% (95%UI 12.34-14.20%) of total deaths attributable
to high FPG were related to CVDs in 2018, among which 13.88% (95%UI
12.58-15.31%) were related to ischaemic heart disease, 12.26% (95%UlI
10.94-13.65%) were related to ischaemic stroke, and 13.21% (95%Ul
12.45-14.01%) were related to haemorrhagic stroke, respectively
(Supplementary Tables S9-12).

Regional and provincial burden
There was substantial geographical heterogeneity in the number of
death and age-standardised mortality rate due to CVD and its subtypes
attributable to high FPG from 2010 to 2018 (Table 2, Supplementary
Tables S13-17). In 2018, the highest age-standardised mortality rate of
CVD attributable to high FPG were observed in the northeastern pro-
vinces (66.87 per 100,000 people [95%Ul 57.89-77.94]) (Fig. 2A). The
top three provinces were Heilongjiang (75.18 per 100,000 people
[95%Ul 59.99-93.66]), Liaoning (62.59 per 100,000 people [95%Ul
47.66-81.70]) and Jilin (61.83 per 100,000 people [95%UI 48.80-80.14]).
The three provinces with the lowest age-standardised mortality rate due
to CVD attributable to high FPG were Tibet (20.77 per 100,000 people
[95%Ul 14.76-28.63]), Zhejiang (21.78 per 100,000 people [95%Ul
15.63-29.26]) and Yunnan (25.01 per 100,000 people [95%UI
19.19-32.18]) (Table 2 and Supplementary Fig S5). YLL for CVD attri-
butable to high FPG were similar with those of deaths (Supplementary
Fig S6). Additionally, the number of deaths due to FPG-related CVD
progressively increased in all provinces from 2010 to 2018 (Table 2).

The contribution of each CVD subtypes to the total CVD burden
caused by high FPG also varied considerably at the regional and pro-
vincial level (Supplementary Figs S6-S7). Ischaemic heart disease and
ischaemic stroke accounted for a higher proportion of total CVD
deaths in most regions, however, haemorrhagic stroke accounted for a
higher proportion of total CVD deaths than ischaemic stroke in
southwest of China. Of the total CVD burden attributable to high FPG,
ischaemic heart disease contributed more than 30% in most provinces
in 2018. By contrast, haemorrhagic stroke contributed about 64.52% of
the total CVD burden attributable to high FPG in Tibet in 2018 (Sup-
plementary Figs S7-S8). There were substantial differences in the
population attributable fraction (PAF) of CVD death attributable to
high FPG in 2018, ranging from Tibet (5.46% [95%UI 3.93-7.36%]) to
Beijing (17.04% [95%UI 12.51-23.53%]) (Supplementary Table S9). The
PAFs of CVD subtypes-related deaths attributable to high FPG in 2010
and 2018 for China and its provinces are shown in Supplementary
Tables S10-S12.

From 2010 to 2018, we observed that the senior population,
particularly those aged 80 and above, accounted for the majority of
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Table 2 | Total deaths and age-standardised mortality rates due to CVD attributable to high FPG, percentage change, and EAPC

by province in China, 2010-2018

All-age deaths, No. in thousands (95% Ul)

Age-standardised mortality rate (95% Ul), per 100,000

2010 2018 Change, % 2010 2018 Change,% EAPC (95%UlI)

China 352.80 (328.69-378.44) 498.61(463.93-534.12) 41.33 40.80 (38.02-43.77) 42.56 (39.86-45.33) 4.30 -0.33 (-5.33-4.93)
Anhui 16.54 (12.14-22.08) 26.63 (18.35-36.33) 61.02 39.15 (28.64-52.48)  46.46 (33.97-60.62) 18.66 0.94 (-4.93-7.18)
Beijing 5.77 (4.18-7.83) 7.91(5.81-10.93) 37.14 48.84 (35.13-66.44)  42.64 (32.09-57.53) -12.71 —2.56 (-5.43-0.41)
Fujian 6.64 (4.53-9.50) 9.38 (6.65-12.89) 218 30.45 (21.44-41.99)  33.04 (24.50-43.46) 8.50 -0.64 (-5.94-4.97)
Gansu 4.94 (3.78-6.26) 6.77 (5.28-8.62) 37.06 32.51(24.25-44.44)  37.25 (27.73-49.02)  14.58 0.46 (-5.69-7.01)
Guangdong  20.29 (13.80-28.36) 31.65 (20.73-45.92) 56.00 39.34 (27.72-53.64) 40.22 (28.58-55.72) 2.25 -0.11 (-5.58-5.67)
Guangxi 11.86 (8.86-15.88) 13.74 (10.47-17.70) 15.81 37.39 (28.32-49.07) 38.26 (30.24-47.96) 2.34 -0.06 (-4.43-4.51)
Guizhou 7.03 (5.32-9.13) 7,55 (5.56-10.11) 7.33 30.64 (23.11-40.06) 28.85 (21.36-38.35) -5.85 -1.78 (-7.92-4.78)
Hainan 2.45 (1.70-3.43) 3.61(2.65-4.82) 47.16 46.18 (33.45-62.88) 54.68 (41.70-70.40) 18.41 0.67 (-5.50-7.25)
Hebei 23.54 (18.87-29.99) 3452 (26.52-44.00)  46.64 52.51(41.48-67.44) 5554 (43.53-69.60) 5.78 -0.33 (-5.17-4.77)
Henan 31.20 (22.86-43.47) 44.64 (32.03-58.94)  43.08 52.51(38.64-72.70)  61.51(45.47-79.50)  17.15 0.72 (-4.30-5.99)
Heilongjiang  16.80 (13.21-21.16) 24.84 (19.85-30.77) 47.79 70.34 (53.97-92.36) 75.18 (59.99-93.66) 6.88 0.20 (-5.23-5.95)
Hubei 1417 (10.57-18.89) 17.46 (12.35-23.86) 23.17 37.89 (27.72-51.76)  34.30 (24.59-46.57) -9.47 -2.05 (-7.05-3.22)
Hunan 14.63 (9.87-19.75) 19.90 (14.95-26.77) 36.06 32.22 (21.87-43.47)  32.45 (25.06-42.47) 0.72 -0.77 (-6.06-4.80)
Jilin 11.25 (8.90-14.33) 14.92 (11.78-19.41) 32.62 63.69 (48.89-83.62) 61.83 (48.80-80.14) —2.91 -0.80 (-5.76-4.43)
Jiangsu 18.15 (12.39-25.76) 26.05 (17.95-36.00) 43.51 28.94(20.33-40.13) 3112 (22.71-4155)  7.53 -0.13 (-5.07-5.06)
Jiangxi 7.96 (5.80-10.59) 10.04 (7.41-13.50) 26.10 31.43 (22.87-41.91)  28.85(21.78-37.87) -8.23 -2.04 (-7.34-3.56)
Liaoning 20.92 (15.97-27.24) 27.74 (20.52-36.99) 3258 63.11(47.80-82.52)  62.59 (47.66-81.70) -0.83 -0.83 (-5.65-4.23)
Inner Mongolia 7.95 (6.29-9.85) 9.87 (7.87-12.20) 24.12 56.44 (43.02-73.09) 52.68 (41.09-66.65) -6.66 -1.58 (-6.96-4.12)
Ningxia 110 (0.85-1.44) 1,54 (115-2.02) 39.92 38.05 (27.92-52.75)  38.55 (27.55-53.51)  1.32 -0.49 (-6.76-6.19)
Qinghai 0.82 (0.64-1.04) 1.38 (1.15-1.65) 67.34 30.98 (23.48-41.56) 40.96 (33.02-50.33) 32.23 2.65 (-2.96-8.58)
Shandong 33.53 (23.60-46.88) 50.26 (35.98-69.01)  49.88 47.85 (34.40-65.55) 49.04 (37.17-64.10)  2.50 -0.02 (-4.94-5.16)
Shanxi 9.15 (6.94-11.71) 12.90 (9.88-17.01) 7.07 46.37 (34.31-60.29)  46.64 (35.67-61.32) 0.58 -0.27 (-5.91-5.72)
Shaanxi 7.64 (5.52-10.68) 11.33 (8.14-15.19) 48.36 32.75 (22.63-47.87)  38.47(27.24-53.05) 17.45 0.38 (-6.84-8.16)
Shanghai 3.72 (2.12-5.97) 9.07 (5.27-13.84) 143.77 2116 (12.99-32.32)  27.07 (17.07-39.22)  27.89 1.21(-3.66-6.32)
Sichuan 19.19 (14.36-25.86) 27.81(20.25-36.31) 44.95 3117 (23.39-41.74)  34.39 (25.99-43.66) 10.34 0.12 (-5.25-5.79)
Tianjin 5.53 (4.24-7.30) 7.08 (5.32-9.29) 28.05 65.61(50.12-86.73)  56.12 (42.96-72.52)  -14.46 -2.67 (-5.91-0.68)
Tibet 0.27 (0.20-0.35) 0.31(0.22-0.42) 14.21 22.02 (16.27-29.17)  20.77 (14.76-28.63)  -5.65 -1.50 (-7.26-4.60)
Xinjiang 4.65 (3.69-5.72) 5.71 (4.70-6.95) 22.82 44.64 (34.77-56.55) 44.54 (35.66-56.00) -0.22 116 (-6.53-4.52)
Yunnan 6.63 (4.94-8.86) 7.96 (6.00-10.43) 19.99 26.02 (19.35-35.00) 25.01(19.19-32.18)  -3.87 -1.41 (-6.45-3.91)
Zhejiang 8.03 (5.37-11.76) 13.14 (8.85-18.45) 63.56 20.73 (14.50-29.44) 2178 (15.63-29.26)  5.11 -1.37 (-7.48-5.15)
Chongqing 6.60 (4.78-9.26) 8.37 (6.03-11.13) 26.85 2910 (21.21-40.84)  28.89 (21.35-37.76)  -0.72 131 (-6.79-4.50)

CVD cardiovascular disease, FPG fasting plasma glucose, 95% Ul 95% uncertainty intervals, EAPC estimated annual percentage change.

CVD-related deaths attributable to high FPG (Fig. 1). The oldest dis-
tribution of individuals who died of CVD caused by high FPG were
observed in Shanghai, Guangdong and Jiangsu in 2018, with elderly
individuals aged 80 years and older accounting for 72.11%, 50.27% and
49.25% of CVD-related deaths attributable to high FPG. Furthermore,
Tibet had the steepest increase in the proportion of elderly individuals
aged 80 years and older who died of CVD attributable to high FPG,
accounting for only 3.70% in 2010 versus 6.45% in 2018 (Fig. 1).

The variations in CVD mortality rates attributable to high FPG
among SDI regions were non-monotonic (Fig. 2B and Supplementary
Table S18). In 2018, the highest age-standardised CVD mortality rate
attributable to high FPG was observed in the high-middle SDI region
(46.53 per 100,000 people [95%Ul 42.45-51.23]), followed by the
middle SDI region (39.91 per 100,000 people [95%Ul 36.47-43.58]),
the high SDI region (34.17 per 100,000 people [95%UI 25.74-42.80]),
and the low-middle region (31.91 per 100,000 [95%Ul 26.19-38.68]).
Overall, the high-middle region exhibited the highest CVD mortality
rate compared with those in the other SDI regions in most age groups.
However, in the 30-34 age group, the CVD mortality rate was notably
higher in the low-middle SDI region (2.68 per 100,000 [95%UI

1.37-4.28]) in 2018, followed by the high-middle region (2.48 per
100,000 [95%UI 1.90-3.13]) and middle SDI region (2.20 per 100,000
[95%Ul 1.60-2.83]) (Supplementary Table S18).

Decomposition analysis of changes in national and provincial
mortality

Drivers of changes in CVD deaths attributable to high FPG varied from
2010 to 2018 (Fig. 3). Overall, changes in exposure to high FPG and
population aging were the primary drivers of increases in FPG-related
deaths due to CVD, which were partially offset by decrease in risk-
deleted mortality rate. At provincial level, changes in exposure to high
FPG led to increased FPG-related CVD deaths, with a relative con-
tribution that spanned from Shandong (10.40%) to Shanghai (62.81%).
Moreover, the impact of population aging on the FPG-related CVD
deaths differed markedly by provinces from 2010 to 2018. Population
aging accounted for increases in the number of death due to FPG-
related CVD for most provinces, especially, Shanghai (58.64%), Shan-
dong (37.95%), and Zhejiang (37.71%). Conversely, for Hainan, popu-
lation aging contributed to decreasing levels of FPG-related CVD
deaths (-3.17%) (Fig. 3).
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Fig. 1| The twelve age groups as percentages of total CVD deaths attributable
disease; FPG: fasting plasma glucose). Source data are provided as a Source Data

to high FPG nationally and in 31 provinces in 2010 and 2018. (CVD: cardiovascular
file.

Table 3 | Number, rate, and age-standardised rate for CVD deaths attributable to high FPG by specific causes and sex in China,

2010-2018 (95%UlI)

2010 2018
Deaths (thousands) Mortality rate per Age-standardised mortality Deaths (thousands) Mortality rate Age-standardised mortality
100,000 rate (95% Ul), per 100,000 per100,000 rate (95% Ul), per 100,000
CVD
Total 352.80 40.80 (38.02-43.77) 40.80 (38.02-43.77) 498.61 53.02 (49.33-56.79) 42.56 (39.86-45.33)
(328.69-378.44) (463.93-534.12)
Male 200.26 45.81(42.56-49.49) 48.36 (44.68-52.58) 278.43 58.85 (54.53-63.43) 51.13 (47.44-54.99)
(186.05-216.35) (257.99-300.08)
Female 152.62(134.58-172.26) 35.70 (31.48-40.30) 32.98 (29.35-36.91) 220.59 47.20 (41.56-53.53)  33.88 (30.40-37.79)

(194.21-250.18)

Ischaemic heart disease

247.2 (224.01-272.48)

26.28 (23.82-28.97)

20.91(19.15-22.82)

Total 166.12 19.21 (17.40-21.13) 19.21 (17.40-21.13)
(150.43-182.66)
Male 90.38(82.31-99.93)  20.68 (18.83-22.86)  22.04 (19.83-24.55)

13218 (119.79-146.36)

27.94 (25.32-30.94)

24.36 (22.13-26.90)

Female 75.04 (62.30-89.37)

17.55 (14.57-20.91)

16.03 (13.47-18.85)

114.72 (96.34-137.48)

24.55 (20.61-29.42)

17.28 (14.83-20.27)

Ischaemic stroke

Total 83.72(75.23-93.19)

9.68(8.70-10.78)

9.68 (8.70-10.78)

135.83 (121.17-151.16)

14.44 (12.88-16.07)

11.34 (10.22-12.55)

Male 46.92(41.91-52.57)

10.73(9.59-12.01)

11.45 (10.17-12.97)

75.87 (67.46-85.73)

16.04 (14.26-18.12)

13.65 (12.13-15.41)

Female 36.78(30.45-44.18)

8.60(7.12-10.33)

7.92 (6.66-9.40)

59.92 (49.42-71.36)

12.82 (10.57-15.27)

9.08 (7.66-10.61)

Haemorrhagic stroke

Total

103.29(96.91-109.75)

11.95(11.21-12.69)

11.95(11.21-12.69)

115.36(108.74-122.35)

12.27 (11.56-13.01)

10.26 (9.74-10.83)

Male 62.87(58.20-67.50)

14.38(13.31-15.44)

14.91(13.78-16.05)

70.06(65.57-74.99)

14.81(13.86-15.85)

13.06 (12.25-13.95)

Female 40.26(36.12-45.40)

9.42(8.45-10.62)

8.94(8.10-9.98)

45.18(40.68-50.21)

9.67 (8.70-10.74)

7.46 (6.83-8.14)

CVD cardiovascular disease, FPG fasting plasma glucose, 95% Ul 95% uncertainty intervals.

Discussions

In 2018, approximately 0.50 million CVD death in adults aged 25 years
and older were attributable to high FPG in China, with 0.28 million
occurring in men and 0.22 million in women. The CVD mortality bur-
den attributable to high FPG had considerable variations across sex,
age group and regions from 2010 to 2018 in China. The age-

standardised CVD mortality rate attributable to high FPG was higher
in the high-middle SDI region and northeastern China. About 13.26% of
CVD-related deaths in 2018 were estimated to be attributable to high
FPG. Moreover, nationally, increases in exposure to high FPG and
population aging were the primary drivers of increases in FPG-related
deaths due to CVD.
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Fig. 3 | Changes in CVD deaths attributable to FPG from 2010 to 2018 by pro-
vince in China, according to the contributions of population growth, popu-
lation ageing, exposure to high FPG, and risk-deleted mortality rate. Black dots

indicate the total percent change. FPG: fasting plasma glucose; CVD: cardiovascular
disease. Source data are provided as a Source Data file.

To our knowledge, this study is the most recent information on
the burden due to CVD attributable to high FPG, based on large-scale
nationally representative cross-sectional surveys, which provides
comprehensive and comparable data over time in China and its pro-
vinces. The CVD burden attributable to high FPG was currently centred
in the northeast of China, whereas Tibet had the lowest age-
standardised CVD mortality in 2018. This variation might be partly
explained by environmental and socioeconomic factors, lifestyles,

dietary patterns, and genetic factors. Previous study demonstrated
that the Tibetan had significant lower prevalence of diabetes than Han
ethnic group®’. Additionally, to our best knowledge, only one study
deriving data from GBD 2019 have assessed the CVD burden (including
ischaemic heart disease, stroke, and peripheral arterial disease) attri-
butable to high FPG in China from 1990 to 2019', suggesting that
approximately 700.34 million CVD deaths were caused by high FPG in
China in 2019, respectively. We observed that the estimated burden of
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CVD mortality attributable to high FPG in our study was slightly lower
than the findings reported in GBD 2019. However, discrepancies in the
definition of CVD and the research time window between our study
and GBD 2019 render direct comparison challenging, hindering the
alignment of the findings on a comparable scale. Nevertheless, this
study represented the latest and most comprehensive information on
CVD burden attributable to high FPG. Leveraging large-scale nationally
representative cross-sectional surveys, this current research estab-
lished a robust foundation for the precise assessment of FPG levels,
facilitating comparability across China and its provinces from 2010 to
2018. The findings offered a comprehensive depiction of CVD burden
attributable to high FPG across regions, age groups, and sex, thereby
contributing to systematic and reliable evidence aimed at estimating
the FPG-attributable burden for CVD and its types in China and other
developing countries at the transitioning stage.

We also found that high-middle SDI region, most present in
northeast of China and north of China, had the heaviest CVD burden.
Previous study based on the global GBD 2019 also showed that the
burden of ischaemic heart disease attributable to high FPG was highest
in the high-middle SDI", which was partially consistent with our find-
ings. It is particularly important to note that regions with high socio-
economic status have experienced a remarkable transection toward a
western lifestyle over the past four decades, and have more rapid surge
in metabolic disorders and related CVD burden However, the
improvement and development of health facilities is not keeping pace
with the rapid urbanization process and economic growth™. Also,
covering fewer counties and district in the southwestern region in the
Disease Surveillance Point system may also affect the robustness and
precision of estimates of the number of deaths due to CVD. Of note,
given that the limited capacity to increase spending on health and
implementation of effective preventive measures in the less socio-
economic regions, they are expected to experience a large increase in
the burden of diabetes and related diseases with the rapid economic
growth. Thus, the resultant direct and indirect costs of diabetes and
related diseases are estimated to offset some of the gains from eco-
nomic growth. Additionally, CVD burden caused by high FPG in areas
with high SDI has decreased compared with that in high-middle SDI
regions, indicating that the burden can be reduced by further broad
socioeconomic level.

The findings of this study emphasize the importance of develop-
ing population-specific tailored measures for diabetes prevention and
management and provide policymakers insights in implementing
clinical and public health intervention strategies and appropriate
allocation of medical resources. Recent research revealed that
although the overall universal health coverage (UHC) in China showed
an upward trend from 2003 to 2018 and is expected to reach 80% by
2030, the process in recent years has gradually slowed down, and it is
projected that 105.8 million population equivalents will still have no
access to UHC by 2030%. Inequality in capacity and access to health
services explained an important part of the geographical disparities,
suggesting that gains can be achieved by effective health promotion
and reasonable health resource allocation. Cost-effective and minimal
interventions are particularly important in diabetes care for some
resource-constrained regions. Additionally, integrating the public
health services and clinical diagnosis and treatment of primary health
care institutions is crucial to periodically and timely evaluate the dis-
ease status and the effectiveness, feasibility and sustainability of
alternative management strategies™'®. In line with the context of
healthy China 2030 plan”, China has already proposed a range of
initiatives to confront the rapid rise of the burden of non-
communicable diseases, such as shifting the principle of health care
from treatment first to prevention first, and prioritizing prevention
and primary care'®. Moreover, the Chinese Diabetes Society’s Diabetes
Prevention and Management Program (Bluelight Action) from 2010
also be at play in diabetes prevention and improvement of prognosis™.

Previous studies indicated that the awareness of diabetes had been
improved®?°, which could be attributed to China’s continued efforts.
Nonetheless, awareness, treatment and control rates for diabetes
remain low, which, coupled with an increase in prevalence, indicates
that the health burden of diabetes and related diseases will continue to
increase in China. Thus, it is of utmost important to build a strong
primary health care health system with good quality of care, which
could help to blunt the transition from diabetes prevalence to pre-
mature death in some regions.

The findings also showed that population aging accounted for
increases in the number of death due to FPG-related CVD for most
provinces, especially in Shanghai. It's estimated that there were
approximately 260 million and 190 million residents over 60 and 65,
respectively, in 2019 according to the Seventh National Population
Census”, demonstrating that the burden of diabetes and its related
diseases are expected to increase in China. Given that population aging
is in high gear in China, government have planned to integrate the
concept of healthy ageing into the processes of socio-economic
development®. Therefore, it is important to shift the care model from
disease-centred to people-centred and to expand access to health
services, especially in field such as geriatrics and rehabilitation®, which
is one of the key elements to improve the prevention and management
of diabetes and its related diseases.

Moreover, we found that men had higher CVD burden attributable
to high FPG than women, which can be partly explained by higher
prevalence of smoking, hypertension, and dyslipidemia in men than
women®. Also, previous study showed that women had higher
awareness, treatment and control rate of diabetes than men, and men
had stagnated rates of awareness, treatment, and control, or even
declined from 2013 to 2018*. Furthermore, similar to the findings of
GBD 2019%, we found that the sex difference in CVD mortality attri-
butable to high FPG decreased after age 50, and even reversed after
age 80. Given that the protective effect of oestrogen on CVD and
metabolism may disappear after menopause, combined with a longer
life expectancy, the CVD burden caused by high FPG among women
could not be ignored. Thus, population-based approaches to improve
the awareness of diabetes, and intervene and manage individuals at
high risk for diabetes or CVD are also relevant to control the CVD
burden caused by high FPG.

Several studies have documented that adiposity, the leading
contributing risk factor for diabetes, has increased substantially in
prevalence over the past few years in China’**, which could contribute
to the increase of CVD burden related to hyperglycaemia. Moreover,
hyperglycaemia-related CVD burden may also be intensified by the
large population with prediabetes, changes in dietary profile, smoking,
insufficient physical activity and air pollution. Previous evidence based
on clinical trials showed that lifestyle interventions can prevent or at
least significantly delay diabetes in up to 50% of patients with impaired
glucose tolerance®, indicating that identifying individuals with a high
risk of diabetes and implementing lifestyle interventions for them is
needed. Also, promoting healthy lifestyles and delivering culturally
appropriate health education should be effective and cost-saving
strategies to confront the ever-increasing burden caused by high FPG,
especially for regions or countries with less socio-economical levels.

Limitations

The study has several limitations. First, although the relative risks (RRs)
for FPG and related CVDs may differentiate across subpopulations and
regions®, specific RRs were not available. Second, diet profiles in
China, mostly characterized by carbohydrates as a staple food, which
can easily lead to an increase in postprandial glucose. In this regard,
the CVD burden based on FPG may underestimate the burden of
individuals with postprandial hyperglycaemia. Third, some remote and
economically- deprived areas lack high-quality data in the Disease
Surveillance Point system, which could lead to imprecise estimation of
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CVD mortality estimates in some provinces. Fourth, we did not utilize
all individual information from the three surveys to ascertain the
optimal-fit distribution of FPG, owing to constraints in data availability.

In summary, the CVD burden attributable to high FPG varied
substantially by age group, sex, and region in China from 2010 to 2018.
Approximately 0.50 million CVD deaths were attributed to high FPG in
2018. Overall, changes in exposure to high FPG and population ageing
were the primary drivers of increases in FPG-related deaths due to
CVD. The findings of this study emphasize the importance of devel-
oping population-specific tailored measures for diabetes prevention
and management and provide policymakers with evidence for imple-
menting clinical and public health intervention strategies in China and
similar countries or regions.

Methods

Ethics and inclusion statement

All data used in this study were aggregated from three previous cross-
sectional surveys and did not contain any individually identifiable
information. The surveys included the China Chronic Disease and Risk
Factor Surveillance (CCDRFS)*, the China National Nutrition Survey
(CNNS)*, and the China Hypertension Survey (CHS)****, and received
ethical approval from the ethical review committee of the National
Centre for Chronic and Noncommunicable Disease Control and Pre-
vention, the ethical review committee of the Chinese Centre for Dis-
ease Control and Prevention, and the Ethics Committee of Fuwai
Hospital, respectively. All participants obtained from these three sur-
veys provided informed consent. Main researchers were included in
the research process and are listed as authors where relevant.

Data sources

We obtained data on the fasting plasma glucose levels from three
nationally representative surveys, including the CCDRFS, CNNS, and
CHS, as described in the Supplementary Methods. Briefly, approxi-
mately 791,373 participants aged 25 years and older were recruited
from these three national surveys. The data on FPG levels, covering 31
provinces in mainland China, were spread among the years in 2010,
2012, 2013, 2015 and 2018, and 44% of participants were men. We
focused on the sex disparity in this study. Sex was used to discuss
biological attribute differences throughout this paper, which was
determined based on self-reporting. Additionally, data on CVD mor-
tality from 2010 to 2018 at the provincial level were derived from the
National Mortality Surveillance System (NMSS), which covers 324
million people, accounting for 24.3% of the country’s population®,
Underreporting surveys and garbage code redistribution were con-
ducted to ensure the accuracy of CVD mortality estimates in NMSS.
More details were provided in Supplementary Methods.

Estimation of exposure to fasting plasma glucose and popula-
tion attributable fraction

Based on 791,373 participants aged 25 years or older, we used a
temporal-spatial hierarchical Bayesian model to comprehensively
estimate mean FPG levels by age group and sex for 31 provinces in
mainland China from 2010 to 2018, borrowing information across
space, time, age as well as covariates for missing data®®*. Specifically,
the model included terms that allowed a non-linear time trend, which
was specified by a combination of a linear slope and a second order
random walk. Besides, we used a cubic spline to allow non-linear age
relationship. All analyses were done separately by sex. The model is
described in detail in the Supplementary Methods and previous
publication*’.

GBD comparative risk assessment framework was used to quan-
tify the attributable disease burden of risk factors, which was shown in
detail in the Supplementary Methods. Specifically, we quantified the
burden of death from CVD and its subtypes attributable to FPG,
including ischaemic heart disease, ischaemic stroke, haemorrhagic

stroke when there was sufficient evidence of an association according
to the World Cancer Research Fund criteria and the GBD 2019 study®*.
The age-specific RRs for each risk factor-disease pair were shown in
Supplementary Table S2, which were obtained from GBD 2019. In our
main analysis, we estimated the PAF for the CVD by contrasting the risk
of the FPG distribution with the expected risk of the theoretical-
minimum-risk exposure level (TMREL). Consistent with the GBD
2019 study’, TMREL is a level of FPG that minimises risk at the popu-
lation level and captures the maximum attributable burden
(4.8-5.4 mmol/L). In this study, we used high FPG as a risk factor to
calculate the CVD burden attributable to high FPG (only available for
adults aged 25 years or older), which was also consistent with previous
studies™°. The PAF attributable to high FPG was calculated using the
following formula, assuming that the distribution of the FPG was
normal:

_ flm RRoas(X)Paspt(X)dX - RRoas(TMREL)

PAF =
o I RR 135 00Pygpe (X)X

@

where RR,(x) is the relative risk as a function of exposure level x, CVD
subtypes (0), age group (a), and sex (s). P,gpe(X) is the distribution of
FPG in the age group (a), sex (s), province (p), and year (t); | is the
minimum exposure level and m is the maximum exposure level.

CVD mortality burden attributable to high FPG

Findings were reported by 31 geographical units in mainland China,
including 22 provinces, five autonomous regions, and four munici-
palities. YLLs owing to premature mortality were calculated as the
death numbers multiplied by standard life expectancy at the age that
death occurred'. The details about YLL computation were presented in
the Supplementary Methods. Deaths and YLLs for CVD attributable to
high FPG were computed by multiplying age-, sex-, province-, year-,
and cause-specific PAFs by the estimated deaths and YLLs for the same
strata. Age-standardised FPG level, mortality rate and YLL rate for CVD
attributable to high FPG were standardised to the population in 2010
census to adjust demographic differences using direct standardization
(Supplementary Table S4).

Other definitions and analytical approaches

The estimated annual percentage change (EAPC) was computed to
quantify the trends of FPG-related CVD mortality burden within a
specific time interval. We assumed a natural logarithm of age-
standardised rates to fit a linear regression model: Y =, + B;year +¢,
where Y is equal to the natural logarithm of age-standardised rates, f3,
indicates a constant, 3, is the positive or negative changing trends,
year stands for the calendar year, € is the error term. EAPC can be
calculated based on the following equation:100 x (exp(B,) — 1)**. In
addition, We divided 31 provinces in relation to different indicators,
including socio-demographic index (SDI) and seven regions (northeast
China, north China, east China, central China, south China, northwest
China, and southwest China, Supplementary Table S5). SDI is a com-
posite indicator based on total fertility rate (age <25 years), income per
person, and years of educational attainment (for those aged >15 years)
(Supplementary Table S5)°.

Additionally, we conducted decomposition analyses to quantify
the drivers of change in the death numbers for CVD caused by high
FPG based on methods developed by Das Gupta®. Specifically, we
decomposed the change in CVD deaths caused by high FPG from 2010
to 2018 into four explanatory components: change in population
growth; change in population structure by sex; change in risk exposure
to FPG; and change in risk-deleted mortality rates for CVD, which
correspond to the four terms shown in the below**:

Taspt = (AsptBasptcaspt Daspt)v 2
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where T, is the total CVD deaths attributable to FPG at year t; Ay, is
the population size in the sex (s), province (p), and year (t); B, is the
proportion of the population in the age group; C,gp, is the CVD mor-
tality rate in the absence of the FPG, which is calculated by multiplied
CVD mortality rate by 1 — PAF for a given age group (a), sex (s), pro-
vince (p) and year (t); and D, is the ratio of attributable burden to the
underlying rate defined as PAF /(1 — PAF).

We reported the 95% uncertainty intervals (Uls) for the FPG levels
and cause-specific burden estimates by running 1000 draws of each
step of the estimation process from a Monte Carlo simulation
approach. All analyses, unless otherwise stated, were done with SAS
9.4. The temporal-spatial hierarchical Bayesian model and graphs were
done with R 4.2.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The “minimum dataset” that are necessary to interpret, verify and
extend the research in the article, can be found within the manuscript
and its supplementary information. Age-sex-specific relative risks and
theoretical minimum risk exposure level were available from Global
burden of disease 2019 study (https://doi.org/10.1016/S0140-6736(20)
30752-2). The original datasets generated or analysed, or both, and the
raw data for fasting plasma glucose levels and CVD deaths are available
under restricted access due to data privacy laws according to Chinese
regulations, access can be obtained by submitting a collaboration
request including information on the institution and a brief descrip-
tion of the project to wangzengwu@foxmail.com. An answer can be
expected within 30 d. If the collaboration request is accepted, a data
access agreement will be necessary and appropriate authorisations
from the competent administrative authorities may be needed. In
accordance with existing regulations, no personal identification data
will be accessible. Source data are provided with this paper.

Code availability
The code that supports the findings of this study is available upon
request (send requests to wangzengwu@foxmail.com)”.
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