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Abstract

Background: To facilitate priority-setting in health policymaking, we compiled the best available information to
estimate the adult mortality (>30 years) burden attributable to 13 metabolic, lifestyle, infectious, and environmental
risk factors in Taiwan.

Methods: We obtained data on risk factor exposure from nationally representative health surveys, cause-specific
mortality from the National Death Registry, and relative risks from epidemiological studies and meta-analyses. We applied
the comparative risk assessment framework to estimate mortality burden attributable to individual risk factors
or risk factor clusters.

Results: In 2009, high blood glucose accounted for 14,900 deaths (95% Ul: 11,850-17,960), or 104% of all deaths in
that year. It was followed by tobacco smoking (13,340 deaths, 95% Ul: 10,330-16,450), high blood pressure (11,190
deaths, 95% Ul: 8,190-14,190), ambient particulate matter pollution (8,600 deaths, 95% Ul: 7,370-9,840), and dietary risks
(high sodium intake and low intake of fruits and vegetables, 7,890 deaths, 95% Ul: 5,970-9,810). Overweight-obesity and
physical inactivity accounted for 7,620 deaths (95% Ul: 6,040-9,190), and 7,400 deaths (95% Ul 6,670-8,130), respectively.
The cardiometabolic risk factors of high blood pressure, high blood glucose, high cholesterol, and overweight-obesity
jointly accounted for 12,120 deaths (95% Ul: 11,220-13,020) from cardiovascular diseases. For domestic risk factors,
infections from hepatitis B virus (HBV) and hepatitis C virus (HCV) were responsible for 6,300 deaths (95% Ul:
5,610-6,980) and 3,170 deaths (95% Ul 1,860-4,490), respectively, and betel nut use was associated with 1,780
deaths from oral, laryngeal, and esophageal cancer (95% Ul: 1,190-2,360). The leading risk factors for years of
life lost were similar, but the impact of tobacco smoking and alcohol use became larger because the attributable deaths
from these risk factors occurred among young adults aged less than 60 years.

Conclusions: High blood glucose, tobacco smoking, and high blood pressure are the major risk factors for deaths from
diseases and injuries among Taiwanese adults. A large number of years of life would be gained if the 13 modifiable risk
factors could be removed or reduced to the optimal level.
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Background

Quantitative analyses on how different risk factors con-
tribute to the overall disease burden provide critical in-
formation for health policymaking and priority-setting.
The comparative risk assessment approach developed
under the Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) provides a framework for popula-
tion risk assessment and comparison across risks at the
global and national levels [1, 2]. However, the country-
level analyses from GBD may suffer from the problem of
data gaps when information on disease outcomes or risk
factors is not available [3]. Meanwhile, despite the inclu-
sion of a large number of disease outcomes and risk fac-
tors in the GBD study, there are still locally important
diseases and risk factors which are not included in GBD
(e.g., betel nut use in South and Southeast Asia). There-
fore the country-level results from the GBD analysis
may not represent the best available evidence for the
purpose of local health policymaking.

Independent national analyses based on the specific
local public health context will complement the current
GBD analysis. In Taiwan, previous studies have reported
the attributable disease burden due to single modifiable
risk factors, but none has included all major risk factors
using a comprehensive and comparable approach [4-9].
In addition, Taiwan is not always included as a separate
entity in the GBD analysis. Taking advantage of the well-
established health information system in Taiwan, we
estimated the mortality burden attributable to 13 meta-
bolic, lifestyle, infectious, and environmental risk factors.

Methods

We employed the comparative risk assessment frame-
work to estimate the number of deaths and years of life
lost (YLLs) for adults aged over 30 years attributable to
major risk factors in Taiwan in 2009 [10, 11]. The gen-
eral framework and data sources are presented in Fig. 1.
We first computed the population-attributable fraction
(PAF) of cause-specific mortality for each risk factor. For
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risk factors measured in multiple categories, we used the
following generalized formula to calculate PAFs:

" Pi(RR-1)
PAF = <=8
Z, P;i(RR;-1) +1

i=1

where i represents the level of exposure categories (i=
1,..., n); RR; is the relative risk for exposure category i; P;
is the proportion of the population in exposure category
i [12]. For risk factors measured continuously (e.g.,
blood pressure and blood glucose), the following gener-
alized formula was used to compute PAFs:

/ RR(x)P(x)dx— / RR(x)P (x)dx
PAF === x

/ RR(x)P(x)dx

X

where RR(x) is the relative risk at exposure level x; P(x)
is the actual distribution of risk factor exposure in the
population; P’(x) is the counterfactual distributions of
risk factor exposure. Using the PAF approach, we esti-
mated the population-level effects of all risk factors in a
consistent and comparable way [13]. We summed the
number of deaths and the number of YLLs attributable
to a single risk factor across different causes to obtain
the total number of deaths and YLLs attributable to the
risk factor of interest.

Selection of diseases and risk factors

Leading causes of death in Taiwan were selected as the dis-
ease outcome in our analysis (Additional file 1: Table S1).
We included 13 major modifiable risk factors in the
analysis according to predefined criteria, including
four metabolic risk factors (high blood pressure, high
total cholesterol, high blood glucose, and overweight-
obesity [high body mass index, BMI]), four lifestyle
risk factors (physical inactivity, tobacco smoking, alco-
hol use, and betel nut use), two dietary risk factors

Estimate total mortality rates
(data source: National Death Registry)

—> disease-specific
mortality/deaths

Estimate

Estimate relative risk of
selected risk factors

Estimate disease-
specific and all-cause
attributable deaths

(data source: literature review)

disease-specific PAF
for individual risks

Estimate

Estimate risk factor exposure

(data source: NHIS, TW3H,
NAHSIT, and TAQMN)

PAF: population-attributable fraction

Fig. 1 Principle component steps of comparative risk assessment. NHIS: National Health Interview Survey; TW3H: Taiwanese Survey on Blood
Sugar, Blood Lipids and Blood Pressure; NAHSIT: Nutrition and Health Survey in Taiwan; TAQMN: Taiwan Air Quality Monitoring Network;
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(high sodium intake and low intake of fruits and vegeta-
bles), one environmental risk factor (ambient particulate
matter pollution), and two infectious risk factors (hepatitis
B virus [HBV] infection, and hepatitis C virus [HCV] in-
fection). (See Additional file 1 for details). In the present
study, we selected infections from HBV and HCV and
betel nut use as domestic risk factors. These risk factors
were not included in the GBD comparative risk assess-
ment but were highly prevalent and may cause substantial
burden of disease in Taiwan.

Mortality data

The numbers of cause-specific deaths were obtained from
the National Death Registry. The major disease outcomes
were defined by ICD-10 code (Additional file 1: Table S1).
We used the Multiple Cause of Death Data to redistribute
the “garbage codes” which are the causes of death that
cannot or should not be considered the underlying cause
of death (see Additional file 1 for details) [14]. We calcu-
lated YLLs by summing the number of fatal cases multi-
plied by the residual expected life expectancy based on the
standard life tables from GBD 2013 [2].

Exposure to risk factors

Risk factor exposure distributions were obtained from
nationally representative health surveys. We used the
2009 National Health Interview Survey (NHIS) to quan-
tify the exposure to passive tobacco smoking, alcohol
use, betel nut use, physical inactivity, and overweight-
obesity. Data from the 2007 Taiwanese Survey on Blood
Sugar, Blood Lipids, and Blood Pressure (TW3H) were
used to evaluate the distribution of blood pressure, total
cholesterol, blood glucose, and HBV and HCV infection.
We used the smoking impact ratio (SIR) to measure the
cumulative exposure to tobacco smoking [15, 16]
(see Additional file 1 for details).

We used the 2013 Nutrition and Health Survey in
Taiwan (NAHSIT) to determine the distribution of dietary
risks (high sodium intake and low intake of fruits and veg-
etables). We obtained data on particles measuring less
than 2.5 pm in diameter (PM,5) from Taiwan Air Quality
Monitoring Network established by the Taiwan Environ-
mental Protection Administration (EPA) [17].

We used an optimal distribution which has minimal
harmful effects on morbidity and mortality (theoretical
minimum-risk exposure distribution, TMRED) as an al-
ternative distribution of risk exposures to measure the
mortality effects of actual exposure of risk factors
(Table 1) (see Additional file 1 for details) [18].

Selection of relative risks and joint effects of multiple risk
factors

The relative risks (RRs) for each exposure-disease pair were
obtained from systematic reviews in previous comparative
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risk assessment studies or best available evidence for the
purpose of the study. Since the cardiometabolic risk factors
of high blood pressure, high blood glucose, high total chol-
esterol, and high BMI are often correlated with each other
at the population level and the effects of BMI on cardiovas-
cular diseases (CVDs) have been shown to be mediated by
other risk factors [19, 20], we estimated the joint
effect of these cardiometabolic risk factors on CVDs,
accounting for risk factor correlation and mediation
effects (see Additional file 1 for details).

Uncertainty analyses

To deal with the uncertainty due to sampling variability,
we took a statistical simulation approach [21]. We ran-
domly drew 1,000 sets of risk exposures and RRs from
their distributions. Each set of sampled risk exposure
and RR was used to compute the PAF and the number
of deaths attributable to each risk factor, separately by
age and sex. We reported 95% uncertainty intervals
(Uls) by a span across the estimates of each outcome at
the 2.5th and 97.5th percentiles based on the resulting
distributions of 1,000 estimated attributable deaths. Ana-
lyses were performed using the statistical software Stata,
version 10.1. The statistical source code used to generate
estimates can be accessed upon request to the authors.

Results

According to the National Death Registry, there were
143,582 deaths in Taiwan in 2009. Of these, 61% were
men, and 138,984 deaths occurred in adults aged 30 years
or over. The total number of deaths with garbage codes
was 22,659, accounting for 15.8% of total deaths in 2009.
After redistribution of garbage codes, the leading causes
of death were diabetes (10,160 deaths), ischemic heart
disease (IHD) (9,380 deaths), and lung cancer (8,940
deaths). A total of 110,720 deaths from 12 causes were
included in this study.

The distributions of risk factors are presented in the
Additional file 1: Tables S2—S4. Using the risk factor ex-
posures and the exposure-disease associations from the
literature, we estimated the PAF due to different risk fac-
tors for each cause of death (Fig. 2). For diseases other
than cancer, ambient air pollution, high blood glucose,
and high blood pressure were the risk factors with the
largest cause-specific PAFs. For cancer by sites, the lead-
ing risk factors were tobacco smoking, viral hepatitis,
physical inactivity, and betel nut use.

Among the 13 risk factors, high blood glucose accounted
for the largest number of deaths (14,900, 95% UI: 11,850—
17,960) in Taiwan in 2009, equivalent to 64.6 deaths per
100,000 population or 10.4% of total deaths in the year
(Table 2, Fig. 3, and Additional file 1: Figure S1). The cause
of death was diabetes in 68.2% of these deaths. The mortal-
ity burden from high blood glucose was distributed evenly
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Table 1 Measurements, data sources, theoretical minimum-risk exposure distributions (TMRED), and corresponding disease outcome.
The numbers for alternative exposure distribution represent mean and standard deviation

Risk factor Exposure Metric TMRED Data Source Disease Outcome

High blood Systolic blood pressure 115 (6) TW3H 2007 IHD, stroke, hypertensive heart diseases, other

pressure (mmHg) cardiovascular diseases®

High total Total cholesterol (mg/dL) 147 (23.2) TW3H 2007 IHD, ischemic stroke

cholesterol

High blood glucose Fasting plasma glucose 882 (54) TW3H 2007 IHD, stroke, diabetes mellitus, CKD

(mg/dL)

Overweight/obesity Body mass index (kg/mz) 21.(1) NHIS 2009 IHD; ischemic stroke; hypertensive heart disease;
other cardiovascular diseases® breast, colon, and
kidney cancers;
diabetes mellitus

Sodium intake Daily intake (g/d) 0.5 (0.05) NAHSIT 2013 IHD, stroke, hypertensive heart diseases, other
cardiovascular diseases’

Fruit and vegetable Daily intake (g/d) 600 (50) NAHSIT 2013 IHD; ischemic stroke; colorectal, stomach, lung, oral,

intake esophageal cancers

Tobacco smoking Smoking Impact Ratio No smoking NHIS 2001, NHIS 2005, IHD; stroke; other cardiovascular diseases; cancers of

and Civil Servant cohorts lung and selected other sites (see Additional file 1 for
details); CKD; COPD

Alcohol use Current alcohol use No alcohol NHIS 2009 IHD; ischemic stroke; hemorrhagic stroke; hypertensive

status use heart diseases; cancers of mouth, esophagus, breast,
liver, and selected other sites (see Additional file 1 for
details); diabetes mellitus; chronic liver disease; alcohol
abuse; road traffic injuries; suicide

Betel nut use Current betel nut use No betel nut NHIS 2009 Oral, esophagus, and larynx cancers

status use

Physical inactivity — Intensity of physical Have intense  NHIS 2009 IHD, ischemic stroke, breast and colon cancers, diabetes

activity physical activity mellitus

Ambient particulate PM 2.5 (pg/m3) 7.5 (0.75) TAQMN 2009 IHD, stroke, lung cancer, COPD

matter pollution

Hepatitis B virus Seropositivity for No infection TW3H 2007 Liver cancer, chronic liver disease

hepatitis B surface
antigen
Hepatitis C virus Seropositivity for No infection TW3H 2007 Liver cancer, chronic liver disease

antibody to hepatitis C

TW3H Taiwanese survey on blood sugar, blood lipids and blood pressure, NHIS National Health Interview Survey, NAHSIT Nutrition and Health Survey in Taiwan
TAQMN Taiwan Air Quality Monitoring Network, /HD ischemic heart disease, CKD chronic kidney disease, COPD chronic obstructive pulmonary disease

@ Other cardiovascular diseases (ICD 10: 100, 126128, 134-137, 144151, 170-199)

in both sexes. More than 80% of deaths due to high blood
glucose occurred in people older than 65 years.

Tobacco smoking was responsible for 11,500 deaths in
men and 1,900 deaths in women, or 9.3% of all deaths.
Active smoking contributed to 83% of smoking-
attributable deaths. In men, 60% of smoking-associated
deaths were caused by cancers and 95.9% of smoking-
associated deaths occurred in those over 45 years old. In
women, the attributable mortality from smoking was
low (4.6%) because of the low prevalence of smoking in
women. For both sexes combined, lung cancer was the
leading cause among smoking-attributable deaths (3,660
deaths, 95% UL 2,340—4,980), followed by IHD (1,320
deaths, 95% UI: 760—1,880) and stroke (1,280 deaths,
95% UL 540-2,020).

High blood pressure was associated with 11,190 deaths
from CVDs (95% Ul: 8,190—14,190), or 7.8% of all deaths

in year 2009. The majority of deaths attributable to high
blood pressure occurred among people aged 65 years
and over (8,500 deaths). Among the deaths attributable
to high blood pressure, the leading causes were stroke
(3,470 deaths, 95% UI: 2,420-4,520), IHD (3,190 deaths,
95% UI: 2,020-4,350), and hypertensive heart disease
(2,400 deaths, 95% UI: 1,760-3,050).

The cluster of cardiometabolic risk factors, including
high blood pressure, high blood glucose, high choles-
terol, and overweight-obesity, accounted for 12,120 car-
diovascular deaths (95% UIL 11,220-13,020) in 2009.
Other leading risk factors included ambient particulate
matter pollution (PM,5) (8,600 deaths, 95% UL 7,370—
9,840), high sodium intake and low intake of fruits and
vegetables (7,890 deaths, 95%UI: 5,970-9,810), physical
inactivity (7,620 deaths, 95% UL 6,040-9,190), and
overweight-obesity (7,400 deaths, 95% UI: 6,670-8,130).
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Alcohol use accounted for 6,350 deaths (95% UI: 5,730—
6,970) from non-communicable diseases (cancer and
chronic liver disease) and injury (accident and suicide).
HBV infection and HCV infection accounted for 6,300
(95% UI: 5,610-6,980) and 3,170 (95% UL 1,860-4,490)
deaths, respectively. Under the assumptions of no correl-
ation and no effect mediation, HBV and HCV infection
and alcohol use jointly accounted for 72.4% (6,250) of
deaths from liver cancer and 58.6% (3,420) of deaths
from chronic liver disease. Lastly, high cholesterol was
associated with 2,070 CVDs deaths (95% UI: 1,300—
2,830), and betel nut use was associated with 1,780
deaths (95% UL 1,190-2,360) from oral, laryngeal, and
esophageal cancer.

The analysis of attributable YLLs revealed a slightly
different pattern for risk factor ranking (Fig. 4 and
Additional file 1: Figure S2). Tobacco smoking became
the leading cause of attributable YLLs (246,030 YLLs for
men and 36,310 YLLs for women), accounting for 1,223
YLLs per 100,000 population in 2009. This was followed
by high blood glucose (240,450 YLLs, 95%UI: 191,820—
289,090) and joint cardiometabolic risk factors (215,540
YLLs, 95%UIL: 204,020-227,050).

Discussion

Using information from nationally representative surveys
and vital registry, we estimated and compared the im-
pacts of modifiable risk factors on major causes of mor-
tality in Taiwan. We found a high mortality burden
attributable to high blood glucose, tobacco smoking, and
high blood pressure. Notably, our analysis revealed the
importance of several domestic risk factors that were
not included in the GBD study’s comparative risk assess-
ment: HBV and HCV infection, and betel nut use.

The ranking of risk factors in our analysis was similar
to that from the Taiwan analysis of GBD 2015, but we
note that the comparison of two analyses should be
made carefully [1]. In GBD 2015, systematic reviews and
statistical modeling were used to generate age- and sex-
specific exposure distributions for each risk factor in
each country, while our study exclusively used data from
nationally representative surveys. In addition, the redis-
tribution of garbage codes in our analysis was based on
Multiple Cause of Death Data instead of the single cause
of death method used in GBD 2015. As a result, we
found that the absolute numbers of deaths attributable
to risk factors in our analysis were very different from
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the 2010 estimates of GBD 2015 (Additional file 1: Table
S5). For example, the attributable number of deaths
from high blood pressure, tobacco smoking, and alcohol
use were two times higher in the 2010 estimates from
GBD 2015 than those in our analysis.

HBV and HCV infection and betel nut use did not ap-
pear in the comparative risk assessments of GBD studies
(viral hepatitis was included directly as a disease cause

instead of a risk factor in GBD) [1, 2, 22]. We included
these risk factors in the present analysis because they are
highly prevalent in the Taiwanese population and are
preventable (through HBV vaccination) and modifiable
(through lifestyle change or antiviral treatment) [23].
Liver diseases have long been considered the “disease of
the country” for the Taiwanese population [24]. Our ana-
lysis revealed that HBV and HCV infection accounted
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for a large number of deaths from liver cancer and
chronic liver disease. We also found that the population
mortality impact of betel nut use was at least as large as
that of high cholesterol. Our results suggested that viral
hepatitis and betel nut use should be considered in the
comparative risk assessment in countries where these risk
factors are prevalent. For example, the prevalence of betel
nut use is up to 40% in certain Southeast Asian countries
(men in Nepal and women in Indonesia), and HBV affects

5.26% of the population in the WHO Western Pacific
Region [25, 26].

In our analysis, high blood glucose accounted for the
largest mortality burden among all risk factors. The
ranking of high blood glucose in Taiwan was particularly
high compared with other countries [1, 2]. We note that
the finding should be interpreted with caution since 68%
of this mortality burden came from diabetes as the cause
of death. Previous studies revealed substantial differences
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in diabetes-related cause of death statements among phy-
sicians in Taiwan compared with other countries [27].
Therefore, in addition to the true differences in deaths at-
tributable to high blood glucose, the difference in ranking
may also reflect the country-specific practice in recording
cause of death. Nonetheless, the high disease burden from
high blood glucose and the rising trend of diabetes preva-
lence call for urgent actions to curb this epidemic [28].

We found that tobacco smoking was the leading risk
factor for YLLs in Taiwan and the leading risk factor for
mortality in Taiwanese men. This is consistent with pre-
vious studies that reported a large mortality burden from
smoking in Taiwan [4, 29]. Despite the continued reduc-
tion in smoking prevalence in the past decade, the mor-
tality burden from smoking remained high in our
analysis [30]. It should also be noted that the recent re-
duction in smoking prevalence was mainly observed in
the elderly male population [31]. Future trends of smok-
ing prevalence in all age and sex groups need to be
closely monitored.

High blood glucose, high blood pressure, high BMI,
and high cholesterol jointly accounted for 12,120 deaths
from CVD, or 8.4% of all deaths. To reduce the disease
burden from these risk factors, the Taiwan Health Pro-
motion Administration launched a series of programs,
including enhancing preventive health care services for
the elderly, building a health-supportive environment,
promoting a daily walking program, and initiating
healthy exercise for workers [32]. Further evaluations
would be critical to determine the cost-effectiveness of
these programs.

Our subnational analysis of ambient PM, 5 pollution
revealed that nearly 9,000 deaths could be attributed to
ambient particulate matter pollution every year, and the
causes of death were mainly CVD, lung cancer, and
COPD. Although PM, 5 exposure has been decreasing in
recent years, the current level of PM, 5 exposure is still
far from the optimal level that has the minimal health
risk [33, 34]. A coordinated, multisectoral effort that
involves at least the Ministry of Health and Welfare,
Environmental Protection Agency (EPA), and Ministry
of Economic Affairs will be needed to address the health
effects from ambient air pollution.

As with other PAF studies, we urge caution in the in-
terpretation and policy implications of the estimates
from the present analysis. First, by definition the PAF
represents the proportional reduction of disease burden
if the exposure of interest were eliminated from the
population, while nothing else changed. The implicit as-
sumption of the PAF approach is that the risk factor of
interest can be modified without changing the distribu-
tions of all other risk factors. This assumption is not
well-justified for most cardiometabolic risk factors. For
example, it is difficult to imagine any intervention that

Page 10 of 12

would eliminate high blood glucose without changing
the prevalence of obesity and the distribution of blood
pressure in the population. We therefore estimated the
joint attributable burden of CVD deaths from cardio-
metabolic risk factors. Second, the magnitude of attribut-
able deaths does not imply the level of resources required
for one particular risk factor, nor does the ranking of risk
factors directly determine prioritization in health policy-
making. Further cost-effectiveness analysis and health
technology assessment should be conducted on available
interventions for these risk factors while taking into
account the affordability of each intervention.

Our study has limitations. First, as with other com-
parative risk assessment studies, our analysis used the
cross-sectional information on risk factor exposure and
mortality outcomes in the same year. This would intro-
duce bias if the risk factor exposure has changed sub-
stantially over time. We used the SIR to account for the
cumulative exposure of tobacco smoking, but not for
other risk factors. Second, occupational risk factors and
some dietary risks were not included. Third, our study
focused on attributable mortality burden without consid-
eration of morbidity and disability.

Our integrative analysis provides an aerial view of dis-
tribution and determinants of population health and
helps the country to prepare for the new Sustainable De-
velopment Goals (SDGs) [35]. Our findings suggest that
achieving the health-related SDG (SDG 3) requires
collaborative efforts from the communicable and non-
communicable health sectors as well as non-health
sectors (e.g., the EPA and the Ministry of Economic Af-
fairs for clean energy, SDG 7), highlighting the import-
ance of partnerships for sustainable development (SDG
17). Our analysis echoes the SDGs and indicates that
there are multiple entry points to improving population
health and tremendous needs for an integrated ap-
proach. In the meantime, operational and technological
innovations are sorely needed to help countries to move
from the current siloed approach to an integrated
approach.

Conclusions

Our analysis of Taiwan revealed that substantial mortal-
ity burden and premature deaths could be attributable
to cardiometabolic risk factors, tobacco smoking, alcohol
use, viral hepatitis, and ambient PM pollution. Aggres-
sive interventions to reduce these risk factors have the
potential to save tens of thousands of years of life lost.
Compared with the findings from the GBD analysis, our
analysis revealed quantitative differences in mortality at-
tributable to risk factors. This highlights the importance
of data-driven national analyses in the GBD era with the
aim to inform evidence-based local health policymaking.
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