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Background: The cardiovascular outcomes of hypertension and diabetes in India have never
been studied at the national level.

Objectives: We conducted a nationally-representative proportional mortality study to measure
the associations of hypertension and diabetes with premature mortality due to ischemic heart
disease (IHD) and stroke among Indian adults.

Methods: We determined causes of death by verbal autopsy from 2001-14 among 2.4 million
households. We defined cases as those who died of the study outcomes and controls as those
who died of injuries, respiratory causes, or cancer. We used multivariable logistic regression
models to compute adjusted odds ratios (OR) measuring the association of hypertension and
diabetes with IHD or stroke mortality, population-attributable fractions (PAF), and time trends.
Results: The mean age at death was 55.6 (standard deviation 9.9) years for IHD, 58.2 (9.0)
years for stroke, and 46.8 (injury) to 59.8 (respiratory) years for controls. There were more men
among both the cases (IHD: 70.1%; stroke: 59.0%) and controls (injury: 76.6%; cancer: 55.4%;
respiratory: 59.8%). Hypertension was associated with six- to eight-fold increases in the odds
of IHD (OR 5.9, 99% CI 5.6-6.2) and stroke mortality (7.9, 7.4-8.5). Diabetes was associated
with double the odds (1.9, 1.7-2.0) of IHD mortality and increased odds of stroke mortality (1.6,
1.4-1.7). Hypertension accounted for an increasing PAF of IHD mortality and decreasing PAF of
stroke mortality. Diabetes was associated with relatively lower PAFs and variable time trends.
Conclusions: Hypertension is associated with an unexpectedly high burden of cardiovascular
mortality, and contributes to an increasing proportion of IHD deaths and a decreasing propor-
tion of stroke deaths. Better management of hypertension and diabetes is urgently required to
reduce premature cardiovascular mortality.
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Introduction

Cardiovascular disease causes an estimated 17.7 million deaths every year [1]. These deaths consist primar-
ily of ischemic heart disease and stroke [2]. India accounts for over one-fifth of premature cardiovascular
deaths worldwide [2]. We previously reported that cardiovascular mortality rates diverged substantially in
India over the past two decades [2]. Ischemic heart disease mortality rates in India have risen, particularly in
rural areas—increasing by approximately 50% from 2000 to 2015 to exceed the urban rates [2]. By contrast,
stroke mortality rates dropped by up to a third over this period, falling faster in urban than in rural areas [2].
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The causes of these divergent patterns have never been identified due to the scarcity of longitudinal,
nationally-representative data on cardiovascular risk factors and outcomes in India. In the context of unprec-
edented urbanization and economic growth, the prevalence rates of hypertension and diabetes have dra-
matically increased [3]. One in four Indian adults has hypertension, and 7.5% have diabetes [3]. Yet, the
associations of hypertension and diabetes with cardiovascular mortality have only been studied in small,
local populations [4-6]. The contributions of these risk factors to the changing trends in cardiovascular mor-
tality have never been characterized. Furthermore, the burdens of hypertension and diabetes in India likely
differ from high-income countries due to relatively poor control [3], and disparities in health services and
case fatality rates [7]. We conducted a nationally-representative proportional mortality study to measure the
associations and population-attributable fractions of hypertension and diabetes with premature mortality
due to ischemic heart disease and stroke among Indian adults in the 14-year Million Death Study.

Methods

Study Setting and Data Source

In India, most deaths occur at home without medical certification. The Registrar General of India established
the Sample Registration System in 1971 to monitor causes of death [8]. The Registrar General partitions
India into 1 million units consisting of 150-300 households each, and selects a random sample of units
to monitor for deaths. This sampling frame is re-created after every decennial census. The 6,671 and 7,597
units selected after the 1991 and 2001 censuses comprise the 2.4 million households participating in the
Million Death Study (1991 census: 2001-03; 2001 census: 2004—14) [9]. This sample is demographically
representative of the national population of India.

International cardiovascular epidemiological guidelines recommend using verbal autopsy to diagnose the
cause of death in low-income settings where standard death certification is unavailable [10]. A multicentre
validation study in India showed that verbal autopsy has a 75.0% sensitivity and 92.7% specificity for iden-
tifying ischemic heart disease deaths, and a 75.0% sensitivity and 95.0% specificity for identifying stroke
deaths among adults [11]. To improve classification, we restricted the deaths to age 30-69 years, as the
proportion of ill-defined deaths is greater after age 70 years (ill-defined deaths: 18% [age >70 years], <4%
[age <70 years]) [12]. Each death was investigated by one of 900 specially-trained non-medical surveyors
deployed every six months. The verbal autopsy consisted of an interview with a household member of the
deceased using a modified version of the World Health Organization questionnaire to collect demographic
and clinical information including pre-existing conditions diagnosed by a physician [2]. Surveyors were
also trained to elicit a detailed narrative of events preceding each death using a standard list of cardinal
symptoms. Each narrative was recorded in the local language and reviewed independently by two of 400
physicians, matched according to language ability. Each physician was specially trained to determine the
most probable cause of death according to strict guidelines based upon the symptoms preceding death.
Myocardial infarction was defined as an episode of severe chest pain lasting 30 minutes to 24 hours with
shortness of breath, vomiting, or left arm pain [2, 11]. Stroke was defined as sudden onset of paralysis of
one or more limbs with altered speech, loss of sensation, or loss of vision, within one month preceding
death [2, 11]. Physicians encoded each diagnosis using the International Statistical Classification of Diseases
and Related Health Problems version 10 (eTable 1). In case of disagreement, each physician anonymously
reviewed the other's diagnostic code and rationale. Persisting disagreements were adjudicated by a third
senior physician. There were extensive procedures to ensure a high quality of fieldwork and physician cod-
ing [12]. A random selection of 4043 (5%) deaths occurring in 2002—-03 were independently re-surveyed
and re-reviewed, and the results were highly consistent (test-retest odds ratio 1.0 [95% confidence interval
0.9-1.2] for ischemic heart disease and stroke) [12].

Study Design and Population

We used the proportional mortality study design, which is a variant of the case-control study [13, 14]. Cases
are those who died of an outcome of interest, and controls are those who died of a cause unrelated to the
exposure of interest. The primary exposures were physician-diagnosed hypertension and diabetes. Each of
these exposures was specifically elicited from respondents by the trained surveyors using a standardized
checklist [12]. Although these exposures may have been recalled inaccurately by some respondents, we
minimized the effect of misclassification bias by ascertaining the exposure status in an identical manner
among both cases and controls [15]. This methodology has been applied in many similar studies [14, 16,
17]. The outcomes were death due to ischemic heart disease or stroke among adults aged 30-69 years
during 2001-14 [18]. Based on our previous findings of unusually elevated stroke mortality among a clus-
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ter of states in northeastern India (Appendix), we analyzed stroke in these ‘high-burden’ states separately
from the remaining ‘low-burden’ states [2]. We defined controls as those who died of injuries (eTable 1). As
injury deaths comprised mostly of young men, we added respiratory and cancer deaths as alternative control
groups to provide more comparable age and sex distributions.

Statistical Analysis

We described baseline characteristics among the cases and controls. We used multivariable logistic regres-
sion models to measure the association of hypertension or diabetes with ischemic heart disease or stroke
mortality. We adjusted for pre-specified covariates identified based on clinical significance, including age,
sex, urban or rural residence, region, smoking, and alcohol use. We computed adjusted odds ratios (ORs)
with 99% confidence intervals (CI; as per Million Death Study conventions) separately for each control
group and for all the controls pooled together. We used these ORs to generate population attributable frac-
tions (PAFs) [19]. Given the long study duration, we tested whether the effects of hypertension and diabetes
varied by year. These interaction terms were all significant, except for diabetes in high-burden stroke states
(Appendix). We included the significant interaction terms and centred at the midpoint of the study period.
To facilitate local health planning, we also reported the main findings by state.

We conducted extensive sensitivity analyses to test the validity of our assumptions. To examine whether
cause of death misclassification may have affected the results, we repeated all analyses restricting to deaths
where both physician adjudicators immediately agreed on the cause of death category. To examine whether
diabetes and hypertension may have interacted unexpectedly, we repeated the primary analysis categoriz-
ing the exposures as diabetes alone, hypertension alone, and both diabetes and hypertension. To deter-
mine whether socioeconomic status may have meaningfully affected our findings, we repeated all analyses
adjusting for socioeconomic status quintile using district-level light emissions at night as a proxy variable
(restricted to 2001-13 based on data availability) [20]. Finally, we repeated all analyses adjusting for cluster-
ing at the district level. We also explored the association between the use of any regular medications within
five years prior to death (respondent-reported) and the study outcomes among people with hypertension
only, diabetes only, and both. Variables with unknown values were assigned to a separate category. Missing
covariate data were minimal (Table 1) and handled by complete case analysis. We used SAS version 9.4 for
all analyses. The Million Death Study was approved by the Indian Council of Medical Research. The study
protocol was approved by the research ethics boards of St. Michael’s Hospital and University of Toronto.

Results

The baseline characteristics are shown in Table 1 (eTable 2). The mean age was 55.6 (standard deviation
9.9) years for ischemic heart disease and 58.2 (9.0) years for stroke deaths. The mean age of control deaths
ranged from 46.8 (injury) to 59.8 (respiratory) years. There were more men among both the cases (ischemic
heart disease: 70.1%); stroke: 59.0%) and controls (injury: 76.6%; cancer: 55.4%; respiratory: 59.8%). Most
deaths occurred in rural areas (68.4—82.3%) at home (64.6—-82.3%). Ischemic heart disease had the highest
socioeconomic status distribution (26.7% highest quintile), and respiratory deaths had the lowest (25.6%
lowest quintile). llliteracy was most common among respiratory deaths (71.2%), while unemployment was
most common among stroke deaths (51.3%). Diabetes prevalence varied from 11.9% (high-burden stroke)
to 13.7% (ischemic heart disease) among cases, and from 2.7% (injuries) to 4.7% (cancer) among con-
trols (percentages were adjusted to match the age and sex distribution of the cases; see eTable 2 for unad-
justed percentages). Reported hypertension prevalence varied from 36.0% (high-burden stroke) to 44.6%
(ischemic heart disease) among cases, and from 5.2% (injuries) to 9.2% (respiratory) among controls. Over
half of the cases reported previous heart disease (56.3%) or a previous stroke (55.9%). Medication use was
uncommon among cases (23.6% for ischemic heart disease, 28.3% for stroke) and varied among controls
(range: 6.7% for injury, 39.6% for cancer). Bidi smoking (a local form of tobacco use) was most common
among male high-burden stroke (29.8%), cancer (32.3%), and respiratory deaths (39.5%). Alcohol use was
uncommon.

Figure 1 shows the association of hypertension and diabetes with ischemic heart disease mortality. These
ORs pertain to all controls pooled together; the results for separate control groups were all consistent in
direction (eFigures 1-3). Hypertension was associated with a six-fold increase (OR 5.9, 99% CI 5.6-6.2, p <
0.0001) in the odds of ischemic heart disease mortality. Stratified estimates revealed an inverse age gradi-
ent, with the strongest association among young adults (10.4, 8.5-12.9 for ages 30—39 years, p < 0.0001).
Geographically, the highest ORs were in the northeast (7.5, 6.1-9.3, p < 0.0001) and central (9.1, 7.9-10.5, p
< 0.0001) regions. Diabetes was associated with double the odds (1.9, 1.7-2.0, p < 0.0001) of ischemic heart
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A. Hypertension and Ischemic Heart Disease

Group 0dds Ratio (99% confidence interval) Cases Controls

S Male : | 6.0(5.6,6.4) 31,712 37,854
ex !

Female | ] 5.7(5.3,6.3) 13,518 22,595
1

30-39 | . 10.4 (8.5, 12.9) 3730 8330

Age 40-49 - 4(7.3,9.7) 7,983 10,792

(years) 50-59 ] 9 (5.4,6.5) 14,226 16,362

60-69 | [ 9(4.6,5.3) 19,291 24,965

ecid Rural | [ | 6.1(5.8,6.5) 31,752 47,489
esidence I

Urban ! ] 5.4(4.9,5.9) 13,478 12,959
1

North ! - 47(4.1,53) 7,656 8,641
1

Northeast ! . 5(6.1,9.3) 1,690 4,608

ce East : - 6(5.0,6.4) 6,533 10711
egion !

¢ South | ] 1(4.7,5.6) 16,740 16,562

West i - 1(6.1,82) 6,750 7,482

Central 1 - 9.1(7.9, 10.5) 5861 12445
1

Total [ | 5.9(5.6,6.2) 45230 60,449
t

T T T T
10 20 40 80 16

B. Diabetes and Ischemic Heart Disease

Group 0dds Ratio (99% confidence interval) Cases Controls
S Male | MW 1.8(1.6,2.0) 31,712 37,854
ex |
Female . L 3 2.0(1.7,2.3) 13,518 22,595
1
30-39 o= 6(1.0,2.5) 3730 8330
Age 40-49 E . 1.8(1.4,2.2) 7,983 10,792
(years) 50-59 | = 2.0(18,2.3) 14,226 16,362
1
60-69 . | 8(1.6,2.0) 19,291 24,965
1
' Rural | M 1.7 (1.6, 1.9) 31,752 47,489
Residence !
Urban i : 2.1(1.8,2.4) 13,478 12,959
1
North — 9(1.5,2.3) 7,656 8,641
1
Northeast |—=— 6 (1.0, 2.5) 1,690 4,608
_ Fast 1= 14 (1.1, 1.6) 6533 10,711
Region .
South 1 = 2.0(158,2.2) 16,740 16,562
West | . 7(2.2,34) 6750 7,482
Central 1 —m— 9(1.4,2.6) 5861 12,445
1
Total | 1.9 (1.7, 2.0) 45230 60,449
t T

10 20 40 80 16

Figure 1: Total and stratified estimates of the association between (A) hypertension or (B) diabetes and
ischemic heart disease mortality. Estimates are adjusted for age, sex, rurality, region, smoking, alcohol use,
and year. The area of each box is proportional to the sample size (cases and controls).

disease mortality. There were geographic differences, with the highest OR in western states (2.7, 2.2—-3.4, p <
0.0001). The remaining stratified estimates were consistent with the overall estimate.

Hypertension was similarly associated with an eight-fold increase in the odds of stroke mortality in low-
burden states (Figure 2; 7.9, 7.4-8.5, p < 0.0001), with an inverse age gradient peaking among adults aged
30-39 years (14.7, 10.6-20.3, p < 0.0001). Associations were stronger in the eastern 12.8 (10.2-16.1, p
< 0.0001) and southern (10.1, 9.0-11.3, p < 0.0001) states. Diabetes was associated with a significantly
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Figure 2: Association between hypertension (A) or diabetes (B) and stroke* mortality. The total and strati-
fied estimates are adjusted for age, sex, urban/rural residence, region, smoking, alcohol use, and year. The
area of each box is proportional to the sample size (cases and controls).

* These results pertain to the low-burden states; see Figure 4 for the high-burden states.

increased odds of stroke mortality (1.6, 1.4—1.7, p < 0.0001), with generally consistent estimates across
strata. Findings in high- and low-burden states appeared mostly similar, but stratification by region revealed
far higher ORs for hypertension in the northeast (14.0, 11.6—17.0, p < 0.0001) compared with the east (4.7,
4.1-5.4, p < 0.0001) and central (5.5, 2.5-12.1, p < 0.0001) high-burden states (eFigure 4).

Figure 3 shows the estimated PAFs from the beginning to the end of the study. Hypertension was asso-
ciated with increasing PAFs over time for ischemic heart disease mortality (total: 31.5%, 2012—14), with a
greater increase in rural versus urban areas. By contrast, hypertension was associated with decreasing PAFs
over time for stroke mortality in the low-burden states (total: 33.9%, 2012—14), with a greater decrease in
urban versus rural areas. Diabetes was associated with relatively lower PAFs (1.7-7.5%) with variable trends
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Figure 3: Population attributable fractions (%) for (A) ischemic heart disease and (B) stroke* during the
beginning (2001-03) and end (2012-14) of the study period. Blue bars represent hypertension; red bars
represent diabetes.

* These results pertain to the low-burden states; see Figure 5 for the high-burden states.

over time. PAFs in high-burden states were generally similar to low-burden states (eFigure 5). Additional
analyses categorizing the exposures as diabetes alone and hypertension alone resulted in similar ORs to the
main analysis, and the combination of diabetes and hypertension was associated with similar ORs compared
to hypertension alone (eFigure 4). ORs varied in magnitude across states (eTable 3). The remaining sensitiv-
ity analyses were consistent with the main analysis (eFigures 6—17). In an exploratory analysis, respondent-
reported medication use was associated with decreased ischemic heart disease and stroke (high-burden)
mortality among people with hypertension (eFigure 18, eTable 4).

Discussion

In this nationally-representative study, we revealed that hypertension is associated with an unexpectedly
high burden of cardiovascular disease in India, with six- to eight-fold elevations in the odds of ischemic
heart disease and stroke mortality across urban and rural areas. Furthermore, we revealed that hypertension
contributes to an increasing proportion of ischemic heart disease deaths and a decreasing proportion of
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stroke deaths—a novel finding suggesting that the changing burden of hypertension has likely shaped the
divergent patterns in cardiovascular mortality over the past two decades. Moreover, there was considerable
heterogeneity across regions, with relatively strong associations between hypertension and stroke in the
northeastern states, which may require targeted interventions. Compared to high-income countries, these
results emphasize the especially important role of hypertension in shaping cardiovascular outcomes across
India. Diabetes was associated with up to double the odds of mortality due to ischemic heart disease and
stroke, which is consistent with evidence from other countries. These real-world findings suggest that bet-
ter management of hypertension and diabetes is urgently required in low- and middle-income countries to
reduce premature cardiovascular mortality, especially from ischemic heart disease.

Hypertension was associated with six to eight times the odds of cardiovascular mortality—a particularly
strong relationship compared with the international Prospective Urban Rural Epidemiology study (PURE;
hazard ratio 1.9 [1.6-2.2] for cardiovascular mortality in low-income countries, mostly [78.8%] from India)
and other small, local studies [4-6]. The reason for these differences is unknown, but disparities in blood
pressure control, cardiovascular event incidence, and case fatality rates likely play a role. Every 20 mm Hg
increase in systolic blood pressure doubles the risk of ischemic heart disease mortality and more than dou-
bles the risk of stroke mortality [21]. However, only 7.9% (7.6-8.3%) of Indians with hypertension have
adequate blood pressure control—a rate that is much lower than high-income countries and similar to other
low- and middle-income countries [22—-24]. Better rates of hypertension control among the Indian and low-
income country participants of the PURE study (12.7-23.4%) suggest that selection bias in PURE likely
resulted in lower hazard ratios [25]. Furthermore, the INTERSTROKE case-control study of 22 low- to high-
income countries reported that hypertension was a stronger risk factor for stroke incidence among South
Asians (OR 3.9, 99% CI 3.1-4.9) than Europeans (2.0, 1.6—2.5)—a finding supported by multiethnic studies
of South Asians in high-income countries [4, 26]. Finally, gaps in treatment and health services likely con-
tribute to higher case fatality rates in India than in high-income countries [7].

Furthermore, the PAFs of hypertension diverged strikingly over time for ischemic heart disease and stroke
deaths, and these differences likely explain the divergent trends in cardiovascular mortality that we prev-
iously reported [2]. The magnitude of the PAFs of hypertension and diabetes that we observed appeared
higher and lower respectively than those reported for overall cardiovascular deaths across all countries in
the PURE study (results for India not specifically reported) [5], although these comparisons should be inter-
preted with caution due to methodological differences across studies [27]. For hypertension and ischemic
heart disease, the PAF increased in rural areas more than in urban areas, which corresponds with the rapidly
rising ischemic heart disease mortality rates in rural areas [2]. Conversely, the PAFs for stroke dropped more
in urban than in rural areas, which is consistent with stroke mortality rates dropping faster in urban than
rural areas [2]. However, it is unclear why these PAFs changed in different directions for ischemic heart dis-
ease and stroke. While the prevalence of hypertension appears to be generally rising in India [28], it is well-
established that severe hypertension is a stronger risk factor for stroke than for ischemic heart disease [29],
and the frequency of severe hypertension may decrease with economic development [30].

Our study is also the first to demonstrate important differences in the association between hypertension
and cardiovascular outcomes across states, with especially strong associations between hypertension and
stroke in Andhra Pradesh (a southeastern state with a human development index similar to Nicaragua;
29.2, 22.4-38.0), Assam (a northeastern state with a human development index similar to Bangladesh;
23.6, 17.3-32.2), and the other northeast states (9.3, 7.2-11.9). In Assam, high salt intake may also cause
more severe or uncontrolled hypertension [31], which likely increases stroke risk [29]. Despite the strong
associations of hypertension and stroke in the high-burden states, the PAFs for these states appeared similar
to the rest of the country. Further study is required to understand how other risk factors might explain the
disproportionately high stroke mortality rates reported in these states [2].

By contrast, diabetes was associated with double the odds of ischemic heart disease death and 1.2 to 1.6
times the odds of stroke death. These results are lower than the rate ratios reported in high-income coun-
tries (overall cardiovascular mortality: 2.2, 2.0-2.3) [32], low-income countries (2.1, 1.8-2.6) [5], as well as in
China and Mexico for ischemic heart disease (China: 2.4, 2.2-2.6 [33]; Mexico: 3.7, 3.2—4.2 [34]) and stroke
mortality in particular (China: 2.0, 1.8-2.2; Mexico: 3.5, 3.0-4.2). In some, but not all [35], multiethnic stud-
ies from high-income nations [36], Indian or South Asian ethnicity is associated with a similar or lower haz-
ard of cardiovascular complications or mortality after diabetes diagnosis relative to Europeans [37]. Other
studies from high-income nations have shown that diabetes is associated with an approximately 50% higher
risk of cardiovascular mortality among women than men [32, 38—39]. Interestingly, we observed that dia-
betes was associated with similar odds of cardiovascular mortality among men and women—a finding also
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described in Mexico [34]. In India, only 20.8% of men and 29.6% of women with diabetes achieve glycemic
control [40]. Relatively better glycemic control among Indian women might stem from gestational diabetes
management practies [40]. However, glycemic control among Mexican women appears to be similar to or
worse than Mexican men [34, 41]. Further research is needed to investigate how sex influences cardiovascu-
lar disease among Indians [42, 43].

Strengths and Limitations

This study provides the first nationally representative evidence directly characterizing the relationship
between hypertension and diabetes with cardiovascular mortality in India. Our large sample allowed us to
characterize important subnational variations using a statistically efficient proportional mortality methodol-
ogy, and the long study duration yielded informative insights into the changing burden of hypertension and
diabetes over time. The rigorous study protocol, extensive quality control measures, and consistent sensitiv-
ity analyses support the validity of our findings. However, there are some limitations to note. Undiagnosed
hypertension was likely more common among the apparently healthy injury controls, thus resulting in
higher ORs. Nevertheless, we included respiratory and cancer deaths as additional controls to ensure a bal-
anced age and sex distribution, and the majority of pooled controls had previously been assessed by a physi-
cian for various conditions, thus reducing the possibility of exposure misclassification bias. We lacked blood
pressure and laboratory data, and we cannot rule out the presence of residual confounding by unmeasured
variables or recall bias. We had no autopsy or neuroimaging data because most deaths occurred at home.
However, verbal autopsy is a reliable and accurate method that is widely recommended for use in low-
income countries by international cardiovascular guidelines [10—-12], and our sensitivity analysis restricted
to deaths where both physicians immediately agreed on the cause of death showed similar results.

Conclusions

In summary, our study illustrates how hypertension and diabetes contribute to the divergent trends in ischemic
heart disease and stroke mortality in India [2]. Achieving the United Nations Sustainable Development Goal to
reduce cardiovascular mortality by one third will require substantial expansion of services for hypertension and
diabetes in India by continued investment in the upgrading and construction of 150,000 Health and Wellness
Centres to improve primary care services, and by addressing treatment delays arising from lack of awareness
[22], inequitable access to health care services, and high drug costs. Considering the low rates of preventive
medication use that we and others have reported previously [2, 22], future policies to strengthen health sys-
tems and empower primary care providers and non-physician health workers will be required to achieve uni-
versal health care and reduce the disproportionate burden of cardiovascular disease in India [28].
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