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Abstract

Background—The World Health Organization (WHO) aims to reduce mortality from chronic 

diseases including cardiovascular disease (CVD) by 25% by 2025. High blood pressure (BP) is a 

leading CVD risk factor. We sought to compare three strategies for treating BP in China and India: 

a treat-to-target (TTT) strategy emphasizing lowering BP to a target, a benefit-based tailored 

treatment (BTT) strategy emphasizing lowering CVD risk, or a hybrid strategy currently 

recommended by the WHO.

Methods and Results—We developed a microsimulation model of adults aged 30–70 years old 

in China and in India to compare the two treatment approaches across a 10-year policy-planning 

horizon. In the model, a BTT strategy treating adults with a 10-year CVD event risk ≥10% used 

similar financial resources but averted about 5 million more DALYs in both China and India than 

a TTT approach based on current U.S. guidelines. The hybrid strategy in current WHO guidelines 

produced no substantial benefits over TTT. BTT was more cost-effective at $205–$272/ DALY 

averted, which was $142–$182 less per DALY than TTT or hybrid strategies. The comparative 

effectiveness of BTT was robust to uncertainties in CVD risk estimation or to variations in the age 

range analyzed, the BTT treatment threshold, or rates of treatment access, adherence, or 

concurrent statin therapy.

Correspondence: Sanjay Basu, MD, PhD, Department of Medicine, Stanford University, Medical School Office Building, X322, 
1265 Welch Road, Mail Code 5411, Stanford, CA 94305-5411, Phone: 415-881-7030, Fax: 650-725-6247, basus@stanford.edu. 

Disclosures: None.

HHS Public Access
Author manuscript
Circulation. Author manuscript; available in PMC 2017 March 01.

Published in final edited form as:
Circulation. 2016 March 1; 133(9): 840–848. doi:10.1161/CIRCULATIONAHA.115.019985.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions—In model-based analyses, a simple BTT strategy was more effective and cost-

effective than TTT or hybrid strategies in reducing mortality.
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The World Health Organization’s General Assembly has adopted a target of reducing 

chronic disease mortality, including mortality from cardiovascular disease (CVD), by 25% 

by 2025 among adults 30 to 70 years old.1 Achieving such a large reduction in CVD 

mortality will likely require more extensive blood pressure (BP) treatment, as high BP is a 

leading modifiable risk factor for CVD mortality.2 Particularly in rapidly-developing 

countries that face the greatest burden of CVD, a key question is how to maximize CVD 

mortality reduction within limited budgets.

Most international BP treatment guidelines are based on U.S. or European guidelines. U.S. 

guidelines have emphasized a “treat-to-target” (TTT) strategy, in which BP therapy is 

titrated until blood pressures fall below a threshold (i.e., ≤140/90 mmHg).3 Conversely, 

European guidelines have emphasized a “benefit-based, tailored” treatment (BTT) strategy 

in which BP therapy is initiated for patients with high estimated CVD risk (i.e., for 

myocardial infarctions [MI] or strokes).4 Both US and European guidelines acknowledge 

that treating high BP is not to lower BP values per se, but to reduce CVD events. The World 

Health Organization (WHO) has proposed a hybrid approach that recommends treating 

patients with both high CVD risk and high BP levels (Figure 1),5 and has distributed “risk 

charts” to aid clinicians.6

Here, we sought to compare population benefits and cost-effectiveness of BTT, TTT, and 

hybrid strategies, using data from China and India—two countries expected to face the 

greatest burden of CVD deaths over the next decade.7

Methods

Study design

We developed and validated two microsimulation models (one for China, one for India; 

Supplemental Figure 1). Microsimulation models estimate risk among individuals by 

repeatedly sampling from correlated probability distributions of risk factors to capture the 

distribution of risk and treatment benefit among diverse populations. The models simulated 

nationally-representative populations of adults 30–70 years old in each country; each 

individual was characterized by age, sex, location (urban/rural), blood pressure treatment 

access, systolic and diastolic blood pressure, total cholesterol, history of diagnosed diabetes, 

and current tobacco smoking. As detailed in the Supplemental Material, individuals were 

assigned these features using a multivariate sampling algorithm for each country, accounting 

for demography-specific risk factors, their inter-correlations and trends.8 We calculated the 

10-year risk of MI or stroke for each individual before and after BP treatment using the 

WHO risk equations, which overcome ethnic biases in traditional risk equations through 

regional calibration.6,9
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We then applied each of three alternative treatment strategies: (1) a TTT strategy based on 

current U.S. guidelines, targeting BP <150/90 mmHg (or <140/90 mmHg if having diabetes 

or being younger than 60 years old);3 (2) a simple CVD risk-based BTT strategy based on 

current UK guidelines,10 recommending treatment for a 10-year combined risk of MI and 

stroke ≥10% (where the 10% threshold was chosen because it approximately matches the 

budget expenditure for the TTT strategy, for fair comparison); and (3) the hybrid approach 

recommended in current WHO guidelines (Figure 1).5 For each treatment strategy, we 

estimated the reduction in CVD morbidity (in MI and stroke events, and disability-adjusted 

life years, DALYs) and mortality over a 10-year policy-planning horizon. A DALY is a 

standard measure of health, where one DALY refers to the loss of one year of healthy life. 

The number of DALYs lost to a disease are calculated as the sum of the years of life lost due 

to premature mortality, plus the sum of years of life lived with disability due to the 

disease.11 To produce fair comparisons, the same proportion of the population is assumed to 

have access to treatment, and the same proportion is assumed to adhere to treatment, in our 

simulations of the TTT, BTT, and hybrid strategies. In sensitivity analyses, we explored 

variations in treatment strategies, CVD risk estimation, treatment access, adherence, and 

concomitant statin treatment.5

Data sources

Input parameters to the model are summarized in Table 1.11–23 Three types of input data 

were incorporated into the models: demographic, population risk factor, and treatment effect 

data. Population-level demographic data for the simulations (age, sex, and urban/rural 

location) were obtained from the United Nations (Supplemental Tables 1 and 2).24 

Population CVD risk factor distributions and their inter-correlations were obtained from the 

WHO Study on Global Aging and Adult Health (SAGE)12 and associated country-specific 

data sources such as the China Health and Nutrition Survey25 (Supplemental Tables 3–13). 

Estimates of the BP reduction achieved through pharmacologic therapy were obtained 

through a comprehensive meta-analysis of BP reduction by medication class, assessed from 

randomized trials (ranging from 7.9 to 9.9 mmHg of systolic BP reduction from standard 

doses of each drug, Table 1);13 a PubMed database search using the terms “systematic 

review” and “blood pressure treatment” found no more recent estimates that would alter 

these estimates.

We applied the effect of BP medication to the subset of the population having access to 

treatment according to the most recent WHO survey (ranging from 65% to 84% access 

among subpopulation cohorts, Table 1)12. We also applied the treatment benefit to the 

subset of the population who typically adhere to BP treatment, which was estimated by 

conducting a PubMed search using the terms “adherence” and “blood pressure treatment”, 

revealing three relevant estimates (averaging ~50% adherence, Table 1).14–16 For those 

treated and adhering, we applied the relative risk reduction from BP reduction estimated in 

three meta-analyses and one cost-effectiveness analysis including meta-regression of 

randomized trials quantifying blood pressure treatment effectiveness by age (ranging from 

relative risks of 0.79 to 0.89 across age groups for a 5 mmHg reduction in systolic BP, Table 

1); through a PubMed database search using the terms “systematic review” and “blood 
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pressure treatment”, no more recent estimates were found that would alter these estimates 

(Table 1).17–20

Treatment approaches

Therapy was prescribed per the algorithms depicted in Figure 1, based on the systolic and 

diastolic averages of two clinically-observed blood pressure measurements, simulated by 

applying a coefficient of variation of 0.09 per measurement to each individual’s untreated 

systolic and diastolic blood pressure to reflect measurement error and biological 

variation.26,27 Choice and dose of drug therapy followed WHO guidelines (see 

Supplemental Material).5 We accounted for the lower blood pressure reduction achieved 

from the third or fourth medication (16% lower) added to the first or second medication in a 

series,28,29 and variation in treatment response (3%).30 As shown in Figure 1, the BTT 

algorithm included the recommended strategy of having a minimum safe level of systolic 

blood pressure below which therapy should not be prescribed regardless of the risk 

calculation (clinically-observed systolic BP <120 mmHg), to avoid possibly increased 

mortality below this level.31

In each year of the simulation, individuals potentially experienced CVD events (MI or 

stroke) based on their calculated risk estimates from the WHO risk equations, which make 

use of the estimated relative risk of CVD events from systolic and diastolic blood pressure, 

total cholesterol, history of diagnosed diabetes, current tobacco smoking, and a prior history 

of MI or stroke (risk factors chosen because of data availability in developing countries; 

Supplemental Table 14). Individuals survived or died based on their demographic-specific 

case fatality rate, capturing local treatment infrastructure and quality (Supplemental Table 

12), and were additionally subject to non-CVD mortality using a competing risks algorithm 

(Supplemental Table 13).32 The microsimulation used discrete-time annual probabilities of 

CVD events and incorporated annually-updated continuous risk factors adjusted for age-

related and secular trends, as detailed in the Supplemental Material. To check the convergent 

validity of the model prior to conducting simulations, we ensured that our projected 

estimates of demographic size were within 5% absolute error of the United Nations 

estimates,24 and that projected estimates of CVD mortality had <5% absolute error from the 

most recent projections by age, sex, and location from the Global Burden of Disease Project 

(Supplemental Figure 2).33

Cost-effectiveness analysis

Because data on non-medical costs (i.e., lost work hours) were unavailable, we used a 

medical perspective for cost-effectiveness analysis, including costs of pharmaceuticals and 

medical service delivery for patients and other payers (Table 1). The costs include screening 

and monitoring at the frequencies observed among patients receiving BP drugs in each 

country, including laboratory costs, personnel costs, overhead expenses, and costs of MI and 

stroke in the year of the event as well as in subsequent years (e.g., rehabilitation).11,22 For 

the BTT and hybrid strategies, we included costs of both cholesterol and diabetes testing for 

those patients who have not yet received such testing (costs shown in Table 1); for the TTT 

strategy, only persons who do not meet treatment criteria for therapy based on age or blood 

pressure alone also incurred costs of diabetes testing. Drug costs included standard doses for 
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generic (off patent) drugs at doses recommended in the WHO essential medicines list (Table 

1).21,34

Disability weights for MI and stroke were obtained from the Global Burden of Disease 

Project35 (Supplemental Tables 14–16). We also included the disutility of receiving 

pharmacotherapy (0.001 per pill per year),36 and an additional probabilistic disutility (0.01 

per person per year) for patients who incur significant side-effects conditional on age, drug 

and dosage (Table 1).13 All costs were expressed in 2015 US Dollars; cost-effectiveness 

ratios compared to the counterfactual of no treatment were calculated after discounting both 

costs and DALYs at a 3% annual rate and compared to the threshold for cost-effectiveness 

of three-times the gross national index per person ($7,380 in China and $1,610 in India) per 

DALY averted.11,37 Consistent with WHO guidelines, we estimated DALYs and costs that 

would accumulate over the life-course of each person alive or born during the period 2016–

2025.11

Alternative treatment strategies and sensitivity analyses

In further analyses, we varied the risk threshold for treatment in the BTT strategy to 15%, or 

to 5% among adults <60 years old; lowered the threshold for BP therapy down to a systolic 

BP of 120mmHg for all persons under the TTT strategy, given results of the Systolic Blood 

Pressure Intervention Trial (SPRINT);38 simulated a 5% rise in access or adherence to 

therapy; modified the BTT strategy to incorporate a “safety valve” of treating everyone with 

systolic BP>150mmHg; increased the upper age for analysis to 85 years; and simulated 

concurrent statin therapy prescribed per WHO guidelines.5,23

In probabilistic sensitivity analyses, we repeated all simulations 10,000 times while 

simultaneously sampling from normal distributions estimated from the means and standard 

deviations of all input parameters, including the CVD risk estimation coefficients, to 

estimate means and standard deviations around all results. The number of iterations was 

chosen as 10,000 as this level of repeated sampling generated stable standard deviation 

estimates to within rounding error. The models were implemented in R (version 3.1.2, R 

Foundation for Statistical Computing, Vienna).

Results

At current treatment access levels, the TTT strategy (Table 2) would recommend treatment 

for 9.0% of 30 to 70 year olds in China (64.4 million people, 95% CI: 63.0–65.9) and 11.0% 

in India (54.9 million people, 95% CI: 53.9–55.9). 81.9% of those recommended for 

treatment in China and 71.4% of those recommended for treatment in India would receive 1 

to 2 medications, with a mean of 1.8 medications per person treated in China and 2.2 in 

India. At 50% medication adherence, 1.1 million MI and stroke events would be averted in 

China (95% CI: 1.0–1.2 million) and 0.8 million in India (95% CI: 0.7–0.9 million), saving 

8.2 million DALYs in China (95% CI: 7.5–8.9) and 6.5 million in India (95% CI: 6.1–6.9). 

While CVD risk was higher in India than in China, fewer events were prevented in India 

given lower treatment access. The costs of TTT would be $3.6 billion in China for a cost-

effectiveness ratio of $435.9 per DALY averted (95% CI: $390.4–$480.8), and $2.6 billion 

in India for a cost-effectiveness ratio of $399.2 per DALY (95% CI: $352.2–445.7). The 
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TTT strategy would avert 391.8 thousand deaths in China (a 4.0% reduction, 95% CI: 3.7–

4.4%) and 325.0 thousand deaths in India (a 3.3% reduction, 95% CI: 3.2–3.6%).

By contrast, the BTT strategy (Table 2) would recommend treatment to fewer people, 5.4% 

of 30 to 70 year old adults in China (38.7 million, 95% CI: 27.2–50.1, 25.7 million fewer 

than TTT) and 6.6% in India (32.9 million, 95% CI: 21.0–44.9, 22.0 million fewer than 

TTT). Among those treated, however, a greater number of medications would be prescribed 

per person; on average, 2.8 medications in China (1.0 more than under TTT), and 3.0 in 

India (0.8 more than under TTT). The BTT strategy would avert more CVD events and 

deaths: 0.8 million more MIs and strokes prevented in China (95% CI: 0.5–1.1) and 0.8 

million more in India (95% CI: 0.5–1.0) than with TTT, and 298 thousand more deaths in 

China (a 7.0% reduction, 95% CI: 5.5–8.4%) and 317 thousand more deaths in India (a 6.4% 

reduction, 95% CI: 4.9–8.0%). The treatment costs of BTT would be $3.7 billion in China 

for a cost-effectiveness ratio $281.0 per DALY averted in China (95% CI: $246.1–317.9), 

and $2.4 billion in India for a ratio of $213.6 per DALY averted (95% CI: $187.3–242.5). 

The hybrid strategy would avert similar numbers of events and DALYs to the TTT strategy, 

at a similar cost, but reduce the number of people on treatment by between one-third and 

one-half (Table 2). Supplemental Figure 3 provides breaks down the three treatment 

algorithms to detail which subpopulations are differentially treated by them in each country.

Because many people would be treated similarly under different strategies, it is informative 

to examine effectiveness and efficiency for those people treated differently by the three 

approaches. We estimated the cost-effectiveness of treatment among patients who would be 

treated most intensively by BTT and the cost-effectiveness of treatment among those who 

would be most intensively by TTT. The population who would be treated most intensively 

by one approach refers to the group prescribed more antihypertensive medications under that 

approach than under the alternative treatment approach. We identified this population in the 

analysis by tracking the number of medications prescribed to each simulated individual 

under both of the alternative treatment strategies. As shown in Table 3, the cost-

effectiveness for those who would be treated most intensively by BTT was much better in 

both countries—at $271.7/DALY, versus $438.2 for those who would be treated most 

intensively by TTT in China, and $192.9/DALY for BTT in India, versus $404.4/DALY for 

TTT. In China, despite almost 28 million fewer people being treated most intensively by 

BTT than by TTT (36.6M vs. 62.3M, respectively), the group most intensively treated by 

BTT would have over 65% more total DALYs averted (12.4M vs. 7.4M). Similarly, in 

India, 22 million fewer people would be treated most intensively by BTT than by TTT 

(28.8M vs. 50.8M), yet the group most intensively treated by BTT would have roughly 

twice as many total DALYs averted (10.0M vs. 5.1M). Those most intensively treated by 

BTT would also use pharmacotherapy more efficiently than the TTT strategy (~22 more 

DALYs per 1000 person-years of pharmacotherapy in China, and ~25 more DALYs per 

1000 person-years in India; Table 3). Those treated most intensively by the hybrid strategy 

would have lower total DALYs saved and cost-effectiveness than the BTT group. 

Supplemental Figure 4 illustrates incremental cost-effectiveness plots of BTT versus the two 

other treatment strategies.
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Detailed subgroup analyses (Supplemental Table 17) revealed that TTT strategy would more 

intensively treated younger people and people with CVD event risks of less than 5% over 10 

years in both China and India. The hybrid strategy would also be more likely than the other 

strategies to focus therapy in people with diabetes. Supplemental Table 18 provides 

characteristics of persons averted from a CVD event across strategies, while Supplemental 

Table 19 provides examples of patients who would be treated differently under each 

strategy.

Alternative treatment strategies and sensitivity analyses

Lowering the risk threshold for BTT treatment from 10% to 5% for persons <60 years old 

would increase the total DALYs averted from 13.2 to 19.4 million in China and from 11.4 to 

12.9 million in India, and the total number of CVD deaths averted from 684.6 thousand to 

1.05 million in China and 634.4 thousand to 788 thousand in India, but worsen the cost-

effectiveness ratio to $406/DALY in China and $278 in India—still better than TTT or 

hybrid strategies (Supplemental Table 20).

Lowering the target for TTT strategy to a systolic blood pressure of 120mmHg or less for all 

persons would increase DALYs averted by 3- to 4-fold in proportion to the larger population 

treated, but at a worse cost-effectiveness ratio (to $542/DALY averted in China, 95% CI: 

$453–626; and $490/DALY averted in India, 95% CI: $405–573) (Supplemental Table 21). 

The same budget and cost-effectiveness ratio would be achieved by lowering the BTT 

threshold to 3.1% in China and 2.4% in India (Supplemental Table 21). Over and above the 

BTT strategy of treating <60 year olds for a risk of at least 5% and ≥60 years old for a risk 

of at least 10%, the incremental gains of treating to a target systolic blood pressure of 

120mmHg would have a cost-effectiveness of $2,400 per DALY averted in China and 

$1,300 per DALY averted in India.

Conversely, raising the BTT treatment initiation threshold to 15% for all adults would 

reduce the benefits of BTT substantially, and also worsen cost-effectiveness ratios as 

compared to the 10% threshold scenario, but the cost-effectiveness ratios were nevertheless 

still be better than the TTT or hybrid strategies (Supplemental Table 22).

Expectedly, improving treatment access and adherence would substantially improve each 

treatment strategy’s absolute benefits. A 5 percentage point increase in treatment access 

would increase the number of deaths averted by 1–9% in China and 12–24% in India 

compared to the baseline estimates, while not significantly impacting the relative benefits or 

cost-effectiveness among strategies (Supplemental Table 23). A 5 percentage point increase 

in adherence would increase the number of deaths averted by between 8% and 28% in either 

country, without significantly impacting the relative benefits or cost-effectiveness among 

strategies (Supplemental Table 24).

Including a “safety valve” in the BTT strategy by treating everyone with systolic 

BP>150mmHg would increase the BTT strategy’s comparative effectiveness, averting ~25% 

more deaths than in the baseline assessment, but required treating 53% of people more 

intensively (Supplemental Table 25).
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Similarly, expanding the age range for analysis to 30 to 85 years old would increase the 

comparative effectiveness of BTT given the higher risk among older adults, reducing 

numbers of CVD deaths by two (India) to five (China) times the baseline assessment when 

accounting for the large population of older adults without significantly worse cost-

effectiveness (Supplemental Table 26). This assumes the benefit of treatment and of a life-

year remains consistent as people age.

Including access to statins (Supplemental Table 27) would reduce the benefits of all three 

hypertension treatment strategies by only 1–4% from the baseline assessment; some CVD 

deaths previously averted by hypertensive therapy were instead averted by the statin therapy, 

and total CVD deaths averted increased by ~21%.

In addition to our pre-specified sensitivity analyses, we performed a post-hoc examination to 

find the level of adherence to BTT that would maintain its comparative advantage over TTT 

and hybrid strategies. If TTT and hybrid strategies maintained 50% adherence, the BTT 

strategy would still be superior in terms of overall DALYs, mortality and cost-effectiveness 

if adherence to BTT were as low as 26% in China and 21% in India.

Discussion

We found that a simple BTT strategy was always more effective than currently 

recommended TTT strategies in reducing CVD events and mortality in both China and 

India, even when accounting for uncertainties in CVD risk estimation, BP levels, other risk 

factors, treatment access and adherence, and concurrent statin therapy. BTT’s relative 

advantage was achieved by treating high-risk, high-benefit individuals more intensively. 

Further, the total DALYs saved by BTT can be greatly improved, without a substantial loss 

in cost-effectiveness, by lowering the treatment initiation threshold in those <60 years old 

from a 10% to a 5% 10-year CVD risk. We estimate that this strategy on its own could 

achieve over one third of the WHO’s CVD mortality target. BTT’s comparative benefits 

require maintaining adherence to a greater pill burden, but adherence would need to be much 

worse to fully negate its greater benefits. Surprisingly, the hybrid strategy in current WHO 

recommendations did not succeed in combining the relative advantages of TTT and BTT, 

but minimally improved upon the TTT approach. The hybrid strategy concentrated therapy 

in population subgroups such as people with diabetes, but also treated such individuals only 

at higher levels of BP, reducing the overall population benefits of BP therapy.

As with any model-based analysis, our results are limited by assumptions and input data. 

First, our analysis used WHO risk equations, which are the basis for global 

recommendations and are regionally calibrated. Some alternative risk scores do not require 

laboratory data,39 but require sparsely-available dietary and physical activity data. Second, 

our sensitivity analyses found substantial improvements in total deaths averted if those age 

70 to 85 are also treated with BTT, but older adults often require more nuanced clinical 

judgment than can be easily modeled. Our analysis also focused on the two outcomes of MI 

and stroke, which reflect over 90% of BP-associated outcomes,2 and have parallel 

relationships to BP as other outcomes such as renal disease.40–42 Hence, our analysis does 

not reflect all-cause benefits of BP treatment, but rather addresses the question of relative 
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benefits among the treatment strategies. Finally, we were only able to account for medical 

costs of treatment and not larger societal costs (such as lost work) from CVD, which could 

lead to conservative estimates BP therapeutic benefits.

Despite these needs for future research, our study revealed that a simple BTT strategy may 

greatly increase population health benefits and improve the cost-effectiveness of BP 

treatment in the two middle-income countries facing the greatest total burden of CVD – 

China and India. Achieving the Sustainable Development Goal of reducing chronic disease 

globally would be better advanced through a BTT strategy than alternative TTT and hybrid 

strategies currently suggested in common guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

In May 2012, the World Health Organization’s (WHO) General Assembly adopted a 

target of reducing cardiovascular disease (CVD) mortality by 25% by 2025, setting the 

template for the global “Sustainable Development Goals”. Achieving such a large 

reduction in CVD mortality will likely require more extensive blood pressure (BP) 

treatment. Particularly in rapidly-developing countries, a key question is how to achieve 

the greatest CVD mortality reduction within limited budgets. Here, we sought to compare 

the population benefits and cost-effectiveness of three alternative proposed strategies to 

treat high BP, using data from China and India on treatment access, BP levels, and other 

risk factors for CVD. Our research, which uses a modeling strategy, found that a simple 

treatment approach using calculations of CVD risk to inform treatment decisions was 

more effective and cost-effective than the common strategy of using BP levels to decide 

treatment. The risk-based approach recommends treatment for patients with a 10-year 

combined risk of myocardial infarction and stroke of at least 10%. We also found that the 

current WHO guidelines were worse than the simple risk-based approach; these 

guidelines recommend treating individuals with high CVD risk (≥30% risk over 10 years) 

to a BP of <130/80 mmHg, and individuals with lower risk (20–30% over 10 years) to 

BP <140/90 mmHg. Even with poor treatment adherence, the risk-based approach to BP 

treatment could on its own succeed in achieving between one-quarter and one-third of the 

CVD mortality goal set by the WHO.
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Figure 1. 
Treat-to-target (TTT, left), benefit-based tailored treatment (BTT, middle), and hybrid 

(right) alternatives. The hybrid strategy is from the World Health Organization (WHO) 

guidelines for hypertension treatment.5 10-year risks in calculated via the WHO risk 

equations.6 CVD: cardiovascular disease; BP: blood pressure; SBP: systolic blood pressure. 

All blood pressure treatment targets are in units of mmHg.

Basu et al. Page 14

Circulation. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 15

Table 1

Input parameters for the model. 95% confidence intervals are in parentheses.

Parameter China data India data Source(s)

Population with 
access to blood 
pressure treatment (%)

Urban 84%, rural 81% Urban 74%, rural 65% World Health Organization12

Systolic blood 
pressure reduction 
from standard doses of 
each drug (mmHg)*

Thiazide: 8.8 (8.3–9.4);
Angiotensin converting enzyme inhibitors: 8.5 (7.9–9.0);
Calcium channel blockers: 8.8 (8.3–9.2);
Beta-blockers: 9.2 (8.6–9.9)

Meta-analysis of randomized trials13

Diastolic blood 
pressure reduction 
from standard doses of 
each drug (mmHg)*

Thiazide: 4.4 (4.0–4.8);
Angiotensin converting enzyme inhibitors: 4.7 (4.4–5.0);
Calcium channel blockers: 5.9 (5.6–6.2);
Beta-blockers: 6.7 (6.2–7.1)

Meta-analysis of randomized trials13

Population prescribed 
blood pressure 
treatment who adhere 
to treatment (%)

50% (varied in sensitivity analyses) Observational cohort studies14–16

Relative risk of 
myocardial infarction 
from each mmHg of 
systolic blood 
pressure reduction

RRMI = 2α×(β1γ2+β2γ+β3),
where α = post-treatment minus pre-treatment blood pressure in mmHg 
(i.e., a negative number),
β1 = −1.1009×10−5,
β2 = 8.6305×10−4,
β3 = 3.5176×10−2,
γ = age in years.

Risk function derived previously17 from 
meta-analysis of randomized trials (R2 = 
0.995 for MI and 0.997 for stroke),18 

validated against independent meta-
analyses (<5% absolute difference)19,20

Relative risk of stroke 
from each mmHg of 
systolic blood 
pressure reduction

RRstroke = 2α×(β1γ2+β2γ+β3),
where α = post-treatment minus pre-treatment blood pressure in mmHg 
(i.e., a negative number),
β1 = −2.5946×10−5,
β2 = 2.3052×10−3,
β3 = 2.2168×10−2,
γ = age in years.

Cost of standard doses 
of each drug (2015 
$US/person/year)*

Thiazide: $1.6 ($1.2–$2.0);
Angiotensin converting enzyme inhibitors: $6.0 ($3.0–$10.3);
Calcium channel blockers: $9.2 ($5.7–$13.7);
Beta-blockers: $3.8 ($2.6–$6.0);
Statin: $19.4 ($8.4–$30.4)

International Drug Price Indicator 
Guide21

Cost of medical 
services including 
patient-borne costs 
(2015 $US/person/
year)

Blood pressure therapy annual care: $12 ($8–$16);
MI event: $645 ($363–$927);
Post-MI annual care: $79 ($73–$86);
Stroke event: $883 ($543–$1,223);
Post-stroke annual care: $795 ($548–$1,041);
Diabetes testing (fasting blood glucose): $2 ($1–$3);
Lipid testing (total cholesterol): $1 ($0.5–$2)

Prior cost estimates updated to 2015 
USD11,22

Rate of adverse side-
effects attributable to 
treatment from 
standard doses of each 
drug (%)*

Thiazide: 9.9% (6.6–13.2%);
Angiotensin converting enzyme inhibitors: 3.9% (0.5–8.3%);
Calcium channel blockers: 8.3% (4.3–11.8%);
Beta-blockers: 7.5% (4.0–10.9%)

Meta-analysis of randomized trials13

Relative risk reduction 
when adding statin 
therapy

25% for MI, 19% for stroke Meta-analysis of randomized trials23

*
Standard doses for thiazide is hydrochlorothiazide 25mg, for angiotensin converting enzyme inhibitor is enalapril 5mg, for calcium channel 

blocker is amlodipine 5mg, for beta-blocker is atenolol 50mg, and for statin is simvastatin 20mg.
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Table 3

Relative efficiency of the treat-to-target (TTT), benefit-based tailored treatment (BTT), or hybrid approach 

(based on current World Health Organization guidelines), utilizing current estimates of utilizing current 

estimates of blood pressure levels, blood pressure treatment access, other risk factors, and treatment benefit for 

populations in China and India. Uncertainty intervals are in parentheses.*

Outcome People treated identically
by all three strategies

People treated
most intensively

by TTT

People treated
most intensively

by BTT

People treated
most

intensively by
Hybrid

China

Number of people treated (million n) 2.1 (1.1–3.1) 62.3 (59–65.6) 36.6 (27.8–45.4) 39.4 (36.8–42)

Total DALYs averted (millions) 0.8 (0.5–1.1) 7.4 (7.1–7.7) 12.4 (10.2–14.6) 7.3 (6.9–7.7)

$/DALY among treated 401.4 (222.7–581.7) 438.2 (401.6–475) 271.7 (216.6–328.6) 436.9 (317.9–558.8)

DALYs averted per 1000 patient-years 
of pharmacotherapy

38.1 (37.7–38.5) 11.9 (10.9–12.9) 33.9 (28.2–39.6) 18.5 (17.8–19.2)

India

Number of people treated (million n) 4.1 (3.2–5) 50.8 (47.8–53.8) 28.8 (13.9–43.7) 21.3 (19.6–23)

Total DALYs averted (millions) 1.4 (1.2–1.6) 5.1 (4.8–5.4) 10 (7.6–12.4) 4.8 (4.6–5)

$/DALY among treated 359.1 (293.2–427) 404.4 (294.5–514.4) 192.9 (165.4–223.5) 359.8 (85.3–637.1)

DALYs averted per 1000 patient-years 
of pharmacotherapy

34.1 (31.3–36.9) 10.0 (9.1–10.9) 34.7 (30.2–39.2) 22.5 (21.8–23.2)

*
Uncertainty intervals (in parentheses) were determined by 10,000 iterations with multivariable Monte Carlo sampling from normal distributions 

constructed from the mean and standard deviation of estimated values of all input parameters, including the CVD risk estimation equations. Note: 
The uncertainty range for results of the BTT strategy are greater than for the TTT strategy because it depends on CVD risk estimation, which can 
be impacted by errors in measurement of BP, cholesterol, and knowledge of diabetes diagnosis and prior CVD history; by contrast, the TTT 
treatment decision was only affected by clinical errors in measurement of BP and knowledge of diabetes diagnosis.
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