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Abstract

Improving health and mortality in low- and middle-income countries (LMICs) is a major global policy
goal. Policies and interventions that address high blood pressure (or hypertension) may be particularly
promising for improving life expectancy in aging LMICs. However, direct estimates of the population-
level mortality benefits of improved blood pressure control in LMICs remain unclear. Using nationally
representative longitudinal data on Indonesian adults, I combine epidemiological and demographic
modeling approaches to provide some of the first direct estimates of gains in adult life expectancy that
would result from blood pressure reductions in a major LMIC. I consider both ideal scenarios as well
as scenarios with imperfect control and compliance. I also investigate the distributional effects of
blood pressure control by estimating the gains in life expectancy by quintiles of wealth. I find that
bringing all individuals to ideal blood pressure levels results in a large, 5-6-year, improvement in adult
life expectancy for both men and women. Life expectancy gains are more modest but still important
under more realistic scenarios. Second, I find that the benefits of blood pressure control are not
concentrated within any single wealth strata of the Indonesian population, but rather are equally
distributed across rich and poor sub-populations. Based on the results of a simulation-based bias
analysis, I find that even under high levels of unobserved confounding, the size of life expectancy
gains from improving blood pressure control remains large. Overall, my results suggest that improving
blood pressure control has the potential to greatly reduce mortality at the population level in Indonesia
and other LMICs.
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1. Introduction

Improving health and mortality in low- and middle-income countries (LMICs) is a major global policy
goal'. To date, efforts to improve life expectancy in LMICs have focused heavily on reducing the high
rates of infant and child mortality’. While under-five mortality remains high in many low-income
countries (LICs), middle-income countries (MICs) are undergoing two important transitions that will
shape how future mortality improvements are achieved. First, MICs are experiencing an
epidemiological transition, where the burden of infectious diseases of childhood is giving way to a
rising burden of chronic non-communicable diseases (NCDs) that primarily affect adults’. Second,
MICs are also aging, increasing the share of both population and deaths in the older ages*”. As these
two transitions continue, an important question faced by MICs is what health conditions should be
prioritized to efficiently improve life expectancy over the coming decades?

Policies and interventions that address hypertension (or high blood pressure) may be
particularly promising for improving life expectancy in MICs. Contrary to common wisdom,
hypertension is extremely prevalent in many MICs: recent studies find that the prevalence of
hypertension among adults is between 30-70% in China, India, Indonesia, and Mexico®’. The high
prevalence of hypertension implies a substantial burden of mortality at the population level since
hypertension greatly increases the risk of mortality from stroke, coronary heart disease, chronic kidney
disease, and other cardiovascular diseases”. Hypertension also strongly increases with age® and will
become more prevalent as MICs continue to experience population aging. Controlling hypertension
is an appealing way to improve life expectancy for two additional reasons. First, hypertension is highly
treatable and several clinical trials have demonstrated that daily, low-cost and low-side effect
medications, can greatly reduce hypertension-related mortality’. Second, despite the high prevalence

of hypertension and low cost of treatment, hypertension is largely uncontrolled in MICs*". Taken



together, blood pressure control can potentially result in large, population-level, improvements in
mortality in MICs.

An additional important policy consideration is how the benefits of blood pressure control are
distributed across the population. Explicitly or implicitly, many health policies aim to prioritize
conditions that affect disadvantaged groups'. Hypertension and other NCDs are sometimes assumed
to be “lifestyle diseases” or “diseases of affluence” that disproportionately affect the urban elite in
LMICs—potentially reducing enthusiasm for hypertension prevention and control policies. However,
an emerging body of evidence refutes this assumption. High levels of hypertension and hypertension-
related mortality are found among populations that are poor, rural, lean, physically active, and largely

=12 One common finding in these studies is that although levels of

consume traditional diets"
hypertension are comparable among socioeconomic (SES) groups, lower SES individuals are far less
likely to be aware that they are hypertensive'*"”. Therefore, improving blood pressure control may
actually be more important for the poor compared to the rich.

Hypertension is strongly related to mortality, widespread in LMICs, and less diagnosed among
the poor. These facts, combined with the relatively low cost of blood pressure medication suggest,
that controlling blood pressure has the potential to be a cost-effective way of achieving large and
equitable improvements in mortality at the population level. However, direct estimates of the
population-level mortality benefits of improved blood pressure control in LMICs remain unclear,
likely due to a paucity of representative microdata sources. Existing studies in this area rely on a
combination of modeled and indirect estimates. In general, these studies find that among several
modifiable risk factors (including tobacco use, alcohol use, blood pressure, blood glucose, unhealthy
weight, and salt intake) blood pressure is among one of the greatest contributors to adult mortality in

many regions of the world'*"*. However, these estimates suffer from important limitations. First, they

are based on indirect and modeled estimates, calling into question their validity for specific countries



and populations. In addition, they do not consider the gains that would result under more realistic
scenarios, such as limited blood pressure control or control only among a subset of hypertensive
individuals. Finally, they do not speak to the social or subnational distribution of benefits, such as
whether the benefits are disproportionately clustered among richer or poorer individuals.

This study addresses these three gaps in our knowledge both substantively and
methodologically. Substantively, I estimate the gains in life expectancy that would result from
improving blood pressure control in Indonesia and identify how these gains are distributed across the
population. I consider both ideal scenarios as well as scenarios with imperfect control and compliance.
This approach reveals the benefits of various blood pressure control scenarios in the population and
whether the benefits are concentrated among wealthier individual (as is often assumed) or equally
distributed across the population. Indonesia is an important context to study hypertension since it is
the third most populous LMIC, is rapidly aging, and has extremely high rates of hypertension™”.
Therefore, estimating the population-level benefits of improved blood pressure control could help to
set health policy priorities and inform health decision-making at national and sub-national levels.
Methodologically, I address the challenge of directly estimating population-level counterfactuals by
combining a recently developed causal inference method in epidemiology, known as the parametric g-
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, with more traditional demographic mortality models to generate adult life expectancies
under different levels of blood pressure control. This approach exploits rich panel data with measured
blood pressure information in Indonesia to generate population-level mortality counterfactuals in a
context without comprehensive vital registration or cause of death data. I also adapt a bias analysis
technique developed for individual-level estimates'” to the population level to determine how much
support I have for giving my results a causal interpretation.

My paper proceeds as follows. Second 2 provides a background on blood pressure and

mortality and a brief overview of other methods used to estimate the population-mortality burden of



modifiable risk factors such as blood pressure. In Section 3, I describe the methods I use to estimate
counterfactual life expectancies and to conduct the bias-analysis. Section 4 gives an overview of the
data and main study variables. Section 5 provides the results of four analyses. First, I estimate how
many years of life expectancy would be gained by bringing all adults to an ideal blood pressure level.
While unrealistic, this approach provides a measure of the burden, or importance, of blood pressure
in Indonesia. Second, I simulate more realistic scenarios, varying the levels of blood pressure control
and population coverage. Third, I estimate how the benefits of blood pressure reductions are
distributed across wealth quantiles in Indonesia. Finally, I assess the robustness of my results to
potential omitted variables through a simulation-based bias analysis. I conclude in Section 7 with a

discussion of my results and their implications for future research and policy.

2. Background

Blood Pressure and Mortality

High blood pressure, also known as hypertension, is based on measurements of two different types
of blood pressure: systolic and diastolic (both measured in millimeters of mercury or mmHg). Systolic
blood pressure is the pressure blood exerts on the walls of the artery when the heart beats. Diastolic
blood pressure is the pressure between beats. Individuals are typically classified as hypertensive if they
have a systolic blood pressure greater than or equal to 140 mmHg or a diastolic blood pressure greater
than or equal to 90 mmHg,.

Despite the high global prevalence of hypertension, the causes of hypertension remain pootly
understood. Most cases of hypertension are classified as “essential” hypertension, or hypertension that
is not the result other health conditions. However, the results from observational studies and clinical
trials have identified a few important causal factors: age, weight, dietary factors (this includes both

sodium consumption and other micronutrient deficiencies, physical inactivity, and genetic factors'.



While studies find associations between more distal social exposures such as stress and socioeconomic
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, it is less clear that these relationships are causal. Age, in particular, has a very strong
association with blood pressure (especially systolic blood pressure). In the absence of blood pressure
control, blood pressure rises steeply and linearly with age across populations and over time™”.
Increases in blood pressure with advancing age are also much larger than decreases in blood pressure
produced through weight reductions, dietary changes, and physical activity improvements.

Hypertension increases the risk of mortality through several different causes of death, the most
prominent of which is stroke”. Hypertension can damage blood vessels in the brain, making them
more susceptible to bursting or rupturing (this is known as a hemorrhagic stroke). Hypertension is
also related to a narrowing and clogging of blood vessels in the brain, reducing blood flow and making
the brain more susceptible to clots (ischemic stroke). Both of these pathways lead to mortality by
killing brain cells in the region of the rupture or clot. While stroke is the most common cause of death
attributed to hypertension, elevated levels of blood pressure also cause mortality through coronary
heart disease, chronic kidney disease, and other cardiovascular diseases. For example, high blood
pressure can damage arteries leading to the heart, increasing the risk of blood clots that block flow to
the heart, increasing the risk of heart attacks. Similarly, increased pressure in the blood vessels of the
kidney can cause damage that hinders the ability of the kidney to clean blood—ultimately increasing
the risk of kidney failure and mortality. While elevated levels of both forms of blood pressure can lead
to mortality, the majority of the hypertension burden among adults is due to elevated systolic blood
pressure.

Empirical evidence from multiple countries and periods confirms the biological relationship

between blood pressure and mortality. Many studies find a continuous increasing relationship between

? This paragraph is relies on Carretero et al. 2000," which describes the etiology, consequences, and
treatment procedures for hypertension.



blood pressure (especially systolic blood pressure) and mortality. For example, a meta-analysis of 61
prospective cohort studies concludes that a 20-mmHg increase in systolic blood pressure or a 10-
mmHg increase in diastolic blood pressure is associated with a more than two-fold increase in stroke
and ischemic heart disease mortality rates across all adult age groups®. Conversely, the results from
numerous clinical trials have found that lowering blood pressure through a combination of medication
and lifestyle treatments can drastically reduce the risk of blood pressure-related mortality. A meta-
analysis of 112 blood pressure lowering trials finds that a 10-mmHg reduction in systolic blood
pressure causes a 13% reduction in all-cause mortality regardless of baseline systolic blood pressure™.
Emerging evidence suggests a near linear relationship between blood pressure reductions and
mortality: a meta-analysis of 42 blood pressure clinical trials finds that individuals who reduced their
systolic blood pressure down to 120-124 mmHg had 27% lower all-cause mortality compared those
who achieved a blood pressure of 130-134 mmHg, 41% lower than those with a blood pressure
between 140-14 mmHg, and 53% lower than those with a blood pressure of 160 mmHg or more™.
Similarly, the recent systolic blood pressure intervention trial (SPRINT) finds that reducing systolic
blood pressure to a target of less than 120 mmHg results in 27% lower all-cause mortality compared
to a target of less than 140 mmHg™.

Blood pressure can be reduced through several different medications and treatment
combinations. An important question is whether all treatments confer the same mortality-reduction
effects. Law et al. (2009) conduct a meta-analysis of 147 randomized trials to determine the relative
efficacy of several alternative blood pressure treatments. Comparing across clinical trials that used
different classes of medications, the study finds that for all but a subset of individuals (those with
preexisting coronary heart disease), all the drug classes have similarly strong effects on mortality’. Law
et al. conclude that the size of blood pressure reductions are ultimately what cause mortality reductions

regardless of how the reduction was achieved. They subsequently compare the size mortality effects



of medically induced blood pressure changes to observed differences across individuals in cohort
studies and find that the reductions in mortality from BP trials map very closely to observed
differences in mortality for people at different levels of blood pressure. This insight is powerful and
forms the basis of my estimation strategy for understanding the effects of different blood pressure
control strategies since it implies that medication effects can be approximated by adjusted comparisons
of individuals at different levels of blood pressure (this is related to the epidemiological notion of

consistency discussed later).

Prevalence and Awareness of Hypertension in LMICs
While many studies have established the salience of hypertension for individual survival, they do not
easily inform population health priorities. This is because individual-level risk estimates do not account
for the prevalence and distribution of hypertension in a population. For example, if hypertension
substantially increased the risk of mortality but was not very prevalent, then policies aimed at
controlling blood pressure would not produce large gains in longevity at the population level. In
contrast, if some other condition displayed a weaker individual-level relationship with mortality but
was far more prevalent, treating this condition could potentially produce far greater population-level
gains in longevity. Although high blood pressure is often believed to be a condition of high-income,
populations, many studies document high levels of hypertension in less developed contexts®'>">**,
Using data from the World Health Organization Study on Global Ageing and Adult Health
(SAGE), Lloyd-Sherlock et al. (2014) find that the prevalence of hypertension among adults over the
age of 40 is 57.1% in Ghana, 32.3% in India, and 58.2% in Mexico'. Similarly, Lu et al. (2017) find
that 44.7% of adults ages 35+ in China are hypertensive and Berry et al. (2017) find that 35.1% percent

of adults over the age of 15 are hypertensive in South Africa®”’

. Hypertension and hypertension-related
mortality are also not clustered within richer segments of the population within LMICs: in Malawi,

the prevalence of uncontrolled hypertension is greater than 40% among the rural poor and



hypertension-related stroke is the leading cause of death in one of the poorest districts of rural
Maharashtra, India'".

Despite high levels of hypertension, levels of awareness of hypertension are very low in
LMICs. For example, less than half of individuals in Ghana, India, South Africa, Mexico, and China

0.

are aware that they are hypertensive™"”". Indonesia follows this general pattern with very high levels
of hypertension coupled with low levels of blood pressure awareness, treatment, and control. Hussain
et al. (2010) find that nearly 50% of individuals above the age of 40 in Indonesia have hypertension
yet only 30% of these individuals are aware of their hypertension. Levels of awareness of hypertension
are even lower for individuals from poorer wealth quintiles (based on authors calculations with the
Indonesian Family Life Survey). While around 70% of these individuals report taking medication, less

than 25% achieved blood pressure control”. Hypertension is also not a recent phenomenon in

Indonesia: Witoelar et. al. (2009) show that these levels have remained virtually unchanged since

1997%,

Approaches to Measure the Population-Level Mortality Burden of Hypertension

Based on evidence presented in the previous two sections, hypertension is widely prevalent in LMICs
and strongly increases the risk of mortality at the individual level. Taken together, these results imply
that hypertension carries a large population-level burden of mortality. Yet direct estimates of the
population-level mortality burden of hypertension in LMICs (measured either in years of life
expectancy gained or the share of mortality attributable to hypertension) remain unclear. Part of the
reason for the dearth of direct evidence is likely due to a lack of adequate data. Estimating the burden
of hypertension requires either representative information on deaths due to different causes or
microdata with measured blood pressure and adequate mortality follow-up. Since both of these
sources of data are limited in LMICs, current measures of population burden in these contexts are

based on indirectly or heavily modeled approaches'*">?.



Currently, the most widely used measure of population mortality burden in LMICs is the
population-attributable fraction (PAF) (PAFs are also known as the population impact fractions
(PIF)). The PAF measures the proportional change in mortality (measured either in rates or counts)
in a specific age-range that would occur if the level of a risk factor was reduced to some target level™.
Estimating the PAF requires estimates of the distribution of each risk factor within a population, the
mortality rates in a population, and the effect of the risk factor to be evaluated on mortality. Given
the relative paucity of direct data with this information (until recently), the most prominent and widely
cited PAF estimates in LMICs are indirectly estimated using modeled risk factor distributions,
modeled mortality rates, and effect estimates drawn from meta-analyses, small-scale epidemiological
studies within countries, and studies from other contexts. The evidence from these studies suggest a
large population level-burden of high blood pressure in LMICs: for the African, Southeast Asian, and
Western Pacific regions of the world, reducing blood pressure would provide the largest reduction in
adult mortality among eight risk factors considered for women, and the second largest reduction for
men (after tobacco use)'’. These studies are instructive for broad stylized facts but suffer from a few
important limitations. First, since neatly every input is modeled or drawn from other populations, the
validity of the estimate for any specific population is unclear. Second, while theoretically possible with
PAF approaches, current estimates do not display the population-level mortality effects of more
nuanced and realistic scenarios, such as “how many years of life expectancy would be gained if 20%
of hypertensive individuals were able to reduce their systolic blood pressure by 10 mmHg?”. Given
that policies are often crafted with limited budgets, understanding the health benefits of less than
perfect control scenarios is important for priority setting. The third major limitation is that these
measures do not provide information on the social distribution of benefits within a country (e.g. are
the gains in life expectancy from hypertension treatment equally distributed across socioeconomic

groups or does the burden of hypertension disproportionately affect some sub-populations?). Since



the goal of many health policies is to maximize equity in addition to improving population health,
current estimates are less than ideal for policy decision making.

Studies based on data from HICs often use microsimulation models to estimate PAF and
PAF-like policy counterfactuals. For example, the IMPACT model developed by Capewell et. al.
(1998) combines information on trends in population-level risk factors with information on the
relationship between risk factors and outcomes to decompose changes in coronary heart disease
mortality over time into the contribution of changes in specific risk factors’’. These types of models
can also be applied prospectively to generate policy counterfactuals: Capewell et al. (2010) apply the
IMPACT model prospectively to the US population for the year 2000 and conclude that half of
coronary heart disease deaths could be averted by 2010 if the population were to achieve the Healthy
People 2010 goals (no smoking, lowered total cholesterol, lowered blood pressure, and lowered body
mass index) ™.

My paper follows the spirit of both the aggregate PAF approach and the microsimulation
IMPACT model. However, I provide a number of new contributions to existing work in this area.
First, I use rich nationally representative microdata with measured blood pressure information and
mortality follow up to generate some of the first direct estimates of the population mortality burden
of hypertension for a major middle-income country (Indonesia). Second, I generate more nuanced
policy-relevant counterfactuals varying both the levels of blood pressure reduction and the percent of
hypertensive individual that successfully reduce their blood pressure. I estimate these counterfactuals
by adapting a simulation-based reweighting technique developed in epidemiology (known as the
parametric-g formula'®) with demographic modeling approaches to simulate the consequences of
differentlevels of blood pressure policy coverage and control on years of life expectancy gained. Third,

I take advantage of individual-level data to estimate the gains in life expectancy across the wealth



distribution of Indonesia—this approach is especially important for considerations of equity since it

identifies how the benefits of blood pressure control are distributed across the population.

3. Estimation Approach

The main empirical goal of this paper is to estimate how many years of adult life expectancy are gained
under different levels of blood pressure control. I describe my approach in detail below but briefly
summarize it here. To begin, I first estimate the individual-level relationship between blood pressure
and age-specific mortality using longitudinal microdata from Indonesia. I then set a counterfactual
blood-pressure level for a subset of hypertensive individuals and use a simulation-based reweighting

technique (known as the parametric g-formula'®”)

to aggregate the individual-level effects to the
population level under the various blood pressure reduction scenarios. I then construct period life
tables using the counterfactual age-specific mortality rates to estimate counterfactual adult life
expectancies. Finally, I estimate the gains in life expectancy as the difference between observed life
expectancy and the various counterfactual life expectancies. Throughout this exercise, I adopt a
counterfactual and potential outcomes-based perspective to express and estimate the individual and
population-level effects. This approach explicitly specifies the causal question of interest and identifies
which quantities are observed and which are counterfactual. Another important advantage of the
counterfactual formulation is that it leads to an analytical expression for the effect of unobserved
confounding on the estimates. Using this expression, I simulate the consequences of endogeneity on

my estimates of life expectancy years gained to determine how much support there is for a causal

interpretation of my results.

Scenario 1: Full Control of Systolic Blood Pressure

I first estimate how many years of adult life expectancy would be gained if all individuals brought their

systolic blood pressure to an ideal level (defined as a systolic blood pressure as 125 mmHg based on



the results from recent clinical trials*). My main results are based on a continuous measure of systolic
blood pressure; however, I describe the approach here for a dichotomous indicator for whether an
individual is hypertensive. This is primarily for ease of exposition—the approach conceptually
generalizes to a measure of continuous blood pressure case at the cost of far more cumbersome
notation.

To begin, consider data that are at the person-age level (e.g. individuals have one observation
for each age), with an indicator for whether the individual is hypertensive, an indicator for whether
the individual died during that age, and a continuous measure of the exposure time lived in the interval
(this would be equal to 1 if the individual survived the entire year). Estimates based on this data setup
correspond to single-age annualized rates or probabilities. Now define, D, as a Poisson random
variable that takes the value of 1 if an individual £ of sex j dies between ages 7and /+7 and 0 otherwise.
Since the age-specific count of deaths is influenced by the size of the population in that age range,
estimates of mortality are usually normalized into rates by dividing by the total person-time of
exposure lived between the two ages. Let I, be a fixed number between 0 and 1 that measures how
much time and individual £ of sex jand lived between ages 7 and 7+7. Based on this setup, the average
age-and sex-specific annual mortality rate in the population can be estimated as the expected count of
deaths divided by the total person-time of exposure in the age range, E(D,,)/ total(l;;). For simplicity,
call this quantity E(M,) (in life table calculations, this rate is often represented in as #, ot ;2.

To incorporate hypertension into the mortality rate, note that the age and sex-specific
mortality rate can be expanded by conditioning on hypertension status (represented as Hj, a Bernoulli
random variable that takes the value of 1 if an individual of age 7 and sex ; is hypertensive):

E(M;;) = E(M;j|Hy; = 1)P(H;; = 1) + E(M;|H;; = 0)P(H;; = 0). €Y
Expanding reveals that the age-sex-specific mortality rate is a weighted sum of the mortality rate of

the normotensive (H=0) and the hypertensive (H=7). Now consider the counterfactual scenario



where everyone in the population remains the same except that all hypertensive individuals are brought
to the normotensive blood pressure range. Define the age- and sex-specific mortality rate that results
under this counterfactual scenario as E(M;) and explicitly reveal the potential outcomes by
conditioning on hypertensive as done above:
E(M;;) = E(M;[H;j = 0]|H;; = 0) Pr(H;; = 0) + E(M;;[H;; = 0]|H;; = 1) Pr(H;; = 1). (2)
Here, the statement in brackets after M represents setting hypertension to the specified value; for
example, B(M;/H,=0] | H,=0) is the average mortality rate for those without hypertension if they were
set to not having hypertension (this potential outcome can be observed). Conditioning on
hypertension status reveals that E(M;) is a weighted sum of the mortality rate for those who do not
have hypertension, E(M,/H,;=0] | H;=0), and the mortality rate for those who do have hypertension if
they were instead set to normotensive, E(M;/H,=0]|H,=1) (in the individual-level treatment effects
literature, this term is often referred to as the average treatment effect on the treated [ATT]). This
formulation reveals that E(M;) is a combination of both an observed and counterfactual potential
outcome since the potential outcome E(M;/H,=0/|H,=1) is not observable.
One approach to recovering this potential outcome is to find a set sufficient set of covariates
X,,...,X, such that:
E(My;[H;; = 0]|H;j = 1, Xy, .., Xn) = E(My;|H;; = 0,Xy, ., Xy,). (3)
Assuming these variables exist and are observable (the bias analysis procedure outlined later
in this section seeks to evaluate the support for this admittedly strong assumption), the unconditional
potential outcome needed to construct E(M,’) can be estimated by “integrating out” the X variables.
In practice, this is done by estimating the conditional mortality rate for each combination of all the X
variables when H,=0, multiplying by the marginal probability of that specific combination of X’s
among the hypertensives, and then summing over all observed combinations of the X’s. In

epidemiology and biostatistics this approach is known as the non-parametric g-formula and is



essentially a form of multivariate direct standardization'

. For the sake of clarity collapse all the X’s
into one confounder C with values {7,...,K} representing all strata of the joint distribution of

X,...,X,. This estimation approach can now be analytically represented as:
c

Once this potential outcome is estimated, the rest of E(M,’) can be constructed by directly estimating
the other observed quantities from the data:

E(Mjy) = E(My|Hy = 0) P(Hy = 0) + E(My[Hy; = 0]|Hy; = 1)P(Hy; = 1) (5
where

c

While this quantity could be estimated based on the specification in equation (5), the number
of strata of C becomes extremely large as the size of the covariate set increases. The increasing
dimensionality can result in many strata in the sample with no observed normotensive individuals.
One solution to this problem is to specify a parametric model for E(M, | H;,X,...,X,), resulting in the
procedure known as the parametric g-formula'®. Specifically, for a set of observed covariates X, ..., X,

I estimate the following Poisson regression model:

In(E(Dy)) = o+ BrAge + BoH + ) X+ In(L,). ©)

i=1

There are two important things to note with this model: first, mortality rates are modeled by
taking the count of deaths (D)) as the outcome with the person-years of exposure included as an offset.
Second, age is now a covariate in the model, resulting in only models separate by sex, rather than sex
and age. As previous, represent all the X’s as single composite variable C. To then estimate
EWM,;/H,;=0])| H;=1) using the parametric g-formula, substitute the model predicted rates into the

non-parametric expression above (4):



(o
E(My[Hy = 0]|H; =1) = Z exp(Bo + Pri + Pxk) P(C = k|H;; = 1,Age = i,Sex = j) @)

k=1

Note that the value of the offset, L, is set to one for all strata, resulting in an estimate of deaths per
person-year of exposure. This estimate can now be subbed back into equation (5) to form an estimate
of EM;).

At this point, the population-level mortality benefits of hypertension control could be
estimated by directly comparing differences in the observed and counterfactual age-specific mortality
rates. However, interpreting differences in rates over a wide range of ages is difficult. For this reason,
sets of age-specific mortality rates are often summarized as a period life expectancy, or the average
number of years an individual would live if they were exposed over the remainder of their lives to the
observed age and sex-specific mortality rates. This approach moves beyond estimating the effect of
hypertension on mortality rates to a more interpretable contrast of the effect of hypertension on adult
life expectancy (in this case, life expectancy at age 40). I follow this convention by using standard
period life table techniques to construct life expectancies at age 40 for the observed and counterfactual
scenarios. Assuming unbiased life expectancy estimates for each counterfactual, the gains in life
expectancy for each blood pressure scenario is the difference between the observed and counterfactual

life expectancies.

Scenario 2: Partial Control and Compliance

In the second part of my analyses, I consider more realistic scenarios, varying both the size of blood
pressure reductions and the proportion of hypertensive individuals that successfully reduce their blood
pressure. Estimating gains in life expectancy from different magnitudes of systolic blood pressure
reductions follows directly from the exposition above. However, varying the proportion of individuals
that successfully reduce their blood pressure is not as straightforward and requires a simulation-based

method.



First, consider modeling a continuous measure of systolic blood pressure rather than a

dichotomous indicator for hypertension status. The observed mortality rate is now represented as:
E(M;;) = Z E(M,;|BP;; = bp)P(BP;; = bp) (8)
BP

Now suppose that we want to evaluate the effect of a policy to lower systolic blood pressure by 10
mmHg for all individuals with a systolic BP greater than 140 mmHg (the traditional hypertensive
cutoff). Analytically, this can be represented by:

E(M;;) = E(M;;|BP;; < 140mmHg)P(BP;; < 140mmHg) +

E(M;;[BP;; = bp — 10]|BP;; = bp)P(BP;; = bp) (C)]
BP|BP2140

There are now potential outcomes corresponding to each systolic BP value above 140. Empirically,
E(M,) can now be estimated using a similar procedure as described above by first estimating a Poisson
regression with systolic blood pressure as the main exposure, re-predicting mortality with systolic
blood pressure values that are 10 units below the observed values for hypertensive individuals,
aggregating these counterfactual potential outcomes across the strata of X variables, and finally
forming the counterfactual mortality rate by weighting each blood pressure-specific mortality estimate
by the share of the population in each blood pressure bin.

This step reveals how to estimate gains in mortality under different levels of blood pressure
reduction but it still assumes that reductions happen for all individuals with a BP greater than 140.
What if, for example, only 20% of hypertensive individuals were able to achieve those blood pressure
reductions? An obvious solution might be to only assign blood pressure reduction to 20% of
hypertensive individuals; however, which 20% of individuals are chosen affects the resulting estimate
since non-linear models (like a Poisson regression) are multiplicative with respect to other covariates.
Conceptually, one way to address this issue to average over all possible combinations that can be

obtained by randomly assigning 20% of hypertensives to blood pressure reductions. This solution can



be empirically approximated using simulations by creating () copies of the original data, randomly
assigning blood pressure reductions to 20% of hypertensive individuals separately for each g € 0,

estimating the counterfactual mortality rate for each ¢ € (), and finally averaging the counterfactual

rates over all Q (this entire procedure is a form of the parametric g-formula'*>

). Combining the
simulation-approach to varying the share of hypertensives that reduce their blood pressure with a

range of obtained blood pressure reductions provides a picture of potential gains under a wide range

of more realistic scenarios.

Bias Analysis
The estimated gains from the previous approaches will only be an unbiased estimate of the true causal
effects of blood pressure reductions under the strong assumption that the exposure status (systolic
blood pressure) is conditionally independent of the potential outcomes given C. That is, conditional
on the set of observed covariates C, the coefficient estimate on systolic blood pressure represents the
causal effect of blood pressure on mortality. If there were unobserved confounders, collapsed here
into a single variable U, then the estimate would only be unbiased conditional on U.

E(M;[BP; = bp*])|BP;; = bp, Xy, ..., X, U) = E(M;|BP = bp*, Xy, ..., X, U). (10)
This implies that when U is not conditioned on:

E(My[BP;; = bp*|

BP;j = bp, Xy, ., Xn,) # E(My;|BP;; = bp*, X1, ., Xn, )- (11)

By making a few assumptions about the structure of U, I can assess the robustness of my
estimated effects to different levels of unobserved bias. I first consider an intervention to reduce blood
pressure by 20 mmHg for those with a systolic blood pressure = 140 mmHg. I then assume that the
relationship between U and mortality does not vary based on the levels of the other covariates and

that the difference in the prevalence of U associated with a 20-mmHg change in systolic blood



pressure is the same in all strata of C. Then, the bias B (expressed as the difference between the true
and estimated effect) is:

{E(M;j|BP;, X,U;j = 1) — E(M;|BP;;, X,U = 0)}. (12)

ij

This formulation reveals that the degree of bias can be expressed as a product of the difference in the
prevalence of the unobserved confounder associated with a 20-mmHg change in systolic blood
pressure (the relationship between the confounder and hypertension) and the difference in the
probability of mortality for those with and without the unobserved variable (the relationship between
the confounder and mortality). For a proof of this formula see:'"’. Within this structure, the unbiased
estimate of the age-specific counterfactual mortality rate is given by (representing the biased estimate
of the counterfactual potential outcome as E(M**)):

E(M;;) = E(M;;|BP; < 140mmHg)P(BP;; < 140mmHg) +

(E(M;7\BP;j = bp) + B)P(BP;; = bp) (13)
BP|BP2140

By setting different values of the two sensitivity parameters, adding the bias to the estimate of
the counterfactual potential outcome, re-computing the counterfactual age- and sex-specific mortality
rates, and then estimating counterfactual life expectancies with the bias adjusted rates, I can see how
my estimate of the effect of blood pressure reduction on life expectancy varies under different levels
of unmeasured confounding. Importantly, this approach does not solve the causal identification
problem; rather, it provides a heuristic to evaluate the support for a causal interpretation of the
findings by first seeing how much bias there would have to be to invalidate the conclusions drawn
from the estimates and then asking if those levels of bias are plausible or likely to exist.

A second, subtler, assumption needed for a causal interpretation is that the difference in
mortality across individuals at different levels of blood pressure represents the change in mortality

that would occur from lowering the blood pressure of any given individual through a hypothesized



treatment (this is referred to as consistency in epidemiology). If the damage of high blood pressure
was only partially reversible, then the mortality of an individual with a lower blood pressure would not
represent the counterfactual mortality of a high blood pressure individual if they lowered their BP.
However, results from the Law et al. (2009) study provide support for consistency, demonstrating that
the effect of medically induced blood pressure changes can be approximated by differences across

individuals’.

4. Data and Variables

Data

Data are from the 2007 and 2014/2015 waves of the Indonesian Family Life Survey (IFLS)**”. The
IFLS is a longitudinal survey of individuals and households from 14 of Indonesia’s 34 provinces (the
IFLS is representative of 83% of Indonesia’s population). The IFLS contains detailed information on
health and socioeconomic conditions as well as a host of measured biomarker and anthropometric
data. This analysis is limited to target respondents above the age of 40 (other members in the
household were sometimes also measured but since they were not explicitly followed-up in the
2014/2015 wave, I cannot construct reliable estimates of mortality for these individuals). Among
11,895 target individuals, 782 individuals were dropped for missing blood pressure information (6.6%
of the total eligible sample) and an additional 1,028 individuals were dropped for missing information
on the other covariates (9.3% of the remaining eligible sample) for a total sample size of total sample

size of 10,085 individuals with 75,288 person-age observations (85% of the eligible sample).

Primary Outcome
The primary outcome is mortality. If an individual died between survey waves, a close household
member was asked to report their month and year of death. Together with information on date of

birth and date of interview in the 2014/2015 wave (for those that survived), I generate person-year



observations for every individual surveyed in the 2007 wave. For example, if an individual was born
in January 1960, was surveyed in February 2007, and died in March 2010, I would create 5 person-age
observations for the individual corresponding to the ages 47, 48, 49, and 50. Additionally, this
individual would be marked as alive with a full person-year of exposure for the ages 47, 48, and 49
and be marked as having died at age 50 with two months of exposure. If this individual did not die
but rather was interviewed again in March 2015, I would create 9 person-age observations for the
years 2007-2015, censoring the age attained in 2015 by assigning that age an exposure of 2 months.
The IFLS has excellent tracking follow up for target respondents and the mortality status of all target
individuals in the 2007 wave was known in 2014/2015. Appendix Table 1 shows the age and death

distribution of the sample based on age at baseline in 2007.

Primary Exposure

The primary exposure in this study is systolic blood pressure. For each individual, three separate
measures of blood pressure were taken by a trained assessor using an Omron HEM-7203 device.
Following the World Health Organization procedure, I average the second and third measurement,
omitting the first measurement. In alternative analyses, 1 present results for a dichotomous
classification of hypertension. For these analyses, individuals were classified as hypertensive based on
National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure

cutoffs (systolic blood pressure > 140 mmHg or diastolic blood pressure > 90 mmHg)™.

Other covariates

My empirical approach requires identifying and controlling for a set of covariates that make the
assignment of systolic blood pressure conditionally independent from the potential outcomes. Based
on prior studies on potential causes of blood pressure and mortality'”", T identify the following set of

covariates that encompass both proximate and distal potential causes of blood pressure and mortality:



urban or rural residence (based on census classification); province of residence (dummy variables for
each province); religion (grouped into Islam, Hindu, Protestant, and other); marital status (grouped
into never married, current married, and formerly married); self-reported occupation type (grouped
into retail, manufacturing, agriculture, service, housewife, retired, and not working); self-reported
completed schooling (grouped into no schooling, some primary school, primary school or more);
wealth quintiles (constructed using principle components analysis on indicators for asset ownership);
body mass index (measured continuously as height in meters divided by weight in kilograms squared),
and the average number of days a week an individual engages in moderate or vigorous physical activity.
Diet may also be an important confounder but diet information is extremely limited in the IFLS.
However, assuming that diet is mostly determined by social and environmental influences,
conditioning on the socioeconomic and geographic covariates included would control some part of
the effect of diet.

Around 20% of hypertensive individuals report taking some form of medication for blood
pressure. Based on the results of Law (2009), the measured blood pressure of these individuals is the
most important determinant of their blood-pressure-related mortality risk’. For this reason, I include
individuals who report taking some medication, focusing on their measured blood pressure as the
primary exposure. In alternative analyses, I both exclude these individuals and control for treatment

in the analyses and find no substantive change to my conclusions.

5. Main Results

Descriptive Results
Table 1 presents descriptive characteristics of the sample for the baseline 2007 wave. The mean age
of the sample was 53.6 years. The sample was split evenly between men and women (52.5% female)

and urban/rural (50.3% utban). The vast majority of individuals were married at baseline (80.3%) with



Islam as the primary religion (88.6%). Less than half of individuals had more than primary schooling
(48.1%) with agriculture and retail as the most common occupations (31.0% agriculture and 18.2%
retail). The sample was on average normal weight (mean BMI of 23.0) and fairly active (on average
individuals engaged in moderate of physical activity for 4.3 days in a week).

Figure 1 graphs the continuum of hypertension in Indonesia. Levels of hypertension are
extremely high in Indonesia (45.2% of adults ages 40 and above are hypertensive). Despite these levels,
only 34.4% of hypertensive individuals have been diagnosed. While 76.8% of diagnosed individuals
reported taking hypertensive treatment, only 23.3% of those under treatment achieved blood pressure
control. Across the full continuum only 6.2% of hypertensive individuals in Indonesia have controlled
blood pressure.

The potential gains in life expectancy from controlling blood pressure depend on how blood
pressure varies over age. Figure 2 graphs the age and sex-specific prevalence of hypertension (the
trend is virtually identical for mean systolic blood pressure). For both men and women, hypertension
rises very steeply with age: for men, the prevalence of hypertension starts around 28% at age 40 and
reaches around 60% by age 75. The age-pattern of hypertension is steeper for women: by age 75,
nearly 75% of women over have hypertension in Indonesia. An important caveat to these results is
that they are based on cross-sectional data—therefore, differences across ages could also represent

period- and cohort-specific influences.

Blood Pressure and Mortality

Table 2 presents the rate regression estimates of the relationship between blood pressure and mortality
across three models separately by sex. The table presents coefficients for two forms of blood pressure,
a dichotomous indicator for whether an individual is hypertensive and continuous measure of systolic
blood pressure in 10 mmHg units. Subsequent analyses use the continuous measure but the

dichotomous indicator is presented to provide an estimate of the importance of hypertension as



clinically defined. Model 1 only adjusts for age, model 2 adds a wide array of health and
sociodemographic confounders, and model 3 includes province fixed effects. For both men and
women, I find a strong relationship between hypertension and mortality that robust to the inclusion
of a large set of potential confounders. Assuming for now that the observed estimates are unbiased,
in the fully adjusted model hypertension increases the rate of mortality by 80% for men and 50% for
women (RR: 1.8, 95% CI: 1.5, 2.2 for men; RR: 1.5, 95% CI: 1.2 — 1.9 for women). In systolic blood
pressure units, I find that a 10 mmHg increase in systolic blood pressure is associated with a 16% (RR:
1.16, 95% CI: 1.11, 1.21) increase in mortality for men and a 13% (RR: 1.13, 95% CI: 1.09, 1.17)
increase for women. These last estimates form the basis of the counterfactual analyses and are assumed
to represent the causal effect of blood pressure changes on mortality. The bias analyses presented later
in this section simulate the effects of departures from this assumption on the overall estimates of life
expectancy years gained; however, it is reassuring that the regression estimates map very closely to the
mortality effect of a 10 mmHg systolic blood pressure reduction found in clinical trials for blood

. . 22
pressure medications™.

Full Control of Blood Pressure

The regression estimates capture the individual-level relationship between blood pressure and
mortality but they do not readily reveal the importance of blood pressure at the population level. In
Table 3, I present estimates of the gains in life expectancy from an ideal scenario where all individuals
with a systolic blood pressure > 125 mmHg bring their blood pressure down to 125 mmHg. Full
control of blood pressure results in a large, 5-6 year, improvement in mortality at the population level
for both men and women. For men, controlling systolic blood pressure would move life expectancy
at age 40 by 5.3 years (p<0.001) from 34.7 (95% CI: 33.8, 35.6) to 40.0 (95% CI: 37.6 43.7) years. The

gain is slightly larger for women (6.0 years, p < 0.001), moving life expectancy at age 40 from 37.6



(36.5, 38.8) to 43.7 (40.6, 46.7) years. While full blood pressure control is an unrealistic policy goal,

this exercise reveals a large population mortality-burden of high blood pressure in Indonesia.

Partial Control and Compliance

Figure 3 presents the gains in life expectancy from a more realistic set blood pressure control scenarios.
Gains are shown across two dimensions, reductions in blood pressure from 5 to 20 mmHg, and the
share of individuals that achieve blood pressure reductions ranging from 10% to 100% of those with
a systolic BP > 140 mmHg (a standard screening threshold for determining whether an individual
should be taking treatment). In contrast to the ideal scenario, the more realistic scenarios display far
more modest improvements. For example, if 50% of hypertensive individuals reduced their systolic
blood pressure by 15 mmHg, the gain in life expectancy for both men and women would be around
1 year. Life expectancy gains are much larger at the extremes of the scenarios but still well below the
ideal scenario: if all hypertensive individuals reduced their blood pressure by 20 mmHg, there would
be around a 2.5-year gain in life expectancy. While changes in life expectancy between 1 and 2.5 years
are not trivial, the figure reveals that larger improvements in mortality may only be achieved by
encouraging larger reductions in blood pressure among the very high-risk individuals (for example
reductions in blood pressure of greater than 20 mmHg for individuals with a systolic blood pressure

> 160 mmHg).

Distributional Effects of Blood Pressure Control

To determine whether the gains in blood pressure control are equally distributed across the population
or concentrated among richer individuals, I first estimate the age-standardized prevalence of
hypertension across wealth quintiles (Figure 4). For both men and women, I do not find evidence that
the prevalence of hypertension is clustered in any specific wealth segment of the population. Levels

of hypertension hover around 40% for men in all five wealth quintiles and range between 45-50% for



women. Contrary to the belief that hypertension is highest among wealthier individuals, the evidence
here actually suggests that women in the poorest wealth quintile have the highest prevalence of
hypertension (although the 95% confidence interval overlaps with the prevalence estimates for the
other quintiles).

The gains in life expectancy by wealth quintile also depend on how the relationship between
blood pressure and mortality varies across quintiles. In Appendix Table 2, I present the results from
regressions of mortality on blood pressure with interactions by wealth quintile. In general, I do not
find strong evidence that the relationship between blood pressure and mortality varies by wealth
quintile (most of the interaction terms have p values well above 0.1). I do find marginal evidence that
blood pressure is more strongly predictive of mortality for men in the richest wealth quintile (p =
0.068) but given the number of interaction terms this could plausibly be driven by chance.

Figure 5 plots the gains in life expectancy from the ideal blood pressure control scenario
separately by wealth quintile and sex. The results mirror the trends in the age-standardized prevalence
of hypertension: there is around a 5.5-year gain in life expectancy for men and women in all wealth
quintiles. These results suggest that the benefits of blood pressure reductions are not isolated to any

particular segment of the population.

Bias Analysis

The causal interpretation given to my estimates is predicated on the assumption of no unobserved
variables (no residual confounding or endogeneity). If my observed result was driven by the influence
of an unobserved confounder, then the estimates above may overstate the benefits of blood pressure
control. In Figure 6, I assess the sensitivity of my estimate of life expectancy years gained to departures
from my identifying assumption. I make a few assumptions to improve the interpretability of the
results. First, I only consider a single intervention that reduces systolic blood pressure by 20 mmHg

for all individuals with a systolic blood pressure = 140 mmHg. Second, the role of all unobserved



variables is collapsed into a single binary confounder. The effect of this confounder on my estimate
depends on two factors: how strongly this unobserved variable is related to mortality and how much
more prevalent it is (net of all observed control variables) across systolic blood pressure.

In the absence of unobserved bias, I find that a 20-mmHg systolic blood pressure reduction
results in around a 2.4-year gain in life expectancy at age 40 for both men and women. The sensitivity
results reveal that the size of life expectancy gains is very robust to omitted variables. For example, if
a 20-mmHg change in blood pressure increased the prevalence of an unobserved confounder by 40
percentage points (net of all controls) and increased the risk of mortality by 15%, the years of life
gained would still be above 2 years for both men and women. Indeed, even under extreme levels of
unobserved confounding, where a 20-mmHg blood pressure change increased the prevalence of the
unobserved variable by 75 points and increased mortality by 25%, the proposed intervention would

still result in around 1.4-1.6 years of life expectancy gained at the population level.

6. Discussion
The populations of many LMICs are projected to age dramatically over the coming decades. In the
backdrop of population aging, identifying which health conditions will provide the largest gains in
well-being at the population level is important for setting health priorities and informing decision
making at the global, national, and subnational levels. Hypertension is already a leading risk factor for
mortality in many LMICs™ and will only increase in prevalence as the share of older individuals grows.
I combine epidemiological and demographic modeling approaches to provide some of the first direct
estimates of gains in adult life expectancy that would result from blood pressure reductions in a major
LMIC.

As a measure of the burden of high blood pressure, I first consider a scenario where all

individuals achieve ideal blood pressure levels and find extremely large, 5-6 year, improvements in



adult life expectancy for both men and women. The size of this change is substantial: as a reference,
a 5 change in life expectancy at 40 corresponds to the difference between life expectancy at age 40 in
Indonesia between 1950 and 2010, or equivalently, 60 years of progress in improving adult mortality.
This finding is striking for revealing the burden of hypertension in Indonesia but reflects the result of
a blood pressure thought experiment rather than a plausible policy outcome. The results from more
realistic blood pressure scenarios are far more modest: under plausibly attainable levels of blood
pressure reductions and compliance, life expectancy gains range between 1 and 2.5 years. While 1-2.5
year improvements are non-trivial at the population level, these results also highlight the need to
investigate alternative strategies for blood pressure reductions. Selectively targeting high-risk
individuals, such as those with a systolic blood pressure > 160 mmHg, and encouraging larger gains
may be an important corollary to broad population blood pressure control policies. These types of
hybrid approaches may result in life expectancy improvements that are closer to the ideal control
scenario. Combining blood pressure care with other health policies, such as tobacco cessation, might
also provide a strong approach to efficiently improve adult mortality at the population level.

Beyond overall population health, the goal of many health policies is to improve health equity
by addressing conditions that are salient among vulnerable populations. I find that the high prevalence
of hypertension is not concentrated within any single wealth-strata of the Indonesian population but
almost equally distributed across rich and poor sub-populations. Given this distribution of
hypertension, the 5-6-year life expectancy burden of high blood pressure control is found for men
and women across the entire wealth distribution. This finding stands in contrast to many popular
understandings of hypertension as a disease of the well off, or a disease of post-nutrition transition
populations. However, other researchers have also documented high rates of hypertension among

poorer population, arguing that the popular conception of hypertension as a disease of the rich is not



consistent with epidemiological evidence and may lead to suboptimal health policy or resource
allocations™*’,

The key limitation of this study is the use of observational data to estimate the relationship
between blood pressure and mortality. For my results to have a causal interpretation, I make the
identification assumption that the assignment of blood pressure is random conditional on a set of
observed characteristics. If there were unobserved variables that resulted in residual confounding, my
estimate would be a biased estimate of the true burden of blood pressure control. However, based on
the results of a simulation-based sensitivity analysis, I find that even under high levels of unobserved
residual confounding, the size of the gain in adult life expectancy from improving blood pressure
control remains large. While the results of these simulations do not solve the identification problem,
they suggest that bias from unobserved variables is unlikely to affect the policy conclusions drawn
from my results. Within the IFLS, individuals only have blood pressure measurement from one point
in time prior to their mortality follow-up. This misses the changes in blood pressure that occur prior
to follow-up wave, introducing measurement error into the estimate of blood pressure. However, this
type of measurement error would result in a downward bias in the estimate, making my conclusions
conservative. While the use of nationally representative data alleviates many issues of selection bias,
the final analytic sample is smaller than the overall IFLS sample due to missing data for some
individuals. This may result in some degree of selection. Indeed, I find that the life expectancy of the
analytic subsample is higher than that over the overall sample, suggesting the analytic sample may be
positively selected on health.

Despite these limitations, this study has a number of important strengths. The IFLS is one of
the only sources of large nationally representative data with measured blood pressure and reliable
mortality follow-up in an LMIC. Empirically, this study is one of the first to estimate the population-

level mortality impact of improving blood pressure control using direct population-representative



data. I also move beyond idealized scenarios to estimate the gains across a wide range of plausible
policy-relevant scenarios. Similarly, I estimate the gains for the overall population and across wealth
quintiles to investigate whether the benefits of hypertension are disproportionately higher for wealthy
individuals. Finally, I explicitly confront the potential biases in my observational estimates by showing
that the conclusions drawn here are robust to a substantial level of unmeasured confounding,.

The results of this study promote hypertension prevention and control as a promising strategy
for improving mortality at the population level; however, further research is needed to realize this
potential. First, research is needed to establish the cost-effectiveness of various hypertension
prevention and treatment strategies to identify which policy options provide the highest rates of
return. Next, implementation research is needed to identify the best ways to introduce and scale up
hypertension interventions at the population level. Finally, behavioral research is needed to promote
health-seeking behavior, preventative health behaviors, and treatment compliance among individuals.

Within Indonesia, improving blood pressure control has the potential to greatly reduce
mortality at the population level. While the results presented here are for Indonesia, high-levels of
uncontrolled hypertension are not unique to Indonesia. My results suggest that across LMICs,
improving blood pressure control can result in large longevity gains. In contrast to many other chronic
health conditions, interventions to control blood pressure are also comparatively straight forward and
treatments relatively affordable. Therefore, improving blood pressure control has the potential to also

be a cost-effective and achievable way of improving longevity in Indonesia and other LMICs.
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Table 1: Descriptive characteristics of the sample in the baseline wave. Adults ages 40+, Indonesian
Family Life Survey, 2007, N = 10,085.

No. or mean % or SD
Age 53.6 10.8
Female 5298 52.5
Urban Residence 5076 50.3
Province
North Sumatra 583 5.8
West Sumatra 491 4.9
South Sumatra 428 4.2
Lampung 406 4.0
Jakarta 644 6.4
West Java 1462 14.5
Central Java 1431 14.2
Yogyakarta 098 6.9
East Java 1645 16.3
Banten 248 2.5
Bali 538 53
West Nusa Tenggara 628 6.2
South Kalimantan 435 4.3
South Sulawesi 448 4.4
Current marital status
Never married 149 1.5
Was married 1842 18.3
Currently married 8094 80.3
Completed schooling
No schooling 1984 19.7
Some schooling 3246 32.2
Primary or more 4855 48.1
Religion
Islam 8938 88.6
Hindu 495 4.9
Protestant 406 4.0
Other 246 24
Primary job

Retail 1838 18.2



Housework only
Retired
Agriculture
Manufacturing
Service
Not working
Other

Body mass index

Number of days of moderate or vigorous physical activity

1685
647
3125
673
1415
176
526
23.0
4.3

16.7
6.4
31.0
6.7
14.0
1.7
52
4.2
29

Notes: Body mass index is calculated as measured weight in kilograms over height in meters squared,;
primary school or more is classified as seven or more years of schooling; analytical models
additionally adjust for wealth quintiles but that is not shown since the index was constructed to have

20% of individuals in each quintile.



Figure 1: Continuum of hypertension care in Indonesia. Adults ages 40+, Indonesian Family Life
Survey, 2007, N = 10,085. All hypertensive includes individuals who have a systolic blood pressure
above 140 mmHg, a diastolic blood pressure above 90 mmHg, or report taking medication for high
blood pressure. Estimates were weighted to be sub-nationally representative.

All hypertensive
45.2% of individuals

Diagnosed
34.4% of hypertensive individuals
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76.8% of diagnosed individuals
26.4% of all hypertensive individuals

Controlled BP
23.3% of treated individuals
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Figure 2: Age-specific prevalence of hypertension in Indonesia. Adults ages 40+, Indonesian Family
Life Survey, 2007, N = 10,085 (4,787 Men and 5,298 Women). Error bars represent 95% confidence
intervals. Individuals were classified as hypertensive based on measured blood pressure only.
Estimates were weighted to be sub-nationally representative.
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Table 2: Estimated individual-level relationships between blood pressure and mortality. Adults ages 40+, Indonesian Family Life Survey,

2007-2014.
Men Women
Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Panel A
Hypertensive 2.0 1.9 1.9 1.6 1.6 1.6
95% CI (1.6 - 2.3) (1.6 - 2.3) (1.6 - 2.3) (1.3 -2.0) (1.3 -2.0) (1.3 -2.0)
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Panel B
Systolic Blood Pressure (10 mmHg
units) 1.18 1.17 1.17 1.14 1.14 1.14
95% CI (1.14 - 1.22) (1.13 - 1.22) (1.13 - 1.22) (1.10 - 1.18) (1.10 - 1.18) (1.10 - 1.18)
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
35,468 35,468 35,468 39,712 39,712 39,712

Person-Age Observations

Estimates are presented as hazard ratios from a Poisson regression of mortality using person-age level data with an offset for time lived
within each age. Each estimate corresponds to a different regression (panels A and B use different specifications of the main exposure).
Individuals were classified as hypertensive based on measured blood pressure only. Systolic blood pressure was rescaled to 10 mmHg units

for interpretability.
Model 1 covariates: age (continuous)

Model 2 covariates: Model 1 + job (cat) + religion (cat) + schooling (cat) + wealth (cat) + urban (cat) + marital status (cat) + BMI

(continuous) + days physical activity per week (continuous)
Model 3 covariates: Model 2 + province fixed effects



Table 3: Estimated gain in life expectancy at age 40 under ideal blood pressure control. Adults ages
40+, Indonesian Family Life Sutvey, 2007-2014/15. N=10,085, PY Obs = 75,280.

e, Observed e, Counterfactual Difference Difference p-value
Men 34.7 40.0 5.3 <0.001

(33.8 - 35.0) (37.5 - 42.5) (3.2-7.4)
Women 37.6 43.7 6.0 <0.001

(36.5 - 38.8) (40.6 — 46.7) (3.6 - 8.4)

Notes: Values represent life expectancy at age 40 with 95% confidence intervals in parentheses. Life
expectancies were estimated using period life tables. Confidence intervals and p-values were
estimated with a bootstrap procedure with 200 replications. Ideal blood pressure control is defined
as moving all individuals with a systolic blood pressure > 125 mmHg to 125 mmHg.



Figure 3: Estimated gains in life expectancy at age 40 by size of systolic blood pressure reduction
and share of hypertensive individuals that reduce their blood pressure. Adults ages 40+, Indonesian
Family Life Survey, 2007-2014/15. N=10,085 (4,787 Men and 5,298 Women), PY Obs = 75,280.
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Figure 4: Age-standardized prevalence of hypertension across wealth quintiles separately by sex.
Adults ages 40+, Indonesian Family Life Survey, 2007, (4,787 Men and 5,298 Women). Error bars
are 95% confidence intervals. The overall population age-distribution was used as the standard.
Individuals were classified as hypertensive based on measured blood pressure only. All the estimates
were weighted to be sub-nationally representative.
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Figure 5: Estimated gain in life expectancy at age 40 after fully controlling blood pressure by wealth
quintiles. Adults ages 40+, Indonesian Family Life Survey, 2007-2014/15. N=10,085 (4,787 Men
and 5,298 Women), PY Obs = 75,280. Error bars represent 95% confidence intervals.
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Figure 6: Bias analysis of life expectancy gains from a 20-mmHg systolic blood pressure reduction.
Adults ages 40+, Indonesian Family Life Survey, 2007-2014/2015. N=10,085 (4,787 Men and 5,298
Women), PY Obs = 75,280.
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Appendix Table 1: Age and death distribution of the sample. Adults ages 40+, Indonesian Family
Life Sutvey, 2007-2014/2015.

Men Women

N % Deaths % N % Deaths %
Age group
40-45 1125 23.5 38 5.8 1247 23.5 44 7.7
45-50 999 20.9 51 7.8 1097 20.7 47 8.2
50-55 781 16.3 83 12.7 882 16.7 54 9.4
55-60 606 12.7 74 11.3 618 11.7 59 10.3
60-65 409 8.5 76 11.6 483 9.1 64 11.1
65-70 408 8.5 114 17.5 456 8.6 110 19.1
70-75 228 4.8 96 14.7 246 4.6 70 12.2
75-80 118 2.5 57 8.7 152 2.9 66 11.5
80+ 113 2.4 64 9.8 117 2.2 61 10.6
Total 4787 100.0 653 100.0 5298 100.0 575 100.0

Notes: Age group for deaths are presented as the age of the deceased at the time of the survey in
2007. The actual age of death may fall in the adjacent age group.



Appendix Table 2: Relationship between blood pressure and mortality by wealth quintile. Adults
age 40+, Indonesian Family Life Survey, 2007-2014/15

Men Women

Hypertension Systolic BP Hypertension Systolic BP

Hypertension 1.7 1.9
(0.011) (0.007)
Hypertension x Wealth
Quintile 2 1o L0
(0.884) (0.893)
Hypertension x Wealth
Quintile 3 = 08
(0.710) (0.514)
Hypertension x Wealth
Quintile 4 I 0-6
(0.812) (0.070)
Hypertension x Wealth
Quintile 5 I 0.9
(0.683) (0.654)
Systolic BP 1.10 1.14
(0.009) (0.001)
Systolic BP x Wealth
Quintile 2 1.06 0.99
0.284) (0.846)
Systolic BP x Wealth
Quintile 3 1.02 1.01
(0.659) (0.819)
Systolic BP x Wealth
Quintile 4 1.08 0.97
(0.125) (0.500)
Systolic BP x Wealth
Quintile 5 1.12 0.99
(0.068) (0.933)
Person-Age Observations 35,481 35,481 39,728 39,728

Estimates are presented as hazard ratios (p-value) from a Poisson regression of mortality using
person-age level data with an offset for time lived within each age. Individuals were classified as
hypertensive based on measured blood pressure only. Systolic blood pressure was rescaled to 10
mmHg units for interpretability.



