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Abstract

Objectives: Russia faces a high burden of cardiovascular disease. Prevalence of all cardiovascular risk factors, especially
hypertension, is high. Elevated blood pressure is generally poorly controlled and medication usage is suboptimal. With a
disease-model simulation, we forecast how various treatment programs aimed at increasing blood pressure control would
affect cardiovascular outcomes. In addition, we investigated what additional benefit adding lipid control and smoking
cessation to blood pressure control would generate in terms of reduced cardiovascular events. Finally, we estimated the
direct health care costs saved by treating fewer cardiovascular events.

Methods: The Archimedes Model, a detailed computer model of human physiology, disease progression, and health care
delivery was adapted to the Russian setting. Intervention scenarios of achieving systolic blood pressure control rates
(defined as systolic blood pressure <140 mmHg) of 40% and 60% were simulated by modifying adherence rates of an
antihypertensive medication combination and compared with current care (23.9% blood pressure control rate). Outcomes
of major adverse cardiovascular events; cerebrovascular event (stroke), myocardial infarction, and cardiovascular death over
a 10-year time horizon were reported. Direct health care costs of strokes and myocardial infarctions were derived from
official Russian statistics and tariff lists.

Results: To achieve systolic blood pressure control rates of 40% and 60%, adherence rates to the antihypertensive
treatment program were 29.4% and 65.9%. Cardiovascular death relative risk reductions were 13.2%, and 29.6%,
respectively. For the current estimated 43,855,000-person Russian hypertensive population, each control-rate scenario
resulted in an absolute reduction of 1.0 million and 2.4 million cardiovascular deaths, and a reduction of 1.2 million and 2.7
million stroke/myocardial infarction diagnoses, respectively. Averted direct costs from current care levels ($7.6 billion [in
United States dollars]) were $1.1 billion and $2.6 billion, respectively.
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Introduction other countries with similar gross domestic product per capita [3].
For example, in Russia, only approximately 45% of 20-year-old
men can expect to live until age 65, compared to 88% of same-
aged males in Switzerland [4]. In addition, cardiovascular
mortality is high in the working age population, especially in
males [3,5,6]. The prevalence of hypertension, one of the most
common risk factors for GVD, is estimated at 39.7% in the adult

Russia faces a high burden of cardiovascular (CV) disease
(CVD), which is the primary cause of mortality accounting for
57% of all deaths in the country [1]. The rates of CV mortality
and morbidity in Russia are among the highest in Europe [2]. In
particular, male adult mortality rates substantially exceed those of
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Russian population [7], and has remained relatively stable during
the last 10 years. This prevalence is higher than that in other
countries, including the United Kingdom (28% to 31%) [8], the
United States (US; 29%) [9], France (31%) [10], and Canada
(22%) [11].

Treatment and control of hypertension in Russia is less than
optimal. According to the latest reports from a 10-year federal
program evaluating the prevention and treatment of hypertension,
few treated patients achieved blood pressure (BP) control (from
23% [beginning of study] to 24% [end of study]), despite a modest
increase in treatment rate from 63% to 66% [7]. From 2009-
2010, the most commonly prescribed hypertension treatments in
Russia were angiotensin-converting enzyme (ACE) inhibitors (63%
of patients), diuretics (37%), beta blockers (31%), calcium channel
blockers (CCBs; 15%), and angiotensin receptor blockers (ARBs;
5%) [7]. A pharmacoepidemiologic study of hypertensive patients
in clinical practices in Russia reported that approximately 26% of
hypertensive patients are treated with monotherapy, 37% with two
drugs and 37% with three or more drugs [12]. Data on statins use
in Russia had large variability. From 2004 to 2009, use of statins in
the population with ischemic heart disease increased from 10.0%
to 85.5% [13]. In another study conducted between 2005 and
2007, only 1.9% of the high-risk patients were taking statins prior
to an acute myocardial infarction [14]. Hence, data suggested that
the use of statins for primary CVD prevention in the high-risk
Russian population was low.

Reasons for suboptimal hypertensive management in Russia
include additional comorbidities (eg, smoking, left ventricular
hypertrophy, obesity, dyslipidemia,) [15], poor treatment adher-
ence (eg, patients not taking their medication regularly) [16,17],
and nonadherence (eg, unwillingness to change smoking, diet, and
exercise patterns or show up for appointments) [18]. “Therapeutic
inertia’ of physicians also contributes to poor management of
hypertension in Russia, with documented low rates of combination
therapy and thiazide diuretics use [19,20].

The economic burden of CVD in Russia is high. A recent study
[6] estimated direct health care costs related to CVD in Russia (in
2009) of approximately US$7 billion. Coronary heart disease
(CHD) accounted for 45.3% of total CVD direct health care costs
(~$3.1 billion), while total health care costs of cerebrovascular
discase were estimated at $1.2 billion [6].

The purpose of this study was to assess the potential benefits of
better hypertension treatment programs in Russia, with the intent
of reducing CV mortality and morbidity in the hypertensive
population. With a disease-model simulation, we forecast how
various treatment programs aimed at increasing BP control would
affect CV outcomes. Systolic blood pressure (SBP) control rate was
used because of the high rate of SBP hypertension in Russia [15],
the strong association between systolic hypertension and adverse
cardiovascular outcomes [21], and to better align with available
data. In addition, we investigated what additional benefit adding
lipid control and smoking cessation to BP control would generate
in terms of reduced CV events. Finally, we estimated the direct
health care costs saved by treating fewer CV events.

Methods

Adaptation of the model

The Archimedes Model (the Model) is a trial-validated,
clinically detailed simulation model of human physiology, disease
progression, and health care delivery [22]. The core of the Model
is a set of equations representing the physiological pathways
pertinent to diseases and their complications. Use of the integrated
Archimedes model enables a comparison of a wide range of
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treatments, guidelines, and performance measures within an
integrated system, and to address comorbidities, syndromes that
span multiple organ systems, drugs that have multiple effects, and
combinations of treatments. The Model has been carefully
developed over several years to predict adverse health outcome
event rates and the effects of medical interventions on health
outcomes. The structure of the model and data sources used in the
modeling is described elsewhere [23] and is provided for reference
in Appendix Sl in File S1. The CVD module of the Model has
been calibrated and validated against a large number of publicly
available summary- and individual-level data sets [24] (and see
Appendix S2 in File S1).

Because the Model was primarily developed using patient data
from the US and Western Europe, it had to be calibrated to allow
it to capture the event rates observed in Russia. To do this, the
underlying dynamics of disease onset related to important risk
factors was assumed to be similar, but the baseline event rate was
modified to match that observed in the Russian population. Data
sources used for model calibrations were age-adjusted CHD
mortality rate and age-adjusted cerebrovascular (hereafter referred
to as ‘stroke’) mortality rate (unpublished data: see Appendix S3 in
File S1). The Model was calibrated in the following way: (1)
baseline event rates for myocardial infarction (MI), death after MI,
other CHD death unrelated to MI, stroke, and death after stroke
were adjusted so that both age-adjusted CHD mortality and stroke
mortality rates in the Model matched those reported for Russia,
and (2) the diagnosed/undiagnosed ratios of MI and of stroke were
calibrated to better reflect a lower diagnosis rate of MI and stroke
compared with the US, based on data from the Yaroslavl region of
Russia (unpublished data: Appendix S4 in File S1) [25,26]. The
lower diagnosis ratios observed in Russia may, in part, be related
to the lack of MI diagnosed in cases of death outside hospital, the
failure to obtain care, or the lack of broad access to advanced
diagnostic technologies. Other baseline characteristics of the
Russian population including age distribution, gender distribution,
and smoking status were controlled for. Baseline values for age,
smoking status, prevalence of hypertension, and BP level and
distribution in the hypertensive population were estimated using
multiple sources [2,7,27-29] and imputed from the Model-based
population. The Model was updated and adapted based on a
recent model simulation of clinical outcomes in the Yaroslavl
region of Russia (unpublished data, Archimedes/Novartis: white
paper on model simulation).

Intervention scenarios

The simulated hypertensive population in Russia was treated
with an antihypertensive fixed-dose combination pill consisting of
3 components: an ARB, a CCB, and a diuretic. This combination
of antihypertensive drug classes is included in the hypertension
guideline management algorithm [30,31]. The combination of an
ARB, CCB, and diuretic has been shown to have greater
proportion of patients achieving BP control (<140/90 mmHyg)
compared with dual therapies [32,33]. The effect of the fixed-dose
combination pill was modeled to have the same effect as taking
cach component separately, and its effects on cardiovascular
outcomes were modeled as proportional to the reduction in SBP.
This modeling approach is consistent with findings in a meta-
analysis of antihypertensive trials [34]. Scenarios were generated
in which different rates of SBP control (ie, SBP <140 mmHg)
were achieved by modifying the adherence rates of the antihy-
pertensive combination pill. The SBP control rates considered
were 23.9% (baseline BP control rate in Russia) [7], 40%, and
60%. In each scenario, if a patient was assigned, and adhered, to
the use of the combination pill, they discontinued all other usage of
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ACE-inhibitors/ARBs, CCBs, and diuretic medication. Other-
wise, the patient was assigned medications according to the
baseline scenario to achieve a 23.9% control rate. (Intervention
scenarios to reach 30% and 50% SBP control were also generated,
and these are presented in Table S1.) This simulation setup
assumed that the SBP control rates are maintained for the full
duration of the simulation. If one is interested in exploring the
effect of decreasing SBP control rate over time, other simulation
scenarios with lower SBP control rates can be used as lower
bounds for the estimated effect on clinical outcomes.

In addition to improving the BP control rate, two other CV risk-
reduction interventions were considered. First, the impact of
improved dyslipidemia management by administering atorvastatin
20 mg together with the combination pill was assessed. This
dosage was modeled to reduce low-density lipoprotein (LDL)
cholesterol by 43% [35]. Fixed-dose medication bundles that
include an antihypertensive, a statin, and aspirin have been shown
to reduce CV outcomes [36]. In this simulation study, the
potential impact of adding dyslipidemia treatment was estimated
by assuming program participants adhered to the lipid-lowering
medication the same amount as to their antihypertensive
combination pill. If a patient was assigned, and adhered, to the
use of atorvastatin, previous use of other statins as documented at
baseline was discontinued. Second, the impact of a smoking
cessation program in addition to increased BP control and
improved dyslipidemia management was evaluated. Two smoking
cessation program scenarios were considered: 25% and 50%
reductions in smoking prevalence within the target hypertensive
population maintained for 20 years. Hypertension treatment was
evaluated first (before dyslipidemia and smoking) as hypertension
is the CVD risk factor that is relatively easy to diagnose and treat.
It is the number one risk factor for premature death [37] and is
highly prevalent in Russia compared with other countries [38].
There is also a substantial amount of evidence that better
hypertension control is correlated with better morbidity and
mortality outcomes [30] and there are clear treatment guidelines
in Russia [39]. Dyslipidemia treatment was added next. Smoking
cessation was added last because, although it is a very large burden
in Russia, it is extremely difficult to treat. This order is also
consistent with results from the EURIKA study, which found
hypertension to be the greatest risk factor in cardiovascular
disease, followed by hyperlipidemia, and then smoking [40].

Intervention scenarios were also run in the 38% subpopulation
of working-age patients: males 20-59 years and females 20-54
years of age (the upper limit is the statutory retirement age in
Russia) [41].

Clinical outcomes

A total of 100 000 virtual patients aged over 20 years and
representative of the Russian hypertensive population were
generated. The results were scaled to the 2010 Russian population.
Based on the 2010 Russian population size [29] and the
prevalence of hypertension in Russia [2], the estimated size of
the hypertensive population was 44 million. Each simulated
patient was run through the baseline control and 4 treatment
scenarios and the following health outcomes were generated:

® Major adverse cardiac event (MACE; defined as the composite
outcome of MI, stroke, or death due to CVD)

Stroke diagnosis

MI diagnosis

CHD death (defined as fatal MI or other CHD death)
Stroke death
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® (VD death (defined as CHD death or stroke death)

e Life expectancy (which was computed by running the
simulation for the full lifetime of each person [mean age at
baseline was 61.1 years]).

Economic outcomes

Direct health care costs related to treatment of MI and stroke
events were calculated for each intervention scenario by multi-
plying a unit cost with each MI and stroke event. Direct health
care costs attributable to the third-party payer were included.
Costs (in US dollars) of MI ($1524/event) and stroke ($859/event)
included hospitalizations, emergency care, and percutaneous
coronary intervention/cardiosurgery (acute event) [6]. Follow-up
costs, including outpatient visits and medications, were added for
the first year after an MI ($328) and stroke ($53) event for patients
surviving 30 days after the event. Total averted health care costs
were calculated. Costs of the intervention program were not
considered in this analysis. Costs were discounted at 3.5% per
annum and presented in 2011 US dollars.

Results

Baseline characteristics for the Russian hypertensive population
simulated from the Archimedes Model are reported in Table 1.
Demographic characteristics (ie, age and gender) and baseline risk
factors of our population are generally consistent with that of the
hypertensive Russian population [15]. To achieve an SBP control
rate of 40% and 60%, the required adherence rate to the
antihypertensive combination pill was estimated at 29.4% and
65.9%, respectively.

Clinical outcomes of hypertension intervention

The hypertension intervention program was associated with
significant improvements in simulated 10-year risk across all
clinical outcomes (Table 2). The simulation results indicate that
slightly less than doubling the current SBP control rate (ie, from
23.9% to 40.0%) would lead to a 3.8% absolute risk reduction
(12.9% relative risk reduction) in MACE while the CVD death
rate would improve by 2.7% (absolute risk reduction; 13.2%
relative risk reduction). The scenario with 60% SBP control rate
would lead to an 8.5% absolute risk reduction (28.9% relative risk
reduction) in 10-year MACE rate and a 6.1% absolute risk
reduction (29.6% relative risk reduction) in 10-year CVD death
rate.

The simulated number of events and cases prevented with
increased SBP control rates in the 10-year period are presented in
Figure 1. Increasing the SBP control rate from current 23.9% to
40.0% would prevent 1.0 million CV deaths, 980 000 stroke
diagnoses, and 230 000 MI diagnoses over 10 years in the Russian
hypertensive population. A further increase of SBP control to 60%
would prevent 2.4 million CV deaths, 2.2 million stroke diagnoses,
and 520 000 MI diagnoses.

Life expectancy in the Russian hypertensive population is
estimated to increase by 0.93 and 2.09 years at 40% and 60% SBP
control, respectively (Table 2). When simulating the impact of the
hypertension intervention in the 38% of patients in the working
age hypertensive subpopulation, an increase from current care to
40% SBP control led to a gain of 1.21 life-years (CVD death rate
reduction of 1.1% [absolute] and 14.9% [relative]; Table 3).

August 2014 | Volume 9 | Issue 8 | 103280



Simulating the Impact of CV Risk Interventions in Russia

Table 1. Baseline characteristics for the Russian hypertensive population simulated from the Archimedes Model.
Baseline variable* Male Female
Gender 44 56
Mean age, years 57.0 64.2
Current smoker 523 15.0
Mean systolic blood pressure, mmHg 146 161
Mean diastolic blood pressure, mmHg 83 79
Mean LDL cholesterol, mg/dL 122 128
Mean HbA1c, % 5.8 5.6
History of coronary artery disease 10.8 7.9
History of myocardial infarction 43 2.0
History of cerebrovascular disease (stroke) 125 11.6
Type 2 diabetes 229 16.3
Dyslipidemia 62.0 493
Currently taking ACE inhibitor or ARB 19.3 16.3
Currently taking CCB 11.2 114
Currently taking diuretic 14.3 10.7
Currently taking statin 19.5 13.7
ACE, angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker; CCB, calcium channel blocker; HbA1c, hemoglobin Alc; LDL, low density lipoprotein.
*Data presented as percent of patients unless otherwise noted.

doi:10.1371/journal.pone.0103280.t001
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Figure 1. 10-Year total number of CV events and CV events prevented in Russian hypertensive population by intervention
scenario. CV, cardiovascular; CVD, cardiovascular disease; MI, myocardial infarction; SBP-C, systolic blood pressure control.
doi:10.1371/journal.pone.0103280.g001
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Absolute difference of current care from:

+0.93

—0.027 (—0.031-—0.024)
—0.061 (—0.065-—0.058)

—0.011 (—0.014-—0.008)
—0.025 (—0.028--0.022)

—0.019 (—0.022-—-0.016)
—0.042 (—0.045-—0.039)

—0.021 (—0.024-—-0.018) —0.007 (—0.009-—0.005)
—0.015 (=0.017--0.013)

—0.047 (—0.050-—0.044)

—0.038 (—0.042-—0.034)
—0.085 (—0.089-—0.081)

40% SBP control rate

+2.09

60% SBP control rate

Relative risk reduction

Relative risk reduction with respect to current care from:

13.2 (11.5-14.8)
29.6 (28.1-31.0)

129 (11.6-14.2) 14.6 (12.5-16.7) 14.2 (10.3-18.1) 14.5 (12.3-16.7) 124 (9.6-15.2)

28.9 (27.8-30.1)

40% SBP control rate

31.8 (28.5-35.1) 32.4 (30.6-34.3) 27.9 (25.4-30.3)

32.8 (31.0-34.6)

60% SBP control rate

CHD, coronary heart disease; CVD, cardiovascular disease; MACE, major adverse cardiac event; MI, myocardial infarction; SBP, systolic blood pressure.

doi:10.1371/journal.pone.0103280.t002
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Clinical outcomes of dyslipidemia and smoking cessation
interventions

Simulation results with the addition of the lipid-lowering
treatment and smoking cessation program are presented in
Figure 2. The addition of atorvastatin 20 mg to the antihyper-
tensive combination pill further reduced the 10-year CVD death
rate by 1.2% if a BP control rate of 40% is achieved and by 2.5% if
a BP control rate of 60% 1is achieved. These combined
interventions would prevent in total 1.5 million CVD deaths, 1.3
million stroke diagnoses, and 340 000 MI diagnoses with a 40%
SBP control rate over 10 years in the Russian hypertensive
population (Figure 1). Treatment of dyslipidemia in a hypertensive
patient population with 60% SBP control would prevent 3.4
million CVD deaths, 3.0 million MI diagnoses, and 740 000 stroke
diagnoses.

With the addition of a smoking cessation program effective in
25% of patients, the 10-year CVD death rate is estimated to
improve by 0.6% with a 40% SBP control rate (Figure 2). In
addition to the 40% SBP control and lipid-lowering treatment, a
smoking cessation program effective in 50% of patients would
reduce 10-year CVD death rate by 1.2%, while preventing a total
of 2.0 million CVD deaths. A 60% SBP control rate, plus
dyslipidemia control and smoking cessation programs at 25% and
50% effectiveness would prevent 3.5 million and 3.7 million CVD
deaths, respectively (Figure 1).

Economic outcomes

At current BP control rates, the cost of MI and cerebrovascular
event care in Russia is estimated at US $7.6 billion over 10 years
(Figure 3). This represents an annualized cost of MI and
cerebrovascular treatment of roughly 0.04% of GDP in 2011
[42]. Increasing SBP control from baseline to 40% would save US
$1.1 billion over 10 years, representing 15% of current care costs.
Increasing SBP control from baseline to 60% would avert US $2.6
billion over 10 years, representing 34% of current CVD-related
care costs. Implementing a smoking cessation intervention
effective in 50% of patients, while also adding lipid control and
reaching 40% and 60% BP control, would potentially avert care
costs equivalent to US $2.1 billion and US$3.9 billion, respectively,
over 10 years.

Sensitivity analysis

The stability of the model simulation was tested by altering
various scenarios in a deterministic sensitivity analysis. Analyses
included: altering time horizon (20 years), increasing the age-
adjusted CV mortality rates used for the model calibration for the
general Russian population by 10% (relative change), increasing
the prevalence of hypertension by 20% (relative change), and
increasing the proportion of diagnosed versus undiagnosed CV
events in Russia by 10% (absolute change) from 40% to 50% for
MI and from 70% to 80% for cerebrovascular events. As expected,
increasing the time horizon from 10 to 20 years showed that
improving the SBP control rate from 23.9% to 40% leads to a
4.7% absolute risk reduction in CVD death at 20 years compared
with 2.7% absolute risk reduction in 10 years. Absolute risk
reductions thus change as expected with changes in the time
horizon. The risk reduction results were stable for the other
sensitivity analyses across all scenarios (data not shown), demon-
strating that the simulation results are insensitive to moderate
variations in calibration parameters.
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Discussion

This study aimed to evaluate the potential impact of improved
management of known CV risk factors (hypertension, smoking,
and dyslipidemia) in Russia over a 10-year time frame. Our
analysis shows that improved hypertension control can lead to an
increase in life expectancy of 0.93 years, as a result of a 28.9%
relative risk reduction in CVD death rates, at an increase from
current SBP control rate to 40%. The addition of smoking
cessation and dyslipidemia control would further reduce the
number of adverse CV events.

Along with the clarion call for expanding Universal Health
Coverage globally [43], the World Health Organization (WHO)
has also emphasized the urgency of strengthening primary care
services worldwide [44]. In addition, the management of
hypertension, one of the most common chronic health conditions,
has been suggested as a proxy measure of clinical performance
[45,46]. The contribution of hypertension to total mortality rates
in Russia is approximately 35% [47]. In addition, men and women
with elevated SBP (>180 mmHg) live 12 and 6 years fewer than
those with normal BP, respectively [47]. Risk-factor intervention
programs targeted to hypertension control—and the important
contribution of systolic hypertension control—is therefore of great
importance for Russia.

Dyslipidemia and smoking control were assessed as additional
interventions to hypertension control alone. The further reduc-
tions in GV events highlight the importance of a multifactorial
approach to target CV event reduction. Smoking is a particularly
important risk factor in Russia as it is estimated that 60% of men
and 22% of women in Russia smoke tobacco [28]. Of note,
compared with a decline in smoking rates in most industrialized
countries, the proportion of smokers in Russia has steadily
increased. This is particularly true for women, with the proportion
of smokers doubling over 12 years [48]. Although other risk factors
such as poor eating habits, high alcohol intake, physical inactivity,
and obesity contribute to GV morbidity and mortality in Russia
[48,49], the results give a clear indication of the potential gains to
be had in mortality and morbidity by addressing 3 of the most
common, treatable risk factors.

Simulating the Impact of CV Risk Interventions in Russia

The increased BP control rates for the different intervention
scenarios in the model simulation were based on an increase in
adherence to the antihypertensive combination pill. Although
there is substantial evidence on the efficacy of the combination pill
[36] from a health care management perspective additional efforts
should be made to stimulate adherence and persistence rates with
lifestyle modification and medical therapies. Several studies have
demonstrated the positive link between a single combination pill
and adherence rates [50,51]. Using a single combination pill
compared with the use of 2 separate drugs reduced the risk of
nonadherence by 24% [50]. In addition, 2 large-scale, noninter-
ventional studies conducted in a real-world setting in Russia with
combination therapies similar to those used in our model have
demonstrated clinically significant reductions in BP [52,53].

The simulation results indicate that improved hypertension
management could increase life expectancy by almost 1 year at
40% SBP control and by 1.2 years for the working age
subpopulation. As deaths in Russia occur at younger ages
compared with high-income countries, premature deaths in the
working age population have a disproportionately high impact on
the overall economy. In Russia, the number of working years lost
in men and women is estimated at 22.1 and 3.4 years, respectively,
while the number of working days lost due to CVD is estimated at
474.2 per 100 000 population [6]. With 38% of the hypertensive
population being of working age, there is the potential for
significant reductions in indirect costs with CV risk-factor
management within this subgroup. Indeed, indirect costs due to
CV morbidity and mortality compose 80% of total GV related
costs, mainly related to lost productivity [6].

Direct health care cost savings related to reduced CVD events
were estimated to be US$1.1 billion over 10 years. While these
estimations did not include the added costs of the intervention
program, cost of hospital pharmacy medications, nor the indirect
cost savings, the direct cost offsets demonstrate the potential
economic magnitude of improving effective primary care in
Russia. Other studies with intervention programs similar to ours
have demonstrated the economic benefits of cardiovascular disease
prevention. A cardiovascular disease prevention program involv-
ing monitoring and counseling of patients with risk factors (among

Table 3. 10-Year event rates (95% confidence intervals) for CVD death, risk reduction (95% confidence intervals), and life
expectancy in the working age Russian hypertensive population by SBP control rate scenario.

Relative risk reduction

Relative risk reduction with respect to current care from:

40% SBP control rate 14.9
(10.6-19.1)

60% SBP control rate 334
(29.8-36.9)

CVD death Life expectancy, years
Current care, 23.9% SBP control 0.076 (0.073-0.078) 24.05
Absolute risk reduction
Absolute difference of current care from:
40% SBP control rate —0.011 +1.21
(—0.015-—0.008)
60% SBP control rate —0.025 +2.72

(—0.029--0.022)

CVD, cardiovascular; SBP, systolic blood pressure.
doi:10.1371/journal.pone.0103280.t003
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Figure 2. 10-Year CVD mortality rates in the Russian hypertensive population by intervention scenario. CVD, cardiovascular disease;

SBP, systolic blood pressure.
doi:10.1371/journal.pone.0103280.g002
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Figure 3. 10-Year averted direct health care costs by interven-
tion scenario. BPC, blood pressure control; SBP systolic blood
pressure; USD, United States dollars.
doi:10.1371/journal.pone.0103280.g003
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others hypertension) to be highly cost-effective in men aged 40-59
years [54]. Moreover, scaling up a multidrug regimen similar to
ours in high-risk individuals (defined as those having had non-fatal
CHD) was found to be effective with moderate increases in health
expenditure [55].

The averted costs estimated in our calculation should thus be
used to fund improved primary care delivery and further CV risk-
factor intervention programs to address the number one burden of
excess mortality in Russia.

Considering the results of our simulation, the introduction of
CV risk-factor preventative programs in Russia can have a
substantial health and economic effect. The means of introducing
nationwide prevention of CVD in Russia should include policy
mechanisms, legal and regulatory frameworks, health care system
measures, training, public education, monitoring systems, and
international cooperation [48]. Despite CV event reduction
recently becoming a goal in Russia, there are several barriers to
reducing these risk factors in Russia, including lack of adequate
legislation, scarce resources (recently beginning to be addressed
with the introduction in 2013 of a large-scale population screening
and behavioral intervention program), lack of consistency in health
care policy [48], and only partial reimbursement of hospital
pharmacy medications. Although our analysis did not estimate the
cost of introducing the intervention programs used in the
simulation, other studies have shown that similar preventative
programs can be introduced at fairly low cost in low- and middle-
income settings [55]. In addition, the recent experience in
Yaroslavl region saw a significant improvement in BP control
rate through a systematic, evidence-based complex change-
management program with modest increase in resources primarily
focusing on management of the existing health system resources
[38].

Our simulation hinges on the importance of appropriate dosing
and patients’ adherence to effective, evidence-based therapies.
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This graphically demonstrates the need to better understand
barriers to physician inertia and also patient adherence in
addressing the burden of non-communicable diseases in Russia.
One important implication is to ensure proper funding mecha-
nisms in order to invest in training and management of the
extensive Polyclinic system, as well as addressing the heavy burden
of out-of-pocket spending that the majority of patients currently
have to bear in the out-patient setting [6].

Other countries with relatively high rates of hypertension have
been successful in improving BP control. For example, an analysis
of the Canadian population showed that, between 1994 and 2004,
the rate of death (standardized for age and gender) from acute MI
decreased by 38.1% and the standardized rate of death from
stroke decreased by 28.2% [56]. Other changes over this period
included an increase in BP control rate from 13.2% in 1992 to
64.6% in 2009 [57], and an increase in initial prescriptions of
antihypertensive drugs after the introduction of the Canadian
Hypertension Education Program in 1999 [58]. Although there
could be multiple explanations for the decrease in CV death rates
in Canada between 1994 and 2004, these findings demonstrate the
potential benefits that increased use of antihypertensive treatment
and increased BP control rates could have on CV outcomes in a
hypertensive population. In California, USA, implementation of a
large-scale hypertension program was associated with a significant
increase in hypertension control. Key elements of the program
included a comprehensive hypertension registry, development of
performance metrics, evidence-based guidelines, and single-pill
combination pharmacotherapy. Over the 9-year study period,
hypertension control almost doubled from 43.6% to 80.4% [59].

Hypertension treatment practices have also been extensively
studied in the Czech Republic [60,61]. Cardiovascular risk factors
were evaluated over the 22-23 years from the WHO MONICA
(MONItoring trends and determinants in CArdiovascular disease)
survey in 1985 to the most recent one in 2007/2008 [61]. During
this time period, rates of hypertension awareness increased (men,
41% to 68%; women, 59% to 71%), as did rates of treatment
(men, 21% to 58%; women, 39% to 59%). This resulted in
improved levels of hypertension control (men, 3% to 24%; women,
5% to 25%) [61]. These improvements in hypertension control
could explain the observed reductions in CV death in the Czech
Republic over time (from 561 per 100 000 [1994] to 357 per 100
000 [2009]) [62].

As described earlier, Russia (the Yaroslavl region) has also been
successful in improving hypertension control [38]. Following an
initial cross-sectional survey of hypertensive patients (n=1794), a
comprehensive health system improvement program for the
Yaroslavl region was initiated. One year later, a second patient
survey (n=2992) using very similar methodology across all 38
major Polyclinics in the Region demonstrated significant improve-
ment over the year in BP control rate, from 16.8% to 23.0%,
reflecting a 37% relative improvement (p<<0.0001) and showing
that improvement in BP control is possible across a Russian
region.

This study has several strengths. To our knowledge, it is the first
study to quantify the potential clinical and economic impact of
different CV risk-factor interventions in Russia. An advantage of
mathematical models is that they can evaluate such impact
without the use of clinical trials or observational studies, which
may not be feasible due to limitations in time or resources or
ethical constraints. The analytical approach is thus a solid and
pragmatic approach to enable informed resource allocation
decision making. The Archimedes Model also has the benefit of
using differential equations, which maintain the continuous nature
of biological variables, time, and their interaction. Another

PLOS ONE | www.plosone.org
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advantage of the Model is that it has been calibrated and
validated against a large number of data sets. In addition, the
current model has been calibrated to allow it to capture the event
rates observed in Russia, with simulated baseline characteristics
matching those of the Russian population.

We recognize that there are some limitations to this analysis.
First, there is a dearth of high-quality longitudinal data on CVD
progression and the impact of CVD risk-factor interventions in the
Russian population. There are also clear differences in the baseline
characteristics of the population that we used in the Model
compared with the Russian population. It is possible that other
important risk factors (such as high alcohol consumption) [63]
could explain part of the increased CV risk in the Russian
population and may reduce the potential benefit of improved BP
control through the use of an antihypertensive combination pill.
Longitudinal data from a Russian cohort are needed to perform a
more extensive analysis to improve the risk calibration of the
Model. Also, because MI incidence and cerebrovascular event
incidence for Russia were not available for this simulation study,
we had to use diagnosed/undiagnosed ratios for MI and for
cerebrovascular event incidences observed in the Yaroslavl region
and then extrapolate it to the entire country. In addition, because
the focus of the study was on the reduction in CV outcomes, the
Model is only calibrated to the age-adjusted CVD mortality rate in
Russia. However, since the gain in life expectancy from improved
SBP control is mostly attributable to the reduction in CVD
mortality, non-CV mortality should have little impact on the
simulated life expectancy.

Conclusions

Our simulation implies that a clinically significant number of
CV events in the Russian hypertensive population may be
prevented by improving BP control. Over a 10-year period, we
estimate that over a million deaths could be avoided and that the
Russian hypertensive population could, on average, live an
additional year of life by doubling the BP control rate. Additional
gains in BP control and other more aggressive CV risk-factor
management (dyslipidemia and smoking) could result in further
improvements that have the potential to positively impact and
extend the lives of millions of Russian people, which would be of
particular importance to the hypertensive working age population
to avert productivity losses. Of importance to policy makers is that
our work highlights the potential gains to be had from structured
investments in more effective primary care mechanisms and
interventions that lead to better hypertension control and other
CV risk-factor mitigation. Such a program should be implemented
in concert with tracking key performance metrics in order to
deliver better outcomes and a healthier, more productive, and
active population. In addition, detailed economic calculations of
such a program (including costs of its implementation and
additional medications) and comparison with economic savings
from the reduction of complications would be helpful for future
decision making in this area.
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