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Abstract: The paper proposes an approach to determine the optimal number of medical specialists in the
region. According to the author's theoretical model, in order to maximize public welfare, the marginal
contribution of the last physician recruited to the growth of the public utility function should be equal to the
marginal cost of attracting him and providing conditions for his work. To empirically assess the contribution
of physicians to the number of lives saved, the CVD mortality rate is modeled using the instrumental variable
method. On average, a 1% increase in the number of cardiologists is associated with a 0.6% decrease in
cardiovascular mortality. At the level of provision with cardiologists in the amount of 1 per 100 thousand
people, their marginal contribution to the number of lives saved is not less than 129 per 100 thousand people,
with a further decrease by 5 people with the increase in the level of provision by 1 unit. The use of the obtained
results will increase the validity of managerial decisions and in determining the optimal level of doctors when
choosing between alternative possibilities of spending money on hiring doctors of different profiles or other
expenses, especially in the case of limited resources.

Keywords: health care markets; cardiovascular mortality; health care workforce; applied microeconometrics;
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1. Introduction

Relevance. The present study attempts mathematical modeling and proposals of empirical
applications based on the theory of public goods and methods of applied econometrics in industrial
organization in the field of health care. In many countries of the world the state takes an active part
in the formation and regulation of the market of health services [1]. At the same time, in such countries
as, for example, Russia, the state system guarantees free access of citizens to the majority of the most
common services in the sphere of health care on the basis of application of the mechanism of
compulsory health insurance [2]. Profile authorities at the regional and federal levels are faced with
the need to make decisions on the provision of medical services. We are talking about decisions
related to the determination of the number of specialized doctors and medical staff, beds, as well as
decisions in the field of personnel training, including the planning of the number of budgetary places
in specialized educational institutions. But what is the basis for making decisions about the optimal
number of doctors, for example, cardiologists, at the level of a particular region? To date, such
decisions are made on the basis of federal regulations, which contain standardized average
coefficients that determine the number of certain doctors per 100,000 people, taking into account the
expected number of requests for medical services and the average appointment time [3]. These
coefficients do not sufficiently take into account the characteristics of territories, for example, socio-
economic status, demographic characteristics of the population. It is also about the fact that the
characteristics of territories can lead to variations in the extent to which the number of doctors can
influence mortality from a particular disease, and even to estimate the average impact, other things
being equal, it is necessary to take into account the presence of observed and omitted variables,
reverse causality and other econometric problems [4]. For example, according to Rosstat data, in the
Penza region the mortality rate from cardiovascular diseases is 749 per 100,000 people, with a
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cardiologist supply rate of 12.4 per 100,000 people, while in the Nenets Autonomous District the
corresponding mortality rate is less than 348 per 100,000 people, with a cardiologist supply rate of 6.8
per 100,000 people in 2019.

The level of development of the region itself, its geographical location, proximity to the federal
center and specialized educational institutions are also important in the context of explaining the
existing level of medical personnel supply [5]. In many respects, this will determine whether the
region will be able to attract the necessary number of specialists for what is defined in the federal
standards.

Thus, according to statistical data, there is a significant difference in the indicator of availability
of cardiologists in the regions of the Russian Federation. For example, in such regions as the Jewish
Autonomous Region, the Pskov Region, the Kurgan Region, and the Vologda Region, the number of
cardiologists per 100,000 people is less than 6. And in such regions as the Astrakhan Oblast, North
Ossetia, and St. Petersburg, the number of cardiologists per 100,000 people is more than 16 [6].

The currently used approach also does not allow us to answer the question of how many
specialists should be employed to maximize the indicator of public welfare. There is also no way to
compare managerial decisions related to the choice between doctors of different specialties, or
between hiring an additional cardiologist or building a crosswalk near a school to reduce child
mortality from accidents.

At the theoretical level, the research problem is defined by the existence of a gap that arises when
trying to answer the question of what should be the optimal equilibrium volume of medical services
in order to maximize the indicator of public welfare. In this paper we assume that the state, striving
to maximize the indicator of public welfare, will strive to form the volume of supply of medical
services as close as possible to the optimal one. And due to the peculiarities of the market of services
in the sphere of health care, for example, the existence of long waiting lists due to underfunding, here
and further we will assume that the supply of services in the sphere of health care in the optimal
volume from the point of view of maximizing the indicator of public welfare will lead to the
establishment of the equilibrium level of production and consumption of relevant services on the
market as close as possible to the optimal volume. The existence of this gap is due to the fact that the
state-guaranteed access to free health services in some cases leads to the fact that these services begin
to be fully or partially characterized by the properties of public goods [7]. The state can strive for
universal free access to health care because the consumption of health care services is a source of
positive externalities, and thus without state guarantees or other forms of regulation, such as
subsidizing health care services, underconsumption of health care services compared to the optimal
level can be expected [8]. On the other hand, the fact that health care services begin to be characterized
by the properties of public goods leads to the fact that other well-known problems arise, for example,
the problem of the stowaway, which creates the preconditions for underfunding of the health care
sector within the mechanism of compulsory health insurance [9]. For this and other reasons, the state
has to make decisions both on the amount of additional financing of the health care sector and on the
directions of spending the corresponding funds, which ultimately determines the volume of supply
and, to a large extent, the equilibrium volume of specific medical services in the market under
consideration.

In subsection 3.1 of this section we will consider a theoretical model for determining the optimal
number of cardiologists based on the Samuelson equation [10]. However, in order to apply it in
practice, it will be necessary to estimate the utility of hiring additional physicians in monetary terms,
in order to compare it with the corresponding costs. In doing so, estimating the utility in monetary
terms would require, on the one hand, an estimate of the cost of living, which in turn can take into
account both an estimate under other things being equal and an estimate taking into account its
expected duration and quality [11]. On the other hand, it is necessary to calculate the impact of the
number of specialized physicians on the mortality rate from the respective disease area [12]. This is
what will be the main focus of this paper.

Research question: how will the mortality rate of the population from cardiovascular diseases
change, all other things being equal, if an additional number of cardiologists is hired in the regions
of the Russian Federation? The most common research results in the literature demonstrate the
negative impact of the indicator of availability of specialized medical personnel on the mortality rate
from specific disease areas [13]. Such an impact can be explained by a significant reduction in the
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patient's waiting time in queues, which in turn can contribute to the receipt of timely medical care
[14]. The importance of timely medical care is also important in the context of the presence of expected
transaction costs in the perception of the potential patient, which has a significant impact on his or
her decision to seek medical care. For example, the more a patient believes that there are long waiting
lists and other transaction costs associated with staff shortages, the more he or she will be motivated
to come to the hospital later, which, other things being equal, increases the likelihood of an adverse
outcome [15]. Professional competition among specialists may also be important, so that in the case
of an acute shortage of physicians with the relevant profile, they will have much less incentive to
invest resources and make efforts to improve the quality of their work, for example by attending
courses to improve their own qualifications, due to the fact that in the current conditions in the area,
the employer will have an extremely strong incentive to retain the employee under any conditions.

In addition to the above-mentioned channels of influence of the level of medical personnel
supply on the population mortality from the corresponding disease areas, it is important to
emphasize the existence of conditions for the emergence of false positives and false negatives, which
may lead to underestimation or overestimation of the corresponding influence and, to a certain
extent, prevent the interpretation of the desired causal relationships.

False positives can occur for a variety of reasons, but they usually fall into one of the following
categories: the presence of reverse causality, omitted variables, and peculiarities in the statistics used.
In our case, the problem of reverse causality seems to be a significant one. The fact is that in some
cases, in practice, there is even a positive correlation between the availability of medical personnel
and mortality rates, which is largely due to the fact that in those areas where there is a high level of
mortality from certain diseases, specialized authorities will try to increase the number of specialized
medical personnel [16]. At the same time, even if a negative impact is detected during modeling, there
is always a risk that this impact is underestimated due to the fact that reverse causality may exist.
The underestimation of the corresponding negative impact can also lead to the problem of missing
variables, for example, the variable characterizing the level of well-being and lifestyle of the
inhabitants of a given area [17]. For example, it is known that a high income can lead to a person
having a less physically active lifestyle, being more susceptible to the influence of bad habits, sleep
disorders and being overweight [18]. On the other hand, high income and the associated level of
development of the area will contribute to a higher indicator of availability of medical personnel that
characterizes the area [19]. In combination, this will result in areas with both high mortality rates and
high physician availability, creating a false-positive relationship. Existing inaccuracies in the
statistical data may also lead to an underestimation of the negative impact of physicians on mortality.
This may be due to the fact that in reality we do not observe the level of morbidity or mortality from
a particular disease, but only indicators of detected morbidity or mortality. Thus, the availability of
specialist physicians in an area has a greater direct effect on the recorded morbidity rate and a lesser
effect on the recorded mortality rate. Therefore, it may be expected that areas characterized by a high
availability of specialist physicians will be characterized by a higher level of recorded mortality from
the corresponding diseases [20]. On the other hand, high availability of specialists may in some cases
be associated with false diagnoses, which may also contribute to an increase in detected morbidity
and mortality in the area.

False negatives may also be associated with omitted variables. For example, in practice, it is quite
difficult to assess factors related to cultural aspects that characterize the attitude of the inhabitants of
a given territory towards their health at the regional level. At the same time, an attentive attitude of
the inhabitants of the region to their own health can lead to the fact that they are more likely to lead
a healthy lifestyle, for example, to eat properly, to lead a physically active lifestyle, which will
contribute to the reduction of the indicator characterizing the mortality rate from a particular
direction of the disease [21]. At the same time, people who pay attention to their own health can also
pay attention to issues related to the prevention of certain diseases, for example, in terms of early
visits to doctors, which will also contribute to the increase in demand for medical services in the
territory and create favorable conditions that contribute to the increase in the number of medical
personnel [22]. As a result, there will be areas with both low mortality and high availability of
specialists, but it will not be the doctors themselves, but first of all the attitude of the population to
its own health. Similar reasoning can be given when analyzing the influence of the parameter of the
level of medical literacy of the population, which can not always be expressed as an indicator of the
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level of education in general [23]. The indicator of the level of development of the territory can also
act as a missing variable. On the one hand, a more developed territory is more likely to have high
rates of availability of specialized doctors, while it is important to note that it is also more likely to
have lower mortality rates, for example, due to preventive measures such as popularization of sports,
access to quality food, medicines, opportunities to spend leisure time and organize quality recreation
[22]. These circumstances may also contribute to inaccurate estimates in the absence of relevant data.

The above-mentioned reasons for the existence of false-negative and false-positive relationships
are prerequisites that can potentially lead to underestimation or overestimation of the influence of
indicators characterizing the impact of the level of availability of medical personnel on indicators
characterizing the mortality rate of the population from the relevant disease areas.

Scientific novelty of the study. First, an approach to determining the equilibrium volume of
services in the sphere of health care on the example of the supply of cardiologists, which differs from
the existing ones by comparing the benefits and costs of hiring additional doctors, allowing to ensure
the maximization of the indicator of public welfare, as well as the possibility of comparing the returns
of decisions related to the recruitment of doctors of different profiles, as well as costs of non-medical
nature, leading to the saving of human lives. Secondly, an econometric model for assessing the impact
of the indicator of medical personnel availability on the indicator of mortality from specific disease
areas, using the example of cardiovascular diseases, which differs from the existing ones by using a
quasi-experimental method of estimation based on the author's instrumental variables, allowing to
overcome the influence of econometric problems, in particular the problem of reverse causality and
missing variables. Third, an approach to the design of instrumental variables for the application of
quasi-experimental econometric methods for solving the problems of causal impact estimation is
formed, which differs from the existing ones by using various modifications of spatial matrices and
spatial econometric methods, including those that allow us to form arguments in favor of their
exogeneity.

Thus, this study is aimed at developing approaches to improve the accuracy of estimates that
characterize the impact of the indicator of availability of specialized medical personnel on the
mortality rate of the population from specific diseases, which in turn allows us to implement an
approach to determine the volume of supply of services in the field of health care based on the
comparison of benefits and costs of its provision. The accuracy of the relevant estimates may allow
the use of management decision support systems, which, among other things, will significantly
improve the efficiency and targeting of relevant decisions, due to the possibility of forecasting and
comparing the impact, including at the interagency level.

Structure of the paper. In the section "Introduction" the field of the research problem is
presented, the research question is formulated and the relevance of the work is outlined. The
"Literature Review" section summarizes the key findings in the context of the research question. In
the section "Methods" the description of the theoretical model is given, on the basis of which the
approach to answer the question about the optimal volume of supply of services in health care using
the number of specialized cardiologists as an example is proposed, the tools for its empirical
realization are suggested, including the tools of applied microeconometrics, models of spatial
econometrics, the data are described, and the justification of the quasi-experimental method used in
the work is formed. The section "Results" describes the main indicators in regression equations
obtained in the course of econometric modeling. The section "Discussion” forms the main limitations
of the study, compares the obtained results with those already known in the literature, and provides
a discussion of the directions of their application in practice. In the section "Conclusion" the main
results are formed, the theoretical and practical significance of the study is assessed, and directions
for further research are formed.

This study contributes to the theoretical literature that discusses approaches to determining the
optimal level of service provision in quasi-public goods markets using the example of the market for
health care services [24,25]. It also contributes to the literature in the direction of refining empirical
methods for assessing the contribution of health care financing policies to reducing population
mortality, using cardiovascular disease as an example [26].
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2. Literature Review
2.1. Health Services as a Quasi-Public Good

The debate about whether health care is a public or private good is still open. Fisk addresses this
controversy in an article [27]. If health care is viewed as a commodity distributed by the market, then
it is a private good. If health care is considered a public good, then its distribution requires a broadly
consensual policy. The author believes that a healthy society can only be achieved through health
care based on the principle of solidarity. This view is shared by Carsten [24], who argues that health
care cannot be sold in the same way as health insurance. At the same time, the author notes the
existence of market failures due to the inability of some people to get health care at the right time or
when they need it most. In such cases, the market fails to provide the optimal amount of supply,
leading to externalities. The author points out that such a problem can be solved by providing
universal financial access to health care through insurance or mandatory employer contributions, as
well as public benefits and subsidies. Anamoli, on the other hand, argues that public health care
should be concerned only with the provision of public health services, which clearly separates it from
private health care [28]. However, in another paper [25], the author extends Anamoli's concept and
argues that attention should also be paid to water purification and air pollution control. Dees shares
this view and believes that only the state can provide clean water and air, as well as universal access
and free medical services [29]. It can be seen that the authors do not come to a clear answer about
what public health should be. Moreover, pure public health does not currently exist. There are
boundaries between public and private goods that differ depending on the chosen model of health
care. In this case, public health can be considered a quasi-public good.

2.2. Factors Influencing Mortality from Cardiovascular Disease

The influence of various factors on mortality and morbidity from cardiovascular disease is the
subject of constant attention by the medical and scientific community. Hypertension is one of the
major causes of cardiovascular disease and is increasing worldwide. One study [30] investigated the
causal relationship between blood pressure and cardiovascular disease. The authors used Mendelian
randomization, which uses measured gene variability to examine causality as an instrumental
variable. Positive associations were found for all cardiovascular diseases, supporting the findings that
the lower the blood pressure, the lower the risk of cardiovascular disease. In another study [31], the
authors used the Cox model to assess the risks of increased systolic and diastolic blood pressure,
heart rate on the manifestations of cardiovascular disease. It was found that elevated systolic blood
pressure had a large effect on angina pectoris, myocardial infarction, and peripheral arterial disease,
and elevated diastolic blood pressure had a large effect on abdominal aortic aneurysm. Elevated heart
rate was more associated with peripheral arterial disease.

Multiple studies show that obesity is associated with cardiovascular disease. Nordestgaard et al.
[32] tested the association between body mass index and the risk of coronary heart disease. The
authors hypothesized that control variables such as smoking, alcohol consumption, education,
annual income, blood pressure, gender, and age might disrupt the association between dependent
and key factors. To address this problem, they used the instrumental variables method. The results
showed that every 4 kg/m2 increase in BMI increased the risk of coronary heart disease by 26%, and
the instrumental variables method revealed a 52% increase in risk. A study by Larsson et al. used the
Mendelian randomization method to assess the association between body mass index and 14
cardiovascular diseases. Data from the UK Biobank from 2006 to 2010 were used for the study. The
sample included about 500,000 adults aged 40-69 years. The results of the study showed that high
BMI is associated with an increased risk of aortic valve stenosis and most other cardiovascular
diseases [33].

Studies suggest that type 2 diabetes may have a significant impact on cardiovascular disease
morbidity and mortality. In one article [34], the relative risk of cardiovascular disease was twice as
high in men and three times as high in women with diabetes compared to those without diabetes. In
a study [35], estimates from proportional hazards regression analysis showed that the risk of death
from cardiovascular disease was higher in men with diabetes than in men without diabetes, adjusting
for various control factors.

Smoking is also an important risk factor. For example, smoking a single cigarette dramatically
and temporarily increases blood pressure by activating the sympathetic nervous system. Exposure to
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tobacco smoke increases the risk of coronary plaque rupture and causes coronary artery spasm. A
non-linear relationship between daily cigarette smoking and coronary heart disease has also been
observed. In addition, there is no evidence that other tobacco products are safer than conventional
cigarettes [36].

A meta-analysis [37] summarized the results of the association between alcohol consumption
and the risk of heart failure. A moderate inverse association was observed between low alcohol intake
and the risk of heart failure. In addition, the results of the meta-analysis showed that previous alcohol
consumption was associated with an increased risk of heart failure. The article [38] performed a
systematic review of the literature on the use of Mendelian randomization to identify causal
relationships. Due to the heterogeneous application of the method in the reviewed studies, it is not
yet possible to draw conclusions about the causal role of moderate alcohol consumption. However,
excessive alcohol consumption is a known factor in mortality and the burden of cardiovascular
disease [39].

A number of studies indicate an association between low education, low income and increased
risk of heart and vascular disease. A study [40] examined the effect of income and education on
mortality from acute myocardial infarction. The study used the Cox proportional hazards model,
adjusting the data for sex, age, marital status, and other factors. Mortality in the first 30 days after
hospitalization was 7% among patients aged 30-64 years and 15.9% among patients aged 65-74 years.
After 30 days of hospitalization, mortality was 9.9% and 28.3%, respectively. The adjusted relative
risks of mortality in the first 30 and subsequent days of hospitalization in young low-income versus
high-income patients were 1.54 and 1.65, respectively. The situation was similar for education, 1.24
and 1.33. In elderly patients, the adjusted relative risks of mortality in low-income versus high-
income patients were 1.27 and 1.38, respectively. Meanwhile, elderly patients with high and low
levels of education did not differ in mortality. Ho et al. evaluated the association between education
level and the risk of acute myocardial infarction [41]. The authors used a Cox model to assess the
association between education and outcomes in the study. They also adjusted for demographic
factors to test for changes in the association between education and outcomes. In the unadjusted
analysis, they found that low education was associated with a higher risk of cardiovascular problems
over the course of a year. However, after adjusting for risk, the association between education and
death was statistically insignificant. Nevertheless, the risk of developing cardiovascular problems
remained significantly higher in the group of people with low levels of education. Hamad et al.
conducted an experiment to test how education affects various aspects of cardiovascular disease and
associated risk factors. They used the instrumental variables method to determine the effect of
education because there was doubt whether education was the real cause of cardiovascular disease
or correlated due to reverse causality. The instrument chosen to measure education was the School
Education Act. The authors also used fixed effects models. Results from the instrumental variables
method showed that increased education was associated with reductions in smoking, depression,
triglyceride levels, heart disease, and improved HDL cholesterol levels. However, increased
education was also associated with increases in body mass index and total cholesterol levels. When
fixed effects were accounted for in the model, these factors became statistically insignificant [42].

The authors in [43] examined the effect of marital status on outcomes in patients with coronary
heart disease and at high risk of developing this disease. They used Cox proportional hazards
regression to determine the relationship between marital status and outcomes, adjusting for sex, race,
diagnosis of arterial hypertension, diabetes mellitus, body mass index, smoking history, education,
employment status, and other factors. There were 1,085 deaths from all causes, including 688 from
cardiovascular disease and 272 from myocardial infarction. Unmarried people had a higher risk of
all-cause death (1.24), cardiovascular disease (1.45), and myocardial infarction (1.52) compared with
married people. A similar situation was seen in divorced (1.41) and widowed (1.71) patients. The
authors note that the results remained significant after adjusting for medications and other
socioeconomic factors.

Gallo et al. used 10-year follow-up data to estimate the effect of job loss among people over age
50 on subsequent risk of myocardial infarction and stroke. The key variable was a binary measure of
involuntary job loss due to business closure, plant closure, or layoff. Socio-demographic status,
economic variables, and comorbidities were used as control variables. Using Cox proportional
hazards regression, the authors found that the risk of myocardial infarction and stroke was twice as
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high among those who lost their jobs involuntarily compared with those who were employed. For
many people, job loss is an extremely stressful situation that can trigger cardiovascular disease [44].

The results of the study showed that there is a causal relationship between anxiety, depression
and acute myocardial infarction and sudden cardiac death [45]. On the other hand, positive
psychological aspects such as optimism have been identified as contributing factors to cardiovascular
health [46].

Studies [47,48] have found a positive association between air pollution and cardiovascular
mortality. Extreme heat and cold have also been found to influence the risk of cardiovascular disease
[49,50]. Sex, age, and race differences, low physical activity, and urbanization are also considered
significant factors influencing cardiovascular disease mortality and morbidity in the literature [51-
55].

2.3. Econometric Issues in Assessing the Influence of Physicians on Cardiovascular Disease Mortality Rates

A number of studies have been conducted in the scientific literature on the impact of the number
of physicians on cardiovascular disease mortality. Simionescu et al. related the number of deaths
from cardiovascular disease to per capita health care expenditures, the number of public hospitals
with cardiology departments, and the number of cardiologists. The authors used Bayesian linear
regression models for time series at the national level and panel data models with fixed effects at the
regional level to control for unobserved variables. The Bayesian model showed a negative effect on
the number of deaths, and an increase in the number of physicians and hospitals was associated with
an increase in mortality. The fixed effects model showed that, on average, an increase of one
cardiologist reduced mortality by one. However, an increase in the number of public hospitals was
positively associated with mortality. The authors conclude that the results differ at the national and
regional level because of the influence of the number of cardiologists [56].

Another study examined the relationship between access to health care and preventable
mortality from several diseases, including cardiovascular disease. The authors used three models: a
pooling model, a fixed effects model, and a random effects model. The random effects model was the
appropriate model for estimating variables on mortality in men. The researchers note that increasing
the number of pediatricians in the region by one would increase the regional mortality rate by 3,885
deaths per 100,000 population. The situation is similar for general practitioners (1,482). The other two
statistically significant variables (number of pharmacies and number of specialists) have negative
relationships with coefficient values of 3.904 and 0.3777. For women, the random effects model was
appropriate. An increase in the number of general practitioners and dentists would increase the
mortality rate by 0.724 and 0.557 per 100 thousand population, respectively. The number of
gynecologists, pharmacists and specialists have negative estimated coefficients [57].

The contradictory results are due to two econometric problems: the omitted variable problem
and the reverse causality problem. While the authors partially solved the omitted variable problem
by using fixed and random effects models, the reverse causality problem is still important for
analyzing the relationship between the number of physicians and mortality. It is possible that regions
with higher mortality have more physicians not because their presence leads to lower mortality, but
because there is a greater need for medical personnel due to high morbidity and mortality. This
problem can be partially addressed using instrumental variables techniques.

One study [58] evaluated the impact of different medical services on hospital admissions. One
of the factors was physician density. The authors solved the problem of omitted (unobserved)
variables by using spatial autoregressive analysis. In addition, the authors used the instrumental
variables method to solve the problems of omitted variables and reverse causality. The authors used
the medical student factor as an instrument, reasoning that most graduates stay and work in the
region where they studied after graduation.

Sundmacher et al. examined the effect of regional differences in the provision of health services
on the types of preventable cancer deaths. The dependent variable was the age-standardized non-
negative mortality rate. The reason for using the instrumental variable method was that the
distribution of physicians was not strictly regulated until 1993. There may have been incentives for
physicians to move to areas with high and low incidence rates of these cancers, resulting in reverse
causality. In addition, there are omitted variables that correlate with both the incidence of mortality
from preventable cancers and the supply of physicians. In Germany, individuals who refuse military
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service can choose to serve in the national system. Most of these positions are in the health sector, so
the total number of such positions per 100,000 population was used as an instrument. The results
showed that an additional 10 physicians would reduce the incidence of acute cancer by about one
case every five years [59].

A study [60] examined the existence of physician-induced demand for hypertension services in
Ghana. A positive correlation between these indicators would indicate an artificial demand for these
services, so the authors assume the existence of endogeneity. The authors use district population size
and male population ratio as instruments, which only affect demand for health services through the
ratio of doctors to population. A high male population ratio indicates the presence of mining and
cocoa farming. This in turn indicates a vibrant local economy and high purchasing power. The
population of the district indicates a high availability of amenities such as good schools for the
children of doctors, stable supply of electricity and water, and the presence of high economic
activities. In addition to the instrumental variables method, the authors use a fixed effects model. The
results suggest that a 1% increase in physician density increases visitation by 0.75%. This supports
the authors' hypothesis that there is an artificial demand for health services in Ghana.

Subramanian et al. examined the effect of physician density on infant mortality. The authors
noted the presence of endogeneity problems due to omitted variables and reverse causality. To
address these issues, the authors used the instrumental variables method. The authors used lagged
physician density as the instrument. The results of the study showed that an increase of one physician
per 1000 population reduces infant mortality by 15% over five years and by 45% in the long run [61].

3. Methods and Data
3.1. Theoretical Model for Determining the Optimal Number of Physicians

Need for government intervention. The consumption of health services by the population leads
to positive externalities. For example, healthier individuals are more likely to be more productive,
start new businesses, make scientific discoveries, and achieve other successes that benefit the rest of
society [62]. The presence of positive externalities in consumption means that market equilibrium
without government intervention will result in the amount of services consumed being less than the
optimal amount in terms of maximizing public welfare. This happens because individual economic
agents, when deciding to purchase and consume an additional unit of a good, consider only the
personal utility received, which is less than the utility for the whole society, leading to
underconsumption. There are various ways in which the government can intervene to correct such
"market failures"”, such as subsidies [63]. In practice, instead of subsidizing each individual patient,
the state subsidizes medical organizations, which, together with the presence of compulsory health
insurance, forms the contours of modern health care systems in countries with models similar to the
health care system in the Russian Federation [64].

Consequences of state intervention. In fact, the actions of the state lead to the fact that health
services begin to be characterized by the properties of public goods. We are talking about
characteristics such as non-excludability and non-competitiveness [10]. The fulfillment of these
characteristics can be interpreted in different ways. For example, non-excludability implies that it is
impossible to provide a service to one consumer without providing it to all others, and to some extent
universal free medical care implies this. On the other hand, the non-competitiveness property is
satisfied in a more truncated form, because when a doctor sees a patient, he cannot see a second
patient at the same time. In this case, the second patient is still seen, but at a later time, which in
practice is characterized by long queues at the doctor's office [65]. For such services, the concept of
quasi-public services is often used in the literature [25]. In fact, it would be more accurate to consider
the system as a whole as a quasi-public good, rather than each individual service in the health care
system. And as the main characteristic we can consider its throughput capacity per unit of time. For
example, if there are 20 doctors working in the system, they can serve a larger number of patients
with less waiting time than if there are only 10 doctors working in the system, all other things being
equal. This is analogous to a public swimming pool with free access but queues. In the case of health
care, the size of the system, i.e. its capacity, is determined to a greater extent by the state. In fact, we
are talking about the equilibrium volume of services provided, and although it is determined by the
interaction of supply and demand, the peculiarities of the market, combined with the fact that there
is a deficit of services on the market, which can be confirmed by the presence of queues, leads to the
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fact that the state, by influencing the supply of services, for example by increasing the number of
doctors, directly affects the equilibrium level of consumption. The state determines the interest rate
that characterizes the level of payments to the mandatory health insurance funds and participates in
the additional financing of the health care system [66]. The role of additional financing is growing, in
part because of the problem of "stowaways" resulting from free access to the health care system
regardless of the patient's own contribution.

Approach to determining the optimal number of doctors. In the literature, it is common to use
Samuelson's equation [10] to determine the optimal quantity of public goods in the context of
maximizing public welfare. According to it, the volume of public goods is considered optimal if the
total marginal utility of all consumers is equal to the marginal cost of its production. It is assumed
that the conditions are met, according to which an increase in the volume of public goods always
leads to an increase in the utility of its consumption, but each additional unit leads to an increasingly
smaller increase. In this case, the costs increase at an accelerated rate as the volume of public goods
produced increases.

Let the production of health care services be determined by the required number of specialized
doctors. All other costs related to medical personnel, equipment, and other infrastructure are
determined by the number of doctors. That is, from the point of view of society, we have a cost
function of the form (1) and a utility function of the form (2). Then, the public welfare indicator can
be expressed by formula (3), and the condition for maximizing the level of public welfare is given by
formula (4).

fi=c) 1)
fa=v() @)
W(y,) =v(y) —cly) ®3)
V'(yz) =) )

where, y is the number of physicians, through which the volume of services provided, the scale or
throughput of the health care system is determined.

Formula (4) is a necessary and sufficient condition for maximization, in view of the
corresponding properties of the cost and utility functions, namely v'(y)>0,v"(y)<0 and c'(y)>0 c"(y)=0
for any y>0, ¢(0)=0. The economic interpretation of the introduced properties of the considered
functions is as follows. Each additional physician will bring additional benefits, but the magnitude
of these benefits will decrease. Even if the amount of equipment and other infrastructure also
increases, the intuition may be that doctors will initially help patients with simpler diagnoses and
treat more and more severe cases, so that each new doctor will face more difficulties, so that the
contribution of each additional doctor to saving lives will decrease over time, although it will remain
positive. In terms of costs, hiring an additional physician and providing him or her with a work
environment will always incur additional costs, as more resources will be expended to find new
qualified personnel. This may be due, for example, to the limited number of personnel in the area,
which will require more effort and resources to attract new personnel, particularly to cover
transportation and other transaction costs.

For simplicity, the utility function is given for society as a whole, without distinguishing
between the utilities of individual patients and externalities. This is due to the fact that in practice it
is rather labor-intensive to derive the utility functions of individual patients or the influence of
external effects, and therefore the paper proposes an alternative way of estimating utility.

Let us give an economic interpretation of formula (4). If v'( ¥ ) > ¢'(y) is fulfilled, it will mean
that the last hired doctor still brings more benefits to society compared to the costs, and therefore,
taking into account the considered properties, it is necessary to hire one more doctor, i.e. there is an
underproduction of services in health care. That is, the indicator of public welfare can be increased
by increasing the number of doctors. If v'( ) < ¢'(¥) is fulfilled, it will mean that hiring the last
doctor has brought more costs to society than benefits and, therefore, there is an overproduction of
services. And only at that number of doctors, when the equality of marginal utility and marginal cost
functions is ensured, the maximization of the indicator of public welfare will be achieved.
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In order to use formula (4), it is necessary to calculate the value of marginal cost, which is beyond
the scope of this study, but does not seem difficult in any case, given the available information on
current and potential costs. It is also necessary to obtain the function of marginal social utility, and
here it is proposed to express it in the form of the product of the index characterizing the increase in
the number of lives saved in case of hiring an additional doctor by the cost of one life saved. (p'/®)
(5). Then equation (4) takes on the form of (6). The question of estimating the cost of a life saved is
also beyond the scope of this paper and can be considered both in a simple form, other things being
equal, and taking into account its expected duration, qualitative characteristics, which is relevant, for
example, when choosing between doctors of different profiles, medical procedures, and other
alternatives.

v'(y) = death_heart_'(y) = p'i/e )

death_heart_'(y) * p'¥¢ = ' (¥) (6)

The main empirical focus of this paper is to derive the death_heart_'(y) function. In the
following, different model specifications are proposed that allow this. It is important to note that this
function can be evaluated as a constant or as a function directly dependent on the number of
physicians, e.g. allowing for the diminishing contribution of each additional physician. The most
promising approaches include variants that allow the contribution of an additional physician to be
estimated taking into account other indicators of the area, including socioeconomic and demographic
characteristics.

3.2. Data

In order to answer the formulated research question, it is necessary to consider as a dependent
variable the mortality rate from cardiovascular diseases in the regions of the Russian Federation. In
addition to assessing the direct impact of the variable characterizing the availability of qualified
medical personnel, control variables will be considered in the modeling. The variables characterizing
the level of alcohol and tobacco consumption, unemployment, education, poverty, the proportion of
the elderly, the proportion of the urban population, the ratio of men to women, marriage and divorce
rates, real income, air and water pollution, and the incidence of cardiovascular diseases will be
considered as control variables in the basic version of the model. Other variables will be considered
for additional checks, such as the variable describing the average CVD mortality rate in neighboring
regions that share a common border with the region under consideration, as well as instrumental
variables, which will be discussed in subsections 3.4 and 3.5.

More information about the variables used in the study and approaches to their calculation can
be found in Table 1.

Table 1. Description of variables.

No. Designation Factor Calculation method
1 death_heart_ Mortality from CVD Mortality from diseases of the circulatory
system (per 100 thousand population)
2 doctors_heart_ Number of Number of cardiologists per 100,000
cardiologists people
3 vodkat_ Alcohol consumption alcohol consumption,
dl/person
4 tabakt_ Tobacco consumption ~ Consumption of tobacco products (sales),
rub. per person
5 unempl_ Unemployment Unemployment rate (according to sample
labor force surveys; in percent)
6 educ_high_ Higher education Estimation of the share of the population

with higher education in the region
(number of students enrolled in bachelor's,
specialist's, master's programs per 10,000
population)
7 poor_ Poverty rate Proportion of the poor (income below the

subsistence level)
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8 old_ Proportion of the Share of people older than working age
elderly
9 city_ Percentage of urban Share of the urban population in the total
population population, in percent
10 sex_ Male to female ratio There are women per 1000 men
eleven marriage_ Marriage General marriage rates per 1000 population
12 divorce_ Divorceability General divorce rates per 1000 population
13 inc_real_ Real per capita Nominal income divided by the cost of a
income fixed set of consumer goods and services
14 pollut_air_p_ Air pollution Pollutant emissions, thousand tons per
person
15 pollut_water_t Water pollution Emissions of pollutants, thousand cubic
er_p_ meters meters per sq.m. for 1 person)
16 ill_heart_ CVD incidence rate Diseases of the circulatory system, number,
registered diseases per 1000 population
17 death_heart_s Average CVD Average mortality rate from CVD in
ated_1_ mortality in neighboring regions that have a common
neighboring regions  border with the region under consideration
(nearest neighbors)
18 doctors_neopl  The average level of Average weighted level of provision with
asms_sosed_ provision with oncologists in neighboring regions based
oncologists in on the matrix of squared inverse distances
neighboring regions (more details in subsection 3.5)
(neighbors - all other
regions of the Russian
Federation)
19 doctors_neopl Average level of The average level of provision with
asms_sosed_1 provision with oncologists in neighboring regions that
_ oncologists in have a common border with the region
neighboring regions under consideration (more details in
(nearest neighbors) subsection 3.5)
20 doctors_neopl Average level of The average level of provision with
asms_sosed_2 provision with oncologists in neighboring regions that
_ oncologists in have a common border with the region
neighboring regions under consideration or a common border
(nearest neighbors with a region that has a common border
and their neighbors)  with the region under consideration (more
details in subsection 3.5)
21 stud_medvuz_  The average level of The average level of provision with
pop_sated_ provision with medical students (the number of students
medical students in studying in medical specialties per 1000
neighboring regions population) in neighboring regions based
(neighbors - all other  on the matrix of squared inverse distances
regions of the Russian (more details in subsection 3.5)
Federation)
22 ussrmedvuz_s  The average level of The average level of provision with

osed_

provision with
medical institutions
in neighboring
regions in 1991
(neighbors - all other
regions of the Russian
Federation)

medical institutions (presence or absence
of a medical school) in neighboring regions
in 1991 based on the matrix of squared
inverse distances (more details in
subsection 3.5)

The work uses data from 81 regions of the Russian Federation for the period from 2012 to 2019,
for which the corresponding statistical observations are available for each year from 2012 to 2019 [6].
The statistical characteristics of the used data are shown in Table 2.

doi:10.20944/preprints202309.0986.v1
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Variable Mean Std. Dev. Min Max
death_heart_ 629.73 184.91 131.20 1204.70
doctors_heart_ 8.87 2.73 0.59 19.72
vodkat_ 0.79 0.45 0 3.44
tabakt_ 2401.93 2249.27 40.09 19119.94
unempl_ 6.49 4.22 0.80 47.70
educ_high 284.80 117.96 0 786.00
poor_ 14.25 5.01 5.60 37.80
old_ 23.60 481 8.30 31.30
city_ 70.16 13.01 28.90 100.00
sex_ 1144.93 53.43 961.00 1236.00
marriage_ 7.28 1.34 3.80 11.10
divorce_ 4.39 1.03 0.50 7.00
inc_real_ 7.29 1.89 3.87 16.41
pollut_air_p_ 0.17 0.29 0.0005 2.34
pollut_water_ter_p_ 0.00 0.02 0 0.17
ill_heart_ 31.27 10.58 11.90 98.40
death_heart_sosed_1_ 646.89 139.14 323.68 1204.70
doctors_neoplasms_sosed_ 5.0729 0.63 3.71 7.65
doctors_neoplasms_sosed_1_ 5.0734 1.07 2.28 8.83
doctors_neoplasms_sosed_2_ 5.03 0.82 2.28 8.17
stud_medvuz_pop_sosed_ 4.08 1.75 1.23 10.71
ussrmedvuz_sosed_ 0.57 0.20 0.24 2.23

Figure Al provides more detailed information on the statistical properties of the variables
considered in the basic regression, including the correlation matrix and information on their
distribution. High correlation values of 0.68 and 0.74 are observed between the variables
characterizing the marriage and divorce rates, as well as between the variables describing the male-
female ratio and the share of persons above working age, respectively. These results are to be
expected given the socio-economic and demographic characteristics of the population of the Russian
regions, in particular the demographic pyramid. Although the indicators themselves are not critically
high, this aspect is taken into account in the modeling, for example, by considering different
specifications. The analysis of the distributions of key variables allows us to conclude that there are
"heavy tails", in particular for the variables characterizing the mortality rate and the level of
availability of cardiologists. In this case, we decided to use the logarithms of these variables, which,
among other things, allows us to take into account the fact that the change in the mortality rate as a
function of the recruitment of each additional physician may not be a constant, for example,
depending on the current level of physicians. Figure A2 shows that after logarithmization, the
corresponding variables became closer to normal. In fact, the logarithmic procedure allows us to
estimate the impact of the variable in question as a percentage, but if necessary, we can always
estimate the corresponding model without the logarithm and obtain an estimate of how many
additional lives will be saved by hiring an additional cardiologist, including the effects of diminishing
returns.
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3.3. Models Considered

To obtain the function death_heart_'(y), it is first necessary to model the variable death_heart_,
where the main attention will be given to the correct assessment of the influence of the variable
characterizing the number of doctors on it. As previously demonstrated, there are a large number of
reasons for underestimating or overestimating this effect, for example, due to the presence of
prerequisites for the presence of false positive and false negative relationships due to the problem of
reverse causality, missing variables, the specifics of the available data, etc.. Solving some of these
problems is the main one. the main elements of the scientific novelty of this study. We will consider
the following models, including those using the instrumental variable method (more details in
subsection 3.3.4)

Linear models, where the contribution of each additional physician to the total number of lives
saved is assumed to be constant:

- Spatial sampling regression model (m1.1)

- Versions of m1l using the instrumental variable method, namely considering the variables
doctors_neoplasms_sosed_ (m1.2), stud_medvuz_pop_sosed_ (m1.3), ussrmedvuz_sosed_ (m1.4) as
the instrument and simultaneously doctors_neoplasms_sosed_, stud_medvuz_pop_sosed_,
ussrmedvuz_sosed_ (m1.5).

- Version ml.1 within the panel data model with fixed effects on the territory without
instrumentation (m1.6) and with instrumentation, where the variable doctors_neoplasms_sosed_
(m1.7) is considered as an instrument

death_heart; = B, + B, * doctors_heart; + 3, * vodkat; + 33 * tabakt; + 3, * unempl;
+ Bs * educ_high; + B¢ * poor; + B, * old; + Bg * city; + g * sex;
+ B1o * marriage; + ;1 * divorce; + B4, * inc_real; + ;3
* pollut_air_p; + B4 * pollut_water_ter_p; + 5 * ill_heart; + ¢;

(m1.1)

death_heart;; = a; + B * doctors_heart;; + 3, * vodkat;; + 5 * tabakt;; + B,
* unempl;; + Bs * educ_high;; + B¢ * poor;j; + B, * old;, + Bg * city;;
+ B * sex;; + P10 * marriage;; + (3,1 * divorce;; + B4, * inc_real;; (m1.6)
+ B3 * pollut_air_p;; + B14 * pollut_water_ter_p;; + ;5 * ill_heart;,
+ &t

where f;- regression coefficients, ¢; - random error, a; - characterizes the fixed effect of region
i, independent of time

Nonlinear models that assume that the contribution of each additional physician to the total
number of lives saved varies with all parameters of the function:

- Spatial sampling regression model (m2.1)

- Versions m2.1 using the instrumental variable method, namely considering the variables
doctors_neoplasms_sosed_ ussrmedvuz_sosed_ (m2.2) and the same variables and their squares
(m2.3) as an instrument, as well as the set of variables doctors_neoplasms_sosed_,
stud_medvuz_pop_sosed_, ussrmedvuz_sosed_ (m2.4) and a set of the same variables and their
squares (m2.5).

- Version m2.1 within the panel data model with fixed effects on the area without
instrumentation (m2.6) and with instrumentation, where the variable doctors_neoplasms_sosed
(m2.7) is considered as an instrument.

In(death_heart;) = 3y + B; * In (doctors_heart;) + 3, * vodkat; + 5 * tabakt; + 8, * unempl; + 35
* educ_high; + B¢ * poor; + B, * old; + Bg * city; + Bg * sex; + B * marriage; + 311

(m2.1)
* divorce; + 31, * inc_real; + ;3 * pollut_air_p; + B4 * pollut_water_ter_p; + ;5
= ill_heart; + g
In(death_heart;;) = B; + B; * In (doctors_heart;;) + B, * vodkat;; + B3 * tabakt;; + B, * unempl;; + B
* educ_high;; + B¢ * poor;j; + B * old;; + Bg * city;; + Bo * sex;; + B1o * marriage;; + B4, (m2.6)
m2.

* divorce;, + B, * inc_realy; + B3 * pollut_air_p;; + B4 * pollut_water_ter_p;; + B15

* ill_heart;; + &
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Non-linear models, assuming that the contribution of each additional physician to the total
number of lives saved may change as the number of physicians increases:

- Spatial sampling regression model (m3.1)

- Versions of m3.1 using the instrumental variable method, i.e. considering as the instrument the
variable doctors_neoplasms_sosed_ (m3.2), stud_medvuz_pop_sosed_ (m3.3), ussrmedvuz_sosed_
(m3.4) and at the same time doctors_neoplasms_sosed_, stud_medvuz_pop_sosed_,
ussrmedvuz_sosed_ (m3.5).

- Version m3.1 within the panel data model with area fixed effects without instrumentation
(m3.6) and with instrumentation, where the variables doctors_neoplasms_sosed_ and
doctors_neoplasms_sosed_2_ (m3.7) and doctors_neoplasms_sosed_, doctors_neoplasms_sosed_1_
and doctors_neoplasms_sosed_2_ (m3.8) are considered as instruments.

death_heart; = B, + B; * doctors_heart; + f3, , * doctors_heart;? + 8, * vodkat; + 35 * tabakt; + 3, m3.1)
* unempl; + B5 * educ_high; + B4 * poor; + B, * old; + Bg * city; + By * sex; + Byo
* marriage; + B, * divorce; + f3;, * inc_real; + ;3 * pollut_air_p; + 14

* pollut_water_ter_p; + ;5 * ill_heart; + g

death_heart;; = @; + 3, * doctors_heart;; + ; , * doctors_heart;,? + B, * vodkat;, + B5 * tabakt;, + B,
* unempl;, + Bs * educ_high;; + B¢ * poor;j; + B, * old;; + Bg * city;; + Bo * sex;t + B1o (m3.6)
* marriage;; + 1, * divorce;, + B, * inc_real;; + 13 * pollut_air_p;; + P14

* pollut_water_ter_p;; + P15 * ill_heart;; + &;;

In order to justify the exogeneity of the instrumental variables used, a model based on spatial
econometrics (m4.4-m4.5) is evaluated, which tests for the existence of an association between the
CVD death rate between a given region and its neighbors (for more details, see subsection 3.6).
Specifications with an additional control variable death_heart_sosed_1 (m4.1) and specifications
omitting highly correlated variables (m4.2-m4.3) are considered. In addition, specifications (m5.1-
mb5.9) with instrumental variables doctors_neoplasms_sosed_, doctors_neoplasms_sosed_1_ and
doctors_neoplasms_sosed_2_ are considered to demonstrate the argumentation aimed at interpreting
their exogenous properties (more details in subsections 3.4 and 3.5).

3.4. Application of the Instrumental Variable Method

The use of the instrumental variables method is justified by the need to solve, at least partially,
the problems that arise in the course of econometric modeling due to the presence of reverse causality,
omitted variables, and the specificity of the data used [62].

In practice, instrumental variables usually have two main requirements. They must satisfy the
properties of relevance and exogeneity. The relevance property implies that the instrumental variable
must have an effect on the variable whose effect on the dependent variable is to be estimated. In
addition to theoretical justification, this property can be tested using various tests. In practice, the
most commonly used test is the Cragg-Donald Wald F-statistic (or F-statistic in first stage regression).
The exogeneity property implies that the instrumental variable is not related to the dependent
variable in any way except through the variable whose influence is estimated in the paper. This
property is usually justified by economic intuition and is not directly tested. However, if there is at
least one instrument whose exogeneity is not in doubt, other instruments can be tested for exogeneity
using the Sargan test [67].

This study evaluates the impact of the indicator of availability of specialized medical personnel
- cardiologists - on the mortality rate from cardiovascular diseases. In fact, it is necessary to find such
instrumental variables that would have an impact on the indicator of availability of cardiologists, but
would not be associated with the mortality rate from cardiovascular diseases. The instrumental
variables considered in this paper are: three different versions of the indicator characterizing the
average level of availability of oncologists in neighboring regions, calculated on the basis of different
spatial matrices (more details on spatial matrices in section 3.3. 5) (doctors_neoplasms_sosed_,
doctors_neoplasms_sosed_1_, doctors_neoplasms_sosed_2_), the average level of provision with
medical students in neighboring regions (neighbors - all other regions of the Russian Federation)
(stud_medvuz_pop_sosed_), and the average level of provision with medical institutions in
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neighboring regions in 1991 (neighbors - all other regions of the Russian Federation)
(ussrmedvuz_sosed_).

Let us consider the fulfillment of the relevance properties for the instrumental variables under
consideration. Will the relevance property be met? If there is a high availability of doctors, especially
oncologists, around a region, it is more likely that this region will also have a relatively high
availability of medical personnel. There may be a direct link, for example, it may be possible to attract
personnel from neighboring regions. But there may also be unobserved factors that contribute to
more favorable conditions for attracting physicians. For example, if the neighboring regions have a
high number of cardiologists, then perhaps there are specialized educational institutions nearby, or
in general, this cluster of regions has favorable conditions for attracting doctors, which could be due
to geographical or even historical reasons. Similar reasoning can be applied to the variables
characterizing the average level of medical students in neighboring regions and the average level of
medical institutions in neighboring regions in 1991. Are the exogeneity properties satisfied? The main
problem in this case is that there may be unobserved characteristics that characterize clusters of areas.
For example, a high level of availability of oncologists in neighboring regions may mean that this
cluster of regions has a generally high level of development, and thus the same level of development
determines both a high level of availability of oncologists in neighboring regions and, for example, a
relatively low level of mortality from CVDs in the region under consideration itself. This is an
example of one of the channels showing that the instrument can be related to the dependent variable
in a different way, which means that the exogeneity property is violated. The way in which the
average level is calculated is also important, e.g. if we consider only a close circle of neighbors, it is
more likely that exogeneity is violated, because closer areas are more likely to have the same
characteristics (more on spatial matrices and the calculation of averages of indicators in neighbors in
Section 3.3.5). The variable stud_medvuz_pop_sosed_, for example, has a similar problem because
the level of endowment in neighboring regions may also affect both the number of medical students
per capita and the level of endowment in the region under consideration, leading to a violation of the
exogeneity property. In this regard, the instrumental variable ussrmedvuz_sosed_, which describes
the average level of medical facilities in neighboring regions in 1991, seems to be the most promising.
Due to the fact that the data describe the values of the corresponding characteristics of the territories
20 years ago, after which significant changes occurred both in the sphere of health care and in other
spheres of the state structure, we can more confidently expect this variable to fulfill the exogeneity
property. It is also important to recognize that the same instrumental variable properties may be
satisfied when modeling on a spatial sample, but not when working with panel data models.

For example, if we consider stud_medvuz_pop_sosed_ as an instrumental variable in models
with spatial sampling, we can expect the relevance property to be satisfied because, all else being
equal, if a large number of medical students graduate from neighboring regions year after year, we
can expect the level of care in the region under consideration to be relatively high. However, if we
consider the same variable as an instrumental variable in models with panel data, at least one problem
arises in the context of the relevance property, i.e. the influence of the instrument on the variable
characterizing the level of supply of medical personnel in terms of lags. If the number of trainees has
increased in a given year, it is unlikely that the number of physicians will increase in the same year.

On the other hand, when considering the instrumental variables doctors_neoplasms_sosed_1_
and doctors_neoplasms_sosed_2_, the exogeneity property may not be fulfilled for them in the case
of working with models based on spatial sampling, as it was shown above, due to the presence of
latent relationships between the quality of development of a group of territories, the level of mortality
from CVDs and the availability of doctors both in the region under consideration and in the
neighboring regions. At the same time, when considering models based on panel data, where
relationships between changes in the relevant variables are important, the exogeneity property may
already be fulfilled. For example, it can be assumed that certain events or latent factors may lead to
an increase in the level of physician availability in neighboring regions over a short period of time,
which in turn will affect the level of physician availability in the region under consideration, but will
not have time to affect the level of CVD mortality through channels other than the indicator of
physician availability.

Part of the confidence in the exogeneity of the variables used can be increased by attempting to
test this property using the Sargan test, provided that there is no doubt about the exogeneity of the
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ussrmedvuz_sosed_ variable. This is particularly important when justifying the choice of the spatial
matrix used to calculate the value characterizing the average level, for example, the provision of
oncologists in neighboring regions. Section 4 summarizes the results of the relevant checks, including
a check for the presence of an interspatial relationship between regions for the indicator of mortality
from CVD.

3.5. Spatial Matrices

Let us consider the algorithm of forming instrumental variables on the basis of different types
of spatial matrices using the example of the indicator characterizing the average level of availability
of oncologists in neighboring regions. Spatial matrices characterize the weights used to calculate the
average values of indicators in neighboring regions for a given region. The study considers three
types of spatial matrices.

The first type: spatial matrix of regions of the Russian Federation, which provides information
about neighboring regions that directly share a common border. That is, for each region all other
neighboring regions are selected with equal weight. For example, if a region has only two neighbors,
then when calculating the average level of a parameter in its neighbors, their arithmetic mean is taken.

The second type of spatial matrix is considered in a similar way, but the neighbors are both the
nearest neighbors that have a direct common border and the neighbors that share a common border
with the nearest neighbors, i.e., regions that share a common border with the region under
consideration.

The third type of spatial matrix considers all other regions of the Russian Federation as
neighboring regions. However, the squares of the inverse distances between the considered region
and all other regions are considered as weights. Economic distances are considered as distances
taking into account the presence of transport.

Accordingly, the first, second and third types of spatial matrices allow us to obtain weights for
the calculation of the variables stud_medvuz_pop_sosed_1_, stud_medvuz_pop_sosed_2_,
stud_medvuz_pop_sosed_, respectively.

3.6. Application of Spatial Econometric Methods

One of the reasons for the violation of the exogeneity of the considered instrumental variables
may be the existence of a spatial relationship between mortality rates. There may be the following
channel of the relationship between the instrumental variable and the dependent variable. For
example, the value of the average level of provision of medical students in neighboring regions may
directly affect the value of provision of medical personnel in neighboring regions, which in turn may
affect the level of mortality, for example, from cardiovascular diseases in neighboring regions, and
this indicator may be related to the mortality rate in the considered region. To test this hypothesis,
additional specifications are considered.

Model (m4.1), which differs from model (ml.2) by adding another control variable
characterizing the average death rate from cardiovascular diseases in the neighboring regions
(death_heart_sosed_1_).

Model (m4.4), which will differ from model (m1.6) by the use of the Spatial AvtoRegressive
Approach (SAR), which provides for the direct inclusion in the regression equation of a coefficient
characterizing the presence of spatial autoregression, i.e. the influence of neighboring regions, based
on a spatial matrix of weights of the third type [68].

Model (m4.5), which will differ from model (m1.6) by using the spatial Durbin approach (SDM),
which implies that the model takes into account the presence of spatial autoregressive relationships
for both the dependent variable and all other variables [69]. That is, the model assumes that the
mortality rate in a given region is influenced not only by factors that characterize that region, but also
by the level of mortality in neighboring regions (as in model m4.4), as well as by the average level of
all other characteristics of neighboring regions.

death_heart;; = a; + p * W * death_heart;, + B, * doctors_heart;; + B, * vodkat;; + B3 * tabakt;; + 3, * unempl;;
+ Bs * educ_high;, + B¢ * poor;, + 7 * old;; + Bg * city;, + Bg * sex;, + By * marriage;, (m.5)
m4.
+ By * divorce;; + By, * inc_real;; + B3 * pollut_air_p;, + B14 * pollut_water_ter_p;, + B15s

+ ill_heart;; + &
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death_heart;; = a; + p * W * death_heart;, + 3; * doctors_heart;; + B, * vodkat;; + 5 * tabakt;; + B, * unempl;;
+ 5 * educ_high;; + B¢ * poor;, + B, * old;; + Bg * city;, + Bg * sex;; + B1o * marriage;;
+ 11 * divorce;; + B4, * inc_real;; + B3 * pollut_air_p;; + B4 * pollut_water_ter_p;; + B1s
* ill_heart;; +y, * W = doctors_heart;; + v, * W = vodkat;; + v, * W = tabakt;; + vy, * W (m4.6)

* unemplic + v * W * educ_high;; + v, * W * poorjc + v, * W * old; + v * W = cityje + v,
* W x sex +v,, * W * marriage;; +v,, * W * divorce; +v,, * W x inc_realj; + vy, x W

* pollut_air_p;; +v,, * W * pollut_water_ter_p;; + v, * W *ill_heart;; a + &,

where W is a matrix characterizing the spatial component in the model (third option, more details in
subsection 3.3.5), 0 is a coefficient reflecting the presence of spatial effects.

Specifications m4.4 and m4.5 are designed to directly test the existence of an interspatial
relationship for the dependent variable. Specifically, to answer the question of whether the level of
CVD mortality in a given region depends on the average level of CVD mortality in neighboring
regions. If there is no such relationship, this will allow us to be more confident about the exogeneity
of the instrumental variables used. Although the M4.1 specification does not fully solve the
endogeneity problem that may be present in the M1.2 model if the appropriate instrument is used, it
may also increase confidence in the results if they are not significantly different.

4. Results

This section discusses the estimation results of the models proposed in the Methods section. In
particular, Table 3 summarizes the estimation results of the linear models considered. According to
the estimation results of model m1.1, an increase in the supply of cardiologists by 1 person per 100,000
people will lead to a decrease in the mortality rate by 11.2 persons per 100,000 people. In other words,
hiring one additional physician results in an average of 11 lives saved per year. According to the
results of the model based on panel data m1.6, hiring an additional doctor leads to an average of 7.5
lives saved per year. However, the results of the models that attempt to solve the corresponding
econometric problems show different results. In particular, model m1.5, which considers all three of
the main instruments used in the study as instrumental variables, suggests that hiring an additional
doctor leads to an average of 48 lives saved per year. These results confirm expectations about the
underestimation of results in basic models that do not use quasi-experimental methods.

Table 3. Results of evaluation of the considered linear models.

Pooled Models Panel Models with FE
No IV 1v: Iv: Iv: IV: No IV Iv:
doctors_neop stud_medvuz_  ussrmedvuz doctors_neoplasm stud_medv
lasms_sosed_ pop_sosed_ _sosed__ s_sosed_, uz_pop_so
stud_medvuz_po sed_
p_sosed_,

ussrmedvuz_sose

d
VARIABLES ml.1 m1.2 m1.3 m1.4 ml.5 m1.6 ml.7
Number of cardiologists ~ -11.240%*  -58.285"* 43,827+ 25316 -48.166** TATTH 45973
(1.946) (16.358) (15.329) (22.840) (9.559) (3.291) (11.665)
Alcohol consumption 436124+ 12.868 22316 34.413* 19.481 7.954 22763
(11.416) (21.560) (16.367) (18.110) (16.837) (11.586) (17.515)
Tobacco consumption -0.001 -0.000 -0.000 -0.001 -0.000 0.002 -0.001
(0.002) (0.002) (0.002) (0.002) (0.002) (0.003) (0.002)
Unemployment _ 2.199 2218 2212 2.205 2214 2351 -4.085%
(1.776) (2.668) (2.293) (1.918) (2.400) (1.529) (1.767)
Higher education 0.008 0.376** 0.263* 0.118 0.297++* 0.264** 0.265*
(0.045) (0.150) (0.127) 0.177) (0.102) (0.104) (0.110)
Poverty rate -5.065%** -8.603*** 7.516%% -6.124%% 7.842%%% 0.293 1.633
(1.349) (2.501) (1.918) (2.098) (2.003) (2.011) (1.769)

Proportion of the elderly ~ 26.495*** 20.183** 22.123%** 24.607*** 21.541%* -22.88*** -9.491
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(2.516) (3.651) (3.067) (3.901) (2.959) (6.422) (7.112)
Percentage of urban -0.203 1.431* 0.929 0.286 1.079* 3.413 6.783**
population
(0.453) (0.849) (0.711) (0.902) (0.637) (3.600) (3.383)
Male to female ratio 0.570%** 0.900*** 0.799*** 0.669*** 0.829%** 3436 3.226%**
(0.165) (0.214) (0.196) (0.228) (0.182) (0.865) (0.646)
Marriage 48.762%** 1.987 16.362 34.767 12.048 5.020 -11.313*
(5.946) (17.448) (15.589) (23.280) (11.388) (4.552) (6.813)
Divorceability -12.705 3.910 -1.196 -7.734 0.336 -7.374 5.222
(8.606) (11.763) (11.013) (11.818) (10.372) (8.275) (11.181)
Real per capita income -21.129%+* -18.296*** -19.166*** -20.281*** -18.905*** -0.633 18.853**
(3.755) (5.366) (4.760) (4.391) (4.791) (10.508) (9.395)
Air pollution 4.523 -45.775* -30.318 -10.527 -34.956* -43.527 -32.238
(17.020) (25.659) (23.192) (31.548) (19.489) (41.265) (37.038)
Water pollution -401.544* 2,097.79** 1,329.704 346.291 1,560.2*** 357.700 1,216.451
(205.871) (916.763) (841.021) (1,223.388) (557.358) (585.244)  (1,107.782)
CVD incidence rate -1.155%** -1.120* -1.131% -1.144%%* -1.127%* -1.089* -0.906*
(0.409) (0.581) (0.500) (0.427) (0.522) (0.590) (0.480)
Constant -619.4*** -332.711 -420.828** -533.7*** -394.386** -2,964**
(149.004) (223.260) (186.167) (197.203) (188.891) (1,164)
Observations 664 664 664 664 664 664 664
AIC 8019 8478 8278 8076 8337 6998 7233
BIC 8091 8550 8350 8148 8409 7065 7301
83 83

Number of region

Robust standard errors in parentheses. ** p<0.01, ** p<0.05, * p<0.1

Consideration of more complex nonlinear models, in which the contribution of each additional
physician to the total number of lives saved is no longer assumed to be a constant, also shows a
similar underestimation in the absence of the instrumental variables method. Table 4 summarizes the
estimation results of nonlinear models in which the contribution of each additional doctor to the total
number of lives saved is assumed to vary with all parameters of the function. Thus, according to the
results obtained with the m2.5 model, a 1% increase in the level of availability of cardiologists leads
to an average reduction of 0.7% in the mortality rate from cardiovascular disease, while in the models
without the instrumental variables method the similar estimate is only 0.16% (m2.1) or 0.06% in the
case of the model based on panel data without instrumentation (m2.6).

Table 4. Results of evaluation of the considered nonlinear models using the logarithm.

Pooled Models | Panel Models with FE
No IV 1V: IVE 1v: 1v: No IV IV
doctors_ne stud_medv ussrmedvu  doctors_neoplas stud_medvuz
oplasms_so uz_pop_sos z_sosed__ ms_sosed_, _pop_sosed_
sed_ ed_ stud_medvuz_po
p_sosed_,

ussrmedvuz_sose

d
VARIABLES m2.1 m2.2 m2.3 m2.4 m2.5 m2.6 m2.7
Number of - -0.724%* -0.557** -0.603* -0.704*** -0.064 -0.648***
cardiologists 0.164***
(logarithm)
(0.022) (0.182) (0.271) (0.342) (0.138) (0.041) (0.163)
Alcohol consumption 0.083*** 0.025 0.042 0.037 0.027 0.000 0.012

0.020)  (0.035) (0.035) (0.043) (0.033) (0.019) (0.027)
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Tobacco 0.000 0.000 0.000 0.000 0.000 0.000 0.000
consumption
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Unemployment _ -0.001 -0.003 -0.002 -0.002 -0.003 0.002 -0.003
(0.003)  (0.004) (0.004) (0.004) (0.004) (0.003) (0.004)
Higher education 0.000%** 0.001*** 0.001** 0.001* 0.007*** 0.000** 0.000*
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Poverty rate - -0.015*** -0.013*** -0.013** -0.015%** -0.006** -0.003
0.007***
(0.003)  (0.005) (0.005) (0.006) (0.004) (0.003) (0.003)
Proportion of the 0.060%** 0.050%** 0.053*** 0.052%** 0.050*** -0.042%** -0.014
elderly
(0.005) (0.006) (0.007) (0.007) (0.006) (0.010) (0.013)
Percentage of urban  -0.001 0.002 0.001 0.001 0.002* 0.002 0.008
population
(0.001)  (0.001) (0.002) (0.002) (0.001) (0.005) (0.005)
Male to female ratio 0.000 0.001** 0.001 0.001 0.001** 0.005*** 0.006***
(0.000)  (0.000) (0.000) (0.000) (0.000) (0.001) (0.001)
Marriage 0.085*** 0.026 0.043 0.038 0.028 0.009 -0.013
(0.009) (0.023) (0.029) (0.038) (0.019) (0.006) (0.011)
Divorceability -0.014 -0.005 -0.008 -0.007 -0.005 -0.012 -0.007
0.015)  (0.022) (0.018) (0.020) (0.021) (0.013) (0.020)
Real per capita - -0.046*** -0.046*** -0.046*** -0.046*** -0.019 0.011
income 0.045%**
(0.007) (0.008) (0.007) (0.008) (0.008) (0.021) (0.015)
Air pollution 0.022 -0.050 -0.028 -0.034 -0.047 -0.037 -0.003
(0.035) (0.043) (0.045) (0.055) (0.039) (0.059) (0.060)
Water pollution - 0.999 0.432 0.586 0.930 0.959 2.614**
0.903***
(0.293)  (0.743) (0.953) (1.185) (0.604) (0.716) (1.187)
CVD incidence rate  -0.002** -0.001 -0.001 -0.001 -0.001 -0.001 -0.000
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Constant 4.954***  5.875%* 5.600%** 5.675*** 5.841*** 1.852
(0.299)  (0.450) (0.518) (0.641) (0.406) (1.751)
Observations 664 664 664 664 664 664 664
AIC -496.6 -62.80 -248.1 -199.3 -86.10 -1596 -1233
BIC -424.6 9.200 -176.1 -127.3 -14.10 -1529 -1165
Number of region 83 83

Robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1.

Table 5 shows the outcomes of the nonlinear models estimation. It assumes that as the number
of physicians grows, the value of each added physician to the total lives saved can change. Based on
the results of model m1.4 and m3.5, a 1% rise in the number of heart doctors, on average, causes a
0.7% drop in cardiovascular fatalities. At the rate of one cardiologist per 100,000 people, their impact
on the number of lives saved is at least 129 per 100,000 people. With each unit increase in availability,
that number decreases by 5 more people. Without employing instrumental variable methods, models
m3.1 and m3.6 either vastly underestimate or have an unintuitive interpretation of the cardiologists'
contribution.

In almost all cases where the method of instrumental variables was applied, both in the case of
models based on spatial sampling and models based on panel data, identical results were obtained,
which indicates the relative stability of the obtained results. The instrumental variable characterizing
the average level of medical facilities in neighboring regions in 1991 (ussrmedvuz_sosed_) can be
considered exogenous from the point of view of economic intuition to the greatest extent. Since it
does not change over the period under consideration, it cannot be considered in models based on
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panel data, due to which we will consider models m1.5, m2.5 and m3 as the main models for
interpreting the results. 5, where all the main instruments are considered, namely the average level
of provision with oncology doctors in neighboring regions (neighbors are all other regions of the
Russian Federation) (doctors_neoplasms_sosed_), the average level of medical students in
neighboring regions (neighbors - all other regions of the Russian Federation)
(stud_medvuz_pop_sosed_) and the average level of medical institutions in neighboring regions in
1991 (neighbors - all other regions of the Russian Federation) (ussrmedvuz_sosed_), which in turn,
given our confidence in the exogeneity of the variable ussrmedvuz_sosed_ allows us to test the
exogeneity of the other two instruments using the Sargan test. Thus, according to the Sargan test, in
all three cases the null hypothesis that the instruments are valid instruments, i.e., uncorrelated with
the error term cannot be rejected. For example, in the case of m2.5 model we have the following result
(Hansen J statistic = 0.273, P-val = 0.8724)

Table 5. Results of the evaluation of the considered nonlinear models using the square of the variable
characterizing the level of staffing.

Pooled Models Panel Models with FE
No IV 1v: 1v: Iv: Iv: No IV Iv: Iv:
doctors_ne stud_medv ussrmedvu doctors_ne stud_me stud_me
oplasms_so uz_pop_sos z_sosed__  oplasms_so dvuz_po dvuz_p
sed_ ed_ sed_, p_sosed_  op_sose
stud_medv d_,
uz_pop_sos stud_me
ed_, dvuz_p
ussrmedvu op_sose
z_sosed_ d_1_,
stud_me
dvuz_p
op_sose
d_2
VARIABLES m3.1 m3.2 m3.3 m3.4 m3.5 m3.6 m3.7 m3.8
Number of -43.948***  -138.349*  -165.707***  -118.737*  -134.193*** 7.237 -144.580* -101.272
cardiologists
(6.054) (76.627) (39.067) (65.140) (38.319) (8.651) (79.346)  (61.590)
Number of  1.720%** 5.386 6.907*** 4.199 5.134%** -0.712* 5.505 3.177
cardiologists
squared
(0.297) (4.494) (1.952) (3.775) (1.925) (0.390) (4.392) (3.382)
Alcohol 37.038*** 6.890 2.107 9.499 7.441 10.792 -4.975 6.134
consumption
(11.201) (17.904) (15.761) (17.730) (15.942) (11.916) (29.778)  (24.615)
Tobacco -0.000 0.002 0.002 0.001 0.002 0.002 -0.000 -0.000
consumption
(0.002) (0.002) (0.002) (0.002) (0.002) (0.003) (0.002) (0.002)
Unemployment _ 1.345 -0.466 -1.223 0.124 -0.341 -1.841 -7.346**  -5.895**
(1.747) (3.197) (2.421) (2.917) (2.344) (1.562) (3.338) (2.778)
Higher education -0.020 0.113 0.076 0.156 0.122* 0.264** 0.269** 0.267**
(0.045) (0.171) (0.075) (0.141) (0.068) (0.102) (0.126) (0.116)
Poverty rate -6.040*** -9.975%** -10.718*** -9.524*** -9.879*** 0.003 -1.403 -0.200
(1.276) (2.606) (2.196) (2.433) (2.056) (1.972) (3.315) (2.746)
Proportion of the 25.756***  20.865*** 20.422%** 20.980*** 20.889***  -24.394*** -3.018 -6.315
elderly
(2.489) (3.044) (3.101) (3.012) (2.965) (6.646) (9.055) (7.952)
Percentage of urban  -0.007 1.270* 1.388** 1.236* 1.263** 3.431 5.325 5.801*

population
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(0.463) (0.659) (0.672) (0.646) (0.635) (3.580) (3.701) (3.460)
Male to female ratio  0.672*** 1.064*** 1.143*** 1.014%** 1.053*** 3.308*** 4.297%%*  3.853***
(0.165) (0.277) (0.224) (0.253) (0.210) (0.869) (1.141) (0.968)
Marriage 50.351*** 29.183* 32.161%** 25.159* 28.326*** 4.525 -1.085 -4.726
(5.886) (17.521) (9.077) (14.716) (8.367) @4553)  (11787)  (9.563)
Divorceability -15.529* -12.824 -15.881 -9.837 -12.189 -5.883 -11.240 -4.806
(8.564) (15.391) (11.411) (13.303) (10.527) (8321)  (17.704)  (14.503)
Real per capita -23.553***  -27.231*** -29.4771%** -25.382%** -26.839*** 0.367 3.488 9.170
income
(3.541) (8.316) (4.992) (7.250) (4.718) (10421)  (16.773)  (13510)
Air pollution 1.567 -31.135 -32.060 -32.246* -31.374* -44.614 -28.266 -30.418
(16.393)  (20.010) (20.659) (19.092) (18.853)  (41.202)  (43.194)  (37.749)
Water pollution - -1,870.618 -2,740.49** -1,101.606 -1,707.327* 234.476 1,831.983 1,535.75
1,289.8***
(222.212)  (2,874.492)  (1,069.974)  (2,389.143) (995.426) (631.838) (2,036.41) (1,087.8)
CVD incidence rate  -0.922** -0.407 -0.201 -0.565 -0.440 -1.158* -0.450 -0.650
(0.407) 0.773) (0.558) (0.684) (0.536) 0587)  (0.682)  (0.603)
Constant - -235.739 -179.485 -269.151 -242.805 -
544.969** 2,869.12%*
(146.947) (213.257) (187.345) (207.218) (188.606)  (1,164.101
)
Observations 664 664 664 664 664 664 664 664
AIC 7998 8244 8302 8236 8241 6994 7400 7262
BIC 8074 8321 8379 8312 8317 7066 7472 7334
Number of region 83 83 83

Robust standard errors in parentheses. ** p<0.01, ** p<0.05, * p<0.1

The precision of the estimates of the impact of the remaining variables is beyond the scope of
this study, since they were treated only as control variables. Quasi-experimental methods were not
used in their estimation, so the results may be both under- and overestimated due to various
econometric problems.

5. Discussion

Nonlinear models that take into account the dependence of the marginal effect of the level of
provision with cardiologists on the population mortality from cardiovascular diseases on the socio-
economic characteristics of the territory or at least the current number of personnel are more
promising for obtaining the death_heart '(y), function, for example, because they can take into
account the decreasing marginal utility of medical personnel. Based on the results of the m3.5 model,
we can represent the death_heart_'(y) function in the form (7).

death_heart_'(y) = —134.2 + 5.13y (7)

Based on the m2.5 model, the marginal benefit of hiring an additional physician depends not
only on the current number of physicians, but also on other characteristics of the area. This approach
can be further developed in future studies. The results of formula (7), provided that there is a cost
function characterizing the expenditures for attracting cardiologists and providing conditions for
their work, as well as the existence of objective economic estimates of the cost of living [70], allow us
to determine the optimal number of cardiologists in the area. At the same time, if the region is
operating in conditions of scarcity of financial resources, then the use of a similar approach to assess
the marginal contribution of doctors of other specialties and even areas of financing not related to the
health system, for example, related to the construction of safe crosswalks, can allow us to compare
such decisions and make management decisions that contribute to maximizing the indicator of public
welfare in the best possible way..
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Robustness Check 1

One of the channels of violation of the exogeneity condition for the instruments used in this
work, except for ussrmedvuz_sosed_, was the presence of interspatial relationship of the dependent
variable. It is necessary to check whether the average CVD mortality rate in neighboring regions
affects the CVD mortality rate in the region under consideration. In model m4.4, where spatial
autoregressive analysis (SAR) is used to estimate the spatial relationship between the dependent
variables, a positive relationship is directly demonstrated (spatial rho = 0.782***). However, there is
reason to believe that this effect is not causal. In fact, considering the more advanced Spatial Darbin
model leads to different estimates (Spatial rho = -0.146), i.e. the relationship is not statistically
significant. This can be explained by the fact that the Spatial Darbin model takes into account not only
the influence of the average mortality rate of neighboring regions on the region under consideration,
but also the influence of the average level of characteristics of neighboring regions (SPATIAL X). Due
to the fact that the SAR model does not take into account the influence of characteristics of
neighboring regions other than the level of SWD mortality, and the spurious relationship arises.
These results give more credence to the exogeneity of the instruments used.

In model m4.3, the instrumentation considered as a control the variable characterizing the
average CVD mortality rate in neighboring regions (nearest neighbors), which did not change the
results. Although this is not a sufficient condition for confidence in the exogeneity of the instrument,
it allows us to believe with greater confidence in the presence of the necessary level of exogeneity.

Table 6. Results of the evaluation of the considered nonlinear models using the square of the variable
characterizing the level of staffing.

Pooled Models Spatial AR Panel Models
with FE
Iv: IV: IV: IV: Spatial Spatial
doctors_neoplas  doctors_neopla doctors_neop doctors_neop Avtoregressi Darbin
ms_sosed_ sms_sosed lasms_sosed  lasms_sosed ve
VARIABLES ml.2 m4.1 m4.2 m4.3 m4.4 m4.5
-58.285%** -56.667*** -57.140%** -51.783*** -6.502** -4.262
Number of (16.358) (16.559) (15.327) (18.682) (3.230) (2.713)
cardiologists
12.868 8.147 14.095 8.905 -20.984** -30.974*
Alcohol consumption (21.560) (21.372) (20.216) (19.166) (10.701) (16.767)
-0.000 -0.000 -0.000 -0.000 0.002 0.001
Tobacco consumption (0.002) (0.002) (0.002) (0.002) (0.003) (0.002)
2.218 7131 2.145 2.223 -3.320%** -3.924***
Unemployment _ (2.668) (2.326) (2.569) (2.526) (1.071) (1.257)
0.376** 0.378** 0.365*** 0.342%* 0.037 -0.073
Higher education (0.150) (0.150) (0.138) (0.157) (0.066) (0.067)
-8.603*** -9.934*** -8.503*** -7.858*** -1.045 -0.507
Poverty rate (2.501) (2.354) (2.422) (2.672) (1.782) (1.513)
20.183*** 20.764*** 19.964*** 0.044 25.843***
Proportion of the (3.651) (3.341) (3.392) (5.168) (8.979)
elderly
1.431* 1.636* 1.453* 1.379% 3.813 0.656
Percentage of urban (0.849) (0.853) (0.846) (0.814) (2.824) (2.800)
population
0.900*** 1.982%* 0.864*** 0.774*** 2.261*** 1.651**
Male to female ratio (0.214) (0.131) (0.198) (0.245) (0.737) (0.785)
1.987 -22.886 4.844 4.711 2.048 10.669
Marriage (17.448) (14.849) (14.278) (17.594) (3.890) (6.554)
3.910 36.117*** 2.390 1.130 -0.657
Divorceability (11.763) (11.039) (11.091) (7.428) (9.265)

-18.296*** -22.803*** -18.675%** -18.598*** -3.399 -8.792
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Real per capita (5.366) (5.525) (5.206) (4.820) (9.522) (7.992)
income

-45.775* -100.928*** -42.395* -32.041 -38.340 -39.453
Air pollution (25.659) (26.144) (23.803) (28.713) (33.380) (27.904)

2,097.786** 1,874.074** 2,018.6** 1,781.924* -1,452%%* -
1,574.936**

Water pollution (916.763) (936.554) (853.735) (1,020.319) (376.600) (556.820)

-1.120* -0.744 -1.100* -0.928 -0.464 -0.075
CVD incidence rate (0.581) (0.576) (0.568) (0.571) (0.508) (0.452)
Average CVD 0.103
mortality in

neighboring regions

(nearest neighbors)

(0.080)

Spatial rho 0.782%** -0.146

(0.063) (0.114)
SPATIAL X +
Observations 664 664 664 664 664 664
AIC 8478 8493 8460 8384 6900 6756
BIC 8550 8560 8527 8461 6977 6900
Number of region 83 83 83 83 83 83

Robust standard errors in parentheses. ** p<0.01, ** p<0.05, * p<0.1

The estimates in models M4.1 and M4.2 also allow us to verify that potential multicollinearity
due to the variables characterizing the sex ratio, the proportion of elderly, the marriage rate and the
divorce rate does not affect the results obtained in the study. In particular, the omission of some of
these variables does not significantly change the results.

Robustness check 2

In some models, when applying the method of instrumental variables, not only the indicator
characterizing the average level of availability of oncologists in neighboring regions, where all other
regions of the Russian Federation were considered as neighboring regions, taking into account the
distance between them (doctors_neoplasms_sosed_), but also other versions of this indicator, in
which other spatial matrices were used (for more details, see subsection 3.3.5). These are the indicator
characterizing the average level of availability of oncologists in neighboring regions, where regions
sharing a common border are considered neighboring regions (doctors_neoplasms_sosed_1_), and a
similar indicator where immediate neighbors and neighbors of immediate neighbors are considered
neighbors (doctors_neoplasms_sosed_2_). In models based on spatial sampling, these tools produced
different results. Thus, in the case of doctors_neoplasms_sosed_ (model m2.2), we can state thata 1%
increase in the availability of cardiologists leads to a 0.7% decrease in CVD mortality, which is
consistent with the main results of the study, while doctors_neoplasms_sosed_1_ and
doctors_neoplasms_sosed_2_ provide an estimate of the contribution with a positive sign.

Our assumption is that despite the fact that all these instruments have relevance properties, i.e.
they have an impact on the level of physician supply in the area under consideration, they differ in
the degree of exogeneity. Presumably, the versions of the instrument calculated using only the nearest
neighbors or the nearest neighbors and their neighbors are less exogenous than the version of the
instrument using all other regions. This can be explained by the fact that neighboring areas are more
likely to have common unobserved factors that simultaneously affect both the instrumental variable
and the dependent variable in the model, which may lead to unintuitive results. If this hypothesis is
true, the Sargan test should show it, at least for models where the instruments produce opposite
results. This should require that we are reasonably confident in the exogeneity of the
ussrmedvuz_sosed_ instrument.


https://doi.org/10.20944/preprints202309.0986.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 September 2023

doi:10.20944/preprints202309.0986.v1

24

These are exactly the results obtained using the Sargan test when estimating models m5.3, m5.4
and m5.5 in Table 7. The Sargan test confirms the exogeneity only of the instrument
doctors_neoplasms_sosed_, i.e. the variable characterizing the average level of availability of
oncologists in neighboring regions, where all other regions of the Russian Federation were
considered as neighboring regions, taking into account the distance between them.

Table 7. Results of evaluation of the considered models for Robustness Check 2.

Pooled Models Panel Models with FE
1v: 1v: 1v: 1v: 1v: 1v: Iv: 1v: 1v: 1v:
doctors_neo  doctors_n  doctors_n  doctors_neo  doctors_neo doctors_.n doctors n doctors doctors stud_medvuz_
plasms_sose  eoplasms_ eoplasms_  plasms_sose  plasms_sose eoplasms_ eoplasms_ _neopl _neopl pop_sosed_,
d_ sosed_1_ sosed_2_ d_, d_1_, sosed_2_, sosed_ asms_s asms_s stud_medvuz_
ussrmedvuz  ussrmedvuz  ussrmedv osed_1 osed_2  pop_sosed_1_,
_sosed_ _sosed_ uz_sosed_ _ _ stud_medvuz_
pop_sosed_2
VARIABLES m2.2 mb5.1 m5.2 m5.3 m5.4 mb.5 m2.7 m5.6 mb5.7 m5.8
Number of -0.724%* 1.798 0.456 -0.697%** -0.360 -0.232 -0.648*** - - -0.618***
cardiologists 0.932***  0.713***
(logarithm)
(0.182) (3.209) (0.712) (0.135) (0.337) (0.274) (0.163) (0.273)  (0.182) (0.157)
Alcohol 0.025 0.288 0.148** 0.028 0.063 0.076** 0.012 0.017 0.013 0.011
consumption
(0.035) (0.310) (0.074) (0.032) (0.039) (0.033) (0.027)  (0.034)  (0.029) (0.026)
Tobacco 0.000 -0.000 -0.000 0.000 0.000 0.000 0.000 -0.000 0.000 0.000
consumption
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)  (0.000) (0.000)
Unemployment _ -0.003 0.006 0.001 -0.003 -0.002 -0.001 -0.003 -0.006 -0.004 -0.003
(0.004) (0.014) (0.005) (0.004) (0.004) (0.003) (0.004) (0.005)  (0.004) (0.004)
Higher education 0.001*** -0.001 -0.000 0.001*** 0.000 0.000 0.000* 0.000 0.000* 0.000*
(0.000) (0.003) (0.001) (0.000) (0.000) (0.000) (0.000) (0.000)  (0.000) (0.000)
Poverty rate -0.015%** 0.022 0.002 -0.015%** -0.010* -0.008* -0.003 -0.001 -0.002 -0.003
(0.005) (0.045) (0.010) (0.004) (0.005) (0.005) (0.003) (0.004)  (0.003) (0.003)
Proportion of the 0.050%** 0.095 0.071*** 0.050%** 0.056%** 0.059*** -0.014 -0.000 -0.011 -0.015
elderly
(0.006) (0.060) (0.014) (0.006) (0.007) (0.007) (0.013) (0.018)  (0.013) (0.012)
Percentage of 0.002 -0.011 -0.004 0.002* 0.000 -0.000 0.008 0.011* 0.008 0.007
urban population
(0.001) (0.016) (0.004) (0.001) (0.002) (0.002) (0.005) (0.006)  (0.005) (0.005)
Male to female 0.001** -0.002 -0.001 0.001** 0.000 0.000 0.006*** 0.006***  0.006*** 0.006***
ratio
(0.000) (0.004) (0.001) (0.000) (0.000) (0.000) (0.001) (0.001)  (0.001) (0.001)
Marriage 0.026 0.292 0.150* 0.028 0.064* 0.078*** -0.013 -0.024 -0.016 -0.012
(0.023) (0.344) (0.079) (0.019) (0.036) (0.030) (0.011) (0.016)  (0.012) (0.011)
Divorceability -0.005 -0.046 -0.024 -0.005 -0.011 -0.013 -0.007 -0.004 -0.006 -0.007
(0.022) (0.083) (0.028) (0.021) (0.017) (0.016) (0.020) (0.026)  (0.021) (0.019)
Real per capita -0.046*** -0.040** -0.043*** -0.046%** -0.045%** -0.045%** 0.011 0.026 0.015 0.010
income
(0.008) (0.020) (0.009) (0.008) (0.007) (0.007) (0.015) (0.020)  (0.015) (0.014)
Air pollution -0.050 0.272 0.101 -0.046 -0.003 0.013 -0.003 0.013 0.001 -0.005
(0.043) (0.452) (0.116) (0.039) (0.057) (0.053) (0.060) (0.082)  (0.064) (0.059)
Water pollution 0.999 -7.558 -3.007 0.907 -0.238 -0.672 2.614%* 3.419**  2.799** 2.529**
(0.743) (11.241) (2.558) (0.591) (1.167) (0.957) (1.187)  (1.589)  (1.261) (1.155)
CVD  incidence -0.001 -0.004 -0.003** -0.001 -0.001* -0.002** -0.000 0.000 -0.000 -0.000
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rate

(0.001) (0.005) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)  (0.001) (0.001)
Constant 5.875%* 1.733 3.936*** 5.830%** 5.276%* 5.066***

(0.450) (5.183) (1.167) (0.401) (0.603) (0.517)
Observations 664 664 664 664 664 664 664 664 664 664
AIC -62.80 1169 5.100 -93.60 -425.8 -487.6 -1233 -959.4 -1170 -1261
BIC 9.200 1241 77.10 -21.60 -353.8 -415.7 -1165 -891.9 -1102 -1194
Number of region 83 83 83 83 83 83 83 83 83 83

Robust standard errors in parentheses. ** p<0.01, ** p<0.05, * p<0.1

Another interesting result is obtained in models based on panel data. There, the results when
using all three instruments separately (doctors_neoplasms_sosed_, doctors_neoplasms_sosed_1_,
doctors_neoplasms_sosed_2_) show relatively close results, although even there the version of the
instrument that considers only nearest neighbors as neighbors (doctors_neoplasms_sosed_1_) leads
to estimates that differ from the expected results. At the same time, the Sargan test in the m5.8 model,
provided we believe in the exogeneity of the doctors_neoplasms_sosed_ instrument, allows us to
believe in the exogeneity of all three versions of this instrument when using models based on panel
data. This can be explained by the fact that in these models it is the relationships between changes in
the corresponding variables that are important. In this case, it is necessary to take into account lags.
For example, relationships between changes in staffing rates in neighboring regions and in the region
of interest may have shorter lags than similar relationships between the instrument and CVD
mortality, which may explain the exogeneity of these instruments when considering models based
on panel data, as opposed to models based on spatial sampling, where lags are not considered at all.

6. Conclusion

The study attempts to propose a theoretical and empirical approach to determining the optimal
number of medical specialists in the region using the example of cardiologists. The theoretical
approach is based on the Samuelson equation.

In the author's version of the theoretical model it was shown that, taking into account all the
introduced economic parameters, such as the properties of the cost function, the maximization of the
indicator of public welfare is achieved if such a number of doctors is hired that the marginal
contribution of the last hired doctor to the growth of the public utility function is equal to the
marginal cost of hiring him, taking into account the cost of providing conditions for his work. It was
proposed to calculate the marginal social utility function as the product of the indicator
characterizing the increase in the number of lives saved in case of hiring an additional doctor at the
cost of one life saved.

The main empirical result consists in the econometric modeling of the indicator of mortality from
cardiovascular diseases to obtain the function describing the increase in the number of lives saved in
case of hiring an additional doctor. As part of the answer to the question of how the mortality rate
from cardiovascular diseases will change, all other things being equal, if an additional number of
cardiologists is hired in the regions of the Russian Federation, various model specifications were
constructed and evaluated, which were designed primarily to solve the main econometric problems.
The causes of econometric problems leading to potential underestimation or overestimation of
relevant causal relationships were described on the basis of reverse causality phenomena, omitted
variables, and the specificity of the data used. The main approach to solve these problems was the
application of quasi-econometric methods, in particular the instrumental variable method.

In order to apply the instrumental variable method, an approach to the construction of
instrumental variables was formed, which differs from the existing ones by using various
modifications of spatial matrices. Strategies of justifying the exogeneity of the instrumental variables
used, including on the basis of spatial econometric methods, were considered separately.

Based on the findings from linear models, adding another doctor results in saving an average of
48 lives annually. Nonlinear models using logarithmic function reveal that a 1% boost in cardiologists'
accessibility leads to an average decrease of 0.7% in cardiovascular deaths. Using a model that
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accounts for varying contributions of each additional doctor to the total number of lives saved, we
found that when 1 cardiologist is available per 100,000 people, their impact on the number of lives
saved is at least 129 per 100,000 people. This decreases by 5 people for every unit increase in
availability beyond that level. This is over three times higher than the estimates in the base models,
which didn't use the instrumental variable method.

These results allowed us to obtain estimates of the marginal social utility function of hiring
additional cardiologists, which, together with the cost function and cost-of-living estimates, allow us
to determine the optimal number of cardiologists in the area. If the region is operating under
conditions of scarcity of financial resources, the estimates of the marginal contribution of physicians
of other specialties and even non-health care financing areas can allow to compare such decisions and
to make management decisions that contribute to maximizing the indicator of public welfare in the
best possible way. The latter determines the practical relevance of the study, which lies in the
possibility of developing evidence-based health policy tools.

In further research, it is necessary to estimate more rigorously the function of the marginal public
utility of hiring and providing conditions for the work of additional medical personnel, in particular,
on the basis of the development of models that take into account the dependence of the marginal
contribution of doctors in reducing the mortality rate from cardiovascular diseases on the
characteristics of the territory itself, for example, on the basis of the approach proposed in this paper
on the basis of nonlinear models using logarithmization. The correctness of the proposed algorithms
of formation and justification of the possibility of using the instrumental variables used in this paper
on the basis of different spatial neighborhood matrices are also to be evaluated.
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Figure A1. Correlation matrix and distribution of variables considered in the base model.
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Figure A2. Correlation matrix and distribution of the dependent variable and the indicator of
cardiologists' availability, as well as the considered instrumental variables, taking into account
logarithmization.
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