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Abstract

It is widely believed that the US health care system needs to transition from a culture of reactive
treatment of disease to one of proactive prevention. As a tool for understanding the appropriate
allocation of spending to prevention versus treatment (including research into improved
prevention and treatment), a simple Markov model is used to represent the flow of individuals
among states of health, where the transition rates are governed by the magnitude of appropriately-
lagged expenditures in each of these categories. The model estimates the discounted cost and
discounted effectiveness (measured in quality adjusted life years or QALYS) associated with a
given spending mix, and it allows computing the marginal cost-effectiveness associated with
additional spending in a category. We apply the model to explore interactions of alternative
investments in cardiovascular disease (CVD) and to identify an optimal spending mix. Under the
assumptions of our model structure, we find that the marginal cost-effectiveness of prevention of
CVD varies with changes in spending on treatment (and vice versa), and that the optimal mix of
CVD spending (i.e., the spending mix that maximizes the overall QALY achieved) would,
indeed, shift spending from treatment to prevention.
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1 Introduction

It is frequently claimed that spending on prevention in the US accounts for only 3 % of
national health expenditures, representing an inappropriate emphasis on treatment over
prevention. In reality, the 3 % figure appears to understate prevention spending: depending
on what is counted as prevention, prevention spending approaches nearly 9 % of national
health expenditures [1]. But is this enough? Would we as a nation be healthier if we shifted
some spending from treatment of existing disease to prevention?

As has been noted elsewhere [2], this question ignores the fact that there are opportunities to
improve the health of the nation by shifting resources from less cost-effective interventions
to more cost-effective ones both within and between prevention and treatment. However,
our intention is to investigate conditions under which shifting spending between treatment
interventions with “typical” cost-effectiveness and prevention interventions with “typical”
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cost-effectiveness would improve health. We make this concept more precise in what
follows.

To address this question, we have developed a model to estimate the cost-effectiveness of
alternative spending streams for disease treatment and prevention, and for research into new
treatment and prevention interventions. We have exercised the model to develop insights
into the optimal spending mix for prevention and treatment of cardiovascular disease (CVD)
and into the ways in which investments in prevention and treatment interact. We consider
CVD prevention to include both primary and secondary prevention, using standard
definitions (see, for example, [1]): primary prevention consists of interventions to prevent
the occurrence of disease or disability, while secondary prevention consists of interventions
to detect and arrest disease or disability in its early asymptomatic stages. This means, for
example, that spending to control hypertension and hyperlipidemia in patients without
diagnosed CVD is considered prevention, while similar spending on CVD patients is
treatment.

A number of models have been developed to investigate the prevention and treatment of
CVD. In a systematic review of such models, Unal et al. [3] identify 42 models employing
methods such as simulation, Markov or cell-based structures, and life table analysis. These
models and other methods have been used in numerous studies of the effectiveness of
alternative CVD treatment and prevention interventions. For example, Maciosek et al. [4]
used the results of previous cost-effectiveness studies to prioritize clinical preventive
services for a variety of diseases, including CVD. Among their conclusions was that aspirin
use and smoking cessation efforts are two of the highest priority preventive measures in
terms of their cost-effectiveness and reduction of clinically-preventable burden. Ford et al.
[5] used the IMPACT mortality model to identify the relative impact of alternative
treatments and changes in risk factors (total cholesterol, systolic blood pressure, smoking
prevalence, physical activity, body-mass index, and diabetes prevalence) on the observed
decline in US deaths from coronary heart disease between 1980 and 2000. They conclude
that risk factor reduction accounted for approximately half of the decline, with the other half
attributable to medical therapies. Unal et al. [6] describe a similar study of the reduction in
coronary heart disease in the United Kingdom. Among their conclusions is that nearly half
of the observed decline in deaths could be attributed to smoking cessation. Kahn et al. [7]
conducted simulations with the Archimedes model to establish the effects of 11 preventive
measures (involving aspirin administration, cholesterol reduction, blood pressure reduction,
control of glucose levels in diabetics, smoking cessation, and weight reduction) on the
morbidity, mortality, and costs associated with CVD.

These and other studies contribute to an improved understanding of the relative merits of
currently-available alternatives for treating and preventing CVD. Our work is designed to
complement these contributions by investigating two areas (and their interactions) that these
studies do not explicitly address: (1) the tradeoffs between emphasis on treatment and on
prevention of CVD in order to establish an ideal prevention-treatment mix, and (2) the
effects of research into new and improved interventions for prevention and treatment of
CVD on downstream costs and effectiveness and on the ideal prevention-treatment mix. Our
model was developed to generate insights to help educate the intuition of policy analysts
regarding these interactions and tradeoffs. It was therefore deliberately designed with a
simple structure that allows interpretation and understanding of the dynamics that drive its
results. Unlike the above models, it was not designed with the detail necessary to explore the
effects of specific interventions, nor was it designed to generate precise recommendations
regarding an optimal mix of prevention and treatment spending.
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Some simple models have previously been developed to address the tradeoffs between
treatment and prevention. Our model is in this latter category of more aggregate models that
provide some general insights not easily gleaned from more detailed models such as those
discussed above. Russell [8] describes a simple relationship to show how the cost-
effectiveness of prevention changes with the introduction of a new treatment therapy. Homer
and Hirsch [9] develop a simple systems dynamics model of chronic disease prevention
which they use to illustrate the effects of different levels of investment in “onset prevention”
versus “complications prevention”. Heffley [10] uses a simple Markov model and
optimization theory to identify the optimal allocation of resources between treatment and
prevention. Heffley’s model is most similar to ours, but its structure differs from ours in
important ways (e.g., his model allows for cures, while ours represents chronic conditions
that can be controlled but not cured; his model does not capture deaths whereas ours
includes deaths from CVD and from other causes). However, his use of a Markov structure
and the form of his equations representing the impact of prevention and treatment
expenditures on transitions among disease states within this structure are very similar to our
approach. All of these simple tradeoff models were developed for illustrative purposes rather
than detailed research, none of them has been used to study prevention and treatment of
CVD, and none of them explicitly addresses the allocation of resources to research into new
treatment and prevention alternatives. However, they provide a useful starting point for the
research described here.

2.1 Model overview

We use a simple Markov model to represent the flow of a homogeneous population from
birth through a healthy state, a single diseased state, and death (Fig. 1). Population flows are
represented with equations that relate appropriately-lagged spending on prevention
interventions, treatment interventions, prevention research, and treatment research to
transition rates from the healthy state to the diseased state and from the diseased state to
death from CVD. (Non-CVD deaths are represented with constant input mortality rates.)
The impact of these equations is illustrated in Fig. 2 for spending on treatment interventions
and treatment research. For a given research investment level, intervention spending
produces diminishing returns as it increases, and the impact of additional spending is
assessed with respect to current spending levels. Thus, a 10 % increase in treatment
spending from its current level will cause the death rate to decline from .030 to .027. Though
not shown in the exhibit, treatment spending also affects the average morbidity level of the
sick population (again, with diminishing returns), measured as the annual fraction of a
quality adjusted life year (QALY) accrued by the average sick patient (where a healthy
individual accrues 1.0 QALY per year). As shown in the figure, a specific level of research
spending causes the intervention spending curve to shift down and to the left (for
intervention spending greater than 0). The magnitude of this shift also exhibits diminishing
returns as this research spending level increases. For given investment streams, the model
produces time histories of the sizes of the healthy and diseased populations, total discounted
QALYs associated with the investments, total discounted expenditures associated with the
investments, and the resultant cost-effectiveness of the investments (discounted cost
associated with an investment per discounted QALY saved). The Appendix describes the
model structure, including the forms of the equations, in detail.

The model, which is implemented in an Excel spreadsheet, either can be run with input
investment streams or can find the optimal mix of prevention and treatment spending. In the
descriptive mode, updates to the investment streams (or other inputs) result in automatic re-
computation of the simulated time history of spending, annual population in the healthy and
sick states, annual deaths of each type, and average morbidity of the sick population.
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Optimization of the spending mix begins with a fixed total amount of per-capita spending
per year and repeats these computations in an iterative search until the model finds the fixed
annual fraction of the resultant total spending to be applied to prevention in order to
maximize total discounted QALY accrued over an input time horizon.

The model was designed with a relatively simple structure in order to promote qualitative
understanding of the complex interactions of spending on prevention, treatment, and
research. This simple structure does not, however, allow for accurate quantitative
predictions about the magnitude of changes in morbidity and mortality associated with
specific changes in the allocation of spending. Results described in Section 3 should be
interpreted with this limitation in mind.

2.2 Model inputs

We have populated the model with data representing prevention and treatment of CVD
(Table 1). We include within CVD coronary heart disease, stroke, heart failure, peripheral
artery disease, and arterial embolisms and thromboses (ICD-10 120-25, 150, 160-70, 173—
74). Starting in the base year of 2009 (year 0 in the model), we track the US population over
the age of 45 years, including annual “births” of new, healthy (i.e., free of CVD) 45-year-
olds, transitions from this healthy state to sick (with CVD), and deaths from either the
healthy or the sick state. Baseline incidence and death rates, per-capita spending levels,
parameters representing the effectiveness of spending on prevention and treatment, and time
lags representing the delay between research expenditures and the time at which the results
of research are realized in improved effectiveness of prevention or treatment are set to
represent as closely as possible recent history in the US. We produce model results over a
100 year horizon, and we discount future expenditures and QALY at 3 % per year.

Our methods for estimating baseline CVD spending are described in [11, 12]. (Spending on
prevention of CVD is considerably higher than for most conditions because it includes
significant spending on hypertension and hyperlipidemia in patients without diagnosed
CVD.) Note that spending is input as an annual per-capita value, so that total spending will
vary with the size of the population. Prevention expenditures are assumed to take effect after
a 10 year lag, representing the time between initial application of a prevention intervention
and the time at which the prevented condition might have occurred in the absence of the
preventive measure. A 10 year lag might correspond, for example, to the delay associated
with the use of drugs to control hypertension by 50 year olds. Because the magnitude of this
lag varies by type of prevention, our analysis includes varying its value parametrically.

The effectiveness of spending on prevention and treatment is based on our analysis [12] of
CVD-specific data from the Tufts Cost-Effectiveness Analysis Registry [13]. The Appendix
describes our method for converting these values to parameters of the equations that
describe the impact of spending on CVD sickness and death rates.

The bounds on QALYs per sick person-year, which were inferred from the work of Dyer et
al. [14], represent average morbidity levels in the presence of no treatment spending (lower
bound) and unlimited spending (upper bound). These bounds were not approached in any of
our model runs; in the base case described below, QALY's per sick person-year after 100
years was 0.75. While we recognize that some individuals in our “healthy” population will
have some level of morbidity due to conditions other than CVD, we represent their average
morbidity level with a QALY value of 1.0. This overstatement has little impact on our
overall results, because all reported cost-effectiveness results are presented as differences
from a reference case, where the result of interest is the difference in QALY achieved
between the two cases.
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Although there is substantial evidence that past medical research has had a significant
impact on morbidity and mortality (e.g., [15-17]), we could find no reliable data describing
the magnitude of the relationship between research spending and subsequent effectiveness of
CVD prevention and treatment. For this reason (and for other reasons briefly discussed in
Section 4), model runs that include either prevention or treatment research are assumed to
generate 100 million additional (discounted) QALY over a 100 year horizon. These values
were selected merely to demonstrate the impact of a successful research program on the
cost-effectiveness of prevention and treatment of CVD. However, our analysis suggests that
they are lower than the impact of cholesterol reduction as a risk factor on CVD mortality
between 1980 and 2000 that is reported by Ford et al. [5], which is largely the result of the
introduction of statins. They also appear to be consistent with the impact of new laboratory
procedures introduced between 1990 and 1998 on subsequent life-years saved (though not
associated only with CVD), as reported by Lichtenstein [18]. Our derivation of the
magnitude of the lag between initiation of an ultimately successful research program and
broad clinical use of its results is described in [12].

Results in the following section are produced by varying these parameter values selectively.

3.1 Base case

Running the model with the data described in Table 1, but with no research spending,
produces a set of baseline results with which we compare various other model runs. This
model run produces the input values of 28.1 % of spending allocated to prevention, a
marginal treatment cost-effectiveness of $20,550 per QALY, and a marginal prevention
cost-effectiveness of $16,918 per QALY. Figure 3 illustrates the resultant time history of the
healthy, sick, and total population over the model’s 100 year time horizon.

We do not expect the model, with its many simplifications, to produce highly accurate
population, morbidity, and mortality forecasts: as noted earlier, the model was developed to
explore the dynamics of alternative spending streams rather than to predict the effects of this
spending precisely. As shown in Fig. 3, the model’s projection of overall growth in the 45+
population is slightly higher than projections by the US Census Bureau [19] until 2025,
when the two forecasts are equal. For subsequent years until 2050 (the last year of the
Census forecast), the model projects a slightly slower growth in the population, and is 8.7 %
lower than the Census projection in 2050 (170.7 million versus 187.0 million). Among the
reasons for this latter discrepancy are that our model does not represent net internal
migration and uses a constant annual “birth” rate of 4.5 million 45-year-olds (this rate grows
to 5.3 million in the Census projections). The model forecasts a growth rate in deaths from
CVD of 82 % between 2010 and 2050; this compares favorably with the forecast by Foot et
al. [20] of the growth in the heart disease death rate of 83 %. (However, this latter forecast
excludes stroke, which is included in the model.) Heidenreich et al. [21] forecasts a growth
from 2010 to 2030 in the prevalence of coronary heart disease, heart failure, and stroke of
16.6 %, 25 %, and 24.9 %, respectively. Their numbers correspond to an overall growth in
prevalence of all three diseases between 16.6 % and 19.1 %, depending on the degree to
which more than one of these conditions is present in an individual. In comparison, the
model forecasts that overall CVD prevalence will grow by 25.5 % over the same period.
Thus, while the model does not replicate other forecasts, it is reasonably consistent with
them.

3.2 Interaction between prevention and treatment spending

To investigate the interaction between the cost-effectiveness of prevention and of treatment
spending, we made a number of model runs in which we varied the spending on prevention
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(or treatment) and computed the marginal cost-effectiveness of treatment (prevention), using
the standard definition of cost-effectiveness, as described by Gold et al. [22]. By marginal
cost-effectiveness, we mean the slope of the cost effectiveness curve with respect to a
change in treatment (or prevention) spending. We estimate this slope by adding a very small
amount of annual treatment (prevention) spending and computing the cost-effectiveness of
this spending as (C1-Cp)/(Q1-Qq), where C1-Cy is the small incremental change in
discounted treatment (prevention) spending, and Q1-Qg is the resultant change in discounted
QALYs realized over the model’s 100 year time horizon. Results are summarized in Fig. 4.

As the figure illustrates, additional spending on treatment causes the cost-effectiveness of
prevention to worsen slightly (become larger). For example, a $500 per-capita increase in
treatment spending from $1300 to $1800 results in a $1,309/QALY increase in the marginal
cost-effectiveness of prevention, from $16,356 to $17,665. This impact illustrates how better
disease treatment can reduce the value of preventing the condition. Similarly, better
prevention causes the value of treatment to lessen. (In the extreme, of course, preventing the
condition entirely would make treatment expenditures worthless).l The relatively small
magnitudes of these impacts are related to how rapidly returns (such as changes in the
sickness and death rates) diminish with additional spending. Because we have little
empirical evidence to support the model’s representation of these rates of diminishing
returns, these magnitudes should be the subject of further research. However, our results
illustrate that the cost-effectiveness of additional spending on prevention depends on current
capabilities to treat (and vice versa). Because these capabilities change over time, decision
makers should be aware that published estimates of the cost-effectiveness of an intervention
do not necessarily reflect the intervention’s future value.

3.3 Impact of discount rate on cost-effectiveness

It is sometimes argued that the generally accepted practice [22] of discounting both cost and
QALYs in cost-effectiveness analysis at the same discount rate tends to bias such analyses
in favor of treatment interventions over prevention [23]. This is because prevention
expenditures tend to produce results after a longer time delay (and the resultant effectiveness
is therefore more heavily discounted) than with treatment spending. This effect grows as the
discount rate increases. However, recent discount rate guidelines from the federal
government recommend the use of discount rates that are lower than the commonly used
value of 3 % [24]. To illustrate the effect of changing the discount rate, Fig. 5 shows its
impact on the marginal cost-effectiveness of treatment and prevention for our CVD
example, in which we assume that treatment effects occur immediately after the expenditure
is made, whereas the impact of prevention spending is realized after a 10 year delay.

As the exhibit shows, lowering the discount rate causes the marginal cost-effectiveness of
both prevention and treatment to decrease (because either type of spending has downstream
benefits that are discounted less as the discount rate decreases), but it decreases more rapidly
for prevention. As a result, spending to prevent CVVD appears more cost-effective than
treatment only if the discount rate does not exceed roughly 4 %. Future use in cost-
effectiveness analyses of discount rates lower than 3 % should cause prevention
interventions to fare more favorably when compared with treatment interventions.

IThese runs are constructed in such a way that the decline in the sick population associated with increased prevention spending results
in an increase in treatment spending per sick person. As a result, diminishing returns produce an increase in the marginal cost-
effectiveness of treatment, as shown in the figure. If, instead, treatment spending per sick person is held constant as the sick
population changes, increased prevention spending has no effect on the marginal cost-effectiveness of treatment spending.
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3.4 Optimal spending mix

To investigate the extent to which the current mix of expenditures between prevention and
treatment is appropriate from a societal perspective, we used the model to identify the
percent of annual per-capita spending that should be allocated to prevention to maximize the
overall effectiveness of prevention and treatment expenditures. More precisely, we fixed
per-capita annual CVD spending on prevention and treatment combined to current levels
and found the fixed percentage annual split between prevention and treatment of the
resultant total funding that maximizes the total number of (discounted) QALYSs realized
during the model’s 100 year time horizon. Results associated with this optimal allocation of
expenditures are compared with base case values in Table 2.

The table indicates that it would be optimal (in the sense of our computations) to increase
annual spending on prevention from 28.1 % to 37.7 % of total spending, possibly helping to
validate the concern of some that prevention is underfunded compared to treatment. (Note,
however, that the limited empirical basis for some aspects of the model’s equations means
that this precise optimal amount should not be taken as a recommendation.) Such a shift
would increase the size of the healthy population at 100 years by 6.6 million and the size of
the total population by 3.3 million. The size of the sick population would decline by 3.4
million for two reasons: the increased spending on prevention would reduce the CVD
incidence rate, and the diversion of expenditures from treatment to prevention would cause
the CVD death rate to increase. The average morbidity level of the sick population after 100
years would be 0.74 QALY s per person-year, slightly lower than the base case value of 0.75.
Because of diminishing returns, the increased spending on prevention would cause the
marginal cost-effectiveness for prevention to increase (worsen), while decreased spending
on treatment would cause the marginal cost-effectiveness of treatment to decrease
(improve), so that the two types of investments would have nearly equal cost-effectiveness.
(Note that optimal allocation of a fixed budget between prevention and treatment would
result in the marginal cost-effectiveness of prevention to exactly equal that of treatment.
However, our optimization scheme allocates fixed per-capita spending between prevention
and treatment. Because the size of the population, and therefore the total expenditures being
allocated, varies as the spending mix varies, our formulation does not produce equal
marginal cost-effectiveness values at the optimal mix.)

Figure 6 shows how the discounted total QALY (accrued over the model’s 100 year
horizon), the prevention marginal cost effectiveness, and the treatment marginal cost
effectiveness vary as the spending mix deviates from optimal. As indicated in Table 2, total
discounted QALY's are maximized when prevention expenditures increase from 28.1 % to
37.7 % of expenditures, at which point the two marginal cost-effectiveness values are nearly
equal. Because of diminishing returns, the marginal cost-effectiveness of prevention
increases (worsens) as the prevention share of expenditures increases, while the marginal
cost-effectiveness of treatment decreases (improves).

3.5 Impact of prevention lag on optimal mix

Unlike treatment of existing disease, the effectiveness of prevention spending is usually
realized after a significant lag following the investment in prevention. (In contrast, our
analysis assumes that no lag is associated with realizing the effectiveness associated with
treatment spending.) The duration of this lag depends on the nature of the preventive
intervention. For example, the reduction of incidence of CVD associated with a program to
discourage smoking among teenagers will occur with a much greater lag than the reduction
associated with the use of statins by a population of 50 year olds. The impact of the duration
of this lag on the optimal mix of spending between treatment and prevention is shown in
Fig. 7.
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With a 3 % discount rate, the optimal percent of spending on prevention ranges from 50 % if
there is no lag to 0 % as the lag approaches 35 years. For comparison, our base case (un-
optimized) spending mix assumes a 10 year lag before it has an impact and allocates 28.1 %
of annual spending to prevention; as noted in the previous section, the optimal mix with a 10
year lag is 37.7 %. It has been argued that identifying near-term benefits of prevention (such
as the impact of smoking cessation on reducing the incidence of low birth weight in addition
to its longer-term benefits in reducing CVD and other conditions) will help reinforce
prevention’s value. This analysis illustrates a reason for this argument.

3.6 Impact of discount rate on optimal mix

For reasons noted earlier, the impact of the prevention lag depends on the rate used to
discount future costs and effectiveness. Figure 8 illustrates the extent of this impact. The
figure indicates the optimal mix of spending between prevention and treatment as a function
of the discount rate for three alternative lags in the time until prevention expenditures have
an impact. In general, the optimal percent of spending allocated to prevention declines as
either the discount rate or the lag increases (although, as noted earlier, the precise magnitude
of this effect might differ somewhat from that predicted by the model). Thus, the relative
value of prevention interventions with near-term benefits (discussed in the previous section)
declines with a reduction in the discount rate.

3.7 Impact of time horizon on optimal mix

A significant issue in cost-effectiveness analysis involves establishing the time horizon over
which a new intervention is assumed to have an impact (sometimes referred to as the
analytic horizon). On the one hand, a long time horizon ignores the possibility that future
technology will make current interventions obsolete, or that future population changes will
make projections of the costs and benefits of current interventions inaccurate. On the other
hand, a short horizon neglects downstream costs and benefits that will accrue from near-
term application of a currently available intervention. For example, the Congressional
Budget Office’s current cost projection methods have been criticized for their mandated use
of a 10 year horizon, which captures near-term intervention costs but not their effects on
long-term costs [25]. Figure 9 indicates the effect of the time horizon on the optimal
allocation of spending to prevention for our scenario, and illustrates that adoption of a
relatively short horizon tends to favor treatment over prevention, largely because of the time
lag before which prevention expenditures become effective.

3.8 Impacts of research

A research breakthrough in either prevention or treatment can have an impact on the cost-
effectiveness of additional expenditures in either type of intervention and can change the
optimal mix of spending between the two. To investigate this impact, we hypothesize a
successful prevention (or treatment) research program that begins at the start of our model
run. Based on our analysis of data in the literature [26—28], we assume that the lag from
initiation of the research until its results are in active clinical use is 23 years. This includes a
5 year preclinical phase, a 7 year clinical phase, a 2 year licensing phase, and 9 years for
diffusion of the new intervention into common practice. (In reality, of course, each of these
phases has a time distribution, resulting in a random time from initiation of research until
adoption of its results; for simplicity, we assume this lag has a fixed duration.) In the
absence of more specific data, we assume that either type of research breakthrough
generates 100 million additional discounted QALY over our model’s 100 year horizon.
Table 3 presents the results of this exercise both for our current (un-optimized) spending
pattern and for the optimal allocation of spending between treatment and prevention. Note
that these results exclude any expenditure to fund the research itself.
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Before optimization (where 28.1 % of expenditures are allocated to prevention each year),
treatment research causes both the healthy and the sick population to increase over the base
case, resulting in 4.4 % growth of the total population at year 100. Growth in the sick
population results from the reduced CVD death rate caused by the treatment research; the
small growth in the healthy population results from the increase in per capita prevention
expenditures (and resultant decrease in the sickness rate) associated with the additional total
expenditures generated by the larger overall population. (Recall that annual per-capita, not
total, expenditures are fixed in the model.) The marginal cost-effectiveness of treatment
improves (a direct effect of the treatment research effort), while the marginal cost-
effectiveness of prevention becomes somewhat worse. This latter effect is the same as we
observed in Section 3.2.

Before optimization, prevention research also causes the healthy population to increase and
the sick population to decline (both primarily because of a reduction in the sickness rate
caused by the research), resulting in a net 10.8 % increase in the total population at year 100.
The marginal cost-effectiveness of prevention improves, while the marginal cost-
effectiveness of treatment worsens.

Thus, while our two research examples produce the same overall effectiveness (as measured
in additional QALY s achieved), they have substantially different impacts on the healthy and
sick populations: each class of research causes the size of the target population (healthy or
sick) and the total population to increase, but prevention research has the advantage of
causing the sick population to decline, while treatment research decreases the severity of the
illness for a larger sick population.

Maximizing total QALYs is achieved at a lower allocation of resources to prevention in the
presence of treatment research (30.7 % rather than 37.7 %) and at a higher allocation to
prevention in the presence of prevention research (47.0 %). With treatment research, the
shift to more treatment spending in the presence of greater treatment effectiveness causes a
decline in the size of the healthy population at 100 years, but the size of the sick population
grows significantly (by 22.6 %) because treatment spending is both higher and more
effective at reducing the CVD death rate. With prevention research, the greater effectiveness
and magnitude of prevention spending causes a 25.9 % increase in the healthy population, a
drop in the sick population, and a net increase in the total population of 15.5 %. As with our
earlier optimization runs, optimization in the presence of either type of research causes the
marginal cost-effectiveness of treatment and of prevention to approach each other in value.

It is interesting to compare the population trajectories over time for these cases. Figure 10
shows the time history for the total population for the non-optimized research runs. (The
curves have very similar shapes for the optimized runs.) Note that all three runs produce
identical populations until the end of the 23 year research lag, after which the treatment
research case begins to show an increase in the population. After the additional 10 year
prevention lag, the prevention research case begins to diverge from the base case, with its
population eventually exceeding that of the treatment case. These time trajectories illustrate
the importance of considering time delays in assessing the impact of research expenditures,
especially for prevention research, with its typical additional delay after the results of
research have begun to be used.

4 Discussion

Our model of the impacts of CVD prevention and treatment spending contains many
simplifications: homogeneous healthy and sick populations, a constant annual “birth” rate,
generic treatment of multiple cardiovascular diseases as a single condition, no distinction
among specific prevention or treatment interventions, deterministic treatment of lags, and no
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growth of per-capita spending over time (which is inconsistent with historical CVD
spending [11]). The model shows the directions of various effects that result primarily from
diminishing returns assumptions. We are comfortable with these assumptions and therefore
are comfortable with the directions of the effects. However, we did not conduct empirical
research into the rates at which returns diminish, so the sizes of these effects are not
empirically based.

Although our model incorporates the impact of research spending on the effectiveness of
subsequent spending on prevention and treatment, lack of data describing such impact, as
well as other technical issues, precluded including this impact in our analysis. (Instead, we
hypothesized a research breakthrough of a specific magnitude and explored its effects.)
Among the other technical issues is the need to characterize research spending over time in a
way that appropriately captures its downstream effects. Another technical issue relates to the
model’s use of a fixed production function for research findings that incorporates
diminishing returns. Over time, as the cumulative amount of research spending increases,
this function specifies that returns to an additional dollar of research decrease. Using this
function, we discovered that it is optimal to front-load research spending until the value of
an additional dollar falls so low that it is better used elsewhere (for example, for direct
prevention or treatment interventions). Once this point has been reached, research spending
essentially ceases altogether, because the value of an additional dollar of research has
reached a permanent point where it is out-competed by other uses. In order to justify the
regular annual spending on research that occurs in the real world, it is necessary to change
the model. For example, one could specify that the production function for health care
research findings is not fixed but, instead, shifts upward each year due to continued
investments elsewhere in pure research. In this way, the value of an additional dollar of
health care research spent this year will be greater than if spent last year because it will
make use of new knowledge gained from ongoing pure research. (See, for example, the
disaggre-gated research production function proposed by Tassey [29]). There are other ways
to modify the research production function that justify regular annual spending, but this is a
very complex area, and more study is needed in order to determine the best specification for
our model.

In spite of these limitations, the model produces results that are reasonably consistent with
other projections of population growth and growth in CVD prevalence and death rates. At
the same time, the model’s simplicity supports its use in describing and understanding the
complex interactions associated with alternative spending streams for prevention and
treatment of CVD, and the impacts of advances in research to improve the efficacy of such
spending. We have found that:

»  The cost-effectiveness of prevention (or treatment) of CVD varies with changes in
spending on treatment (prevention).

»  The optimal mix of CVD spending (i.e., the spending mix that maximizes the
overall QALY achieved) requires a shift in spending from treatment to prevention.

»  The estimated cost-effectiveness and optimal mix of prevention depend
significantly on assumptions used in the underlying analysis, including the discount
rate used, the analysis time horizon, and the lag before preventive measures take
effect.

» Arresearch breakthrough in prevention (or treatment) causes overall effectiveness
and the marginal cost-effectiveness of prevention (treatment) to improve as
expected, but the marginal cost-effectiveness of treatment (prevention) tends to
decline. While each class of research results in an increase in the size of the total
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population, prevention research causes the sick population to decrease, while
treatment research decreases the severity of the illness for a larger sick population.

These results have implications for the allocation of spending between prevention and
treatment of CVD, the funding of CVD research, and the methods used to assess the cost-
effectiveness of specific interventions. Work continues to improve our understanding of
these important topics.
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Model Structure

The Prevention/Treatment Tradeoff Model (PTM) is an Excel-based mathematical model
that we developed for investigating the impacts of healthcare spending changes on multiple
output measures related to the effects of disease. The disease of interest may be single and
specific (e.g., diabetes), encompass a group of several related diseases (e.g., cardiovascular
diseases including stroke, myocardial infarction, etc.), or may be entirely generic (as in the
case of modeling all chronic disease). Examples of output measures include number of
deaths per year, number of QALY gained, and cost effectiveness measures. The model may
be used to maximize or minimize one or more output measures and therefore be used to
design a spending plan that is optimal in some sense.
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PTM models an infinitely-divisible population as its constituents, subpopulations whose size
need not be integer; these transition between three health states — healthy, sick, and dead —
from year to year. The model is deterministic in that the rates of transition are not randomly
generated, but rather are precisely determined though mathematical functions taking
spending and health state populations as inputs. The model can also be considered
Markovian since the state-transition history of a subpopulation (SP) is ignored; only the SP’s
current health state is considered in calculating transition rates to other states. Unlike many
Markov processes, however, this one is not time-homogeneous: the rates assigned to various
states may change over time as spending fluctuates and SPs within states grow or shrink in
size. (Note that we use the shorthand terminology “rate” to mean the yearly probability of
transition, not the expected number of transitions per time unit.)

Many simplifying assumptions are made in this model, not because they are necessary to
make its construction possible, but because of unexpected subtleties and complexities
encountered in the output analyses of even this “simple” formulation. Adding extra
complexity could potentially obfuscate the roles played by the more basic elements of the
model and make determining a realistic set of input data more challenging, while adding
little value to the analysis. Chief among these simplifications are a single sickness state, no
transitions back to healthy once sick (corresponding approximately to many chronic
diseases), and no effects of aging (i.e., each SP has groupwise transition rates independent of
its age-demographic makeup). Once the model’s output is better understood, each of these
simplifications can be addressed in turn to examine its contributory effects.

As the name of the model suggests, both prevention and treatment of disease are considered.
Prevention spending affects the rate of transition from the healthy state to the sick state,
while treatment affects the transition rate from the sick state to the death state. Spending is
further divided into two additional categories: intervention and research. Intervention
directly controls transition rates, while research affects the extent to which intervention
dollars have an impact.

PTM uses spending per capita to calculate intervention effects on transition rates and total
spending for research effects. Intervention spending is transient and must continually occur
to have an effect, whereas research spending is cumulative over time (once research occurs,
it is “remembered” from that point forward). Additionally, all four types of spending —
prevention research (PR), prevention intervention (PI), treatment research (TR), and
treatment intervention (TI) — are subject to user-defined lags that indicate the time interval
between commitment of funds and their ultimate effects on transition rates. (A lag of zero
would indicate instantaneous effects). Figure 1 (presented earlier) shows the basic flow of
the model.

Clearly, the heart of the model lies in the functions that assign transition rates. Without loss
of generality, we will discuss some properties of these functions by referring to the function
that sets the rate of transition from healthy to sick (i.e., the sickness rate). There are several
properties that one would wish to guarantee, including:

1. Monotonicity: as intervention spending per capita increases, the sickness rate
should only decrease.

2. Diminishing returns: as intervention spending per capita increases, the change in
sickness rate per dollar spent should lessen.

3. The sickness rate should approach a nonnegative asymptote. A strictly positive
asymptote would indicate a disease that cannot be eradicated even with infinite
spending, given current research levels. A disease that could be eradicated would
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require a zero rate at some non-infinite spending; however, for model simplicity
this is approximated by a zero asymptote.

4. Research spending should increase the purchasing power of each intervention
dollar as well as decrease the asymptote mentioned above (while keeping it above
zero). For simplicity, a single factor may be used for both purposes.

A simple function that satisfies properties 1 through 3 above is based on an exponential
form:

5 xPl(-L,,) 5
Po=|(1=5) e (0w o
=ry O (1)

where 7%(#) is the sickness rate at time (year) £, r;, is the estimated sickness rate with no
intervention spending, »*, the estimated sickness rate with infinite spending (the asymptotic
rate), X/ (L p)) is Pl spending incurred L p; years before time ¢ (the P lag interval), AL p)
is the size of the healthy population in the year funds were committed.

VI O= =Ly, =L, and b= (37 )in (52

where ¢-subscipted parameters represent current “real-world” values. A similar function
governs the death rate, with suitable modifications to superscripts (dreplacing s) and using
the sick population in the denominator of the exponential term rather than the healthy
population. For the rest of this discussion, the ssuperscripts will be omitted to reduce
clutter, with the understanding that we are referring to the sickness rate equation.

The above defines an exponential function that passes through two particular points, namely
the sickness rate at zero spending 1y and the rate at current spending 7., and approaches the
asymptotic rate /«. In a typical scenario r,is known and s« is assigned a value derived from
expert opinion. 1y is usually unknown because it requires knowledge of the rate under no
spending. However, 1y can be estimated from either the average or the marginal cost per
QALY, the latter providing information concerning the derivative of the rate function at the
current spending level and thus by extension the intercept value at zero spending (one can
use the “Goal Seek” functionality of Excel to determine the value of 1, necessary to achieve
known marginal costs). Thus, while this exponential form is not itself derived from
empirical observation, it possesses properties that reflect real-world dynamics, and it can be
fully specified by fitting its parameter values to data describing the impact of interventions
on incidence or mortality rates. It is also the form previously used by Heffley [10] to
describe the impact of prevention spending on sickness rates.

To address property 4, we introduce a prevention research factor that will be inserted into
the rate function previously given. Let gi’;’j denote an increment value for this factor and let
A{:ff be an accompanying spending amount. Together, these determine the effect of research

spending on the value of the research factor through the relation

t
gPR(t):1+ (gfillg/xfr)llce) x{))zﬁe"_ZXPR(i_LPR_LH)
i=0
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where x{ ¥, is the baseline amount of research funding assumed to have taken effect by the
beginning of the modeling period (often assumed for simplicity to be zero). The

interpretation of this relation is that for every x2X dollars spent on research, the factor is

mc
increased by gi’;’f after the appropriate lag period. Note that lags for both research and

intervention must be taken into account, since the effects of research spending do not
manifest themselves until 1) the research lag is completed, allowing intervention money
spent from that point forward to take advantage of the new technology, and 2) the
intervention spending itself takes effect, only after its own additional lag. The research
factor is inserted into the rate equation thus:

reo reo

r(=ro [(Hﬁ exp (—g"R(0) by (1) + ks

=rofGFI(#), xPR(t-L,,~L,,), x*R(t-1-L,,~L,),...,x"R0O-L,.~L,), xR )

base

where ¢”(# follows the research spending relation given above. Note that the requirements
of property 4 above are met by this formulation. Also note that the #multiplier of 7 becomes
a function of not just intervention spending at one time period but also a function of an
accumulation of research spending over multiple time periods. Furthermore, increased
research expenditures produce diminishing returns in their impact on the effectiveness of a
fixed level of intervention spending. Cases of &L pp-Lp;<0 may indicate a research
commitment made previous to the start of the model timeframe coming to fruition, or may
be simply ignored or given a value of zero if dictated by the scenario under investigation.
Again, a similar construction holds for the death rate formulation. Figure 2 (presented
earlier) illustrates the effects of these equations.

In determining the number of QALY's generated by a spending stream, is it necessary to
specify the number of QALY's each sick person generates in 1 year (a healthy person
generates 1 QALY). It seems reasonable that, as spending per sick person increases, the
number of QALY s per sick person (QPS) would also increase, from some base level
corresponding to no treatment at all to some upper level corresponding to unlimited
spending. Furthermore, it seems plausible that the QPS value would approach this upper
bound asymptotically. In addition, the QPS upper bound should be allowed to increase as
treatment research money is spent (while never being allowed to exceed 1). To satisfy these
requirements, the following function is used in the model to determine the QPS value in a
given year:

OPS(t)=QPS, +

(1-QPS,) rd—rg
- )_QPSLM&—%’]

g

where QPS(?) is the QPS measure at time (year) tand QPS; and QPS,are the lower bound
and the unadjusted upper bound, respectively.

As mentioned above, a useful capability of the model is to determine an optimal mix of
spending between prevention and treatment. One obvious optimization goal is to maximize
the number of discounted QALY generated by a fixed spending stream. In the baseline for
this study, the total amount of per-capita spending is fixed at $2118 per person per year with
28 % of that dedicated to prevention — the current observed real-world values for CVD
spending. For the purposes of optimization, however, we are free to divide that amount
between prevention and treatment. Each year, some proportion p of all intervention spending
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is allocated to prevention interventions, and Z-pto treatment interventions. The value of p
remains fixed from year to year, and the goal of the optimization is to find its best value.
The model is able to perform an iterative search over all possible values of pto determine
the QALY-maximizing optimum. Through an extension of the iterative search into a higher
dimensional search space, the model can also determine the optimal apportioning of PI, TI,
PR, and TR spending.
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Table 1
Baseline parameter values

Parameter Value Source

“Births”/Year (age 45) 4.5 million US Census Bureau [19]

Initial Non-CVD Population (age 45+) 96.3 million National Center for Health Statistice [18], US Census
Bureau [19]

Initial CVD Population (age 45+) 22.7 million National Center for Health Statistice [18], US Census
Bureau [19]

CVD Death Rate 3.0% National Center for Health Statistics [30] US Census
Bureau [19]

Death Rate from Other Causes for CVD Population 1.8% National Center for Health Statistics [30] US Census
Bureau [19]

Death Rate for Non-CVD Population 1.2% National Center for Health Statistics [30] US Census
Bureau [19]

CVD Incidence Rate with Current Prevention Spending 20% American Heart Association [31]

Time Horizon 100 years -

Discount Rate for Money 3.0% Gold et al. [22]

Discount Rate for QALYs 3.0% Gold et al. [22]

Prevention Lag 10 years -

Annual CVD Prevention and Treatment Spending per $2,118 Authors’ analysis using methods and data from Miller et al.

Capita [11]

Fraction of Annual Spending Devoted to CVD 28.1% Authors’ analysis using methods and data from Miller et al.

Prevention [11]

Marginal Cost/QALY for Current Prevention Spending $16,918 Tufts Cost-Effectiveness Analysis Registry [13]

Marginal Cost/QALY for Current Treatment Spending $20,550 Tufts Cost-Effectiveness Analysis Registry [13]

QALY/Sick Person-Year (Lower Bound) 0.45 Dyer et al. [14]

QALY/Sick Person-Year (Upper Bound) 0.85 Dyer et al. [14]

Impact of Prevention Research Breakthrough?

Impact of Treatment Research Breakthrough?

Research Lag

100 million QALYs
100 million QALYs

23 years

Authors’ analysis using methods and data from US GAO
[26], US CBO [27], and Skinner and Staiger [28]

a, . . . S . . . . .
Several parameters combine to achieve this effect, which is applied only in model runs investigating the impacts of research
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Table 2

Optimization of spending mix (percent of annual expenditures to prevention)

Variable Value

Base Optimized
Percent of Expenditures to Prevention 28.1% 37.7%
Healthy Population at 100 Years (Millions) 140.2 146.8
Sick Population at 100 Years (Millions) 47.2 43.8
Total Population at 100 Years (Millions) 187.4 190.7
Average QALYs/Sick Person at 100 Years (Millions)  0.75 0.74
Marginal Treatment Cost-Effectiveness ($/QALY) $20,550 $19,001
Marginal Prevention Cost-Effectiveness ($/QALY) $16,918 $18,782
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