ABSTRACT

YAESOUBI, REZA. On the Implementation of Medical Programs in Health Care Systems:
Game-Theoretic Frameworks. (Under the direction of Dr. Stephen D. Roberts.)

Finding the cost-effective medical programs, guidelines, and policies have been the major
focus of studies in health care resource allocation. There are, however, many medical programs
and guidelines that have proven to be cost-effective and to improve the social welfare, but
have not been properly implemented in the society. Successful implementation of a medical
program relies on different factors such as, the health purchasers’ willingness to reimburse
for the program, the health providers’ willingness to offer the program, and the population’s
willingness to consume the underlying medical program.

This dissertation consists of three papers, each attempts to discuss one or several aspects of
medical implementation in a health care system. In the first paper, we develop a game-theoretic
framework for estimating a health purchaser’s willingness-to-pay (WTP) for health, which is
defined as the amount of money the health purchaser (e.g., a health maximizing public agency
or a profit maximizing health insurer) is willing to spend for an additional unit of health. We
discuss how the WTP for health can be employed to determine the medical guidelines, and
to price the new medical technologies, such that the health purchaser finds them worthwhile
to implement. The framework further introduces a measure for WTP for expansion, defined
as the amount of money the health purchaser is willing to pay for one percent of increase in
the consumption level of an intervention. This measure can be employed to find how much to
invest in expanding a medical technology through opening new facilities, advertising, educating
the population, etc. Applying our framework to Colorectal Cancer screening tests, we estimate
the WTP for health to be $9,950 per quality-adjusted life years, and the WTP for expanding
Colonoscopy to be $45.40 per person per percent increase, for the 2005 U.S. population.

The second paper discusses “coordinating contracts” in a preventive health care system
consisting of two noncooperative parties: a health purchaser (e.g., a health insurer) and a
health provider (e.g., a hospital). A principal-agent model is proposed to capture the interaction
between the two parties. In this model, the health provider determines the type of patients who
need to undergo a preventive medical intervention, and get reimbursed by the health purchaser
based on the number of patients for whom the intervention is administered. We determine the
contracts that coordinate the health purchaser-health provider relationship; i.e., the contracts
that allow each entity to optimize its own objective function while maximizing the population’s
welfare. We characterize the coordinating contracts for two settings: we show that under certain
conditions (1) when the number of customers for the medical intervention is verifiable, there

exist a gate-keeping contract and a set of concave contracts that coordinate the system; and



(2) when the number of customers is not verifiable, contracts of bounded linear and bounded
nonlinear forms can coordinate the system.

The notion of coordinating contracts is extended in the third paper to health systems with
limited capacity in providing the underlying medical intervention. In the new setting, the
health provider should allocate (or build) the medical capacity before observing the demand
for the medical intervention. We show that (1) when the number of customers for the medical
intervention is verifiable, a piece-wise linear contact can coordinate the system; and (2) when
the number of customers is not verifiable, a menu of incentive-feasible piece-wise linear contacts

can coordinate the system. We characterize the coordinating contracts under each setting.
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Chapter 1

A Game-Theoric Framework for
Estimating the Willingness-To-Pay

for Health and for Expansion

Abstract

A health purchaser’s willingness-to-pay (WTP) for health is defined as the amount of money the
health purchaser (e.g., a health maximizing public agency or a profit maximizing health insurer)
is willing to spend for an additional unit of health. In this paper, we propose a game-theoretic
framework for estimating a health purchaser’s WTP for health in markets where the health
purchaser offers a menu of medical interventions, and each individual in the population selects
the intervention that maximizes her utility. We discuss how the WT'P for health can be employed
to determine the medical guidelines, and to price the new medical technologies, such that the
health purchaser finds them worthwhile to implement. The framework further introduces a
measure for WTP for expansion, defined as the amount of money the health purchaser is willing
to pay for one percent of increase in the consumption level of an intervention. This measure can
be employed to find how much to invest in expanding a medical technology through opening
new facilities, advertising, educating the population, etc. Applying our framework to Colorectal
Cancer screening tests, we estimate the WTP for health to be $9,950 per quality-adjusted life
years, and the WTP for expanding Colonoscopy to be $45.40 per person per percent increase,
for the 2005 U.S. population.

Key words: game theory, willingness-to-pay, health care, simulation, colorectal cancer, resource

allocation, implementation.



1.1 Introduction

Society’s willingness-to-pay (WTP) for health is defined as the amount of money the society is
willing to spend for one unit of health. Due to its essential role in health care resource allocation
and cost-effectiveness analysis, a substantial body of literature has focused on estimating this
parameter. The most popular WTP estimation methods are based on surveys (for example,
see King et al. (2005) and Byrne et al. (2005)). In these approaches, the WTP is assessed by
different techniques: the value-of-life literature, WTP per quality-adjusted life year (QALY)
ratios, and the studies of health-state values that use both utility and contingent valuation
methodologies based on empirical data (Diener et al. 1998, Hirth et al. 2000).

The WTP estimates obtained from these methodologies are used to find the socially optimal
medical resource allocations and cost-effective programs (Gold et al. 1996). Such studies, which
help the decision-makers allocate the limited medical resources among a number of competing
medical programs to maximize the population’s health, have constituted a substantial body
of health care literature. Yet, there are many medical programs that have proven to be cost-
effective in these studies, but have not been properly implemented in the society; that is, their
utilization are still suboptimal due to different barriers, such as not being included in the
insurers’ health plans, high co-payment, limited access to the participating medical facilities,
population’s unawareness about the benefits of the program, etc. For instance, cancer screening
tests are considered to be cost-effective but many individuals who are at risk of developing
cancer do not use these tests mainly because of high co-payments, limited access to the health
providers, unawareness, etc (Swan et al. 2003, American Cancer Society 2007).

In health care systems, there are two parties that make the main contribution to the imple-
mentation of a medical program: (1) health purchaser, (2) health provider. Health purchasers
are institutions that enter into contractual agreement with health providers (e.g., hospitals) in
which the health provider agrees to render service to the population and be reimbursed by the
health purchaser according to a prespecified contract. A health purchaser can be a government
(under universal health care) or a private health insurer. A health purchaser contributes to the
implementation of a medical program by including the program in the offered health plan and
at an affordable co-payment. The health providers also play a major role in implementing a
medical program through offering and promoting the program.

This paper attempts to address two questions in the domain of medical implementation:

1. Consider a medical program, such as a medical product (e.g., vaccine) or a medical guide-
line (e.g., recommendations for cancer screening). An important question raised by health
policy makers and health providers is whether their proposed policies or products will be
implemented by the health purchasers; that is, whether the programs are to be included

in the health plans and be sufficiently reimbursed.



2. Now, suppose that a health provider would like to contribute to the implementation of
a medical program through allocating more medical resources, advertising the program,
etc. In making such decision, the health provider need to know how much her attempt
will be valued (and financially supported) by the health purchaser. The importance
of this question is more pronounced for preventive care, which usually requires mass

implementation.

Answering these two questions relies respectively on how much the health purchaser is willing
to pay for health, and how much he is willing to pay for expanding the medical programs. These

two types of willingness-to-pay are defined below:

1. WTP for health is the amount of money the health purchaser is willing to pay to obtain
one additional unit of health; we denote the WTP for health by A, and

2. WTP for expansion is the amount of money the health purchaser is willing to pay for
one percent of increase in the consumption level of an intervention, per person; we denote

the WTP for expansion by ~.

The WTP for health can be used by policy makers in determining medical guidelines, and
by health provider in pricing a new medical technology as such to be implemented by the health
purchaser. For instance, if a new medical technology demands a WTP for health greater than A,
then it is unlikely to be implemented by the health purchaser with the exact same specifications.

The WTP for expansion can be used in decisions regarding expanding an existing medical
program. If a health provider, such as a hospital, can increase the consumption level of a
medical intervention by one percent through providing easier access, advertisement, etc., then
the health purchaser is willing to pay up to v dollars per person to the health provider.

The health purchaser’s WTP for health and for expansion stems from two types of costs
which in order to reduce, a health purchaser is willing to pay to health providers or other parties
in the market. These are the costs that a health purchaser implicitly incurs, besides the direct

costs of implementing a medical program:

1. Health-related costs include the costs (or penalties) that the health purchaser incurs
due to the deterioration of the population’s health. These unobservable penalties are
imposed by two factors: (1) market regulations, which are usually enforced by the gov-
ernment and the health-related legislations, and (2) market competition. Health-related
costs increase by the level of regulations in the health care system and the competition

among the health insurers.

2. Incentive-related costs include the costs of providing sufficient incentives to the pop-

ulation for undergoing the optimal care. These costs occur when the health purchaser



benefits from the population undergoing a specific medical intervention, but the popu-
lation is reluctant in using the targeted intervention. The health purchaser is therefore
willing to pay for actions motivating the population to undergo the targeted interven-
tions. Those actions may include eliminating the copayment, providing easier access,

advertisement, etc.

Despite having essential implications in health care decisions, the health purchaser’s WTPs
cannot be easily estimated, since they are mainly affected by factors that are not quantitatively
observable, such as the level of regulation and the competition existing in the market. In this
paper, “health purchaser” (HP) means any institution that operates under a certain budget
(collected from premiums, taxes, etc.) with the objective of maximizing the population’s health.
A health purchaser can also be a profit maximizing subject to a health constraint imposed
by health regulations, competition, etc. An example of the former is the “government” under
universal health care, and an example of the latter is a “private health insurer” in a competitive
health insurance market.

To estimate the WTP for health, Lee and Zenios (2008) proposed a “shadow price frame-
work,” in which a perfect agent allocates societal health resources as such to maximize the
societal health. They assume that the perfect agent is a health maximizer subject to a budget
constraint, and therefore at the optimal allocation, the Lagrangian multiplier of the budget con-
straint, called the shadow price, indicates the rate at which financial resources will be exchanged
for health. We use a similar shadow price framework to estimate the health purchaser’s WTP
for health. Lee and Zenios (2008)’s model, however, considers only one intervention, while in
practice a health purchaser may offer a menu of medical interventions for a given disease.

In this paper, we propose a game-theoretic framework for estimating a health purchaser ’s
WTPs in a market where a number of medical programs are available for a given disease from
which, each individual in the population selects the intervention that yields the highest prospect
for her. In this framework, the health purchaser and the population enter into a two-move game
(Gibbons 1992), where the health purchaser makes the first move in offering a contract (i.e., the
set of medical interventions and their coinsurance rates) and then, having observed the contract
and her health status (characterized by different risk factors, such as age, race, previous history
of the disease, exposure, etc.), each individual decides which medical alternative to undergo. If
an equilibrium exists, we say it implements a given intervention if the health purchaser is willing
to cover it and a portion of the population is willing to consume the intervention. By mapping
the equilibrium determined by this game to the observed contract and the consumption level
of each intervention, we estimate the health purchaser ’s WTPs for health and for expansion.

The proposed framework can be applied to markets with two central properties: (1) existence
of a number of mutually exclusive medical alternatives for the underlying disease, and (2) a

population consisting of rational individuals who have freedom in selecting the alternatives that



maximize their utilities. A set of medical alternatives is mutually exclusive if each individual
chooses only one medical alternative to use at a time. An example of mutually exclusive medical
interventions is a set of cancer screening alternatives (regimes), where each individual uses one
screening alternative at any point of time (Note that ‘use nothing’ may also be considered as a
medical alternative). The proposed framework also allows the population to be heterogeneous,
i.e., consisting of different risk categories. In a heterogeneous population, individuals with the
same risk of contracting the disease and the same prospective devastation caused by the disease
constitute a risk category.

This paper makes several contributions. (1) It provides new insights on the implementation
of medical programs by revisiting the concept of WTP in health care, presenting well-defined
implications for policy makers and health providers in determining medical programs that are
going to be implemented by the health purchasers. (2) This paper introduces the WTP for
expansion as a new measure for moral hazard. The proposed framework shows how the moral
hazard is affected by the health purchaser’s WTP for health, and that depending on how much
the health purchaser is willing to pay for health, the moral hazard can be benign (i.e., positive
WTP for expansion) or malignant (i.e., negative WTP for expansion). (3) Most of the current
WTP methodologies pose problems and drawbacks that are well documented in the literature
(for instance, refer to Gafni and Birch (2006), Cookson (2003), Polsky (2005), and Hirth et al.
(2000)). The survey participants very often do not fully understand the health consequences
of the disease or the related interventions under study. In addition, the effect of moral hazard
can undermine the accuracy of the WTP estimates (Polsky 2005). That is, an insured person
usually tends to consume more health care services than the amount she states to be willing to
pay for. This paper contributes to the WTP literature by developing an alternative approach
to estimating the society’s WTP in markets where the health purchaser’s WTP is an adequate
proxy for the society’s WTP (e.g., under the presence of universal health care).

The remainder of this paper is organized as follows. We formulate the health purchaser-
population game in §1.2, and develop the methodologies for finding the equilibrium and the
WTPs in §1.3. We employ our proposed framework to estimate the WTPs for Colorectal
Cancer screening tests in §1.4. Section 1.5 concludes the paper. All the proofs are given in the

appendix.

1.2 The Health Purchaser-Population Game

A market for a set of medical interventions for a given disease generally consists of the following
entities: (1) health purchaser (HP) who we assume to be a perfect agent maximizing the
population’s health subject to a budget constraint, or profit maximizer subject to a health

constraint, (2) population who we assume to be (rational) prospect maximizers, and (3) health



providers who are either a profit maximizer or a cost minimizer. We assume that the HP
reimburses the health provider according to a prespecified fee-for-service contract in which
1008% of the health provider’s service price is collected from the population and the remaining
100(1 — B)% is paid by the HP. In our framework, the physicians are assumed to be truth-
telling agents who truthfully share the consequences of using each medical alternative with
their patients. The patient and her physician are assumed to constitute a perfect agent who

chooses the medical alternative that maximizes the patient’s utility (Mooney and Ryan 1993).

1.2.1 Preliminaries

We consider a disease for which M mutually exclusive medical interventions are available.
We denote each medical intervention by j = 1,..., M, the market price of each by p;, and
the indirect cost of obtaining the intervention j by c¢;. The cost ¢; may include the value of
patient’s time, travel costs, etc. Undergoing the intervention j may also cause a health-related
disutility e; due to invasive procedure such as Colonoscopy. We denote ‘using no intervention’
by j =0, for which p; = ¢; = e; = 0. Let A denote the set of available medical interventions.

The outcomes of using a medical intervention are usually measured by its effect on the
financial and the health status of the patients. To measure health, we use Quality-Adjusted
Life Year (QALY), which is an aggregate variable to represent both the length of a life and
the health quality of the years lived (Miyamoto et al. 1998, Pliskin et al. 1980). To each
individual in the population, we assign a continuous value 6 € [0, 1], called “rank,” such that
0% of population expects higher magnitude of suffering from the disease. The details of this
assignment are explained in the appendix.

Let g;(#) return the expected gain (or loss) in QALY during period [¢;, oo] for an individual
with rank 6 who uses alternative j at time ¢; (¢; can be the current age). The function g;(-)
may include losses in QALY that might occur due to the disease or normal aging. Let v;(0)
return the expected treatment costs during period [t1, 0] for an individual with rank 6 who
uses alternative j at time ¢;, excluding the price of the medical intervention obtained. Gains
and losses should be defined relative to a status quo condition. For preventive care, we assume
that the status quo condition is perfect health with no loss in money or health due to the
disease. For acute illnesses, we assume that the status quo condition is the current health
status, and any improvement (deterioration) in health and financial status is considered as gain
(loss). The section “Continuous Approximation” in the appendix describes how to approximate
the functions ¢;(-) and v;(-) for a given population. It is reasonable to assume that functions

¢;(-) and v;(-) are monotonically increasing.



1.2.2 A Model for the Population’s Preferences

Expected utility theory has been traditionally used to model the individuals’ choices in selecting
among a number of alternatives (Keeney and Raiffa 1993). However, in the context of health
care, many empirical studies have shown that expected utility theory is not an adequate descrip-
tive model for patients’ choices (for instance, refer to Bayoumi and Redelmeier (2000) and Seror
(2008)). These studies show that Prospect Theory (Kahneman and Tversky 1979, Tversky and
Kahneman 1992) consistently provides a better model for the patients’ choices. Following the
Prospect Theory’s framework, we therefore assume that an individual ranks different health
profiles based on the prospective monetary loss, and gain or loss in health.

Let = be a preference relation on R x R~ representing an individual’s preferences over the
possible health and monetary outcomes. For an individual with rank 6, let g9 € R denote
the prospective gain (or loss) in QALY, and let vg € R~ denote the prospective monetary
loss. We assume that the socioeconomic factors of an individual do not have any direct effect
on the individual’s preference over health and monetary outcomes. That is, the individual
ranks different outcomes solely based on the prospective gain (or loss) in QALYs, gg, and the
prospective monetary lost, vg.

Let u(-) be a value function on RxR™ that represents 2Z; i.e., (g9, vg) 7 (qp, vp) < u(gp, ve) >
u(qp,vj). We assume that the preference relation 7 satisfies the necessary conditions specified by
Zank (2001) so that the function u(g, v) can be represented by a continuous multiplicative utility
that is strictly increasing in ¢ and v. That is, u(q, v) = ue(q)uy(v), where u4(0) = u,(0) = 1,
uq(q) is strictly increasing and convex for ¢ < 0, and strictly increasing and concave for ¢ > 0;
and u,(v) is strictly increasing and convex for v < 0.

In expected utility theory, it is usually assumed and empirically shown that the marginal
utility of wealth rises with better health (Klose 2003, Hammerschmidt et al. 2004). In the gain
and loss environment, this condition is equivalent to assuming that the marginal disutility of
cost rises with better health. It is straightforward to show that the utility function defined
above satisfies this condition.

We assume that each individual decides on which medical intervention to use at time t;
(current time) in pursuit of achieving a better financial and health status at time to > ;. For
preventive care, the period to — t1 is usually larger than that of acute illnesses; for instance,
people use cancer screening tests at age t;1 = 50 in order to prevent a cancer that may become
malignant at age to = 60, if no cancer screening test had been used. On the other hand, for
acute illnesses the period to — t1 is on the order of days or weeks.

We suppose that when making decision at time ¢1, an individual assumes that during period
[t1,t2], the underlying disease does not cause any further costs or deterioration in her health

status; and the effect of her decision at time ¢; will become evident after time t5. Therefore,



if we assume that the individual’s lifetime utility is represented by the sum of each decision
period’s utility (Smith and Keeney 2005, Klose 2003, Hammerschmidt et al. 2004), then the

utility of an individual with rank # who uses alternative j at time ¢;, can be represented by:
u;(0) = u(—ej, =Bjpj — ¢;) + U;(0) = ug(—ej)un(=Bjp; — ¢;) + U;(6), (1.1)

where f3; is the coinsurance rate for the intervention j, and U;(f) represents the expected
prospect at time ¢y for an individual of rank # who uses the intervention j at time ¢;. The
section “Continuous Approximation” in the appendix describes how to find the functions U;(6)
for a given population.

We assume that the population’s utility is well-behaved, i.e., an individual of lower rank
(i.e., with higher expected magnitude of suffering from the disease) gains more utility from

using an intervention than an individual of higher rank.

Assumption 1 (well-behaved utility) Let C;(0) = U;(0) — Up(0),j € A; the well-behaved
utility assumption implies 0C; /06 < 0.

1.2.3 A Model for the Health Purchaser’s Decision

Suppose that the set of M medical interventions divides the population into M + 1 intervals
[jt1,25], for j = M,...,0,and 0 = 241 < 2 < zpm—1 < ... < @1 < xy = 1, such that,
for 0 € [xj41,2;], the individual of rank 6 obtains the medical intervention j. Note that for
0 € [x1, 0], no medical intervention is used. We assume that the HP is able to manipulate the
variable z; through some mechanism (e.g. setting co-payments, advertisement, etc.). Let Vj(z;)
and Q;(z;) denote the total gain in treatment costs and the gain in quality of life, respectively,
if individuals of rank 6 € [zj41, ;] uses alternative j. Hence, the functions V;(-) and Q;(-) can
be calculated by

(Ej ZBJ'
Vi) = [ (1= 8)00) ~ (1= B)p) b, and Q) = [ (a5(6) — e5)a,
Tj+1 Tj+1
where (3 is the coinsurance rate for any other costs incurred due to the underlying disease except
for the medical interventions in set A.
A profit maximizer HP solves the following optimization problem to determine the propor-
tion of population for which the intervention j should be implemented:
M M
= Vi(x;) s.t. () > QY 1.2
O:xM+1gl.a§w1<axo:1 m ijo i) s ijo Qj(z;) 2 @, (1.2)
where QU is the minimum improvement in population health that the HP want to sustain while

determining the value of x;’s. The implicit threshold QO is essentially due to market competition



and the government health regulations. In the optimization problem (1.2), the health constraint
is apparently binding at the optimum, since otherwise, the HP could increase his objective
function by changing some of the variables x; without violating the health constraint. Also
note that in problem (1.2) if at a solution, ;41 = x;, implying that intervention j is not
implemented, we can remove the intervention j from set A to preserve the existence of the
well-behaved intervals [x;41, ;] with x4 # x;, for all j.

At optimality of problem (1.2), the shadow price of the health constraint, denoted by \* > 0,
represents the amount of increase in the objective function if the HP reduces Q° by one unit of
health. For instance, assume that a health provider introduces a new technology which can be
implemented at zero cost by the HP, and it improves the population’s health by Qp;+1 units
of health. Such improvement is equivalent to reducing Q" by Qas,1 units, which results in a
gain of \*Qar41 dollars for the HP. Hence the HP is willing to pay up to A*Qps4+1 dollars for
the new technology.

In some markets, specifically in the presence of universal health care, the HP is better
modeled by assuming that he is a health maximizer subject to a budget constraint. Hence, the
HP solves the following optimization problem:

0:9:]\1+1£I.1.E.)J§:131<x0 1 Z Q] zj) s.t. Z Vile;) 2 BY,
where BY is the maximum budget that the HP is willing to allocate for the set of interventions
under study. In this optimization problem, the shadow price of the constraint, denoted by
w* > 0, represents the HP’s willingness-to-take, defined as the amount of health that the HP is

willing to sacrifice to relax his budget constraint by one monetary unit.

Theorem 1 If a health purchaser is a health mazimizer subject to a budget constraint or a
profit mazimizer subject to a health constraint, then there exists a unique constant \* such that
the health purchaser’s optimization problem at the optimal allocation x* = (z7,...,x%,) will be
equivalent to
M M
L = Vi(xz;) + A\* i(x; 1.3

0=90M+1£n.-?§:m<x0=1 (331, ’xM) Zj=0 ](J:]) + ZJZO Q] (SU]), ( )
where \* > 0 is the health purchaser’s willingness-to-pay for health. The health purchaser’s
willingness-to-take is represented by p* = 1/A*.

Theorem 1 states that if we assume the observable allocation x* = (z7,...,2},) (i.e., the
consumption level of each medical alternative in the current market) is optimum for the HP,
then there exists a constant A* such that the optimal solution of the optimization problem (1.3)

maps exactly to the observable allocation x* = (7,...,2},); such A* will represent the HP’s



WTP for health. The significance of this theorem lies in the fact that even though the HP’s
budget is not observable, or the amount of competition and regulation in the market is not
quantifiable, once can still estimate the HP’s WTP for health by what can be observed in the
market, i.e., the consumption level of each medical alternative.

By modeling the HP’s play according to Theorem 1 we implicitly assume that the HP is
risk-neutral, which is justified if the medical technologies are implemented for a large number

of people.

1.2.4 Formulating the Health Purchaser-Population Game

We model the interaction between the HP and the population as a two-move game:

Stage 1: The HP moves first and offers the contract (81, ..., Sur), through which he specifies the
interventions to be covered for the underlying disease and the corresponding co-insurance

rates f3;.

Stage 2: Having observed the contract, each individual decides which medical intervention to

use.

Note that Stage 1 is in fact part of the HP’s health insurance plan, which consists of all
medical programs being covered and their co-payments. Thus very often, Stage 1 is reached
once the individual purchases a health insurance plan (for instance, from a private insurance
company) or becomes eligible for a health insurance plan (for instance, offered by Medicare).
On the other hand, Stage 2 is reached whenever the individual enters into a health status for
which using the interventions in set A is recommended (e.g. using Colorectal cancer screening
tests for individuals of age equal to or greater than 50.).

By utility function (1.1), an individual of rank 6 chooses her preferred medical alternative
(Jg) according to the following optimization problem (See Figure 1.1(a) for an illustration):

Jo = argmax (uq(—e;)us(—Bjp; — ¢;) + U;(6)), (1.4)
JjeA+{0}

Let m;(6, ;) denote the HP’s net monetary benefit for an individual of rank 6 who uses
medical alternative j. By Theorem 1, if the HP’s WTP for health is A, then 7;(6,5;) =
(1 —=pB)vi(0) — (1 = Bj)p; + A(g;(8) —ej), for j=1,..., M, and mo(0) = (1 — B)vo(0) + Aqo(6).
For any given contract (81, ..., um), the HP solves the optimization problem (1.4) to find the
choice function Jy(S1, ..., Byr) for an individual with rank €. Then, to find the optimal contract,
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the HP maximizes his net monetary benefit by solving:

max Il = / 7,(0,8,)d0 (1.5)
B1s--Bm
0€[0,1]
Jy = arg max (uq(—€;)uy(—Bjp; — ¢;) + Uj(8)) for 6 € [0,1] (1.6)
JEA+{0}
0< B8 <A™, for j=1,..., M, (1.7)

where [pax is the maximum coinsurance rate that the HP may declare in the context of the
underlying disease (in common practice, B3¢ is usually less than 50%).

Alternatively, one may model the interaction between the HP and the population in a
principal-agent framework (Laffont and Martimort 2001), in which the HP (principal) tries
to design the contract (fi,...,[0x) as such to induce the individual with rank 6 (agent) to
reveal her rank by selecting the intervention that is specifically designed for her, i.e., Jy. This
approach also leads to solving the same optimization problem as (1.5)-(1.7). Furthermore, this
problem may also be related to the optimal design of insurance contracts. The studies on the
insurance contract design, however, do not generally capture the properties of our problem;
while we consider the design of the insurance contract in the context of a single disease, those
studies usually investigate the design of an insurance contract from a higher level perspective,
i.e., determining coverage, deductibles and premiums; likewise, the problem of moral hazard
and adverse selection have also been investigated in such a high-level context (for instance,
refer to Ellis and Manning (2007), Chernew et al. (2000), Blomqvist (1997) and the references

therein).

1.3 Estimating the Willingness-To-Pay

To estimate the WTPs, we first characterize the equilibrium of the HP-population game, and
then by mapping the equilibrium of this game to the observed equilibrium, we estimate the
WTPs. In §1.3.1, we assume that only one intervention is available and find closed-form ex-

pressions for the WTPs. This assumption is relaxed in §1.3.2.

1.3.1 WTPs for One Intervention

When only one intervention is available, say j, each contract (3;) splits the population into
two groups: the individuals with rank 6 € [0, 07] who use the intervention, and the individuals
with rank ¢ € [07, 1] who do not use the intervention. The HP’s problem is to find the splitting
point 8* by offering an appropriate contract as to maximize his net monetary benefit. For one

intervention, the optimal contract for intervention j (ﬁj) and the optimal coverage interval

11
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Figure 1.1: Optimal Contracts

[0,67] can be determined by solving the following optimization problem (see Figure 1.1(b)):

0;
e 1= [ (08 = moft) ar (18)
s.t. uq(—ej)uv(—,é’jpj - Cj) + Uj(@j) = U()(Hj), (1.9)
0, <1, (1.10)
Bj < B, (1.11)
IT > 0. (1.12)

The contraint (1.9) specifies the splitting point 07 (see Figure 1.1(b)), and constraint (1.12)
guarantees the HP’s interest in implementing the intervention. Let 7, 1, and § denote the
Lagrangian multiplier of constraints (1.9), (1.10) and (1.11), respectively, and define the function
Cj(-) as Cj(0) = U;j(0) — Up(#). The optimal solution (37,67) must satisfy the following first-
order conditions:

“ . =0, for 8 > 0,
;05 + Tojug(—ej)uy(—Bipj — ¢j) — 5{ “ 0. for 5]* o (1.13)

) ] - Y

dC; =0, for 8% >0
7 (0%, B5) — mo(0%) — 7 = — ’ g 1.14
J( J BJ) 0( ]) do 9:9; T]{ <07 for 9;:0, ( )
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n(@; —1) =0; (1.15)

5(B; — BI) = 0. (1.16)

Substituting the observed equilibrium (537, 6) into the first-order conditions (1.13)-(1.16)
yields the HP’s WTPs.

Theorem 2 Given the allocation level 07, the health purchaser’s WTP for expansion is repre-

sented by the Lagrangian multiplier T multiplied by C'(07). That is, v* = 7*C(0}).

The proposition below summarizes the WTP estimations for the cases commonly occuring

in practice (i.e., cases where some portion of population uses the intervention).

Proposition 1 Let (85,0;) denote the equilibrium of the game (1.8)-(1.12).

1. If at equilibrium, 0 < B}‘ < B;-nax and 0 < 9}‘ <1, then

(a) the health purchaser’s WTP for expansion is equal to
—0*C"(0*
v = HfC](O*J) , (1.17)
ug(—ej)ul,(—=B5pj — ¢j)
which is positive under the well-behaved utility Assumption 1; and

(b) the health purchaser’s WTP for health is equal to

A* =

7= (L= B)(05(65) — vo(67)) u 0= s, (1.18)
6]' — 4o

q;(07) — q0(0;

2. If at equilibrium, 57 =0 and 0 < 0; <1, then the health purchaser’s WTP for exzpansion
is at least equal to v* in FEq. 1.17, and the health purchaser’s WTP for health is at least
equal to the \* in Fq. 1.18.

3. If at equilibrium, /6’;-‘ = [3;“3" and 0 < 0; < 1, the health purchaser’s WTP for expansion
is at most equal to the v* in Eq. 1.17 and the health purchaser’s WTP for health satisfies
Eq. 1.18 and IT* > 0.

In Proposition 1, cases (1) and (2) are referred to as benign moral hazard (Pauly and Held
1990), where the HP’s WTP for expansion is positive. That is, the HP benefits from expanding
the program to a larger portion of population. In case (3), the sign of the HP’s WTP for
expansion can be either negative or positive. If we assume that the population’s utility is well-
behaved (Assumption 1) then by expression (1.14), the sign of the HP’s WTP for expansion is
the same as the sign of (07, 87) — mo(0}) (recall that 0 < 67 < 1). Therefore, if the HP finds
expanding the program marginally cost-effective, i.e., m; (9;5, /6’]*) — 770(0;) > 0, then his WTP
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for expansion will be positive (benign moral hazard), whereas if m;(07, 8;) — mo(6;) < 0, the
HP’s WTP for expansion will be negative, implying that attempts for expanding the program
will not be supported by the HP.

When ~* > 0, the HP is willing to pay up to v* per person for a percent of increase in the
consumption level of the intervention j. For instance, if an action increases the consumption
of intervention j from 49;‘ to 0}'-‘ + ¢, the HP is willing to pay up to 67;-‘ per individual in the

population for such an action.

1.3.2 WTPs for Multiple Interventions

When more than one intervention is offered, the equilibrium of the HP-population game cannot
be characterized by a closed-form solution. In this section, we first develop a methodology for

finding the equilibrium in general case and then we show how to estimate the WTPs.

Optimal Allocation Algorithm

In general case of M interventions, the equilibrium of the HP-population game can be found
by solving the daunting optimization problem (1.4)-(1.7). The following proposition allows us

to develop an efficient algorithm for solving this problem.

Proposition 2 In the sequence of interventions s = (j1,. .., jk—1,Jks Jk+1s---+JMm), if for the

* *
A ) "R

allocation levels, i.e., (9;1, R H;k_l), are known, then solving the following optimization problem

yields the optimal coinsurance rate (Bj*k) and the optimal allocation level (ij) of the intervention

Jk:

first k — 1 interventions, the optimal coinsurance rates, i.e., ( ), and the optimal

0,
e M= [ (080 w08, ) (1.19)
s.t. u(_ejk’ —BiwPir — cjk) +Uj, (ij) = u(_ejk—N - ;k—lpjk—l) + Uji_, (gjk)7 (1.20)
0<0;, <05 (1.21)

0 < Bj, < B, (1.22)

I1;, > 0. (1.23)

If the problem (1.19)-(1.23) results in 07 =05 . to reach optimality, the intervention jx_1

should be dropped from the sequence s.

To find the equilibrium, we first generate all possible permutations of the available inter-

ventions, since as we will see later, each permutation results in different allocation and net
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monetary benefit for the HP. Each permutation, denoted by s, is called a sequence of inter-
ventions. The HP selects to implement the sequence that maximizes his NMB. Let S denote
the set of all possible sequences of interventions. We select a sequence s € S. At stage 1, we
pick the first intervention in the sequence, denoted by j1, and find the optimal contract B;l and
the optimal coverage interval [0, 67 ] by solving the optimization problem (1.8)-(1.12), assuming
that no other intervention exists (see Figure 1.1(b)). Having fixed 8 and [0, 67 ], we proceed
to the next stage. In stage k > 1, we select the next intervention in sequence s, denoted by
Jk, and solve the optimization problem (1.19)-(1.23) for the intervention ji, selected in this
stage, and the intervention ji_i, fixed at the previous stage, to find the optimal contract for
the intervention ji, B;, and the optimal coverage interval (07,607 | (See Figure 1.1(c)):

We continue until the optimal contracts and the coverage intervals for all interventions in
the current sequence are determined. Next, we select a different sequence from the set S and

repeat the procedure. The optimal sequence is the one that maximizes the HP’s net monetary

benefit. At each stage k, solving the problem (1.19)-(1.23) results in one of the following cases:

1. If the problem does not have a feasible solution, we remove the intervention j; from the
current sequence s, and go to the next stage with a new intervention from s assigned to

Jk, and jr_1 remaining unchanged.

2. If0 < 07 <0j |, wehave an interior optimal solution; we record the coinsurance rate of

the test ji and its coverage interval, and go to the next stage.

3. If 07 = 07 |, the intervention j,_; is entirely dominated by intervention j; and jg—_o.
We remove the intervention j;_; from the current sequence and solve the optimization

problem (1.19)-(1.23) for the interventions j; and ji_s.

4. If Ojk = 0, we stop at this stage, since there is no portion of the population left to assign
a new intervention to. We record the resulting HP’s net monetary benefit, and proceed

with a new sequence from set S.

This procedure, referred to as Algorithm 1, is outlined in Table 1.1. In Algorithm 1, as
the number of interventions (M) increases, the number of treatment sequences to be evaluated
increases in the order of factorial (M!). Yet, two properties of Algorithm 1 improve its efficiency
in finding the equilibrium: (1) this algorithm converts the original problem, which has 2 x M
variables (3; and 0}, for j = 1,..., M), into M one-variable optimization problems which can be
efficiently solved; (2) Step 2.(c) (see Table 1.1) very often results in 7 = 0, which consequently
terminates step 2, without investigating all the intervention in the current sequence. In the
numerical application presented in §1.4, where M = 3, the algorithm finds the optimal solution

with three-decimal accuracy in approximately 0.1 second.
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Table 1.1: Algorithm 1

Step 1 : Generate all possible sequences of interventions and put them in set S.
Step 2 : For each sequence s € S do:

1. Set kK =1, toStop = False, 8 =0, 9;%_1 =1, and H;fk_l =0.

Jk—1

2. Do While toStop = False:

(a) Assign a new (next) intervention in sequence s to ji.

(b) Solve the optimization problem (1.19)-(1.23) for ji and jx—1 to find 67 , 87, and
I .

(c) If no feasible solution is available, remove intervention j; from sequence s, set
II; =0, and go to the next stage with a new intervention form s assigned to
k-
Else if 07 =0}

ey Temove intervention ji_q from sequence s, set jp_1 = ji_o,

and restart from step (b).
Else if G;k = 0, remove the remaining interventions from sequence s, and set
toStop = True.

(d) Update I3 = IT} + II3.

3. Record II} and the vectors (9};, ;k) for each jr in sequence s.

Step 3 : Select the sequence in set S with maximum IT}.
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Estimating the WTPs

For M = 1, the WTPs can be estimated by the first-order condition (1.13)-(1.16), as also
summarized in Proposition 1. However, for M > 1, no closed-form solutions exist for calculating
the WTPs. For these cases, we use the following approach to find the WTPs.

Let A* denote the set of medical interventions that are implemented in the equilibriums of
the HP-population game found by Algorithm 1, and let A* denote the set of medical interven-
tions that are currently implemented in the society. Let A C R represent a set that for any
X € A, A* = A*; that is, the ) that results in an equilibrium implementing the same set of med-
ical interventions as those being implemented in the society (set fl*) To determine the HP’s
WTP for health, we find the A € A that results in the contract (f1,..., Sy) and the allocation
(61, ...,0n) which are as close as possible to the corresponding observed values, (Bl, ... ,BM)

and (1, ...,0x7). This leads to solving the following problem:

M
min D) = Y- (wi (500 — 5)° + (6,00 — 6)%), (1.24)

AEA
€ =

where w; and z; are the weights of the square errors for intervention j. Assuming that the
contribution of each intervention to the HP’s WTP for health is proportional to its price, it is
reasonable to set w; = z; = p;.

Having found the WTP for health from problem (1.24), one can use the following proposition

to calculate the WTP for expansion for each intervention.

Proposition 3 Suppose that at \* WTP for health, the sequence of intervention (ji,...,jn) 1S

implemented with allocation levels (Hﬂ, R 9;‘M) The health purchaser’s WTP for expansion for
intervention j, ;i , is represented by v = T; (U’ (07.)— Uj’l€ 1(9;;)), where T is the Lagrangian

multiplier of constraint (1.20).

Given the arguments in the paper, it is immediate that two health purchasers have the same
WTP for health if (1) their populations have the same tezture, i.e., the same proportion (not
size) of the population has the health profile ¢; € ® (refer to EC.1 for the definition of health
profile), and (2) the health purchasers offer the same set of medical interventions with the same

coinsurance rates for the underlying disease.

1.4 An Illustrative Application

In this section, we employ the proposed game-theoretic framework to estimate the WTPs for
Colorectal Cancer (CRC) screening tests. We first provide a brief introduction to Colorectal

Cancer and then present the results.
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1.4.1 Colorectal Cancer

Colorectal Cancer (CRC) - cancer of the colon or rectum - is the second leading cause of cancer-
related deaths in the U.S. (Centers for Disease Control and Prevention 2008). Like many other
cancers, CRC becomes symptomatic when the cancer is at an advanced level and consequently
the chance of survival is significantly low. However, the CRC screening tests can identify the
cancer at an earlier stage leading to improved survival and considerably lower treatment cost.
Common screening tests include Fecal Occult Blood Test (FOBT), Flexible Sigmoidoscopy,
and Colonoscopy. The CRC screening tests have different performance in terms of cost and
effectiveness, which are well examined in the literature (for instance, refer to Pignone et al.
(2002) and Levin et al. (2008)).

It is generally recommended to begin screening for CRC soon after turning 50 and continue
getting screened at regular intervals (Levin et al. 2008). However, as recent studies show, there
are many people who are at risk for CRC and still not screened (Swan et al. 2003, American
Cancer Society 2007). The patient preference for CRC screening is strongly sensitive to out-
of-pocket costs, including co-payments and the indirect costs of obtaining the screening tests
(Pignone et al. 1999). Consequently, among the factors influencing the tendency of people to use
screening tests, the role of health insurance and accessibility to screening facilities has gained
considerable attention in the recent studies. Evidence suggests that addressing insurance and
cost-related barriers to care is a critical component of the effort to improve the cancer prevention
and early detection practice (Ward et al. 2008, Harvard Center for Cancer Prevention 2008).

We applied our proposed game-theoretic framework to the market for CRC screening tests
to answer three main questions: given the current consumption levels and coinsurance rates for
CRC screening tests (1) what is the WTP for health for CRC screening tests? (2) how much is
the health insurance system willing to pay for expanding the CRC screening facilities? and (3)
how do different regulations affect the market of CRC screening tests?

’ since in the

In this section, we refer to the “health purchaser” as “health insurance system,’
U.S., the CRC screening tests are consumed by individuals covered by different health insurers
(including, private health insurers and government-sponsored health insurers), who usually offer

the same set of CRC screening tests with common coinsurance rates.

1.4.2 Vanderbilt/NC State CRC Model

To find the equilibrium of the HP-population game for CRC screening tests, we obtain the
necessary data from a medical simulation model called Vanderbilt/NC State model, which is a
stochastic, discrete-event simulation model of the natural history of CRC (Roberts et al. 2007).
This model simulates a population over time which may include a mixture of patients with

different birth years, races, genders, and family histories of CRC. Screening can intervene in
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the CRC process by detecting adenomas and early cancers, changing the future outcomes. The
model produces discounted costs and QALYs for screening decisions as the primary outcomes
and has been used to determine the cost-effectiveness of CRC screening alternatives (Tafazzoli
et al. 2009).

For this paper, the screening regimens are updated according to the 2008 joint guideline
from American Cancer Society, US Multi-Society Task Force on Colorectal Cancer, and the
American College of Radiology (Levin et al. 2008). The details of these screening regimens are

provided in the appendix.

1.4.3 The Market Specifications for the CRC Screening Tests

To constitute our population, we characterize a health profile by four risk factors: age, family
history, race, and gender. Four age groups, 40 to 70 incremented by 10, and two races, white
and black, were considered. Hence, the defined population consists of 32 different health pro-
files. The proportions of the population in each health profile, «;, were determined according
to the U.S Census 2000. We consider three screening tests available in the market: FOBT,
Sigmoidoscopy, and Colonoscopy, which are assumed to cost $4.54, $220, and $661, respectively
(Roberts et al. 2007). The indirect cost of obtaining FOBT, Sigmoidoscopy, and Colonoscopy
are assumed to be $10, $150, and $432 (Jonas et al. 2008). For CRC screening alternatives,
the QALY functions, ¢;(-), and the treatment cost functions, v;(-), were approximated by ex-
ponential functions of form f(x) = a + be®”. The details are provided in the appendix.

We assume that the preference relation - defined in §1.2.2 satisfies the necessary conditions
for the value function u(g,v) to be represented by a multiplicative exponential utility (Zank
2001). That is, u(g,v) = (e"2?)(e™") = €9tV ¢ < 0,v < 0, where ry > 0 and 7, > 0
represent the population’s health and monetary risk aversion, respectively. For simplicity, we
assumed that individuals treat the probabilities linearly in the prospects. We chose rq = 2.75
and r, = 2.75 x 1074, for two reasons: (1) The error of mapping the equilibrium of HP-
population game to the observed equilibrium (represented by the objective function of problem
(1.24)) is minimized when r, = 2.75 and 7, = 2.75 x 107%; i.e., these settings yield the closest
equilibrium to the current consumption of CRC screening tests and the coinsurance rates. (2)
In our population, setting r, = 2.75 and r, = 2.75 x 10~ results in average WTP of $28 for
FOBT and $48 for Sigmoidoscopy'. These numbers are in line with findings of Frew et al.
(2001) in which the average population’s WTP for FOBT and Sigmoidoscopy is estimated to

be $30 — $50, independent of the screening protocol?. A sensitivity analysis on the values of

'Remember that for an individual of rank 6, the WTP for a given intervention j, denoted by WTP;, solves
u(—e;, —WTP;)+ U;(0) = Up(6) (See Eq. 1.1).

2Remember that “WTP for health” and “WTP for a medical intervention” are totally distinct concepts. The
WTP for health is defined as the amount of money that the decision maker (here HP) is willing to spend for one
unit of health, while the WTP for a medical intervention is the amount of money that the patient is willing to
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Figure 1.2: Equilibrium and WTP for health and expansion for §; € [0,100%]

parameters rq and 7, is provided in the appendix.

1.4.4 Results and Analyses

Figure 1.2(a) depicts the equilibriums for different values of the WTP for health (\), assuming
that the insurers can select the coinsurance rates to be of any value in the range [0,100%].
When A\ = 0, the insurer sets the coinsurance rates for FOBT and Colonoscopy at 100% and
61%, respectively. At these rates, 14% of population uses FOBT and 10% of population uses
Colonoscopy. As A increases, coinsurance rates for both tests drops while their consumption
levels increase. At A = $9,920, the insurer finds offering FOBT no longer beneficial and offers
a contract that implements only Colonoscopy. Note that according to Figure 1.2(a), Sigmoi-
doscopy is never implemented for any A € [0,$30,000]. This finding is in line with a number
of previous studies predicting that Sigmoidoscopy is unlikely to be successfully implemented
and adequately reimbursed by health insurers (Lewis and Asch 1999, Shaheen and Ransohoff.
1999).

In the current market of CRC screening tests, the explanatory power of FOBT in estimating
the WTP for health is not significant: first, it is a very inexpensive screening test (costs less
than $10), and second, recent statistics show that the consumption rate for FOBT is declining
(National Cancer Institute 2007) and Colonoscopy tends to become the preferred choice of CRC
screening. Therefore, we use only Colonoscopy for estimating the WTP for health. For our
population in year 2005, using the data provided by Smith et al. (2008), we estimate the percent

of insured adults of ages 40 and greater who have had Colonoscopy within the last 10 years to

pay to remain on the same utility curve as not using the intervention at all (refer to footnote 1). While the WTP
for health is the direct result of limited medical resources, the WTP for a medical intervention is the result of
the patient’s preference over monetary and health-related outcomes.
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be 30% (a sensitivity analysis on this parameter is provided in the appendix). The coinsurance
rate for Colonoscopy is commonly 20% (Centers for Disease Control and Prevention 2010). By
following the procedure described in §1.3.2, the WTP for health for CRC screening tests is
estimated to be A* = $9,950 per QALY.

Figure 1.2(b) displays the WTP for expansion () versus WTP for health (\). As ) increases,
~ also increases for both tests but at different rates. When A is low (< $1,420), the insurer
system is willing to pay more for expanding FOBT than Colonoscopy. At A = $9,920, FOBT
leaves the market and the WTP for expanding FOBT will be captured by Colonoscopy and
therefore, we see a jump in the WTP for expanding Colonoscopy at this point. At \* = $9, 950,
the WTP for expanding Colonoscopy is vy, = $45.40 per percent per person, which means
that the insurance system is willing to pay up to $45.40 per individual in the population for
any action that increases the consumption level of Colonoscopy by one percent, such improving
access by opening a new Colonoscopy suite.

To illustrate how the proposed game-theoretic framework can be employed by health policy
makers in setting the market regulations, we consider 3 markets with different specifications:

Case 1: Consider a health insurance market where the insurers are not allowed to set
the coinsurance rates for FOBT and Colonoscopy exceeding 20%. Figure 1.3(a) depicts the
equilibrium for different values of the WTP for health (A). For A < $1,540, only FOBT is
offered, with Bropr = 20%. At A > $1,540, the insurers begin offering Colonoscopy. How-
ever, when A < $4,920 (see Figure 1.3(b)), the WTP for expanding colonoscopy is negative,
implying that attempts for expanding the Colonoscopy consumption will not be supported by
the insurance system. Therefore, reducing the coinsurance rates may not necessarily result in
higher Colonoscopy utilization if the WTP for health, which is indirectly affected by the public
awareness regarding the CRC screening, market competition, health regulations, etc., is not
high enough.

Case 2: Now suppose that following the recommendations of Harvard Center for Cancer
Prevention (2008) to eliminate the co-payments for preventive screening tests, the health insur-
ance system is forced to set the coinsurance rates for FOBT and Colonoscopy to zero. Figure
1.4(a) depicts the equilibrium for this highly regulated market. If the WTP for health is less
than $3,650, the insurers will not offer Colonoscopy. The important observation in this case
is on the value of WTP for expansion. According to Figure 1.4(b), for A < $7,950, although
Colonoscopy is offered, the WTP for expansion is negative, implying that for A < $7, 950, efforts
on expanding Colonoscopy will not be supported and rewarded by the health insurance system.

Case 3: The WTP for expansion is important in determining the level of effort invested in
promoting a screening test through educations, advertisement, etc., which in general increases
the population’s health risk aversion (r4). Figure 1.5 shows the effect of the population’s health

risk aversion on the level of consumption, coinsurance rate, and the WTP for expanding the

21



45% 4 r 25% S140 4

40% /ﬂFOBT Soor , $120
350, - 20%
353% A o
~ g ~ S100
S 30% T 2 =
5 Lo 15% £ £ 880 1
=4 23% 1 Oropr 3 =
g 20% g g 560
Z F10% 2 %
£ 15% & TS0
he 0, 5 '42
10% PeoL A & $20 A
500 5 SO
e ! ' 0% 50 & / $10.000 $20.000 $30,000
s- $10.000 $20.000 $30.000
-s40 o
WTP for Health (1) WTP for Health (1)
(a) Equilibrium (b) WTP for expansion vs. WTP for health

Figure 1.3: Equilibrium and WTP for health and expansion for §; € [0,20%]

45% - - 100% $140 1
40% 4 P 90% S120 A
O, L

35% 1 Orosr cor 80% Q ~ $100 A
S 30% P0% g -
g b o60% & g S80 1
S 25% 2
5 bosow 3 £ so0 <
= 0% < =9
Z o409 E] 4
g 15% B oS40
s b o30%  -E &

10% F20% T & 520 JFOBT

5% A L 100 Z Q) et

) Prosr Peor , ° 30 ! ! '

0% ' ' 0% S0 & $10,000 $20,000 $30,000

S- $10.000 $20,000 $30.000
540 -
WTP for Health (1) WTP for Health (1)
(a) Equilibrium (b) WTP for expansion vs. WTP for health
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Colonoscopy. In both Figures 1.5(a) and 1.5(b), we set A = $9, 950 and r, = 2.75x 10~4. Figure
1.5(a) depicts the equilibrium for the case where the insurers can set the coinsurance rates to
any value in range [0,100%)], whereas in Figure 1.5(b) the coinsurance rate for colonoscopy
cannot exceed 20%.

In Figures 1.5(a) and 1.5(b), low 74, 1 < r, < 2, represents a population not sufficiently
educated about the screening tests. In both figures, the WTP for expansion decreases as
the population becomes more inclined to consume Colonoscopy and as a greater portion of
population uses Colonoscopy. In Figure 1.5(a), since the insurers do not have any limit on
setting Scor, inducing higher Colonoscopy demand makes the insurers counteract the effect by
increasing Bcor, in order to keep the Colonoscopy consumption around 30%. On the other hand,

in Figure 1.5(b), since Bcor is bounded by 20%, educating the population is in fact effective

22



S100 4 r 70% $100 4 r 50%

$90 Lo o $90 b o45% ?
=S80 2 =S80 - 40% =
- ) F50% £ ~ g
g s70 Peor .o 2 = s70 SEC
Z se0 g a0% 3 2 s60 T
3 = s =
S 850 L 30% = &850 L 25% 2
s = = =
5 S0 Loaow S 5S40 P 20% S
A 30 2 " 3 Fo15% 2
= S3 L 10% & = $30 % 2
= $20 A g £ = 520 ) - 10% £
SO S Low 2 s10 4 L os% 2
O / 0o
S0 -10% Ny = - - 0%
1 2 3 4 5 1 2 3 4
Health Risk Aversion (r,) Health Risk Aversion ()
(a) Becow € [0,100%] (b) Beot € [0,20%]

Figure 1.5: WTP for expansion ()

in increasing the consumption of Colonoscopy; the WTP for expansion, however, decreases as

more people get screened.

1.5 Conclusions and Future Research

We proposed a game-theoretic framework by which two types of WTP can be defined and
measured in a health care system where a number of mutually exclusive medical interventions
are available for a given disease. The WTP for health can be employed by policy makers
in determining the medical guidelines, and by health providers in introducing new medical
technologies, as such to be implementable by the health purchasers; that is, being included in
their offered health plans, reimbursed and promoted. The WTP for expansion can be used by
health providers in finding how much to invest in expanding a medical program by opening new
facilities, advertising, educating the population, etc.

The proposed framework presents new insights on the implementation of medical programs:
in the context of an underlying disease (1) given the estimate A* for the WTP for health, any
new medical intervention or proposed medical guideline should demand less WTP for health
than A* to be implemented by the health purchasers in the system, and (2) given the estimate
~* for the WTP for expanding an intervention, the health purchaser values the contribution
of a health provider to implementation of the intervention as much as v* monetary units per
person in the population per percent of increase in the consumption level of the intervention.

In the presence of a universal health insurer or a highly regulated market, where the health
purchaser’s WTP for health is an adequate proxy for the society’s WTP for health, our frame-
work estimates the society’s WTPs for health and for expansion in the context of the underlying

disease. The WTP for health defined in our framework deviates from the commonly-used WTP
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methodologies, which are generally based on expected utility theory (Klose 2003) or statisti-
cal methods (Hirth et al. 2000) for deriving the society’s WTP for health, but has the same
shadow-price basis as the WTP for health defined by Lee and Zenios (2008). For cases where
the health purchaser’s WTP for health is an adequate proxy for the society’s WTP for health, a
study that fairs the estimate provided by our framework with other WTP estimation methods
will be of great interest for future research.

One of the main limitations of our framework is the assumption of identical value functions
for all health profiles (or the individual’s rank). Relaxing this assumption introduces more
constraints in the health purchaser-population game, making it more challenging to solve. We
leave relaxing this assumption for future research. Moreover, we assumed that physicians are
truthful agents in population; the validity of this assumption depends in part on the reimburse-
ment contract offered by the health purchaser to the physicians. Also, as mentioned in §1.1, the
framework assumes that individuals have the opportunity of deciding (perhaps through consul-
tation with their physicians) about which medical intervention to use; therefore, the proposed
framework cannot be used for cases in which the population is deprived of such opportunity
(e.g. intensive care).

For the 2005 U.S. population, our framework estimates WTP for health for CRC screening
tests to be $9,950 per QALY, implying that any new intervention or revised guideline should
demand less WTP to be implemented. The WTP for expanding Colonoscopy is estimated to
be $45.40 per person for any action (such as opening a new Colonoscopy suite, educating the
population, etc.) that increases the Colonoscopy consumption by one percent. Our results show
that Sigmoidoscopy is expected to leave the CRC screening test markets, as also predicted by
previous studies.

The framework shows that the CRC screening utilizations can be improved by (1) increasing
the WTP for health through imposing regulations (e.g., limiting the copayments and passing
laws on offering the coverage of screening tests) and increasing the indirect penalties for the
health purchasers (e.g., increasing the public awareness about the CRC screening tests); and
(2) by increasing the population’s utility from consuming screening tests through education,
easier access to screening facilities, etc. The central point, however, is that these two strategies
should accompany each other; if the demand for screening tests increases in a non-regulated
market, the health purchasers will increase the coinsurance rates to keep the consumptions at
the level optimal for them. Also, when WTP for health is not sufficiently high, decreasing or
eliminating the copayments may lead to negative WTP for expansion for some screening tests,

which may incent the health purchasers to stop covering or promoting the tests.
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A.1. Proof of Theorem 1

To prove Theorem 1, we need the following lemma.

Lemma 1 Let

0 ar as --- ag
al bl 0
Ak+1 = a9 0 b2
ap. 0 0 .-+ b
then
k
— _ 2 .
|Api1] = Zizl o [1, b5 (1.25)

Proof. Suppose expression (1.25) is true for k£ + 1; we show that it is also true for k + 2.
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The Lagrangian function of optimization problem (1.2) is:
M M 0
L(xy,...,xn) = Zj:l Vi(z;) + A ijl Qj(zj) — Q" ). (1.26)
The first-order optimality condition will be:
vi(es) = vj-1(25) + pj—1 = pj + Mgj(x5) — gj-1(x5) + ej1 —¢j) = 0. (1.27)

For a given A, define the HP’s net monetary benefit for intervention j as x;(x;) = v;(z;) —
pj + A(gj(xj) — e;). Therefore, the first-order optimality condition (1.27) becomes equivalent
to x;j(z;) — xj—1(x;) = 0, which implies that the functions x;(-) and x;—1(-) intersect at point
x;. Also note that at optimum, if intervention j precedes intervention j — 1, then we should
have x;j(z) > xj-1(x) for x < z;, and x;(z) < xj-1(x) for © > x;, since otherwise switching
the place of interventions j and j — 1 increases the objective function (1.26). Consequently, we
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will have x;(z;) — Xj_1(x;) < 0; i.e. at point x = x; the derivative of x;(-) is always less than
that of Xjfl(-).
Since at optimality, the problem (1.2) has binding constraint, the bordered Hessian matrix

of Lagrangian function (1.26) is equal to:

0 Q' (z1) e Qhv(zar)
o Qll('xl) X’l(@“l)fxlo(xl) 9
Qv (zar) 0 o X (@ar) = Xy o1 (ear)

By Lemma 1 and setting a; = Q’(.) and b; = xj(v;) — Xj_1(2;) <0, for j =1,..., M, it is
immediate that the last M leading principal minor of matrix H alternate in sign, with the sign of
the determinate of H matrix the same as the sign of (—1)™. Therefore, the point (z3,...,2%,)
that satisfies the first-order Kuhn-Tucker conditions is the strict maximum (Simon and Blume
1994, Theorem 19.6 and the discussion thereafter). Hence, there exists a unique Lagrangian
multiplier \* that makes the optimization problem (1.3) equivalent to problem (1.2) at the
observed solution (z7,...,2},). That is, assuming that the observed allocation (z7,...,z},)
is optimal for the HP, we can find a unique multiplier \* such that solving the problem (1.3)
results in the exact same allocation as (z7,...,2%,).

Likewise, it can be shown that when the health purchaser is health maximizer subject to a
budget constraint, his optimization problem is equivalent to:

Omayy sy 22X o K@) = ZZO Q) +p* Zjio Vila;), (1.28)

By writing the first-order optimality conditions of problems (1.3) and (1.28), it is straight
forward to show that p* = 1/A\*. The proof is then completed by multiplying the objective
function (1.28) by the constant 1/p*. O

A.2. Proof of Theorem 2

We write the equality constraint (1.9) as two inequality constraints:
Uj(0;) — Uo(0;) > —uq(—€j)us(—Bjpj — ¢5), (1.29)

U;(0;) — Uo(0;) < —uq(—e€j)us(—Bjp; — ¢j). (1.30)

Let 71 and 75 denote the Lagrangian multiplier of constraints (1.29) and (1.30). The first-
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order conditions for the new optimization problem will be:

* ¥ =0, for 8 >0,
;0] + (12 — T)pjuq(—e;)uy(=Bjp; —¢j) — 6 { <0, for 5} _o (1.31)
ac =0, for 67 >0
(05, 87) =mo(07) = (o =71) —2|  — A 1.32
7rj( J 5]) o ( ]) (1o —71) a0 0=0: 77{ <0, for 9; _o ( )
n®; —1)=0 (1.33)
§(B; — B;) =0 (1.34)

Comparing the first order condition (1.31)-(1.34) with (1.13)-(1.16) reveals that at opti-
mality 7" = 75 — 7. First we show that —7* > 0 implies a positive WTP for expansion
and —7* < 0 implies a negative WTP for expansion. Suppose —7* > 0. Therefore we have
—7* = —(15 — 77) > 0. By constraint (1.9), to increase the consumption level of intervention
J, 0, we should increase the utility wy(—e;)u,(—5B;p; — ¢;). By constraint (1.29), increasing
ug(—e€;)uy(—Bjp;j —cj) by one unit increases the HP’s objective function by 7; and by constrain
(1.30), increasing uq(—e;)uy(—B;pj — ¢;) by one unit decreases the HP’s objective function by
75. Therefore increasing uq(—e;)u,(—5B;jp; — ¢;) by one unit results in increasing the HP’s ob-
jective function by —(75 — 71) which is positive. Thus —7* > 0 implies a positive WTP for
expansion. The case for —7* < 0 is similar and hence omitted.

By constraint (1.9), to increase the consumption level of intervention j, 6;, by one unit,
we should increase the utility uy(—e;)u,(=Bp; — ¢j) by —(Uj(0) — Uy(0)) unit. Consequently,
increasing the consumption level of intervention j by one unit increase the HP’s objective
function by —7*( — (U}(#) — Uy(6))), which is equal to v* = 7*C}(65). O

A.3. Proof of Proposition 1

The results are immediate from the first-order conditions (1.13)-(1.16). We only show the first
part; parts 2 and 3 are proved similarly. By Eq. 1.16, When 0 < 57 < 57", we have 0 =0;
hence, by Eq. 1.13, we have 67 + T*uq(—ej)u;(—ﬁj*pj —¢j) = 0. Consequently, by Theorem 2,
the HP’s WTP for expansion will be v* = T*C]’- (67), which results in Eq. 1.17.

To show Part 1.(b), By Eq. 1.15, when 0 < 0% <1, we have n* = 0, which makes Eq. 1.14
equivalent to:

* ok * de
9:0;

Substituting (0, ;) = (1 B)v; (6) — (1— 8)p; + A(g;(6) — e;) and mo(0) = (1— B)uo(0) +

Aqo(0) in Eq. 1.35 results in Eq. 1.18. O
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A.4. Proof of Proposition 2

Suppose that at optimality, there are M interventions in the optimum sequence s. The contract
(B1,--.,Bm) divides the population into at most M + 1 sections, each of which uses only one
of the available interventions (See Figure 1.1(a)). Assume that the population is split at points
(01,...,600-1,00), where 0 = Opy1 < Opp < Oppq1 < ... <61 <6y =1. The HP solves the
following problem to determine the coinsurance rates (f1,. ..,y ) and the consumption level

(01,...,0n) (recall that an individual of type § € (0;41,6;) uses the intervention j):

M 6;
max Il = Z/ m(t, B;) dt (1.36)
ﬁ;:::::eﬁ]\nj j:() 9j+1

(1.37)
0:9M+1§9M§9M_1§...§91§90:1, (1.38)
0< B < B, forj=1,..., M. (1.39)

We solve the optimization problem (1.36)-(1.39) in M steps (stages). In stage k, given the

optimal allocation of the intervention jx_1, # | and ignoring the interventions (Jkt1s -5 JK)s

1
we determine the portion of population that should use the intervention ji_1 by solving:

Ok
o<§ff‘§f;nax/0 (7 (t, Br) — Tr—1(t, Bi_1)) dt (1.40)
0<6,<0F |
st u(—ej, —Bip; — ¢j) + U;j(0) = u(—ej-1, —B;_1pj-1) + Uj-1(0;). (1.41)

If the optimal allocation of the intervention & turns out to be 6 = 6;_, then the intervention
k — 1 is dominated by interventions k and k — 2, and hence should be dropped from the current
sequence.

We claim that this approach is in fact solving the optimization problem (1.36)-(1.39) . To
prove this, we show that (1) the objective function being maximized by this method is equal
to the objective function (1.36), and (2) at each stage, the feasibility constraints (1.37)-(1.39)
are not violated.

To show the first part, the first key observation is that by constraint (1.37), all 8;’s can
be eliminated from the optimization problem (1.36)-(1.39), and hence, at each stage, the HP’s
problem is to find only the allocation of each intervention, i.e., 8;’s. For instance, at stage
k =1, by solving (1.40)-(1.41) for k = 1, the HP determines the portion of population who uses
the intervention j = 0 (use nothing), i.e. [07,1] (See Figure 1.1(b)); at stage k = 2, by solving
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(1.40)-(1.41) for k = 2, the HP determines the portion of population who uses the intervention
j=1,1e. [05,07] (See Figure 1.1(c)), and so on.

The second key observation is that the optimal decision at stage k, i.e., 67, does not affect
the value of the objective function (1.40) in problem (1.40)-(1.41) for the subsequent stages
(stages > k). In other words, the decision at stage k does not impose a new bound on the
objective function of the subsequent stages. To see this, recall that if the optimal allocation
of intervention k + 1 turns out to be 0}, = 6}, then since the intervention k is dominated by
interventions k£ + 1 and k£ — 1, we drop it from the sequence; and therefore, in the optimum
sequence, we always have 0; | < 0y, which means that in the optimum sequence, the decision
in each stage, say 07, does not add a constraint to the decision in the subsequent stages, i.e.,
03, > k+1.

And finally, we show that the summation of the objective functions (1.40) is equal to the
objective function (1.36). Subtracting the constant fo mo(t)dt from the objective function (1.36)

does not change the optimal solution; therefore, maximizing II is equivalent to maximizing;:

_/ mo(t)dt = Z/m i(t, B;) dt_/olﬂo(t)dt

— ]Z_g </ (t, B;) dt — /Oej+1 m(t,@-)dt) - /Olwo(t)dt

M 0,
;/0 (mj(t, Bj) — mj-1(t, Bj-1)) dt. (1.42)

Eventually, according to the preceding argument, it is apparent that the optimal allocation
obtained in each stage satisfies the feasibility constraints (1.37)-(1.39). O

A.5. Proof of Proposition 3

We write the equality constraint (1.20) as two inequality constraints:
Uji (00) = Ujy (0) — wl=€j_y» =B, Piny) 2 —u(=€jis =BuDiji — i) (1.43)

Ujk (ejk) - Ujk—1<0jk) - u(_ejk—17 _/B;k,lpjk—J < _u(_ejk7 _/Bjkpjk - cjk)' (1‘44)

We then proceed in the exact same way as in the proof of Theorem 2.

A.6. Continuous Approximation

In this section we present a methodology to determine the rank of each health profile and to

approximate the the discrete functions E[g;(-)] and E[7;(-)] by continuous and differentiable
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functions. We assume that the distribution of parameter «;, which represents the proportion of
the population with health profile ¢;, is known, and for each health profile ¢;, we can calculate
E[Gj(¢i)] and E[0;(¢;)]. Let ® denote the set of health profiles. To find the approximation
functions ¢;(-) and v;(-), the main idea is to order the health profiles such that the functions
E[g;(-)] and E[7;(-)] can be best fit by the continuous functions ¢;(-) and v;(-). To describe the
methodology, let us begin with a special case where for each of two health profiles ¢; and ¢;,
E[0;(¢i)] > E[0;(¢i)] < E[G;(¢:)] > E[@;(¢i)]. In this case, sorting based on either E[q;(¢;)] or
E[0;(¢;)] results in the same ordering. Thus, we sort the health profiles in the decreasing order
of either E[g;(¢;)] or E[3j(¢;)] to obtain the ordered set ®. Over the ordered set ®, we define
the function © : & — [0,1] as O(9@)) = it sy + ;) /2. Now we find the function v;(-) that
minimizes SSE, = Z%)ecﬁ (v;(©(d))) — E[ﬁj(gb(i))]f and the function ¢;(-) that minimizes
SSEy =Y, ca (4:(O(¢w)) — Elg;(9)]) "

In most practical cases, however, the assumption of this special case does not necessary hold.
Therefore, to order the health profiles for general cases, we define a new measure R : & — R to
represents the importance of each health profile from the insurer’s perspective. We define the
function R(-) as R(¢;) = E[0;(¢i)] + pE[q;(¢i)], where p is a positive constant representing the
relative importance of health to cost from the insurer’s perspective. In §1.2.3, we showed that
the insurer in fact evaluates each health profile by a linear combination of its prospective cost
and QALY gain (or loss). Hence defining the importance function R(-) as a linear function is
in line with our previous findings.

Next for a given value of p and the set of health profile ®, we sort the health profiles in the de-
creasing order of their importance, i.e., R(¢;), to obtain the ordered set &. Over the ordered set
&, we defined the function © : & — [0, 1] as before: O(¢@)) = Z;;ll Oz(s)+a(i)/2. The goodness-
of-fits for the functions ¢;(-) and v;(-) depend on the ordering of the health profiles in set P,
which depends on the value of p. To see the relation, for a given p, find the ordered set <I_5; over the
ordered set @, find the function v;(-) that minimizes SSE,(p) = Z@ecﬁ (v;(©(¢s)) — E[ﬁj(qﬁi)])2
and the function ¢;(-) that minimizes SSE,(p) = Z¢i€5 (¢;(8(¢4)) — E[G;(¢4:)])*. The optimal
p is determined by: p* = argmin(SSE,(p) + p>SSE4(p)). The functions ¢;(-) and v;(-) can
now be estimated accordingly.p

For the numerical application presented in §1.4 of the paper, we assumed that functions g;(-)
and v;(-) have exponential form of f(x) = a + be®. Table 1.2 shows the estimated parameters
for the cost and QALY resulted from each test. All the R?’s are greater than 90% implying

that the fitted models in fact account for more than 90% of the variation in the observed data.
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Table 1.2: Parameter estimation for treatment cost and QALY gain

Alternatives NO FOBT SIG COL

Cost QALY Cost QALY Cost QALY Cost QALY
a 77.695 0.066 | 87.616 0.064 | 72.562  0.067 | 63.218  0.080
b 388.540 0.078 | 330.030 0.075 | 312.495 0.069 | 248.777 0.056
c 7.622 1.373 7.575 1.431 8.124 1.502 6.581 2.499
R? 0.954 0.950 0.962 0.921 0.956 0.907 0.973 0.904

NO: No screening FOBT: Fecal Occult Blood test SIG: Sigmoidoscopy COL: Colonoscopy
All costs and QALYs are discounted at 3% rate to year 2005.

A.7. Screening Regimens

The latest update on recommended screening tests and the screening intervals are provided
in the 2008 joint guideline from American Cancer Society, US Multi-Society Task Force on
Colorectal Cancer, and the American College of Radiology (Levin et al. 2008). The guide-
line recommends for an average risk population to obtain one of the following CRC screening
regimens: annual FOBT, Sigmoidoscopy every 5 years, or Colonoscopy every 10 years. For
population at increased risk, undergoing Colonoscopy every 5 years is recommended regimen.
The guideline defines the population at increased risk as having either colorectal cancer or
adenomatous polyps in a first-degree relative before age 60 years or in 2 or more first-degree
relatives at any age.

For a person who chooses FOBT, if the FOBT result is positive, the guideline recommends
obtaining a Colonoscopy as a more accurate test, in the same year. If a patient with positive
FOBT result chooses not to use the recommended Colonoscopy, she will retake FOBT in one
year. If the FOBT result is negative, the follow-up FOBT for a person with no history of
adenoma or CRC is scheduled in 2 years. If the Colonoscopy result is positive, a Polypectomy
(Biopsy) will be performed and the person goes under surveillance. Surveillance refers to
the regular examination of the colon in patients with a prior history of colorectal adenoma
or cancer history. Because a history of colorectal adenomas or cancer is a risk factor for
future colonic neoplasia, surveillance regimens are more aggressive than standard screening
strategies. Therefore, the frequency of the screening tests should be increased for a person under
surveillance. If Colonoscopy finds advanced adenomas, or 3 or more non-advanced adenomas,
the next Colonoscopy will be scheduled in 3 years after the initial Colonoscopy; and if the result
is normal, the procedure will be repeated in 5 years. If the Colonoscopy finds non-advanced
adenomas, the next Colonoscopy will be scheduled in 5 years after the initial Colonoscopy; and
if the result is normal, the procedure will be repeated in 5 years. For a patient with a history of
resection or colorectal cancer, the next Colonoscopy will be scheduled within 1 year of cancer

resection; if the exam is normal, the procedure will be repeated in 3 years and if still normal, it
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will be repeated in 5 years. Surveillance tests halt after the cancer goes into the terminal stage
or the patient reaches age 80.

If a person decides not to use any screening tests and becomes aware of the cancer through
its symptoms, a Colonoscopy is performed to determine the extent of the cancer, and treatment
of the cancer begins. As part of Colonoscopy, adenomas may be found and removed. Should
surgery prove necessary, sections of the colon are resected and thus eliminating all the adenomas

in those sections.

A.8. Sensitivity Analysis

Our model estimates the WTP for health in a framework modeled as a game between the health
insurer and the population. Hence, the estimated insurer’s WTP for health is expected to be
sensitive to the population’s parameters, i.e., the population’s health and monetary risk aversion
(rq and 7y, respectively). As discussed in §1.4.3, we chose 7, and r,, such that the sum of squared
errors in problem (1.24) becomes minimum. For our defined population, the resulting r4 and r,
yields the average WTP of $28 for FOBT and $48 for Sigmoidoscopy. These results are in line
with the findings of Frew et al. (2001) who estimate the WTP for CRC screening tests to be
$30 — $50, independent of the screening protocol. Figure 1.6 depicts how the estimated health
insurer’s WTP for health changes with r, and r,. This figure shows that the estimated WTP
for health is rather sensitive to the population’s monetary and health risk aversion. Moreover,
Figure 1.7 reveals that the sum of squared errors of problem (1.24) is not extremely sensitive to
rq and 7, and hence this measure cannot perfectly detect the departures from the true values
of r4 and r,. Therefore, in our example when both r, and r, are unknown, extreme care should
be taken when estimating the WTP for health, since inaccurate estimates for r, and r, may
lead to imprecise estimate for the WTP for health. Nonetheless, for many diseases, there often
exist empirical studies on the population’s WTP for the related interventions, from which the
experimenter can obtain an approximate estimates for the population’s health and monetary
risk aversion, as we did for the CRC screening tests.

Figure 1.8 shows how the estimated WTP for health changes with the observed consumption

level.
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Chapter 2

Coordinating Contracts in a

Preventive Health Care System

Abstract

We consider a health care system consisting of two noncooperative parties: a health purchaser
(e.g., a health insurer) and a health provider (e.g., a hospital). A principal-agent model is
proposed to capture the interaction between the two parties. In this model, the health provider
determines the type of patients who need a preventive medical intervention, and gets reim-
bursed by the health purchaser based on the number of patients for whom the intervention is
administered. We determine the contracts that coordinate the health purchaser-health provider
relationship; i.e., the contracts that allow each entity to optimize its own objective function
while maximizing the population’s welfare. We characterize the coordinating contracts for two
settings: we show that under certain conditions (1) when the number of customers for the
medical intervention is verifiable, there exist a gate-keeping contract and a set of concave piece-
wise linear contracts that coordinate the system; and (2) when the number of customers is not
verifiable, there exist a contract of bounded linear form and a set of incentive-feasible concave
piecewise linear contracts that coordinate the system. We also characterize the incentive feasible
menu of coordinating contracts for cases where the health providers are located in communities

at different risk of developing the disease.

Key words: coordinating contracts, health care, payment systems, mechanism design, principal-

agent models.
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2.1 Introduction

Suboptimal assignment of patients to medical interventions is one of the major sources of inef-
ficiency in health care systems. Such assignments, which are usually determined by physicians
and hospitals, can be rectified in part by designing coordinating contracts between the health
purchaser and the health providers, in order to improve the efficiency of the health care system
and the population’s welfare.

The purchaser-provider relationship is prevalent in health care delivery systems. In this
relationship, a health purchaser (e.g., health insurer) and a health provider (e.g., hospital)
enter into a contractual agreement in which the health provider agrees to deliver service to the
population it covers, and be reimbursed by the health purchaser according to a prespecified
contract (payment system). A contract is said to coordinate a health care system if the set of
health care system optimal actions is a Nash equilibrium, i.e., no entity in the system has a
profitable unilateral deviation from the equilibrium that is optimal for the health care system.

In this paper, we consider a health care system consisting of a health purchaser, health
providers, and a population. The population is assumed to be at risk of contracting or devel-
oping a disease for which one preventive medical intervention is available. The population is
assumed to be heterogeneous, whose individuals are at different risk of developing the disease or
prospective devastation caused by the disease. To each individual, we assign a number, called
“rank,” based on her expected level of devastation due to the disease, if once developed. Dur-
ing a contractual period, a random number of individuals visit the health provider to obtain
the preventive medical intervention, if prescribed by the health provider. Having observed the
health purchaser’s contract, the health provider specifies a threshold (hidden from the health
purchaser), and administers the intervention to individuals of rank lower than the threshold.
The health purchaser then reimburses the health provider based on the number of people who
used the preventive intervention during the contractual period.

To characterize the coordinating contracts, we first assume that during the contractual
period, the number of customers for the underlying medical intervention is wverifiable by the
health purchaser; that is, the health purchaser can obtain the exact number of individuals
who visited the health provider to obtain the medical intervention. This assumption may
be valid in unsophisticated health care environments (for instance, when the health provider
offers only one medical intervention) or in the presence of an advanced information system.
Nonetheless, as will be discussed in §2.4, for rather complex health care delivery environments
and in the absence of a proper information system, this assumption may be undermined. For
these situations, however, we assume that at the beginning of each contractual period, both
the health purchaser and the health provider can obtain a prior distribution for the number of

customers for the underlying medical intervention during the contractual period.
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We model the interaction between the health purchaser and the health provider as a
principal-agent model. Our model is a mixed model of moral hazard and asymmetric infor-
mation: it is a problem of moral hazard since the threshold specified by the health provider is
hidden from the health purchaser; and it is a problem of asymmetric information since the pa-

tient texture (i.e., the distribution of the risk categories!

in a heterogeneous population) served
by each health provider is not observable by the health purchaser. Also, when the number
of customers is not verifiable, the health purchaser is faced with two-dimensional asymmetric
information caused by unobservable number of customers and the population’s texture. As-
suming that the health purchaser maximizes the population welfare while the health provider
maximizes his profit, we derive coordinating contracts that aligns the health purchaser-health

provider relationship.

2.1.1 Motivating Example

This work is primarily motivated by the important role of insurer-provider contracts in the
utilization of cancer screening tests, and in particular Colorectal Cancer screening tests. Like
many other cancers, Colorectal Cancer (CRC) becomes symptomatic when the cancer is at an
advanced level and consequently the chance of survival is significantly low. However, the CRC
screening tests can identify the cancer at an earlier stage leading to improved survival and
considerably lower treatment cost.

There are several screening tests available for CRC, including Fecal Occult Blood Test
(FOBT), Flexible Sigmoidoscopy, Combination of FOBT and Flexible Sigmoidoscopy, and
Colonoscopy. The CRC screening tests have different performance in terms of cost and ef-
fectiveness, which are well examined in the literature (for instance, refer to Levin et al. (2008)).
The preferred screening test for each individual is determined according to a number of risk
factors, such as age, race, gender, and family history of CRC. For instance, for those with fam-
ily history of CRC or previous incidence of adenoma, Colonoscopy is the preferred screening
alternative, since it yields the best outcomes in terms of costs and life-years saved for this risk
category (Levin et al. 2008). Nonetheless, the patient preference for CRC screening has been
shown to be strongly sensitive to out-of-pocket costs, including copayments and the indirect
costs of obtaining the screening tests (Pignone et al. 1999), and therefore, many individuals
may decide not to use any screening tests or may select the one that yields an inferior outcome
(Swan et al. 2003, American Cancer Society 2007).

An immediate solution for improving the cancer prevention and early detection practice

'In the context of preventive care, an individual’s risk of developing a disease is usually determined by a
number of “risk factors.” For instance, the risk factors affecting the probability of developing a Colorectal cancer
are age, race, gender, previous history of adenomas, and family history of cancer. Each combination of risk
factors constitute a “risk category.” For example, a risk category for Colorectal Cancer can be white males at
age 60 without family history of cancer and adenomas.
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is to reduce or eliminate the co-payments for preventive screening tests (Harvard Center for
Cancer Prevention 2008, Ward et al. 2008). This strategy, however, is not necessarily sustained
by health purchasers who generally believe that reducing the coinsurance rates aggravates the
moral hazard effect in health care markets. In our screening example, the concern about moral
hazard is rooted in the way that the health purchaser reimburses the health provider for the
service rendered. The reimbursement system for screening tests is typically fee-for-service, in
which the health provider receives a flat rate payment from the health purchaser for the service
provided to the patient. Under this payment system, the health provider has the maximum
incentive to screen anyone who is willing to pay for the copayment, leading to overconsumption
of the screening tests. Hence, the health purchaser tends to maintains the coinsurance rates as
a means to avoid such inefficiency.

Besides leading to an inefficient allocation, this mechanism also results in an inequitable
allocation. That is, many people are not screened, not because they do not benefit from
the tests but because they could not afford the copayments, and likewise, many people are
screened simply because they are induced to undergo them, despite not benefiting much from

the screening tests.

2.1.2 Generality

The inefficiency and inequity raised by the mechanism described above is prevalent in health
care systems. The contracts offered to health providers may induce overutilization (or under-
utilization in some cases), and hence the health purchaser attempts to control the consumption
by copayments. In consequence, many individuals do not receive the care they need because
the copayments are not affordable for them.

Moreover, in a health care market, health providers may have characteristics that are not
visible to the health purchaser; for instance, different health providers have different cost struc-
tures and may serve different patient textures. These types of heterogeneity in health providers
makes designing the contracts even more complex, since under these conditions the data needed
to enforce a particular contract becomes prohibitively costly to collect.

The above discussion motivates us to pose a research question: What contracts allow both
the health purchaser and the health provider to optimize their own objective functions while
maximizing the population’s welfare? In the context of operations management, such contracts
are generally referred to as “coordinating contracts” (Cachon 2003); those are the contracts

that results in Nash equilibrium while optimizing the global system.
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2.1.3 Research Themes

Several reimbursement systems have been proposed and employed for health care systems. In
the e-companion attached to this paper, we have discussed each payment system briefly, and
have reviewed some recent work in this area. The reader is referred to Newhouse (1996) for
a more thorough overview of the health care reimbursement systems. In these studies, the
interactions between the health purchaser and health provider are modeled in principal-agent
frameworks, where a principal (e.g., health purchaser) delegates a task (e.g., providing medical
service to the population) to an agent (e.g., health provider). The principal’s problem is to
design a contract that induces the agent to take the action(s) desired by the principal.

One theme of research focuses on the inefficiencies caused by hidden information, e.g., the
purchaser has imperfect knowledge about the cost structure of the provider. These studies aim
at finding the incentive-compatible contracts to reduce such inefficiencies (Boadway et al. 2004,
Jack 2005, Shleifer 1985). Another stream of research focuses on the hidden action problem,
which occurs when the purchaser cannot observe the provider’s action, such as, the intensity of
treatment (Fuloria and Zenios 2001, Ma and McGuire 1997) or the quality of the delivered care
(Jack 2005, Chalkley and Malcomson 1998, Ma 1994). Monitoring the quality of treatment and
the physician’s effort are either not possible or too costly to be worthwhile, and hence usually
treated as hidden action.

When the main objective is to optimize the global system, the problem of moral hazard and
asymmetric information can be accommodated through “coordinating contracts.” Coordinat-
ing contracts have gained significant attention in the operations management literature (for a
comprehensive review, refer to Cachon (2003)), and different types of coordinating contracts
have been introduced and studied; for instance, see wholesale price contracts (Cachon 2003),
payback contracts (Pasternack 1985), revenue-sharing contracts (Cachon and Lariviere 2005),
and quantity-discount contract (Weng 1995). Nonetheless, most of these contracts are devel-
oped specifically for manufacturer - supplier or supplier - retailer paradigms, with very limited
ramifications for health care payment systems.

The health provider in our setting may also be considered as a “gate keeper” who refers
the patients at higher risk to a specialist to receive the preventive intervention. Gate keeper’s
contracts usually assume that the number of customers for the medical intervention is verifiable;
and therefore these contracts reimburse the health provider based on the number of referrals and
the number of patients treated without referral; for instance see Shumsky and Pinker (2003) and
Marioso and Jelovac (2003). In §2.3, where we assume that the demand verifiability assumption
holds, we show that gate keeper’s contracts can coordinate the system under certain conditions.

This paper makes the following contributions: (1) it develops a set of novel health care

reimbursement systems that leads to maximizing the social welfare, while at the same time
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allowing each market entity to optimize their own objective functions; and (2) contrary to the
common health care reimbursement systems, which only consider the problem of hidden action
or hidden information, our proposed principal-agent model is a mixed paradigm of moral hazard
(hidden effort level) and two-dimensional asymmetric information (hidden number of customers
and the population’s texture).

The remainder of this paper is organized as follows: Section 2.2 details the model and defines
the coordinating contracts in the underlying system. In §2.3, we characterize the coordinating
contracts and formulate a principal-agent model to determine a set of incentive-compatible
coordinating contracts to be offered to the health providers with different patient textures. The
models proposed in §2.3 assume that the number of customers is verifiable; in §2.4, we relax this
assumption and find the coordinating contracts when the number of customers for the medical
intervention is not verifiable by the health purchaser. Section 2.5 discusses future extensions

and concludes the paper.

2.2 The Model and the Coordinating Contracts

We consider a population which is at risk of contracting a disease. The population can undergo
a preventive intervention, at a price, in order to reduce the risk of developing the disease or to
alleviate the devastation caused by the disease once developed. The population is assumed to
be heterogeneous in which individuals have different expected magnitude of suffering from the
disease. Hence, not all individuals benefit from the preventive intervention to the same level;
and the health purchaser, depending on her willingness-to-pay for health, may not be willing
to pay for those at trivial risk.

We assume that the individuals can be ranked in a decreasing order of the expected devasta-
tion due to the disease, and a continuous value 6 € [0, 1] can be assigned to each individual such
that 10060% of population expect higher magnitude of suffering from the disease. The suffering
from a disease may be the result of a financial loss or health deterioration. We assume that
the financial loss is equal to the necessary treatment costs; in the presence of universal health
care, however, other financial burden imposed to the society may be also included as “financial
loss.” We further assume that health can be quantified by a measure such as Quality-Adjusted
Life Year (QALY) which is an aggregate variable to represent both the length of life and the
health quality of years lived (Miyamoto et al. 1998, Pliskin et al. 1980).

Let ¢;(-) be a function returning the expected health gain (or loss) for a patient of rank
0 who uses alternative j € {0,1}, where j = 0 and j = 1 denote ‘not using’ and ‘using’ the
intervention, respectively. The function ¢;(-) may include losses that might occur due to the
disease, normal aging, or an invasive intervention. Let v;(-) be a function returning the expected

treatment costs for a patient of rank 6 who uses alternative j € {0, 1}, excluding the price of
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Figure 2.1: Cost and health functions

the medical intervention obtained.

To offer the intervention, the health provider incurs a variable cost ¢ and a fixed cost F.
The fixed cost F' may also include the reservation utility of the health provider. If the health
provider decides to administer the intervention to the individuals of rank less than or equal to 9,
then he incurs a cost (or disutility) d(6), with d’(6) > 0 and d”(6) > 0. The cost (or disutility)
d(-) occurs mainly due to (1) administering the intervention to a larger portion of the population
requires more medical and financial resources to be allocated, which increases the cost of lost
opportunities for the health provider; and (2) as an individual’s risk of contracting the disease
reduces, it takes more effort to persuade her to use the intervention.?

Let X\ denote the health purchaser’s willingness-to-pay (WTP) for health, and define the
function 7;(-) as m;(0) = v;(6) + Ag;(0) for j € {0,1}. The function m;(-) returns the health
purchaser’s net monetary benefit if the patient of rank € uses the alternative j € {0, 1}. Define
) = foe (m1(t) — mo(t)) dt as the health purchaser’s gain if individuals of rank € and less
undergo the intervention. We assume that the functions v;(-) and ¢;(-),j € {0, 1}, satisfy the
following unrestrictive assumptions such that the function m(6) — mo(0) is decreasing in 6; and
therefore, II'(+) > 0 and II"(-) < 0.

Assumption 2 For any 0 € [0,1], (1) v;(ﬁ) >0, for j = 0,1, i.e., for each alternative, as 0
increases (lowering the expected magnitude of suffering), the expected treatment costs reduces;
and (2) v{(0) < v((0), that is, the effectiveness of the intervention in reducing the treatment

cost (i.e., v1(0) — vo(0)) decreases in 6.
Figure 2.1(a) shows two functions that satisfy the requirements in Assumption 2.

Assumption 3 For any 0 € [0,1], (1) qé-(@) >0, for j = 0,1, i.e., for each alternative, as
0 increases (lowering the expected magnitude of suffering), the expected loss in health reduces;
and (2) ¢ (0) < q(0), i.e., the effectiveness of the intervention in reducing the expected health
loss (i.e., 1(0) — qo(0)) decreases in 6.

2 A methodology for estimating the function d(-) is proposed in the attached e-companion.
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Figure 2.1(b) shows two functions that satisfy the requirements of Assumption 3.

Let the random variable N denote the number of customers for the medical intervention
who visit the health provider during the contractual period. To be more precise, we define “the
number of customers for a medical intervention, N,” as the number of individuals who visit
the health provider to consume the medical intervention if prescribed by the health provider.
For instance, during an epidemic period, N would be the number of individuals who consider
themselves at risk of contracting the disease and visit the health provider in order to seek the
preventive procedure. Among these N individuals, the health provider then administers the
intervention to those at higher risk of developing the disease. Let N have probability density
fn(+) and support [n,n].

If the health provider administers the intervention to individuals with rank less than 6, we

assume that the social welfare can be represented by:

Social Welfare = (II(0) — cf — d(6)) E[N] — F. (2.1)

Note that in social welfare (2.1), the disutility d(#) is assumed to deteriorate the social
welfare proportional to E[N]. This assumption can be justified by the following argument.
As described before, the disutility function d(-) consists of (1) the cost of lost opportunities
incurred by the health provider, and (2) the cost of effort to persuade the population to use
the intervention. For both cases, it is reasonable to assume that these components of disutility
d(-) increase linearly by the population size.

To maximize the social welfare, the health purchaser maximizes (2.1) over . Since the
social welfare (2.1) is concave in 6, the global optimal solution, 6, only needs to satisfy the

following first order condition, given that 0 < 6 < 1:

') = c+d(0). (2.2)

Therefore, to maximize the social welfare, the individuals of rank 6 € [0, 6] should use the
intervention and the individuals of rank 6 € (6, 1] should not use the intervention. Throughout
this paper, we assume that the social welfare (2.1) is always greater than zero at the welfare
maximizing threshold 6. Greater implies that a larger percentage of population should un-
dergo the intervention, which requires greater implementation effort. Therefore, to conform to
contract theory literatures, we refer to 6 as the effort to be exerted by the health provider in
implementing the intervention.

In maximizing the social welfare (2.1), we assumed that the health purchaser has perfect
information about the rank of each individual, 6, and that the effort level 8 exerted by the
health provider is observable. In practice, however, it is only the health provider who can

observe the true rank of each patient and make the recommendations accordingly. It would be
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too expensive for the health purchaser to obtain the true value of all the patients’ rank (6’s)
for whom the intervention has been prescribed. Therefore, the health purchaser’s problem is to
design a contract that leads the health provider to choose the welfare maximizing effort level
0 as his optimal strategy. The contracts that allow both the health purchaser and the health
provider to optimize their objective functions while implementing the social welfare maximizing
effort level 0 are called the coordinating contracts.

In finding the coordinating contracts, we also make the following assumption about the

health provider throughout this paper.

Assumption 4 The health provider is altruistic; that is, if for a given contract, exerting the
welfare mazimizing effort level 8 is optimal for the health provider, then he administers the

intervention to an individual of rank 0 if and only if 6 < 6.

2.3 Coordinating Contracts with Verifiable Number of Cus-

tomers for the Medical Intervention

In this section, we assume that the number of customers for the underlying medical intervention
who visit the health provider, IV, is verifiable by the health purchaser. For instance, consider a
temporary health care facility offering a single preventive intervention (such as a vaccine) during
an epidemic period. The individuals who consider themselves at risk of contracting the disease
visit the health provider, and the health provider administers the vaccine only to those with
rank lower than the prespecified threshold. In such systems, the health purchaser can easily
verify the number of customers for the preventive intervention by counting the total number
of visits to the health provider. This assumption may also be valid when the health purchaser
benefits from an advanced information system through which she can distinguish among the

customers for different medical services.

2.3.1 Coordinating Contract with Homogenous Health Providers

In this subsection, we assume that the health purchaser knows the health provider’s patient
texture, i.e., the distribution of the risk categories in a heterogeneous population is known to
the health purchaser. Let w,(-) denote the health purchaser’s reimbursement contract when
the realized number of customers is n. Throughout this section, the subscript n in wy,(-) is to
emphasize the verifiability of the number of customers, and the fact that the reimbursement
wp(2) depends on both the realized number of customers, n, and the number of patients who
used the intervention, z. When the number of customers is verifiable, we denote the health
purchaser’s contract by {wy,(-)}, since it is in fact a collection of several functions wy/(-), each

of which is designed for a particular realized number of customers, n.
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Let 0,, denote the health provider’s effort level when demand n is observed. Then, hav-
ing observed the demand n, the health provider solves the following optimization problem to

determine the effort level 6,,:

omax wp (0pn) — cbpn — nd(6,) — F. (2.3)

The health purchaser then solves the following program to find the coordinating contracts

{wp ()} and the optimal allocations 6,,:

{wﬁ%ﬁ@n /n (nIl(6,,) — wy(0,n)) f(n)dn (2.4)

s.t. H;L = arg max wy,(6n) — chn — nd(0), (2.5)
0ot

/n (wn(6n) — cbpn — nd(6y,)) fn(n)dn > F. (2.6)

The constraint (2.5) is the optimality condition of the problem (2.3), and the participation
constraint (2.6) ensures that the contract {w,(-)} compensates the health provider’s expenses.

In this section, since we assume that the number of customers for the medical intervention
is verifiable, we can employ a gate keeping contract (Shumsky and Pinker 2003, Marioso and
Jelovac 2003) to coordinate the system. Consider a contract by which the health provider
receives a payment w for each individual to whom the intervention is administered, and payment
b for each individual who does not use the intervention. Therefore, wy,(2) = wz 4+ b(n — 2),0 <
z < n. The following proposition shows the conditions under which this contract coordinates

the system.

Proposition 4 When the number of customers is verifiable and the disutility function d(-)
is strictly convex, the contract by which the health provider receives a payment w for each
individuals to whom the intervention is administered, and a payment b for each individual who

does not use the intervention, coordinates the system if:

F /(0 0 0.7 (0
w:w—l—c—i—d(&)—i—d(@)—&d(@),and

F o
b= —— +d(0) —0d ().
oo+ )~ 00
Proof. See Appendix [J
Note that since d(-) is convex, the term d(@) — 6d'(f) is always negative, and therefore,
the payment b determined by Proposition 4 may become negative. A contract with negative
payment may not be necessarily attractive to implement. The following proposition presents

an alternative form of contract to avoid such problem.
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Figure 2.2: A concave piecewise linear contract

As an alternative, we consider a set of contract {wy,(-)} in which w,(-)’s are assumed to be

concave piece-wise linear contracts of form:

b, +wy, z, for z < 20
wn(2) = _ 2.7
n(2) { b +wtz, for 2 > 29 27)

where w;, < w;.
Figure 2.2 displays a piecewise linear contract of form (2.7).

Proposition 5 When the number of customers is verifiable, there exists a set of concave piece-
wise linear contracts {wy(-)} of form (2.7) that coordinate the health purchaser-health provider
relationship. For any realization of N, say n, the contract wy(-) satisfies the following proper-

ties:

Io

z, = On,

w=ctd(0)+e
wh =c+d0) —e,
b, = F+n(d6) — 0d'(9)) — One,

bi = b, + (w, —w,})on,
where 0 satisfies Eq. 2.2 and € > 0 is large enought to make wy(-) concave for n € [n, 7).

Proof. The proof is similiar to that of Proposition 4 and hence omitted. [

2.3.2 Coordinating Contract with Heterogeneous Health Providers

In §2.3.1, we assumed that the health purchaser knows the health provider’s patient texture.

In reality, however, the health providers are generally located in communities with different
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population risk distributions. In this section, we consider two health providers, one in a high-
risk population and the other in a low-risk population. The health purchaser is not able to
identify the type of each health provider since she does not possess accurate information about
the patients served by each health provider. Nonetheless, she knows that a health provider is
low-risk with probability ay, and high risk with probability «f, where oy + ag = 1.

To prescribe the intervention for the patients of rank 6 and lower, the health provider in low
(high) risk population incurs disutility dr,(0) (dg(0)), where dg(8) < dr (), and d(0) < d7 ()
for any @ € [0,1]. Define I, (0,) = fo* (w£(t) — nf(t))dt and Wy (Bpr) = [0 (xf () — n (1)) dt
as the health purchaser’s gain if the individuals of rank lower or equal to 67, in low risk popu-
lation and of rank lower or equal to #g in high risk population undergo the intervention. It is
reasonable to assume that II7,(0) < I () and IT} (§) < II};(6) for any 6 € [0, 1].

If the health purchaser knows the type of each health provider, then she can use Proposition
4 or Proposition 5 to specify the first-best contracts {wfg()} and {wﬂffl()} to be offered to
the low and high-risk health providers. Let éfB and éﬁ,B denote the socially optimal effort

levels under complete information (first-best).
Lemma 2 Under complete information, 553 < HNZB.

Proof. Suppose the contrary; i.e. éfB > éZB. Since dr(-) is convex we have: d’L(éfB)
d, (0%P). And Since d, (-) > d';(+) by assumption, we will have d; (95 %) > d} (55) > dﬁ(élF{B
Therefore, by Eq. 2.2 and the assumption that II% (-) < I’;(-), we should have IT/ (9£5)
I, (05P) > 1% (05P). The inequality results in 58 < @B since 1 (-) is concave. This

contradicts the original assumption. [J

v

~—

v

Lemma 2 implies that for the high-risk population, the society benefits more if a larger
portion of the population undergo the intervention, compared with the low risk population.
Nonetheless, if the health purchaser offers the first-best contracts {wfjg()} and {w?fl()} to
the low and high-risk health providers, the high-risk health provider may have an incentive to
mimic the low-risk health provider by selecting the contract {wf]z()}, since then, he incurs
less disutility (recall that dg(0) < dr(f) for any 6 € [0,1]). In consequence, the high-risk
health provider chooses a suboptimal effort level éf B instead of 0~§B . To find the coordinating

contracts under asymmetric information, we proceed in two steps:

Step 1: We first apply the Extended Revelation Principle (Laffont and Martimort 2001): ac-
cording to this theorem, the principal can confine himself to offer a truthful direct revela-
tion mechanism {wr, (), Wi, (-)} and to recommend a choice of efforts 67 and 6%;. Under
this mechanism, the health purchaser only need to offer two sets of contracts {wr, ()}
and {wg,(-)} for low-risk and high-risk health providers, respectively, while assuring

that health providers of each type reveals his type truthfully by selecting the contract
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specifically designed for him. The result of this step is the optimal effort levels 67 and
03 by low-risk and high-risk health providers, respectively, and the expected amount of

associated reimbursements, wj and wy;.

Step 2: Given the optimal efforts 67 and 67, and the expected reimbursement amounts wj
and wj;, we then specify the coordinating contracts {wr ,(-)} and {wpy,(-)} such that
the health providers find exerting the effort levels 07 and 0% optimal.

Let Wi(0) = f: Wi (0n) fn(n)dn, for k € {L,H}. In Step 1, the health purchaser solves
the following problem.
max II = OJL(HL(QL)E[N} — WL(QL)) + (1 — OéL)(HH(HH)E[N] — WH(HH)) (28)

0<0L,<1,WL (")
0<0<1,Wg(-)

.. Wi(01) — (cB1 + dr.(0)) E[N] > F, (2.9)
Wr(0n) — (cOn + du(0r)) E[N] = F (2.10)
Wr(0r) — (O + dr(01)) E[N] > Wy (HH) — (O + dr(0g)) E[N], (2.11)
Wy 0p) — (O + dug(0r)) E[N] > Wr(01) — (0L + dg(01)) E[N]. (2.12)

The incentive compatibility constraint (2.11) ensures that the low-risk health provider does
not mimic the high-risk health provider. Likewise, the incentive compatibility constraint (2.12)
ensures that the high-risk health provider does not mimic the low-risk health provider. To solve
the problem (2.8)-(2.12), we first identify the relevant constraints, i.e., the constraints binding
at the optimum of the health purchaser’s problem. It is well-known from the mechanism
design literature (for instance, see Mas-Colell et al. (1995)) that for the case of two agent
types with one agent type having intrinsic tendency to mimic the other when faced with the
first-best contract, only two constraints among the constraints (2.8)-(2.12) are binding: (1)
the participation constraint of the type being mimicked, i.e., the constraint (2.9); and (2)
the incentive compatibility constraint that prevent the type with mimicking tendency from
mimicking the other, i.e., the constraint (2.12).

By maximizing the objective function (2.8) subject to the binding constraints (2.9) and
(2.12), we can find the optimal effort level 7 and 7, and the associated expected reimbursement
amounts wj = Wr(0}) and wy; = Wy(0}). In Step 2, the health purchaser designs the set
of contracts {wr, ,,(-)} and {wg ,(-)} such that the health providers find exerting the efforts 67
and 07 optimal.

Proposition 6 gives the second-best coordinating contracts when the health purchaser uses

the gate-keeping contracts of Proposition 4.

Proposition 6 When the health providers are located in low (L) and high (H) risk communities,

under asymmetric information and verifiable number of customers, the gate keeping contracts
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{w;jfl(z)}, where w;jfl(z) = wyBz+b78(n—2), fork € {L, H}, coordinate the health purchaser-

health provider relationships if:

F - - - -
wi? = —— +c+d(077) + dp(077) — 03P dL(077),

E[V]
F - - -
bi” = BV T d(077) — 677 dy,(677),
F - - - - - -
wif’ = pry et A @)+ dn (057) = 07 dy (077) + du(077) — du (67°).
F - - - - -
bi’ = gy T On”) — 05 A (037) + d(O17) — dn (B1),

where éfB and éIS{B satisfy:

1—qay

Iy (077) = e+ dy(077) + o (d7(027) — dy (027)), (2.13)
I (027) = ¢+ diy (03P). (2.14)

Proof. Conditions (2.13)-(2.14) follow from maximizing (2.8) subject to the binding constraints
(2.9) and (2.12). The other conditions then follow from the health provider’s optimality con-
dition wy, — by = ¢ + d'(0y,), for k € {L, H} (see the proof of Proposition 4), and the binding
constraints (2.9) and (2.12). O

Proposition 7 gives the second-best coordinating contracts when the health purchaser uses

the piecewise linear contracts of Proposition 5.

Proposition 7 When the health providers are located in low (L) and high (H) risk communities,
under asymmetric information and verifiable number of customers, the sets of concave piecewise
linear contracts {w?B ()} and {wB ()} in which

— — 0
win (2) = { O + Wi for 2 < 2,
m + + 0

bkm + Wy % for z > 2o

for k € {L,H}, can coordinate the health purchaser-health provider relationships if for any
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realization of N, say n:

zO =07Pn, forke{L H},

W = c+d,(078) + ¢, fork e {L,H},

wkn—c—l—d'(G By —¢, forke{L,H},

by, = F +n(dp(077) — 67Pd;(677)) — 07 ne,

bl_{n—F—l—n(dH 2B dy (077)) — 03P ne + n(dp(077) — du(077)),
—b,;n (wy, ,n—wk )0 Bn, for ke {L,HY},

where éfB and 9}5}3 are calculated from FEq. 2.18 and Eq. 2.1/, and € > 0 is large enought to

make wr, ,(+)’s and wr, ,(-)’s concave for any n € [n,n|.
Proof. Proof is similar to that of Proposition 6 and hence omitted. U

Corollary 1 Under asymmetric information with verifiable number of customers, the optimal
menu of gate-keeping or piecewise linear coordinating contracts entails:

1. No effort distortion for the high-risk health provider, i.e., 5}33 = éfIB. A downward effort

distortion for the low-risk health provider, i.e., éfB < 553.

2. Only the high-risk health provider obtains a positive information rent equal to

EIN)(dr(055) - d (555)).

Proof. See Appendix. [J

Corollary 1 states that in order to achieve the welfare maximizing effort levels, the health
purchaser should pay information rent to the high-risk health provider to induce him to exert the
desired effort level. Also note that the information rent is proportional to the expected number
of customers, and therefore, a high-risk health provider serving a larger population demands
higher incentive to exert the desired effort level compared to a high-risk health providers serving

a smaller population.

2.4 Coordinating Contracts with Unverifiable Number of Cus-

tomers for the Medical Intervention

In the previous section, we defined “the number of customers for a medical intervention, N,”
as the number of individuals who visit the health provider to consume the medical intervention
if prescribed by the health provider. We also assumed that any realization of N can be verified
by the health purchaser, which is not necessarily the case in practice. For instance, consider

the following two examples:
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Example 1: Suppose that a health provider offers several different medical services. Conse-
quently, to be able to verify the number of customers for a particular medical intervention,
the health purchaser must elicit the purpose of each patient’s visit to the health provider,
and therefore, as the number of health providers and the population size increases, satis-

fying the verifiability assumption would become prohibitively costly or even impractical.

Example 2: Many preventive medical interventions are prescribed while the patient is visiting
the health provider for other purposes. For instance, the health providers commonly
take advantage of any occasion to persuade the patients at higher risk to undergone the
appropriate cancer screening tests. Therefore, in these cases, “the number of customers
for a particular medical intervention, N” is better defined as the number of individuals
for whom the health provider has the opportunity of prescribing the intervention. For
these situations, the number of customers for the intervention can hardly be verified even

in the presence of an advanced information system.

In this section, we relax the verifiability assumption, and characterize the coordinating
contracts for the health care systems where the number of customers for an underlying medical
intervention is not verifiable by the health purchaser.

If the health provider chooses to exert the effort level 6, then for a realization of N, say n,
the total number of people used the intervention equals z = nf. As a result, for an observed
value of z, the health purchaser cannot determine the true value of the variables n and 6 that
resulted in the observed z. Hence, the health purchaser is faced with both the problem of

asymmetric information (unverifiable n), and moral hazard (unverifiable ).

2.4.1 Coordinating Contract with Homogenous Health Providers

Let w(-) denote a contract offered by the health purchaser to the health provider, that re-
imburses the health provider w(z) dollars if the intervention is administered to z individuals.
When the number of customers is not verifiable, the health purchaser solves the following opti-

mization problem to find a contract w(-) that coordinates the health purchaser-health provider

relationship:
{zrur%.&ﬁ(ﬁ /n (nI1(0) — w(fn)) fn(n)dn (2.15)
s.t. 6 =argmax ' w(0n) — cn — nd(6 n)dn 2.16
Lo o= am | (wtin) ®) fa(n) (216)
/n (w(fn) — cOn —nd(0)) fn(n)dn > F. (2.17)
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Constraint (2.16) insures that under the contract w(-), the health provider’s optimal ef-
fort choice is 6. The participation constraint (2.17) insures the health provider’s interest in
implementing the medical program.

The contract that is commonly used when the number of customers for the medical inter-

vention, N, is not verifiable is the risk-fee or fee-for-service contract, defined below.

Definition 1 (Risk-free or fee-for-service contract) A contract w(-) is called a risk-free
contract if for a given 6 and a realization N, say n, we have w(én) = cfn + nd(é) + F, for
any n € [n,n|. By making the transformation z = On, this contract will be of the bounded
fee-for-service contract w(z) = (¢ + @)z + F, for On < z < 0n.

If the health purchaser offers a fee-for-service contract, a health provider facing with demand

n solves the following problem to determine her effort level:

d(f
max (¢ + (~ ))Hn —cn —nd(f) — F. (2.18)

0<6<1 0
The first derivative of the objective function (2.18) is n(%é) —d'(0)), which is always negative
because of convexity of d(-). Therefore, the fee-for-service contract w(z) = (¢ + @)z + F,

én <z < O leads the health provider to select an effort level which is less than the welfare-
maximizing effort level 6. )
If we let the contract w(-) reimburse the health provider at rate ¢+ d’(0) instead of ¢+ d(;),

then for any realization of demand, the health provider’s profit does not change with his selected

effort level, and the health provider will not have any incentive to deviate from 6. Hence, when
the health purchaser’s contract entails a sufficiently large of contractual periods, it is reasonable
to assume that if the effort level § maximizes the health provider’s expected profit over the entire
contractual term, the health provider will exert the effort level 8 in each period, irrespective of
the realized demand. The following proposition characterizes a contract that coordinates the

system under this condition.

Proposition 8 When the number of customers for a medical intervention is not verifiable,

and nf(n) > 0, af(a) > 0, and d'(0) < %, the bounded linear contract w(-) coor-

dinates the health purchaser - health provider relationship if the number of contractual periods
1s sufficiently large and:

w(z) =B+ (c+ d/(é))z, for On < z < 0, (2.19)

where B = F — (éd’(é) — d(é))E[N] and 0 is obtained from Eq. 2.2.
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W(Z) A
}v1 < }"2 < }\3
0,<0,<6, W4(2) 1 (45,05)

Figure 2.3: Coordinating Contract under Unverifiable Number of Customers

Proof. See Appendix. [J

According to the contract of Proposition 8, at the beginning of the period, the health
purchaser should make a transfer B < F' to the health provider, and then for each patient served,
reimburses the health provider proportional to the service cost plus the marginal disutility at

the optimal effort level, i.e., ¢ + d’(f). Proposition 8 also specifies that a contract of simple
form (2.19) can coordinate the health purchaser-health provider relationship only if d’(f) is
smaller than a threshold. This condition is also intuitive, since if function d'(-) is too steep at
point 6, then the health provider will have the sufficient incentive to choose an effort level lower
than §. Also note that the contract (2.19) does not depend on the shape of the distribution
function fn(-); however, for its successful implementation, the probability support [n, 7] should
be agreed on by both the both the health purchaser and the health provider.

Figure 2.3 displays three contracts for different values of the health purchaser’s WTP ().
As X increases the health purchaser is willing to offer a contract the implements the preventive
intervention for a larger portion of the population (higher 6).

The linear contract (2.19) possesses some restrictive properties as well. For instance, as
F — 0 and n — 0, the condition d'(f) < W becomes d'(0) < d(6), which is never
satisfied when d(-) is convex.

If the demand can be assumed to be a discrete random variable, then the health purchaser
can circumvent the restriction posed by the contract (2.19) by designing a menu of incentive-
feasible contracts. For any realization of demand, such a menu of contracts induces the health
provider to exert the welfare-maximizing effort level, and then to reveal the true value of the
realized demand.

Suppose that demand can be n; with probability p;, fori € {1,..., M}, n1 <ng < ... < nyy,
and sz\i1 p; = 1. The following sequence of events occurs: the health purchaser offers a set
of incentive-feasible contacts W = {w1(-),...,war(+)}; the health provider decides whether to

accept the contract or not; demand is realized, and the health provider exerts an effort level
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Figure 2.4: A menu of concanve piecewise linear contacts

that maximizes his profit, and then selects a contract in set W according to which he would
like to be reimbursed. Note that by the Extended Revelation Principle (Laffont and Martimort
2001), when demand can take M values, the set W only needs to contain M contracts.

Figure 2.4 displays an example of a set of contacts {w1(-),...,wa(+)}, in which w;(-)’s are
assumed to be concave piece-wise linear contracts of form 2.7.

The health purchaser solves the following optimization problem to find the menu of incentive-
feasible contracts {wi(-), ..., war(-)}, along with the optimal effort levels ; to be exerted when
demand is n;, i € {1,...,M}.

i (nall(6;) — wi(Oin; 2.20
{wi( r?%}ée <1Zp nill(6;) — wi n)) (2.20)
s.t. 6; = arg max{w;(fn;) — chn; —n;d(0)}, fori e {1,..., M}, (2.21)
0<6<1
w;i(0in;) — chin; — n;d(6;) > Olgﬁaécl{w] (On;) — cbn; —n;d(0)}, for j #ie {1,..., M},

(2.22)

M

i=1

Constraint (2.21) specifies the optimal effort level exerted by the health provider when
demand is n;. Constraint (2.22) insures that a health provider with demand n; selects to be
reimbursed by contract w;(-) and reveals the true demand. The participation constraint (2.23)
insures that the health provider accepts the menu of contracts {wi(-),...,wa(-)}. We use the
piecewise linear contracts (2.7) to design the coordinating contracts, mainly because they are
easy to characterize, and if they satisfy the constraints (2.21)-(2.22), they can be easily shifted
to satisfy the participation constraint (2.23) in equality, which make these contracts optimal
for the health purchaser.

To solve the optimization problem (2.20)-(2.23) for the piecewise linear contract (2.7), let’s
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assume that we know the effort level that maximizes the welfare for each demand n;, i.e., éi’s,
and that the menu of contracts {wy(-), ..., was(-)} induces effort level 6; for the health provider
with demand n;, and induces the effort level 0;? = 0;n; /nj, for the health provider with demand
nj, who selects to be reimbursed according to w;(-) , j # i (we will see later that these conditions
can be easily satisfied).

By constraint (2.21) the health provider with demand n; exerts effort level §;, and selects
to be reimbursed according to the contract w;(-), which pays w;(6;n;) to the health provider.
Let w; = w;(A;in;) (See Figure 2.4); now, the health purchaser’s expected payment to the health
provider will be equal to W = Zf\i 1 piw;. Hence, the expected health purchaser’s payment (and
the expected health provider’s reimbursement) are independent of the shape of the contract in
points other than {51n1, e ,HNMnM}. Therefore, the health purchaser’s problem reduces to
finding the welfare-maximizing effort levels 6;’s and the reimbursements w;’s while assuring
that the menu of contracts {wy(-),...,wy(-)} induces the effort level §; for the demand n;.

Also, we assumed that the menu of contract {wi(-),...,was(-)} induces the effort level
0 = éjnj /n; for a health provider with demand n; who selects to be reimbursed according to
wj(+), forj # ¢; that is, if a health provider with demand n; want to mimic a health provider
with demand n; for j # 4, then his optimal effort level will be 6 = éjnj /n;. This condition

reduces the constraint (2.22) to:
9, .
wz(ﬁml) - cemi - nzd(ez) Z wj(Hjnj) — chnj — nzd<JTnj), for j 7& 1€ {1, ey M} (2.24)

Lemma 3 Constraint (2.24) is equivalent to:

M), forie{2,...,M}

(2.25)

w;(0in;) — ctim; —nid(0;) > wi—1(0i—1mi—1) — cbi—1ni—1 — nid( :

)

Proof. See Apendix. [J
By Lemma 3, the health purchaser can now find the welfare-maximizing effort levels 0;s

and the reimbursements w;’s by solving the following optimization problem:

M
max sz' (n11(0;) — w;) (2.26)
i=1

w;,0<0; <1

O;i—1mi—1

s.t. w; — chin; — nld(&) > W1 — cOi_1n;—1 — nld( ), for ¢ € {2, ceey M} (2.27)

)

M
=1

Lemma 4 The solution of the optimization problem (2.26)-(2.28) entails:
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1. Unique optimal effort levels 0y = 6y = --- = Oy = 6, where 0 solves II'(0) = ¢ + d'(6),

and
2. Optimal reimbursements w;’s lying on hyperplane Zf\il piw; = (cé + d(é))E[N] + F.

Proof. See Apendix. [

According to Lemma 4, the optimal reimbursements w;’s are not unique (and characterized
by a hyperplane); however, it is reasonable to determine w;’s as such to make the constraints
(2.27) binding at optimality. Finally, the results in Lemma 3 and Lemma 4 rely on the assump-
tion that the menu of contracts {w(-),...,wy(-)} induces effort level f; for health provider
with demand n;, and induces the effort level 9}‘ = é,nl /n;j for health provider with demand n;
who selects to be reimbursed according to w;(-), j # i. Therefore, we also need to determine
the parameters of function w;(-) as such to satisfy these assumptions. The following proposition

summarizes the result assuming that @} (-)’s satisfy the constrains (2.27) in equality.

Proposition 9 When the number of customers for a medical intervention is not verifiable,
the menu of piece-wise linear contracts {wi(-),...,wa(-)}, in which w;(-)’s are of form (2.7),

coordinates the health purchaser-health provider relationship if:

20 = 0n;, foric{l,...,M}, (2.29)
. On;
w = c+max{d(d), max {d(—)}}+e forie{l,... M}, (2.30)
1<5<i—1 n;
. On;
+ . / . / ) _ .
w;” = ¢+ min{d (9)7i+1H§1}I%M{d ( n; ) —€ forie{l,..., M}, (2.31)
bi =b; + (w; —wf)éni, forie{l,..., M}, (2.33)
M i—1
ha+ >0 > pihi, i =M,
w; = =2 foric{l,...,M}, (2.34)
Wy — > hy,i=1,... M—1,
j=i+1

where 6 solves T'(0) = ¢+ d'(0) fori € {1,...,M}, h1 = (cf + d(0))E[N] + F, h; = cfn; +
nid(0) — cni_ — md(em* ), fori € {2,...,M}, and € > 0 is large enought to make the

uz

contracts w;(-) concave fori € {1,..., M}.

Proof. See Apendix. [J
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2.4.2 Coordinating Contract with Heterogeneous Health Providers

In §2.4.1, we assumed that health providers are homogenous in terms of the patient populations.
In this section, we consider two health providers, one in a high-risk population and the other in
a low-risk population. Same as in §2.3.2, we assumed that the health purchaser is not able to
identify the type of each health provider but she knows that a health provider is low-risk with
probability af, and high risk with probability a g, where ay, +ag = 1. To find the coordinating
contracts, we follow the exact two steps described in §2.3.2. Proposition 10 and Proposition 11

summarize the results for bounded linear and set of piecewise linear contracts, respectively.

Proposition 10 When the number of customers is not verifiable and the health providers are
located in low (L) and high (H) risk communities, not observable by the health purchaser, the
SB(,) SB(.)

linear second-best coordinating contracts wy and wi; are:

1. wiP(2) = Bp + (c+ d,(037)) 2, for 03Pn < 2 < 07Pn, where
By =F-— (d’L(éfB)éfB —dL(égB))E[N} and 028 is obtained from Eq. 2.13, provided that

8 (F5P) < THTDENEI ) 0, and () > 0; and

2. wiP(2) = By + (c+ diy (03P)) 2, for 03Pn < z < 03Pn, where
B = F—(d (037027 — dp (03P))E[N]+ (dr,(077) — di (075))E[N] and 03P is obtained
n

from Eq. 2.14, provided that d}l(éfIB) F+d’i§;\};)E[;\£§?9$B f(n ) >0, and nf(n) >

Proof. Proof is similar to that of Proposition 6, except that the health provider’s optimality

conditions are now given by Proposition 8. [J

Proposition 11 When the health providers are located in low (L) and high (H) risk commu-
nities, under asymmetric information and verifiable number of customers, the sets of concave

piecewise linear contracts {wf?()} and {w}s;B;()} in which

- - 0
w,‘?B(z) _ bk,z‘ + w2, for z < 2>
i + + 0

bk,i + wy ,7, for z > 2 is

for k € {L,H}, can coordinate the health purchaser-health provider relationships if for any
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realization of N, say n;:

zg»:é,szn, fOTkG{L,H}7i€{17"‘7M}7

52

~ éSB ;
wy,; = ¢+ max{d;(6;"), max {dj (-~ "W +e forke{L,H},ie{1,..., M},
> 1<5<i—1 n;
+ . ¢ (GSB - , 0380, .
wy, = c+ min{d} (0; )’z’+1n§1;‘%M{dk( " )}y —€ forke{L H},ic{l,..., M},
by = WL — wzﬂ.éani, forie{l,..., M},

by = Wi — w;{’iéEBni +ni(dr(028) — du(077)), forie{1,..., M},
b;i = b,;l- + (wl,;Z - w:’i)éani, forke{L,H},ic{1,..., M},

M i—1
by + 32 - pihi, i = M,
Wi = =2 forke{L,H},ie{l,... M}, (2.35)
Wk, M — > hj, i=1,...,M —1,
j=it+1
where éEB and éI%B are calculated from Eq. 2.13 and Eq. 2.14, hy1 = (cé,fB+d(é,fB))E[N]+F,
~ ~ ~ nS .
for k € {L,H}, hg; = c03Pn; + nid(05P) — c07Bn;—q — nid(e’“anfl), for k € {L,H} and

ng

i €{2,...,M}, and € > 0 is large enought to make the contracts wy P (-) concave for k € {L, H}
and i€ {1,...,M}.

Proof. Proof is similar to that of Proposition 6, except that the health provider’s optimality
conditions are now given by Proposition 9. [J
It can be also shown that Corollary 1 remains valid for the case of unverifiable number of

customers.

2.5 Conclusions and Extensions

An immediate need for reforming health care payment systems has been stressed by medical
scholars (Baron and Cassel 2008, Rosenthal 2008), which is mainly motivated by escalating
health care costs, deviations from welfare maximizing medical resource allocations, and imbal-
ance between primary and specialty care. Failing to consider the characteristics of the health
providers (e.g., the provider’s cost structure or the population’s texture) is considered a major
factor that makes a payment system result in health care inefficiency and inferior social welfare.

In this paper, we studied the contracts that coordinate the health purchaser-health provider
relationship in a preventive health care delivery system. Such contracts allow the health pur-
chaser and the health provider to optimize their objective functions while maximizing the

population welfare. The proposed principal-agent model considers both the problem of moral
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hazard (hidden action) and asymmetric information (hidden information). In this model, the
health provider’s decision about the rank of patients to whom the preventive intervention should
be administered is not observable (hidden action). The health purchaser may also be unable
to observe the number of customers for the medical intervention and the patient texture served
by each health provider (hidden information).

When the number of customers for a medical intervention is verifiable by the health pur-
chaser, we show that under certain conditions, there exist a gate-keeping contract and a set of
concave piecewise linear contracts that coordinate the system. When the number of customers
is not verifiable, we demonstrated that the widely-used fee-for-service payment system does
not necessarily coordinate the health purchaser-health provider relationship, and the health
provider tends to exert an effort level which is less than the optimum. Under these settings,
the coordinating contract can be of bounded linear form that reimburses the health provider
proportional to the unit service cost and the marginal disutility of the effort coordinates the
health purchaser-health provider relationship, provided that the disutility at the optimal effort
level is not too steep. A set of concave piecewise linear contracts can also coordinate the system
under demand unverifiability when demand can be discretized.

Our model assumes that there is only one medical intervention available for the underlying
disease. An immediate extension to our model will be finding the coordinating contracts for
cases where more than one medical intervention is available for the disease. In the multiple-
intervention paradigm, the coordinating contracts lead the health provider to prescribe the
intervention for each patient that results in the best outcome.

Also, our model assumes that the health providers are faced with no capacity restriction
in serving the patients. In reality, however, most of the health providers can only provide
the intervention to a limited number of patients during the contractual period. Moreover, our
model does not consider the possible competition among the health providers in attracting
the patients. A model that captures the capacity restriction in a health care system or the

competition among the health providers will be an interesting topic for future research.
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A.1. Proof of Proposition 4

The constant w and b in wy(z) = wz + b(n — z) should satisfy the rationality constraint (2.5)
which results in w — b = ¢+ d/(6,). Since w and b are constant, the health provider exerts the
same optimal level for any realization of demand; i.e., 8,, = 0* for any n. Given this condition,
the participation constraint (2.6) becomes E[N]((w — b)6* + b — c6* — d(6*)). It is now easy
to see that this participation constraint is binding at optimality, since otherwise, the health
purchaser can increase her objective function by reducing w and b while still satisfying the
health provider’s optimality condition w — b = ¢ + d'(6*). When the participation constraint
(2.6) is binding, the objective function 2.4 becomes equivalent to maximizing the social welfare;
hence, 6* = 6. Finally, w and b can be determined through the health provider’s optimality

condition w — b = ¢ + d’(#) and the binding constraint (2.6). O

A.2. Proof of Corollary 1

To show #3F = A5F note that the first-best welfare maximizing effort level 57 solves TT%, (5F) =
c+ d}{(élf_'}B), an(il by Eq. 2.14, Hﬁ(553)~: ¢+ d}l(éfIB). Comparing ~thes.e tv&io equations re-
sults in 9}33 = HZ—B. To show OEB < GEB, suppose the contrary: HEB > 953. We know
I, (0¥B) = ¢+ d} (0FP). Since dr(-) is strictly convex, ¢ + d’L(HNEB)~> c+ d'L(égB). Therefore,
by Eq. 2.13 and the assumption that d}i() > c{}[(), we have IT7 (675) > 11} (1'P); and since
IT, (+) is strictly decreasing, it results in GEB < 05 B which contradicts the original assumption
of QEB > GEB . The second part of the corollary is immediate from the contract parameters

specified by Propositions 6 and 7. [J

A.3. Proof of Proposition 8

To prove the proposition, we calculate the derivative of the health provider’s benefit at the
effort level . As we will see later, the health provider’s benefit is not differentiable at the point
6, since the left-hand and the right-hand derivatives are different. Therefore, we calculate each
separately. Let IIp(f) denote the health provider’s benefit if he exert the effort 6, calculated
by the objective function of problem (2.16). Since the participation condition (2.17) is binding
at optimality, it implies that II p(é) =0.

To calculate the left-hand derivate consider a p0i1r1t~91 < 0, sufficiently close to 6. If the
health provider chooses 6! instead of 6, then for n € [n, g—?] he receives nothing from the health

purchaser, and for n € [g—?,ﬁ} he will be reimbursed according to w(z) = B + (¢ + d’(é))z
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Therefore:

15 (9)

which is positive if d’(f) <

F+d(§)E[N]+cln

-B(1- FN(ZTG)) — (d’(9)01 — d(Hl)) /én nf(n)dn
F— B+BFN(§?) — (d'(0)0* — d(6"))E[N]
+(c+d(0))0" . f(n)dn (2.36)

(using L’Hopital’s Rule)

glllméB(gl)ZfN(Z?) (B - d(0)EN]
e+ a@)( [ nftwan+ o (99;’; o )

&
=

BV n)0 Hence, the health provider does not have incentive

to choose an effort level less than 6.

To calculate the right-hand derivate consider a point 91 > 0, sufficiently close to 0. If the

health provider now chooses 8" instead of 6, then for n € [n

n, 01 ] he will be reimbursed according
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to w(z) =B+ (c+ d'(é))z, and for n € [;—T}, n] he receives nothing. Therefore:

p(6Y) — Ip(h)

= —F+ /9? (B+ (c+ d'(é))@ln —c0'n —nd(0")) f(n)dn

+/9: (—cf'n — nd(0")) f(n)dn
= —F+ BFN(Z)—?) + (d’(é)@1 —d(6")) /01 nf(n)dn

n

—(c0" +d(6")) [)z nf(n)dn

on
91
—(c+d'(0))6" /9 n nf(n)dn (2.37)

o1

= —F+BFy(57) + (d(9)8' —d(6"))E[N]

The right-hand derivative at point 6 can be calculated by:

Ip(0') — 1~TP(5)

wi@) = m 1O (using L'Hopital’s Rule)
= i B () + (@) - 0B
(et () </en nf (n)dn — elﬁﬁf(?f))
_ 9@ (B + ct;n + 7d(8))
_ _”fgn) (F + d(0)E[N] + cfn + d'(0)0(r — E[N])),

which is always negative.

Also note that the contract w(z) = (c+d’ (é))z+ B satisfies the constraint (2.17) in equality
if B=F — (d'(8)f — d())E[N]. O

A.4. Proof of Lemma 3

Apparently, a health provider with demand n; does not mimic a health provider with demand
nj > n; because of the convexity of disutility d(¢). Therefore, constraint (2.24) is redundant for
all j > i. To establish the equivalency of (2.25) and (2.24) when j < i, we only need to show

that for a given ¢ > 3 if a health provider with demand n; does not mimic a health provider
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with demand n;_;, and a health provider with demand n;_; does not mimic a health provider
with demand n;_o, then the health provider with demand n; does not mimic the health provider

with demand n;_o either. That is, if

wl(GmZ) - c@ini - nld(el) Z wi_1(9i_1ni_1) - c@i_lni_l - nld(w) (238)
n;
and
0i—an;_o
wi—1(0i—1mi—1) — cbi—1ni—1 — ni—1d(0;—1) > wi—2(0i—2ni—2) — chi_an;_o — ni—ld(Tl)a
(2.39)

then
Oi—2mn;—2
w;(0ini) — cOin; — nid(0;) > wi—o(Bi—oni—2) — cbi_ani—o — nid(T)~
By convexity of d(-), d(af) < ad(#) for 0 < a < 1, which implies d(“=16;_1) < -

i—1
n; n;
using « = ";—:1 Therefore, by (2.38),

d(0;—1)

0i1n;1

)

w;i(0in;) — ctini — nid(0;) > wi—1(0i—1mi-1) — chi—1ni—1 — nid( .

> wi—1(0i—1ni—1) — cBi—1ni—1 — ni—1d(6;i—1)

O;—omi_o

> wi_z(ei_gni_g) —cli_on;_9 — n,d( ) (By Constraint (2.39)).

g

O

A.5. Proof of Lemma 4

Let u; > 0 be the Lagrangian multipliers of constraints (2.27) and 7 be the Lagrangian multiplier
of constraint (2.28). The Lagrangian function of optimization problem (2.26)-(2.28) will be:

M
=1

M
+ ; 2% (ﬁ)i — cOing — n;d(0;) — wi—1 + cOi—1ni—1 + n,d(alzll))
M
+7<ZP¢ (U_Ji —cBin; — nid(ﬁi)) _ F) .10
i=1
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The necessary optimality conditions for w;, i € {1,..., M} are as follows:

oL
%:(7*1)04M+MM:O,
oL .
90 :(7_1)al+ﬂz—ﬂl+1zo’ f0r2:{27‘“’M_1},
i
oL
87611:(7_1)(11_”2:0'

Since by definition pys > 0, v > 1. Furthermore, it is apparent that at optimality, reducing
F in constraint (2.28) by one unit increases the health purchaser’s objective function by one

unit; therefore, v* = 1, which results in pf = 0 for all ¢ € {1,..., M}. Thus, the optimality

conditions for 0;’s imply that 67 = 05 = --- = 0%, = 0%, where 0* solves II'(0*) = ¢+ d'(6*), and
hence, 6* = 6.

Also, since pf = 0 for ¢ € {1,..., M}, the constraints (2.27) can be either binding or
non-binding at the optimality. In fact, any reimbursement scheme (w7, ..., w},;) that satisfies
the constraint (2.28) is optimum; i.e., any reimbursement scheme (wj, ..., w},) that lie on the

hyperplane Ziﬂilpiw;* = (c0* +d(6*))E[N] + F.
To show that the first-order optimality conditions in Lemma 4 are also sufficient, note that
setting v* =1, and puf =0, 7 € {1,..., M}, reduce the Lagrangian function (2.40) to a strictly

concave function in (61,...,6x). O

A.6. Proof of Proposition 9

First we show that w;’s in (2.34) lies on the hyperplane of part (b) in Lemma 4:

M M—1 M M—-1 M
Zpﬂfli = puMWy + Z pi(wy — Z hj) = Wy — Z pily;
i=1 i=1 j=i+1 i=1 j=it+1
M i—1 M-1 M
SIS 2 0 3P DT
=2 j=1 =1 j=1+1
M i—1 M—-1 M
The last equality results from the fact that > > pjh; = >, > pih;. It is also straight-
i=2j=1 i=1 j=it+1

forward to show that w;’s in (2.34) satisfy constraints (2.27) in equality.

Now we show that conditions (2.30) and (2.31) are sufficient for the menu of contracts
{fwi(-),...,wp(-)} to induce the effort level 6; for health provider with demand n;, and to
induce the effort level 0;-‘ = 0;n; /n;, for health provider with demand nj, j # ¢, who selects to
be reimbursed according to wj;(-).

Apparently, for contract w;(-) to induce the effort level 6; when demand is n;, it is sufficient
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to have w;” > ¢+ d'(6;) + ¢ and w;” < ¢+ d'(6;) — ¢, for i = {1,..., M}.

Let 07 denote the effort level exerted by a health provider with demand n; who chooses the
contract w;(-), j > ¢+ 1. Then, two cases may occur:

Case 1: If 0 < 07 < éjnj/ni, then 0] solves:

max by +w; On; — Onic —n;d(0) (2.41)
0<6;<0;n;/n;
The first derivative of the objective function in (2.41) is n; (w; —c—d'(6)), which is greater
than n;(d' (0;n;/n;) — d'(0)) > 0 by (2.30) for 0 < 0 < 61, /n;.
Case 2: If 5jnj/ni < 07 <1, then 0 solves:

~ max bl + w;TGni — Onic — n;d(0) (2.42)
0n;/n;<0;<1

The first derivative of the objective function in (2.42) is nz(w;|r — ¢ —d/(#)), which is less
than n;(d'(6;) — d'(9)) < 0 by (2.31) for 0; < 6;n;/n; <6 <1 (note that n; > n;).

Therefore, for both cases 0 = 6;n;/n;. Likewise, we can show that by conditions (2.30)
and (2.31), a health provider with demand n; who chooses the contract w;(-), j < i —1 always
exerts effort level 0 = 6;m;/n;. The rest of the proof results from Lemma 4 and the structure

of the contracts w;(+)’s given by (2.7). O

A.7. Healthcare Payment Systems

Over the past few decades, several reimbursement systems have been proposed and employed
for health care systems. In what follows, we discuss each payment system briefly, and then
review some recent work in this area. The reader is referred to Newhouse (1996) for a more
thorough overview of the healthcare reimbursement systems and to McClellan (1997) for an
empirical analysis.

One of the earliest reimbursement systems is the cost-based (retrospective) payment system
in which the health provider is fully reimbursed for all costs of the medical services provided to
the patient. Under cost-based reimbursement system, the health provider will make a minimum
effort for cost reduction (Ma 1994). In a fee-for-service payment system, physicians receive a
flat rate payment from the insurer for the service provided to the patient. Under this system, a
profit-maximizing provider may tend to induce uninformed patients to consume more services
than fully informed patients, or to sacrifice the quality in pursuit of achieving lower costs.

Similar to the fee-for-service payment system is the prospective payment system in which
hospitals receive a payment dependent on the Diagnosis-Related Group (DRG) within which a

patient falls. Prospective payment system essentially pays a fixed “price” per discharge, with
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the price being determined by the patient’s discharge diagnosis. Under uniform prospective
payments for a heterogeneous population, the hospitals will have maximum incentive to avoid
costly patients (Ma 1994).

In order to provide cost-reduction incentives to health providers, some health purchasers
prefer a capitated payment system, also known as managed care, in which the health provider
receives a flat payment per patient in a given time period and is then responsible for the provided
service expenses. Nonetheless, similar to the prospective payment system, if the hospitals
receive the same capitation for each patient, they have an incentive to avoid admitting high
cost patients.

In an outcome-adjusted reimbursement, the patients receive treatment from the provider,
who chooses the intensity of treatment and incurs an associated cost (Fuloria and Zenios 2001).
The provider is then reimbursed by the purchaser according to observed patient outcomes.
The purchaser’s problem is to determine a payment system that induces the treatment choices
maximizing the total societal welfare. This system can potentially make significant improvement
in some certain healthcare systems; to implement, however, it requires accurate information
about the treatment technology, patient characteristics, and the provider preferences (Fuloria
and Zenios 2001).

The payment systems briefly described above along with their implications have been dis-
cussed in many studies over the past two decades. Table 2.1 summarizes a number of recent
works with more details. In these studies, the interactions among the market entities are mod-
eled in principal-agent frameworks, where a principal (e.g., health purchaser) delegates a task
(e.g., providing medical service to the population) to an agent (e.g., health provider). The
principal’s problem is to design a contract that induces the agent to take the action(s) desired
by the principal.

One stream of these studies focuses on the inefficiencies caused by hidden information,
e.g., the purchaser has imperfect knowledge about the cost structure of the provider. These
studies aim at finding the incentive-compatible contracts to reduce such inefficiencies. Another
stream of research focuses on the hidden action problem, which occurs when the purchaser
cannot observe the provider’s action, for instance in treatment effort or quality of the delivered
care. Quality means any aspect of service that benefits patients, whether during the process
of treatment or in the health outcome after treatment (Chalkley and Malcomson 1998). Effort
refers to any inputs by the physician that contribute to the intensity or quality of medical
care but are difficult to measure or verify (Ma and McGuire 1997). Monitoring the quality of
treatment and the physician’s effort are either not possible or too costly to be worthwhile, and
hence usually treated as hidden action.

Most of the healthcare reimbursement studies in Table 2.1 assume that only one medical

intervention is available for an underlying disease. In Table 2.1, a homogeneous population

67



refers to population in which the individuals have the same risk of developing the disease or
have the same prospective suffering from the disease, whereas in a heterogeneous population
individuals are classified according to different risk categories. In a heterogeneous population,
individuals with the same risk of contracting the disease and the same prospective devastation

caused by the disease constitute a risk category.
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Table 2.1: Literatures on health care payment systems

Reference Agents Decision Contracts Model Intervention  Heterogeneity = Market Entities
Variables
Ma (1994)  Cost reduction effort,  Cost-based Hidden Single Heterogeneous  Health purchaser,
quality enhancement reimbursement, action population Health provider
effort Prospective payment,
Piecewise linear
reimbursement
Ma and Quality of care and Mixed of prospective Hidden Single Homogeneous  Health insurer,
McGuire treatment effort and cost-based action population Physician,
(1997) provided by the payment Patient
physician
Chalkley Number of patients General form of Hidden Single Heterogeneous  Health purchaser,
and treated, quality, effort  capitation, cost-based, action population Health provider
Malcomson for cost reduction and prospective
(1998) payment
Fuloria Intensity of treatment  Outcome-adjusted Hidden Single Homogeneous  Health purchaser,
and Zenios payment action population Health provider
(2001) (Dynamic)
Boadway Size of high-tech Prospective payment,  Hidden Two (low Heterogeneous  Health purchaser,
et al. equipment, resources fee-for-service information tech, high population Hospital,
(2004) allocated to the payment tech) Physician
hospital, patients
assignment to
equipments
Jack Effort, quality of care  Mixed of prospective Hidden in- Single Heterogeneous  Health purchaser,
(2005) and cost-based formation, health Health provider
payment Hidden providers
action
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Chapter 3

Coordinating Contracts in a
Preventive Health Care System

under Capacity Restrictions

Abstract

We consider a health care system consisting of two noncooperative parties: a health purchaser
(e.g., a health insurer) and a health provider (e.g., a hospital). A principal-agent model is pro-
posed to capture the interaction between the two parties. Offering a preventive intervention,
the health provider should first decide how much medical capacity to allocate before observing
the number of customers for the medical intervention. Then, having observed the demand, the
health provider determines the type of patients who need to undergo the preventive medical
intervention, and finally get reimbursed by the health purchaser based on the number of pa-
tients to whom the intervention is administered. We determine the contracts that coordinate
the health purchaser-health provider relationship; i.e., the contracts that allow each entity to
optimize its own objective function while maximizing the population’s welfare. We show that
(1) when the number of customers for the medical intervention is verifiable, a piecewise linear
contact can coordinate the system; and (2) when the number of customers is not verifiable, a
menu of incentive-feasible piecewise linear contacts can coordinate the system. We characterize

the coordinating contracts under each setting.

Key words: coordinating contracts, health care, mechanism design, principal-agent models,

capacity coordination.
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3.1 Introduction

The health purchaser-health provider relationship is prevalent in health care systems. In this
relationship, a health purchaser (e.g., health insurer) and a health provider (e.g., hospital)
enter into a contractual agreement in which the health provider agrees to deliver service to the
population it covers, and be reimbursed by the health purchaser according to a prespecified
contract (payment system). A common example of such payment system is a fee-for-service
contract, in which the health provider receives a flat rate for every complete episode of service
provided to the patients.

The health purchaser-health provider relationship is plagued by incentive problems (Fuloria
and Zenios 2001), especially since very often, the two parties have conflicting objectives. The
health provider party possesses information advantage hidden from the health purchaser, or
the actions taken by health provider are not observable and verifiable by the health purchaser.
In this paper, we focus on a preventive health care system whose efficiency is highly dependent
on the following two hidden actions: (1) the health provider’s effort level in administering
an underlying preventive intervention to the population, and (2) the level of medical capacity
allocated by the health provider for offering the preventive intervention. We characterize the
contracts that coordinate this relationship; i.e., the contracts allow both the health purchaser
and health provider to optimize their own objective functions while maximizing the social
welfare (Yaesoubi and Roberts 2009).

We consider a health care system consisting of a health purchaser, health providers, and
a population. The population is assumed to be at risk of contracting or developing a disease
for which one preventive medical intervention is available. The population is assumed to be
heterogeneous, whose individuals are at different risk of developing the disease or prospective
devastation caused by the disease. During each period, a random number of individuals visit
the health provider to undergo the preventive medical intervention, if prescribed by the health
provider. To each individual, we assign a number, called “rank,” based on her expected level
of devastation due to the disease, if once developed. An individual at higher risk of the disease
is assigned a lower rank, and vice versa.

The health purchaser offers his contract to the health provider; assuming that the contract is
acceptable, the health provider then allocates (or build) a certain amount of medical capacity,
which is hidden from the health purchaser. The health provider then observes the demand
for the medical intervention and depending on the availability of capacity, he specifies a risk
threshold (hidden from the health purchaser), and administers the intervention to individuals
of rank lower than the threshold. Finally, the health purchaser reimburses the health provider
based on the prespecified contract.

This interaction may suffer significantly from the inefficiency caused by incentive problems.
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First, the health provider may tend to invest in less capacity than the level desired from a
societal perspective, since if demand for the medical intervention turns out to be low, he may
face unutilized capacity. Second, once the capacity is allocated and the demand is realized,
in order to maximize his profit, the health provider may have an incentive to choose a risk
threshold that is different from the welfare maximizing choice.

Any verification and enforcement of capacity can be complex and costly, since capacity
is affected by many factors such as facilities, equipments, nurses and physicians, scheduling,
etc. Moreover, the health provider’s risk-threshold may not be easily verified either. The only
parameter that can be easily verified is the number of individuals who have undergone the
intervention during the contractual period. The prevalent inefficiency caused by these incentive
problems motivates us to pose a research question: What is the optimal payment system that
reimburses the health provider based on the number of individuals who have undergone the
intervention and coordinate the system? That is, the payment system that incents the health
provider to allocate the level of capacity and to choose the risk-threshold as such to maximize
the social welfare.

The remainder of paper is organized as follows: §3.2 details the model and defines the
coordinating contracts given the underlying specifications. Section §3.3 reviews related litera-
ture in capacity and effort alignment. In §3.4, we characterize the coordinating contracts for
cases where the number of customers for a medical intervention is verifiable by the health pur-
chaser. We relax this condition in §3.5, and derive a menu of incentive feasible contracts that

coordinates the system. Section 3.6 concludes the paper and discusses future expansions.

3.2 The Model

We consider a population which is at risk of developing or contracting a disease. The population
can undergo a preventive intervention in order to reduce the risk of developing the disease or to
alleviate the devastation caused by the disease once developed. We assume that the individuals
can be ranked in a decreasing order of the expected devastation due to the disease, and a
continuous value 6 € [0, 1] can be assigned to each individual such that 1000% of population
expect higher magnitude of suffering from the disease. The suffering from a disease may be the
result of a financial loss or health deterioration. Financial loss is generally considered equal to
the necessary direct and indirect treatment costs. To quantify health, we use Quality-Adjusted
Life Year (QALY) which is an aggregate variable to represent both the length of life and the
health quality of years lived (Miyamoto et al. 1998, Pliskin et al. 1980).

Let ¢;(-) be a function returning the expected gain (or loss) in QALY for a patient of rank
6 who uses alternative j € {0,1}, where j = 0 and j = 1 denote ‘not using’ and ‘using’ the

intervention, respectively. The function ¢;(-) may include losses in QALY that might occur due
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to the disease, normal aging, or an invasive intervention. Let v;(-) be a function returning the
expected treatment costs for a patient of rank # who uses alternative j € {0,1}, excluding the
price of the medical intervention obtained.

Let X\ denote the health purchaser’s willingness-to-pay (WTP) for health, and define the
function 7;(-) as m;(0) = v;(6) + Ag;(0) for j € {0,1}. The function 7;(-) returns the health
purchaser’s net monetary benefit if the patient of rank 6 uses the alternativej € {0,1}. Define
1) = foe (m1(t) — mo(t)) dt as the health purchaser’s gain if individuals of rank 6 and less
undergo the intervention. We assume that the functions v;(#) and ¢;(9), for j € {0, 1}, satisfy
the assumptions 1 and 2 in (Yaesoubi and Roberts 2009) such that the function 1 (0) — mo(0)
is decreasing in 6; and therefore, IT'(-) > 0 and I1”(-) < 0.

To offer the intervention, the health provider should allocate (or build) sufficient amount
of medical capacity. Without loss of generality, we assume that to be able to administer the
intervention to z individuals, x units of capacity is required. The health provider incurs a
fixed cost K (x) for allocating x unit of capacity. The fixed cost K (x) includes the cost of the
required medical resources and the cost of lost opportunities incurred by the health provider
for allocating x unit of capacity. The fixed cost K (-) is assumed to be monotonically increasing
and convex in x. Provided that adequate capacity is available, the health provider also incurs
a variable cost ¢ for each patient who uses the intervention, and a cost (or disutility) d(f) for
administering the intervention to the individuals of rank less than or equal to 6. The disutility
d(-) is incurred mainly because as an individual’s risk of contracting the disease reduces, it
takes more effort to persuade her to use the intervention. The disutility d(-) is assumed to be
monotonically increasing and convex in 6.

Let the random variable N denote the number of customers for the medical intervention
who visit the health provider during the contractual period. To be more precise, we define “the
number of customers for a medical intervention, N,” as the number of individuals who visit
the health provider to consume the medical intervention if prescribed by the health provider.
For instance, during an epidemic period, N would be the number of individuals who consider
themselves at risk of contracting the disease and visit the health provider in order to seek the
preventive procedure. We assume that N has probability density fy(-) and support [n,n].

Now suppose that the health provider allocates x unit of medical capacity and administers
the intervention to individual with rank lower than 6. Therefore for a given realization of N, say
n, the intervention will be administered to On patients. Provider that enough medical capacity

is available to serve the On patients, we assume that the social welfare can be represented by:

Social Welfare = (II(0) — cf — d(6)) E[N] — K(z). (3.1)

If we assume that the health purchaser is social welfare maximizer, then the health pur-

chaser’s problem is to find the medical capacity to allocate (Z), and the splitting point 6 such
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that the individuals of rank 6 € [0, 8] use the intervention and the individuals of rank 6 € [6, 1]
do not use the intervention, while the social welfare (3.1) is maximized. Greater 6 implies
that a larger percentage of population should undergo the intervention, which requires greater
implementation effort. Therefore, to conform to the contract theory literature, we refer to 6 as
the effort to be exerted by the health provider in implementing the intervention.

The main difficulty in optimizing the social welfare (3.1) is the fact that the decision variables
x and 0 are determined in different stages; that is, the capacity decision is generally made
before observing the demand (n), and the threshold 6 is usually determined after observing the
demand based on the available capacity. Therefore, x is a first-stage decision variable and 6 is
a second-stage decision variable which depends on the realization of the random variable V.

To maximize the social welfare (3.1), we solve the following two-stage stochastic program:

max () = ~K(2) + ExIQ(r, )] (32)
where
Q(z,n) = max{nll(0) — cOn —nd(0)|on < z,0 <0 < 1} (3.3)

is the recourse function. The recourse function Q(x,n) has the following solution:

o — 6%, if °n < x,
B z/n, if °n >z,

where 00 solves II'(6°) = ¢ + d'(0"). Now problem (3.2) becomes equivalent to:

nax Qz) =— K(x) + / (nH(GO) —enf® —nd(6°)) fn(n)dn
+ /1’/90 (nH(E) —cx — nd(ﬁ))fN(n)dn. (3.4)

Proposition 12 To mazximize the social welfare (3.1), the (unique) optimal capacity level T

satisfies:

/; (H'("’E) _ d’(i)) fv()dn = (1 — F()) + K'(3), (3.5)

/0 "

| 8

and, for any realization of demand in the second stage, say n, the optimal threshold 5(71) satis-
fies,

Y=Y i (36)

~ {é, if§n<:l“,

where 0, called welfare mazimizing threshold, solves II'(0) = ¢ + d' ().
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Proof. See Appendix. [J

Note that to find the social welfare maximizing capacity level by Eq. 3.5, simple line search
can be employed since the left (right)-hand side of Eq. 3.5 is strictly decreasing (increasing) in
z.

Proposition 12 assumes that the health provider’s effort level, é, and the allocated capacity,
T, is verifiable and that the health purchaser can observed the rank of each individual who
visits the health provider. In practice, however, it is only the health provider who can observe
the true rank of each patient and make the recommendations accordingly. It would be too
expensive for the health purchaser to obtain the true value of all the patients’ rank (6’s) for
whom the intervention has been prescribed. Moreover, as mentioned before, any verification
and enforcement of capacity can be very complex. Therefore, the health purchaser’s problem is
to design a contract that leads the health provider to choose the welfare maximizing effort level
(é))and the level of capacity (Z) as his optimal strategy. We say that a contract coordinates
the health purchaser-health provider relationship if it implements the welfare maximizing effort
level, 6, and welfare maximizing capacity level, £, while allowing the health purchaser and
health provider to optimize their objective functions.

The following sequence of events occurs: the health purchaser announces the contract;
had found the contract agreeable, the health provider allocates medical capacity. Demand is
realized, and the health provider determines his effort level based on the observed demand and
the available capacity. Finally, the health purchaser reimburses the health provider according
to the contract.

Let w(-) denote a contract offered by the health purchaser to the health provider that
reimburses the health provider w(z) dollars if the health provider administers the preventive
intervention to z individuals. To maximize her profit, the health provider solves the following

two-stage stochastic program:

mex Qr(z) = —K(z) + En[Qr(z,n)], (3.7)
where
Qr(z,n) = max{w(fn) — chn —nd(0)|On < 2,0 <0 <1} (3.8)

is the recourse function. Let z* denote the solution of problem (3.7). We assume that the
health provider finds the contract w(-) acceptable only if the following normalized participation
constraint is satisfied:

—K(a") + Ex[Qr(*,n)] > 0 (3.9)
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The health purchaser now solves the following problem to find the contract w(-):

dnax - Qp(x) = En[T1(0) — w(nd)] (3.10)
Z(t) r=arg >m0ax{—K(5) +En[Qr(7,n)]}, (3.11)

0 = ar;_nax{w(én) —cOn —nd(6)|6n <z,0< 6 <1},Vn € [n,a], (3.12)
—K(:(;)S—GFSEIJN[QR(JU, n)] > 0. (3.13)

The rationality constraints (3.11) and (3.12) assure that the health provider allocate the
level of capacity and effort desired by the health purchaser. The participation constraint (3.13)
assures the acceptance of contract w(-) by the health provider. To solve the problem (3.10)-
(3.13), we consider contracts with following property: if the contract w(-) satisfies the rationality
constraints (3.11) and (3.12), then the contract w(-) + b, where b is a constant, also satisfy the
constraints (3.11) and (3.12). By this property, it is apparent that the participation constraint
(3.13) is binding at the optimum, since otherwise, the health purchaser can shift down the
contract w(-) to increase his objective function without violating the rationality constraints
(3.11) and (3.12).

In finding the coordinating contracts, we suppose that the following assumption from (Yae-
soubi and Roberts 2009) holds about the health provider.

Assumption 5 The health provider is altruistic; that is, if for a given contract, exerting the
welfare mazximizing effort level 6 is optimal for the health provider, then he administers the

intervention to an individual of rank 0 if and only if 6 < 6.

3.3 Literature Review

Several reimbursement systems have been proposed and employed for health care systems. The
reader is referred to Newhouse (1996) for a thorough overview of the health care reimbursement
systems and to the online companion attached to (Yaesoubi and Roberts 2009) for a brief review
on some recent work in this area. In these studies, the interactions between the health purchaser
and health provider is modeled in principal-agent frameworks, where a principal (e.g., health
purchaser) delegates a task (e.g., providing medical service to the population) to an agent (e.g.,
health provider). The principal’s problem is to design a contract that induces the agent to take
the action(s) desired by the principal.

One stream of these studies focuses on the inefficiencies caused by hidden information,

e.g., the purchaser has imperfect knowledge about the cost structure of the provider. These
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studies aim at finding the incentive-compatible contracts to reduce such inefficiencies (Boadway
et al. 2004, Jack 2005, Shleifer 1985). Another stream of research focuses on the hidden action
problem, which occurs when the purchaser cannot observe the provider’s action, such as, the
intensity of treatment (Fuloria and Zenios 2001, Ma and McGuire 1997) or the quality of the
delivered care (Jack 2005, Chalkley and Malcomson 1998, Ma 1994). Monitoring the quality of
treatment and the physician’s effort are either not possible or too costly to be worthwhile, and
hence usually treated as hidden action.

When the main objective is to optimize the global system, the problem of moral hazard and
asymmetric information can be accommodated through “coordinating contracts.” Coordinat-
ing contracts have gained significant attention in the operations management literature (for a
comprehensive review, refer to Cachon (2003)), and different types of coordinating contracts
have been introduced and studied; for instance, see wholesale price contracts (Cachon 2003),
payback contracts (Pasternack 1985), revenue-sharing contracts (Cachon and Lariviere 2005),
and quantity-discount contract (Weng 1995).

Recently, Yaesoubi and Roberts (2009) extended the concept of the coordinating contracts to
a preventive health care system consisting of a health purchaser and a health provider. In their
model, the health provider administers the preventive intervention to the individual with rank
less than a threshold (which is hidden from the health purchaser) and then gets reimbursed by
the health purchaser based on the number of patients who received the preventive intervention
during the contractual period. Their model holds the assumption that the health provider
is not restricted by capacity in rendering service, and can administer the intervention to as
many individual as desired during the contractual period. In many preventive health systems,
however, limited capacity can be an important barrier in sustaining the desired level of service
that maximizes the social welfare.

Capacity alignment has been extensively studied in the operations management literature
as well. These studies, however, have mainly focused on the relationship between a manu-
facturer and a supplier in which the overall production is bounded by the supplier’s capacity,
or on a retailer and a manufacturer relationship in which the overall sale is bounded by the
manufacturer’s capacity. In the supplier-manufacturer problem, the manufacturer faces uncer-
tain demand with a known prior distribution. The manufacturer offers the supplier a contract
along with his initial demand forecast to build capacity. Assuming the contract is acceptable,
the supplier then builds capacity. The manufacturer observes the demand and submits a final
order. Finally, the supplier produces as much of the order as the capacity allows. Thus, the
manufacturer’s problem here is to induce the supplier to build enough capacity to optimize the
supply chain.

This problem has been studied in different settings. Wang and Gerchak (2003) study a

capacity investment game between an assembler and its component suppliers. Tomlin (2003)
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studies the capacity investment game between a manufacturer and a supplier and introduces
share-the-gain contracts in which the parties share the gain of high demand rather than the
pain of low demand. Bernstein and DeCroix (2004) study multi-tier decentralized assembly
system and characterize the optimal pricing and capacity choices in equilibrium. Chakravarty
and Zhang (2007) focus on the incentive issues in a lateral relationship between two firms
collaborating on capacity investment with information asymmetry. Ozer and Wei (2006) study
the problem of optimal capacity decision under asymmetric forecast information, and structure
contracts that induce credible forecast information sharing.

The characteristics of the model presented in §3.2 departs from the assumptions of these
studies on supply chain capacity alignments in two aspects: (1) in the context supply chain, it
is generally assumed that the marginal cost of capacity is constant; and (2) once the capacity
is built, to optimize the supply chain, the capacity should be fully utilized (since the unit
selling price is assumed to be higher than the unit production cost). In preventive health
care systems, however, these assumptions do not necessarily hold. First, health providers
(specifically hospitals and medical centers) offer multiple services while operating under limited
medical resources and facility; therefore, the marginal cost of capacity allocated for a particular
intervention will be monotonically increasing. Second, even if sufficient capacity is available,

maximizing the social welfare may require partial consumption of the capacity.

3.4 Coordinating Contract with Verifiable Number of Customers

for the Medical Intervention

In this section, we assume that the number of customers for the underlying medical intervention
who visit the health provider, IV, is verifiable by the health purchaser. For instance, consider a
temporary health care facility offering a single preventive intervention (such as a vaccine) during
an epidemic period; the individuals who consider themselves at risk of contracting the disease,
visit the health provider, and the health provider administer the vaccine only to those with rank
lower than the prespecified threshold. In such systems, the health purchaser can easily verify
the number of customers for the preventive intervention by counting the total number of visits
to the health provider. This assumption may also be valid when the health purchaser benefits
from an advanced information system through which he can distinguish among the customers
for different medical services. Nonetheless, as discussed in §3.5, satisfying this assumption can
become very expensive or in some cases impossible. In this section, however, we suppose that
this assumption holds.

Throughout this section, the subscript n in the contract wy,(+) is to emphasize the verifiability
of the number of customers, and the fact that the reimbursement w,(z) depends on both the

realized number of customers, n, and the number of patients who used the intervention, z.
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When the number of customers is verifiable, we denote the health purchaser’s contract by
{wn ()}, since it is in fact a collection of several functions wy,(-), each of which is designed for

a particular realized number of customers, n.

3.4.1 Gate-Keeping Contracts

Consider a contract by which the health provider receives a payment w for each individual to
whom the intervention is administered, and a payment b for each individual who does not use
the intervention. Therefore, this contract will have the form of {w$(z) = wz + b(n — 2)}. For

this contract, the recourse problem (3.8) will be equivalent to:
Qr(xz,n) = max{whn + b(n — On) — cOn — nd(0)|6n < x,0 < 6 < 1}. (3.14)

For a given realization of demand n and capacity level x, the solution of recourse problem
Qr(x,n) in (3.14) is:

0 (n) 60, if 0°n < z, (3.15)
n) = .
x/n, if %0 > x,

where 0° satisfies
w—b=c+d (0. (3.16)

If the health provider decides to exert effort level §° in the second stage, then she solves the
following problem to determine the optimal level of capacity (substitute w(-) with {w&(z) =
wz + b(n — 2)} in problem (3.7)):

x/6°
max Qpr(z) =— K(z) + / (w—=b—10)8"+b—d(6") nfn(n)dn

+ /: ((w b= ) = nd(%)) fu(m)dn (3.17)

/6°

It is easy to show that the sufficient condition for 2 to solve the problem (3.17) is:

" "(z9/n n)dn (20
e B T I s

Also, the health purchaser determines w and b such that the participation constraint (3.9)

becomes binding at the health provider’s choice of x and 6. Therefore, by setting the objective
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function (z) in (3.17) equal to zero we get another relationship between w and b:

(0°EINT + [ g0 (2 = 0%0) fr(m)dn ) w + (1= 0VEIN] = [% 0 (2° = 6%) f(n)dn ) b
— (6 +d(6")) E[N] + f;'%/eo (c(a® ~ 6n) 4+ n(d(=2) — d(B))) f(m)dn + K (a?).

(3.19)
The following proposition shows the conditions under which the gate-keeping contract co-

ordinates the system.

Proposition 13 When the number of customers is verifiable, the gate-keeping contract

{w&(2) = wz + b(n — 2)} coordinates the system if and only if:

Jiad (E/n) fn(n)dn + K'(2)

d'(z) = ) : (3.20)

and w and b satisfy Eq. 3.16 and Eq. 3.19 for 0° = 0 and 2° = 7.

If condition (3.20) is not satisfied, the gate-keeping contract can only coordinate either effort
level or capacity, and not both. To coordinate the effort level, w and b should satisfy Eq. 3.16
and Eq. 3.19, and to coordinate the capacity, w and b should satisfy Eq. 3.18 and Eq. 3.19,
for 80 =0 and 2° = 7.

3.4.2 Linear (Fee-For-Service) Contracts

A linear (fee-for-service) contract {wZ(-)} is of the form {wl(z) = F + wz}, where z is the
number of individuals to whom the intervention is administered during the contractual period,
F > 0 is a fixed transfer payment made at the beginning of the contractual period, and w > ¢
is a constant service price. Note that in many systems, the transfer payment F' is set to zero.
Under the linear contract {wk(-) = F+cz}, for a given realization of demand n and capacity

level z, the solution of recourse problem Qr(z,n) in (3.8) is:

0" (n) 60, if 0°n < z, (3.21)
n)= .
x/n, if °n >z,

where 09 satisfies
w=c+d(6°). (3.22)
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To find the capacity level in the first stage, the health provider solves the following problem:

z>00n

x/69
max Qr(z) = — K(x) +/ (wnf® — end® — nd(6°)) fx(n)dn

+ /n (wz — ez — nd(2)) f(n)dn + F. (3.23)
z/69 n

It is easy to show (see the proof of Proposition 14) that the sufficient condition for z° to
solve the problem (3.23) is:

B f;/ao d'(2°/n) fn(n)dn + K'(2°)
v 1-— FN(Z’O)

+ec (3.24)

Also, the health purchaser determines w and F' such that the participation constraint (3.9)
becomes binding at the health provider’s choice of  and 6. Therefore, by setting the objective

function Qpr(x) in (3.23) equal to zero we get another relationship between w and F":

F =K(2%) + (w8 — cf° — d(6°)) E[V]

n 0
— / ((w—¢)(2° — 6°n) — n(d(x—) —d(0))) f (n)dn. (3.25)
20/60 n

Proposition 14 When the number of customers is verifiable, the linear contract {wk(z) =

F + wz} coordinates the system if and only if:

Jaygo d'(@/n) f (n)dn + K'(2)

() = 1 — Fn(z) ’

(3.26)

and w and F satisfy Eq. 3.22 and Eq. 3.25 for §° = 6 and 2° = 7.

If condition (3.26) is not satisfied, the linear contract can only coordinate either effort level
or capacity, and not both. To coordinate the effort level, w and F should satisfy Eq. 3.22 and
Eq. 3.25, and to coordinate the capacity, w and F should satisfy Eq. 3.24 and Eq. 3.25 for
0° =0 and 2° = .

Proof. See Appendix. [J

3.4.3 Nonlinear Contracts

A set of nonlinear contracts {w ' (-)} consists of continuous and twice differentiable functions

NL

wN(-) in 2, which reimburses the health provider w.)

(z) dollars when z individuals among the
n individuals who visited the health provider receive the intervention. For the health provider

to implement the social welfare maximizing effort level 6 in the second stage, 8 should be the
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unique solution of the recourse problem (3.8). Problem (3.8) has a unique maximum if for any

NL

NL(.) is concave in z and satisfies w/N*(n) =

realization of demand, say n, the contract w "

¢+ d'(#). Given these two conditions, the health provider’s first-stage problem will be:

i )
max Q(e) =~ K(2) + / (wE(Gn) — cin — nd(§)) fr(n)dn

+ / " (Wl (@) = cx — nd(2)) fx (n)dn. (3.27)
z/6 n

Now the health purchaser should design the contract {w!’(-)} such that & becomes the

unique solution of problem (3.27).

Proposition 15 When the number of customers is verifiable, the nonlinear contract {wN'(-)}
coordinates the health purchaser-health provider relationship if for any realization of demand,
say n:

NL
1. wy

(2) is strictly concave in z,

2. wNL(On) = c+d'(0),

3. fiﬁ/é wNE(E) fn(n)dn = K'(%) + c(1 — FN(%)) + fiﬁ/é d'(Z)fn(n)dn, and
4. the objective function of problem (3.27) is zero at x = Z.

Proof. See Appendix. [J

Corollary 2 When the number of customers is verifiable, the nonlinear contract {w)*(-)} in
which wN'(2) = a(n)z?+B(n)z+ coordinates the health purchaser-health provider relationship

if for any realization of demand, say n:

K'(@)+5 [T (7)fn(D)dt _ 107
2 gty a2 ™= ¢ (0), and

1. a(n) = an and B(n) = m — Bn,where o =
8= 2045, and

2. The constant v is determined such that the objective function of problem (3.27) is zero at

r=2x.

Proof. Condition 1 is obtained from the conditions 2 and 3 of Proposition 15 for the function
wN(z) = a(n)z? + B(n)z + v. Condition 2 is equivalent to the condition 4 of Proposition 15.
Also note that |, ;/é t(Z — t) fn(t)dt is always less than zero, which results in @ < 0 as required

for concavity of wlY*(z). O

One may also try other functional forms for w)*() in Proposition 15 ; for instance, ex-

NL

NL(2) = v + a(n)eP™= or power form w)(2) = v + a(n)z#™. The major

ponential form w B
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A
wi(z2) bn+w,z

nAb{

Figure 3.1: Piecewise Linear Contact

drawback of using these functional forms is that one cannot find a closed form solution for the
functions a(n) and S(n), which results in implementation problems in practice. In the next
subsection, we show that piecewise linear contracts can also coordinate the system with less

implementation issues than nonlinear contracts.

3.4.4 Piecewise Linear Contracts

Consider a set of piecewise contracts {w!”(-)} which for any realization of demand, say n,

reimburses the health provider according to the following function:

(3.28)

nby + woz, for z > z,,
nb1 + wyz, for z < z,,

where b; and w; > 0, i € {0, 1}, are constant. Figure 3.1 displays a piecewise contract of form
(3.28) for a given n.

For the health provider to implement the social welfare maximizing effort level 6 in the
second stage, 6 should be the unique solution of the recourse problem (3.8). It is easy to show
(see the proof of Theorem 3) that for the piecewise contract (3.28), problem (3.8) has a unique
maximum at 0 = 0 if for any realization of demand, say n, zg = ém wy > c+d (5) and

wg = ¢+ d'(6). Given these two conditions, the health provider’s first-stage problem will be:

x/0 B 5 5
max Qp(x) = — K(x) + / (bin + wibn + bAn — cfn — nd(9)) fn (n)dn

z2>0n n

- /n (b1 + wiz — cx — nd(2)) fx(n)dn, (3.29)
x/0 n

Now the health purchaser should design the contract {w!”(-)} such that # becomes the

unique solution of problem (3.29).
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Theorem 3 When the number of customers is verifiable, the set of piecewise contracts {wh*(-)}
defined according to (3.28) coordinates the health purchaser-health provider relationship if for

any realization of demand, say n:

1. z, = 0n,

K'(&)+ fm~d’% (t)dtfg%Abe(%)

2. wy = +c,

8. wo =c+d(0),

4. by = ﬁ( . (w1§+Ab— ¢ — d(6)) [ tfn(t)dt
— (w1 = Aa(1 = Fy () + [T5td(3) [n(Ddn + K (7)),

5. Ab=min{0, )<K’ + 3 [T d () ndt - (1= Fx(3)d ()}, and
6. by = by + Ab+ é(wl — wQ).

Proof. See Appendix. [J

An important property of the piecewise linear contract in Theorem 3 is that for a given
demand n, the shape of the contract w!”(-) does not depend on n (since wi,ws, b1, by, and, Ab
are all independent of n); in fact, the value of n just shifts the locations of contractsw?*(-) to
sides and, up and down. This property makes implementation of this contract quite easy,
since the health purchaser needs to determine the shape parameters of the contract (i.e.,

w1, wa, b, be, and, Ab) only once, regardless of the value of observed demand.

3.5 Coordinating Contract with Unverifiable Number of Cus-

tomers for the Medical Intervention

In the previous section, we defined “the number of customers for a medical intervention, N,” as
the number of individuals who visit the health provider to consume the medical intervention if
prescribed by the health provider. We also assumed that any realization of N can be verified by
the health purchaser. In practice, however, the number of customers for a medical intervention
may not be easily verified by the health purchaser (for instance, refer to Yaesoubi and Roberts
(2009) for some examples where the demand verifiability assumption could be undermined). In
this section, we relax the verifiability assumption, and characterize the coordinating contracts
for health care system where the number of customers for an underlying medical intervention is
not verifiable by the health purchaser. Let w(-) denote a contract offered by the health purchaser
to the health provider that reimburses the health provider w(z) dollars if the intervention is

administered to z individuals.

84



3.5.1 Linear (Fee-For-Service) Contracts

As in §3.4.2, we define a linear (fee-for-service) contract w”(-) of the form w”(z) = F + wz,
where z is the number of individuals to whom the intervention is administered during the
contractual period, F' > 0 is a fixed transfer payment made at the beginning of the contractual

period, and w > ¢ is a constant service price.

Proposition 16 When the number of customers is unverifiable, the linear (fee-for-service)
contract w™(z) = F 4+ wz does not implement the social welfare mazimizing effort level 0 it,

however, implements the social welfare mazximizing capacity level T if and only if:

fiﬁ/é d'(z/n)fn(n)dn + K'()

+ ¢, and (3.30)
F = K@)+ (wd— f — d(8)) E[N]

- /~n~ ((w )@~ ) — n(d(%) - d<é)>) fx(n)dn > 0. (3.31)
z/6

Proof. Proof is similar to that of Proposition 14 and hence omitted. [J

3.5.2 Nonlinear Contracts

Consider a nonlinear contract w™¥*(-), which is a continuous and twice-differentiable function.

In order to let the recourse problem (3.8) have a unique interior solution, we assume that the
NL(‘)

contract w is concave. Since the health purchaser cannot verify the number of customers,

the contract w’V*(-) cannot be designed as such to ensure the selection of 0 by the health
provider. Therefore, for any realization of NV in the second stage, provided that enough capacity
is available, the health provider chooses the effort level ° that maximizes his profit. Asin §3.4.3,
6° will solve:

wNE(ne%) = ¢+ d'(8°). (3.32)

By this equation, it is apparent that the effort level 80 depends on the number of observed
customers, n; to make it explicit, we denote the effort level 6° by 6°(n).
Similar to §3.4.2, for given x and n, the solution of the recourse problem (3.8) will be as

follows:

(3.33)

er v ] 0%n), if nd%(n) <z,
o(n) = { x/n, if n6%(n) > z,

where °(n) solves Eq. 3.32.
To find the health provider’s first-stage objective function, we should first find the demand

n, such that for the demand less than n', the health provider would have enough capacity
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to exert the effort °(n), and for any demand greater than n°, the health provider would be
bounded by capacity and have to exert the effort level z/n. By (3.33), n® solves n°0°(n°) = x.
By substituting 6°(n®) = z/n% in Eq. (3.32) , we get:

x

= T g

(3.34)

Now the health provider’s first-stage problem will be:

n’(z)

= — X wNLnOn —COTLTL—’FL 07’L n)an
L On(e) =~ K(a) + / (wNF (n6°(n)) — 6 (n)n — nd(6°(n))) fiv(n)d

i /n:(x) (0 @) = o "d(%)) In(n)dn. (332)

Proposition 17 When the number of customers is unverifiable, the nonlinear concave contract
wNL(-) does not implement the social welfare maximizing effort level 5; it, however, implements
the social welfare mazximizing capacity level T if

_ K/(j)"’ffO(i) d,(%)fN(n)dn

1. wNE(E) 1 Fn(n0(2))

+ c,where n°(%) = WZ(E)_C), and

2. the objective function of problem (3.35) is zero at x = .

Proof. See Appendix. [J

3.5.3 Incentive Feasible Menu of Contracts

The main reason that the contracts studies in §§3.5.1 and 3.5.2 fail to coordinate the system
lies in the fact that those contracts do not incent the health provider to reveal the true value
of the observed demand. In this section, we characterize a set of contracts that provide enough
incentive to the health provider to truthfully reveal the observed demand. For simplicity we
assume that the demand can only take two possible values: low and high. The contracts
characterized under this setting can be extended to cases where demand can take more possible
values. Let’s assume that demand can be ny, with probability o, and ng > ny with probability
ap, where af + ag = 1. The health purchaser’s problem is to design a menu of contracts
{whF (), wlF(:)} as to incent the health provider to allocate sufficient capacity, exert optimal
effort level, and then reveal the observed demand by selecting the appropriate contract.

The following sequence of events occurs: the health purchaser offers a menu of contracts
{whF (), wiF(-)}; the health provider allocate capacity x; demand will be realized, and the
health provider exert effort 6 if demand is low and effort 0y if demand is high. The health

provider then selects the contract wr,(-) or wy(+) based on which he would like to be reimbursed.
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The health purchaser solves the following optimization problem to find the menu of contracts
{whF (1), wF(-)} along with the optimal capacity allocation z* and the effort levels 6, and 0y

to be exerted when the demand is low and high, respectively.

IF IF
OSHLSI{}(?%(QHSI Qp =ar, (nLH(G%) — wy (Q%nL)) + ay (nHH(G%) — wig (HOHnH)) (3.36)
xzo,wiF )7w1[11F()

0;,0in; < x, .
s.t. 0Y = { ne=T ,fori € {L, H}, (3.37)
x/n;,0in; > x
0; = arg max{w!’ (On;) — chn; — nyd(0)}, for i € {L, H}, (3.38)
0<x/n;
wiIF(H?ni) — chdn; — nyd(69) > 01<na/x {ijF(HnZ) —cn; —n;d(0)}, (3.39)

for j #i1 e {L,H},

x = arg max Z a; (W (09n;) — efdn; — n;d(67)) — K (%), (3.40)
>0  je{L,H}
Z o (w!F(09n;) — cbdn; — n;d(6)) — K(z) > 0. (3.41)
1e{L,H}

Constraints (3.37) and (3.38) determine the optimal effort levels (69) in the second-stage
for a given capacity z, and the observed demand n;, for i € {L, H}. Constraint (3.40) ensures
that the health provider selects the contract w;(-) if the realized demand is n;, for ¢« € {L, H}.
Constraint (3.40) specifies the capacity allocated by the health provider, and constraint (3.41)
ensures that the provider accepts the menu of contracts {wlf'(-), wi'(-)}.

To solve the optimization problem (3.36)-(3.41), we divide the feasible region specified by
the constraints (3.37)-(3.41) into three regions. We then find the optimal solution of problem
(3.36)-(3.41) over each new region; the global optimum will be the one that results in maximizing
the objective function (3.36). To construct the new regions, we add the following constraints
to the constraint set (3.37)-(3.41):

Region 1. Add z < min{n.0r,ng0g};

Region 2. Add min{n;0r,nygby} < x < max{np0p,nglg};

Region 3. Add x > max{nz0r,ng0m}.

If the optimal solution falls in Region 1, then apparently the health purchaser does not
try to induce any effort level that requires more capacity than x. Therefore Region 1 will be
equivalent to a region constructed by adding the constraint x = np0r = ngy6g to the constraint
set (3.37)-(3.41).

If the optimal solution falls in Region 3, then the health purchaser does not induce a capacity

level that may not be entirely utilized under neither ny, nor ng. Hence, Region 3 is the union of
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two sub-regions constructed by adding the constraints np.0; < ngfg =z or ngly < npfp =x
to the constraint set (3.37)-(3.41). These two sub-regions are already included in Region 2, and
therefore, Region 3 does not need to be investigated.

If the optimal solution falls in Region 2, then by the same reasoning as in previous para-
graphs, this region is equivalent to the union of two sub-regions constructed by adding the
constraints np0; < ngly = x or ngfy < npfr = x to the constraint set (3.37)-(3.41). There-
fore, in order to solve the optimization problem (3.36)-(3.41), we only need to investigate the

following scenarios:
Case l. x =nr0; = nyfy;
Case 2. np0; < ngbyg = ;
Case 3. ngfy <nrlp = x.

The social welfare resulted in Case 3 is always less than or equal to the social welfare
resulted from Case 1. To see this, suppose that at optimum nyxfy < npfp = z; that is
the capacity is totally utilized under low demand but not fully utilized under high demand.
This allocation does not maximize the social welfare. To show this, note that under unlimited
capacity the effort level at low demand is always equal to the effort level at high demand;
therefore, if capacity is fully consumed under low demand, the effort level that maximizes the
social welfare under high demand has to consume the entire capacity as well. Therefore, the
coordinating contracts obtained in Case 3 will not be of interest to implement; hence, we solve
the optimization problem (3.36)-(3.41) for only Case 1 and Case 2.

To find the coordinating contracts under the settings of this subsection, we only consider

the contracts of piecewise linear form, which is defined as follows: for i € {L, H},

b; +w;iz, z < z?,

w; (z) = 3.42
i) {bj—i—w;rz,zZz?. ( )

As we will see later, the health purchaser can induce any desired level of capacity and effort
by determining the parameters of the contract (3.42) appropriately. In what follows, we find
the coordinating contract for the cases described above.

Case 1: x =nr0;, = ngfy

When = = npfr = ngbp, the objective function (3.36) becomes:

X X
Op = aL(nLH(E) — b, — wL:v) + aH(nHH(E) — by — wa). (3.43)

As we saw in §3.4.4, it is straightforward to show that in order to induce effort levels

0r = z/np and 0y = x/ny, the parameters of contracts (3.42) should satisfy the following
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Figure 3.2: Incentive Feasible Menu of Contracts for Case x = np0r = ngfy.

conditions:

z/nr)
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(3.45)
/) (3.46)
(3.47)
(3.48)
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z/nm)

Figure 3.2 shows two contracts of form (3.42) that satisfy the conditions (3.44)-(3.48). Con-
straints (3.47) and (3.48) are redundant, since the health provider can never exceed his available
capacity x. Therefore, constraints (3.37)-(3.38) are equivalent to the constraints (3.45)-(3.46).

Now suppose that a health provider with demand ny, selects to be reimbursed according to

contract wy(-). He determines his effort level by solving the following problem:

max by + wybng — chny — npd(H). (3.49)
0<0<z/ng
The problem (3.49) may have an interior or a boundary solution. The first-order derivative
of the objective function (3.49) is nr (wg — ¢ — d’'(0)) which can be either always positive or
can become zero at some 6 € [0,z/ng].
If wg > c+d(z/ng), then ng, (wg —c—d'(f)) > 0 for any 6 € [0,2/ny], and hence the
health provider select the effort level x/ny. Under this situation, for ¢ = L, constraint (3.40)

will be equivalent to:
br + wrx — cx —npd(x/ng) > by + wgxr — cx — nrd(z/nr).

Therefore, if at optimality wy > ¢ + d'(x/nr), the optimization problem (3.36)-(3.41)
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becomes:

x,le?vﬁ;{em+QR = aL(nLH(n—xL) — b, — ’LULZL') +ay (nHH(%) — by — ’LUHIL‘) (OP1)
s.t. r<ng (3.50)
wr, > c+d'(z/nL) (3.51)

wy > c+d'(z/ng) (3.52)

br, + wpr — cx —npd(x/ng) > by + wgx — cx — npd(z/nr) (3.53)

by +wgr — cx —ngd(x/ng) > b, + wrpr — cx —ngd(z/nm) (3.54)

ar (wp —c—d'(z/np)) + ap (wg — c— d'(z/ng)) — K'(z) =0 (3.55)

Z a; (b + wix — cx —nyd(x/n;)) — K(x) > 0. (3.56)

i€{L,H}

In optimization problem OP1, constraints (3.51)-(3.52) correspond to constraints (3.37)-
(3.38), constraints (3.53)-(3.54) correspond to constraint set (3.40), constraint (3.55) represents
the optimality condition of selecting capacity z (i.e., constraint (3.40)), and constraint (3.56)
corresponds to the participation constraint (3.41).

Now if at optimality wy < c+d'(xz/np), then along with constraint (3.46), d'(x/ny)—d'(0) <
wy —c—d'(0) <d(x/ny)—d(0). It implies that for § = 0,
nr (wg —c—d'(0)) >0 and for 6 = x/np, ng (wg —c— d'(0)) < 0; hence the derivative of the
objective function (3.49) reaches zero at one and only one point over the interval [0, z/ny], and
therefore the optimization problem (3.49) is maximized at point * = d'~!(wy — c). Under this

situation, for i = L, constraint (3.40) will be equivalent to:
by + wrx — cx —npd(x/ng) > by + (wy — c)nLd'_l(wH —¢)—nrd (d’_l(wH — c))

Now suppose that a health provider with demand np selects to be reimbursed according to

contract wr,(-). He determines his effort level by solving the following problem:

max by, +wrOng — chng — ngd(0). (3.57)
0<0<z/ng

The first-order derivative of the objective function (3.57) is ny (wy, — ¢ — d'(6)) which is
greater than or equal to ng (d'(x/ng) —d'(0)) by (3.45); and hence always positive for any
0 € [0,2/ng]. Therefore, for i = H, constraint (3.40) will be equivalent to:

by +wgr — cx —ngd(x/ng) > by +wpx — cx — ngd(x/ny).
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Given that * = np0; = ngfy, constraint (3.40) becomes:

r = arg max Z o; (b + w;z — et —nd(z/n;)) — K(2),
>0  e{L,H}

with necessary and sufficient optimality condition:
U / !
ar (wp, —c—d'(z/n)) + ap (wg —c— d'(z/ng)) — K'(z) = 0.

Therefore, if at optimality wy < ¢ + d'(x/nr), the optimization problem (3.36)-(3.41)

becomes equivalent to:

x,wLTu?em+QR = aL(nLH(n—wL) — by, — wL:U) +ag (nHH(%) — by — wH:L‘) (OP2)
s.t. r < ng (3.58)
wr, > c+d(z/n) (3.59)

wy > c+d(z/ng) (3.60)

wy < c+d'(z/ng) (3.61)

br, + wrr — cx —npd(x/nr)
> by + (wy — )npd N wy — ¢) —npd (d'_l(wH —¢))
by +wyr — cx —ngd(x/ng) > by + wpr — cx —ngd(x/ng)
ap (wr, —c—d'(z/ny)) + ap (wg —c— d'(z/np)) — K'(z) =0
Z a; (b + wix — cx —nyd(x/n;)) — K(x) > 0.

ie{L,H}

In optimization problem OP2, constraints (3.59)-(3.61) correspond to constraints (3.37)-
(3.38), constraints (3.62)-(3.63) correspond to constraint set (3.40), constraint (3.64) represents
the optimality condition of selecting capacity z (i.e., constraint (3.40)), and constraint (3.65)
corresponds to the participation constraint (3.41).

Thus for Case 1, the health purchaser solves optimization problems OP1 and OP2, and

selects the solution that maximizes her objective function.

Case 2: npb, <ngbg ==z

When nr0; < ngfg = z, the objective function (3.36) becomes:
T
Orp = aL(nLH(QL) — b, — wLGLnL) + aH(nHH(E) — by — wa). (3.66)

As for Case 1, it is straightforward to show that in order to induce effort levels 67 and
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Figure 3.3: Incentive Feasible Menu of Contracts for Case np0r < ngfg ==

0 = x/ny, the parameters of contracts (3.42) should satisfy the following conditions:

20 = n;0; for i € {L,H} (3.67)
wy, > c+d'(0) (3.68)
wg > c+d(z/ny) (3.69)
wi <c+d(0) (3.70)
wh <c+d(xz/ng) (3.71)

Figure 3.3 shows two contracts of form (3.42) that satisfy the conditions (3.67)-(3.71).
Constraints (3.71) is redundant, since the health provider can never exceed his available capacity
x. Therefore, constraints (3.37)-(3.38) are equivalent to the constraints (3.67)-(3.71).

Now suppose that a health provider with demand ny selects to be reimbursed according
to contract wy(-). He determines his effort level by solving the problem (3.49). This problem
may again have an interior or a boundary solution, as described in Case 1. Therefore, if

wy > ¢+ d'(z/ng), constraint (3.40) will be equivalent to:
by, + wrbrng — clpng —npd(0r) > by + wyr — cx —npd(xz/np).
And if wyg < c+d'(z/ng) it will be equivalent to:
br +wrbpng — cpng —npd(0r) > by + (wp — e)ynpd ™ (wy — ¢) — npd (d™H(wy — ¢)) .

Now suppose that a health provider with demand npg selects to be reimbursed according to

contract wr (). He determines his effort level by solving the following problem:

max wr(Ong) — cOng —ngd(0).
0<0<z/ng
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It is easy to see that by conditions (3.68) and setting w; < ¢+ d'(fnr/nu), the health
provider with demand np selects the effort level 6. Therefore, for i = H, constraint (3.40)

will be equivalent to:
by +wgx — cx — ngd(x/ng) > b, + wrOrng — cOrng, — ngd(@png/nm).
Given that np0; < ngfpy = x, constraint (3.40) becomes equivalent to:
o (wH —c— d'(w/nH)) — K'(x) =0for z > 0rng.

Therefore, for Case 2, the health purchaser solves the following two optimization problems,
and selects the solution that maximizes her objective function. If wy > ¢+ d'(x/nr), then the

optimization problem (3.36)-(3.41) becomes equivalent to:

xr
O;nezz)él, QRZQL(TLLH(QL)—I)L—U)LHLTLL) +aH(nHH<E) —bH—'U}HH,’) (OP3)

x,wL,wz,wHE%"'

s.t. x>0rng (3.72)
x<ng (3.73)
wr, > c+d'(0L) (3.74)
wz <c+d(Orng/ny) (3.75)
wy > c+d(z/ng) (3.76)
br + wrOrng — cOrng, —nrd(0r) > by + wgxr — cx — nrd(z/nr) (3.77)

by + wygx — cx —ngd(x/ng) > by +wrbpng — clpng —ngd(@png /ng)

(3.78)

an (wg —c—d'(z/np)) — K'(z) =0 (3.79)
ar, (b +wrlrng — cOrng, —nrd(0r))

+ag (bg + wpgz — cx —ngd(x/ng)) — K(z) >0 (3.80)

In optimization problem OP3, constraints (3.74)-(3.76) correspond to constraints (3.37)-
(3.38), constraints (3.77)-(3.78) correspond to constraint set (3.40), constraint (3.79) represents
the optimality condition of selecting capacity x (i.e., constraint (3.40)), and constraint (3.80)
corresponds to the participation constraint (3.41).

If at optimum, wy < ¢+ d'(z/nr), then the optimization problem (3.36)-(3.41) becomes
equivalent to:
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A
Qp = II(6r) — by, — w0 II(—) - by — P4
omax r=oar(n (L) — by, —wrbrng) + oy (ng (nH) n—wyz) (OP4)
m,wL,wz,wHeﬂ?"'

s.t. x> 0Lng (3.81)
x <ng (3.82)
wr > c+d(x/np) (3.83)
wz <c+d(Orn/ngy) (3.84)
wy > c+d(z/ng) (3.85)
wy <c+d(z/nr) (3.86)

br, + wr,Orng — cOrny, — nLd(QL)

> by + (wy — e)npd ™ Hwg —¢) —npd (dH(wy — ¢)) (3.87)
by +wpx — cx —npd(x/ng) > by +wrbrng — cdpng — npd(@np/ny)
(3.88)
ag (wg —c—d'(z/np)) — K'(z) =0 (3.89)
ar, (b +wrlrng, — cOrng, —nrd(0r))
+ag (bg +wgzr — cx —ngd(x/ng)) — K(z) >0 (3.90)

In optimization problem OP4, constraints (3.83)-(3.86) correspond to constraints (3.37)-
(3.38), constraints (3.87)-(3.88) correspond to constraint set (3.40), constraint (3.89) represents
the optimality condition of selecting capacity z (i.e., constraint (3.40)), and constraint (3.90)

corresponds to the participation constraint (3.41).

Numerical Analysis

The optimization problems OP1-OP4 are well-behaved for a wide range of parameter values;
that is, their global optimums can be reached through a reasonable number of iterations. We
used Lingo (Schrage 2008) to obtain the numerical results of this subsection. For all the
optimization problems solved to generate the results presented here, Lingo was able to identify
the global solution; and in 95% of cases the global solution was found in less than 1 second.
To determine the model parameters, we normalized the variable cost ¢ to $1; and then
specified the functions I1(-), d(-) and K (-) as such to yield reasonable values for the social welfare
maximizing effort level 6 and capacity level & (for instance 0.25 < ] < 0.75, 1.25n;, < 1 <
0.75nf). We then investigate the capability of the incentive feasible coordinating contract in
maximizing the social welfare for different demand distributions (ny, ar;ng, ag). We conduct

the analysis for the following two systems:
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Figure 3.4: Effect of ay, on system coordination

1. Integrated system, in which the health purchaser and the health provider are in perfect

cooperation as such the health purchaser has control over the health provider’s capacity
and effort level decisions.

2. Coordinated system, in which the health purchaser and the health provider are dis-
joint organizations but the health purchaser offers a set of incentive feasible coordinating

contracts to coordinate their interaction.

Figure 3.4 displays the health purchaser’s net monetary benefit (NMB), allocated capacity
level, and effort level for the systems described above, assuming that ny = 100 and nyg =
400. Remember that for the integrated system, the health purchaser’s net monetary benefit
is the social welfare function (3.1), and for the coordinated system, the health purchaser’s net

monetary benefit is the objective function (3.36).
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Figure 3.4(a) shows the health purchaser’s NMB for both systems versus ay. Apparently,
the health purchaser’s NMB in both systems is maximized when ay = 0 (or ay = 1), since
the health purchaser is faced with no uncertainty and also a larger number of people are using
the preventive intervention (demand is ng). The difference between the net monetary benefit
functions are in fact the information rent that the health purchaser has to pay to the health
provider to select a contract that reveal his true demand. This difference is maximum at
ay = 0.7625; this is the point in which the health purchaser reaches its lowest capability in
distinguishing the type of the health providers (low demand versus high demand). After this
point, the health purchaser again gains his capability in coordinating the system, which results
in higher NMB.

Figure 3.4(b) and Figure 3.4(c) show the optimal effort level and capacity level for both
the integrated and coordinated systems. For oy € [0,0.7625], the health purchaser induces a
capacity level which is exactly equal to the social maximizing capacity level £. However, to
distinguish between health providers, the health purchaser induces almost zero effort level for
the low-demand health provider. At oy = 0.7625, reaching her lowest capability in inferring
the true demand, the health purchaser selects to induce a very low capacity level. After this
point, the health purchaser begins inducing higher capacity, and higher effort level for the
high-demand health provider; however, the effort level for the low-demand health provider still
remains very close to zero.

In the second part of the numerical analysis, we investigate the effect of the distance be-
tween ny and ny on the system coordination. Figure 3.5 displays the health purchaser’s net
monetary benefit (NMB), allocated capacity level, and effort level for the systems described
above, assuming that oy, = ayg = 0.5 and ny, = 500.

Figure 3.5(a) shows the health purchaser’s NMB versus ng — ny. As ng — ny approaches
zero, the health purchaser’s NMB in a coordinated system gets closer to her NMB in an inte-
grated system, since under this situation, she is faced with minimal uncertainty in the demand.
However, as ng —np increases, the health purchaser’s NMB in a coordinated systems distances
more from her NMB in an integrated systems. This is due to the fact that in order to distin-
guish between the health providers with low and high demand, the health purchaser selects to
induce effort and capacity levels that deviate from the welfare maximizing allocation (as shown
in Figure 3.5(b) and Figure 3.5(c)), which consequently results in an decrease in the health
purchaser’s NMB.

3.6 Conclusion and Future Research

In this paper, we studied the contracts that coordinate the health purchaser-health provider

relationship in a preventive health care delivery system where the health provider is limited
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by capacity in providing the medical intervention. Such contracts allow the health purchaser
and the health provider to optimize their objective functions while maximizing the population
welfare. The proposed principal-agent model considers both the problem of moral hazard
(hidden action) and asymmetric information (hidden information). In this model, the health
provider’s decision about the capacity level to allocate and the rank of patients to whom the
preventive intervention should be administered is not observable (hidden action). The health
purchaser may also be unable to observe the number of customers for the medical intervention
(hidden information).

When the number of customers for a medical intervention is verifiable by the health pur-
chaser, we show that gate-keeping, fee-for-service, and nonlinear contracts do not necessarily
coordinate health purchaser-health provider relationship. We demonstrated that a set of piece-

wise linear contacts can coordinate the system under this assumption. When the number of
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customers is not verifiable, we showed that the fee-for-service and nonlinear contracts do not co-
ordinate the health purchaser-health provider relationship. Under this setting, the coordinating
contract can be a menu of incentive-feasible piecewise linear contracts.

Our model assumes that there is only one medical intervention available for the underlying
disease. An immediate extension to our model will be finding the coordinating contracts for
cases where more than one medical intervention is available for the disease. In the multiple-
intervention paradigm, the coordinating contracts lead the health provider to prescribe the
intervention for each patient that results in the best outcome. Also, when demand is unverifi-
able, we characterized the coordinating contracts when the demand can only take two values.
An interesting topic for future research is to find the coordinating contracts when demand takes

n values.
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Appendices
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A.1. Proof of Proposition 12

First we need to show that a positive social welfare maximizing capacity level () cannot be
less than fn (note that the social welfare maximizing effort level 6 satisfies IT'(6) = ¢ + d'(f)) .
To show this, suppose the contrary; that is 0 < z < On. Hence the optimization problem (3.2)

becomes:

0;1;23@0(37) =—-K(x)+ /nn (nH(%) —cx — nd(%)) fn(n)dn. (3.91)

The first derivative of the objective function in (3.91) is:

9 /
%Q(ZL‘) =—K'(z) +/

n

" (H’(%) - d’(%)) Fx(n)dn. (3.92)

The social welfare maximizing effort level § satisfies IT'() = ¢ + d'(0) ; substituting ¢ =

II'(6) — d'(0) in (3.92) results in:

%Q(x) = —K'(z) + /nn (H’(n

€T ~

)—I0) — (d(5)—d@)) fu(m)dn.  (3.93)

Since we assumed that Z < 6%n; therefore & < #°n for any n € [n,n]. Consequently, since
I1(-) is strictly concave, and d(-) and K (-) are strictly convex, the first derivative (3.93) is always
less than zero for any z < On. Therefore the objective function (3.91) is maximized if z = 0;
this contradicts the original assumption; thus # > On.

Condition (3.6) is the optimality condition of recourse function (3.3). The first-order opti-

mality condition for problem (3.4) is:

n

9 /
%Q(az) =—K'(z) —i—/

z/69

() = d'(%)) fwmydn — e (1= Fu () = 0.

n

By concavity of II(-), and the fact that 6% solves IT'(6°) = ¢ + d’(6°), we have:

0? " "ol
WQ(I) =—K"(x) +/ —

x/60 n

X

(") = d'(5)) fa(m)dn < 0

Therefore, the first-order condition is also the sufficient condition for optimality. The result

is then immediate. O]

A.2. Proof of Proposition 14

To prove, first note that condition (3.24) is the sufficient condition of optimality for the health
provider’s first-stage problem (3.23); to see this, since IT'(#") = c+d'(#"), the second derivative
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of objective function (3.23) satisfies:

P () = —K"( )~ [ L aman <o
a2 B = . z/0 M N NATan

To coordinate the system, (LD,F’ ) should satisfy the first-order optimality conditions of
both the first and the second stages (i.e., conditions (3.22) and (3.24), respectively). This
requirement is satisfied if and only if Eq. (3.26) holds. Moreover, (w0, F) should satisfy the
binding participation constraint (3.25); this gives the proof of the first part.

For the second part, where condition (3.26) is not satisfied, the contract can only coordinate

cither effort level or capacity, and not both since no (i, ') can satisfy both the conditions (3.22)

and (3.24) simultaneously. O

A.3. Proof of Proposition 15

Conditions 1 and 2 are required to make the social maximizing effort level 0 the unique solution
of the recourse problem (3.8). Condition 3 is obtained from simplifying the first-order optimality
condition of problem (3.27) which is:

K@)+ [ e

n))fN(n)dn =0. (3.94)
To show that the first-order condition (3.94) is also sufficient condition for optimality, we

calculate the second-order derivative of the objective function (3.27) at Z:

0” 1 I i " i

On(#) = —K"(#) — = /~N;~__/7 b / MNL~\ it )
b () = ~IK) = L@ e~ a NG+ [ @@ ) vy
Since setting n = #/6 in condition 2 results in wNF(Z) — ¢ — d'() = 0, we will have

z/0
2 ~
Z0R(F) < 0. O

A.4. Proof of Theorem 3

First we need to show that for any realization of demand, the piecewise linear contract imple-
ment 6 in the second stage if wy > ¢+ d'(0) and wy = ¢+ d'(). For any given capacity level

and the realization of demand n, the health provider solves the following optimization problem:

max  wkl(6n) — chn — nd(6) (3.95)
st. On <. (3.96)

For any given n, two cases may occur: (1) On < x or (2) on > x.
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Case 1: n <z (the health provider has enough capacity to exert the effort level é) In this
case, if the health provider selects an effort level § < 6, the derivative of the objective function
in (3.95) at point 6 < 6 will be equal to nw; — en — nd'(6) > n(d'(6) — d'(6)) > 0.

Therefore, the health provider can increase his gain by increasing his effort level to 6 . Now
if the health provider selects an effort level the derivative of the objective function in (3.95)
at point # > # will be equal to nwy — cn — nd'(9) = n(d'(§) — d'(8)) < 0. Hence, the health
provider will not be willing to exert an effort greater than 6.
Case 2: On > x (the health provider does not have enough capacity to exert the effort level
é): In this case, the welfare maximizing effort is the one that utilize the capacity entirely, i.e.,
0 = x/n. If the health exert an effort level § < z/n, the derivative of the objective function in
(3.95) at this point will be equal to nw; — cn — nd'(6) > n(d'(§) — d'(#)) > 0. And hence the
health provider select can maximize his gain by increasing his effort level to 8 = x/n.

Now, we need to show that the piecewise linear contract can also coordinate the capacity

in the first stage. From the objective function (3.29) we have:

- [ CEinimin.

/o n

T Ab

Qp(x) = —K'(z) + Pz

In(=) + (w1 = e)(1 = Fi(

SRS

T

0
For the health provider to select the desired capacity level z, & should satisfy the first-order

optimality condition Q,(Z) = 0, which results in condition 1 of Theorem 1. Also we have:

" 7 zAb ,, @ 107 L T "1,
Qpla) = —K"(2) + 57 n(5)+ 22 () — (wr == @) (3 = [ () (.

x

By conditions 1 and 4 in Theorem 1, Q% (z) < 0; and therefore the first-order condition
will be also the sufficient condition for optimality. Condition 4 ensures that the second-stage
optimality requirement wy > ¢+ d’ (0~) is satisfied; condition 3 is derived from the participation
constraint (3.13); and condition 5 is by the definition of the contract at point z = fn (see Figure

3.1), which requires nb; + énwl + nAb = nby + énwg. O
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A.5. Proof of Proposition 17

The first-order optimality condition of problem (3.35) is:

Up(a) = - K'(2)

0 - (W () 00 (0(2))) S ()

- (@) (0 (@) = o = n(0) - () ) ()

~ L0y (o0 (@) - n(w) — (@) - (6° (n°(@))) ) e ()

/n :L(m) (w'NL(a:) - d’(%)) Fa(n)dn = 0. (3.97)

Note that we have by the definition of n’(z) and 6°(n) we have n°(z) - 6° (n%(z)) = =.
Therefore the first-order condition (3.97) reduces to:

Vyp(z) = —K'(z) + /”

n0(z

| (w'NL(x) Cem d’(%)) fFa(n)dn = 0. (3.98)

Consequently, we have:

Vh(z) = —K"(z) + / ’

nf(z)

(w"NL(ac) — d”(%)) Fx(n)dn,

which is always negative. Therefore, the first-order optimality condition (3.98) is the necessary

and sufficient condition of optimality.
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