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DYNAMIC DECISION MODELS FOR MANAGING THE MAJOR
COMPLICATIONS OF DIABETES

Murat Kurt, PhD

University of Pittsburgh, 2012

Diabetes is the sixth-leading cause of death and a major cause of cardiovascular and renal
diseases in the U.S. In this dissertation, we consider the major complications of diabetes
and develop dynamic decision models for two important timing problems: Transplantation

in prearranged paired kidney exchanges (PKEs) and statin initiation.

Transplantation is the most viable renal replacement therapy for end-stage renal disease
(ESRD) patients, but there is a severe disparity between the demand and supply of kidneys
for transplantation. PKE, a cross-exchange of kidneys between incompatible patient-donor
pairs, overcomes many difficulties in matching patients with incompatible donors. In a typ-
ical PKE, transplantation surgeries take place simultaneously so that no donor may renege
after her intended recipient receives the kidney. We consider two autonomous patients with
probabilistically evolving health statuses in a PKE and model their transplant timing deci-
sions as a discrete-time non-zero-sum stochastic game. We explore necessary and sufficient
conditions for patients’ decisions to form a stationary-perfect equilibrium, and formulate a
mixed-integer linear programming (MIP) representation of equilibrium constraints to char-
acterize a socially optimal stationary-perfect equilibrium. We calibrate our model using
large scale clinical data. We quantify the social welfare loss due to patient autonomy and

demonstrate that the objective of maximizing the number of transplants may be undesirable.

Patients with Type 2 diabetes have higher risk of heart attack and stroke, and if not
treated these risks are confounded by lipid abnormalities. Statins can be used to treat such

abnormalities, but their use may lead to adverse outcomes. We consider the question of when

v



to initiate statin therapy for patients with Type 2 diabetes. We formulate a Markov decision
process (MDP) to maximize the patient’s quality-adjusted life years (QALYs) prior to the
first heart attack or stroke. We derive sufficient conditions for the optimality of control-limit
policies with respect to patient’s lipid-ratio (LR) levels and age, and parameterize our model
using clinical data. We compute the optimal treatment policies and illustrate the importance
of individualized treatment factors by comparing their performance to those of the guidelines

in use in the U.S.
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1.0 INTRODUCTION

Healthcare is the largest single industry in the U.S. Elevated healthcare costs pose major
social and economic problems in the U.S. and force several cost-saving measures by state
and private agencies. Total national health expenditures accounted for 17.6% of the Gross
Domestic Product in 2010 and this share is expected to grow to 19.8% by 2020 [34]. National
health expenditure per person of the U.S., which exceeded $8,000 in 2009, is the highest
among all member states of the World Health Organization [233], and is expected to be
around $14,000 by 2020 with the aging population [34].

Increasing healthcare costs and economic challenges have received considerable attention
from academics and the media, and motivated a significant amount of research over the last
two decades. Operations Research (OR) techniques have found a variety of applications in
healthcare. These applications help develop new methodologies while improving the state
of the art in modeling and optimization techniques. They also inform practitioners on how
to make use of raw data to make better decisions and to address public policy concerns.
Examples of OR applications in healthcare include demand forecasting, hospital capacity
planning, patient and workforce scheduling, staffing emergency departments, locating emer-
gency service facilities, immunization and vaccine selection, organ allocation, and cancer
treatment planning, among several others. Earlier and more recent surveys summarize the
vast literature of OR applications in healthcare and highlight contemporary issues at the
intersection of OR and healthcare along with current challenges and emerging research ac-

tivities [24, 52, 68, 85, 110, 116, 127, 145, 147, 154, 162, 190].



1.1 CHRONIC AND END-STAGE RENAL DISEASES (ESRD)

In a healthy patient, kidneys perform key functions such as monitoring and regulating body
fluids, balancing electrolytes and filtering the blood. Chronic kidney disease (CKD) is the
progressive and irreversible loss of renal functionality over a period of months or years and
divided into five stages of severity [207].

ESRD, the last stage of CKD, typically occurs when the kidneys’ functionality is less
than 10 % of normal. It is the ninth-leading cause of death in the U.S. and has grown
alarmingly in the last decade [207]. Currently, more than 500,000 Americans have ESRD
and more than 26 million Americans are at increased risk of developing the disease [41]. The
size of the ESRD population is projected to grow to 2.24 million by 2030 and each year more
than 100,000 people experience a kidney failure in the U.S. [203, 210]. The total cost of
ESRD in the U.S. was around $30 billion in 2009 [209].

ESRD can result in death if not treated. There are three viable treatment alternatives
for ESRD patients: Hemodialysis, peritoneal dialysis and transplantation. Hemodialysis
is the most common renal replacement therapy and typically requires a patient to visit a
clinical center several times a week to have her blood cleaned. Although the procedure is
safe, several complications such as hypotension, cardiac arrhythmias and muscle cramps can
occur during the process of filtering blood [44].

In peritoneal dialysis, a filtering fluid is embedded into the patient’s body [150]. Peri-
toneal dialysis is cheaper than hemodialysis but yields almost equal survival rates as hemodial-
ysis. Especially for nondiabetic and young diabetic ESRD patients, it may have a lower risk
of death because of its superior preservation of residual kidney functionality. Despite such
advantages, the use of peritoneal dialysis is less common compared to hemodialysis [115, 128].

Due to insufficient supply of kidneys for transplantation, dialysis is a common interme-
diary step for ESRD patients. However, transplantation is the preferred choice of treatment
as it allows patients resume their regular activities with a higher quality of life than dialysis

by providing improved long-term survival rates [112, 228, 229].



In the U.S., an ESRD patient must join a waiting list administered by the United Network
for Organ Sharing (UNOS), a scientific and educational nonprofit organization, to be eligible
for a cadaveric kidney transplantation [215]. The current policy has been active for more
than two decades and prioritizes patients based on a scoring rule which takes several factors
into account, including the waiting time on the list and the quality of the match. Details
for the current cadaveric kidney allocation policy can be found in Organ Procurement and
Transplantation Network (OPTN) website [160]. As clear from Figure 1.1, the supply of
kidneys for transplantation is far below the waiting list additions. Currently, more than
90,000 patients in the U.S. are awaiting a kidney transplant, but in 2010, 4850 patients died
while waiting on the list and only 16,900 patients received transplants, 6,200 of which were
from living-donors [216].
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Figure 1.1: Recent trend in demand and supply of kidneys for transplantation in the U.S.
[216].

Because people can function normally on only one kidney, it is also possible for an
ESRD patient to receive an organ from a living-donor and transplants from such donors

generally yield better survival outcomes than those from cadaveric transplants (see Figure
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Figure 1.2: Graft and patient survival rates from kidney transplantation [216].

1.2). In fact there is a universal agreement in the transplant community that a living-donor
kidney transplant is the preferred course of treatment for ESRD patients [80, 205]. A kidney
transplanted from a living-donor is much preferred to a cadaveric kidney. In general, a
cadaveric kidney transplant may be subject to some degree of trauma and this trauma may
negatively affect the time between the moment the kidney stops functioning in the donor
and begins functioning in the transplant recipient. In some extreme cases, it may take a
few weeks for a cadaveric kidney transplant to function properly and the patient may need
dialysis until then. There are additional benefits of living-donor transplants, too. A living
kidney donation from a close relative, such as a sister or a brother, can yield an excellent
tissue-type match for the recipient thereby reducing the risk of kidney rejection. Also, a
living kidney donation gives the patient, donor, and possibly their families the flexibility to
plan the timing of surgery conveniently [208].



Despite the flexibility provided to ESRD patients by living-donor transplants, blood type
and antigen incompatibilities make kidneys difficult to match. Human leukocyte antigens
(HLA) are protein molecules that are located on the surface of the white blood cells and
other tissues in the body. There are three classes of HLA: HLA-A, HLA-B and HLA-DR,
and each of these classes include different number of specific HLA proteins with a variety of
numerical designations. A positive crossmatch, often referred to as “HLA incompatibility,”
is a strong indication against transplant between a patient-donor pair. This occurs if the
patient develops in her serum antibody that causes cell damage to the donor by attacking her
HLA. Specifically, Panel-Reactive Antibodies (PRA) are defined as the number of reactions
that a patient’s blood serum shows against a panel of blood donors and commonly used to

estimate the probability that the patient will have a negative reaction to a particular donor.

With recent advances in desensitization, immunosuppressive therapies enable transplants
between blood-type incompatible patient and donor pairs by decreasing the strength of the
immune system; however, excessive level of antibodies in patient serum following trans-
plantation can still render such transplants impractical. Furthermore, long-term graft and

patient survival results of various immunosuppressants are still uncertain [197].

Although transplantation is regarded as the most viable renal replacement therapy, most
ESRD patients undergo transplantation after a period of dialysis [79]. A preemptive living-
donor renal transplantation occurs before dialysis, and such a transplant appears to be more
cost effective [19, 97, 102]. It provides better long-term survival rates than the conven-
tional post-dialysis transplantation and higher quality of life by avoiding the morbidities
and complications associated with dialysis [57, 119, 120].

While living donation has nearly tripled in the last decade, every year more than 2000
donor /recipient pairs are excluded from transplantation because of blood type or HLA incom-
patibility [76]. The disparity between the demand and supply of kidneys for transplantation
also yields significantly long waiting times. The national median waiting time on the trans-
plant list is approaching 5 years, and in some states including New York patients may wait
up to 7 years prior to receiving a transplant [157]. As can be seen from Figure 1.3, median
waiting times vary significantly with respect to patient’s blood type. Note that the list has

not been cleared from the patients who were registered on after 2002.
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Figure 1.3: Average median times on the waiting list with respect to blood-type [216].

Because the sale and acquisition of organs are illegal under the National Organ Transplant
Act of 1984 and the Uniform Anatomical Gift Act of 1987 [50], the difficulties in matching
patient-donor pairs motivated new clinical strategies to alleviate the shortage of kidneys and

to reduce the productivity losses due to long waiting times on dialysis [131, 144, 179, 232].

1.2 DIABETES

Diabetes mellitus, usually called diabetes, is the sixth-leading cause of death and a major
underlying cause of cardiovascular complications in the U.S. [134]. According to Ameri-
can Diabetes Association (ADA), there are currently more than 20 million Americans with

diabetes [15], and this number is expected to grow to 39 million by 2050 [91].



There are two types of diabetes: Type 1 and Type 2. Type 1 diabetes, also known as
insulin-dependent diabetes, occurs when pancreas produces very little or no insulin. On
the other hand, Type 2 diabetes, which is also called non insulin-dependent diabetes, occurs
with insulin resistance combined with relative insulin deficiency. In Type 2 diabetes although
pancreas produces insulin, body cannot use it properly. Because of this inefficiency, patients
often have difficulty in maintaining their blood glucose levels within healthy ranges. While
Type 1 diabetes usually occurs in children, Type 2 diabetes is more common among adults,
especially those over 40. In the U.S., approximately 90% of the diabetes cases are of Type
2 [16].

Type 2 diabetes has several significant complications, including coronary heart disease
(CHD), stroke, kidney failure, amputation, and blindness, all of which can result in disabil-
ities and work losses leading to poor productivity levels [143, 163]. These complications not
only affect the patients’ health-related quality of life but also account for a sizable portion
of the total healthcare costs to society [42, 206]. Of these complications, CHD and stroke
represent the leading causes of diabetic deaths in the U.S. [15]. Because Type 2 diabetes
can increase the patient’s CHD and stroke risks by a factor of five, they carry significant
importance for physicians in making treatment decisions [22, 106, 121, 196].

Lipid abnormalities increase the risk of CHD and stroke in patients with Type 2 diabetes
[108, 218]. The cholesterol profile of a patient is usually assessed by her triglycerides and three
types of cholesterol: Total cholesterol (TC), low-density lipoproteins (LDL) and high-density
lipoproteins (HDL). Among these, triglycerides are the main form of fat in bloodstream and
considered to be a positive risk factor for CHD. Elevated TC and LDL, which is the main
source of artery clogging plaque and referred to as “bad cholesterol,” increase the overall
risk of CHD and stroke. In contrast, HDL, which is also called “good cholesterol,” works
to extract cholesterol from the artery walls and dispose them through the liver. Therefore,
high levels of HDL are more desirable to reduce the risk of CHD. Elevated TC and depressed
HDL have been reported in clinical trials to increase the overall risk of CHD and stroke.
The ratio of TC to HDL, defined as the “lipid ratio” (LR), is a strong predictor of CHD and
stroke risks, but this ratio can vary significantly and unpredictably over time [75, 222, 226].



Several published risk models try to predict CHD and stroke probabilities for patients
with Type 2 diabetes based on their cholesterol levels and other risk factors. The most
widely used of these models was calibrated on data from the United Kingdom Prospective
Diabetes Study (UKPDS) [107, 198, 213]. The UKPDS model is based on a 20-year surveil-
lance of over 5,000 patients in the U.K and it predicts CHD and stroke probabilities over
time using several risk factors, including age, gender, ethnicity, smoking status, cholesterol,
systolic blood pressure (SBP) and glycated hemoglobin (HbAlc) levels. While other pre-
dictive models have been developed, e.g. the Framingham model [17] and the Archimedes
model [60, 61], the UKPDS model is unique in proposing risk equations specific to patients
with Type 2 diabetes.

Clinical trials have shown that cholesterol management using statins reduces CHD and
stroke risks [27, 37, 39, 40, 58]. A primary goal of managing Type 2 diabetes has been
the control of blood glucose levels, however more recently the importance of cardiovascular
risk has been emphasized [192, 214] and the complexity of treatment decisions has led to
the development of several national treatment guidelines with differing recommendations
28, 67, 135, 136, 137, 141] (See Shah et al. [186] for a comparative effectiveness of these
guidelines). For instance, current U.S. guidelines, which is also known as Adult Treatment
Panel (ATP) III, and its variants [136] classify the patients with respect to their 10-year
CHD risks and set a specific treatment target for LDL levels in each of these categories.
Alternatively, the U.K. guidelines [28] recommend initiating lipid lowering agents such as
statins when the patient’s 10-year CHD risk exceeds 20%, and New Zealand guidelines
[141] make the same recommendation when the patient’s 5-year CHD risk exceeds 15%.
Conservatively, some recent U.S. guidelines [15, 192] recommend initiating statins in all
patients with Type 2 diabetes irrespective of their long-term CHD risks. Despite the effects
of cholesterol build-up in the arteries on a patient’s stroke risk, in addition to the differences
among the guidelines’ treatment policies, it is also notable that there is no guideline in

practice that takes the patient’s stroke risk into account for its treatment recommendations.

Although statin treatment reduces the risks of CHD and stroke, it can have serious side
effects, including muscle diseases, myopathy and liver problems. Other effects have also

been reported, such as headaches, nausea, fever, fatigue, shortness of breath, memory loss,



sexual dysfunction, skin problems, irritability, and effects on nervous and immunity systems
[151, 152, 153, 211]. Therefore, treatment guidelines should weigh the benefits of using
statins in reducing CHD and stroke risks against its side effects in making recommendations

and identifying the groups that would benefit most from the treatment.

1.3 PAIRED KIDNEY EXCHANGES

A PKE [164], is a cross-exchange of kidneys between incompatible patient-donor pairs. PKEs
may involve multiple patient-donor pairs and are logistically complex. A typical PKE in-
volves two patient-donor pairs where each donor is only compatible with the intended recip-
ient of the other, potentially leading to an exchange of organs between the pairs. Figure 1.4
illustrates a two-way kidney exchange where donors are incompatible with their intended
recipients, but Donor 1 is compatible with Patient 2 and Donor 2 is compatible with Patient
1. Two-way kidney exchanges are the simplest type of PKEs and most of the social benefit

is accrued by exchanges with two patients [173].

a|quedwoou|

Incompatible

Patient 1 Patient 2

Figure 1.4: An illustration of a PKE.

PKEs typically reduce the waiting time for transplantation as well as the length of dialysis
therapy, thereby reducing healthcare costs and productivity losses, leading to substantial

benefits for ESRD patients [129, 130, 182, 183].



PKEs have grown rapidly over the last two decades to overcome the difficulties in match-
ing kidneys [184] and it has been estimated that they can raise the number of transplants
by up to 90 % [173].

Since their conceptual proposal in late 80s, PKEs have attracted considerable focus from
media and the scientific community. The significant potential of PKEs [171, 184, 185] has
led to the establishment of several regional kidney exchange clearinghouses in the U.S.,
Korea [148, 149] and the Netherlands [49] to organize the registry of patients and donors
[13, 140]. These consortia expand the pool of living-donors and develop programs under
which incompatible patient-donor pairs are identified and cross-matched to other pairs and
altruistic donors [118]. Building such programs has compelled the development of advanced
algorithms to match patients with donors [100, 103] and it has been estimated that includ-
ing even compatible patient-donor pairs in the expansion pools can yield remarkably better
matching rates [77]. More recently, a national pilot kidney exchange program joining all
UNOS-approved kidney exchange clearinghouses has been launched to facilitate a more ef-
ficient network for exchanges between incompatible patient-donor pairs [158, 159]. Despite
all efforts PKEs have been grossly underutilized in the U.S. [43, 184, 231].

Another approach to the kidney shortage is an indirect kidney exchange or paired list
exchange [78, 133]. In such an exchange, a patient is given a higher priority on the cadaveric
kidney waiting list in exchange for her donor agreeing to donate a kidney to another patient
on the waiting list. There are ethical objections to indirect exchanges because of the potential
harm to patients without living-donors and those with O blood type, who are in fact the

hardest to match [4, 168, 169, 220, 238].

1.4 RELATION BETWEEN DIABETES, ESRD AND CARDIOVASCULAR
DISEASES

Because of the vascular abnormalities, diabetes is the leading cause of ESRD in the U.S.
and accounts for more than 44 % of new ESRD cases every year [33] and more than 50,000

diabetic patients in the U.S. are expected to experience ESRD eventually [32].
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Kidneys contain thousands of nephrons which synthesize several proteins including al-
bumin. In the presence of diabetes, the small blood vessels in the kidneys are injured, and
high levels of blood sugar make the kidneys filter too much blood. With this extra filtering,
the nephrons thicken and become scarred, and the kidneys begin releasing small quantitites
of albumin into the urine. As the quantities of albumin become larger than normal, the
patient develops renal disease. Diabetes can also cause difficulty in emptying the bladder
and pressure resulting from a full bladder can injure the kidneys [138].

Tests can often detect signs of renal disease in the early stages and patients are recom-
mended to have a urine test at least once a year [14]. Because the urine test seeks small
quantitites of albumin in the urine, it is also called microalbuminuria test. If there is any
doubt, urine test can be followed by a kidney biopsy to confirm the diagnosis; however,
biopsy is not recommended as the first line of screening [86].

CKD and cardiovascular complications of diabetes are strongly related to each other in
that cardiovascular diseases (CVDs) can lead to CKD, and CKD can result in cardiovascular
complications. While CVDs are most effective in the early stages of CKD, majority of the
ESRD patients die because of a cardiovascular complication. Several abnormalities common
to ESRD also play a key role in patient’s development of a CVD, high blood pressure, high
blood cholesterol, excessive parathyroid hormone, to name a few [38]. Although there is no
way to cure renal disease and CVDs, they are often treatable during the early stages through
a systematic control of blood glucose and blood pressure. Usually, lowering blood pressure
with ACE inhibitors and angiotensin receptor blockers (ARBs) is the best way of protecting
kidneys from damage. Following a healthy low-fat diet and exercising regularly also help
slow down the progression of CKD and CVDs [72].

Even when diabetes is controlled, it can lead to kidney failure. People with diabetes used
to be excluded from dialysis and kidney transplantation, because the disease was increasing
the risk of bacterial and fungal infections in transplant recipients and the damage caused by
the disease was offsetting the benefits of dialysis and transplantation. Recently, with better
control of diabetes, doctors do not hesitate to offer dialysis and transplantation to diabetic

patients [104].
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Diabetic patients who approach ESRD are not only subject to traditional cardiovascular
risk factors such as high blood pressure and high blood glucose, but also kidney disease-
related risk factors, such as anemia, uremia toxins, abnormal mineral metabolism, inflam-
mation and malnutrition [224]. Combination of such risk factors may further aggravate the
adverse cardiovascular risk profile. Therefore, although post-transplant graft survivals are
about the same in diabetic and nondiabetic patients, diabetic patients who are eligible to
receive a kidney transplant are recommended to transplant preemptively before initiating

dialysis [23, 56, 194].

1.5 PROBLEM STATEMENTS AND CONTRIBUTIONS

This dissertation concentrates on the timing of prearranged PKEs for autonomous and self-
interested patients with uncertain and dynamic health, and the timing of the initiation of
statin therapy for patients with Type 2 diabetes.

Current practice in PKE aims to maximize only the number of transplants and favors
immediate exchange. However, an early transplantation may fail to maximize the residual
renal functi