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ABSTRACT

Atherosclerotic cardiovascular disease (ASCVD) is among the leading causes of death in the US. While
it is known that ASCVD has familial and genetic components, understanding the role of genetic testing
in the prevention and treatment of the cardiovascular disease has been limited. To this end, we develop
a simulation framework to estimate the risk for ASCVD events due to clinical and genetic factors. One
controllable risk factor for ASCVD events is the cholesterol level of patients. Cholesterol treatment plans
are modeled using Markov decision processes. By simulating the health trajectory of patients, we determine
the impact of genetic testing in optimal cholesterol treatment plans. As precision medicine and genetic
testing become increasingly important, having such a simulation framework becomes essential.

1 INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD), constituted of coronary heart disease (CHD) and stroke,
is among the leading causes of death in the US (Heron 2018). CHD accounts for approximately 43.8%
of deaths attributable to cardiovascular diseases in the US followed by stroke, which accounts for nearly
16.8% of deaths. Among Americans with at least 20 years of age, it is estimated that 16.5 million (6.3%)
have CHD and 7.2 million (2.7%) have had a stroke (Benjamin et al. 2018). While it is known that
ASCVD has familial and genetic components, understanding the role of genetic testing in its prevention
and treatment has been limited (MacRae and Vasan 2016; Jarmul et al. 2018). However, the development
of a new genetic risk score (GRS) that helps predict ASCVD and the benefit of treatment could make
genetics central to daily cardiovascular care (Mega et al. 2015; Khera et al. 2016; Natarajan et al. 2017).

The risk for ASCVD events is primarily composed of demographic, behavioral, and clinical factors.
Among the risk factors for ASCVD events, the cholesterol level of patients is one component that can
be controlled (Goff et al. 2014). Several clinical guidelines recommend that the risk for ASCVD events
should be followed to guide the usage of statin cholesterol-lowering drugs (Bibbins-Domingo et al. 2016;
Stone et al. 2014). Incorporating the GRS to the risk for ASCVD events would improve risk prediction.
Improving risk prediction would in turn improve cholesterol treatment. Nevertheless, it remains unknown
if the benefits of genetic testing are large enough and its costs are low enough to be used in clinical practice.

Our study has the following objectives: (i) determine the potential public health impact of large-scale
genetic testing to inform the use of cholesterol-lowering drugs; and (ii) evaluate how the cost-effectiveness
of genetic testing changes with respect to the population tested. We model cholesterol treatment plans
using finite-horizon Markov decision processes (MDPs). The treatment plans are compared in a simulation
framework. This allows us to asses different aspects of our model with great flexibility (Glover et al. 2018).
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This paper is organized as follows. We begin by providing a review of the relevant literature in Section
2. In Section 3, we present our simulation framework along with our selection of data and parameters to
characterize a population of adults in the US. We present our results in Section 4. Finally, conclusions and
future research directions are discussed in Section 5.

2 LITERATURE REVIEW

The relevant literature to this research lies in the following fields: (1) risk prediction models that incorporate
genetic information; (2) treatment decision models for patients at risk of cardiovascular diseases; and (3)
simulation models that incorporate patients’ risk of cardiovascular diseases. We highlight some prominent
papers in each category and briefly describe how our proposed methodology differs from them.

Risk prediction models that incorporate genetic information have been previously developed in the
literature. Sun et al. (2007) presented a model to improve the prognosis of breast cancer using genetic
and clinical markers. Abraham and coauthors created a predictive model for Celiac disease based on
genome-wide single nucleotide polymorphisms profiles (Abraham et al. 2014). The authors also presented
an extensive analysis of multiple statistical models for the prediction of Celiac disease, diabetes, and Crohn’s
disease using genome-wide single nucleotide polymorphisms profiles (Abraham et al. 2013). Although
these models use genetic information to predict the risk for adverse events, none of them have been used
to improve decision making.

Treatment decision models for patients at risk of cardiovascular diseases have also been previously
developed in literature (Cooper et al. 2006). Hauskrecht and Fraser (2000) modeled ischemic heart disease
treatment plans using a partially observable Markov decision process (POMDP). Denton and coauthors
constructed an MDP model to determine the optimal time for starting cholesterol medications in patients with
diabetes (Denton et al. 2009). Mason et al. (2014) extended this work by determining the optimal timing
of blood pressure and cholesterol medications in patients with diabetes. Schell et al. (2016) developed a
method to approximate optimal hypertension treatment policies derived with an MDP. Nevertheless, none
of these models incorporate genetic information to guide treatment plans.

Researchers have also developed simulation models to evaluate therapies for patients at risk of cardio-
vascular diseases. Liu et al. (2018) created a system dynamics model to study the cost-effectiveness of
different diabetes treatment options. Fonarow et al. (2017) used a simulation model to project the lifetime
costs and quality-adjusted life-years (QALYs) and evaluate the cost-effectiveness of evolocumab when
added to standard cholesterol background therapy. Pandya and coauthors developed a microsimulation
model to estimate the cost-effectiveness of various 10-year ASCVD risk thresholds that could be used in the
American College of Cardiology and the American Heart Association’s (ACC/AHA) cholesterol treatment
guidelines (Pandya et al. 2015). Other simulation studies that consider patients’ risk for cardiovascular
diseases include (Cannon et al. 2017) and (Ferranti and de Freitas Filho 2011). These papers differ from
ours in that none of them incorporate the risk for cardiovascular events due to genetic factors. Our research
is a step towards understanding the impact of genetic testing in the prevention and treatment of ASCVD.

3 SIMULATION FRAMEWORK

We use a large representative sample of the US population to understand the implications of genetic testing.
To find a group for whom genetic testing is most likely to influence their care, we use the US Preventive
Services Task Force (USPSTF) statin guidelines (Bibbins-Domingo et al. 2016). We model the health
status of each patient as a Markov chain and simulate their state trajectory over a 10-year planning horizon.
The trajectory of a single patient in our modeling framework is summarized in Figure 1.

Before the start of the simulation, we calculate each patient’s 1-year risk for ASCVD events at each
year t =0,1,...,T — 1 using risk scores that are and are not informed by genetic information. We then
estimate transition probabilities based on each risk score. The transition probabilities are used to determine
treatment strategies using clinical information only and clinical and genetic information.
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We compare the outcomes of every patient under each treatment strategy at every replication k =
1,2,...,K and year t. Since genetic variants play a role in each patient’s health (independent of whether
or not they have received genetic testing), the health trajectory of each patient progresses from year ¢ to
year t 4+ 1 according to the risk score informed by clinical and genetic information. Finally, we estimate
the lifetime effects of the treatment strategies on every patient, represented by the terminal time period 7.
The simulation ends once the planning horizon of each patient is simulated K times.

Initialization i iti i
a Calculate risk scores | | Calculate transition | | Determine treatment | | Sett=0 N
Setk=1 fort=0,..,T—1 probabilities strategies

l

Store costs, ASCVD Determine the
End events, and QALYs le—| patient’s state for
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t—t+1
ke<k+1

Figure 1: Summary of simulation framework for a single patient.
We describe our data, risk scores, and treatment strategies in more detail in the following subsections.

3.1 Data

We use data from the National Health and Nutrition Examination Survey (NHANES) from 2009 to 2014
to parameterize our model (Centers for Disease Control and Prevention 2017). Our sample is composed
of adult Caucasian and African-American patients from 40 to 75 years old with no history of ASCVD and
a low-density lipoprotein (LDL) of less than 190 mg/dL.

To obtain our population, we first impute missing data using the MissForest package in R (Stekhoven
and Buhlmann 2012). We then create a synthetic dataset based on the NHANES sampling weights that
represent the approximately 93.55 million people who meet the eligibility criteria. We use nonparametric
classification and regression trees and the synthpop package in R to generate the synthetic dataset (Nowok
et al. 2016). Since risk factors may change over time, we estimate their progression over the 10-year
planning horizon with linear regression. We regress systolic blood pressure (SBP), high-density lipoprotein
(HDL), LDL, and total cholesterol (TC) on age, gender, race, smoking status, diabetes status, and cholesterol
treatment status to predict their change over time. Based on clinical expertise, we code every cholesterol-
lowering drug as a moderate intensity statin with the exception of atorvastatin and rosuvastatin, which are
coded as high intensity statins.

Our final population is determined on the basis of the USPSTF statin guidelines (Bibbins-Domingo
etal. 2016). Based on discussions with our clinical collaborators, we perform genetic testing on any patient
whose risk for ASCVD events at the first year of our study would be sufficiently different after the addition
of genetic information. Please refer to Marrero et al. (2019) for a complete description of the population
that receives genetic testing.

3.2 Risk Scores

The risk for ASCVD events due to clinical factors of each patient per year is measured using an existing
pooled cohort equations (PCE) risk score (Goff et al. 2014). This risk score is based on a proportional
hazards model with age, gender, race, smoking status, diabetes status, SBP, HDL, and TC as explanatory
variables. Based on clinical expertise, we assume independence among the ASCVD events. Moreover, we
assume that 60% of the ASCVD risk is due to CHD events (Benjamin et al. 2018).
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While no information of the risk for stroke events due to genetic factors is available, based on
communications with clinical collaborators we assume that the risk for CHD events due to genetic factors
can be measured using a GRS. We assume the GRS of each patient does not change over time. Previous
studies have shown that the risk for CHD due to genetic factors is nearly independent from the risk for
CHD due to clinical factors (Khera et al. 2016; Khera et al. 2018; Natarajan et al. 2017). Past research
has also found that the distribution of genetic scores is near normal (Khera et al. 2018; Mega et al. 2015).
This allows us to model the genetic score of each patient in our population as a standard Gaussian random
variable. We then estimate the GRS as the odds ratio for CHD events per standard deviation of the genetic
score, as estimated by Khera et al. (2018). The PCE risk increases by an odds ratio of 1.67 per standard
deviation of the genetic score (Khera et al. 2018; Abraham et al. 2016).

We assume the event rate predicted by the PCE risk score as true at a population level (Goff et al.
2014). Hence, the average risk for ASCVD events in the population is expected to remain unchanged after
the addition of genetic information. Since the distribution of odds ratios is asymmetric, the GRS would
likely change the average risk for CHD events at a population level. To account for this, we develop a
correction factor for the genetic risk scores. We define this correction factor as the ratio of the mean odds
for CHD due to clinical factors to the mean odds for CHD due to clinical and genetic factors at the first
year of our study. Combining the two components of the risk for CHD events, we can then estimate the
risk for ASCVD events due to clinical and genetic factors, or the GenePCE risk score.

3.3 State Space

Our simulation model uses a state-space representation to fully describe the characteristics of every patient
at each year r. A state s; € S consists of a patient’s demographic information, laboratory measurements,
health status, and GRS at year t. Each patient’s demographic information and laboratory measurements are
incorporated into our state in the form of the PCE risk score. The demographic information encompasses
the patient’s age, race, and sex. The laboratory measurements include measurements of the patient’s
untreated SBP, HDL, TC, smoking status, and diabetes status. We assume each patient’s health status can
be classified at the beginning of each year into one of the following: (1) healthy (no history of CHD or
stroke); (2) history of CHD but no adverse event in the current period; (3) history of stroke but no adverse
event in the current period; (4) history of CHD and stroke but no adverse event in the current period; (5)
survived a CHD event in the current period; (6) survived a stroke in the current period; (7) death from
a non-cardiovascular disease related cause; (8) death from a CHD event in the current period; (9) death
from a stroke in the current period; and (10) dead. We also assume that all patients have a healthy status
at the beginning of our simulation.

3.4 Action Space

We limit our action space A to three treatment options: no treatment, moderate intensity statins, or high
intensity statins. The treatment that patients receive each year depends on their current and future states.
Once a treatment choice a; € A is made at the beginning of year 7, we assume it has a near-immediate
effect on each patient’s health. We incorporate this effect by estimating the relative risk reduction due to
treatment choice a;. The estimates of the effect of cholesterol-lowering statins drugs on ASCVD events
are derived from Collins et al. (2016).

3.5 Transition Probabilities

We use p;(5;|s;,a;) to denote the transition probability from state s, to state §;, after taking action a, at the
beginning of year ¢. To calculate the transition probabilities, we first estimate the PCE risk score (risk for
ASCVD events due to clinical factors) and GenePCE risk score (risk for ASCVD events due to clinical and
genetic factors). As in previous studies, we assume that if patients have a history of CHD or stroke, they
are more likely to have additional ASCVD events (Schell et al. 2016; Marrero et al. 2019). To account
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for this, we multiply the patient’s CHD odds by 3 if the patient has a history of CHD, multiply the stroke
odds by 2 if the patient is at least 60 years old and has a history of stroke, and multiply the stroke odds
by 3 if the patient has a history of stroke and is less than 60 years old (Brgnnum-Hansen 2001; Burn
et al. 1994). The risks for CHD and stroke are adjusted if the patient receives treatment. For people who
have an event in a given year, we calculate the probability for this event to be fatal by applying fatality
likelihoods to the post-treatment risk for CHD and stroke (Lloyd-Jones et al. 2009; Sussman et al. 2013).
We calculate the fatality likelihoods as the ratio of known fatal event rates from the National Center for
Health Statistics to the overall event rates predicted by the PCE risk, adjusted for age and gender (National
Center for Health Statistics 2017). In addition, we incorporate the probability of non-ASCVD mortality
using life-tables (Arias et al. 2017).

3.6 Rewards and Costs

We define the reward ¢; (s;,a,) as the quality of life (QoL) associated with the patient’s health status at state
s; minus the burden from treatment choice a; at year ¢. During our study, we assume that the QoL weight
depends only on the patient’s health status. We obtain the QoL weights and burden from the treatment
choices used during our analyses from previous studies (Fryback et al. 1993; Pignone et al. 2006; Pignone
2007; Pandya et al. 2015). To evaluate the lifetime effect of the treatment choices, we assume the terminal
condition of a patient can be computed as the product of the patient’s expected lifetime, a mortality factor
that accounts for the effect of ASCVD events on future mortality, and a terminal QoL weight (Fryback
et al. 1993; Pignone et al. 2006; Pignone 2007; Arias et al. 2017; Pandya et al. 2015).

The cost of fatal and non-fatal ASCVD events, history of ASCVD events, medications, and genetic
testing are also obtained from existing literature (O’Sullivan et al. 2011; Medical Expenditure Panel Survey
2015; GoodRx 2017; Color Genomics 2018). All the cost parameters in our analyses are adjusted for
inflation from the original citations. All QoL weights and costs are discounted by 3%.

3.7 Treatment Strategies

To evaluate the impact of genetic testing, we model the process of sequentially determining cholesterol
treatment medications over the 10-year planning horizon as a finite-horizon discrete-time MDP (Puterman
2014). We develop two MDP policies for each patient in our simulation, one based on clinical information
only and another based on clinical and genetic information.

The objective of each MDP is to determine the treatment strategy that maximizes the expected discounted
QALYs, based on the available information. We obtain optimal cholesterol treatment plans by solving the
set of dynamic programming equations:

vi(sy) = max{ Z e (8tlst,ar) [QI(ft,at) +lvt+l(§t>] } )

aeA 5es

fors; €8, and r=0,1,...,T — 1, where A = 0.97 is the discount factor of the model. Given a terminal
condition v7(s7), we can find the optimal treatment strategy by recursively computing the value functions
vi(s;) fort =0,1,...,T—1 and s5; € 8.

Both MDPs share the same states, transition probabilities, and rewards as our simulation model.
However, the MDP model developed with clinical information only does not include genetic information
when treatment decisions are made.

3.8 Model Evaluation

Our simulation framework allows for an estimation of the benefit of treatment plans with and without genetic
information in a flexible and realistic way. Given the patient’s initial state sy, our simulation framework
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enables us to approximate the total expected QALY's obtained from each treatment plan as:

| K T-1
vo(so) ~ X Y X Aair(sikank) + A vr(s7),
k=11=0

where g, 1 (¢ k,ar k) is the QoL associated with the patient’s health status minus the treatment harm from a; 4
at state s; ¢, year f, and replication k, vr(s7) is the terminal condition as defined in the MDP formulation
at state sz, A =0.97 is the discount factor of the model, and K is the total number of replications in our
simulation model.

3.9 Calibration and Validation

To ensure the number of fatal and non-fatal CHD and stroke events in our simulation match those of the
national statistics, we calibrate the amount of events predicted by the risk scores. Mortality from second
cardiovascular events and known overdiagnosis of cardiovascular diseases is accounted for by decreasing
the fatal event rates reported by the National Center for Health Statistics by 50% (Govindan et al. 2014).
We estimate the overall event rates predicted by the risk scores by simulating the first year of the 10-year
planning horizon of every patient following the USPSTF statin guidelines 50 times. We also run a baseline
simulation in which the study population is untreated and the event rates are calibrated with national
data (National Center for Health Statistics 2017). The calibration of our model was verified by a clinical
researcher at the University of Michigan Medical School.

Our simulation was built with high face validity by discussing the parameters and logic with experts
in the field. Our co-author, a practicing clinician at the University of Michigan Hospital and researcher
at the Veterans Affairs Ann Arbor Healthcare System, helped to validate our model. Additionally, our
estimates of the effect of genetic information on the risk for CHD events were discussed with geneticists
at the Massachusetts General Hospital and the Department of Medicine at Harvard Medical School.

All analyses are performed with R (v3.5.0 The R Foundation for Statistical Computing, Vienna AT) (R
Core Team 2016). The computations are made using 50 Intel Xeon CPUs and 256GB of RAM. A single
replicate of our simulation requires approximately 5 seconds of computing time.

4 RESULTS

The number of replications needed to capture the heterogeneity in our population and to observe low-
probability events is first evaluated. We study how the average QALY's saved and cost incurred per patient
change by incorporating genetic information into treatment plans as we increase the number of replications.
The effect of genetic information on each patient’s PCE risk at the first year of our study is then investigated.
Subsequently, we estimate the number of CHD events averted, QALY's saved, costs incurred, and cost per
QALY saved following both treatment strategies, compared to no treatment. Lastly, we evaluate the impact
of performing genetic testing in patients below and above 50 years old and in male and female patients
while varying the cost of genetic testing from $0 to $400. See Marrero et al. (2019) for the implication
of genetic testing in current practice and additional analyses.

4.1 Selection of Number of Replications

Before investigating the impact of genetic testing in a representative sample of the US population, we derive
the number of replications to run our simulation model empirically. We observe that the average QALY's
saved and cost incurred after 750 replications are close to the average QALY saved and cost incurred at
2,000 replications with small variation (Figure 2). Based on this, we choose to run the simulation K = 750
times for all analyses.
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Figure 2: Convergence of QALY saved and cost incurred due to genetic testing in simulation. Figure 2(a)
illustrates the average QALYSs saved due to genetic testing using from 1 to 1,500 replications. Points in
Figure 2(b) represent the average cost incurred due to genetic testing using from 1 to 1,500 replications.
The red horizontal lines in plots show the average QALY saved and cost incurred at 2,000 replications.

4.2 Comparison of Risk Scores

Out of a population of 93.55 million patients, 16.17 million (17.29%) patients receive a genetic test at the
first year of our study. Even though genetic information does not change the overall rate of events in the
population, it may change the individual risk scores of patients. The genetic information of patients alters
their risk for ASCVD events and may change their treatment plans. Figure 3 shows an overall comparison
of the PCE and GenePCE risk scores at the first year of our study. We observe that genetic information
helps identify individuals at increased risk for ASCVD events. However, it can be noticed that most of the
population have GenePCE risk scores slightly lower than PCE risk scores.

4.3 Impact of Genetic Testing

Table 1 summarizes the health outcomes and costs of both treatment strategies compared to no treatment.
We observe that the policies informed with clinical and genetic information averted 86 more CHD events and
saved 390 more QALY than the policies informed with clinical information only. Patients with GenePCE
scores higher than PCE scores may require a more intense treatment than they would have received without
genetic information. Conversely, patients for whom the GenePCE score is lower than the PCE score may
require less treatment under the GenePCE score than given without genetic information.

After genetic testing, the cost of treatment decreases by $9.42 million. Since genetic testing provides
information about which patients should receive higher treatment intensity, the cost due to ASCVD events
decreases by $2.59 million using clinical and genetic information. Nonetheless, the policies derived using
clinical and genetic information have an additional cost of $3.14 billion due to genetic testing ($200 per
test in our base case). These cost estimates lead to an increase of nearly 3.13 billion USD in the total cost
of the policies informed with clinical and genetic information. Understanding which population benefits
the most from genetic testing may result in better health outcomes and lower costs.

4.4 Population and Genetic Testing Cost Analysis

By performing genetic testing on different populations, we are able to further identify which individuals
would benefit the most from a genetic test. Both treatment strategies are well below the commonly used cost-
effectiveness thresholds for all populations and testing costs, when compared to no treatment (Neumann
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Figure 3: Comparison of PCE and GenePCE risk scores. The population size is represented with the color
gradient (dark blue indicates the smallest population sizes and dark orange indicates the biggest population
sizes). Figure 3(a) shows the risk scores of the whole population (93.55 million people). Figure 3(b) shows
the risk scores of the patients that receive a genetic test during the first year of our study (16.17 million
people).

et al. 2014). We find that the policies informed with clinical and genetic information are cost-saving
compared to the policies informed with clinical information only if there is no cost associated with genetic
testing. Genetic testing is most cost-effective if performed on people who are less than 50 years old. It is
least cost-effective if performed on female individuals only. However, the incremental cost-effectiveness
ratio (ICER) of the policies informed with clinical and genetic information compared to the policies derived
with clinical information only is considerably higher than the regularly used cost-effectiveness thresholds
in all scenarios (Neumann et al. 2014). The results of our population and genetic testing cost analysis are
included in Figure 4.

S CONCLUSIONS AND FUTURE WORK

In this paper, we presented a simulation framework to evaluate the implications of genetic testing on optimal
cholesterol treatment plans using a 10-year planning horizon. We applied this framework to a large sample
representative of an adult population in the US. Although our simulation required longer running times

Table 1: Population health outcomes at the end of the 10-year time horizon. The policies informed with
clinical information only and with clinical and genetic information are compared to no treatment. Results are
averages over 750 replications. Values within parenthesis indicate the standard deviation across replications.

Information Considered Clinical Clinical and Genetic
Moderate intensity treatment, patient-years 121,875 (25,979) 155,512 (30,085)
High intensity treatment, patient-years 149,188,644 (276,853) 149,153,543 (277,348)
CHD events averted by treatment 275,038 (30,272) 275,124 (30,298)
QALYs saved 4,286,972 (241,950) 4,287,362 (242,010)
Total cost, billion USD $27.81 ($2.49) $30.94 ($2.49)
Cost/QALY saved, USD $6,488 ($840) $7,216 ($874)
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Figure 4: Incremental cost-effectiveness ratio (ICER) of genetic information in different populations and
costs of genetic testing. Points indicate the ICER of genetic information at genetic testing costs of $50,
$100, $200, and $400 per test. The base population represents performing genetic testing according to
clinical expertise and the USPSTF statin guidelines. A base-10 logarithmic scale was used in the vertical
axis for illustration purposes. Minor tick marks in the vertical axis represent 10% increases between the
major tick marks.

than simpler models (such as Markov cohort models), it enabled us to asses different aspects of our model
with great flexibility.

While we have modeled genetic testing based on the USPSTF statin guidelines and clinical expertise,
two key extensions of this work are to identify the population that would benefit the most from genetic
information and when to perform such a test. We leave these questions for future work (Marrero, Lavieri,
and Sussman 2019). It might also be worthwhile to limit the amount of treatment recommended by the
MDPs so that optimal treatment plans are cost-effective.

This work could also be extended by incorporating other cholesterol-lowering drugs (such as fibrates).
We chose statins because they are the most commonly used cholesterol-lowering drugs and there is reliable
data about their benefit. Another extension of this work could be to incorporate the effect of genetic testing
on hypertension treatment or aspirin use. The same genetic test could be used to guide decisions of multiple
conditions at once. However, risk prediction plays a smaller role in hypertension treatment decisions and
the clinical benefit of aspirin is now unclear (McNeil et al. 2018).

Although there are multiple extensions of this simulation model, we have developed a framework to
evaluate the impact of genetic testing on optimal cholesterol treatment plans. Our simulation framework
may also be used to evaluate other treatment strategies such as the USPSTF guidelines or the ACC/AHA
statin guidelines in practice (Bibbins-Domingo et al. 2016; Goff et al. 2014; Marrero et al. 2019). We
sought to find treatment strategies that maximized the expected discounted QALY due to their popularity
in quantifying the health-related benefits gained from clinical interventions (Fonarow et al. 2017; Glover
et al. 2018; Jarmul et al. 2018; Mason et al. 2014). Other objective functions (such as cost alone, or more
general utility functions) may be used to find treatment plans.

While our model may not be straightforward to implement at its current stage, it serves as a first
step towards quantifying the effect of genetic information in general treatment guidelines. In fact, current
guidelines already require risk calculation. We believe that when a GRS is already calculated, incorporating
these results would be technically feasible. As genetic information becomes increasingly available, having
such a framework becomes crucial.

ACKNOWLEDGMENTS

Research supported in part by the NSF grants DGE 1256260 and CMMI-1552545 and the United States
Department of Veterans Affairs grants VA HSR&D CDA13-021 and VA HSR&D 1IR 15-432.

1028



Marrero, Lavieri, and Sussman

REFERENCES

Abraham, G., A. S. Havulinna, O. G. Bhalala, S. G. Byars, A. M. De Livera, L. Yetukuri, E. Tikkanen, M. Perola, H. Schunkert,
E. J. Sijbrands, A. Palotie, N. J. Samani, V. Salomaa, S. Ripatti, and M. Inouye. 2016. “Genomic Prediction of Coronary
Heart Disease”. European Heart Journal 37(43):3267-3278.

Abraham, G., A. Kowalczyk, J. Zobel, and M. Inouye. 2013. “Performance and Robustness of Penalized and Unpenalized
Methods for Genetic Prediction of Complex Human Disease”. Genetic Epidemiology 37(2):184—195.

Abraham, G., J. A. Tye-Din, O. G. Bhalala, A. Kowalczyk, J. Zobel, and M. Inouye. 2014. “Accurate and Robust Genomic
Prediction of Celiac Disease Using Statistical Learning”. PLoS Genetics 10(2):e1004137.

Arias, E., M. Heron, and J. Xu. 2017. “United States Life Tables, 2013”. National Vital Statistics Reports 66(3):1-64.

Benjamin, E. J., S. S. Virani, C. W. Callaway, A. M. Chamberlain, A. R. Chang, S. Cheng, S. E. Chiuve, M. Cushman, F. N.
Delling, R. Deo, S. D. de Ferranti, J. F. Ferguson, M. Fornage, C. Gillespie, C. R. Isasi, M. C. Jiménez, L. C. Jordan,
S. E. Judd, D. Lackland, J. H. Lichtman, L. Lisabeth, S. Liu, C. T. Longenecker, P. L. Lutsey, J. S. Mackey, D. B.
Matchar, K. Matsushita, M. E. Mussolino, K. Nasir, M. O’Flaherty, L. P. Palaniappan, A. Pandey, D. K. Pandey, M. J.
Reeves, M. D. Ritchey, C. J. Rodriguez, G. A. Roth, W. D. Rosamond, U. K. Sampson, G. M. Satou, S. H. Shah, N. L.
Spartano, D. L. Tirschwell, C. W. Tsao, J. H. Voeks, J. Z. Willey, J. T. Wilkins, J. H. Wu, H. M. Alger, S. S. Wong, and
P. Muntner. 2018. “Heart Disease and Stroke Statistics - 2018 Update: A Report From the American Heart Association”.
Circulation 137(12):E67-E492.

Bibbins-Domingo, K., D. C. Grossman, S. J. Curry, K. W. Davidson, J. W. Epling, F. A. R. Garcia, M. W. Gillman, A. R.
Kemper, A. H. Krist, A. E. Kurth, C. S. Landefeld, M. L. LeFevre, C. M. Mangione, W. R. Phillips, D. K. Owens, M. G.
Phipps, and M. P. Pignone. 2016. “Statin Use for the Primary Prevention of Cardiovascular Disease in Adults”. JAMA -
Journal of the American Medical Association 316(19):1997.

Brgnnum-Hansen, H. 2001. “Survival and Cause of Death After Myocardial Infarction: The Danish MONICA Study”. Journal
of Clinical Epidemiology 54(12):1244-1250.

Burn, J., M. Dennis, J. Bamford, P. Sandercock, D. Wade, and C. Warlow. 1994. “Long-Term Risk of Recurrent Stroke After
a First-Ever Stroke. The Oxfordshire Community Stroke Project”. Stroke 25(2):333-7.

Cannon, C. P, I. Khan, A. C. Klimchak, M. R. Reynolds, R. J. Sanchez, and W. J. Sasiela. 2017. “Simulation of Lipid-Lowering
Therapy Intensification in a Population with Atherosclerotic Cardiovascular Disease”. JAMA Cardiology 2(9):959-966.

Centers for Disease Control and Prevention. 2017. “National Health and Nutrition Examination Survey Data”. https://www.cdc.
gov/nchs/nhanes/about_nhanes.htm, accessed 30" March 2018.

Collins, R., C. Reith, J. Emberson, J. Armitage, C. Baigent, L. Blackwell, R. Blumenthal, J. Danesh, G. D. Smith, D. DeMets,
S. Evans, M. Law, S. MacMahon, S. Martin, B. Neal, N. Poulter, D. Preiss, P. Ridker, I. Roberts, A. Rodgers, P. Sandercock,
K. Schulz, P. Sever, J. Simes, L. Smeeth, N. Wald, S. Yusuf, and R. Peto. 2016. “Interpretation of the Evidence for the
Efficacy and Safety of Statin Therapy”. The Lancet 388(10059):2532-2561.

Color Genomics. 2018. “Genetic Testing for Inherited Heart Conditions”. https://www.color.com/product/
hereditary-heart-health- genetic-test, accessed 19" November 2019.

Cooper, K., S. C. Brailsford, R. Davies, and J. Raftery. 2006. “A Review of Health Care Models for Coronary Heart Disease
Interventions”. Health Care Management Science 9(4):311-324.

Denton, B. T., M. Kurt, N. D. Shah, S. C. Bryant, and S. a. Smith. 2009. “Optimizing the Start Time of Statin Therapy for
Patients with Diabetes”. Medical Decision Making 29(3):351-367.

Ferranti, J. S., and P. J. de Freitas Filho. 2011. “Dynamic Mortality Simulation Model Incorporating Risk Indicators for
Cardiovascular Diseases”. In Proceedings of the 2011 Winter Simulation Conference, edited by S. Jain, R. R. Creasey,
J. Himmelspach, K. P. White, and M. Fu, 1263-1274. Piscataway, New Jersey: Institute of Electrical and Electronics
Engineers, Inc.

Fonarow, G. C., A. C. Keech, T. R. Pedersen, R. P. Giugliano, P. S. Sever, P. Lindgren, B. Van Hout, G. Villa, Y. Qian,
R. Somaratne, and M. S. Sabatine. 2017. “Cost-Effectiveness of Evolocumab Therapy for Reducing Cardiovascular Events
in Patients with Atherosclerotic Cardiovascular Disease”. JAMA Cardiology 2(10):1069-1078.

Fryback, D. G., E. J. Dasbach, R. Klein, B. E. Klein, N. Dorn, K. Peterson, and P. A. Martin. 1993. “The Beaver Dam Health
Outcomes Study: Initial Catalog of Health-State Quality Factors”. Medical Decision Making 13(2):89-102.

Glover, M., E. Jones, K. Masconi, M. Sweeting, S. Thompson, J. Powell, P. Ulug, and M. Bown. 2018. “Discrete Event
Simulation for Decision Modeling in Health Care: Lessons from Abdominal Aortic Aneurysm Screening”. Medical Decision
Making 38(4):439-451.

Goft, D. C., D. M. Lloyd-Jones, G. Bennett, S. Coady, R. B. D’Agostino, R. Gibbons, P. Greenland, D. T. Lackland, D. Levy,
C. J. O’Donnell, J. G. Robinson, J. S. Schwartz, S. T. Shero, S. C. Smith, P. Sorlie, N. J. Stone, and P. W. Wilson.
2014. “2013 ACC/AHA Guideline on the Assessment of Cardiovascular Risk: A Report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines”. Circulation 129(25 SUPPL. 1).

1029


https://www.cdc.gov/nchs/nhanes/about_nhanes.htm
https://www.cdc.gov/nchs/nhanes/about_nhanes.htm
https://www.color.com/product/hereditary-heart-health-genetic-test
https://www.color.com/product/hereditary-heart-health-genetic-test

Marrero, Lavieri, and Sussman

GoodRx. 2017. “Prescription Prices, Coupons and Pharmacy Information”. https://www.goodrx.com/, accessed 12" January
2017.

Govindan, S., L. Shapiro, K. M. Langa, and T. J. Iwashyna. 2014. “Death Certificates Underestimate Infections as Proximal
Causes of Death in the U.S.”. PLoS ONE 9(5):3-6.

Hauskrecht, M., and H. Fraser. 2000. “Planning Treatment of Ischemic Heart Disease with Partially Observable Markov Decision
Processes”. Artificial Intelligence in Medicine 18:221-244.

Heron, M. 2018. “Deaths: Leading Causes for 2016”. National Vital Statistics Reports 67(6):1-77.

Jarmul, J., M. J. Pletcher, K. Hassmiller Lich, S. B. Wheeler, M. Weinberger, C. L. Avery, D. E. Jonas, S. Earnshaw,
and M. Pignone. 2018. “Cardiovascular Genetic Risk Testing for Targeting Statin Therapy in the Primary Prevention of
Atherosclerotic Cardiovascular Disease”. Circulation: Cardiovascular Quality and Outcomes 11(4):¢004171.

Khera, A. V., M. Chaffin, K. G. Aragam, M. E. Haas, C. Roselli, S. H. Choi, P. Natarajan, E. S. Lander, S. A. Lubitz, P. T.
Ellinor, and S. Kathiresan. 2018. “Genome-wide Polygenic Scores for Common Diseases Identify Individuals with Risk
Equivalent to Monogenic Mutations”. Nature Genetics 50(9):1219-1224.

Khera, A. V., C. A. Emdin, I. Drake, P. Natarajan, A. G. Bick, N. R. Cook, D. I. Chasman, U. Baber, R. Mehran, D. J.
Rader, V. Fuster, E. Boerwinkle, O. Melander, M. Orho-Melander, P. M. Ridker, and S. Kathiresan. 2016. “Genetic Risk,
Adherence to a Healthy Lifestyle, and Coronary Disease”. New England Journal of Medicine 375(24):2349-2358.

Liu, S., J. C. Xu, G. Liu, H. Xue, D. Bishai, and Y. Wang. 2018. “Evaluating Cost-Effectiveness of Treatment Options for
Diabetes Patients Using System Dynamics Modeling”. In Proceedings of the 2018 Winter Simulation Conference, edited
by M. Rabe, A. A. Juan, N. Mustafee, S. J. A. Skoogh, and B. Johansson, 2577-2588. Piscataway, New Jersey: Institute
of Electrical and Electronics Engineers, Inc.

Lloyd-Jones, D., R. Adams, M. Carnethon, G. De Simone, T. B. Ferguson, K. Flegal, E. Ford, K. Furie, A. Go, K. Greenlund,
N. Haase, S. Hailpern, M. Ho, V. Howard, B. Kissela, S. Kittner, D. Lackland, L. Lisabeth, A. Marelli, M. McDermott, J. Meigs,
D. Mozaffarian, G. Nichol, C. O’Donnell, V. Roger, W. Rosamond, R. Sacco, P. Sorlie, R. Stafford, J. Steinberger, T. Thom,
S. Wasserthiel-Smoller, N. Wong, J. Wylie-Rosett, and Y. Hong. 2009, jan. “Heart Disease and Stroke Statistics—2009
Update”. Circulation 119(3):119:e21-e181.

MacRae, C. A., and R. S. Vasan. 2016. “The Future of Genetics and Genomics”. Circulation 133(25):2634-2639.

Marrero, W. J., M. S. Lavieri, S. Butler, A. V. Khera, J. Burke, and J. B. Sussman. 2019. “Decision Analysis to Determine a
Cost-Effective Population for use Genome-Wide Polygenic Scores for Statin use for Primary Prevention”. Working Paper.

Marrero, W. J., M. S. Lavieri, and J. B. Sussman. 2019. “Optimal Cholesterol Treatment Plans and Genetic Testing Strategies
for Cardiovascular Diseases”. Working Paper.

Mason, J. E., B. T. Denton, N. D. Shah, and S. A. Smith. 2014. “Optimizing the Simultaneous Management of Blood Pressure
and Cholesterol for Type 2 Diabetes Patients”. European Journal of Operational Research 233(3):727-738.

McNeil, J. J., M. R. Nelson, R. L. Woods, J. E. Lockery, R. Wolfe, C. M. Reid, B. Kirpach, R. C. Shah, D. G. Ives, E. Storey,
J. Ryan, A. M. Tonkin, A. B. Newman, J. D. Williamson, K. L. Margolis, M. E. Ernst, W. P. Abhayaratna, N. Stocks,
S. M. Fitzgerald, S. G. Orchard, R. E. Trevaks, L. J. Beilin, G. A. Donnan, P. Gibbs, C. I. Johnston, B. Radziszewska,
R. Grimm, and A. M. Murray. 2018. “Effect of Aspirin on All-Cause Mortality in the Healthy Elderly”. New England
Journal of Medicine 379(16):1519-1528.

Medical Expenditure Panel Survey. 2015. “MEPS HC-163: 2013 Full Year Consolidated Data File”. https://meps.ahrq.gov/
data_stats/download_data_files_detail.jsp?cboPufNumber=HC- 163, accessed 9" April 2017.

Mega, J. L., N. O. Stitziel, J. G. Smith, D. I. Chasman, M. J. Caulfield, J. J. Devlin, F. Nordio, C. L. Hyde, C. P. Cannon,
F. M. Sacks, N. R. Poulter, P. S. Sever, P. M. Ridker, E. Braunwald, O. Melander, S. Kathiresan, and M. S. Sabatine.
2015. “Genetic Risk, Coronary Heart Disease Events, and the Clinical Benefit of Statin Therapy: An Analysis of Primary
and Secondary Prevention Trials”. The Lancet 385(9984):2264-2271.

Natarajan, P., R. Young, N. O. Stitziel, S. Padmanabhan, U. Baber, R. Mehran, S. Sartori, V. Fuster, D. F. Reilly, A. But-
terworth, D. J. Rader, I. Ford, N. Sattar, and S. Kathiresan. 2017. “Polygenic Risk Score Identifies Subgroup with
Higher Burden of Atherosclerosis and Greater Relative Benefit from Statin Therapy in the Primary Prevention Setting”.
Circulation 135(22):2091-2101.

National Center for Health Statistics 2017. “Health, United States, 2016: With Chartbook on Long-term Trends in Health”.
Center for Disease Control:314-317.

Neumann, P. J., J. T. Cohen, and M. C. Weinstein. 2014. “Updating Cost-Effectiveness - The Curious Resilience of the
$50,000-per-QALY Threshold”. New England Journal of Medicine 371(9):796-797.

Nowok, B., G. M. Raab, and C. Dibben. 2016. “synthpop: Bespoke Creation of Synthetic Data in R”. Journal of Statistical
Software 74(11).

O’Sullivan, A. K., J. Rubin, J. Nyambose, A. Kuznik, D. J. Cohen, and D. Thompson. 2011. “Cost Estimation of Cardiovascular
Disease Events in the US”. PharmacoEconomics 29(8):693-704.

1030


https://www.goodrx.com/
https://meps.ahrq.gov/data_stats/download_data_files_detail.jsp?cboPufNumber=HC-163
https://meps.ahrq.gov/data_stats/download_data_files_detail.jsp?cboPufNumber=HC-163

Marrero, Lavieri, and Sussman

Pandya, A., S. Sy, S. Cho, M. C. Weinstein, and T. A. Gaziano. 2015. “Cost-Effectiveness of 10-Year Risk Thresholds for
Initiation of Statin Therapy for Primary Prevention of Cardiovascular Disease”. JAMA - Journal of the American Medical
Association 314(2):142-150.

Pignone, M. 2007. “Aspirin for the Primary Prevention of Cardiovascular Disease in Women”. Archives of Internal
Medicine 167(3):290.

Pignone, M., S. Earnshaw, J. A. Tice, and M. J. Pletcher. 2006. “Aspirin, Statins, or Both Drugs for the Primary Prevention
of Coronary Heart Disease Events in Men: A Cost-Utility Analysis”. Annals of Internal Medicine (USA) 144:326-336.

Puterman, M. L. 2014. Markov Decision Processes: Discrete Stochastic Dynamic Programming. Hoboken, New Jersey: John
Wiley & Sons.

R Core Team. 2016. “R: A Language and Environment for Statistical Computing”. https://www.r-project.org/.

Schell, G. J., W. J. Marrero, M. S. Lavieri, J. B. Sussman, and R. A. Hayward. 2016. “Data-Driven Markov Decision Process
Approximations for Personalized Hypertension Treatment Planning”. MDM Policy & Practice 1(1).

Stekhoven, D. J., and P. Buhlmann. 2012. “MissForest—-Non-Parametric Missing Value Imputation for Mixed-Type Data”.
Bioinformatics 28(1):112-118.

Stone, N. J., J. G. Robinson, A. H. Lichtenstein, C. N. Bairey Merz, C. B. Blum, R. H. Eckel, A. C. Goldberg, D. Gordon,
D. Levy, D. M. Lloyd-Jones, P. McBride, J. S. Schwartz, S. T. Shero, S. C. Smith, K. Watson, and P. W. F. Wilson. 2014,
jun. “2013 ACC/AHA Guideline on the Treatment of Blood Cholesterol to Reduce Atherosclerotic Cardiovascular Risk
in Adults”. Circulation 129(25 suppl 2):S1-S45.

Sun, Y., S. Goodison, J. Li, L. Liu, and W. Farmerie. 2007. “Improved Breast Cancer Prognosis Through the Combination of
Clinical and Genetic Markers”. Bioinformatics 23(1):30-37.

Sussman, J., S. Vijan, and R. Hayward. 2013. “Using Benefit-Based Tailored Treatment to Improve the Use of Antihypertensive
Medications”. Circulation 128(21):2309-2317.

AUTHOR BIOGRAPHIES

WESLEY J. MARRERO is a PhD Candidate in the Department of Industrial and Operations Engineering at the University
of Michigan. Wesley’s research focuses on the usage and creation of data-driven methods to make better decisions. His
current research addresses healthcare applications from a population and patient perspective. From a population point of view,
he focuses on modeling future supply, demand, and allocation of organs while considering population shifts. From a patient
perspective, he researches optimal treatment plans for cardiovascular diseases. These plans are personalized to each patient’s
disease progression. Wesley is a recipient of the National Science Foundation Graduate Research Fellowship. Over the course
of his PhD studies, he has also received an honorable mention in the Minority Issues forum from the Institute for Operations
Research and the Management Sciences as well as a Rackham Merit Fellowship. In addition to his PhD in Industrial and
Operations Engineering, Wesley is partaking in the dual master’s program offered by the Department of Statistics at the
University of Michigan. His email address is wmarrero@umich.edu.

MARIEL S. LAVIERI is an Associate Professor in the Department of Industrial and Operations Engineering at the University of
Michigan. In her work, she applies operations research to healthcare topics. Among others, Dr. Lavieri has developed dynamic
programming, stochastic control, and continuous, partially observable state space models to guide screening, monitoring and
treatment decisions of chronic disease patients. She has also created models for health workforce and capacity planning. Dr.
Lavieri is the recipient of the 2017 Willie Hobbs Moore Aspire, Advance, Achieve Mentoring Award (for formal and informal
mentorship provided to her students), the 2016 National Science Foundation CAREER Award, the 2013 International Conference
on Operations Research Young Participant with Most Practical Impact Award, and the 2006 Bonder Scholarship. She received
the 2009 Pierskalla Best Paper Award, and an honorary mention in the 2010 George B. Dantzig Dissertation Award. Dr. Lavieri
has mentored students who won the 2012 Doing Good with Good OR, the 2013 and 2018 Society for Medical Decision Making
Lee Lusted Award, the 2015 IBM Research Service Science Best Student Paper Award, and the 2016 Production and Operations
Management Society College of Healthcare Operations Management Best Paper Award. Her email address is lavieri@umich.edu.

JEREMY B. SUSSMAN is a Research Scientist in the Center for Clinical Management Research at the Veterans Affairs Ann
Arbor Health System and an Assistant Professor in the Department of Internal Medicine at the University of Michigan Medical
School. He attended medical school at the University of California, San Francisco, completed internal medicine residency at
Yale-New Haven Hospital, and was a Robert Wood Johnson Foundation Clinical Scholar at the University of Michigan. His
research is focused on developing and implementing strategies to make clinical decisions more personalized and effective. He
has focused on how using a patient’s risk of cardiovascular disease to guide treatment decisions. This has involved research that
could alter how we use blood pressure medications and aspirin, along with projects on how to predict patient’s risk of having
heart attacks and strokes, and work on the science of changing clinical behavior. His email address is jeremysu@med.umich.edu.

1031


https://www.r-project.org/
mailto://wmarrero@umich.edu
mailto://lavieri@umich.edu
mailto://jeremysu@med.umich.edu

	INTRODUCTION
	LITERATURE REVIEW
	SIMULATION FRAMEWORK
	Data
	Risk Scores
	State Space
	Action Space
	Transition Probabilities
	Rewards and Costs
	Treatment Strategies
	Model Evaluation
	Calibration and Validation

	RESULTS
	Selection of Number of Replications
	Comparison of Risk Scores
	Impact of Genetic Testing
	Population and Genetic Testing Cost Analysis

	CONCLUSIONS AND FUTURE WORK

