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Cardiovascular diseases (CVDs) are the leading cause of death and disability both in the United

States and worldwide. Despite high morbidity, mortality, and cost in the US and global health-

care systems, cardiovascular care has been under-studied in the healthcare operations management

literature. In this paper, we identify research opportunities for healthcare operations management

scholars to aid in improving cardiovascular care. We focus on three burdensome conditions, includ-

ing (1) coronary artery disease, (2) stroke, and (3) heart failure, which, collectively, lead to the

vast majority of CVD-caused mortality and disability. For each condition, we characterize a typical

patient’s journey in receiving cardiovascular care, elucidating key challenges in improving care and

outlining research questions for healthcare operations management scholars. We close with a refer-

ence to new research opportunities that emerge as artificial intelligence is likely to transform much

of cardiovascular care.
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1. Introduction

Cardiovascular diseases (CVDs) are the No. 1 cause of death globally, killing nearly 18 million

people every year and accounting for 31% of all deaths (WHO 2019). In the United States, CVDs

cause 610,000 deaths every year, more than cancer, chronic lower respiratory diseases, and acci-

dents combined (CDC 2018). Among CVDs, coronary artery disease (CAD) is the leading culprit,

contributing to 370,000 deaths annually (CDC 2018). In addition to mortality, the impacts of

disability to the individuals, health systems, and society are substantial.

Despite the significance and burden of cardiovascular care, in contrast to a growing empirical

literature (see, e.g., Bartel, Chan, and Kim 2019, Huckman 2003, KC, Staats, and Gino 2013, Lu,

Lu, Smith, and Dai 2018, Lu and Rui 2018, Staats, KC, and Gino 2018), there has been little formal

analytical-modeling effort specific to cardiovascular care in the healthcare operations management

1
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literature, especially in leading Operations Research/Management Science (OR/MS) journals.1

Two possible reasons contribute to this phenomenon. First, the field of healthcare operations man-

agement traditionally focuses on identifying principles of delivering healthcare more efficiently.

Thus, it tends to be organized around a general mode of care (e.g., inpatient care, ambulatory

care, surgical care, and emergency care) instead of specific disease groups. However, some of those

general principles, valuable as they are in addressing operational and organizational-level issues

(e.g., capacity management, patient flow management, scheduling, organizational learning) shared

across disease groups, do not target diagnostic and treatment challenges unique to cardiovascular

care, such as failure to provide accurate diagnosis for certain easy-to-diagnose CVD conditions and

failure to adopt evidence-based therapies and procedures proven to be more effective and objec-

tive than their alternatives (McClellan et al. 2019); models and methodological tools specifically

addressing these challenges are in order. Second, managing CVDs entails addressing challenges

fairly aligned with those associated with managing other chronic conditions particularly in an era

of multimorbidity. Yet, managing chronic conditions has not attracted a substantial amount of

attention from this field until fairly recently.

To be certain, numerous mathematical models have already existed in the field of cardiology.

By some account, the heart may be the most extensively modeled human organ. For example, the

heart surface has been modeled as the following mathematical equation (Roberts 2019):

{x2 + [(1 + b)y]2 + z2− 1}3−x2z3− ay2z3 = 0,

where (x, y, z) denotes the coordinate of a point on the heart surface, and a, b > 0 are constants.

However, the delivery of cardiovascular care has been modeled minimally. We believe that, similar

to disease-specific areas such as organ transplantation,2 cardiovascular care presents a compelling

venue of future research for healthcare operations management scholars to make an impact.

In this paper, we seek to highlight some recent modeling efforts of cardiovascular care, and

map out promising research opportunities in this space. We recognize there is a vast number of

cardiovascular conditions. To discuss every one of them would be a herculean task and go beyond the

scope of this paper. Instead, we focus on the top three contributors to CVD burden, ranked in terms

of the number of deaths. These conditions include CAD, which leads to the majority of CVD-caused

deaths, strokes, and heart failure. Together, these three conditions cover a significant proportion

of CVD-caused deaths, contribute to disability with major cost implications for individuals and

1 See Dai and Tayur (2018, 2019), Keskinocak and Savva (2019) for several recent surveys of the field of healthcare
operations management.

2 See Ata et al. (2018) and Gupta (2018) for recent reviews of the area of organ transplantation.
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health care systems, and present vastly distinct sets of challenges for healthcare systems, payers,

practitioners and researchers alike.

For each condition, we map a typical patient’s journey. Although one may be tempted to think

of patient journeys as being linear, in reality, their geometry can take myriad shapes and, in many

cases, entail a network of specialties and care facilities. These patient journeys provide a “patient-

centric” view of cardiovascular care and allow us to reveal the “friction points” that correspond to

opportunities for improving the care delivery, medical decision-making, and policymaking. After

describing patient journeys associated with these conditions, we discuss the analytical-modeling lit-

erature related to each condition, and present ongoing research efforts in the healthcare operations

management community. We also highlight a number of research opportunities.

Before delving into specific illness trajectories, we briefly summarize the key challenges of man-

aging CAD, stroke, and heart failure patients. These challenges have not been well understood

by medical practitioners and healthcare scholars alike. They range from macro-level policymaking

(e.g., innovative physician payment models aimed to induce appropriate provision of care) to meso-

level organizational design (e.g., better delivery models and incentive design aimed to improve

diagnostic accuracy) to micro-level operations and medical decision-making (e.g., a more scientific

and actionable understanding of the relationship between various, often conflicting, operational

and clinical metrics). First, in the case of CAD care, the key challenge is to design diagnostic

and treatment pathways appropriately to help patients and clinicians alike mitigate the immense

amount of clinical ambiguity that is a hallmark in the presentation of signs and symptoms of CAD.

Second, in the case of stroke care, timely and correct diagnosis is the key, so future research efforts

should be focused on improving diagnostic accuracy and access to timely and appropriate care.

Third, in the case of heart failure care, the key challenge entails addressing the full continuum of

care, from bed to home, through balancing interventions across inpatient and outpatient channels.

Specifically with heart failure there are also operational considerations in minimizing the length of

stay (LOS) and reducing readmissions. For ease of reference, we summarize the abbreviation used

in this paper in Table 1.

The purpose of the field of healthcare operations management is to help provide “affordable

and inclusive access to quality healthcare, in a timely manner” (Dai and Tayur 2019). For that to

happen in the case of cardiovascular care, we believe better coordination and integration of various

parts of cardiovascular care are the key, in which healthcare operations management scholars can

play an instrumental role.

2. Coronary Artery Disease

Coronary artery disease (CAD) entails the narrowing or blockage of a patient’s coronary arter-

ies. causing 60% of CVD-related deaths (CDC 2018). In this section, we start with describing a
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AUC appropriate use criteria
CABG coronary artery bypass grafting
CAD coronary artery disease
CT computed tomography
CVDs cardiovascular diseases
ECG electrocardiography
FFR fractional flow reserve
HRRP Hospital Readmission Reduction Program
LOS length of stay
MRI magnetic resonance imaging
PCI percutaneous coronary intervention

Table 1 Abbreviations

CAD patient’s journey associated with the healthcare delivery and identifying opportunities for

improvement. We then provide a review of the analytical modeling literature and a set of research

questions, complemented with analytical models to illustrate the key challenges.

2.1 Patient Journey and Opportunities for Improvement

A typical CAD patient’s journey, as illustrated in Figure 1, consists of the following stages. First, the

patient may exhibit chest pain (angina) symptoms, sometimes during routine checks. Depending on

whether the symptom is acute (new or worsening) or non-acute (chronic), the patient experiences

quite different journeys (CCN 2017):

(i) If the patient’s symptom is acute, the patient is rapidly referred to a cardiac catheterization

laboratory. Then the patient undergoes a cardiac catheterization procedure that generates an

angiogram of the patient’s arteries. Abnormal results from angiographic readings often leads to

percutaneous coronary intervention (PCI) procedures (aka angioplasty and stenting) or referrals

to a cardiac surgeon, who performs a coronary artery bypass grafting (CABG) surgery procedure.

After the PCI or CABG procedure, the patient is usually discharged home to be under the care of

the primary cardiologist, but will occasionally require rehabilitation and/or long-term care as well

as primary cardiac care.

(ii) If the symptom is non-acute, the patient typically visits a general cardiologist, during which

the patient may receive non-invasive cardiac tests such as electrocardiography (ECG), an echocar-

diogram and a stress test. Depending on the results from such tests, the general cardiologist may

refer the patient to an interventional cardiologist at a catheterization laboratory, often based in a

general hospital. The rest of the patient journey is similar to that for an acute patient, except that

a non-acute patient is less likely to receive PCI or CABG procedures and more likely to receive

only medical therapy. Moreover, the diagnosis at the catheterization laboratory is more likely to

be reached through advanced intracoronary physiologic tests such as fractional flow reserve (FFR),

in addition to coronary angiography.
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Figure 1 Illustration of a CAD patient’s journey (adapted from CCN 2017).

Appropriate diagnosis and treatment represent the key opportunities for improving CAD care. To

be specific, it is a consensus among the interventional cardiology community that PCI procedures

are being significantly overused (Huang and Rosenthal 2015), whereas advanced intracoronary tests

such as FFR have been significantly underused (Johnson and Koo 2018, Tebaldi et al. 2018). In

addition, in a primary care setting, nuclear stress testing has been significantly overused (Huang

and Rosenthal 2015). Modeling and analyzing the drivers behind the patterns of provision of these

diagnostic and treatment procedures will help inform the practice of CAD care and shape related

health policies.

2.2 Research Questions

Based on our discussion of a CAD patient’s journey and opportunities for improving it, we outline

three important research questions for analytics researchers.

2.2.1 Reducing Overuse of PCI Procedures. PCI procedures are credited for a significant

reduction in deaths caused by myocardial infarction, commonly known as “heart attack,” (Group

et al. 2016), but in non-acute patients with stable CAD, the value of PCI over medical therapy is
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less clear (Stergiopoulos and Brown 2012). While PCI can reduce chest pain in these patients in

the short term and possibly reduce heart attacks and deaths in stable CAD patients with severe

blockages that substantially reduce blood flow (EuroPCR 2018, Torguson and Wermers 2018), it

is the consensus of the interventional cardiology community that PCI procedures are generally

overused in non-acute cases. A recent study by Desai et al. (2015) finds among 2.7 million PCI

procedures from 766 US hospitals, 12.6% of the procedures were classified as “rarely appropriate,”

in addition to 33% that were classified as having an “uncertain” appropriateness.

The primary challenge in interventional cardiology decision-making is the underlying clini-

cal ambiguity in clinical decision-making (Dai et al. 2019), especially related to “eye-balling”

angiograms in determining whether it is appropriate to perform a PCI procedure. Indeed, the

appropriate use criteria (AUC) in the interventional cardiology community (Patel et al. 2017) con-

cede they “are not intended to diminish the acknowledged complexity or uncertainty of clinical

decision-making and should not be used as a substitute for sound clinical judgment.” Many of

the clinical advances have been aimed at mitigating such clinical ambiguity. For example, FFR

measurement has emerged as an increasingly important tool to identify coronary lesions that sub-

stantially reduce coronary blood flow, and to select the subset of stable CAD patients for whom

PCI may not only relieve chest pain, but may actually reduce the likelihood of heart attack and

death.

Another challenge is financial incentives that may influence physicians’ choosing one clinical

pathway over another. A dramatic instance was documented by a New York Times front-page

story (Harris 2010):

Word quickly reached top executives at Abbott Laboratories that a Baltimore cardiologist, Dr. Mark

Midei, had inserted 30 of the company’s cardiac stents in a single day in August 2008, “which is the

biggest day I remember hearing about,” an executive wrote in a celebratory e-mail.

Two days later, an Abbott sales representative spent $2,159 to buy a whole, slow-smoked pig, peach

cobbler and other fixings for a barbecue dinner at Dr. Midei’s home, according to a report being released

Monday by the Senate. The dinner was just a small part of the millions in salary and perks showered

on Dr. Midei for putting more stents in more patients than almost any other cardiologist in Baltimore.

One may conclude a stronger financial incentive leads to more tests and procedures due to non-

clinical reasons (Goh 2018). A catheterization laboratory setting presents a nuanced situation. For

example, recent research emerging from both the clinical and healthcare operations management

literature (Dai et al. 2019, Hannawi et al. 2014) has shown a more revenue-driven physician may

have a disincentive to perform advanced intracoronary tests such as FFR. The underlying reason

is, by performing these advanced tests, an interventional cardiologist may achieve more precise

diagnostic and treatment decisions that argue against costly PCI procedures. Furthermore, recent
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evidence has shown financial incentives do not fully explain the under-utilization of advanced

intracoronary tests (Tebaldi et al. 2018), alluding to the importance of incorporating psychological

and cognitive sides of physician decision-making (Dai and Singh 2019, Johnson and Koo 2018).

Policymakers and healthcare leaders have explored a number of initiatives aimed at reducing

the overuse of PCI procedures, including (1) Adopting bundled-payment schemes, (2) promoting

the use of advanced intracoronary tests such as FFR, and (3) mandating physician peer reviews of

PCI procedures. To understand whether these approaches are effective in reducing the overuse of

PCI procedures requires a rigorous analysis of the underlying decision-making process.

To provide a concrete example, we extend the modeling framework developed by Dai et al.

(2019)—which models an interventional cardiologist’s clinical decision-making process in a cardiac

catheterization laboratory—to answer the question as to whether bundled payment model are

effective in improving CAD care. Let rp denote the revenue collected from a case in which a PCI

procedure is performed, rd denote the revenue collected from a case in which a PCI procedure is

not performed, and ra denote the revenue from an advanced intracoronary test. The physician’s

fees from the four pathways (A, B, C, and D) illustrated in Figure 2 are rp, ra + rp, ra + rd, and

rd, respectively.

Perform PCI 

Do not perform PCI 

Perform advanced 
intracoronary test

Perform PCI 

Do not perform PCI 

Visually assess 
angiogram

Pathway A

Pathway B

Pathway C

Pathway D

Figure 2 A decision tree for interventional cardiology decision-making (adapted from Dai et al. 2019).

Under the prevailing fee-for-service payment system, an interventional cardiologist receives a

significantly higher reimbursement rate—justifiably so, given the significant time and effort required

for a PCI procedure—for performing a PCI procedure than not performing one; that is, rp > rd.

In addition, the interventional cardiologist receives a significantly higher reimbursement rate from

a PCI procedure than from an advanced intracoronary test; that is, rp > ra. Thus, among all the

pathways, the interventional cardiologist receives the highest reimbursement for Pathway B, in

which both an advanced intracoronary test and PCI procedure are performed, followed by Pathways

A, C, and D. Thus, the prevailing fee-for-service system does provide some—insufficient as it is

(see Dai et al. 2019, for details)—incentive for the interventional cardiologist to perform advanced

intracoronary tests.
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What about alternative payment models? Population-based payment models (e.g., the reim-

bursement is based on the attributed number of patients in a given period of time) have been

mostly relevant to primary care settings, and are difficult to implement in a specialized setting such

as interventional cardiology (Farmer et al. 2017). Bundled payment models, on the other hand,

provide a middle ground between population-based and fee-for-service payment models. Indeed,

as an alternative payment model, bundled payment has been reportedly associated with reduced

cost of care without sacrificing quality standards in various clinical settings (Adida et al. 2016,

Gupta and Mehrotra 2015). In the case of interventional cardiology, however, we argue it may

engender some unintended consequences. Let us begin with recognizing that using a single bundle

for all the four pathways is infeasible, because performing a PCI procedure requires a considerably

higher amount of time and effort than otherwise. A feasible bundled pricing approach will involve

two bundles depending on whether a PCI procedure is performed, such that the physician receives

one bundle price for episodes covering Pathways A and B and another bundle price for episodes

covering Pathways C and D. Clearly, such a bundled payment scheme is not without merit—it

provides some incentive for more proper post-PCI patient care. However, because the long-term

impacts of PCI procedures are unlikely to be revealed in a time horizon specified in a typical bun-

dled payment scheme, such an incentive can be quite weak. More problematically, from a purely

financial point of view, it now provides no financial incentive for the interventional cardiologist to

devote the time and undertake the risk of performing advanced intracoronary tests, because the

cardiologist receives the same reimbursement regardless of whether such tests have been performed

in diagnosing the patient’s condition.

2.2.2 Reducing Overuse of Nuclear Stress Testing. Over the past few years, the per-

ceived overuse of PCI procedures has attracted a significant amount of media attention (see, e.g.,

Abelson and Creswell 2012, Creswell and Abelson 2018, Reddy 2017) and inspired a variety of

national and local initiatives aimed at curbing overstenting. By comparison, significant overuse of

nuclear stress testing—in the primary care cardiology setting—has been reported in the cardiology

literature (Huang and Rosenthal 2015) but rarely reflected in the mass media or academic research.

Similar to the analytical model developed by Dai and Singh (2019), we present a model of nuclear

stress testing. Consider a patient who suffers from a stable angina symptom and visits a general

cardiologist. The cardiologist needs to decide whether to perform a nuclear stress test. The test

is imperfect: suppose the patient’s true state, denoted by s, is 1 (indicating the patient requires

a cardiac catheterization), the nuclear stress test will show an abnormal result with a probability

of 0< p< 1. On the other hand, if the patient’s true state is s= 0, the nuclear stress state shows

a normal result with a probability of 0< q < 1. In other words, p and q measure the stress test’s
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sensitivity and specificity, respectively.3 Let b denote the benefit of timely treatment to the patient,

c denote the cost of the test to the patient, D denote the loss from delayed treatment caused to

the patient who does not receive the test, and d denote the cost of unnecessary treatment to the

patient. We normalize the patient’s utility to zero when the patient’s true state is zero and the

patient does not receive any subsequent treatment. Given a prior 0<α< 1 that the patient’s true

state s= 1, if the physician recommends a stress test, the patient’s expected payoff is:

αpb− (1−α)(1− q)d− c.

If the physician does not recommend a stress test, the patient’s expected payoff is −αD. A risk-

neutral and purely altruistic physician, by comparing the patient’s expected utility with a stress

test versus without a test, recommends a stress test when

α> ᾱ=
(1− q)d+ c

pb+D+ (1− q)d
.

In other words, the physician recommends a stress test only when the prior probability that the

patient requires a cardiac catheterization is sufficiently high. The decision threshold (ᾱ) decreases

in both p and q, meaning that the physician is more likely to recommend a stress test with a better

sensitivity and specificity. In addition, the decision threshold increases in c and d, but decreases in

b and D, suggesting the physician tends to recommend the stress test when its cost-effectiveness

increases.

What if the physician is not purely altruistic? In certain cases, the physician may have financial

interests in ordering stress tests. For example, it has been empirically documented that when cardi-

ologists own the stress-testing equipment, they are significantly more likely to order nuclear stress

tests (Shah et al. 2011). This situation seems to suggest—consistent with the health economics lit-

erature (Arrow 1963, Ellis and McGuire 1986)—physicians operate on a “mixed-incentive” model,

that is, in their mental accounting, their utility function only partially depends on patient utility,

and the rest depends on financial incentives.

In addition, the physician may have malpractice concerns. One may expect the fear of lawsuit

may skew a physician’s mental accounting to ordering a stress test for all but the most unlikely

CAD patients. Yet, the effect of malpractice reforms is unclear: On the one hand, Farmer et al.

(2018) find after nine states (Florida, Illinois, Mississippi, Nevada, Ohio, Oklahoma, South Carolina,

and Texas) implemented damage caps for malpractice lawsuits between 2002 and 2005, physicians

3 In this example, because the diagnosis is in terms of whether or not the patient requires a cardiac catheterization,
the patient’s true state can be modeled as a binary variable. In other situations in which the patient state is non-
binary (e.g., in addition to the two aforementioned options, the cardiologist may send the patient home and schedule
a followup visit that may involve a second nuclear stress test), the analysis quantitatively hold although the decision
thresholds will have more complex representations.
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performed fewer invasive coronary angiography yet more noninvasive stress tests. On the other

hand, one may argue that precisely because of malpractice reforms in these states, physicians were

less likely to immediately refer patients with only mildly abnormal stress tests for invasive coronary

angiography, and were more likely to try conservative measures first.

2.2.3 Characterizing CAD Care Network. Relevant to the above two research opportuni-

ties, a promising line of research entails characterizing the CAD care network that a patient faces.

As is described in the patient journey, a stable CAD patent’s journey can involve both general

cardiologists and specialists; the latter are often referred to by the former. The interaction among

the general cardiologists (among a range of other providers) and specialists has significant implica-

tions for patient health. For example, interventional cardiologists rarely decline to perform cardiac

catheterization procedures for patients referred to them by general cardiologists or internists, as

explained to the New York Times by Dr. David Hillis, an interventional cardiologist at the Uni-

versity of Texas Southwestern Medical Center (Kolata 2004):

If you’re an invasive cardiologist and Joe Smith, the local internist, is sending you patients, and if

you tell them they don’t need the procedure, pretty soon Joe Smith doesn’t send patients anymore.

Sometimes you can talk yourself into doing it even though in your heart of hearts you don’t think it’s

right.

As mentioned in §2.2.2, out of malpractice concerns, general cardiologists may sometimes refer

borderline (i.e., mildly abnormal) cases to the catheterization laboratory to “cover themselves.”

Correspondingly, an interesting research question is how malpractice reform might decrease costs

related to stress testing, PCI, and catheterization-laboratory utilization; to answer this question

requires modeling “negative financial effects”—what happens when the physician is purely driven

by malpractice concerns, as opposed to the positive financial gain as studied by Dai et al. (2019). In

addition, such interactions may have implications for capacity planning for cardiac catheterization

(Gupta et al. 2007).

3. Stroke

Stroke can be thought as a “brain attack” and happens when the blood flow to the brain is impaired.

Stroke is among the top five leading causes of both disability and mortality in the US (Feigin et al.

2014). In this section, we start with describing the patient journey associated with stroke and

identifying opportunities for improvement. We then propose a set of research opportunities for the

healthcare operations management scholars to explore.

3.1 Patient Journey and Opportunities for Improvement

We illustrate the diagnostic and treatment pathway of a stroke patient in Figure 3.
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Figure X. Diagnosis and Treatment Pathways for Stroke 
Figure 3 Illustration of a stroke patient’s journey.

First, a patient develops one of the typical symptoms of stroke: unilateral weakness, numbness,

or visual loss, diplopia (double vision), altered speech, ataxia (impaired coordination), and non-

orthostatic vertigo (Hankey and Blacker 2015). The symptoms lead the patient to seek care, where

the patient journey then differs:

(i) The most appropriate diagnostic test (MRI, cranial CT scan) used to diagnosis the patient

will differ depending on the location of the stroke, onset time, and available institutional resources.

Diagnosing a stroke quickly is of paramount importance to initiate treatment, but delays in both

patients seeking care for stroke symptoms and stroke diagnosis after patient presentation are com-

mon (Jamieson 2009).

(ii) The treatment for stroke will differ based on whether it is an ischemic stroke or a hemorrhagic

stroke. An ischemic stroke must be treated with a tissue plasminogen activator (tPA), a clot-

busting drug, within three hours of stroke onset, though it can be given up to four and half hours

after onset (Emberson et al. 2014).4 For a hemorrhagic stroke, the treatment aims to control the

bleeding and reduce cerebral bleeding.

4 There are now data that mechanical thrombectomy (performed by an interventional neurologist or an interventional
radiologist) has benefit for stroke up to 24 hours after symptom onset (Mokin et al. 2019).
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(iii) Disability resulting from stroke varies based on the severity of the stroke, the time to

treatment (Emberson et al. 2014), and the type of stroke (Hankey and Blacker 2015). Patients

enter into neurorehabilitation and secondary prevention, and have a risk of a repeat stroke and

fatality.

Rapid, accurate diagnosis of stroke is essential for effective treatment, yet the diagnosis of stroke

is often missed or delayed. Misdiagnosis of stroke among Emergency Department (ED) patients

presenting is a problem of high public health relevance (Edlow et al. 2008). For example, in patients

who present to the emergency department with acute vertigo or dizziness, hundreds of millions

of dollars are spent on brain imaging trying to rule out vestibular stroke (Tehrani et al. 2013),

yet one third of vestibular strokes are missed initially (Kerber et al. 2006). Preventing a stroke

from occurring in the first place is also of chief importance. Hypertension is a major risk factor for

stroke (Kannel et al. 1981). Despite established guidelines for diagnosis and treatment (Whelton

et al. 2018), hypertension often goes undiagnosed and untreated. Uncontrolled hypertension is

unfortunately common (Egan et al. 2011). Improving diagnosis and management of hypertension

is thus a priority and would reduce risk of stroke.

3.2 Research Questions

We now outline two key research questions related to stroke care.

3.2.1 Measuring and Incentivizing Stroke Diagnostic Safety in the Age of Artifi-

cial Intelligence (AI). Diagnosis is an obvious area of the patient journey for stroke care that

could benefit from rigorous analytical modeling efforts. Misdiagnosis of stroke among emergency

department patients presenting with dizziness or vertigo is a diagnostic-safety problem of high

public-health relevance (Tarnutzer et al. 2017). Atypical symptoms of stroke increase the risk of

stroke significantly, dizziness is the symptom most often tied to missed stroke (Newman-Toker

et al. 2014). About one third of “dizzy” strokes are missed, which corresponds to an estimated

45,000 to 75,000 missed in US emergency departments (Newman-Toker et al. 2014). Rapid, early

treatment improves stroke outcomes and lowers repeat stroke risk (Edlow et al. 2008).

Despite the apparent importance of diagnostic performance quality, strikingly, it has been little

accounted for by health payers and policymakers (Berenson and Singh 2018). Both conventional

fee-for-service payment models and emerging alternative payment models specify reimbursements

largely for given diagnoses, without considering whether the underlying diagnosis itself is accurate

or not. As a result, misdiagnoses can sometimes offer lucrative revenue-generating opportunities,

whereas diagnostic excellence is rarely rewarded and, more often than not, penalized. For example,

while the bundled-payment model encourages better management of given patient conditions, it

does not provide explicit incentives to induce diagnosticians to correctly identify patient conditions.
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As mentioned, in an interventional cardiology setting, a bundled-payment model may discourage a

physician from performing advanced intracoronary tests such as FFR procedures that may assist

in reaching an accurate diagnosis and reduce overtreatment.

Another area of future research lies in incentive design for the situation when clinicians’ diagnos-

tic decision-making is augmented by AI. The consensus of the medical community is that AI will

improve medical decision-making and augment diagnostic decision-making: On one hand, AI has

already demonstrated it can significantly increase the accuracy of stroke diagnosis. Device-based

physiological diagnosis of stroke, compared to a manual test done at bedside, has demonstrated

the potential to enable timely and accurate diagnosis of stroke (Newman-Toker et al. 2015). These

devices, called “dizzy-goggles,” scan patient’s eye movements to determine whether the patient

may be experiencing a stroke or a benign inner ear disorder. The “dizzy goggles” have the poten-

tial to replace a physical eye exam done at the bedside, which requires clinician proficiency and

time, and reduce more expensive computerized tomography (CT) scans. On the other hand, AI

can additionally assist in identifying when a missed diagnosis occurs. Diagnostic errors are known

to be difficult to monitor and measure, which complicates the health system’s ability to address

the root causes. For example, the Symptom Pair Analysis of Diagnostic Error (SPADE) approach

uses existing large clinical, billing, and administrative claims data sets to monitor diagnostic error

(Liberman and Newman-Toker 2018). By following a cohort of patients with vertigo at onset,

and then using Big Data to track subsequent stroke admissions, the SPADE creators were able

to provide a potential measurement of diagnostic error (Liberman and Newman-Toker 2018). By

leveraging AI to identify when a stroke is misdiagnosed, we can learn from mistakes and prevent

future misdiagnoses.

Currently, the stroke research community is focused on developing AI tools to improve stroke

diagnosis, often based on single-site clinical trials. A major challenge, however, is how to embed

these tools into day-to-day diagnostic operations, unlock their value through designing innova-

tive reimbursement schemes, and deploy them beyond a single hospital system. Addressing this

challenge presents ample research opportunities for healthcare operations management to explore.

In addition, a variety of ethical and liability issues naturally emerge from applying AI to stroke

diagnosis and require a systematic, multidisciplinary understanding of measuring and incentivizing

diagnostic accuracy (Sullivan and Schweikart 2019).

3.2.2 Improving Delivery of Preventive Care. Hypertension (high blood pressure) is the

leading risk factor for stroke (Members et al. 2019). Despite established guidelines for diagnosis

and treatment, hypertension often goes undiagnosed and untreated. Uncontrolled hypertension is

unfortunately common (Egan et al. 2011).
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Early work in the healthcare operations management literature has examined hypertension diag-

nosis and treatment. For example, recognizing the importance of classification errors in hyper-

tension screening programs, Moskowitz et al. (1993) propose a multistage screening model to

help design and evaluate these programs, with the objective of controlling maximum and average

misclassification errors. Nichols and Weinstein (1978) and Ahmed (1978) study the problem of

optimally allocating resources in community hypertension programs that detect and treat hyper-

tensions. Both papers rely on models that view a community hypertension program as a multi-

component series system. Each component in the system serves a different population with varying

states (i.e., target population, primary screening, suspected hypertension, secondary screening,

confirmed hypertension, treatment began, treatment continued, and controlled blood pressure).

How to allocate the limited resources across these multiple components depends on the transition

probabilities across these states. Moyé and Roberts (1982) develop a stochastic model of the phar-

macologic treatment of hypertension that unifies the pharmacologic, clinical, and economic factors.

The model helps physicians choose the best combinations of antihypertension agents by weighing

both patient outcomes and financial impacts. In parallel to these efforts, the medical research com-

munity (e.g., Schwartz et al. 1973) has modeled the diagnosis and treatment of hypertension as a

decision-analysis problem.

For healthcare operations management scholars, a fruitful research opportunity lies in explicitly

connecting hypertension diagnosis and treatment with stroke prevention, by developing up-to-date

models for when to diagnose hypertension, when to treat hypertension, and when to recognize

uncontrolled hypertension that could benefit from more intensive management, reduce uncontrolled

hypertension, and thus reduce stroke. 5 Indeed, a recent healthcare operations paper by Zargoush

et al. (2018, p. 2292) on hypertension treatment points out that the healthcare operations literature

“is silent pertaining to clinical decision support for hypertension management,” alluding to ample

room for more in-depth and actionable investigations in this area. Another research opportunity

is for the healthcare operations management community to aid in identifying undiagnosed and/or

uncontrolled hypertension, providing more standardized care. The new guidelines for hypertension

have a lower threshold for diagnosis than previous guidelines and recommend a blood pressure-

lowering medication at this lower threshold depending on the patients’ level of CVDs risk. Thus,

research to aid in identifying patients requiring a medical management versus nonpharmacologic

therapy at the lower threshold for hypertension will be extremely beneficial.

5 Existing models in the healthcare operations management literature are useful for developing analytical frameworks
specific to cardiovascular care. For example, Hu et al. (2019) examine the case in which it is possible to proactively
provide care to moderate patients in view of the evolution of their health states.
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4. Heart Failure

Heart failure is a condition under which the heart cannot pump a sufficient amount of blood to

meet the needs of other organs. Adults age 40 and older have a 20% risk of developing heart failure

(Djoussé et al. 2009). The most common cause of heart failure is coronary artery disease, often

a previous heart attack. Over half of those who experience heart failure die within five years of

diagnosis (Mozaffarian et al. 2016). Heart failure carries substantial financial burden, including

those related to healthcare utilization, medications, and missed days of work (Heidenreich et al.

2011). In this section, we start with describing the patient journey associated with heart failure,

and identifying opportunities for improvement. We then map out a set of research questions for

healthcare operations management scholars to explore.

4.1 Patient Journey and Opportunities for Improvement

Patient experiences 
signs and symptoms 

of heart failure:  
breathlessness, 

rapid weight gain, 
swelling, and fluid 
build-up in lungs.

Patient seeks care

Work-up in 
emergency 

room/in-hospital 
may include: Chest 

X-Ray, 
Echocardiogram, 
laboratory work 

Pending first-time 
diagnosis or 

readmission for 
known heart 

failure, education 
or re-education on 

health failure 
management 

Patient returns to 
community, 
continues or 

initiates outpatient 
and self-

management of 
heart failure

Figure X. Cyclical Journal of Patient with Heart Failure (adapted from Girerd et al., 2018, JACC)Figure 4 Cyclical journal of a patient with heart failure (adapted from Girerd et al. (2018))

Patients with heart failure most typically present to the provider with reduced exercise intoler-

ance, dyspnea (shortness of breath) and/or fatigue, fluid retention, or occasionally, no symptoms

or symptoms of another disorder; heart failure is identified in a definitive diagnostic test for the

hypothesized disorder (Yancy et al. 2013). The patient journey for a patient with heart failure then

begins:
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(i) Managing heart failure at home includes fluid and diet restrictions, weight monitoring, and

medication management. Patient education and the caregiver support become important to suc-

cessful management.

(ii) Heart failure patients are very likely to experience multiple hospitalizations (including read-

missions) when their symptoms are severe.

(iii) The patient and provider may choose an advanced therapy for advanced heart failure, which

could be inotropes, a ventricular assist device, or a heart transplant.

(iv) Palliative care should be a part of the patient’s journey to ensure relief of symptoms and

promoting quality of life.

As shown in Figure 4, a heart failure patient’s journey is cyclic by nature. Indeed, heart failure

is responsible for high rates of hospitalization (Ross et al. 2010) and is the leading cause of hos-

pital readmissions among Medicare beneficiaries (Atkins and Kansagara 2016, Hines et al. 2006).

The Hospital Readmissions Reduction Program (HRRP), established by the Affordable Care Act,

specifically targeted readmissions from heart failure, acute myocardial infarction, and pneumo-

nia. Since HRRP’s creation, heart failure readmissions have been a chief contributor to penalties.

Whether HRRP’s efforts to reduce readmissions were beneficial to patients is controversial (Wad-

hera et al. 2018b, Weaver et al. 2015). Additionally, managing length of stay (LOS) is a key area

of improvement, as it has implications not only for the cost of providing care, but also for patient

outcomes, especially readmission rates. Taken together, the complex balance of LOS and hospital

readmission is an urgent area to address for patients with heart failure.

4.2 Research Questions

An examination of a heart failure patient’s journey reveals the key issue in heart failure care is

optimizing the continuum of care, including both outpatient and inpatient care, with dual objectives

of managing LOS and reducing readmissions (Desai and Stevenson 2012).6

4.2.1 Understanding the Relationship between LOS and Readmissions. These

dual objectives of optimizing inpatient and outpatient care—managing LOS and reducing

readmissions—are clearly intertwined. Yet, the relationship between LOS and readmissions has

not been well understood, which presents a challenge for healthcare practitioners as they optimize

inpatient care and the discharge planning process. 7

6 Recent work in the healthcare operations management literature (see, e.g. Liu, Hu, Helm, Lavieri, and Skolarus
2018) has examined the connection between outpatient care (specifically, post-discharge monitoring) and hospital
readmissions. Whereas this literature helps provide actionable modeling frameworks, it often builds on models of
patient disease evolution that have been not validated in a cardiovascular care setting.

7 A related research question is the relationship between LOS and mortality. For example, Bartel et al. (2019) find
that in an emergency-care setting, an extra day of inpatient stay may reduce mortality for heart failure patients yet
concede the reliability of the result is “somewhat uncertain.”
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In particular, the health economics literature has established a tradeoff between the patient’s

LOS and readmission rates: for the same patient, a greater LOS is associated with a lower read-

mission rate, and vice versa (Carey 2015).8 Broadly aligned with this literature, a number of recent

healthcare operations management papers (e.g., Guo et al. 2019, Shi et al. 2019) explicitly assume

increasing the LOS will lead to a reduction in readmissions.

Yet, recent evidence from the heart failure literature suggests such a relationship may be nuanced.

Sud et al. (2017) show a short (i.e., 1–2 days) LOS after hospitalizations due to heart failure is

associated with a higher readmission rate for heart failure, but a lower readmission rate for all other

diseases. They also show a long (i.e., 9–14 days) LOS is associated with an increased readmission

rate for all type of readmissions. If, on the other hand, one considers LOS as a continuous variable,

Sud et al. (2017) find the relationship between LOS and readmission rates is non-linear and exhibits

a U-shape. Reynolds et al. (2015) state in the practice of heart failure management that a greater

LOS has been used as a predictor for a higher risk of 30-day readmissions. In addition, it has been

documented that an increased LOS is associated with healthcare-associated infections (Dulworth

and Pyenson 2004).

These findings raise as many questions as they answer, highlighting the need for more rigorous

analysis before one attempts to build an actionable theoretical framework that helps mitigate

readmission risk and manage LOS. Econometric analyses in conjunction with machine-learning

techniques (Athey 2018) will prove invaluable, yet rigorous analytical modeling efforts with a

prescriptive focus are also indispensable, for one to be able to (1) fit different pieces in the complex

inpatient care system together and (2) translate managerial insights into day-to-day operations.

4.2.2 Managing LOS. Managing LOS in heart failure is an area that operations research and

analytical tools can substantially help address. Truong (2018) surveys the healthcare operations

management literature on inpatient management that has a clear prescriptive focus and relies on

queueing theoretical tools to develop inpatient ward policies (e.g., Dai and Shi 2017) and discharge

planning tools (e.g., Chan et al. 2017) that affect a patient’s LOS. The medical literature, on

the other hand, focuses on factors driving the LOS and developing predictive-analytics tools (see,

e.g., Tashtish et al. 2017, Whellan et al. 2011). Notably, such a different focus is largely a result

of the non-disease-specific nature of much of the healthcare operations management literature. A

promising future line of research, correspondingly, lies in developing inpatient ward policies and

discharge planning tools that are specifically tied to heart failure, drawing from the rich set of

medical literature on key drivers of the LOS in the case of heart failure.

8 More broadly, the operations management literature (Anand et al. 2011, Dai et al. 2017, Song and Veeraraghavan
2018) has characterized a “quality-speed conundrum” in the healthcare setting; that is, a longer care duration is
associated with better quality of care.
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4.2.3 Reducing Readmissions. Hospital readmissions are burdensome and costly, especially

in the case of heart failure—more than 20% of heart failure patients are readmitted within 30 days

and 50% by six months (O’Connor 2017). From a hospital-operations perspective, the impact of

readmissions is beyond these percentage figures, especially when one considers their impacts on

patients. For example, Smeraglio et al. (2019) find patients are more likely to view readmissions

as preventable than the healthcare providers and often attribute readmissions to hospitals.

Numerous risk prediction models for hospital readmission have been proposed. Desai and Steven-

son (2012) provide a comprehensive overview of inpatient and outpatient efforts aimed at predicting

and preventing readmission of heart failure patients. However, Kansagara et al. (2011) find fewer

of these risk prediction models incorporate “clinically actionable data that could be used to triage

patients to different types of intervention” and most of them perform poorly for comparative or

clinical purposes.

As mentioned, the literature has shown the LOS has a meaningful, albeit nuanced, relationship

with readmission rates. Thus, a better understanding of such a relationship will be an impor-

tant first step toward reducing readmissions. More broadly, healthcare operations management

researchers can consider more levers than the LOS in reducing readmissions. For example, Bayati

et al. (2014) use a machine-learning tool to classify heart failure patients according to their risks of

readmission, and customize patient care accordingly. As another example, mHealth—using mobile

technologies (esp. mobile apps) to deliver heath services to heart failure patients (Cajita et al.

2016)—also found wide applications; its effect on reducing readmissions is worth investigating.

Another promising direction for future research is to examine the effect of various incentive

programs aimed at reducing readmissions. In particular, HRRP has been at the center of many

debates as to whether it actually reduces readmissions or actually causes harm to patients. Critics

of HRRP contend it has induced certain hospitals to game the rules by labeling readmissions as

observation stays to avoid readmission-related penalty (Weaver et al. 2015), or, worse yet, led to

higher mortality rates, in part because a deceased patient cannot possibly be readmitted (Wadhera

et al. 2018b). Echoing the prior finding that the mortality and readmission rates of heart failure can

be inversely related (Heidenreich et al. 2010), Wadhera et al. (2018a) present evidence that HRRP

implementation was associated with an increase in 30-day post-discharge mortality for patients

with heart failure and pneumonia. In a systematic evaluation of the performance of HRRP commis-

sioned by the Medicare Payment Advisory Committee, Khera and Krumholz (2018) find HRRP is

associated with a substantial reduction in readmissions for target conditions, increased observation

stays, lower costs, and no significant increase in the mortality rate.9 In addition, Krumholz et al.

9 Notably, heart failure is among the three conditions (the other two being acute myocardial infraction and pneumonia)
for which the public reporting of readmission rates has been in place since 2009, which allows Khera and Krumholz
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(2017) demonstrate the same patients had different hospital-wide readmission rates after discharge

from bottom- and top-performing hospitals, underscoring the importance of considering patient,

provider and health systems issues. Evidenced by several published and working papers (e.g., Batt

et al. 2018, Chen and Savva 2018, Zhang et al. 2016), we believe healthcare operations management

scholars are well equipped to help policymakers better understand the effect of HRRP.

5. Conclusions

In this paper, we have outlined research opportunities for healthcare operations management schol-

ars to contribute to the better delivery of cardiovascular care. We focus on three common, costly,

and burdensome conditions, namely, CAD, stroke, and heart failure. By describing the patient jour-

ney we have identified key challenges in the care delivery and propose research questions. Because

many of these questions have remained unanswered in the healthcare operations management liter-

ature, we hope our paper inspires a new stream of research that makes an impact in this important

field.

There is a robust and growing interest across the medical community in using AI to inform

clinical decision-making and improve health service delivery (Shah 2019, Topol 2019). Diagnostic

testing for stroke and when to recommend blood pressure lowering medication for hypertension are

two examples of complex clinical decisions that could be standardized with well-designed AI tools.

With the ever-growing complexity, cost, and controversy in contemporary healthcare systems, the

importance of healthcare operations management is of increased and critical importance.
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