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Preface

There is a medical school adage that says, “More than half of what you learn in 
medical school will be obsolete in 10 years.” In the field of chest pain, this 10-year 
time is far too long, because the world seems to shift almost annually. This text will 
hopefully serve as a guide for healthcare providers who have chosen to focus their 
efforts on the short-term management of this population. While this text shares 
many new and updated facets in this field, finding and presenting them was only 
possible because of the giants of the field on whose shoulders we stand. The editors 
would like to thank some of the most important people in our lives, Daniel Morris, 
Marco and Clemencia Peña, Lisa Osborne, Dorothy Osborne, and Gretchen 
Cochran. We are forever grateful for their love and support. We hope that this book 
is of service to the human condition in sharing the most current knowledge on this 
subject. However, despite all of these advances we present here, heart disease 
remains the leading killer of humans on earth. There is so much more work to do.

Grosse Pointe Park, MI, USA� Margarita Pena  
Decatur, GA, USA � Anwar Osborne  
Houston, TX, USA � W. Frank Peacock  
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Epidemiology and Demographics 
of Coronary Artery Disease

Shahriar Dadkhah and Korosh Sharain

1 � A Brief History of Coronary Artery Disease

Coronary artery disease (CAD) has plagued mankind for thousands of years. In fact, 
recent computed tomography imaging studies of mummies over 4000 years old 
identified vascular atherosclerosis in a large number who had an average age of 
death of 43 years [1]. However, the description of coronary atherosclerosis is much 
more recent and dates back just centuries. Leonardo da Vinci was one of the first to 
describe vascular atherosclerosis in the late fifteenth century stating “vessels in the 
elderly, through thickenings of the tunics, restrict the transit of the blood [2].” Over 
200 years later, in 1772 William Heberden is credited with the first description of 
angina [2, 3]:

Those who are afflicted with it are seized, while they are walking, and more particularly 
when they walk soon after eating, with a painful and most disagreeable sensation in the 
breast which seems as if it would take their life away if it were to increase or to continue. 
The moment they stand still, all this uneasiness vanishes.

The connection between angina and CAD was made by Edward Jenner in the late 
eighteenth century, after a patient of his who described angina was found to have 
ossified coronary arteries on autopsy [2]. It was not until the nineteenth century that 
Rudolph Virchow described his famous triad of thrombosis and provided the early 
theories of the development of atheroma which remain relevant today [2] (see Fig. 1 
for current understanding of the development of coronary atherosclerosis and myo-
cardial infarction). In 1910, Obrastzow and Straschesko, two Russian clinicians 
described clinical acute myocardial infarction (MI) in a living patient confirmed 
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Fig. 1  Brief pathophysiology of coronary artery disease

later on autopsy [2, 3]. Just 2 years later, James Herrick established the use of elec-
trocardiography to diagnose MI and the role of bed rest for management [2–4].

The twentieth century saw a boom in the understanding and diagnosis of CAD 
with the discovery of lipoproteins, the advent of cardiac catheterization by Werner 
Forssmann in 1929, selective coronary angiography by Mason Sones in 1958, and 
identification of risk factors associated with CAD through the Framingham Heart 
Study [2, 5]. Additionally, the treatment of CAD with medical therapy through clin-
ical trials and the development of coronary artery stents were paramount in the late 
twentieth century.

Despite the advances in our understanding of CAD in regard to diagnosis, man-
agement, and prevention, cardiovascular diseases (CVD), and specifically coronary 
heart disease (CHD), remain the leading causes of death in the twenty-first century.

2 � History of Coronary Artery Disease Epidemiology

The study of epidemiology is vital in identifying the connections which exist 
between lifestyle, environment, and disease, thus providing knowledge of the fac-
tors, distribution, and pathology of the particular disease. A notable shift in the 
study of epidemiology occurred in the mid-twentieth century when epidemiological 
studies began to include chronic noncommunicable diseases such as lung cancer 
and CAD [6]. Prior to that, epidemiology studies largely focused on infectious dis-
eases as they were easier to diagnose. On the other hand, noncommunicable dis-
eases like CAD were much more difficult to diagnose and understand as they had 
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long latency periods [6, 7]. In order to understand CAD, a paradigm shift in the 
approach to disease was warranted, one that required the understanding of disease 
as the outcome of numerous compounding factors, often habitual in nature, and that 
were chronic rather than acute [6].

Coronary artery disease was the consequence of multiple “risk” factors with 
unpredictable onset and disease progression resulting in atherosclerotic lesions 
which could not be observed in the living patient. In fact, a diagnosis of CAD in the 
beginning of the twentieth century could only be made postmortem. Therefore, it 
was difficult to truly assess the prevalence and mortality of CAD, although even at 
that time it was estimated that approximately one in five deaths in the United 
Kingdom were due to atherosclerotic heart disease [6]. Additionally, such factors of 
risk or “risk factors” (which was a term that was not well established until the early 
1960s) were not always present in patients with disease [6]. Thus, the implementa-
tion of prospective cohort studies by the Framingham Study sought to better under-
stand CAD epidemiology.

The Framingham study, which investigated heart disease epidemiology, was 
designed in 1947 as a longitudinal study intended to perform long-term follow-up 
of a population of individuals without known heart disease and assess the progres-
sion of CAD in order to study the natural history of coronary heart disease (CHD) 
[6]. Risk factor epidemiology emerged from the CAD methodology of epidemiol-
ogy which, unlike prior noncommunicable disease epidemiology studies, identified 
multiple risk factors for a single disease [6]. Coronary artery disease epidemiolo-
gists incorporated the multiple risk factor concept that the insurance industry had 
used for years previously [6]. Over the ensuing years, factors including hypercho-
lesterolemia, hypertension, use of tobacco, and physical activity were identified to 
impact risk of CAD although a causal link was not established due to study design 
until the 1980s [6].

Since then, numerous studies have been performed that have evaluated the natu-
ral history and epidemiology of CAD providing clinicians with the tools to better 
diagnose, treat, and even prevent CVD and CAD.

3 � Total Cardiovascular Disease Statistics

3.1 � Prevalence

According to the most updated 2020 America Heart Association (AHA) heart dis-
ease and stroke statistics, the prevalence of CVD (including CHD, heart failure, 
stroke, and hypertension) in the United States (US) is approximately 121.5 million 
or 48% of adults ≥20 years of age (Fig. 2), which accounts for almost one out of 
every two adults ≥20 years of age [8, 9]. The prevalence of CVD is lower in women, 
those with a bachelor’s degree or higher, and those who are employed [9].

Epidemiology and Demographics of Coronary Artery Disease
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Prevalence of Cardiovascular DiseaseFig. 2  Prevalence of 
cardiovascular disease by 
sex in the US in adults ≥20 
years of age (data 
presented in millions). 
CVD = cardiovascular 
disease, US = United 
States. Data extracted from 
the American Heart 
Association heart disease 
and stroke statistics—2020 
update [9]
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Trend of Deaths Attributed to CVD

Fig. 3  General trend of deaths attributed to CVD in the US between 1900–2017. Deaths are pre-
sented in the thousands. CVD = cardiovascular disease. Data extracted from the American Heart 
Association heart disease and stroke statistics—2020 update [9]

3.2 � Mortality

Globally, CVD is the leading cause of death, and in 2017, approximately 17.8 mil-
lion deaths were attributed worldwide to CVD, which is a 21% increase compared 
to a decade prior [9].

According to the Centers for Disease Control and Prevention, CVD remains the 
leading cause of death in the US accounting for one in four deaths [8]. Deaths attrib-
utable to CVD increased from the 1900s to the 1980s where it declined in 2010; 
however, recently there has been an increase (Fig.  3) [9]. Although the absolute 
number of CVD deaths continues to increase, the age standardized death rate has 
decreased by approximately 15% from 2007 to 2017 [9]. In 2016, over 1000 CVD-
related deaths occurred daily with the highest mortality rates in non-Hispanic blacks 
(Fig. 4) [9].

S. Dadkhah and K. Sharain
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Percent Total CVD Deaths by
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Fig. 4  Percent total CVD death by race/ethnicity and sex in the US. CVD cardiovascular disease, 
NH = non-Hispanic. Data extracted from the American Heart Association heart disease and stroke 
statistics—2020 update [9]
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Fig. 5  Mortality 
associated with 
cardiovascular disease by 
sex in the US. CVD = 
cardiovascular disease, 
US = United States. Data 
extracted from the 
American Heart 
Association heart disease 
and stroke statistics—2020 
update [9]

A common misconception is that cardiovascular diseases do not affect females 
as it does males. This could not be further from the truth (Fig. 5). Cardiovascular 
diseases claimed the lives of approximately 420,000 American females in 2017; by 
comparison, breast cancer took the lives of just over 42,000 American females. For 
comparison, Fig. 6 illustrates the other top causes of death in the US. Of note, the 
data presented in Fig. 6 is based on 2017 data and does not take into account deaths 
caused by the 2020 Coronavirus disease 19 (COVID-19) pandemic, which at the 
time of writing this chapter accounted for approximately 350,000 deaths (per report, 
it was the third leading cause of death at the current time) [8].

Regionally, the highest CVD-related mortality rates are in Louisiana, Mississippi, 
Alabama, and Oklahoma, and the lowest rates are in Minnesota, Colorado, 

Epidemiology and Demographics of Coronary Artery Disease
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Fig. 6  Major causes of death in the US (total number) per 2017 data. CLRD = chronic lower 
respiratory disease, CVD = cardiovascular disease. Data extracted from the American Heart 
Association heart disease and stroke statistics—2020 update [9]

Massachusetts, and Hawaii [9]. CVD mortality is higher with lack of insurance and 
lower socioeconomic status.

The estimated direct and indirect cost of CVD is approximately $220 billion.

4 � Coronary Artery Disease Statistics

4.1 � Prevalence

Heart disease caused by CAD or CHD accounts for almost half of all causes of heart 
disease and remains the leading cause of death in the US in those over age 35 years 
(Fig. 7) [9]. Approximately 18.2 million Americans ≥20 years old have CHD (9.4 
million males and 8.8 million females). For comparison, the population of the four 
most populated cities in the US combined is approximately 18 million (New York 
City, Los Angeles, Chicago, and Houston). The prevalence of CHD is 6.7% of US 
adults ≥20 years of age (7.4% for males and 6.2% for females) with the highest 
prevalence among blacks (Fig. 8).

The prevalence of CHD has decreased over time based on autopsy studies in US 
military personnel. Autopsy confirmed that CHD in soldiers in the Korean War in 
the 1950s was approximately 77%, while it was 8.5% in soldiers who died from 
2001 to 2011, although the majority of the soldiers were male [10, 11].

Globally, it is estimated that 126.5 million people have CHD, which is almost a 
75% increase between 1990 and 2017, with highest prevalence in North Africa, the 
Middle East, and Eastern Europe.

S. Dadkhah and K. Sharain
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Fig. 8  Coronary heart disease prevalence (in percent) by age and sex in the United States. CHD = 
coronary heart disease. Data extracted from the American Heart Association heart disease and 
stroke statistics—2020 update [9]
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In regard to MI, the overall prevalence is 3.0% in US adults ≥20 years of age 
(4.0% in males and 2.3% in females). Interestingly, males have a higher prevalence 
than females in all age groups except the 20–39 year age group [9].

4.2 � Incidence

Annually, it is estimated that 805,000 Americans will have an MI. Of these, approx-
imately 605,000 are first time MIs, and approximately 200,000 are recurrent MI’s 
[9]. It is also estimated that 170,000 of these MIs will be silent. The average age at 
first MI for males is 65.6 and for females is 72.0. The incidence of MI increases with 
lower income and lower education level. However, there is suggestion that the rate 
of MI has declined significantly over time [9].

According to the ARIC study, clinically recognized MI was higher in whites than 
in blacks (5.04 versus 3.24 per 100 person-years) [12].

Interestingly, the rate of MI as a primary diagnosis decreased, while the rate of 
MI as a secondary diagnosis increased (this may be due to increased type 2 events 
or acute myocardial injury in response to acute illness rather than type 1 events or 
acute myocardial injury) [9].

4.3 � Mortality

Mortality associated with CHD was 541,008, and MI mortality was 149,028 [9]. 
Although CVD and CHD remain leading causes of death, mortality from MI has 
decreased significantly [13] (by over 50% over the last 25 years). Fortunately, there 
is also a downward trend in CHD mortality, and this trend is predicted to continue. 
For example, between 2007 and 2017, there was a 10% decline in the number of 
deaths due to CHD [9]. Reasons for this trend largely are due to therapy (both pri-
mary and secondary prevention).

CHD age-adjusted death rates were highest in non-Hispanic black males fol-
lowed by non-Hispanic white males, Hispanic males, non-Hispanic black females, 
non-Hispanic white females, and Hispanic females [9]. Additionally, survival and 
life expectancy after an MI is higher in whites than in blacks (7.4% vs. 5.7%) and 
improved with higher socioeconomic area [9]. Unfortunately, approximately 35% 
of people with CHD will suffer a coronary event and approximately 14% will die 
because of the coronary event. Interestingly, over 75% of CHD deaths occurred out 
of hospital [9].

The estimated direct and indirect cost of CHD and MI combined is approxi-
mately $21 billion and accounts for two of the top ten most expensive conditions 
treated in the US.

Mortality from CAD is expected to increase in developing countries due to eco-
nomic and societal changes that occur with advanced development [14, 15]. The 
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risk of development of CAD is said to increase with the transition of rural, agrarian, 
economically underdeveloped to urbanized, industrialized modern societies [14, 
15]. Modernization leads to a more sedentary lifestyle, diets higher in calories, and 
psychosocial stresses [15]. It was found that a population of Japanese people (Japan 
being a low risk CAD location) who immigrated to the US acquired an incidence of 
CAD that was similar to those native to the US [14]. Higher life expectancy, changes 
in diet, lifestyle, and environment may be to blame [15]. India, China, and the 
United States are among the countries with the highest deaths attributed to CAD [14].

See Fig. 9 for a quick overview of relevant statistics related to CVD and CAD.

5 � Risk Factors Associated with CAD

Epidemiological studies have provided the medical community with determinants 
of CAD. Approximately 90% of patients with CAD have at least one major modifi-
able risk factor such as hypertension, physical inactivity, smoking, hyperlipidemia, 
obesity, dietary factors, and regular alcohol use [16]. See Fig. 10 for a brief list of 

Fast Stats

Heart disease is the leading cause of death in the US, 

accounting for 1 in every 4 deaths

Every 36 seconds someone dies of CVD in the US

Every 40 seconds someone in the US has a heart attack

Every year over 800,000 Americans have a heart attack

Over 600,000 are first heart attacks

Average age of first heart attack is 65.6 for males and 72.0 

for females

Average years of life lost because of an MI death is 16.2

Heart disease costs the US approximately $220 billion each

year

Fig. 9  Cardiovascular 
disease fast stats. CVD = 
cardiovascular disease, MI 
= myocardial infarction, 
US = United States
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Smoking

Physical

inactivity

Dyslipidemia
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Obesity
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Non-Modifiable Risk
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Genetics

Age

Race/ethnicity
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Fig. 10  Brief list of risk 
factors associated with 
CVD and CHD. CHD = 
coronary heart disease, 
CVD = cardiovascular 
disease
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risk factors associated with CAD. The more risk factors a person has, the higher the 
risk of CVD and CAD [16]. The following section is a brief discussion regarding 
some common CAD risks factors.

5.1 � Hypertension

The prevalence of hypertension (defined as a blood pressure greater than or equal to 
130/90 mmHg) was 46% or 116.4 million adults (58.7 million males and 57.7 mil-
lion females), which translates to roughly one in three Americans [9]. However, it is 
estimated that 35% of adults are unaware that they have hypertension [9]. There is 
a doubling of mortality from CHD and stroke for every 20/10 mmHg increase in 
blood pressure [17].

5.2 � Physical Inactivity

Physical inactivity is another major risk factor of CAD. Physical inactivity increases 
risk of CAD by up to twofold [9]. Based on self-reporting, the prevalence of physi-
cal inactivity among adults has declined from 40.2% in 2005 to 25.9% in 2017 [9]. 
However, the prevalence of high school students meeting the recommended physi-
cal activity goal of ≥60 minutes of moderate to vigorous activity 7 days a week was 
26.1% with girls meeting this goal half as likely as boys [9]. Additionally, 19.5% of 
girls and 11.0% of boys report that they do not participate in ≥60 min of any kind 
of physical activity in the prior week. Of note, these data are based on 2017 data, 
prior to implementation of the virtual learning environment due to the COVID-19 
pandemic.

5.3 � Smoking/Tobacco Use

Smokers are 2–3 times more likely to develop CHD than nonsmokers [18]. Smoking 
just one cigarette per day carries a greater than expected risk of developing CHD. In 
fact, smoking just one cigarette per day carries half the risk of smoking 20 cigarettes 
per day, thus there is no safe level of smoking in regard to CVD risk [18]. However, 
27.1% of high school students and 7.2% of middle school students admit to using 
tobacco products with highest rates in non-Hispanic whites [9]. Although the rates 
of smoking have decreased by 50% since the 1960s, currently the prevalence for 
smoking in adults ≥18 years of age is 34.1 million or 14% of the adult population 
[8]. The highest rates of smoking are in males, those aged 45–64 years, non-Hispanic 
American Indians/Alaska Natives, lower education level, lower income, and those 
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who are divorced/separated/widowed [8]. Approximately 90% of people that use 
cigarettes daily begin before age 18 years [8].

The most commonly used tobacco product in adolescents is now electronic ciga-
rettes which has increased from 1.5% to 20.8% from 2011 to 2018 (although the 
CVD risks associated with electronic cigarettes are not known at this time) [9]. 
Quitting smoking at any age does significantly lower mortality from diseases related 
to smoking including CVD [9, 18].

5.4 � Overweight and Obesity

Obesity is an independent risk factor for CHD, and over 80% of patients with CHD 
are overweight or obese [19]. The hazard ratio for CHD in adults with obesity 
ranges between 2 and 3 [9]. The prevalence of obesity in adults increased signifi-
cantly (30.5% in 1999) to 38.3% in 2018 (36% of males and 40.4% of females). The 
highest rates in males are in Hispanics and in females are in non-Hispanic blacks. 
Obesity correlates with CHD, diabetes mellitus (DM), hypertension, hyperlipid-
emia, and sleep-disordered breathing which can all worsen CVD.

In adolescents aged 12–19 years, the prevalence of obesity (defined as BMI 
≥95th percentile for age) is 20.6% with lowest rates in non-Hispanic Asians. 
Longitudinal studies have identified that adolescents with obesity carry a signifi-
cantly increased risk of CHD-related death as adults with a hazard ratio of 4.9 com-
pared to adolescents at the lowest BMI quartile [9].

5.5 � Hyperlipidemia

It is estimated that 92.8 million Americans have total blood cholesterol ≥200 mg/
dL, which is about 38.2% of the adult population with an increasing trend [9]. 
Females had higher prevalence of total cholesterol ≥200 mg/dL (40.4% vs 35.4% in 
males) and the mean LDL-C for adults ≥20 years of age was 112.1 mg/dL and for 
HDL was 54.2 mg/dL [9].

5.6 � Diabetes

Diabetes mellitus doubles the risk of CHD [8]. It is estimated that 26 million adults 
have diagnosed DM, 9.4 million have undiagnosed DM and 91.8 million have pre-
diabetes [9]. Additionally, 1.5 million new cases of diabetes were diagnosed in 
adults in 2015 [9]. Worldwide, the trend of diabetes is increasing [9].

Epidemiology and Demographics of Coronary Artery Disease
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6 � Conclusion

Despite the wealth of knowledge gained through epidemiological studies of CVD 
and CHD, there is still much work to do as CVD and CHD remain the leading 
causes of death. We must continue to push community education and awareness 
programs. In fact, the median time from cardiac symptom onset to hospital arrival 
has not improved significantly (45% presented within first 2 hours of symptoms 
between 2001 and 2003 compared to 48% between 2009 and 2011) [9]. Additionally, 
it is unknown what the consequences of the COVID-19 pandemic will have on CVD 
and CHD rates going forward. There is data suggesting that the delay in cardiac 
symptom to first medical contact has increased as a result of fears related to con-
tracting COVID-19 [20, 21]. Additionally, there is concern that patients may be 
avoiding health care all together, suffering MIs at home. Only time will tell as to the 
longer term cardiovascular sequelae of COVID-19. As we continue to monitor the 
distribution of CAD in populations, epidemiology will provide us with even better 
insights into such devastating disease worldwide.
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The Financial Impact of Acute Coronary 
Syndromes

DaMarcus Baymon and Christopher Baugh

1 � Introduction

For decades, mitigating the financial impact of patients presenting to the emergency 
department (ED) with chest pain has been a vexing task for the healthcare system. 
Chest pain is the second most common presenting complaint in the ED, comprising 
up to 5% of the 139 million annual visits in 2017 [1]. A plethora of diagnoses rang-
ing from benign to life threatening, such as musculoskeletal pain, gastroesophageal 
reflux disease, pneumonia, pneumothorax, myocardial ischemia, aortic dissection, 
and many others all share the common symptom of chest pain. Assessing for, con-
firming, or adequately excluding a diagnosis of acute coronary syndrome (ACS) 
from this wide variety of possibilities while also avoiding unnecessary testing or 
hospitalization has been a ubiquitous challenge faced by many emergency 
physicians.

ACS encompasses three diagnoses of myocardial ischemia and infarction 
including unstable angina, non-ST segment elevation myocardial infarction 
(NSTEMI), and ST segment elevation myocardial infarction (STEMI). Type 1 
myocardial infarction occurs when an atherosclerotic plaque ruptures, leading to a 
threatened endothelium with associated inflammation, adhesive cellular molecules, 
and intracoronary thrombosis [2]. The other type of myocardial infarction relevant 
in the ED is type 2, which is myocardial infarction due to a supply–demand mis-
match, usually secondary to a primary event such as hypotension or 
tachyarrhythmia. Evaluation of ACS entails eliciting a description of the 
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discomfort, review of existing risk factors for coronary artery disease (CAD), elec-
trocardiograph (ECG), cardiac biomarkers, and symptom management. Thirty-day 
mortality for ACS ranges from 2% to 11%; therefore, proper diagnostic work-up is 
crucial [3]. Once ACS is diagnosed or strongly suspected, emergency physicians 
admit patients to the hospital, and subsequent costs are driven by the duration of 
inpatient admission, further diagnostics such as cardiac imaging or stress testing, 
and treatments. Treatments include pharmacological interventions such as anti-
anginal and antithrombotic pharmacologic therapies and, if indicated, invasive pro-
cedures such as percutaneous coronary intervention (PCI) and coronary artery 
bypass grafting (CABG) [3].

ACS evaluations should be prompt but can be costly. The ACS evaluation tools 
previously described are not benign and can come with a risk of death. A delay in 
a proper ACS diagnosis can also come with long-term morbidity secondary to com-
promised cardiac function, leading to heart failure due to delays in stabilizing 
ongoing infarcts. However, many patients without clear evidence of ACS demon-
strated during the ED evaluation exist within a zone of uncertainty, with question-
able benefit of further hospitalization and cardiac testing. Targeting specific 
interventions to reduce avoidable healthcare resource use (and thus cost) as it 
relates to ACS investigation includes cardiac biomarkers, validated risk stratifica-
tion scores, and advanced cardiac imaging or stress testing. ED observation units 
(EDOUs) have been employed to provide a setting of care for this subsequent eval-
uation, which extends the window for data collection beyond a typical ED visit. 
Patients who have reassuring test results and a stable or improved clinical course in 
an EDOU can be sent home without the need for inpatient admission. This practice 
decreases the cost without sacrificing the quality of patient care due to the signifi-
cantly reduced length of stay typically achieved in a dedicated EDOU that lever-
ages a chest pain protocol in those patients with an ACS risk too high to allow for 
a routine ED discharge.

Furthermore, novel diagnostic tools recently introduced in the United States, 
such as high-sensitivity troponin assays first approved for use by the Food and Drug 
Administration in 2017, allow for a larger portion of patients with chest pain to be 
safely evaluated with cycling of cardiac biomarkers as rapidly as 1 h apart. More 
widespread adoption of evidence-based accelerated diagnostic protocols (ADPs) 
used to shift eligible patients out of inpatient hospital areas into an EDOU or earlier 
discharge home from the ED in eligible patients reduces avoidable hospitalizations 
and their associated healthcare costs while also providing reassurance for patients 
that their chest pain is extremely unlikely to be caused by myocardial ischemia.

2 � Frequency/Burden of Disease of ACS by Demographics

ACS affects about 16 million Americans [4]. The prevalence of ACS in men is 
2–2.5 times more than women with increasing prevalence from 0.75%, 6%, 16%, 
and 28% in the 20-39, 40–59, 60–79, and 80+ age group, respectively [5]. 
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Although men are more likely to experience ACS, women have been shown to 
have worse outcomes, such as increase in hospital readmission and a 4% increase 
in mortality in some studies [6]. Similar to differences seen with age, women tend 
to have more atypical symptoms upon presentation and higher readmission rates 
for recurrent anginal symptoms after invasive cardiac angiography [6, 7]. Female 
gender has also been shown to be an independent predictor of 30-day mortality 
even in young females [8]. Readmission rates increase the burden on the cost of 
ACS and repeat ED visits for a missed diagnosis [8]. In a study that looked at 
gender differences in approximately 50,000 patients in British Columbia, women 
with ACS trended toward higher ages and had more comorbid conditions such as 
diabetes, hypertension, and hyperlipidemia [9]. In the USA, if a patient has two 
or more risk factors, their lifetime risk for ACS is about 40% for men and 20% for 
women [10].

Age is an important risk factor for ACS due to increasing comorbidities associ-
ated with age and poorer outcomes [11]. Along with additive comorbidities, our 
aging populations have worse outcomes due to other risk factors such as atypical 
presentations of their ACS and a higher likelihood of underlying cognitive impair-
ment that may contribute to delays in seeking care or difficulty in providing a clear 
history [11]. Due to the aging Baby Boom generation, from 2010 to 2040, the popu-
lation of 65 years of age is expected to double from 40 to 80 million [12]. This pro-
jected increase is predicted to increase coronary healthcare cost by approximately 
$50 billion USD; therefore, innovating and adopting breakthroughs in the evaluation 
of possible ACS is imperative to maintain high-quality care while controlling 
cost [12].

In addition to the costs associated with an index hospitalization, readmission 
rates have been a target of payer-driven efforts to reduce cost and improve the dis-
charge planning process. In 2010, the Centers for Medicare and Medicaid Services 
(CMS) created a program which penalized hospitals for increased 30-day readmis-
sions following several specific diagnoses, including myocardial infarction [13]. 
From 2009 to 2013, the 10–20% readmission rate of patients with acute myocardial 
infarction led to an extra $1 billion USD increase in hospital costs [14].

ACS also disproportionately affects ethnic minority groups. For example, from 
2007 to 2010 among African American males, the prevalence of ACS was 45% com-
pared to 36% for white males [15]. In the USA, racial minorities, such as African 
Americans, tend to be disproportionately affected by ACS due to lack of access to 
healthcare and health insurance [16]. Additionally, African American patients tend 
to have more comorbid conditions such as diabetes mellitus and hypertension that 
further increase their risk [16]. Similar trends related to ACS were found among 
Latinx patients as well [5, 16]. Latinx patients were also found to have rates of obe-
sity and diabetes of 48% and 23% compared to the rates 38% and 15% of Caucasian 
patients, respectively [5, 16]. Certain Asian populations have a higher or minimal 
risk of ACS based on a combination of genetic predisposition and comorbid condi-
tions [17]. Understanding racial and ethnic differences related to ACS is crucial as 
these differences translate to variable outcomes, readmission rates, and repeat 
ED visits.
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3 � Costs of ACS

The USA has been consumed by healthcare costs for years, and strategies to 
decrease those costs continue to be an important topic of scrutiny as it increasingly 
crowds out other essential areas of government and personal spending. As of 2018, 
the USA currently spends approximately 18% of its gross domestic product on 
healthcare, which estimates to $4 trillion USD, with a third of spending seen as 
wasteful [18, 19]. For every American, the USA spends on average $11,000–12,000 
USD per capita on healthcare (Fig. 1) [18]. Switzerland spends about $8000 USD 
per capita on healthcare, making it the second highest global healthcare spender 
[20]. By 2027, healthcare costs are expected to increase to $6 trillion USD at a 
growth rate of about 5–6% per year [21]. About 33% of healthcare costs can be 
attributed to hospital inpatient care services while physician services encompass 
20% (Fig. 2) [22].

Cardiovascular disease is one of the most common diagnoses encountered in the 
ED every year. An estimated 8 million patients visit the ED each year with chest 
pain, making it the second most common chief complaint [23]. Of those 8 million, 
less than 10% receive a final diagnosis of ACS [23, 24]. ACS diagnostic and 
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Fig. 2  Distribution of national health expenditures. Kaiser Family Foundation, Trends in 
HealthCare Costs and Spending, March 2014, accessed December 29, 2020

treatment care cost $150-200 billion USD annually, a majority of the cost is due to 
hospitalization and equipment, physician services, and pharmacological therapies 
(Table 1) [5, 25]. Per patient, the total cost of ACS treatment ranges from $23,000 
to 32,000 USD [26]. The total 1-year cost was highest for patients undergoing 
CABG, followed by patients who receive PCI and then those who are medically 
managed [26]. The cost of ED ACS evaluations are about $10–13 billion USD per 
year [27]. From 2009 to 2014, a cohort in Switzerland found 33% of patients 
hospitalized with ACS also had one or more other acute illnesses contributing to 
their need for hospitalization, which increased their associated costs of treatment 
[28]. For example, one study in 2015 found that individuals with comorbid atrial 
fibrillation and/or heart failure experienced $8000–21,000 USD more in hospital 
costs compared to those with ACS alone [29]. Another study in the same year found 
that comorbid atrial fibrillation increased hospital costs related to ACS by 40% [30]. 
A study in Asia analyzed predictors of high cost of ACS treatment and found asso-
ciations between previous hospitalizations within 90 days, male gender, age, and 
income [31].
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Table 1  Costs of cardiac care in the United States 2020

HDa Stroke
Hypertensive 
diseaseb

Other circulatory 
conditionsc

Total 
CVD

Direct costsd

 �� Hospital inpatient stays 59.4 17.4 7.9 12.8 97.5
 �� Hospital ED visits 6.3 0.8 1.3 1.0 9.4
 �� Hospital outpatient or 

office-based provider visits
22.6 2.4 13.7 7.9 46.6

 �� Home health care 11.1 6.6 8.2 1.6 27.5
 �� Prescribed medicines 10.0 0.8 20.2 1.8 32.8
 �� Total expenditures 109.4 28.0 51.3 25.1 213.8
Indirect costse

 �� Lost productivity/mortality 109.3 17.5 4.6 6.1 137.5
Grand totals 218.7 45.5 55.9 31.2 351.3

Numbers do not add to total because of rounding. CVD indicates cardiovascular disease. ED emer-
gency department; HD heart disease
Estimated direct and indirect costs (in billions of dollars) of CVD and stroke, United States, aver-
age annual, 2014–2015
This table lists the estimated direct and indirect costs from 2014 to 2015 of specific cardiovascular 
diseases and stroke including categories for hospital inpatient stays, emergency department visits, 
hospital outpatient or office-based provider visits, home health care, prescribed medicine, and lost 
productivity and mortality
Sources: Unpublished National Heart, Lung, and Blood Institute tabulation using Household 
Component of the MEPS for direct costs (average annual 2014–2015) [6]. Indirect mortality costs 
are based on 2014–2015 counts of deaths by the National Center for Health Statistics and an esti-
mated present value of lifetime earnings furnished for 2014 by Wendy Max (Institute for Health 
and Aging, University of California. San Francisco. April 4. 2018) and inflated to 2015 from 
change in worker compensation reported by the US Bureau of Labor Statistics [5]
aThis category includes coronary HD, heart failure, part of hypertensive disease, cardiac dysrhyth-
mias, rheumatic HD; cardiomyopathy, pulmonary HD, and other or ill-defined HDs
bCosts attributable to hypertensive disease are limited to hypertension without HD
cOther circulatory conditions include arteries, veins, and lymphatics
dMedical Expenditure Panel Survey (MEPS) healthcare expenditures are estimates of direct pay-
ments for care of a patient with the given disease provided during the year, including out-of-pocket 
payments and payments by private insurance, Medicaid, Medicare, and other sources. Payments 
for over-the-counter drugs are not included. These estimates of direct costs do not include pay-
ments attributed to comorbidities. Total CVD costs are the sum of costs for the 4 diseases but with 
some duplication
eThe Statistics Committee agreed to suspend presenting estimates of lost productivity attributable 
to morbidity until a better estimating method can be developed. Lost future earnings of people who 
died in 2015–2016, discounted at 3%

4 � Cost Analysis of Risk Stratification Tools

Many tools have been employed to identify low-risk patients such as the HEART 
score and pathway, the Emergency Department Assessment of Chest pain Score 
(EDACS), a new accelerated diagnostic protocol (ADAPT), and the Vancouver 
Chest Pain Rule [32, 33]. These rules identify patients who are either safe for 
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discharge or need further work-up. Patients with an acute myocardial infarction as 
identified as an STEMI or NSTEMI, intractable chest pain highly concerning for 
unstable angina, malignant arrhythmias, cardiogenic shock, or rising troponin on 
serial measurement with significant delta values require inpatient hospitalization 
without a safe opportunity for a more efficient and less costly disposition.

In those without a dangerous diagnosis confirmed during the initial ED work-up, 
unstructured clinical gestalt as the only driver of disposition and further care typi-
cally lead to highly variable care that is not evidence based with a risk of unnecessary 
hospitalization and testing. Use of these decision rules can lead to a decrease in hos-
pital admissions that correlates with lower costs. As our understanding of ACS has 
advanced and new diagnostic tools have become available, the decision rules have 
become more refined and easier to use, thus improving their adoption and ability to 
reduce unnecessary care costs. A study from 2015 found that an ADP saved $334 
USD per patient compared to 90-day follow-up costs to the routine care group [34]. 
In-hospital costs were similar in both the groups [34]. In 2017, a level 1 trauma center 
with an average hospital cost of $2800 USD per day found that implementation of the 
HEART score decreased hospital admission by over 20% and saved the institution 
over $1 million USD [27]. Another study of 270 patients found a $200–250 USD per 
patient savings with the implementation of the HEART score upon ED presentation, 
particularly when stratified into dichotomous low- and high-risk groups [35]. This 
difference was largely driven by a decrease in cost from cardiac diagnostics [35]. In 
the Netherlands, cost analysis estimated that implementation of the HEART score 
could save $40 million USD while also minimizing the adverse outcomes in patients 
discharged from the ED [36]. The risk–benefit in cost analysis must consider the risk 
of missed MACE, typically with a 30-day follow-up window from the index ED visit.

The various scoring algorithms that are available to clinically evaluate a patient 
with chest pain come with a certain miss rate percentage to balance against the ben-
efit of cost savings. In 2016, a study in the United Kingdom compared the HEART 
score and the thrombolysis in myocardial infarction (TIMI) score and found a sav-
ings of $28,000 USD with the HEART score and $80,000 USD with the TIMI score 
[37]. The savings difference was met with a 30-day MACE miss rate of <1% with 
the HEART score and 3% using the TIMI score [37]. Over the last couple of decades, 
novel risk stratification tools have started to overcome the routine use of TIMI 
among emergency physicians, as these newer tools were developed in patients more 
similar to those commonly encountered in the ED and have compared favorably 
with regard to the proportion of patients that can be classified as low risk with an 
appropriately low 30-day risk of MACE.

5 � Emergency Department Observation Units

Over the past few decades, one of the most innovative strategies employed to miti-
gate hospital costs related to chest pain is the EDOU. EDOUs by definition are a 
dedicated space where patients managed in observation status (an outpatient billing 
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status) are cohorted together to receive further diagnostics and treatments in order 
to determine their need for subsequent inpatient admission. EDOUs are also typi-
cally run by ED staff and located within or adjacent to the ED; however, some units 
are distant from the ED due to a lack of available nearby space. A minority of obser-
vation units are run by hospitalists or post-procedure staff and may be called by a 
different name. Chest pain observation units first emerged in the 1980s and were the 
first use case for today's EDOUs [38]. Starting in the 1990s, research helped to 
establish the cost advantages of EDOU use in eligible patients who would have 
otherwise been hospitalized on inpatient services [39]. EDOUs that leverage 
evidence-based protocols enable providers to deliver care efficiently and less costly 
without jeopardizing patient safety.

When patients present to the ED with chest pain, their likelihood for admission 
is based on their overall risk of a major adverse cardiac event (MACE) after dis-
charge. In the literature, patients with a risk of MACE of less than 2% have been 
characterized as low risk and safe for discharge; nevertheless, variable care still 
results in the admission of many low-risk patients [28]. From 2008 to 2013, a 
study of 50,000 patients revealed those with two negative cardiac biomarker val-
ues, a nonischemic ECG, and normal vital signs were not likely to benefit from 
inpatient admission [40]. Although findings exist to support the lack of benefit of 
admission for low-risk patients, providers often still admit these patients, due to 
the risk of malpractice from data showing a 2–10% missed ACS rate [41]. About 
20% of malpractice claims against emergency physicians are due to a missed ACS 
event [41]. The initial ECG is only 50% sensitive for ACS and many hospitals 
around the country use cardiac biomarkers with varying sensitivity and specific-
ity. This variability can lead to over-use of resources and thus increased cost of 
avoidable hospitalizations. A strategy to reduce avoidable hospitalizations and 
address physician concern over missed ACS events led to the creation of the 
EDOUs. Protocol-driven observation units, defined units with clear inclusion and 
exclusion criteria, evidence-based testing and treatments, and a clear timeline and 
criteria for a home versus inpatient admission decision have been shown to 
decrease cost and length of stay and provide quality patient care when compared 
to inpatient admission [42, 43]. Ideally, more than 75% of patients should be dis-
charged within 15 h and accumulate into a savings of about $1500 per patient for 
all medical conditions [44, 45]. Chest pain is typically the most common condi-
tion managed in an EDOU, but the total cost savings across all conditions is esti-
mated to be $4.6 million USD and $8.5 billion USD hospital care and national 
healthcare cost, respectively; 2.4 million inpatient admissions would also be 
avoided [44, 45].

EDOUs ideally serve as areas for patients who have no ongoing recurrence of 
their symptoms, a nonconcerning ECG, negative or adynamic serial cardiac bio-
markers, and a risk for ACS too high to allow a safe discharge home based on the 
data gathered from the ED visit alone. The advent of EDOUs allows for continuous 
throughput from the ED while saving inpatient beds for individuals with more acute 
or complex medical conditions clearly requiring inpatient care. Occupancy for 
EDOUs rarely reaches 100% until the late evening and overnight hours due to 
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predictable bed turnover and patient arrival patterns [44]. The average length of stay 
in an EDOU should be less than 24 h with an associated 20% rate of subsequent 
inpatient admission [44].

Hospital costs have largely been driven by inpatient admissions, and EDOUs 
help drive costs down by distributing eligible patients to less intense settings of care 
with more efficient staffing ratios while also reducing length of stay by avoiding 
inpatient admission altogether for about 80% of visits. When comparing inpatient 
and EDOU cost of ACS evaluation, savings range from $151 to $567 USD per 
patient [44]. Furthermore, observation stays not only reduce hospital costs but, con-
trary to a common misperception, are also likely to reduce patient out-of-pocket 
costs. For example, among Medicare beneficiaries undergoing a short-stay hospital-
ization, 94% of those managed in observation status experienced an out-of-pocket 
cost lower than the alternative of a Part A inpatient deductible payment [34, 46]. As 
shown in Fig. 3, another way to illustrate this cost savings is comparing the expected 
out-of-pocket cost of just over $700 USD for an observation stay due to the Medicare 
Part B observation co-insurance cost versus over $1500 USD for a short inpatient 
stay, largely driven by the Medicare Part A inpatient deductible cost [34, 46]. This 
finding of lower patient expenses for observation stays has also been seen among 
patients with commercial insurance and the addition of a secondary payer, which is 
present among ~85% of Medicare beneficiaries [27, 47]. Exceptions to these exam-
ples include patients who are readmitted as inpatients within a 60-day spell of 

Initial evaluation
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Patient pays 20% of fees: $107.03

Patient pays 20% of C-APC 8011: $440.67
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Medicare Part B pays 80%: $428.11

Patient pays 20% of fees: $75.27
Medicare Part B pays 80%: $301.08

CPT 99223: $206.07 CPT 99220: $188.39

CPT 99217: $73.98

CPT 93010 x3: $25.98

CPT 78492: $88
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Medicare Part B: $428.11

Patient: $722.94
Medicare Part A: $0
Medicare Part B: $2,063.76

Hospital: $4,183

$4,718.14 $2,786.70

Professional: $535.14
Hospital: $2,410.35
Professional: $376.35
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Medicare Part A pays DRG payment

Medicare Part B pays $0
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Medicare Part A pays Diagnosis Related Group (DRG)
313: $4,183 (pre deductible $2,775)

Subsequent evaluation
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ECG interpretation x3
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Fig. 3  Comparison of medicare out-of-pocket expenses for ED observation and inpatient cost in 
ACS evaluation
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illness, which excludes the need to pay the Part A deductible again [34, 46]. In addi-
tion, self-administered medications (e.g., patient home medications) and time spent 
in observation status do not count toward the 3-day stay typically required for a 
Medicare benefit to cover post-discharge skilled nursing facility services [34, 46]. 
Although avoiding unnecessary admission is the goal, EDOU care should not be 
offered for patients with ACS who need inpatient admission or deemed too high risk 
despite inpatient boarding or overcrowding.

In 2012, there were 1.5 million observation stays from Medicare patients with 
a 4-year growth of 8% from 2010 to 2014, but growth decreased from 2016 to 
2017 by 1.2% [48]. In 2012, inpatient stays decreased by 3%, but increased 
slightly by 0.7% from 2016 to 2017 [49]. EDOUs have been shown to decrease 
hospital admissions by 17–44%, leading to a potential annual savings of $9 billion 
USD a year for the healthcare system overall [49]. From 2006 to 2016, the chest 
pain inpatient admission rate declined from 19% in 2006 to 3.9% in 2016; associ-
ated inpatient hospitalization costs declined from $10.4 billion (2006–2008) to 
$6.2 billion (2012–2014) [50]. This inpatient cost savings were likely largely 
driven by a shift from inpatient care to outpatient care, including the use of 
EDOUs [50].

ACS costs alone total about $75–150 billion USD annually and account for 
800,000 to 1.2 million US hospital discharges [22, 51]. Up to 75% of ACS costs 
are related to hospital readmissions [23]. In 2009, 1.2 million patients were hospi-
talized due to ACS and the cost of productivity loss estimated at $80 billion USD 
[22, 26, 51]. Productivity loss is defined as healthcare-related absence from work 
due to chronic illness, sick days, or personal time off. The productivity loss also 
varied by the intervention type (e.g., medical management vs. PCI vs. CABG), 
with patients undergoing CABG having the highest annual productivity loss of 
about $18,000 USD [26]. One year short-term disability was $9400 USD and 
$6000 USD for PCI and medically managed patients, respectively [26]. In 2015, 
about 50% of patients who experienced a new coronary event would have a recur-
rence that same year [26]. These recurrences account for 40–45% of the healthcare 
costs related to ACS [26]. ACS is further stratified by patient income. Low- and 
high-income families were billed at similar rates for cardiovascular care, while 
low-income families experienced a loss of higher proportions of the income due to 
medical treatment, which resulted in a 20–40% loss of their post subsistence 
income [52].

In the USA, out-of-pocket costs for individuals with known cardiovascular dis-
ease was $2200 USD, and nearly half of the cost was due to medications [52]. A 
multicenter trial showed that patients had difficult time accessing prescriptions after 
an ACS event due to hospital cost and, therefore, suffered from recurrent angina and 
higher rates of cardiac re-hospitalization [39]. From 1998 to 2009, the Medical 
Expenditure Panel Survey also found that individuals with ACS could lose about on 
average $5000-6000 USD per year while seeking medical treatment [26]. Therefore, 
interventions to decrease ACS cost from a hospital level could also significantly 
impact patients on an individual financial level.
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6 � Novel ACS Evaluation Innovation Cost Analysis

The diagnostic evaluation of ACS has evolved to provide more sensitivity and speci-
ficity in differentiating patients who are at low or high risk. After an ACS evalua-
tion, determining the proper risk stratification imaging tool to use comes with 
challenges as well (Fig. 4). The advent of high-sensitivity troponins (hs-Tn)) has 
allowed clinicians to detect a measurable troponin value in more than 50% of all 
patients and defines an abnormally elevated troponin value, suggesting myocardial 
injury above a 99th percentile cut point. In 2019, a study of 32,000 patients found 
those presenting within 2 h of symptom onset with a change in serially measured 
troponin level, or delta troponin, of less than 5 ng/L had a 99.5% negative predictive 
value for ACS [53]. Also, Peacock et al. found out of 1300 patients, those with a 
hs-TnI of less than 19 ng/L had a 30-day adverse event rate of less than 1%, further 
increasing the safety profile of hs-TnI [54]. An Australian study found that use of 
hs-Tn saved $1300 USD per patient with a $108,000 USD saving per adverse event 
avoided [55]. Jülicher et al. found that patients under the hs-TnI algorithm saved 
$113–147 USD per patient and decreased hospital length of stay by a mean of 6.2 h 
[56]. Note that given the value of serial or delta troponin measurements with 

Patient determined to need stress test prior to discharge,
NSTEMI ruled out

Yes

Age 40-70
and during

business hours?

MIBI
(exercise
preferred)

Coronary CT
(Control HR

prior to scan)
Yes

Yes
Normal ECG and
able to exercise?

*Prior revascularization or MI

ETT
+/- Stress Echo

No

NoNo

CAD*,
Current afib,

OR
HEART ≥7

Fig. 4  Algorithm for determining proper cardiac imaging risk-stratification testing
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high-sensitivity assays versus contemporary assays, the volume of troponin testing 
typically increases after adoption of a high-sensitivity assay, so there is usually a 
marginal increase in the lab costs associated with more troponin sampling. When 
the hs-TnI was combined with the ADAPT score and delta detection limit, savings 
increased to $486 USD per patient while increasing diagnostic accuracy from 90% 
to 94% [56]. An example of an ADP with the use of a hs-Tn is found in Fig. 5.

Another diagnostic advance developed to evaluate ACS includes coronary com-
puterized tomography angiography (coronary CTA). The cost of coronary CTA 
based on Medicare reimbursement is $466 USD with an additional $300 USD for 
medical work-up after incidental findings from the coronary CTA [57]. The cost of 
PCI is approximately $2770 USD [57]. Use of coronary CTA has risen in recent 
years to replace functional imaging in those with stable chest pain or without known 
CAD. Studies show that coronary CTAs have a >95% sensitivity and specificity, and 
individuals with coronary CTA scores of zero had a 12-year survival of 99% [58]. 
Patients with low-risk chest pain with the use of an early coronary CTA algorithm 
with and without an EDOU stay had a decrease in length of stay by 10 and 15 h, 
respectively [59]. There was a cost difference from $7500 USD for standard care 
compared to $6100 USD and $4300 USD for early coronary CTA algorithm with 
and without an observation, respectively [59]. In 2010, Halpern et al. found a false-
negative rate of 2.5% and $800 USD savings per patient in those with a positive 

Fig. 5  Brigham and Women’s Hospital Emergency Department ADP for ACS evaluation
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stress who underwent coronary CTA instead of PCI [60]. When using CAD preva-
lence of 30–50% based on age, coronary CTA had a cost-effective threshold of 
$50,000 USD using quality-adjusted life-year (QALY)) [57]. Min et al. found that 
in populations with high incidences of coronary artery disease, PCI is more cost-
effective [57]. There is also conflicting data regarding the necessity of PCI after 
coronary CTA vs. single photon emission computed tomography (SPECT) and the 
cost-effectiveness. These studies were not stratified by patient risk of coronary dis-
ease after initial evaluation.

Further novel approaches such as a coronary magnetic resonance (CMR) and 
coronary SPECT are being used to evaluate patients for ACS. The cost of coronary 
SPECT and CMR is $774 USD and $860 USD, respectively [57, 61]. In Germany, 
Bold et al. showed CMR to have $1256 USD savings per case when compared to 
SPECT [62]. In Australia and the UK, CMR followed by a positive exercise stress 
test was cost-effective of a minimum $40,000 USD per QALY gained [63, 64]. 
SPECT cost-effectiveness is still under active investigation. Another novel imaging 
modality under current investigation is 90-s magnetocardiogram (MCG). MCG 
involves analysis of magnetic fields of the heart similarly to the ECG P, QRS, and T 
wave patterns [65]. MCG has been shown to find abnormal mapping patterns in 
72% of patients ultimately diagnosed with CAD despite a normal ECG and echo-
cardiogram [66]. Early studies on MCG in a small ED population show that MCG 
may have a negative predictive value of 89–92% in evaluation of ACS [65]. This 
technology could help shorten EDOU length of stay by having 24/7 access to 
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advanced cardiac imaging/testing that could be performed and interpreted by ED 
staff, similar to point of care ultrasound. This shortened length of stay would poten-
tially drive down cost and increase patient flow through the ED.

Although these imaging modalities are available, they may not save money if 
performed on patients at too low risk to have a pre-test probability of coronary dis-
ease to justify the expense. Patients are also at risk for increased radiation exposure 
and spend additional time in the hospital since most of these tests are not available 
24/7. Therefore, patients presenting to the ED outside of early morning hours (and 
at many hospitals, at any time on weekends or holidays) need to stay overnight to 
get the test. Discharge with expedited testing may be an option for patients with 
resolved symptoms, but they need excellent access to outpatient resources, and 
some studies have demonstrated a high no-show rate when testing is deferred to 
post-ED discharge [67].

7 � Conclusion

Technological advances in the evaluation of patients presenting to the ED with a 
clinical concern for ACS are constantly evolving. Given the prevalence of coronary 
disease in the USA and the frequency of ED visits related to chest pain, the costs to 
the healthcare system and patients associated with their evaluation and treatment are 
quite high compared to other conditions. As budgetary pressures surrounding 
healthcare spending continue to escalate, the significance of these costs and strate-
gies to safely control them will continue to be of supreme importance. From 2007 
to 2017, cardiovascular mortality decreased to 233 from 260 per 100,000 although 
cardiovascular-associated diagnoses increased by 28.5% from 485.6 million to 621 
million globally [68]. Therefore, the evaluation of ACS will only increase to mirror 
the larger population of surviving patients with coronary disease [68]. A majority of 
these patients will interact with the ED; therefore, tools targeted for safe and effi-
cient evaluation of ACS in the ED yield tremendous quality and economic benefits.

Novel and more accurate approaches to evaluating ACS in the ED will improve 
the quality of care delivered, allocate resources efficiently, and provide cost 
reductions that are necessary to keep up the increasing demands on the healthcare 
system. Appropriate use of tools such as ADPs, high-sensitivity troponin assays, 
EDOUs, and advanced cardiac imaging are the step in the right direction to tackle a 
proper and efficient ACS evaluation.
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Reimbursement Considerations: Chest 
Pain Observation

Michael A. Granovsky

1 � Chest Pain Observation: Professional Reimbursement  
Considerations

Physician documentation, coding requirements, and reimbursement realities for 
chest pain observation units have been an area of great confusion in the past. This 
section will attempt to provide clarity and simplification of the seemingly complex 
reimbursement process. At a high level, chest pain observation unit patients receive 
physician’s services during their stay including evaluation and management ser-
vices as well as diagnostic services.

2 � General Physician Documentation Requirements

The Centers for Medicare and Medicaid Services (CMS) defines observation care as 
“A well-defined set of specific, clinically appropriate services, which include ongo-
ing short term treatment, assessment, and reassessment, that are furnished while a 
decision is being made regarding whether patients will require further treatment as 
hospital inpatients or if they are able to be discharged from the hospital” [1].

Observation is an outpatient service and, using Medicare as an example, falls 
under Medicare part B. AMA CPT codes are used to describe cognitive and diag-
nostic services provided to chest pain observation services. CMS states, “In only 
rare and exceptional cases do reasonable and necessary outpatient observation ser-
vices span more than 48 h. In the majority of cases, the decision whether to 
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discharge a patient from the hospital following resolution of the reason for the 
observation care or to admit the patient as an inpatient can be made in less than 48 
h, usually in less than 24 h” [1]. Over a period of 24–48 h, patients may receive 
services that take place over three or more calendar days. The current procedural 
terminology (CPT) code sets include the ability to report multiple calendar day stays.

Additionally, with respect to the physician billing requirements, Medicare pro-
vides the following instruction: “For a physician to bill observation care codes, 
there must be a medical observation record for the patient which contains dated and 
timed physician’s orders regarding the observation services the patient is to receive, 
nursing notes, and progress notes prepared by the physician while the patient 
received observation services” [1].

The CMS and CPT requirements are summarized below and include:

•	 A dated and timed order to place the patient in observation.
•	 The medical record should also contain a risk stratification statement and brief 

plan that demonstrates the medical necessity for the observation stay.

Example  A 39-year-old female presents with vague chest pain. Will place in chest 
pain unit for ACS evaluation protocol including serial cardiac enzymes and stress 
test in the morning.

•	 Progress notes demonstrating periodic assessments. Of note, there is currently 
not a minimum number of required progress notes. The progress note entries 
should reflect the variability in the patient’s clinical course. A straight forward 
rule out ACS patient would have fewer progress notes than a patient who had a 
more complicated course.

Example  A 57-year-old male placed in chest pain unit to rule out ACS:
9:00: No chest pain, first troponin normal, resting comfortably. RR 20 O2 satu-

ration 97%.
12:00: Called to see patient for headache. BP noted 194/110. No chest pain. 

EKG normal. Patient had missed his BP meds this morning prior to coming to the 
hospital. Daily medications updated and provided.

17:00: Headache resolved. BP 160/78. Second troponin normal.

3 � Calendar Day Coding Scenarios

One of the more confusing aspects related to observation services is the seemingly 
myriad of coding scenarios relating to the timing of a patient’s observation care 
(Table 1). This discussion will attempt to simplify the scenarios using the following 
two broad constructs:

	1.	 All the care takes place on one calendar day.
	2.	 The care spans more than one calendar day.
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Table 1  Examples of coding single and multiple calendar day stays in chest pain observation unit

Observation complexity Care all on the same day Care covers 2 days Care covers 3 days

Low 99234 99218 + 99217 99218 + 99224 + 99217
Moderate 99235 99219 + 99217 99219 + 99225 + 99217
High 99236 99220 + 99217 99220 + 99226 + 99217

4 � Chest Pain Observation: Admitted and Discharged 
on the Same Day

For example, the patient is placed in observation at 8 AM and discharged home at 8 
PM the same day. There are three codes for reporting when the patient is admitted 
and discharged from observation on the same day.

•	 99234: Low complexity
•	 99235: Moderate complexity
•	 99236: High complexity

The following relative value update committee (RUC) vignette is particularly 
relevant for chest pain observation units and provides a sense of the complexity of 
chest pain unit patients.

RUC Vignette  99236—A 52-year-old patient comes to the ED because of chest 
pain. The patient is admitted for observation and discharged later on the 
same day.

5 � Medicare Time Requirements for 99234–99236

Importantly, Medicare requires 8 h of care to report the same day observation code 
set 99234–99236. “When a patient receives observation care for less than 8 h on the 
same calendar date, the Initial Observation Care, from CPT code range 99218–99220, 
shall be reported by the physician. The Observation Care Discharge Service, CPT 
code 99217, shall not be reported for this scenario” [1].

6 � Chest Pain Observation: Admitted and Discharged 
on Different Calendar Days

For example, the patient is placed in observation at 8 PM on Monday and dis-
charged home at 9 AM on Wednesday.

Reimbursement Considerations: Chest Pain Observation
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6.1 � Day 1: The First Day

There are three codes for reporting the first day of observation for stays greater 
than 1 day:

•	 99218: Low complexity
•	 99219: Moderate complexity
•	 99220: High complexity

6.2 � The Middle Day(s)

There are three codes for reporting the middle days of observation for observation 
stays greater than 2 days:

•	 99224: Low complexity
•	 99225: Moderate complexity
•	 99226: High complexity

Utilize 99224–99226 for observation care services provided on dates other than 
the initial or discharge date. These codes include reviewing the medical record and 
reviewing the results of diagnostic studies and changes in the patient’s status since 
the last assessment by the physician.

6.3 � The Discharge Day

There is one code for reporting the last day of observation for stays greater than 1 day:

•	 99217: Observation care discharge
•	 99217 Observation discharge management is reported for all services on the date 

of observation discharge and includes the following: a final examination, discus-
sion of the observation stay, follow-up instructions, and documentation.

•	 99217 (Observation discharge) is used for the management of care on the final 
day and is used in conjunction with CPT codes 99218–99220 and, if applicable, 
the middle day codes 99224–99226.

7 � Evaluation and Management Service Documentation  
Requirements

Currently, chest pain observation unit documentation requirements are governed by 
the CMS and CPT rules which are in flux. For 2021 dates of service, the office visit 
codes 99201–99215 (not previously discussed) documentation requirements are 
governed by a collaborative effort between the AMA and CMS.  Those updated 
office visit guidelines in future years may be applied to the observation codes. 

M. A. Granovsky



37

However, currently, the 1995 CMS documentation guidelines as amended in 1997, 
along with CPT principles, typically determine the documentation requirements for 
chest pain observation patients.

Observation cases are scored primarily based on the key elements of the history, 
physical exam, and medical decision-making (Tables 2 and 3). With the exception of 
the lowest level of service, involving low complexity medical decision-making, obser-
vation services typically require a comprehensive history and physical examination.

8 � Documentation Requirements 99218/99234  
(Low Complexity Medical Decision-Making)

99218 and 99234 require a detailed history and examination which are further 
described in a more numeric fashion below:

•	 History of Present Illness: 4 elements
•	 Past, Family or Social History: 1 element
•	 Review of Systems: 2 systems
•	 Physical Exam 2-7 organ systems/body areas

9 � Documentation Requirements 99219/99220/99235/99236 
(Moderate and High Complexity MDM)

99219–99220 and 99235–99236 require a comprehensive and exam which are fur-
ther described in a more numeric fashion below:

•	 History of present illness: 4 elements
•	 Past, family or social history: All 3 elements
•	 Review of systems: 10 systems
•	 Physical exam: 8 organ systems

Table 2  Documentation requirements 99218–99220 and 99234–99236

Level HPI ROS PFSHx PE MDM

99218/99234 4 2 1 2 Low
99219/99235 4 10 3 8 Moderate
99220/99236 4 10 3 8 High

Requires all three key components: history, exam, and medical decision-making

Table 3  Documentation requirements summary 99224–99226

Level HPI ROS PFSHx PE MDM

99224 1 0 N/A 1 Low
99225 1 1 N/A 2 Moderate
99226 4 2 N/A 2 High

Requires two of three key components: interval history, exam, and medical decision-making
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10 � Observation Services CPT Typical Times

CPT publishes typical times associated with observation services (Table 4). As part 
of the documentation guideline evolution mentioned earlier the office visit codes 
may be scored based on specifically time. It is possible that observation code assign-
ment could also be based on a time component in the future and as such the pub-
lished typical time values for the codes utilized in chest pain observation units are 
included below.

11 � Chest Pain Observation Unit Reimbursement

Each CPT code is typically valued by the Relative Value Update Committee (RUC). 
Following an extensive survey and analysis process, the RUC assigns a number of 
relative value units (RVUs) to that specific code/service. CMS then applies certain 
technical adjustments, and each year publishes the RVUs assigned to each code. 
Using Medicare as an example, the RVU value is then multiplied by a published 
annual conversion factor (Medicare payment per RVU) to determine the final pay-
ment amount (Table 5).

Table 4  Summary of CPT typical 
times associated with observation 
services

CPT code Typical CPT times (min)

99218 30
99219 50
99220 70
99224 15
99225 25
99226 35
99234 40
99235 50
99236 55

Table 5  RVUs and payment 
chest pain observation 
evaluation and management 
services

Code Total RVUs Estimated payment ($)

99234 3.77 140
99235 4.77 175
99236 6.14 225
99224 1.12 40
99225 2.05 75
99226 2.95 110
99218 2.82 105
99219 3.83 140
99220 5.22 190
99217 2.05 75
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In the scenario where a patient is admitted to observation on one day and dis-
charged on the following day, the 99218–99220 codes will typically be assigned 
with the discharge code 99217. If the patient has a 3-day stay, the RVUs for day 1 
(99218–99220), the middle day (99224–99226), and 99217 are added together to 
determine the final payment amount for the totality of the visit (Table 6).

12 � Additional Diagnostic Services

Chest pain observation patients receive diagnostic testing in addition to the cogni-
tive work reported using the observation evaluation management codes discussed 
above including EKGs, echocardiograms, chest X-rays (Table 7). The professional 
component of these services are also typically reported.

Chest pain observation services involve cognitive work represented by the CPT 
Evaluation and Management Codes. The specific codes chosen are dependent on the 
number of calendar days the patient spend in the chest pain unit, the history and 
physical examination documentation, and the complexity of Medical Decision-
Making. Diagnostic studies, such as EKGs, are also reported. Each reported service 
has an assigned RVU value and corresponding payment amount. Attention to the 
professional side reimbursement detail is critical to ensuring the financial success of 
your unit.

Table 6  Combined RVUs for chest pain observation multi day stays

2-Day stay: initial observation code + discharge code RVUs Combined RVUs

99218 + 99217 2.82 + 2.05 4.87
99219 + 99217 3.83 + 2.05 5.88
99220 + 99217 5.22 + 2.05 7.27
3-Day stay initial observation code + middle day code  
+ discharge code

RVUs Combined RVUs

99218 + 99224 + 99217 2.82 + 1.12 + 2.05 5.99
99219 + 99225+ 99217 3.83 + 2.05+ 2.05 7.93
99220 + 99226+ 99217 5.22 + 2.95+ 2.05 10.22

Table 7  Example of professional diagnostic services performed in chest pain observation nits

Description CPT Professional component RVUs Approximate payment ($)

EKG 93010 0.24 9
Limited echocardiogram 93308 0.73 26
Central line 36556 2.46 90
Elective cardioversion 92960 3.12 115

Reimbursement Considerations: Chest Pain Observation
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Why Have Chest Pain Patients in a Short 
Stay Unit?

Kushal Nandam and Michael Ross

1 � Background

Cardiovascular disease in the United States is one of the highest causes of mortality. 
The estimated prevalence of coronary heart disease is around 18 million Americans 
with a rate of about 6.7% of all adults [1]. The estimated direct and indirect cost of 
heart disease between 2014 and 2015 was $218.7 billion. Myocardial infarction 
(MI) and coronary heart disease (CHD) were two of the most expensive conditions 
treated in hospitals in 2013, roughly $12.1 and $9 billion, respectively [1]. In 2016, 
the number of inpatient hospital discharges was about 1.045 million unique hospi-
talizations for ACS. There were also 10 million visits every year in the ED with a 
chief complaint of chest pain [2]. From a glance at gross statistics, it is obvious that 
CHD has a profound impact on the health of patients, hospital resources utilized, 
and total financial cost on the healthcare system.

Chest pain is one of the most important chief complaints of a patient who pres-
ents to the Emergency Department (ED). It also involves some of the highest risk 
and highest acuity patients who present to the ED.  Specifically, chest pain that 
involves coronary heart disease (CHD) is a complex decision-making process that 
can be a particularly difficult task to give a quick disposition. Emergency physicians 
(EPs) are the primary healthcare providers who sift, diagnose, and deliver appropri-
ate care to the undifferentiated chest pain. Despite a number of tools, immediate 
diagnostic certainty can be elusive. It has been found that up to 8% of myocardial 
infarction patients can have a completely normal EKG, and less than half of AMI 
patients had positive diagnostic cardiac markers on arrival [3]. Chest pain also hap-
pens to be one of the highest legal risk of chief complaints to the emergency 
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department. Emergency physicians carried a 7.5% risk of litigation, annually [4]. In 
a 2010 study reviewing litigation in emergency departments, acute MI was found to 
be the top diagnosis of ED claims, with about 5% of the total claims and chest pain 
(unspecified) being 4%. For AMI, the average indemnity was roughly $245,000, 
and near the top of the list. Given the stakes, not only for patient outcomes, but also 
for protecting one’s practice, it is clear that missed MI is a cause of high concern.

Coronary heart disease (CHD) constitutes the range from asymptomatic coro-
nary artery disease (CAD) or CAD with stable angina to ACS, which includes 
unstable angina (UA) and acute MI (NSTEMI and STEMI). Coronary heart disease 
(CHD) manifesting as ACS, and in particular UA, is one of the most difficult chest 
pain diagnosis to select out for proper care. The diagnostic challenges has led to 
dramatic changes and testing in practices over the decades. The EKG was one of the 
first tools in the arsenal and is the standard initial evaluation for chest pain patients 
concerning for ACS. Laboratory diagnosis of ACS had advanced the field with car-
diac biomarkers from CKMB to troponin and even high-sensitivity (hs) troponin. 
The options for noninvasive diagnostic testing started with the treadmill stress EKG 
and now have seen advances to stress echocardiography, nuclear medicine cardiac 
stress testing, sestamibi cardiac myocardial perfusion studies, and more recently 
coronary CT. Despite the advances in care, there are still a number of patients in 
whom it is difficult to create a quick snapshot diagnosis of ruling in or out ACS in 
the emergency department. This leads to further care and work-up beyond the ED, 
whether that is admitting the patient to the hospital or a short stay unit.

2 � What Is a Short Stay Unit?

Observation medicine is a branch of medicine that takes care of patients who are too 
sick to go home but not sick enough to be admitted, or to determine their need for 
inpatient admission. CMS defines observation services as “outpatient care ordered 
by a physician and provided in a hospital bed” with a “well defined set of specific, 
clinically appropriate services, which includes ongoing short-term treatment, 
assessment and reassessment before a decision can be made regarding whether the 
patient will require further treatment as a hospital inpatient or if they are able to be 
discharged from the hospital” [5]. For the vast majority of patients, the decision to 
admit can be made within 48 hours and a large portion within 24 h [5].

Most observation patients enter the hospital through the emergency department 
[5]. The average emergency department length of stay of patients admitted to the 
hospital is 5 h. Subsequently, the average hospital inpatient length of stay is roughly 
5 days. Hospital inpatient admissions with a length of stay less than 24 h are gener-
ally denied payment by health insurers as an “unnecessary inpatient admission.” 
This creates a “6–24 h” orphan population of patients whose hospital needs are 
greater than 6 h, but less than 24 h. These “6–24 h patients” are generally managed 
using outpatient observation services. However, there is much variation in the hos-
pital settings in which observation care is provided. The nomenclature used to 
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Table 1  Hospital settings in which observation services are provided [6]

Setting Description Characteristics

Type 1 Protocol driven, observation unit Highest level of evidence for favorable 
outcomes
Care typically directed by ED

Type 2 Discretionary care, observation unit Care directed by a variety of specialists
Unit typically based in ED

Type 3 Protocol driven, bed in any location Often called a “virtual observation unit”
Type 4 Discretionary care, bed in any 

location
Most common practice
Unstructured care
Poor alignment of resources with patients’ 
needs

describe these settings uses two variables: the use of a dedicated observation unit 
and the use of observation protocols. They are defined as type 1–4 settings (see 
Table 1). This chapter will focus on chest pain patients in a type 1 setting.

The type 1 setting is a protocol-driven observation unit, most commonly run by 
the emergency department [7]. These are typically the most efficient systems in 
delivering observation care because there are focused patient care goals, the staffing 
is aware of time constraints and urgency to having a quick disposition, and protocols 
are easily streamlined for specific chest pain complaints. The American College of 
Emergency Physicians’ policy on the management of ED observation units states 
that this setting is a “best practice” for observation patients. It is one that requires a 
commitment of staff and resources. A number of terms are used by hospitals to 
describe these units that include Observation Unit (OU), Emergency Department 
Observation Unit (EDOU), Clinical Decision Unit (CDU), Short Stay Unit (SSU), 
and Chest Pain Observation Unit (CPOU). The majority of observation services are 
delivered by either internists or emergency medicine departments.

Type 2 setting is Discretionary Observation Unit, typically in the ED, where 
specialists direct care. Type 3 a virtual observation unit where patients can be placed 
anywhere in the hospital among admitted patients, but have protocol-derived care. 
Type 4 setting of observation care is for patients who obtain unstructured care in any 
hospital bed and is discretionary to the physician who takes care of them.

3 � Why Have Short Stay Units?

Short Stay Units have been becoming more prevalent and established as essential 
cogs in the healthcare system. These units have allowed physicians to decrease 
diagnostic uncertainty when evaluating patients for ACS. They allow hospitals to 
efficiently care for patients with rapid diagnostic testing and turnaround times, with 
safe discharges. In terms of efficient care, structured-protocol-based OUs (type 1) 
have reportedly shown a cost savings of 27–42% relative to traditional inpatient care 
[6]. The length-of-stay in type 1 units is half that of inpatient settings [6]. It has been 
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estimated that type 1 OUs could save the US health system between $5.5 billion and 
8.5 billion annually [6]. The growth of Observation Medicine accelerated treatment 
protocols has been proven effective for other conditions, including asthma, syncope, 
TIA, and atrial fibrillation, and congestive heart failure [7]. Baugh et al. estimated 
that with general expansion of observation units, “the average cost savings per 
patient would be $1572, annual hospital savings would be $4.6 million, ad national 
cost savings would be $3.1 billion” [8]. By having a carefully selected group of 
patients treated in EDOUs, patients can avoid an inpatient admission. This allows 
the medical system to have shorter length of stay, improved resource utilization, and 
decreased patient costs without sacrificing outcomes.

4 � Which Chest Pain Patients Should Go to SSU?

Patients should be appropriately selected to go to the SSU. First, all adult patients 
evaluated in the ED with undifferentiated chest pain with a concern of ACS should 
have essential diagnostic information. This includes an EKG, medical history and 
family medical history, appropriate physical examination, as well as laboratory tests 
which include cardiac marker (troponin). Once this information has been gathered, 
patients can be risk stratified based on a number of scoring systems as well as tri-
aged into a protocol. Patients identified as low risk can be discharged from the 
ED. The patients that have clearly demonstrated signs of ACS such as STEMI and 
NSTEMI or very high risk of UA should be admitted to the hospital for further 
extensive management. It is this last group of undifferentiated patients that are in the 
middle that would most benefit admission to an SSU. They are higher risk based on 
scoring factors from history, but do not have clear concrete evidence of ACS on 
EKG and troponin, but would necessitate further testing.

In appropriately choosing the patients for a chest pain protocol for SSUs, one 
must first appropriately screen out low-risk patients who can be discharged from the 
ED. Over the past few decades, several risk stratification tools have been developed 
to achieve this and include the ADAPT, EDACS, and HEART scores. The HEART 
score has become one of the more commonly used tools [9]. ACEP Chest Pain 
Policy committee suggests that a missed diagnosis rate of ≤1% for 30-day MACE 
is acceptable. Using the HEART score, patients with a score 3 or less has been stud-
ied to have a MACE of 0.9–1.7% [2]. Scores are taken one step further in what is 
called “pathways.” For example, the “HEART Pathway” involves combining a 
HEART score with repeat troponins over time. The HEART Pathway is a validated 
decision tool established to identify which low-risk patients can be discharged from 
the ED with low MACE [10]. It combines the HEART score and a 0 and 3 h tropo-
nin lab testing to risk stratify patients. It has been shown to provide better sensitivity 
and negative predicted value than the HEART score alone. Other scoring pathways 
include the ADAPT and EDACS decision tools. A 2016 study showed that they both 
had high sensitivity for MACE, but HEART pathway was able to stratify a higher 
portion of percent of patients as low risk and safe for early discharge [11, 12]. A 
2019 study of the HEART Pathway in the ED beyond just discharged patients and 
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did show reduced inpatient and stress testing, thus conserving resources without 
worsening 30 days MACE [13].

When these low-risk patients are discharged, evidence also suggests that there is 
no benefit of early stress testing within 72 h [14]. Original ACC recommendations 
have recommended patients discharged with ED with need of stress testing (ordered 
by ED) have it done within 3 days. One study showed patients discharged with a 
recommendation for outpatient testing, only 30% completed it within 3 days, and 
10% did not complete it within 30 days. MACE over these 30 days in this study was 
low with AMI at 0.7% and revascularization at 0.3% with no deaths.

The most obvious patients that should be admitted to the hospital and not go to 
an SSU, are high risk patients diagnosed with Acute MI (STEMI and NSTEMI) 
patients. Patients with EKG findings of ST elevation MI generally need immediate 
reperfusion with PCI (or tPA depending on circumstances). Their severity of illness 
and intensity of service needs exceed what is appropriate for a SSU setting. Beyond 
immediate intervention, these patients often will have further evaluation with echo-
cardiograms, medication titration, and cardiac rehab therapy that requires greater 
than the two midnights of observation. Management of ACS in NSTEMI patients 
often requires patients on 48 hours of anticoagulation, trending cardiac markers, 
and continual assessment for the need for PCI which also would not fit criteria of 
being within the time period of observation care.

This leaves a group of patients who fall between “very low risk” and “high risk” 
of ACS. These are hemodynamically stable patients with no acute ischemic EKG 
changes and negative troponins. They have a concerning story for ACS and com-
monly fall into a HEART score of 4–6. In this range, a validation of the HEART 
score showed a MACE of 16.6% at 30 days [15], which would be a higher number 
than most EPs would feel comfortable discharging, without reliable follow-up 
short-term follow-up or clear shared decision-making. Patients in this group bound 
for an SSU could even have a HEART score of 7 with negative troponins, but with 
nonspecific EKG changes that could increase MACE to 50–65% (captured by any 
HEART score greater than 7). Some would argue that an EP could place these 
patients in the SSU for continued monitoring, provided they no longer had chest 
pain. These patients may benefit with a cardiology consultation in conjunction with 
their SSU placement in the direction of decision of which imaging modality to con-
sider. The HEART Pathway broadly defined patients as high risk if they didn’t fall 
in the low-risk category, with a HEART score of greater than or equal to 4, and then 
differentiated patients based on troponin results [10]. Those patients were placed in 
the SSU or inpatient unit for further imaging/testing.

5 � Why Chest Pain Patients Should Be in Short Stay Unit

A patient presentation of chest pain is a notoriously high-risk medical concern and 
risk that providers routinely face in the emergency department. For patients, chest 
pain represents the fear of a heart attack. Acute coronary syndrome, in particular, is 
the diagnosis that one would like to ideally rule in or out completely. However, 
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despite many advances in diagnostics, research, and technology, it is difficult to 
make an immediate diagnosis. The ultimate goals of selecting the right chest pain 
patients for an SSU would be to decrease risk of MACE in discharged patients, 
increase efficiency from a length of stay and resource utilization, and appropriately 
admit ACS patients.

When creating an SSU with chest pain protocols, there needs to be essential 
components to be a part of the pathway. First is the right patient selection. As stated 
before, those patients who have intermediate risk of ACS have not been definitely 
ruled out, with an initial evaluation of higher than 2% risk of MACE at 30 days from 
the ED visit. Having an SSU does not meet all chest pain patients should be placed 
in there. Low-risk patients should be discharged because they are too low risk that 
any extra care would likely not lead to any benefits and potential harm.

The essential components of an SSU chest pain protocol include appropriate 
patient selection, serial troponin and EKG testing, cardiac telemetry, and cardiac 
imaging. The final disposition of these patients during their observation period will 
be determined by the results of these tests. The CHEER study established a baseline 
for SSU protocols including minimum of 6 hours stay, serial cardiac enzymes, 
administration of aspirin, and advanced cardiac testing. If patients had negative test-
ing, they were discharged. If they had positive findings of positive biomarkers or 
concerning findings on advanced cardiac testing, they were admitted [16, 17].

The first diagnostic component of chest pain patients in an SSU is to have serial 
troponin and EKGs during the stay. Cardiac troponins should be drawn at 3- and 6-h 
intervals for patients with suspicion of ACS and beyond 6 h after onset of symptoms 
if EKG changes are noted with negative troponins on initially evaluation (ACC).

The second important diagnostic component for chest pain patients in the SSU is 
imaging or provocative testing. Per the ACC guidelines, the “goals of noninvasive 
testing in patients with low or intermediate” risk of CAD are “to detect ischemia and 
estimate prognosis” [18]. The timing for patients with UA would be those that are 
asymptomatic and clinically stable at 12–24 h [18]. In addition to this, there are 
contraindications of stress testing that EPs keep in mind when ordering testing such 
as AMI within 2 days, high-risk unstable angina, uncontrolled arrhythmia, symp-
tomatic severe aortic stenosis, uncontrolled heart failure, acute PE, myocarditis, 
pericarditis, endocarditis, aortic dissection (acute), active concurring medical issue 
such as sepsis [19].

Historically the main modality of additional testing to rule out ACS has tradition-
ally been the stress treadmill EKG because of “its simplicity, lower cost, and wide-
spread familiarity with its performance and interpretation” [18]. During this test, 
patients are required to increase their metabolic rate by engaging in strenuous activ-
ity (i.e., treadmill) and observe serial EKGs to assess for dynamic or ischemic 
changes. To select this test, the patient must be able to exercise to a reasonable 
degree and the baseline EKG must be free of resting ST changes (baseline ST 
abnormalities, Left Bundle Branch Blocks, LV hypertrophy with ST-T changes, 
intraventricular conduction defect, paced rhythms, pre-excitation, and digoxin) 
[18]. These restrictions do limit the patient population and should undergo other 
testing if they do not fall in the above requirements. If patients are able to exercise, 
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but have ST changes on resting EKG, stress testing a patient with additional compo-
nent of imaging modality should be used (i.e., transthoracic echocardiogram) [18]. 
Exercise echocardiography, even in the absence of abnormal baseline EKG, can add 
prognostic information (compared to EKG) as well as has a higher specificity to 
testing, giving the test an advantage. One recent study in Europe compared exercise 
echo vs exercise EKG with suspected ACS in SSU. The results showed incremental 
prognostic information and higher net clinical benefits [20]. Regardless, a negative 
stress EKG had very favorable outcomes with one meta-analysis result showing 
“the annual risk of cardiac death or myocardial infarction with normal exercise 
echocardiography was 0.54%” [21].

Over the years, as patient population has become more sedentary and more com-
plex pathology, there has been an increased need for further advanced imaging 
options. In patients who are unable to exercise, patients must be induced to achieve 
an adequate heart rate, typically by pharmacological methods to get adequate 
results. Stress agents include vasodilators (adenosine, dipyrimadole, and regaden-
sone) and positive chronotropes (dobutamine). Stress agents are often combined 
with nuclear imaging modalities. This includes myocardial perfusion imaging 
(MPI) with Sestamibi (MIBI) isotopes using Single Photon Emission Computer 
Tomography (SPECT) cameras or Rubidium isotopes with Positron Emission 
Tomography (PET) imaging cameras.

As seen here, there are a number of cardiac imaging modalities to assess the risk 
for ACS. Generally, the absence of inducible ischemia on negative stress testing and 
imaging is associated with low risk of 30-day MACE. In patients with intermediate 
risk of ACS, a normal MPI with MIBI testing was found to have a MACE of 3% at 
30 days in a 2002 trial [22]. One meta-analysis “reported that normal images by 
both techniques accurately identify low-risk patients: annualized risk of cardiac 
death or myocardial infarction by SPECT, 0.45%; and by echocardiography, 0.54%” 
[21]. Patients who are found to have normal MPI or stress testing can be comfort-
ably discharged as risk of ACS has been better defined and MACE determined to be 
sufficiently low enough.

A newer imaging modality has been coronary CT angiogram (cCTA). CT coro-
nary studies have allowed more rapid assessment and a high negative predictive 
value. Hoffman compared early CCTA vs standard of care for chest pain and showed 
that length of stay was reduced by 7.6 h relative to standard care. Patients were 
discharged at a rate of 47% vs 12% in standard of care [23]. They reported that 
about 50% of the patients in the CCTA group were discharged within 8.6 h of pre-
sentation. However, there was a significant increase in diagnostic testing with the 
CCTA group, and a nonsignificant increase in the rate of invasive coronary angiog-
raphy in the intermediate risk patients with CCTA group (11%) versus non-CCTA 
group (7%). Follow-up studies also showed durable safety in the rule outs. CT coro-
nary angiogram also provided significant prognostic value over time to rule out 
significant ACS over a year. In a later study, in patients that were at low and moder-
ate risk with chest pain, they were randomized between traditional care and CT 
coronary and those that had a negative coronary CT result had a low rate of cardiac 
death, AMI, or revascularization and had no statistical difference compared to 
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standard of care [24]. Another argument for opting to use CCTA could be long-term 
benefits of finding non-intervenable atherosclerosis for early medical treatment. In 
the recently published SCOT-HEART trial, the “use of CTA in addition to standard 
of care in patients with stable chest pain resulted in a significantly lower rate of 
death from CHD or nonfatal MI at 5 years than standard of care alone” without 
increase in coronary angiography or revascularization [25]. The rate was about 
1.6% lower than standard therapy; however, all-cause mortality did not change. The 
researchers suggested that the potential difference in CHD-related mortality was 
most likely secondary to additional changes in preventative treatment for coronary 
artery disease.

6 � Improved Outcomes

There are a number of benefits for having chest pain patients evaluated in an 
SSU. These include lower hospital length of stay, lower costs for all stakeholders, 
improved resource allocation, and improved satisfaction for both EPs and patients.

SSU for chest pain allows for streamlined, focused protocols that allow us to 
answer specific question: “Can we rule out AMI?” First of all, the safety and effi-
cacy of chest pain units have been established. The CHEER study randomized 
patients with chest pain and an intermediate risk of cardiovascular events to a CPU 
vs admission (standard of care). In this study, Farkouh found the MACE rate of both 
populations was equal at 6 months, with reduced use of resources without increas-
ing adverse outcomes [16]. A subsequent analysis of the population in the CHEER 
study also showed no difference in primary outcomes (MI, death, CHF, stroke, or 
out of hospital cardiac arrest) for patients 5 years out between those assessed in the 
CPU vs admission [16, 17].

Hospitals are one large stakeholder that can benefit from a number of metrics by 
creating protocols for chest pain patients in an SSU.  These include decreased 
resource utilization (inpatient beds and length of stay). The CHEPER study specifi-
cally addressed the resource allocation benefits of chest pain patients in observation 
units [26]. This study compared observation units with chest pain evaluations to 
prior studies on chest pain evaluation without the use of observation. The findings 
showed that 76% of these chest pain patients in observation units were discharged 
home without admission. The results also had a lower proportion of missed MIs (0.4 
vs 4.5%) and had a final hospital admission rate that was lower. Further analysis 
showed that a higher portion of the patients had a “rule out MI” evaluation, which 
meant advanced diagnostic testing, despite lower length of stay. Another random-
ized control trial by Roberts et  al. [27] measured a number of metrics with an 
ED-based accelerated diagnostic protocols (ADPs)/chest pain observation units vs 
inpatient admission. First, the hospital admission rates for ADPs were 45.2% vs 
100% for control patients. The total cost per patient using ADPs was about $1528 
vs $2085  in the control group, saving $567 per patient. The LOS was also 
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significantly decreased by 11.3 h [27]. The primary benefit of decreased resource 
utilization of the hospital is though decreased length of stay. These and other studies 
show that a protocol-driven SSU can provide streamlined care, with higher specific-
ity and lower readmit rates. EPs are cognizant about the risks that chest pain patients 
have, as well as being acutely aware of the limitation of resources available. Results 
of having quick turnaround times with diagnostic certainty allow EPs to have higher 
diagnostic comfort level as well as a higher satisfaction of safely discharging 
patients that are known to be low risk for AMI.

There are also patient-centered outcomes associated with SSUs, specifically in 
regard to chest pain patients. Rydman reported patient satisfaction of a CPU versus 
inpatient observation and found that patients evaluated in a CPU had higher levels 
for all satisfaction for all metrics measured [28]. The data suggested “that overall 
satisfaction was more strongly correlated with fewer problems in areas of commu-
nication” and other examples such as patient education and discharge preparation. 
With chest pain patients in a protocol-driven CPU, it is reasonable to see that a 
streamlined approach allows clearer communication with EPs, as well as clear 
patient education and discharge preparation because there is a standard structure to 
the process. Another small study in a hospital which compared observation patients 
in a dedicated OU vs a general inpatient bed also showed higher patient satisfaction 
scores [29]. This study also re-demonstrated that there was an improvement in com-
munication with EPs. It can be difficult to assess the direct cost burden on patients 
in SSU versus inpatient stays because of differing insurance policies. An additional 
benefit to patients can potentially be cost savings. Medicare beneficiaries have had 
some concern because observation services are billed as outpatient services, and 
patients generally see a 20% co-pay for this. Despite this limitation, patients may 
see cost savings in SSU evaluations. One study looked at Medicare beneficiaries, 
and it showed Medicare observation copayments were generally lower by an aver-
age of $324 and 94% of observation co-pays lower than for inpatient care [6].

7 � Conclusion

Chest pain patients are among the highest risk patients that enter the EDs today in 
terms of morbidity, finance, and liability. ED evaluations of a large percentage of 
these patients may not be able to immediately determine safely the requirement of 
inpatient care or safe discharge. Creating an SSU with chest pain protocols has been 
an incredible tool at the disposal of hospitals and EPs to help evaluate these patients. 
The evidence has consistently shown good outcomes with decreasing MACE of 
discharged patients and admitting appropriate patients to the inpatient units of hos-
pitals. This has allowed improved length of stay, resource allocation, improved 
costs, and improved satisfaction among patients.

It is well known that healthcare expenditures are the largest portion of the US 
national GDP over the years, and it is increasing. Finding ways to improve cost and 
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resource allocation is key to keep healthcare system solvent while improving care. 
Observation Units have been extremely useful in assisting to avoid costly inpatient 
stays. Further deploying SSUs for chest pain patients can further help the goal of 
improving allocation of care in the US healthcare system.
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Value of Accreditation for Chest Pain 
Centers

Natalie Bracewell and David E. Winchester

Abbreviations

ACS	 Acute coronary syndrome
ED	 Emergency department
EMS	 Emergency medical services
MI	 Myocardial infarction
PCI	 Percutaneous coronary intervention
STEMI	 ST-elevation myocardial infarction

The concept of a chest pain center dates back decades to Dr. Raymond Bahr and St. 
Agnes hospital in Baltimore, MD. In broadest terms, a chest pain center refers to a 
facility that has made special preparations to care for patients with acute chest pain 
syndromes, rapidly identifying and treating those with a coronary etiology. That 
may mean dedicated bed spaces, a stand-alone ward, or even a virtual unit where a 
specific care protocol is followed for chest pain patients who are intermixed with 
other patients. Because patients with chest pain syndromes receive care from a vari-
ety of clinicians, a multidisciplinary approach tends to produce the best outcomes. 
Chest pain is one of the most common presenting symptoms, and as such, care can 
be provided more efficiently when the work is standardized.

Nevertheless, many facilities face challenges in providing high-quality care for 
patients with acute chest pain syndromes. One potential solution which can help 
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facilities to navigate standardization of care, multidisciplinary collaboration, and a 
myriad of potential design elements is accreditation. If done earnestly and with buy-
in from frontline clinicians, accreditation can raise the bar on the timeliness and 
quality of care, simultaneously giving patients greater satisfaction with the care they 
receive. In this chapter, we will discuss important structural and process elements of 
a comprehensive chest pain center and the ways that accreditation may benefit a 
facility, a healthcare system, and its surrounding community.

1 � Accreditation Options

Multiple organizations offer accreditation or certification for comprehensive car-
diac care as well as individual elements such as the coronary angiography suite, 
acute chest pain, heart failure, and others. Accreditation products differ in their cost, 
business model, level of engagement between the accreditation staff and facility 
personnel. Facility leadership needs to carefully select accreditation products that 
are best aligned with their interests and patient/staff needs. Below we describe some 
of the elements of a comprehensive accreditation system that addresses the manage-
ment of acute chest pain from pre-hospital care through the transition back to pri-
mary/specialty care follow-up.

2 � Facility Leadership

Chest pain center accreditation is typically a facility-wide designation and not 
something that an individual unit or clinical service line can accomplish in isolation. 
As such, strong facility leadership is a necessary part of a successful accreditation. 
Depending on the state of a facility’s infrastructure, capital costs may be incurred 
that again would not typically be borne by any one service line’s budgeting. 
Directives from the executive suite may be necessary in order to adequately engage 
staff from multiple service lines and to facilitate cooperation between groups that 
may not traditionally collaborate directly, such as frontline clinicians and physical 
plant staff or laboratory technologists.

Engagement with staff at all steps of patient care helps ensure that valuable input 
is not overlooked; a core principle of process improvement. Armed with compre-
hensive feedback on how to improve care, individual leaders must accept responsi-
bility for crafting plans and putting them into action. Identifying specific individual 
physicians who can serve as champions for the accreditation process works to mini-
mize the risk that responsibility for the process is not diffused to the point of being 
ineffective. Physician champions from emergency medicine and cardiology should 
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be identified, although it would also be reasonable to include other services such as 
hospital/inpatient medicine. As an example of how accreditation drives these best 
practices, any facility could easily identify champions for the management of chest 
pain processes, but only about half do so prior to seeking accreditation [1]. The 
same analysis showed that only about half of facilities seeking accreditation had 
engagement with frontline clinical personnel and laboratory staff.

3 � Community Outreach

Recognizing the benefit of early medical activation for heart attack care, some 
accreditation products require evidence of engagement with the communities that 
the facility inhabits: internal, external, or both. Often this consists of some assess-
ment of community cardiovascular risk, identifying the highest risk subpopulations, 
and developing educational activities to try and reduce risk. This many take the 
form of screenings and wellness programs both for employees and with community 
partnered organizations. One effective method for community education on symp-
toms of myocardial infarction (MI) includes using the Early Heart Attack Care pro-
gram which promotes self-awareness of early signs of impending heat attacks and 
encourages timely medical assessment and care.

4 � Pre-hospital Care

While door-to-balloon time often dominates discussions of acute MI care, it does 
not capture all of the time important to optimizing patients’ outcomes. As such, care 
of patients before they reach the hospital should be another focus of chest pain care 
and accreditation. For example, administration of aspirin prior to hospital admission 
in an acute MI is associated with improved mortality compared to those who 
received aspirin after admission [2]. A close working relationship with surrounding 
area emergency medical services (EMS) helps to increase compliance with these 
measures to improve patient outcomes.

EMS are a crucial part of the multidisciplinary approach of establishing an 
accredited chest pain center. As with the aforementioned physician champions, an 
EMS champion should be identified and encouraged to participate with the chest 
pain center leadership to optimize pre-hospital care for patients with suspected 
acute coronary syndrome (ACS). Programs such as Early Heart Attack Care also 
offer additional education. EMS staff should receive reports on success with prac-
tice recommendations and patient-specific feedback for critical patients requiring 
timely care for continued feedback and improvement.

Value of Accreditation for Chest Pain Centers
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5 � Early Stabilization

According to the 2017 National Hospital Ambulatory Medical Care Surgery, the 
second leading symptom for patients presenting to the emergency department (ED) 
was chest pain and related symptoms with an estimated 6.5 million encounters, 
surpassed only by stomach and abdominal pain, cramps, and spasms [3]. Due to the 
high volume of patients with chest pain presenting to the ED but the two times 
increased mortality in a missed MI, an efficient system must be established [4]. 
Despite these widely known facts, a minority of facilities seeking accreditation have 
an adequately documented, facility-specific plan of care for ST-elevation MI 
(STEMI), even fewer had an agreed process on which patients qualify as “low-risk” 
for decision-making about early discharge, observation services, and outpatient 
follow-up [1].

Some physicians notoriously bristle at the notion of care protocols, deriding 
them as “cookbook medicine.” While every patient clearly has unique factors to 
consider in their evaluation, the use of a protocol for early stabilization of those with 
chest pain may yield substantial benefits. Even the most fiercely autonomous physi-
cian would doubt the value of an early electrocardiogram (ECG) in these patients. 
Over a third of facilities seeking accreditation fail to perform and interpret an ECG 
within 10 minutes of arrival for chest pain patients despite the professional society 
recommendations to do so [1, 5].

These substantial gaps in early chest pain care may be reduced through accredi-
tation. Specifically, as noted above, having physician champions responsible for 
action can help facilitate standardization of processes. Some facilities may achieve 
significant improvements through teamwork with the ECG technologists. Having 
the right partner can also help through collaboration with accreditation staff who 
have the experience of seeing how hundreds of other facilities around the country 
have developed and adopted care protocols.

Use of programs that have a pathway for triaging and managing patients with 
chest pain to reduce time to initial assessment and guide the next steps has proven 
to reduce hospitalizations and increase detection of ACS. One example is having 
patients who present to the ED with chest pain evaluated using the HEART score 
(history, ECG, age, risk factors, and initial troponin). Implementation of this scoring 
system may reduce hospitalizations by 6% while maintaining <1% of patients with 
a missed MI [6]. Accreditation helps with adoption of workflow guidelines similar 
to this, and paired with continual feedback of the compliance, and patient outcomes 
will continue to sharpen the initial stabilization and care path for chest pain patients 
in the ED.

Another early stabilization care process option is to establish a stand-alone chest 
pain unit. These units are designed for patients who are considered low risk for ACS 
but still need a brief evaluation period to minimize the likelihood of acute 
MI. Depending on the facility resources, these patients may be monitored on telem-
etry, have serial enzyme testing obtained, and undergo a stress test without using an 
acute care bed or having a prolonged stay in the ED.  These processes are 
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encouraged by most chest pain center accreditation products because multiple ben-
efits have been observed including less missed MI, reduced costs, reduced length of 
stay and unneeded admissions, improved use of hospital resources, and fewer 
patients leaving without being evaluated in the ED [7, 8].

6 � Acute Care

One area of CV care that most would likely agree benefits from a process-driven 
approach is for patients with an established ACS, specifically STEMI. Timely care 
is crucial for these patients, something we have known for decades. In GUSTO-IIb, 
delayed time to reperfusion or fibrinolytics in acute MI correlated with increased 
mortality [9]. Collaboration between Cardiology and ED staff, as well as the cardiac 
catheterization lab is required for shortened door-to-balloon times. Set protocols 
and resources brought to the institution by the chest pain center accreditation pro-
cess can assist with communication and continual feedback to constantly improve 
the system. Required annual education with the staff as well as drills can help to 
hone these skills to be ready when a critically ill patient arrives.

Both time to procedure and prompt administration of medications are important 
for improving outcomes for acute coronary syndrome (ACS) patients. Multiple 
medications carry a class I indication including dual antiplatelet therapy, high-
intensity statin, oral beta blocker, nitroglycerin if there is ongoing chest pain or 
hypertension, and systemic anticoagulation for non-STEMI patients. Due to the 
sheer number of medications recommended and need for rapid medical decision-
making, it is very possible that there could be delays to medication administration 
in the ED. Accreditation as a chest pain center typically includes adoption of system 
enhancements, such as medication order sets, that reduce reliance on providers and 
improve standardized care of ACS patients [5, 10].

Some chest pain accreditation processes may encourage relationships between 
hospital centers or care networks. This can facilitate rapid transfer of critically ill 
patients requiring urgent percutaneous coronary intervention (PCI) or critical care 
post-MI. For STEMI patients who transfer from one hospital to another with a PCI-
capable center, prolonged time spent at the initial hospital and delayed door-to-
balloon times results in increased in-hospital mortality for those with delayed 
transfer and care [11]. Establishing transfer protocols between centers for patients 
can significantly reduce their time to intervention and therefore outcomes.

7 � Transitions of Care

Outpatient follow-up after ACS is equally important as important in-hospital man-
agement. As just one example, from the PLATO study, patients with ACS on dual 
antiplatelet therapy still had around 11% incidence of re-infarction at 1 year [12]. In 
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a study from Taiwan, 30-day readmission rates for NSTEMI patient were signifi-
cantly less for patients who had 7-day outpatient follow-up with physicians than 
those who did not have close follow-up [13]. Close follow-up with a cardiologist is 
crucial for post-ACS patients to ensure medication optimization and continued 
assessment of symptoms. In a comprehensive chest pain center, the focus on patient 
care is not isolated to just the hospital stay itself but extends to after the patient is 
discharged. There are expectations for timely clinical follow-up and cardiac reha-
bilitation referrals, which help to improve outcomes and reduce readmissions. 
Despite clear value of close outpatient follow-up, only about half of accreditation-
seeking facilities routinely refer patients to cardiac rehabilitation or have adequate 
discharge instructions on dosing and duration of cardiac medications; only 13% 
have a clear process on how to schedule outpatient stress testing [1].

8 � Clinical Quality

Ultimately, the hope is that through better processes and reducing variation in care, 
that patients will experience improvement in clinical outcomes. For a variety of 
reasons, high-quality data showing improved outcomes with accreditation is lim-
ited. This is especially true in countries such as the US that do not have a national 
health database and where accrediting bodies have limited access to patient data for 
linkage to accreditation status. Starting more broadly, adherence to guidelines from 
professional societies on the management of ACS and STEMI is associated with 
reduced mortality. This was shown in a 2005 analysis from the CRUSADE registry 
where patient mortality was worst for the quartile of facilities with the lowest adher-
ence to guidelines (6.31%) compared to the highest adherence quartile (4.15%, P < 
0.001) [14]. Ross et al. used data from the Medicare and Medicaid and found that 
compliance with core measures for acute MI was better at accredited chest pain 
centers. The metrics evaluated included aspirin on arrival, beta blocker on arrival, 
PCI <120 min after arrival, fibrinolytics <30 min after arrival, aspirin at discharge, 
beta blocker at discharge, angiotensin-converting enzyme inhibitor or angiotensin II 
receptor blocker at discharge, and smoking cessation counseling [15]. Together, 
these data suggest accreditation is a promising strategy to improve outcomes.

Other countries have databases suitable for investigating the clinical benefits of 
accreditation and have begun to do so. In China, a study evaluated 7-day in-hospital 
outcomes of acute MI patients before and after the hospitals had gone through the 
chest pain center accreditation process. This study showed that after accreditation, 
both major cardiac events (8.0% versus 6.7%, p = 0.0003) and mortality (1.6% ver-
sus 1.1%, p = 0.021) were reduced. This effect persisted with proportional hazard 
modeling (cardiac event hazard ratio 0.78, 95% confidence interval 0.68–0.91; mor-
tality hazard ratio 0.71, 95% confidence interval 0.51–0.99) [16].
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9 � Conclusions

Accreditation in a chest pain center helps encourage clinicians to engage in best 
practices for patient care. Improvements are achieved through adoption of process 
improvement strategies, adherence to clinical guidelines, reducing unwanted varia-
tion in care, adoption of best practices demonstrated by other facilities, multidisci-
plinary teamwork, and a holistic approach that begins with prevention and ends 
after care has been transitioned to a long-term care provider. Data have shown sub-
stantial improvements in process measures, and emerging data are demonstrating 
reductions in important outcome measures including adverse cardiac events and 
mortality.
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Pathophysiology and Definition 
of the Acute Coronary Syndromes

Mani M. Alavi and Deborah B. Diercks

Understanding the pathophysiology of acute coronary syndromes (ACS) is essential 
to understand the diagnosis, risk stratification, and management strategies [1]. 
Patients with ACS are a high-risk group, and the contemporary classification, based 
on the related but distinctive pathophysiology of the syndromes, has provided a use-
ful framework and rational therapeutic targets upon which to base the broad range 
of current management. Also, with the advent of high-sensitivity troponins, it is 
important to differentiate myocardial injury from myocardial infarction (MI). To 
that extent, the understanding of the condition of myocardial infarction with nonob-
structive coronary syndrome (MINOCA) is relevant in any discussion of ACS.

1 � Spectrum of the Acute Coronary Syndromes

ACS are viewed as a continuum of increasing severity, from unstable angina (UA) 
to non-ST-segment elevation myocardial infarction (NSTEMI) and ST-segment 
elevation MI (STEMI) [1, 2]. UA and NSTEMI comprise the NSTE ACS. The con-
tinuity of the syndromes is traditionally differentiated by electrocardiographic 
changes and increasingly sensitive serum markers of cardiac injury such as the tro-
ponins, which have blurred the distinction between UA and NSTEMI [2].

ACS are typically characterized by episodes of chest pain compatible with myo-
cardial ischemia/infarction, although patients may occasionally present with 
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complaints such as dyspnea, epigastric pain, or fatigue. Definitive diagnosis of each 
form of ACS is based on the accompanying electrocardiogram (ECG) and serum 
markers of cardiac injury, with troponin being the current gold standard [3]. STEMI 
is defined by ST-segment elevation indicative of acute injury; NSTEMI syndromes 
are typically associated with ischemic ST-segment and/or T wave abnormalities; 
however, there may also be no ECG alterations in NSTEMI.

Characteristic ECG alterations of injury in ACS have been categorized as 
transmural (ST elevation) and subendocardial (ST segment depression and T 
wave inversion). Both STEMI and NSTEMI are defined by increases in cardiac 
injury markers denoting myocardial necrosis. The most sensitive and specific car-
diac injury markers are the cardiac troponins. The term acute myocardial infarc-
tion may be used when there is acute myocardial injury with clinical evidence of 
acute myocardial ischemia and with the detection of a rise and/or fall of cardiac 
troponin values with at least one value above the 99th percentile URL. In addi-
tion, patients must have symptoms suggestive of myocardial ischemic, or new 
ECG changes, based on the current universal definition of myocardial infarction 
[3]. NSTEMI and UA account for a large majority of ACS, a proportion that is 
likely to rise even further with the increasing sensitivity of diagnostic methods for 
cardiac necrosis.

2 � Myocardial Injury Vs. Myocardial Infarction (MI)

With the recent wide adoptions of high-sensitivity troponins, the determination of 
myocardial injury has become both easier and prevalent [3]. Therefore, it is impor-
tant to differentiate myocardial injury from MI.  In fact high-sensitivity cardiac 
markers have made it necessary to re-evaluate the definition of MI and a distinction 
be made of myocardial injury in the absence of MI. It is true that myocardial injury 
is a requirement for the diagnosis of MI. However, myocardial injury is by itself a 
condition that needs to be understood. Myocardial injury is defined as evidence of 
elevated cardiac troponin value with a value above the 99th percentile [3, 4]. Further, 
this can be defined as an acute myocardial injury if change in the value of the car-
diac biomarker exists.

Serial measurement of cardiac troponins can be used to determine ACS in 
order to determine changes in time [4]. In 2016, high-sensitivity troponins were 
approved for use in the United States. Troponins can be utilized to help make the 
diagnosis of ACS. Troponin levels rise after injury to cardiac muscle and detect 
elevations as early as 2–4 h after initial injury [5]. Of note cardiac markers includ-
ing troponins are specific for myocardial injury. It is safe to say that high-sensi-
tivity troponins have made it easier to detect myocardial injury, and this makes 
understanding the entity of myocardial injury more relevant. In general, high-
sensitivity troponin helps decrease the time needed between testing but have also 
made detection of myocardial injury more prevalent [6]. The relevance of 
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differentiating myocardial injury from MI is more important as more centers 
adopt high-sensitivity troponins.

As discussed, the diagnosis of MI requires biomarker evidence along with 
additional features. It is evident that myocardial injury can arise from both car-
diac and non-cardiac conditions. It therefore makes it important to distinguish 
myocardia injury from different MI subtypes. In other words, when there is not 
an evidence of MI, a diagnosis of myocardia injury should be considered. 
Certainly, this diagnosis can be altered or changed if further diagnosis provides 
evidence of criteria meeting the definition of MI [3]. Studies have made it clear 
that myocardia injury which is defined as elevated cardiac troponin is encoun-
tered clinically and can have an adverse prognosis [4]. It is important to note that 
myocardial injury is not a benign entity and can be associated with high mortality 
and morbidity. In fact patients with myocardial injury (acute) had a significant 
rate of cardiovascular injury when compared to other types of MI. However, the 
prognosis and treatment of non-ischemic myocardia injury depends ultimately on 
the underlying cause. Consequently, for patients with elevated troponins, it is 
important to differentiate whether patients experienced myocardial injury versus 
one MI and if no evidence of myocardial ischemia a diagnosis of myocardial 
injury can be made [3].

3 � Vulnerable Plaque and Plaque Rupture

3.1 � Inflammation and Morphology

The central pathophysiologic event in the great majority of ACS is rupture of a vul-
nerable or unstable atherosclerotic plaque that induces coronary thrombosis and 
occlusion which results in myocardial ischemia and/or injury [7–9]. According to 
current concepts, the plaque that ulcerates and sets in motion the cascade of throm-
bogenesis and coronary occlusion possesses a thin fibrous cap and a large lipid pool 
[10]. The site of multiple mediators of inflammation such as macrophages, foam 
cells, and T lymphocytes releases matrix metalloproteinases and collagenases that 
promote erosion, ulceration, and rupture of the fibrous cap [8, 9, 11]. By contrast, 
the presence of smooth muscle cells, which promote plaque stability by secreting 
collagen, an essential component of the fibrous cap, is diminished at the site of ath-
erosclerotic inflammation [12]. The size of the lipid pool is also an important deter-
minant of plaque stability. In this regard, it has been reported that the threshold for 
rupture conferred by this lesion is a lipid pool comprising 50% of plaque volume 
[10, 13].

The foregoing pathoanatomic factors establish a plaque characterized by a large 
lipid pool, an inflammatory milieu, and a thin fibrous cap, all of which render it 
prone to rupture. Rupture typically occurs at the margins of the plaque where it is 
thinnest, inflammatory cells are densely concentrated and sheer stress is highest [7, 
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10, 14]. Because of its susceptibility to disruption and rupture, it is referred to as a 
vulnerable plaque in contrast to a stable plaque. The latter is characterized by a rela-
tively thick fibrous cap, smaller lipid pool, and little evidence of inflammatory activ-
ity and is, thus, less subject to rupture and consequent coronary thrombosis. Using 
optical coherence tomography, investigators have shown that the lack of a lipid-rich 
plaque underneath an intact fibrinous cap in patients with an ACS is associated with 
reduced risk of major cardiac events [10]. It should be noted that plaque structure is 
not static and may shift between the more stable and the relatively vulnerable during 
the course of a patient’s disease, in relation to the influence of risk factors, therapy, 
and hemodynamic alterations.

3.2 � Coronary Thrombosis

Plaque rupture, which can be catastrophic, initiates thrombosis by exposure of cir-
culating platelets to tissue factor within the subendothelial collagen matrix of the 
plaque [8]. Tissue factor is derived from endothelial cells and macrophages within 
the plaque and is highly thrombogenic. It activates the coagulation cascade and 
induces surface aggregation of platelets and fibrin deposition resulting in thrombo-
genesis at the site of plaque ulceration. Activated platelets intensely express the IIB/
IIA receptor and release factors such as thromboxane A2 and serotonin that provoke 
vasospasm and augment platelet activity promoting further aggregation, hemosta-
sis, and thrombogenesis [15]. ACS result when these pathogenic mechanisms over-
whelm endogenous cardioprotective vasodilator and antithrombotic factors, whose 
production by abnormal endothelium of atherosclerotic arteries is deficient [16].

Thrombus forms on the surface of the plaque or can be initiated within the plaque 
after loss of integrity of the fibrous cap, which is followed by progression and pro-
trusion of thrombus into the coronary lumen [8]. Thrombogenesis progresses in 
stages from partial to complete occlusion as platelets aggregate and finally are 
bound within a secondary fibrin network. Prior to complete occlusion, platelet 
aggregates from the thrombus in the path of circulating blood can embolize down-
stream to occlude the distal coronary vascular bed and increase the extent of jeopar-
dized myocardium.

Appreciation of the pathogenesis of ACS provides the foundation for treatment 
directed at the underlying physiologic derangements. The basis of thrombolytic 
therapy for STEMI is susceptibility of the fibrin component of thrombus to dissolu-
tion by fibrinolytic agents. By contrast, the platelet core, which is the basis of 
NSTEMI ACS, is not responsive to fibrinolytic therapy and requires specific anti-
platelet agents for inhibition of its genesis. Of course, antiplatelet therapy also has 
an important role in STEMI treatment. Therapeutic targets include preventive ther-
apy to reduce atherosclerosis and favorable modification of the adverse characteris-
tics of unstable atherosclerotic plaques by decreasing inflammation, strengthening 
the fibrous cap, and reducing the lipid pool [7].
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3.3 � Degree of Coronary Stenosis

The vulnerable plaque is typically noncritical in its quiescent state in terms of 
degree of obstruction of coronary lumen diameter, which is usually less than 50% 
stenosis. Indeed, it has been established that the majority of myocardial infarctions 
are associated with coronary stenoses of less than 50% prior to the advent of throm-
botic obstruction [17]. Symptoms of myocardial ischemia are unusual with this 
degree of stenosis, which does not significantly impair coronary blood flow at rest 
or ability to augment flow with increased myocardial oxygen demand. Reduction of 
coronary blood flow reserve is associated with stenosis greater than 70%, while 
impairment of resting coronary flow occurs when lumen diameter is reduced by 
more than 90% [18, 19]. It however should be noted that the risk of future cardiac 
events increases based on the degree of stenosis, and those patients with <50% ste-
nosis are still at increased risk compared to those with normal coronary arteries. 
Additional risk for ACS can be identified by the presence of a high-risk plaque 
which may be defined by plaque composition when using new technology such as 
coronary computed tomography even when stenosis is <50% [7].

4 � Clinico-Pathologic Correlations

As previously noted, the degree of thrombotic coronary obstruction typically deter-
mines the form of ACS that ensues after plaque ulceration and coronary thrombosis. 
The extent of ECG changes and degree of elevation of cardiac injury markers gener-
ally correlate with the magnitude of myocardial damage and, thereby, morbidity and 
mortality [20–22]. Because NSTEMI usually involves less myocardial damage than 
STEMI, mortality and other serious complications, such as cardiogenic shock, con-
gestive heart failure, and arrhythmias, are less frequent during the initial hospital-
ization in NSTEMI.  However, in some cases, NSTEMI may result in extensive 
damage, and STEMI may be associated with lesser injury. Further, patients with 
NSTE ACS are commonly older and have more extensive CAD and more frequent 
recurrent events. In addition, posthospital mortality in the first year is higher than 
with STEMI [23]. The basis for the latter finding may be related to delayed diagno-
sis and less aggressive therapy of NSTE ACS patients compared to those with 
STEMI. In general, because there is little or no evidence of acute myocardial necro-
sis in UA, early complications and mortality are lowest with this form of ACS.

Extent of ischemia and infarct size are also related to additional factors, such as 
the specific “culprit” coronary artery, site of vessel occlusion, presence of collateral 
coronary arteries, and hemodynamic factors influencing myocardial oxygen demand 
and supply during evolution of ACS. Thus, because it usually supplies the largest 
extent of myocardium, occlusion of the left anterior descending coronary artery 
generally results in more extensive ischemia/injury and greater morbidity and higher 
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mortality than occlusion of the right or left circumflex arteries. Proximal coronary 
occlusion is associated with greater ischemia/injury than distal occlusion; collateral 
coronaries can limit the extent of infarction as can factors favoring reduced myocar-
dial oxygen demand (e.g., lower heart rate and blood pressure). Finally, the thera-
peutic background (beta blockers, antiplatelet agents, statins, and other 
cardioprotective drugs) at the onset of ACS can alter its evolution.

Myocardial infarction with non-obstructive coronary syndrome (MINOCA) is 
a condition that is defined as clinical evidence of MI with normal or near normal 
coronary arteries [24]. It is important to understand the basics of MINOCA since 
it is reported to be present in 5–25% of MI. The diagnosis of MINOCA is made 
after coronary angiography in a patient who presents with criteria of MI with non-
obstructive coronary arteries. The first steps of diagnosing MINOCA include 
ECG, history, cardiac biomarkers, echocardiography, coronary angiography, and 
left ventricular angiography [24]. This approach may also help differentiate the 
causes of MINOCA, and the two main categories are epicardial causes vs. micro-
vascular causes [25]. There are a variety of causes of MINOCA. Causes of epicar-
dial pattern can include coronary artery spasm (as occurs in cocaine and 
methamphetamine use), coronary artery plague, and coronary dissection. 
Microvascular causes of MINOCA include coronary microvascular spasm (CMS), 
coronary embolism, myocarditis, and Takotsubo syndrome. It is important to note 
that patients with MINOCA are often younger, and plaque disruption is fairly 
common [24]. Management depends on the underlying condition, and a mainstay 
of treatment includes modifiable CAD risk factor including medical management 
with aspirin, beta blockers, clopidogrel, etc. The prognosis of MINOCA is varied 
depending on the etiology and comorbidities. The specifics of the prognosis 
depend on the etiology and cause of the MINOCA. In the current culture, cocaine 
and other drugs of abuse such as methamphetamines require consideration in all 
patients presenting with ACS but especially young individuals and those with no 
cardiovascular risk factors [26].

5 � Conclusions

The acute coronary syndromes include a continuum of acute myocardial ischemia 
manifested by STEMI, NSETMI, and UA. The diagnosis of myocardial injury has 
become more prevalent with the recent advent of high-sensitivity troponins. This 
has made it relevant to differentiate myocardial injury from MI. The clinical clas-
sification of the syndromes, which is based primarily on electrocardiographic and 
cardiac injury marker data, correlates closely with the underlying pathoanatomy. 
The central event is rupture of a vulnerable coronary atherosclerotic plaque. An 
inflammatory milieu and multiple other destabilizing features characterize the vul-
nerable plaque. Plaque rupture induces thrombotic coronary occlusion which results 
in an acute coronary syndrome, the specific type of which is determined by the 
degree of coronary obstruction and associated anatomic and hemodynamic factors. 
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Understanding of the pathophysiology of the acute coronary syndromes has pro-
vided a rational basis for current therapy and investigational approaches targeted at 
these derangements.
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Chest Pain Risk Stratification by History, 
Physical Examination, and ECG

Maria Aini

1 � Introduction

Chest pain is the second most common presenting chief complaint to the Emergency 
Department (ED), and heart disease continues to be the leading cause of death in the 
USA [1]. Chest pain accounts for eight million annual visits to the ED [1]. It can 
result from multiple etiologies including diseases of heart, lung, esophagus, gastro-
intestinal system, and aorta. Distinguishing an acute versus nonacute chest pain 
presentation is paramount to emergency medicine clinicians. Acute atraumatic eti-
ologies of chest pain include acute coronary syndrome (ACS), aortic dissection, 
pulmonary embolism, pericardial tamponade, pneumothorax, pneumonia, mediasti-
nitis, and esophageal perforation. The high prevalence of chest pain as a presenting 
chief complaint compounded by a broad differential diagnosis makes the evaluation 
and ultimate disposition of chest pain challenging for clinicians. On the one hand, it 
is important to rule out acute etiologies of chest pain, and on the other hand, it is 
also important to consider overutilization of resources for the work-up of nonacute 
chest pain or low-risk ACS etiologies.

ACS is a life-threatening and time-dependent condition. It is a spectrum of coro-
nary artery disease (CAD) defined by myocardial ischemia and/or myocardial 
infarction. ACS is classically divided into ST-segment elevation myocardial infarc-
tion (STEMI), non-ST-segment elevation myocardial infarction (NSTEMI) as well 
as unstable angina [UA]. UA traditionally was a category based on high clinical 
suspicion for ACS in the absence of biomarker instability. However, due to the 
advancement of high-sensitivity biomarkers, UA accounts for a smaller, declining 
group of ACS [2].
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Of overall chest pain presentations, 10–20% are evaluated for suspicion of ACS, 
and approximately one quarter of those admitted are ultimately confirmed to have a 
diagnosis of ACS [3, 4]. Due to the high stakes of the timely and accurate diagnosis 
of ACS specifically acute myocardial infarction (AMI) or STEMI, chest pain also 
accounts for one of the most common malpractice claims [5]. The generally accepted 
lower limit of pretest probability for ACS is 1–2% [6]. Some three million patients 
with chest pain are discharged from the ED each year, and 40,000 of these will ulti-
mately undergo ACS. This group unfortunately accounts for 20–39% of malpractice 
dollars awarded in emergency medicine [7–9]. Recent evidence shows that half of a 
percent of patients with low-risk chest pain had an AMI or major adverse cardiac 
event (MACE) within 30 days [10]. Particularly in adult patients with recurrent, 
low-risk chest pain, there is currently insufficient evidence to recommend hospital-
ization (either standard inpatient admission or observation stay) versus discharge as 
a strategy to mitigate major adverse cardiac events within 30 days [11]. In the ED 
chest pain patient, the presence of a clear-cut alternative noncardiac diagnosis 
reduces the likelihood of a composite outcome of death and cardiovascular events 
within 30 days. However, it does not reduce the event rate to an acceptable level to 
allow ED discharge of these patients [12].

Over the years, different predictive modeling tools have been developed for risk 
stratification of patients to low versus moderate to high risk for ACS. That said, the 
proper evaluation and diagnosis of ACS as well as other acute diagnoses that cause 
chest pain starts with a proper history, physical examination, and electrocardiogram 
(ECG). An ECG is performed as a part of EMS or ambulatory triage and often done 
prior to a history and physical examination.

2 � History

History taking in a patient presenting with chest pain should include questions per-
taining to the onset of pain, pain quality and location, radiation of pain, associated 
symptoms, personal, and family risk factors for CAD and prior work-ups for chest 
pain. Cardiac chest pain describes pain that is ischemic in etiology. Ischemic chest 
pain has some features that can help to differentiate it from nonischemic chest pain. 
Ischemic chest pain is typically gradual in onset, the quality is described as pressure 
and tightness more often than pain, it is exacerbated by activity due to increased 
oxygen demand [13] and relieved with rest, and importantly, radiation of discomfort 
to upper extremities is very suggestive of chest pain associated with ACS [14]. 
Ischemic chest pain can often be associated with dyspnea, diaphoresis, vomiting, 
and fatigue. The most common anginal equivalent symptom of ischemic chest pain 
associated with ACS is isolated new onset or worsening exertional dyspnea [15, 16].

Nonischemic chest pain is associated with pain that is pleuritic or sharp, pain 
location identifiable with one finger, reproducible with palpation, and pain that is 
constant over days. Patients with continuous chest pain for greater than 24 h are 
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unlikely to have an AMI and chest pain lasting less than a minute does not exclude 
AMI [17].

Atypical symptoms are other non-chest pain symptoms that can also suggest 
ACS. These typically include dyspnea alone, generalized weakness, nausea/vomit-
ing, epigastric pain, palpitations, and syncope. It is important to consider these as 
anginal equivalents especially in women, patients with diabetes, and older patients 
[18]. In fact, AMI can present with no chest pain a third of the time which correlates 
with an increase in-hospital mortality in comparison to AMI presenting with chest 
pain [19, 20]. It is also equally important to consider that in chest pain presentations 
that present atypically or deemed low-risk ACS are other life-threatening etiologies 
causing acute chest pain as described above.

As atherosclerosis is responsible for most cases of CAD, patient evaluation for 
ACS should also include personal and familial risk factors for CAD. Traditional 
cardiac risk factors (family history, tobacco use, hypertension, diabetes mellitus, 
and hypercholesterolemia) are designed for the prediction of CAD but are some-
what limited for the prediction of ACS during an acute presentation [21–23]. More 
than 90% of coronary heart disease patients have prior exposure to at least one of 
the following risk factors: high total cholesterol, current treatment with cholesterol 
or high blood pressure lowering drugs, hypertension, current cigarette use, and clin-
ical report of diabetes [24]. According to a large international case–control study, 
nine easily modifiable risk factors account for over 90% of the risk of an initial 
AMI: cigarette smoking, abnormal blood lipid levels, hypertension, diabetes, 
abdominal obesity, lack of physical activity, low daily fruit and vegetable consump-
tion, alcohol overconsumption, and psychosocial index [25]. Lastly, more than 90% 
of coronary heart disease events will occur in individuals with at least one risk factor 
and approximately 8% will occur in people with only borderline levels of multiple 
risk factors [26].

It is important to remember that assessment for ACS remains a composite of the 
patient’s history as well as risk factors, physical examination, and ECG [27].

3 � Physical Examination

The physical examination in the ED often happens after or in parallel to ECG com-
pletion and interpretation. In a patient presenting with ACS, physical examination 
findings can often be non-diagnostic and normal. That said, initial assessment by the 
clinician should always focus on hemodynamic stability. Rapid assessment of air-
way, breathing, circulation, responsiveness can guide immediate interventions 
needed. Patients can appear dyspneic and/or diaphoretic. Vital signs can be com-
pletely normal to abnormal given the degree of associated failure or shock and 
based on the particular cardiac artery or geographic location of ischemia/infarct 
involved. Bradycardic rhythms on cardiac monitoring can specifically indicate infe-
rior wall ischemia.
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Evidence of acute heart failure in ACS includes jugular venous distention, pul-
monary rales, hypotension, tachycardia, new S3 gallop, or new mitral regurgitation 
murmur. Cardiogenic shock as a result of ACS is the result of systemic hypoperfu-
sion presenting with hypotension, tachycardia, altered mental status, or cold/
clammy skin. These conditions should be recognized and treated immediately. In 
the case of STEMI-related cardiogenic failure, shock, or arrest, this should be done 
in conjunction with catherization lab activation for percutaneous coronary interven-
tion [PCI] [28].

4 � ECG

The ECG is one of the most important diagnostic tools to rule-in ACS as in the case 
of STEMI. Although its sensitivity is for AMI is low, it is a modality that is inexpen-
sive, noninvasive, and fast. ECG makes it possible for prehospital assessment for 
STEMI and therefore appropriate transfer to cardiac catheterization centers for PCI 
ideally within 2 h [28]. Per guidelines from the American College of Cardiology 
and American Heart Association (ACC/AHA), an ECG should be performed within 
10 min of arrival to the ED for patients as standard of care [15]. The typical accepted 
criteria for an ECG in triage are: greater than or equal to 25 years of age with chest 
pain, greater than or equal to 50 years of age with chest pain or an anginal equiva-
lent symptom, greater than or equal to 80  years of age with chest pain, anginal 
equivalent symptom including abdominal pain, nausea, vomiting, altered mental 
status. The exception to this is a prehospital ECG diagnostic for STEMI which 
should go directly to a cardiac catheterization lab.

Any ST-segment elevation, even subtle elevation of less than 1 mm, that occurs 
in two or more contiguous leads should prompt concern for ischemia. ST-segment 
elevation with anatomically reciprocal ST-segment depression improves the speci-
ficity of the ST-elevation for diagnosis of ACS.  The temptation to interpret 
ST-segment elevation as benign early repolarization, especially in patients older 
than 30 years, should be resisted [29]. In addition, there are several conditions that 
can manifest themselves through ST-segment elevation, most commonly ventricular 
aneurysm, aortic dissection through coronary ostia, hyperkalemia, pericarditis, left 
ventricular hypertrophy, Wolff-Parkinson-White syndrome, and left bundle branch 
block (LBBB). The primary distinguishing factor between early repolarization and 
acute myocardial injury is the presence of chest pain and age greater than 30 years 
old which warrants more concern for ACS.

While ST-segment depression alone is not an indication for PCI or thrombolytic 
[30], ST-segment depression in leads V1-V4 may indicate a posterior wall MI due 
to the reciprocal electrical view of the infarct. This finding may be misinterpreted as 
anterior wall ischemia unless the diagnosis of a posterior MI is entertained. Anterior 
ST-segment depression should be considered a posterior wall infarct until proven 
otherwise, and the initial ECG displaying this finding can be followed by a posterior 
lead ECG.
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Similarly, inferior ST-segment elevation should be evaluated with a right-sided 
ECG to look for right ventricle (RV) infarction. This is clinically important for man-
agement purposes, as patients with acute RV infarction are preload-dependent in 
order to maintain adequate cardiac output. Nitrates should be avoided in these 
patients, as they can lead to hypotension and shock with little warning.

T-wave inversion occurs in many conditions, but in the setting of chest pain may 
be an indication of cardiac ischemia. T-wave inversion may also represent reperfu-
sion of a completed infarct. Wellens sign is a biphasic T wave with terminal T-wave 
inversion in the anterior leads V2-V4 [31, 32]. This finding has a high specificity for 
proximal to mid-LAD occlusion, and patients at high risk for reocclusion.

Pathologic Q waves, which are usually wider and deeper than the normal deflec-
tions that represent septal wall depolarization, often indicate ischemia or dead myo-
cardium. Generally speaking, Q waves are considered significant if the amplitude is 
greater than one third of the amplitude of the corresponding QRS complex. 
Preexisting Q waves from a previous myocardial infarction should not be ignored in 
patients presenting with chest pain, as they demonstrate strong evidence of coronary 
artery disease. It is also possible to see Q waves appear in the setting of STEMI/
NSTEMI as the infarct evolves into myocardial wall necrosis.

New LBBB is the presenting ECG finding in approximately 7% of patients with 
AMI [33, 34]. It should be considered a sign of ischemia or infarction and prompt 
an ischemic work-up, especially when seen in the setting of acute chest pain. A set 
of clinical criteria that allows for ECG diagnosis of AMI in the setting of LBBB 
have been published [35, 36]. These criteria are: (1) ST-segment elevation of 1 mm 
or more that is concordant with the QRS complex; (2) ST-segment depression of 
1 mm or more in lead V1, V2, or V3; and (3) ST-segment elevation of 5 mm or more 
that is discordant with the QRS complex. Similar criteria were developed for the 
diagnosis of AMI in the setting of an internal pacemaker device, which produces an 
ECG pattern similar to that of an LBBB. In this setting, discordant ST-segment 
elevation greater than 5 mm was the most statistically significant criterion associ-
ated with AMI [37].

New rhythm disturbances in the setting of chest pain are disturbing and warrant 
investigation. Examples include second- or third-degree heart block, tachydysrhyth-
mia, and bradyarrhythmia. Patients with chest pain due to ischemia or infarction 
may have disrupted intrinsic pacemaker function or conduction pathways; con-
versely, such arrhythmias may lead to poor diastolic coronary artery perfusion with 
further ischemia or infarct. These patients are high risk and should be considered for 
coronary angiography; patients with active chest pain and arrhythmia should not be 
stress tested.

The challenge is that most initial ECGs in patients with ACS are non-diagnostic 
for ischemia or infarction [38]. It is important to analyze an ECG in the context of 
clinical evaluation including history, physical examination, biomarker testing, and 
overall risk stratification. A review of prior ECGs is important for determining 
whether abnormalities are new versus old increasing the sensitivity of a lone 
ECG. Patients with normal or nonspecific ECGs still have a 1–5% incidence of AMI 
and a 4–23% incidence of unstable angina [39]. A repeat ECG should be performed 
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if the initial ECG is non-diagnostic, but the patient remains symptomatic, and there 
remains high clinical suspicion for AMI.
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The Role of Biomarkers in Chest Pain 
Evaluation

Robert Christianson and Quinten Meadors

1 � Introduction

In the 1950s researchers discovered that the enzyme aspartate transaminase is 
released into circulation after cardiac injury was the first step in biomarkers becom-
ing fundamental to diagnosis, risk stratification, and management of patients pre-
senting with signs and symptoms of the acute coronary syndromes. The evolution of 
cardiac biomarkers continued through the 1970s with the routine measurement of 
lactate dehydrogenase and its LD1 to LD5 isoenzymes, and later with the emer-
gence of total creatine kinase (CK) activity and its CK-MB isoenzyme. In the 1980s, 
vastly improved CK-MB “mass” immunoassays became available that do not rely 
on enzymatic activity. In the 1990s, the “era of troponin” occurred with the develop-
ment of cardiac troponin T (cTnT) and cardiac troponin I (cTnI) testing. Along with 
clinical features and the electrocardiogram (ECG), cardiac cTnI and cTnT measure-
ments have become fundamental in the assessment of the suspected acute coronary 
syndrome patient. In fact, in 2007 the National Academy of Clinical Biochemistry 
(NACB) issued the following Class I recommendation: “Biomarkers of myocardial 
necrosis should be measured in all patients who present with symptoms consistent 
with acute coronary syndromes.” [1] The evidence base for biomarkers, i.e. cardiac 
troponin, is so compelling that the very diagnostic criteria for MI have been re-
defined based on cardiac troponin measurements [2]. Through recommendations set 
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forth by the NACB guidelines, cardiac biomarkers have been utilized in conjunction 
with elements of the patient’s clinical presentation (history, physical exam), and 
ECG to direct patient care and management in the workup of the acute coronary 
syndromes [1].

Incentives among diagnostic manufacturers have led to the development of 
increasingly precise and sensitive troponin assays and thus ushering in the “high-
sensitivity troponin” era. The high-sensitivity cardiac troponin test (hs-cTnT) is 
among the latest generation of assays able to detect Troponin concentrations (cTn) 
concentrations in at least 50% of healthy individuals with high precision (coeffi-
cient of variation of ≤10%) at the 99th percentile; fivefold to 100-fold lower than 
the early conventional assays [3]. In comparison to conventional troponin assays, 
hs-cTn assays augments and accelerates a clinician’s ability to rule-in or rule-out 
acute coronary syndromes, enables more rapid serial sampling, reduce costs, and 
identifies a larger number of patients at high risk for future cardiovascular 
events [4–7].

High-sensitivity cardiac troponin assays have drastically enhanced the clinical 
evaluation of acute coronary syndromes and are now used throughout the globe, 
routinely embedded within various algorithms for ruling in or out acute coronary 
syndromes [8]. However, the increased sensitivity of hs-cTn assays have unmasked 
many circumstances in which myocardial injury occurs in the absence of acute isch-
emic heart disease. Nonischemic myocardial injury may arise secondary to many 
cardiac conditions such as myocarditis or may be associated with noncardiac condi-
tions such as renal failure [9]. Recently, through joint sponsorship from the American 
College of Cardiology, the American Heart Association, the European College of 
Cardiology, and the World Heart Federation, the fourth Universal Definition of 
Myocardial Infarction was released in 2018. The fourth universal definition reflects 
considerations in the clinical evaluation of patients using hs-cTn, while retaining 
the clinical definition of MI as the presence of acute myocardial injury detected by 
abnormal cardiac biomarkers in the setting of evidence of acute myocardial isch-
emia. For patients with increased cTn values, it is paramount that clinicians distin-
guish whether patients have suffered a nonischemic myocardial injury or one of the 
MI subtypes [10].

1.1 � MI Subtypes

1.1.1 � Type 1

Type 1 MI is due to acute coronary atherothrombotic myocardial injury with either 
plaque rupture or erosion and, often, associated thrombosis. Most patients with 
ST-segment elevation MI (STEMI) and many with non-ST-segment elevation MI 
(NSTEMI) fit into this category.
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1.1.2 � Type 2

Type 2 MI includes patients with evidence of acute myocardial ischemia who do not 
have acute coronary atherothrombotic injury but instead have oxygen supply–
demand imbalance from other reasons. This occurs most often due to the presence 
of coronary artery disease, which limits increases in coronary perfusion in cases of 
severe anemia, significant arrhythmias, and other stressors. However, the presence 
of fixed coronary obstruction is not obligatory, including primary coronary causes 
such as vasospasm, coronary embolus, and coronary artery dissection. All of these 
can lead to a disparity between oxygen supply and demand in the myocardium. 
Most of these individuals do not have STEMI but more often have NSTEMI at pre-
sentation. Often, the distinction between type 1 and type 2 MIs can be made clini-
cally based on the presentation; however, there are circumstances in which there is 
ambiguity, at which point imaging studies including angiography and, at times, 
more sophisticated coronary imaging may be helpful.

1.1.3 � Type 3

Type 3 MI continues the concept that there may be an occasional patient who has 
characteristic symptoms of myocardial ischemia but whose cTn values have not 
become elevated because the patient succumbs before values are measured or who 
is stricken by sudden death with evidence of MI by autopsy.

1.1.4 � Types 4 and 5

Types 4 and 5 MIs are related to coronary procedural events. However, it is empha-
sized that an isolated procedural elevation of cTn values is indicative of cardiac 
procedural myocardial injury that does not alone meet the criteria for percutaneous 
coronary intervention (PCI)-related type 4a MI or for coronary artery bypass graft-
ing (CABG)-related type 5 MI. These MI categories that are applied within 48 h of 
the index procedure include an elevation of cTn values greater than 5 times the 99th 
percentile URL in the case of PCI and greater than 10 times the indicated URL in 
the case of CABG, along with evidence of new myocardial ischemia. Ischemia can 
be recognized by electrocardiogram changes, findings on imaging procedures, or as 
a result of a procedure-related complication that lead to reduced coronary blood 
flow. The selection of these biomarker cut-points rests on the assumption that the 
pre-procedural cTn values have a normal baseline. In patients with elevated pre-
procedural values in whom the cTn level are stable (≤20% variation) or falling, the 
post-procedural values must rise by >20% but still must be more than 5 or 10 times 
the URL. The presence of procedure-related stent thrombosis (i.e., type 4b MI) and 
post-procedural restenosis (i.e., type 4c MI) are diagnosed applying the same crite-
ria utilized for type 1 MI [10].
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Table 1  MI subtypes—Reference [10]

MI Subtypes Definition

Type 1 MI MI due to acute coronary atherothrombotic injury with either plaque rupture or 
erosion and, often, associated thrombosis.

Type 2 MI Acute myocardial ischemia secondary to oxygen supply-demand imbalance 
including coronary artery disease, vasospasm, coronary embolus, and coronary 
artery dissection.

Type 3 MI Myocardial ischemia absent of increase in cTn elevation because the patient 
succumbs before increase in values are measured or is stricken by sudden death 
with evidence of MI by autopsy.

Type 4 MI MI associated with stent thrombosis in the setting of myocardial ischemia in 
combination with a change in cardiac biomarkers with at least one value above 
the 99th percentile URL.

Type 4A MI MI ≤48 h following coronary artery bypass grafting, defined by an elevation of 
cTn values >5 times the 99th percentile URL.

Type 5 MI MI ≤48 h following coronary artery bypass grafting, defined by an elevation of 
cTn values >10 times the 99th percentile URL.

In summary, there are many ways in which there can be necrosis of myocardium 
and release of troponin. These conditions are not limited to atherosclerosis and are 
listed in Table 1.

Cardiac Necrosis Markers

The troponin complex is comprised of three structural proteins termed troponin T, 
troponin C, and troponin I. The troponin complex is fundamental for the contraction 
of all striated muscle, both skeletal and cardiac. Because of the unique physiological 
demands on myocardium, cardiac specific isoforms of the troponin T and troponin 
I proteins evolved. The cardiac isoforms of TnT and TnI have amino sequences that 
are different from their skeletal muscle counterparts, and are virtually exclusive for 
myocardial tissue. Thus assays for cTnT and cTnI have exquisite cardiac specificity, 
and is one important reason why cTnT and cTnI have become the preferred marker 
for assessment of the acute coronary syndromes [1, 2].

While CKMB was once an important test previously for diagnosis of MI, it is no 
longer recommended by guidelines and may only add cost to the evaluation [11]. 
Similarly, myoglobin and LDH, once thought to be integral to diagnosis of MI are 
now of very limited clinical value in this this process [12].

For purposes of this discussion, the terms “Contemporary” and “Sensitive” will 
be used interchangeably. The “highly sensitive” and “high-sensitivity” assays will 
be discussed together.
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1.2 � Contemporary Troponin

Cardiac troponin is the preferred marker for the diagnosis of MI in patients sus-
pected of having an acute coronary syndrome be it contemporary or high-sensitive 
[1, 2]. One must keep in mind that troponin is a structural protein such that some 
hours are frequently required for release and detection in circulation. Thus a criti-
cally important point when utilizing cardiac troponin is timing of blood sample 
collection. In general, blood should be obtained at hospital presentation, followed 
by serial sampling based on the clinical circumstances. With serial sampling in the 
presence of a clinical history suggestive of acute coronary syndrome, guidance is 
that a cardiac troponin value on at least one occasion during the first 24 h after the 
acute event above the maximal concentration exceeding the 99th percentile of val-
ues for reference control group is indicative of myocardial necrosis consistent with 
MI [1, 2]. The timing of the serial testing has varied somewhat. Contemporary tro-
ponin values were often regarded as needing 6–9 h after onset of pain to detect a rise 
which is physiologically true, but very few patients can present to the emergency 
department at the exact time of onset of pain. However, in the fourth definition of 
MI, the timing has been reduced for contemporary troponin to 3–6 h. Observation 
of a rise over the 99th percentile of the assay in use would be diagnostic if either the 
first (time 0) or second value has this feature.

Use of the 99th percentile of a reference control (normal) population as a cut-
point for cTnT or cTnI can be a source of confusion and some variability. This is 
because manufacturers of cardiac troponin assays have not used a common set of 
samples for establishing the characteristics of control populations. Currently, the 
best approach is for clinicians and laboratory medicine staff to jointly decide what 
the 99th percentile cutpoint concentration should be using information provided by 
the manufacturers, characteristics of the local population, their own studies and 
experience with the specific cardiac troponin assay.

1.3 � Highly Sensitive Troponin Assays

The technical characteristics of cardiac troponin assays are an important consider-
ation for both clinicians and laboratorians particularly in the age of marketing “sen-
sitive,” “ultrasensitive,” “highly sensitive” assays. The previous generations of cTn 
assays usually reported the presence of troponin in terms of mcg/ml. The newer 
high-sensitivity assays (hs-cTnT) report results using ng/ml or ng/L and an assay is 
regarded as highly sensitive when it can detect troponin in 50% of normal individu-
als [13]. As there are few studies directly comparing contemporary to highly sensi-
tive troponin assays with patient outcomes, there may be a disconnect in the actual 
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Table 2  Highly Sensitive Diagnostic Troponin Assays [15]

Assay name Manufacturer
Troponin 
type

Limit of 
detection 99th Percentile

Elecsys 2010 Roche Diagnostics hs-cTnT <5 ng/L 19 ng/L
ARCHITECT 
i2000SR

Abbott Diagnostics hs-cTnI 1.7 ng/L 28 ng/L

HsVista Siemens Diagnostics hs-cTnI <2 ng/L 58.9 ng/L

clinical utility of detecting troponin at levels this low [14]. However, the Fourth 
Universal Definition of MI recommends the use of high-sensitivity assays. Finally, 
troponin and other biomarker assays must be characterized with respect to potential 
interferences that may cause either false positive or false negative results. Potential 
interferences include rheumatoid factor(s), human anti-mouse antibodies, hetero-
phile antibodies, and other related proteins that can interfere with immunoassays 
[1]. Preanalytical assay characteristics that should be established include acceptable 
specimen type and stability of the measurements over time and across temperature 
ranges. Identification of antibody/epitope/recognition sites for each biomarker is 
also important; assays should target certain epitopes on the troponin molecule, such 
as the stable 41–49 amino acid region of troponin I that is less susceptible to inter-
ferences. Currently, there are three assays for hs-cTnT approved for use in the US 
by the Food and Drug Administration listed in Table 2 [15]. Clinicians should work 
with laboratory medicine staff to assure that performance of their cardiac troponin 
assay remains stable over time. One strategy for helping to assure stability is per-
forming routine quality control in the relevant measurement concentrations range; 
this includes routine quality control at low troponin concentrations where clinical 
decisions are made.

1.4 � Early Risk Stratification and Diagnosis of MI

A troponin level, be it contemporary, highly sensitive is the preferred marker for risk 
stratification and should be measured in all patients with suspected acute coronary 
syndrome [1]. The troponin concentration that confers increased risk of death and 
recurrent ischemic risk among patients with a compelling clinical history suggest-
ing acute coronary syndromes was determined to be very low, near the upper limit 
of the normal or detectable range [16–19]. These data, in part, provided strong jus-
tification for setting the MI cutpoint at the 99th percentile of the reference control 
population. Values above the 99th percentile with an appropriate history of chest 
pain should prompt the start of treatment for NSTEMI. In terms of high-sensitivity 
troponin, the course of action may not be as straightforward.
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1.5 � Rapid Rule-Out Pathways

Development of a more efficient and expeditious method of ruling out acute coro-
nary syndromes is the primary goal of cTn based chest pain risk stratification proto-
cols. Rapid rule-out of hs-cTn allows for efficient identification and discharge of 
low-risk patients from the ED without need for excessive resource utilization. Such 
allocation of resources leads to improved outcomes through the application of more 
aggressive, evidence-based therapies for high-risk ACS patients. When combined 
with multidisciplinary care pathways based upon objective risk stratification using 
hs-cTn, implementation of a treatment strategy that is clinically efficacious and cost 
effective may be achievable. These considerations may drastically improve patient 
care and reduce ED transit time [20].

A number of diagnostic algorithms have been created that utilize the performance 
of hs-cTn assays in conjunction with various risk stratification tools and clinician 
judgment. Previous to the advent of these assays, the standard of practice using cTn 
equated to 3- to 6-h rule-outs, allowing for an adequate duration of time to elapse in 
ensuring the accurate detection of troponins, as well as allowing for serial sampling. 
Through exploitation of the increased sensitivity of the new assays, however, rapid 
rule-out pathways have created that permit shorter intervals between repeat cTn 
measurements for patients presenting for chest pain in as little as 1-h post-ED arrival. 
Furthermore, these assays have found little value in further testing beyond 3 h, and 
little value in serial testing for patients presenting with symptom onset >6 h, as rule-
out based on a single negative hs-cTn has found to be reasonable [20].

While many emergency departments have already begun to incorporate rapid 
rule-out pathways for acute coronary syndromes into their workflow practices, 
some have not, particularly in the USA. Currently, there exists a plethora of data 
evaluating high-sensitivity troponin testing in patients with suspected acute coro-
nary syndrome, including two prospective, randomized controlled trials, demon-
strating very low rates of future ACS or death as far as 1 year after index presentation 
[21]. Incorporating rapid rule-out pathways into bedside ED practice allows for the 
implementation of a more rapid and safe disposition of patients who present with 
chest pain. Further incorporation of such protocols seek to decrease hospital over-
crowding, hospital admission, and the need for additional cardiac testing [22].

1.6 � Rule-Out at Presentation

In a meta-analysis study involving 22,457 patients from 19 studies, 49.1% of 
patients had a hs-cTnI <5 ng/L, and the 30-day major adverse cardiac event (MACE) 
rate was 0.5% [23]. Another multicenter randomized study of 31,492 patients com-
pared a rapid rule-out strategy at presentation with hs-cTnI <5 ng/L to serial hs-cTnI 
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over 6–12  h after symptom onset and found no significant difference between 
30-day MACE between the strategies 0.3% in the rapid rule-out strategy and 0.4% 
in the standard strategy [24].

1.7 � Rule-Out by 0/1-h Algorithm

A retrospective study with 1282 patients using the hs-cTnT assay applied the 
HEART score to distinguish between very low-risk and higher-risk patients. Those 
with a HEART score ≤3 had a 30-day MACE rate of only 0.2%; those with a 
HEART score ≥4 had a MACE rate of 2.3% using the 0/1 h algorithm. In another 
prospective study involving two centers (2296 patients) and no prospective risk 
score, it was found that 71% of patients who met the criteria for 0/1 h rule-out were 
discharged for outpatient management. At 30 days, the MACE rate was 0.2% among 
those discharged using the 0/1-h algorithm [25, 26].

1.8 � Rule-Out by 0/3-h Algorithm

Patients with hs-cTn values who cannot be ruled out at presentation or by the 0/1-h 
algorithm require at least a 3-h value ≤99th percentile in evaluation of ACS. In a 
prospective implementation study utilizing the HEART score to stratify 4761 
patients, 30.7% were deemed low risk and considered for discharge if their HEART 
score was ≤3 and serial hs-cTn was <99th percentile over 3 h. Among those dis-
charged, the 30-day MACE rate was 0.4% [27, 28].

While there has yet to be an established “gold standard” clinical decision-making 
pathway, it remains clear that an early invasive management strategy has demon-
strated benefit in patients who are cardiac troponin positive at presentation. Evidence 
showed a ~55% reduction in the odds of death or MI when a strategy of early angi-
ography (within 4–48 h) and revascularization (when appropriate) was used in car-
diac troponin positive acute coronary syndrome patients compared with a 
conservative management strategy [19]. Thus patient outcomes can be improved 
when an elevated concentration of troponin at presentation is used guide utilization 
of early angiography and revascularization if appropriate [1, 19].

2 � Newer Ischemia Markers

Although hs-cTn assays allow for earlier detection of myocardial injury and a 
reduction in time to ACS diagnosis, cardiac troponins remain clinically employed as 
markers of necrosis, only indicative of an increased risk profile in patients for whom 
cardiac tissue has undergone irreversible injury [29]. It has previously been 
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documented that patients with acute coronary syndromes who were contemporary 
troponin negative still had ~7% increased risk of adverse events in the 6 months 
after initial presentation [16, 30]. Markers of cardiac ischemia or other mechanisms 
are of potential value because about 40–60% of the acute coronary syndrome con-
tinuum do not have necrosis, so other indicators of increased risk may add informa-
tion to cardiac troponin and the ECG.  Markers of cardiac ischemia or other 
mechanisms remain an area of intense investigation and a litany of biochemical 
markers have been suggested as ischemia markers and risk stratification tools. 
Various candidate markers have been reviewed and a few will be specifically dis-
cussed here [31, 32].

2.1 � Ischemia Modified Albumin

Oxidative stress and other physiological processes that occur during myocardial 
ischemia reportedly cause modifications in circulating albumin; the resulting modi-
fied albumin form has been coined “ischemia modified albumin” (IMA) and has 
diminished capacity for binding cobalt and other metals. This observation led to 
development of an albumin cobalt binding test for measurement of IMA and there-
fore the presence (or absence) of myocardial ischemia. The albumin cobalt binding 
test for IMA was FDA cleared as a serum biomarker of cardiac ischemia and risk 
stratification tool in suspected acute coronary syndrome patients.

A meta-analysis was conducted that included all studies evaluating the sensitiv-
ity and negative predictive value (NPV) of IMA in suspected acute coronary syn-
dromes patients evaluated in an ED (25). This analysis showed that using three 
indicators together—an ECG that is nondiagnostic for ischemia, a negative cardiac 
troponin and a negative IMA test—yielded a sensitivity of 94.4%, and a NPV of 
97.1% for diagnosis of acute coronary syndrome. The respective sensitivity and 
NPV for longer-term outcomes were 89.2% and 94.5% [33].

Although the clinical evidence for IMA indicates promise for use in ruling-out 
acute coronary syndromes and early risk stratification in the ED, the high-sensitivity 
assays for troponin have been better studied. One analysis by Mehta et al. suggests 
that there is a possible synergistic role for the IMA test when used with hs-cTnI [34].

2.2 � Myeloperoxidase

Myeloperoxidase (MPO) is an enzyme which catalyzes the in vivo production of 
hypochlorite (bleach) from chloride and hydrogen peroxide; MPO is stored in abun-
dant quantities in the azurophilic granules of polymorphonuclear neutrophils and 
macrophages. MPO may be an active player in destabilizing coronary plaque by 
degrading collagen, which is particularly troublesome when it occurs at the vulner-
able plaque shoulder. This degradation can lead to plaque erosion and increased 
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susceptibility for rupture, an important root cause of acute coronary syndromes. 
However, the full extent of all mechanisms generating this negative effect are not 
fully established [35].

Several studies have demonstrated that acute coronary syndrome patients having 
increased MPO in their blood are at increased risk [36]. One study conducted in the 
ED environment showed that the odds of major adverse events at 30  days and 
6  months increased with each quartile increase in MPO blood concentration. 
Importantly, this increase in risk was 4.4-fold higher in patients who had elevated 
MPO but were persistently negative for cardiac troponin [37].

2.3 � High-Sensitivity C-Reactive Protein

As atherosclerosis has been established as an inflammatory process, and the most 
well-described inflammatory marker is C-Reactive Protein (CRP), the studies seek-
ing to evaluate this as a marker for CAD survival are plentiful, yet not specific 
[38, 39].

CRP has been shown to rise in patients presenting with acute coronary syndrome 
as a consequence of the inflammatory response to myocardial necrosis [40]. 
However elevated levels of CRP are also frequent in a large proportion of ED 
patients without myocardial necrosis. Numerous studies have indicated that hs-CRP 
is an independent predictor of short- and/or long-term outcome among patients with 
acute coronary syndrome, but beyond the thrombotic events, there is less of a rela-
tionship between CRP levels and atherosclerotic burden [41]. In fact, a study from 
2008 showed that persons who had genetically higher CRP values did not have the 
expected outcomes for severe coronary disease [42]. Specifically, measurement of 
hs-CRP appears to contribute additional prognostic value in patients who are car-
diac troponin negative and helps differentiate these levels from persons who are not 
symptomatic for coronary disease [43, 44]. Of interest, studies indicate that the 
relationship between hs-CRP and outcome is most robust with respect to mortality 
with a weaker relationship to recurrent MI [44]. However, the benefits of therapy 
based on hs-CRP remain uncertain and guidance of management should not be 
based solely upon measurement of CRP [1].

2.4 � B-type Natriuretic Peptide and N-terminal proBNP

BNP is a heart hormone which has powerful physiological effects including natri-
uresis, vasodilatation, and inhibition of the renin-angiotensin-aldosterone system 
[45]. Ischemia appears to be an important stimulus for B-type natriuretic peptide 
(BNP) synthesis and release. BNP and its inert co-metabolite Amino-terminal 
proBNP (NT-proBNP) are released from cardiac myocytes in response to hemody-
namic stress and specifically increased wall stress in the ventricles of the heart [46]. 
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Impairment of ventricular relaxation and resulting non-systolic ventricular dysfunc-
tion is one of the earliest consequences of myocardial ischemia, preceding angina, 
and ST-segment deviation. This pathophysiology and a strong association between 
BNP and NT-proBNP with mortality in patients with unstable angina supports the 
idea that cardiac ischemia can stimulate release of BNP in the absence of necro-
sis [47].

Furthermore, in community based studies, risk for adverse events can be demon-
strated with levels of BNP lower than what has been used for heart failure diagnosis 
[48]. However, given the data available for other markers management guidelines 
for acute coronary syndromes should not be based solely upon BNP or NT-proBNP 
values [1].

2.5 � Future Development

At this time, there exist significant differences among hs-cTn assays in stratifying 
samples of patients with intermediate likelihood of ACS, which may result in differ-
ent management recommendations [15]. The continued introduction of hs-cTn 
immunoassays to clinical practice will ultimately depend upon the determination of 
more accurate, suitable cut-offs in addition to the optimization of timing for serial 
sampling [49].

3 � Point of Care Testing for Cardiac Biomarkers

Point of care testing (POCT) involves measurement of cardiac biomarkers at or near 
the patient bedside. Implementation of POCT for any clinical application is always 
driven by a “need for speed” that exceeds a central laboratory’s ability to deliver 
information in time to improve either clinical or economic outcomes. POCT testing 
is invariably more costly than central lab testing and is encumbered by regulatory 
requirements. POCT is typically considered an option of last resort because virtu-
ally all organizations would prefer to measure cardiac markers within the infrastruc-
ture of the central laboratory, rather than going through all the trouble and expense 
of implementing POCT. Although the need for a rapid turnaround time for cardiac 
troponin has not been linked to improved clinical outcomes [50]. Faster results have 
been shown to facilitate patient flow and expedite decision-making and may even 
decrease patient charges in the right setting [50, 51]. Current guidelines strongly 
recommend that cardiac marker results be available within 1 h and optimally within 
30 min of collection for care of patients in the ED [52].

As the implementation of hs-cTn into hospitals around the world continues, the 
value within POC testing decreases. cTn POC testing still does have a clinical role, 
but it’s role is now complimentary to hs-cTn laboratory measurements. CTn POC 
testing may be useful when timely access to laboratory facilities for 
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decision-making is not possible [53]. Outside of such scope, however, POC cTn 
limitations including the potential for false negative results on admission and the 
need for serial testing, yield it largely inferior the overall efficiency provided by 
rapid rule-out protocols using hs-cTn [54].

4 � Future Developments

In the context of cardiac necrosis and MI, few analytes in laboratory medicine have 
the clinical value and impact of cTnT and cTnI.  After all, cardiac troponin was 
mainly responsible for the re-definition of MI. For this reason it is difficult to con-
ceive of a marker to replace cardiac troponin for the diagnosis of MI.

Very high-sensitivity cardiac troponin assays that are capable of reliable tenfold 
to 100-fold lower detection compared to current assays appear to be the path for-
ward. Demonstrating an acute rise in cardiac troponin that is significantly higher 
than the sum of biological and analytical variation has led to detection of very subtle 
cardiac injury. Current developments that seek to demonstrate and quantify the rise 
of these values in terms of outcomes are ongoing. Further research is required to 
maximize the medical and economic value of hs-cTnT to patients and institu-
tions [55].
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Emergency Department Presentation 
of Chest Pain

Natasia Terry and Kristin Aromolaran

1 � Arrival to ED

In the US, chest pain is the second most common reason, after abdominal pain, for 
presentation to the emergency department according to the CDC [1]. Patients with 
this complaint may arrive via emergency medical services or self-transportation, 
often dependent on access and community. For patients transported via EMS, pre-
hospital ECG acquisition is an internationally recognized recommendation for care 
of the ACS patient [2]. A recent audit of the prehospital MI program in the UK 
found a survival advantage in patients who obtained an ECG prior to arrival in the 
ED. This adds to the body of literature that has previously shown that paramedics 
can obtain a high quality ECG and it decreases door-to-balloon time (D2B) [3–5].

Despite the guidelines, patients may often choose to transport themselves to the 
ED. This could often result in a shorter trip to the ED door, but given EMS transport 
often expedites medical professionals arriving at the patient’s bedside, may in fact 
lead to a longer time to treatment for these self-transporting patients [6].

Although multiple groups recommend EMS transport for chest pain and is a 
centerpiece of the American College of Cardiology’s communication program, a 
recent Danish study suggests that transport via EMS is likely low yield. In their 
more than 71,000 cases reviewed, one in six ambulance trips involved chest pain, 
but had a discharge rate from the ED of more than 50% [7, 8]. However, given that 
ischemic heart disease remains the leading cause of death of humans worldwide, the 
low yield of this process for the sake of earlier treatment is likely reasonable [9].
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2 � Presentations of Acute Coronary Syndrome

Adult patients who present to the emergency department with chest pain or short-
ness of breath should prompt the care team to consider acute coronary syndrome 
(ACS). Although simple and seemingly broad, this approach does not fully take into 
account the nuance of this clinical situation.

A 2004 review defined “Typical Angina” as “Substernal discomfort, precipitated 
by exertion, improved with rest or nitroglycerin in less than 10 min” and further 
concluded that overall, it had the highest overall likelihood ratio in diagnosis of 
coronary artery disease. In diagnosis of MI, these same authors found that the pres-
ence of “pressure-like” chest pain had the highest LR which was only 1.3 [10].

Another way to conceptualize who should be evaluated for ACS is to examine 
the characteristics of those who ultimately have the most serious outcome of ACS 
short of sudden cardiac death and should receive an ECG rapidly. Criteria for a tri-
age ECG, initially put forth by Graff, are listed in Table 1 [11]. Glickman and col-
leagues further added malaise and nausea for persons over 80, but Osborne et al. 
found that the addition of this criteria provided little yield in another hospital [12, 
13]. That said, these criteria can serve as guidelines only and should not usurp phy-
sician judgment.

As discussed elsewhere in this text, the diagnosis of the myocardial infarction 
acute coronary syndrome may prove to be straightforward as the crux of the diagno-
sis rests on the acquisition of either an ECG or laboratory biomarkers. The remain-
ing two acute coronary syndrome diagnoses of stable and unstable angina can 
provide significant diagnostic challenges. Classically, these are described as diagno-
ses in persons not exhibiting myocardial necrosis evidenced by lack of biomarkers 
and ECG findings suggestive of acute cellular death [14]. Descriptions of chest pain 
with effort date back to the eighteenth century and its association with myocardial 
infarction are also well documented [15]. With the use of more high-sensitivity 
troponin assays, the patients who were once thought to have angina, now would be 
more appropriately categorized as having a myocardial infarction [16, 17]. As such, 
the overall incidence of persons who have (or had) angina is decreasing with the 
increasing ability to detect lower levels of troponin indicative of myocardial 
cell death.

Therefore, the utility of parsing out differences between unstable and stable 
angina is also decreasing and the most prudent evaluation is one where the presenta-
tion for AMI is considered alongside anginal conditions in the broader search for the 
presence of coronary artery disease.

3 � Confounders and Atypical Presentations

In classical teaching, ACS presents as crushing, substernal chest pain that radiates 
to the arm or jaw and is associated with nausea, weakness, and diaphoresis, many 
patients present with atypical symptoms. It may be more accurate to say is that “the 
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typical presentation of acute coronary syndrome is atypical.” Pain perception and 
descriptions vary widely among patients and are influenced by numerous factors 
including older age, diabetes mellitus, female gender, and non-white race [18]. 
Atypical presentations of patients with ACS include dyspnea, nausea, diaphoresis, 
syncope, or pain in the arms, epigastrium, shoulder, or neck. When these symptoms 
present without chest pain they are known as “anginal equivalents.” Others may 
have no symptoms at all of myocardial infarction. A 2002 review suggested that 
approximately 50% of patients with AMI will not have chest pain as a chief com-
plaint and researchers from a 2010 prospective study found that the classic “radia-
tion to the left arm” component of the history was less predictive of MI than several 
of the more atypical complaints.

Unfortunately, patients with atypical presentations have continually been found 
to have poorer outcomes despite data published in 2000 showing worsening mortal-
ity [19]. These patients also are less likely to receive standard adjunct therapies 
shown to reduce mortality and are treated less aggressively even in the setting of an 
STEMI [20, 21].

Elderly patients are a population well known for their atypical presentations of 
ACS. In fact, findings from Bayer and colleagues suggest that a patient’s age has a 
direct correlation with atypical presentations. In a review of over 700 patients with 
proven myocardial infarction (average age 76.0) chest pain was seen in only 66% of 
patients; 75% over the age of 70 and only 50% over the age of 80. Above age 
85 years old, chest pain was present in only 38%, making a classic presentation in 
this age group an exception [22]. In many trials and database inquiries, the elderly 
have worse outcomes and less adherence to guideline recommended therapies 
despite the fact that no set of ACS guidlelines fractionates the adult treatment popu-
lation [23]. In this population, other common symptoms include nausea and vomit-
ing, dyspnea, palpitations, and diaphoresis. One study of 446 patients found that 
39% presented with palpitations, 28% with fatigue, and 20% with nausea/vomiting. 
Furthermore, unlike the typical teaching, these symptoms are less likely to be 
induced by physical exertion in the elderly and instead by other stressors such as 
infection or dehydration [24, 25].

Unsurprisingly, CAD is the leading cause of death in women just like men and 
there are important gender differences to note in their presentations of coronary 
ischemia. On average, women are almost a decade older than men at the time of 
their MI with greater than 55% of their AMIs at 70 years or older [26]. Patients and 
physicians may not have a high enough suspicion that symptoms at a younger age 
of presentation could be from coronary ischemia as women are often given lower 
risk categories by their primary care physicians which, according to a 2005 survey, 
may be the driver of them receiving fewer preventative recommendations [27]. 
Some of the most recent studies show a that outcomes from CAD may be similar for 
women and men after controlling for risk factors, but disparities arise when examin-
ing Hispanic or African-American Women [28–30].

When women do present with symptoms, they are more likely to have more 
atypical presentation than men, however, both groups still present most commonly 
with chest pain. One meta-analysis found that both men and women present most 
often with chest pain (pooled prevalence, men 79%; 95% CI, 72–85, pooled 
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prevalence, women 74%; 95% CI, 72–85), although men more than women. This 
same meta-analysis which included 27 studies also found that when compared to 
men, women had higher odds of presenting with several atypical symptoms. 
Specifically, pain between the shoulder blades (OR 2.15; 95% CI, 1.95–2.37), nau-
sea or vomiting (OR 1.64; 95% CI, 1.48–1.82), and shortness of breath (OR 1.34; 
95% CI, 1.21–1.48) [31]. This higher odds of atypical symptoms could be the 
underlying cause of data from the Framingham study which indicates that the per-
centage of unrecognized infarcts was highest in women and older men [18].

Non-white patients represent another population with disturbingly higher rates 
of missed ACS. From a multicenter prospective trial, Pope and colleagues showed 
that non-white patients were less likely to be hospitalized if they presented with 
either acute cardiac ischemia, but the findings of triage acuity may have diminished 
in more recent studies [32, 33]. One recent study looked at ACS symptom presenta-
tion among white, Chinese and South Asian patients. It found that midsternal pain 
was the most common presenting symptoms regardless of ethnicity. Furthermore, 
33% of white participants, 19% of South Asian, and 20% of Chinese participants 
reported atypical symptoms (p < 0.006) [34]. While it may not be entirely clear why 
these disparities exist in presentation, another study interviewed patients of differ-
ent ethnicities and found that that delayed presentation for minority groups was due 
to cost, language barriers, thinking their symptoms are “non-urgent” and concern 
about the disruptive effect that going to the hospital could have on their home and 
family [34]. Despite this initial qualitative data, there is a lack of in-depth analysis 
into the underlying reason for healthcare disparities among non-white patients. 
Further research must be done in order to truly understand why patients of non-
white race have higher rates of missed ACS and poorer outcomes.

Diabetes has long been understood as an independent risk factor for coronary 
artery disease and has been demonstrated in meta-analysis [35]. Coronary athero-
sclerosis does not only appear to be more prevalent, but also more extensive in 
diabetic than nondiabetic patients [36, 37]. In fact, with a two- to fourfold increase 
in cardiovascular events compared to nondiabetics, the main cause of death for dia-
betics is cardiovascular morbidity [38].

In addition to the increased incidence and mortality of coronary heart disease in 
diabetics, their higher incidence of atypical presentations requires the emergency 
physician to be ever more vigilant in evaluating the diabetic with possible ACS. Their 
atypical presentations are most commonly believed to be due to their blunted appre-
ciation for ischemic pain. Histologic and physiologic evidence of damage to cardiac 
afferent nerve fibers has been shown in diabetic patients, suggesting that neuropa-
thy, as well as prolongation of the anginal perceptual threshold and an abnormality 
in metaiodobenzylguanidine uptake, may play a role in blunting the perception of 
ischemic pain [39, 40]. This may lead to symptoms that are mild, atypical, or truly 
silent and therefore accurate diagnosis of ACS based upon the history may be more 
difficult. The prevalence of silent MI in low-risk diabetic patients ranges from 6% 
to 23% in various studies and has been found to be as high as 60% in high-risk dia-
betic patients [41]. In the Framingham study, 12% of MIs were believed to be truly 
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asymptomatic. It was more common in diabetic patients (39%) compared with their 
nondiabetic counterparts (22%) [18].

When symptoms do exist, several studies have found that diabetes is an indepen-
dent risk factor for an atypical presentation of ACS [38]. Atypical symptoms such 
as confusion, dyspnea, fatigue or nausea, and vomiting may be the presenting com-
plaint in 32–42% of diabetic patients with MI compared with 6–15% of nondiabetic 
patients, but other studies do not show much difference in the presentations [42, 43]. 
On balance, it does appear fair to conclude that atypical chest pain in diabetic 
patients leads to worse clinical outcomes most recently evidenced by an analysis of 
patients with DM presenting with atypical chest pain had the highest risk of all-
cause death (HR 2.23, 95% CI 1.80–2.76) and any MI (HR 2.34, 95% CI 
1.51–3.64) [44].

4 � Differential Diagnosis

The emergency physician should use a thorough history and physical exam to not 
only help determine the risk of possible ACS, but also to recognize and distinguish 
anginal chest pain from other serious and life-threatening conditions. While the 
differential diagnosis for both “typical” and “atypical” anginal symptoms is broad, 
the most important alternative diagnoses include aortic dissection, pulmonary 
embolism, esophageal perforation (Boerhaave’s syndrome), and spontaneous 
pneumothorax.

4.1 � Aortic Dissection

Patients with aortic dissection classically have risk factors that may include known 
atherosclerosis, uncontrolled hypertension, coarctation of the aorta, bicuspid aortic 
valves, aortic stenosis, Marfan syndrome or Ehlers-Danlos syndrome [45]. They 
complain of a ripping, searing or tearing chest pain that radiates to the intrascapular 
area of the back. It is typically maximal at onset and may be felt both above and 
below the diaphragm. Their physical exam may reveal a diastolic murmur from 
aortic insufficiency and unequal blood pressures in their upper extremities. The 
chest radiograph may show numerous nonspecific findings, the most helpful being 
a widened mediastinum. In a meta-analysis involving 21 studies with 1848 patients, 
the pooled sensitivity of a widened mediastinum was 83% in patients with proven 
dissection [46]. However, another study found that more than 20% of patients with 
confirmed aortic dissection lacked any abnormalities in the mediastinum or aortic 
contour, particularly in patients with a nondilated by dissected aorta [47]. Even 
though things like the Aortic Dissection Detection risk score shows promise for rul-
ing out disease, specific imaging with CT, MRI or echocardiography may ultimately 
be necessary [48].
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4.2 � Pulmonary Embolism

Pulmonary embolism (PE) is an often insidious and potentially lethal diagnosis. 
While the mortality of PE is traditionally estimated as high as 30%, it falls to 8% 
with timely diagnosis and treatment. Patients may present with any combination of 
chest pain, dyspnea, syncope, shock or hypoxia but, like ACS, may also present 
with atypical symptoms. Classic risk factors that promote a state of thrombosis 
include but are not limited to malignancy, lower extremity trauma, prolonged inac-
tivity (bed rest, hospitalization) and thrombophilic disease states (e.g., protein C 
deficiency). If chest pain is present, it is classically described as sharp and pleuritic. 
The physical exam may be asymptomatic or include leg pain and swelling, tachy-
pnea, tachycardia, hypoxia, or hypotension. Numerous studies have been performed 
to help risk stratify patients. A systematic review by Stein et  al. showed that an 
ELISA D-dimer has a sensitivity of 0.95 (CL, 0.85–1.00), and negative likelihood 
ratio, 0.13 (CL, 0.03–0.58) [49]. Used with a low pre-test probability as determined 
by a clinical decision aid (such as the Wells criteria or Charlotte Rule), a rule with 
high negative predictive value can be achieved. Although d-dimer testing may be 
adequate in low-risk patients, those considered high risk require either a CT angio-
gram or V/Q scan to more accurately exclude the diagnosis.

4.3 � Esophageal Rupture

Esophageal rupture (Boerhaave’s syndrome) is a rare but deadly cause of chest pain 
and must be considered by the evaluating physician, especially given mortality rates 
of up to 40% [50]. Most cases occur after endoscopy, or less commonly, after force-
ful vomiting. The patient classically describes a history of substernal, sharp chest 
pain with onset suddenly after emesis. They are usually ill-appearing, dyspneic, and 
diaphoretic. While the exam may be normal, it may reveal a pneumothorax or sub-
cutaneous air. In a review at Rhode Island Hospital, 44 cases were identified (30 
cases were after endoscopic procedures) [43]. Of those that did not undergo endos-
copy, presenting signs and symptoms in this cohort included vomiting (50%), chest 
pain (43%), tachycardia (71%), decreased breath sounds (36%). All but one of these 
14 patients had an abnormal chest X-ray and the correct diagnosis was made in only 
three cases. Once again, the “classic” presentation is more “classic” than common. 
Swallow studies (barium or gastrografin) are typically the initial study of choice but 
may be normal in 25% of cases and should not be used alone to exclude the diagnosis.

4.4 � Spontaneous Pneumothorax

Spontaneous pneumothorax is due to a sudden change in the barometric pressure in 
the lungs, most often in patients with obstructive lung disease (asthmatics and 
COPD). It is most typically described as a sharp, sudden pleuritic chest pain that is 
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associated with dyspnea. Patients may be ill-appearing, dyspneic, and diaphoretic. 
The physical exam may be normal or reveal decreased breath sounds and hyperex-
pansion on the affected side. An upright inspiratory chest radiograph will usually 
reveal the diagnosis, with the increasing accessibility of ultrasound in emergency 
departments across the country, ultrasound has become a viable means of diagnos-
ing a pneumothorax. One study looking at posttraumatic pneumothoraxes found 
that ultrasound had a sensitivity of 58.9% with a positive likelihood ratio of 69.7 
and a specificity of 99.1% when compared to the composite standard. Furthermore, 
when compared to CXR, using CT scan as the gold standard, ultrasound had a 
higher sensitivity than CXR, 48.8% and 20.9%, respectively, and a similar specific-
ity of 99.6% and 98.7%, respectively [51].

5 � Electrocardiogram Analysis

The ECG is the single most important diagnostic test in the evaluation of patients 
with chest pain as it is so readily available and fast. The American College of 
Cardiology and the American Heart Association guidelines for ECG acquisition 
within the first 10 min upon the presentation of a patient with chest discomfort or 
symptoms consistent with ACS [52]. Time to ECG acquisition has also been identi-
fied as one of the key components of the National Heart Attack Alert Program’s 
initiative to shorten time to interventional therapy (time to ECG acquisition). 
Diercks et al. found in a population of over 60,000 patients with NSTEMI, female 
gender was the most significant predictor of delayed ECG acquisition. This is sig-
nificant because Diercks et al. also found that a delay in ECG acquisition led to an 
increase in clinical outcomes for STEMI patients at 30 days (odds ratio, 3.95; 95% 
confidence interval, 1.06–14.72; p = 0.04) [53].

Best practices put forth by the National Heart Attack Alert Program and AHA, 
beyond deciding to obtain an ECG, performing the ECG, and presenting the ECG to 
the treating physician for interpretation, suggests a prehospital ECG to decrease the 
time to diagnosis [54, 55]. They suggest that a protocol be in place to allow nurses 
to obtain a 12 lead EKG without a physician’s order, and to do so with criteria lib-
eral enough to include patients with atypical symptoms. The ECG still remains a 
challenge for many programs as a recent study described the missed case rate of 
several emergency departments varied widely despite the years of guidelines avail-
able preceding this evaluation [56].

Designing a program for this process should be intentional and simple criteria 
should be in place to capture the STEMI population within 10 min. Graff et  al. 
developed criteria listed in Table 1 and this was later verified by Osborne et al. [11, 
13]. Glickman and colleagues added nausea and malaise to an elderly group of 
patients, but ultimately, these criteria should be considered as a starting point for 
development of a pathway tailored to fit an ED’s population [12]. Furthermore, one 
ECG is only a portion of a dynamic disease process. The ACC/AHA guidelines sup-
port obtaining serial 12-lead ECGs in the ED to improve sensitivity for detecting 
ACS if the initial ECG is nondiagnostic [57]
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Table 1  Graff criteria for triage (rapid) ECG Patients with age >30 with
• Chest pain
Patients with age >50 with (any)
• Palpitations
• Weakness
• Syncope
• Dyspnea
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Risk Scoring Systems: Are They 
Necessary?

Jaron Raper, Laurie Goyak, and Matthew DeLaney

1 � Introduction

Chest pain is a common presentation to the emergency department. Various clinical 
scoring systems have been developed and implemented in effort to quantify a 
patient’s risk of having a major adverse cardiac event (MACE) while simultane-
ously decreasing unnecessary testing and prevent unnecessary hospitalizations. 
Although there is no universal, agreed upon designation of what constitutes “High” 
versus “Low” risk outside of the rubrics of individual systems, the concept of a 
patient who has very low probability of having a MACE appears to stretch across 
the various scoring systems. Conversely, however, in the broader definitions of 
ACS, there may be some conflation of the designations of “high risk” for short-term 
mortality (i.e., currently having an MI) and “high risk” for MACE in the next 
30–90 days which is more prudent for this this discussion.

These scoring systems often incorporate patient history, physical exam, ECG, 
and biomarkers. Early scoring systems, such as the thrombosis in myocardial infarc-
tion (TIMI) and GRACE, were derived to predict outcomes in patients with con-
firmed acute coronary syndrome (ACS). While not initially designed for use in the 
ED, these scores have been applied more broadly to patients presenting with undif-
ferentiated chest pain. Recent novel scoring systems such as EDACS, ADAMT, and 
the HEART score have attempted to primarily evaluate risk in the undifferentiated 
cohort of patients who present to the ED with chest pain. They also serve to distin-
guish between patients who are safe for discharge and those who would benefit 
from admission.
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2 � TIMI

The thrombosis in myocardial infarction (TIMI) risk score was one of the first and 
most widely known chest pain rules comparing unfractionated heparin to enoxapa-
rin in patients with confirmed ACS. The initial score, first published in 2000, was 
developed to prognosticate mortality, predict ischemic events, and help drive thera-
peutic decision making for patients presenting with unstable angina and non-ST 
segment elevation myocardial infarction (NSTEMI). The TIMI score uses the fol-
lowing seven elements, which are each assigned a potential value of one point: age 
>65 years, ≥3 classical risk factors for coronary artery disease (CAD), prior coro-
nary stenosis if 50% or more, use of aspirin in the past 7 days, at least 2 anginal 
events in the past 24  h, elevated cardiac markers (troponin or CK-MB), and 
ST-deviation ≥0.5 mm on presentation. Each element is assigned either a score of 0 
or 1 if present, resulting in a total TIMI Score between 0 and 7.

The initial TIMI publication found that event rates increased significantly as the 
TIMI risk score increased in the test cohort: 4.7% for a score 0/1; 8.3% for 2; 13.2% 
for 3; 19.9% for 4; 26.2% for 5; and 40.9% for 6/7 (p < 0.001 by ×2 for trend) [1].

Although, obviously not initially intended for ED use, several studies have 
proven that when applied to patients with chest pain in the ED, the TIMI risk score 
is useful in stratifying cardiovascular event risk and shows a linear relationship with 
the patient’s overall incidence of cardiac events [2–5]. However, it does not perform 
well enough to reliably and safely guide patient disposition. In a meta-analysis 
including over 17,000 ED patients, Hess et al. found a 1.8% rate of MACE within 
30 days when patients had a TIMI score of 0 (sensitivity 97.2%, specificity 25.0%) 
[6]. They concluded that the use of the TIMI risk score as the sole means of deter-
mining patient disposition was insufficient, and rather the score should be only used 
as an adjunct to clinical judgment.

A separate TIMI risk score for STEMI has also been developed, however, is not 
generally used in emergency medicine practice, as patients presenting with STEMI 
require revascularization regardless of the TIMI score. Therefore, the TIMI risk 
score for STEMI is more applicable and useful in the inpatient setting.

3 � GRACE

The Global Registry of Acute Coronary Events (GRACE) risk score, first published 
in 2003, was developed from a multinational registry to estimate the in-hospital and 
6-month mortality in patients with confirmed ACS. Unlike the TIMI score, GRACE 
included patients with ST-elevation myocardial infarction. Prior to the advent of this 
score, there was no validated risk model to predict mortality beyond 6 months.

The GRACE hospital post-discharge score contained eight independent risk fac-
tors derived after multivariate logistic regression analysis and accurately discrimi-
nated hospital survivors from death at 6 months, 1 year, 2 years, 3 years, and 4 years 
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Table 1  Grace 2.0 GRACE 2.0

Age
Heart rate/pulse
Systolic BP
Creatinine
Cardiac arrest at admission
ST segment deviation on EKG
Abnormal cardiac enzymes
Killip class

CHF Rales and/or JVD
Pulmonary edema Cardiogenic shock

(Table 1). Each element has its own scoring, and it is possible to score from 1 to 
372. The simplified model developed to be used for clinical practice found a c sta-
tistic of 0.83 to discriminate risk, nearly the same for the overall expanded model 
(0.84) [7].

The risk score was validated to work for all three subsets of ACS (STEMI, 
NSTEMI, unstable angina) [8]. Furthermore, it was externally validated to predict 
6-month risk of death and myocardial infarction [9].

Utilizing the original GRACE risk score, patients were assigned a score and 
mortality risk was projected based on a range of risk scores. GRACE was then 
refined to the GRACE risk score 2.0 which not only allows for broader use due to 
eliminating some variables that might otherwise be unknown and allows for specific 
mortality calculations based on individual scores in comparison to the mortality 
ranges assigned by its predecessor. Studies have found that the updated GRACE 
risk score has better discrimination and is easier to use than the prior iteration based 
on linear associations [9].

Few studies have evaluated the use of the GRACE score in the emergency depart-
ment in the role of risk stratifying patients to be able to discharge. The few that have, 
concluded that the GRACE score shows poor to moderate performance in stratify-
ing ED chest pain patients in distinguishing MACE vs. non-MACE [10–12].

4 � EDACS-ADP

The Emergency Department Assessment of Chest Pain Score (EDACS) (2014) was 
designed to predict short-term risk of MACE in patients presenting to the ED with 
chest pain (Table 2). The EDACS score was then combined with normal contempo-
rary troponin results at 0 and 2  h, as well as an ECG without new ischemia to 
develop the EDACS-accelerated diagnostic protocol (EDACS-ADP). The purpose 
of this addition was to identify a subgroup of patients presenting to the ED with very 
low short-term risk of MACE who could be safely discharged with further cardiac 
evaluation in the outpatient study [13].
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EDACS-ADP

Age
Sex (Male +6)
Known CAD or 3 risk factors (+4)
Symptoms and signs

Diaphoresis (+3) Pain radiates to shoulder, 
neck or jaw (+5)

Pain occurred or worsened with 
inspiration (−4)

Pain is reproduced by 
palpation (−6)

Table 2  EDACS-ADP

The EDACS-ADP chest pain system can be reviewed in Table  2 below. The 
patient is considered to be low risk for MACE with an EDACS score of <16, an 
ECG without new ischemia, and both negative 0-h and 2-h troponin. A calculated 
score ≥16, or EKG shows new ischemia, or 0-h or 2-h troponin are positive, then the 
patient is not low risk and the patient should be further observed.

The EDACS-ADP was prospectively, internally validated, and classified more 
than 50% of patients as having low risk of MACE within 30 days of discharge. The 
risk score was determined to be >99% sensitive for correctly identifying patients at 
low risk of MACE [13].

External retrospective validation of the score has had differing results, however. 
Flaws et al. supported the safety of the score’s use after they concluded that 41.6% 
of patients were classified as low risk by the EDACS-ADP rule, with 100% sensitiv-
ity for 30-day MACE [14]. Shin et al. classified 35.2% of patients as low risk by the 
EDACS-ADP score, however, five cases (1.1%) of MACE still arose [15]. As such, 
the authors concluded that the MACE rate among low risk patients is higher than 
considered acceptable to be discharged without further evaluation by most ED 
physicians.

5 � HEART

The HEART score was specifically designed to stratify all chest pain patients in the 
ED, excluding those presenting with STEMI (Table 3). This scoring system differs 
from the previously discussed TIMI and GRACE scores, which were derived for 
high risk patients to determine the need for invasive therapy, rather than evaluating 
the undifferentiated chest pain patient.

The five elements of the score include the following: History, ECG, Age, Risk 
factors, and Troponin. Each can be scored with zero, one, or two points; with a max 
of 10 points. Refer to Table 3 below for scoring details. The score places patients 
into low, intermediate, or high risk groups for having a major adverse cardiac 
event(s) in the next 6 weeks. Patients identified as low risk are classified as having 
a 0.9–1.7% risk of adverse cardiac events in the next 6 weeks, and are typically 
discharged home, while those identified as intermediate (12–17%) and high risk 
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Table 3  HEART score reinterpretation from Six, et al. [16]

HEART score
Score 0 Score 1 Score 2

History Slightly 
suspicious

Moderately suspicious Highly suspicious

ECG Normal ECG Nonspecific 
repolarization

Significant ST-depression

Age 
(years)

<45 45–65 >65

Risk 
factors

No risk factors 1–2 risk factors ≥3 risk factors or history of 
atherosclerotic disease

Troponin ≤normal limit 1–3 × normal limit >3 × normal limit

(50–65%) are usually admitted [17]. The HEART score has been externally vali-
dated in retrospective and prospective studies [10, 18, 19].

The initial HEART score originally incorporated a single troponin, and although 
the score has been validated in many trials, there was still hesitation with discharg-
ing the low risk patient. This led to the development of the HEART Pathway. Mahler 
et al. analyzed a cohort of around 1000 patients from ED observation units to evalu-
ate the use of the HEART score with two troponin values, the latter obtained 3 h 
after patient arrival in the ED. For patients who were identified as low risk (HEART 
score of 0–3) and with a repeat 3 h troponin which was unremarkable, the rate of 
MACE was found to be 0.6%, down from 1.7% as reported in the original HEART 
study. If the HEART score with troponins at hours 0 and 3 had been applied to this 
patient cohort there would have been a 0.5% rate of missed MACE, with a ~0.001% 
rate of unexpected death. The authors noted that a combination of a HEART score 
>3 or elevated troponins obtained 4–6  h after arrival was 100% sensitive for 
MACE. In addition, in this patient cohort, there was the potential to reduce further 
cardiac testing by 82% [20].

In a follow-up study, Mahler et al. found that after enrolling over 5000 patients, 
the HEART Pathway decreased hospitalization for chest pain by 21%, reduced hos-
pital length of stay by 12 h, and did not lead to any increase in adverse events or 
recurrent cardiac care. Based on their data, the authors concluded that the HEART 
pathway will shorten hospital LOS for patients with acute chest pain, resulting in 
significant cost savings and improvement of efficiency [21].

With the advent of high sensitivity troponin, the Heart Score continues to have 
high discrimination in differentiating the low risk patient. A prospective study found 
that the modified HEART scores were comparable among conventional troponin 
and high sensitivity troponin for 30 day MACE and were equally effective in risk 
stratifying chest pain patients for safe discharge [22]. Santi et al. also confirmed that 
it is possible to safely discharge emergency department chest pain patients with a 
low modified HEART score after an initial high-sensitive troponin [23]. In the Santi 
study, of the 512 (37.2%) patients with a low HEART score, none had an event 
within 180 days. They also found a statistically significant difference (p < 0.0001) 
between the cumulative incidents of events in the three HEART score groups using 
high sensitivity troponin.
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6 � ADAPT

The ADAPT pathway is similar to the HEART score and uses troponins collected at 
0 and 2 h (Table 4). Initial derivation and subsequent validations reported sensitivi-
ties of 99.7% for MACE at 30  days [24]. When ADAPT was compared to the 
HEART pathway Stropoya et al. found that while both scores were 100% sensitive 
for MACE, the HEART pathway was able to categorize 47% as low risk compared 
to only 24% when using the ADAPT pathway [25].

7 � NOTR

Various other chest pain decisions tools have been proposed to help identify a subset 
of patients who are low risk. The No Objective Testing Rule (NOTR) relies on 
objective criteria consisting of cardiac risk factors, history of myocardial infarction 
or coronary artery disease, age, serial troponin measures, and a nonischemic ECG 
(no ST-depression or T-wave inversion in >1 contiguous lead) (Table 5). In an initial 
derivation study Greenslade et al. reported that the NOTR was able to categorize 
31.7% of patients as “low risk” with a reported sensitivity of 97.6% for ACS. In a 
subsequent study Stopyra et al. found that both the HEART Pathway and the NOTR 
were able to identify all cases of MACE at 30 days in a subset of low risk patients. 
Despite this diagnostic accuracy, the HEART pathway was able to identify a larger 
subset of patients who were suitable for early discharge [26].

Table 4  ADAPT protocol ADAPT protocol

Abnormal troponin at 0 or 2 h
Ischemic changes on EKG
Age ≥65 years
≥3 CAD risk factors
Known CAD (stenosis ≥50%)
Aspirin use in past 7 days
Severe angina (≥2 episodes in 24 h or Persistent)

Table 5  NOTR NOTR

Cardiac risk factors
History of MI/CAD
Age
Serial troponin measures
Nonischemic EKG

J. Raper et al.
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Table 6  Vancouver Chest Pain Rule Vancouver Chest Pain Rule

Step 1
Abnormal initial EKG
Positive troponin at 2 h
Prior ACS or nitrate use
Step 2
Does palpation reproduce pain?
Step 3
Age 50 and above?
Does pain radiate to neck, jaw, or left arm?

8 � VCPR

Similarly the new Vancouver Chest Pain Rule (VCPR) uses objective criteria includ-
ing electrocardiogram results, cardiac history, nitrate use, age, pain characteristics, 
and troponin results at 2 h after presentation (Table 6). While the initial derivation 
and validation studies reported sensitivities of −99.1%, further validations have 
found sensitivities as low as 78.1% [27–29]. Given this wide range of reported sen-
sitivities future studies across a variety of patient populations are needed before the 
VCPR is used as a preferred diagnostic tool.

9 � Clinical Impression

In a retrospective review of prospectively collected data, Greenslades et al. evalu-
ated the performance of the m-ADAPT, EDACS, HEART, VCPR, and NOTR when 
used in conjunction with HST. While all of the pathways reported sensitivities rang-
ing from 96.6% to 100% the pathways differed in terms of further risk stratification. 
When the VCPR and NOTER were used approximately 1

3  of patients were able to 
be classified as low risk and discharged from the ED without further workup. 
Alternatively, the m-ADAPT, EDACS, and HEART pathways correctly identified 
almost half of the patients as being low risk and appropriate for outpatient manage-
ment [30]. While the authors concluded that the VCPR and NOTR were safe and 
effective pathways, questions regarding the reproducibility and generalizability of 
these pathways remain. To date the HEART pathway has the largest body of litera-
ture supporting its use and seems to be the most robust tool available.

While the majority of patients who present to the ED do not have ACS, it is impor-
tant to distinguish which patients are low risk for MACE (absence of known cardio-
vascular disease, a normal initial ECG, a normal initial troponin, and clinical stability) 
from those who are high risk. Over the last several decades, several scoring strategies 
have been developed in an effort to differentiate these patient populations.

Risk Scoring Systems: Are They Necessary?
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Both the GRACE and TIMI scores were derived from patients with confirmed 
ACS and initially developed to predict in-hospital and 6-month mortality for patients 
presenting in the coronary care unit. The GRACE score risk stratifies patients pre-
senting with STEMI, while TIMI predicts mortality for unstable angina and 
NSTEMI.  The GRACE score also incorporated more variables, including Killip 
score, creatinine, and cardiac enzymes. Both are equally simple to calculate due to 
the advent of mobile phone based applications.

Studies have shown that the GRACE appears to outperform and have greater 
discriminative ability than the TIMI in predicting in-hospital and 6-month mortality 
when applied to NSTEMI patients [31–33]. However, few studies have assessed the 
performance of applying the GRACE score in the emergency department patients 
with potential ACS [31].

Reaney et  al. prospectively compared the HEART, GRACE, and TIMI scores 
using a single troponin at admission and found that the HEART (c −0.87) outper-
formed TIMI and GRACE (c −0.78, 0.74, respectively) in overall discriminatory 
capacity for 30-day MACE [34].

In conclusion, these tools remain useful for some clinical decisions and commu-
nication to other providers about the patient’s clinical condition. The TIMI and 
GRACE scores are well validated for predicting mortality and guiding therapeutics 
in the coronary care unit. The EDACS-ADP, ADAPT, NOTR, and VCPR show 
promise to assist with discharging the low risk chest pain patient in the emergency 
department, however, further studies are needed in order to further evaluate the 
performance of these scores across various patient populations. In the future, there 
will undoubtedly be a role for machine learning algorithms to aid in prediction of 
obstructive disease, but there remain computational limitations and the studies of 
this process are few [35]. However, currently the HEART score remains the most 
effective risk stratification tool for the undifferentiated chest pain patient presenting 
to the emergency department.
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Emergency Department Disposition 
of Patients Presenting with Chest Pain

Anwar Osborne and Svadharma Keerthi

1 � Introduction

The importance of identifying patients with life-threatening illness is the corner-
stone of emergency care. In this lens, the most common chief complaint of “chest 
pain” focuses the diagnostic strategy in determining the presence of myocardial 
infarction. Symptoms of suspected myocardial infarction belong under the larger 
rubric of acute coronary syndromes (ACS). The end of the diagnostic pathway, pre-
viously contained ST elevation MI’s, non-ST elevation MI’s, and unstable angina. 
However, with the advent of higher sensitivity troponins that have functionally 
moved many patients from the diagnostic category of “unstable angina” to the diag-
nosis of NSTEMI, the acute diagnostic strategy rests largely on the identification of 
the myocardial infarction. This section discusses the possible disposition options 
for patients presenting to the ED with ACS with respect to ED use of modern 
modalities such as contemporary troponin and high sensitivity troponin. An over-
view of which is displayed in Fig. 1.

2 � Risk Stratification

While there may be some semantic disagreement about an exact definition of the 
term “low risk,” the American Heart Association defines it as a hemodynamically 
stable patient with a near normal ECG and negative initial biomarkers. However, in 
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Fig. 1  General approach to ED disposition w/ hs troponin. (Adapted from Sandoval Y, Jaffe 
AS. Using High-Sensitivity Cardiac Troponin T for Acute Cardiac Care. The American Journal of 
Medicine. 2017;130(12):1358–1365.e1. doi:https://doi.org/10.1016/j.amjmed.2017.07.033)

evaluation of the patient arriving to the emergency department with chest pain, sev-
eral risk stratification tools have been proposed to help identify the patient that is 
high risk for a major adverse cardiac event (MACE) in the following 30 days, and 
have been good tools to aid the physician in the need for further work up. Prior 
popular risk scores such as the TIMI score are not as appropriate to use in the emer-
gency department, as they focused on the need for patients who are already high risk 
who may need further invasive testing. Instead, the HEART score and the EDACS 
score have been widely used, as they help identify the patient with undifferentiated 
chest pain and their risk of MACE in the following 30 days. Having negative con-
temporary troponin and non-diagnostic ECG already confers a low 30 day event 
rate, but these scores were created to identify low risk patients who do not need 
further testing, they are great tools to help the emergency physician identify the 
patient that does not need any further testing and can be safely discharged [1]. With 
the addition of these scores to the work up of a patient arriving with chest pain, it 
can help identify the most appropriate patient who needs further testing to evaluate 
for ACS. In patients who are at moderate risk for MACE and who do not meet cri-
teria for STEMI or NSTEMI in their initial work up are potential candidates for 
further testing in the observation unit. Details on the use and interpretation of the 
HEART and EDACS score are covered in detail elsewhere.
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3 � Inpatient Disposition

3.1 � STEMI

According to the AHA/ACC guidelines for patients with chest pain, an initial 
screening ECG should be performed within 10 min of arrival to the ED or contact 
with the medical system. STEMI as defined by the Fourth Universal Definition of 
MI is an ECG showing ST-segment elevation greater than or equal to 1 mm (0.1 mV) 
in at least two contiguous leads. The exception of leads would be v2 and v3 which 
requires at least a 2 mm elevation in men over 40, at least 2.5 mm in men under 40, 
or 1.5 mm in women of any age. In previous guidelines from the AHA/ACC writing 
committee, the authors suggested “Door 2 Balloon” as a quality metric, but both the 
European guidelines and a 2013 update moved the metric to “First Medical Contact 
to reperfusion” with the healthcare system [2, 3]. This would indicate that ideally, a 
patient would have an ECG done and interpreted within 10 min whether or not they 
arrived to the walk-in area of the ED or were obtained from the scene and further, 
the intervention would take place within 90 min in either scenario. Other indications 
for acute reperfusion strategy are true posterior MIs or a new left bundle branch block.

3.2 � NSTEMI

When an EKG is non-diagnostic for a STEMI, the subsequent step to evaluate a 
patient with chest pain is by using cardiac biomarkers. As discussed elsewhere in 
this text, most commonly used biomarker in modern medicine has been the tropo-
nin. In an NSTEMI, there is believed to be non-occlusive plaque rupture, which can 
lead to EKG changes suggestive of ischemia, and biomarker elevation. While it is 
standard practice to take a patient who meets criteria for a STEMI to PCI if avail-
able, this is not the case for NSTEMIs. Per the AHA guidelines, there is a Class 1A 
indication for urgent PCI in any patients having NSTEMIs with continued ischemic 
chest pain, arrhythmias, or hemodynamic instability. Other patients who must be 
considered for urgent PCI include patients with dynamic ST-T wave changes, sig-
nificantly depressed LVEF <40%, ischemic chest pain with decompensated heart 
failure, patients with prior CABG, and patients who have received recent PCI within 
the last 6 months. In patients who are having the above, as immediate PCI is indi-
cated, an urgent cardiology consult is indicated, with inpatient admission.

3.3 � Delayed vs. Early PCI

Patients who are having NSTEMIs who do not meet the above criteria for urgent 
PCI often get delayed PCIs. There have been several randomized control trials that 
have compared urgent PCI to delayed PCIs in patients having NSTEMIs, however, 
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the definition of early, delayed, and the medications each group received prior to 
PCI were largely varied across the trials, making it difficult to compare. A 2006 
meta-analysis of early versus delayed PCI showed a significant mortality benefit for 
patients who received early PCI, and in 15 year follow-up of one of the studies, 
found a persistent decreased mortality benefit on average of 18 months for patient 
receiving early PCI. However, there is no specific guideline yet that recommends 
urgent PCI outside the indications mentioned previously, and without high risk fea-
tures, patients having an NSTEMI often will receive delayed PCI. Suffice it to say 
that these patients should be admitted to an inpatient service soon after the diagnosis 
of NSTEMI is concerned.

4 � Observation Unit Disposition

Appropriate selection of incoming patients is the cornerstone of the success of the 
ultimate safe disposition. In most cases, patients are placed in a short stay unit by a 
referring physician, typically from the ED, after some level of direct evaluation. 
Even though the leading cause of death of humans is cardiac disease, there are very 
few patients who present to the ED with chest pain that have an acute coronary 
syndrome [4, 5]. The details of this initial evaluation are discussed in detail else-
where in this text, but as mentioned above the information obtained through this 
process should first identify patients with either a STEMI or NSTEMI. The contrib-
uting test to the STEMI diagnosis is the ECG and the key test for NSTEMI would 
be biomarkers. As with all patients placed in a protocol driven observation unit, 
there should be as few barriers to discharge as possible and as clear an endpoint 
feasible in this transfer process [6].

4.1 � Appropriate Patients

After determining which patients with possible ACS have either a STEMI or 
NSTEMI, this largest group of suspect patients should receive care in the acute set-
ting to determine the presence of other possible life-threatening diagnoses such as 
aortic dissection, PE, pneumothorax, and esophageal rupture if possible. Then, the 
remaining group without these diagnoses, but also without so few risks as to make 
further testing valueless should be considered for the observation unit. With the 
advent of multiple scoring systems to categorize patients with ACS, there is a grow-
ing body of evidence around patients at very low risk for ACS. Placing patients in 
an observation unit will likely not yield a decrease in mortality in the low risk popu-
lation. This is probably demonstrated best by a study in 2001 where patients received 
either an exercise stress test or a cardiac catheterization after being deemed low risk. 
Here, the exercise stress test performed worse than the coronary angiography for 
identifying coronary artery disease, but more importantly there were no significant 
differences in MACE at 1 year [7]. Furthermore, a review of insurance claims from 
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over 900,000 patients similarly found that patients who were not immediately 
admitted for suspected MI who also underwent non-invasive testing and/or subse-
quent coronary angiography were as likely to be admitted for future MI as those 
who had no testing in 30 days [8]. Finally, the risk of placing a patient on a pathway 
that has limited value is a dubious proposition when there is a rate of false positive 
patients receiving a cardiac catheterization that may prove to be fatal that appears to 
be similar to the absolute risk reduction of the test at hand [9].

5 � Outpatient Follow-Up Disposition [Discharge from the ED]

To be sure, observation stays are technically outpatient as defined by the Hospital 
Manual [10]. Thereby, arranging a follow-up evaluation by a primary care provider 
or cardiologist within the 10–12 h would be a reasonable strategy for this group, but 
most practicing physicians would agree that this arrangement would be an excep-
tion rather than a rule. Although the data would be regional and related to local 
factors, a study in California showed that very few providers had primary care 
appointments available within 10 days [11]. Therefore, the guideline recommended 
72 h follow-up exists primarily as a construct to understand how soon suspected 
ACS patients may need to be evaluated again. Care pathways, or accelerated diag-
nostic pathways, have been discussed throughout this text, but in this discussion, 
they are framed for the purpose of leaving the ED for outpatient follow-up.

5.1 � The HEART Pathway

Because of a myriad of factors, the HEART score is well studied for the purpose of 
discharging patients from the ED. Using contemporary troponin, Mahler et al. found 
no MACE at 30 days using 0 and 3 h measurements in patients with a HEART score 
3 or less [12]. The findings of a study in the Netherlands found similarly low MACE 
rates without differences between usual care groups and treatment groups. Here, 
patients with HEART scores 0–3 were discharged home and many of the sites used 
hs troponin assay [13]. In a US study at eight sites, Mahler et al. used hs troponin 
assays and found that the HEART score was necessary to achieve low rates of 
MACE in the early discharge model [14].

5.2 � European Society of Cardiology

Because of an abundance of data in European studies, the European Society of 
Cardiology recommends 0–1 and 0–2  h pathways with clinical criteria for early 
discharge if they have hs troponin available [15]. While the AHA and ACC have not 
updated their guidelines as of this publication to reflect rapid pathways with high 
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sensitivity troponin, it stands to reason that there are a number of data driven ways 
to provide patients with the service of early discharge consistent with the types of 
troponin assays available at a given facility.

6 � Special Considerations in Disposition

6.1 � Known Coronary Artery Disease

While it may be the place of the observation unit to determine coronary artery dis-
ease that has yet to be diagnosed in the chest pain patient, some patients arrive to the 
ED with known disease. Patients with appropriate history and the absence of cardiac 
biomarkers present on evaluation were determined to have “unstable angina.” But 
with the advent of high sensitivity assays for troponin, these patients are rare [16]. 
Current guidelines recommend admission for patients with recurrent pain, but 
again, this would be rare in the setting of higher sensitivity assays. The treatment 
decision to place the patient in the hospital for pain control will likely be incongru-
ent with disposition designed to decrease mortality. A 2014 meta-analysis including 
patients without acute MI found that there was no reduction in death in patients 
randomized to an invasive strategy for disease versus medical therapy alone [17]. 
These findings are further bolstered by the ISCHEMIA trial which found similarly, 
that the value of an initial invasive strategy did not extend to mortality benefit in 
patients with even moderate and severe disease [18]. This is not to suggest that there 
is no role for testing for possible prognosis for surgeries as from an office setting, 
but testing, be it invasive or non, has a very limited role in patients with known 
disease.

6.1.1 � Women

Women account for a significant proportion of UA/NSTEMI and cardiovascular 
disease is the leading cause of death worldwide for women, just like men [19]. 
However, their pathways to and around the disease may be different in that they tend 
to be older and have an increasing number of co-morbidities (hypertension, diabe-
tes, and heart failure) [20]. Women are more likely to present with atypical symp-
toms and specifically, are less likely to have diaphoresis and complain of “chest 
pain” as their primary concern [21, 22]. Even though these presenting complaints 
require vigilance of the provider to determine the nature of the complaint, the most 
recent AHA guidelines do not distinguish treatment modalities between the sexes. 
With respect to disposition, the Fourth Definition of MI does change the require-
ment for ST elevation somewhat and several assays of hs troponin have sex based 
cut off values. Both of these factors would potentially change the disposition of a 
female patient in the proper setting.
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6.2 � Cocaine Induced Chest Pain

Even though cocaine associated chest pain is regarded as a reason for decrease sus-
picion for MI, it is the most common acute medical condition in users of this drug 
[23]. Also, as it may prove to be routine to check urine drug screens in these patients, 
obtaining one in a patient who already admits to use is redundant, but more impor-
tantly, cocaine is so rapidly metabolized in the blood that it would be rare that a 
laboratory would have a test on hand to determine its presence in acute intoxication. 
Benzoylecgonine is the most common metabolite tested for and it may be present in 
urine studies for 10 more days. In terms of disposition, the observation unit has been 
shown to be appropriate and feasible in these patients for repeating troponin evalu-
ation serial ECGs.

7 � Conclusions

Chest pain remains a common presenting symptom for ED visits. Generally, patients 
with STEMI and NSTEMI are admitted and have an invasive strategy implemented. 
The observation unit can aid in diagnosing new coronary disease and determining if 
patients with troponin values in an indeterminate range belong in the higher risk 
group. New risk strategies paired with high sensitivity troponin are allowing provid-
ers to discharge more patients safely than ever before.
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Short Stay Unit Requirements

Matthew Wheatley

1 � Introduction and Short Stay Unit Concept

Short stay units (SSU) are dedicated areas within an acute care hospital where 
patients receive focused diagnostic tests and therapies. Typically, patients are treated 
as outpatients under observation status as they are undergoing treatment to deter-
mine the need for admission. This determination is expected to take less than two 
midnights. SSUs can go by many names: observation units, chest pain units, or 
clinical decision units. In this chapter, the term short stay unit (SSU) will be used to 
represent all of these dedicated patient care areas.

SSUs have been shown to be cost effective and efficient venues of care for 
patients who are being evaluated for acute coronary syndrome (ACS) [1, 2]. Their 
use is a level B recommendation by the ACC/AHA [3]. The greatest benefit terms of 
reducing patient length of stay and healthcare costs can be seen in SSUs that are 
dedicated units where patient care is protocol-driven (a type 1 unit) [4].

Greater than one-third of US hospitals have an SSU or are developing one [5, 6]. 
Most SSUs are closed units managed by the emergency department and run by 
emergency physicians, however, some are still run by internal medicine or 
cardiology.
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2 � Location

Many units that are administratively run by EM are co-located or adjacent to the ED 
and this can reduce logistical burdens [7]. However, in certain hospitals, the avail-
able space is on a different floor or geographically distant from the ED. These units 
may require different staffing and physician oversight.

3 � Administration and Oversight

Strong physician and nursing leadership is essential for a successful SSU [8]. As 
mentioned above, leadership can be from EM, IM, or cardiology. The physician 
medical director is responsible for creating the patient care protocols and ensuring 
they are being followed appropriately. In addition, this person reviews unit utiliza-
tion and throughput metrics to ensure patient care is efficient. The nursing manager 
for the SSU is responsible for ensuring adequate nursing staff and training the staff 
to carry out the patient care protocols.

These administrative officials should be in regular communication and conduct 
regular operations meetings that involve all stakeholders for the SSU. The purpose 
of the meeting is to review unit utilization and throughput data, discuss sentinel 
events and patient care barriers. With respect to a chest pain pathway, this meeting 
should include representatives from cardiology, radiology, and cardiac stress lab.

4 � Staffing

Nurse staffing for an SSU that is caring for chest pain patients should be staffed 
similar to a cardiac telemetry floor. There should be a 1:4 or 1:5 nurse to patient 
ratio. This ratio is typically higher than regular nursing floor ratios of 1:8 but is 
necessary for the intensity of patient care. In several surveys, these ratios continue 
to appear as the standard for observation care. Larger units can employ patient care 
technicians to assist in patient care activities such as blood draws and transport. The 
SSU medical and nursing director are responsible for ensuring that the SSU has the 
appropriate level of other essential staff such as a unit clerk, environmental services, 
and security [9].

From a provider standpoint, an SSU should be staffed with a physician (DO or 
MD) working independently or in conjunction with an advanced practice provider 
(APP) [10]. SSUs that are contained within and operated by the ED may choose to 
have the responsible physician also seeing patients clinically in the ED.  In these 
cases, APP coverage makes sense as it places a dedicated provider in the unit to 
primarily manage throughput and other patient care issues. Larger units have an 
APP present in the 24  h a day. However, it may make sense in smaller units to 
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restrict staffing overnight when there are fewer new admissions. APP functions are 
to screen new admissions to the unit for appropriateness, ensure the patient care 
protocols are being followed, monitor essential testing and results, communicate 
with consultants, and ensure appropriate and timely disposition to and inpatients 
setting or home.

When patients with chest pain are being observed to rule out ACS, the APP 
ensures serial EKG and troponin testing happens as scheduled, interprets the results, 
and discusses them with the attending physician over the SSU.  In addition, they 
must carry out the plan that was developed in the ED. Many times, this will involve 
provocative testing and/or cardiac imaging. Occasionally, formal cardiology con-
sultation will be necessary to determine next steps such as coordinating these ser-
vices for their patients.

5 � Equipment and Supplies

Patient rooms in SSUs are outpatient spaces, so they need to meet those criteria in 
terms of size and function. Telemetry monitoring is necessary for an SSU that cares 
for chest pain patients. This should allow for continuous rhythm and ST segment 
analysis and should be centrally monitored. Patients are able to have telemetry mon-
itoring discontinued once non-ST elevation myocardial infarction (NSTEMI) has 
been ruled out [11].

6 � Conclusion

SSUs are essential in the work-up and care of patients with chest pain. While it is 
true that the type of care provided by these SSUs can conceptually be delivered in 
any bed within the hospital, these units serve as an option for certain low- and 
moderate-risk patients that avoids unnecessary use of these inpatient beds and can 
provide alternatives to patient discharge from the acute care setting.
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Medical Therapy in Patients Managed 
in a Chest Pain Observation Unit

James McCord and Ahmed Kazem

1 � Aspirin Therapy

The administration of aspirin (ASA) in the setting of ST-elevation myocardial 
infarction (STEMI) has been shown to dramatically decrease mortality, equaling 
that of fibrinolytic therapy [1]. In addition, ASA therapy decreases adverse cardiac 
events in the setting of unstable angina (UA) and non-ST segment elevation myo-
cardial infarction (NSTEMI) [2–6]. ASA is inexpensive and has been shown to be 
safe and well tolerated in multiple randomized controlled trials [1, 2, 6–11]. The 
guidelines within the American Heart Association/American College of Cardiology 
as well as the European Society of Cardiology recommend the administration of 
ASA when the diagnosis of ACS is definite or suspected [12, 13]. In fact, one post 
hoc study demonstrated improved mortality rates with pre-hospital administration 
of ASA in patients with suspected ACS [14]. The International Consensus 
Conference on Cardiopulmonary Resuscitation Writing Group stated that it is rea-
sonable for ASA to be administered in the pre-hospital setting, however, specifically 
in patients with suspected ACS [15].

Patients with undifferentiated chest pain managed in a CPU should have received 
ASA prior to transfer to the CPU, and even occasionally prior to presentation to the 
ED. For patients that did not receive ASA prior to transfer to the CPU, it is reason-
able for ASA to be given to the patient in the CPU. For patients that cannot receive 
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ASA due to an allergy, other anti-platelet agents, such as clopidogrel, should prob-
ably not be administered until a diagnosis of ACS is made.

2 � Anticoagulation

Unfractionated heparin (UFH) or low molecular weight heparin (LMWH) have 
been evaluated in six small randomized placebo-controlled studies that showed a 
54% decrease in the combined endpoint of either death or MI in UA/NSTEMI [16–
21]. There have been nine trials that have compared UFH to LMWH in UA/NSTEMI 
[9, 21–28]. In four of these trials, the LMWH enoxaparin had lower rates of death 
or MI when compared with UFH. LMWH can easily be administered in the ED as 
a subcutaneous injection. In addition, the other known anticoagulants bivalirudin 
[29] and fondaparinux [30] have been shown to decrease adverse cardiac events in 
the setting of UA/NSTEMI.

The most significant complication of anticoagulation use is bleeding. An analy-
sis of four major trials with UFH and LWMH demonstrated a rate of major bleeding 
of 1–6.7%, and a transfusion rate of 0.6–12.2% [31]. In the international GRACE 
registry of over 24,000 ACS patients, the overall rate of major bleeding was 3.9%, 
however, in the US population, the major bleeding rate was significantly higher at 
6.9%. In the ACTION registry (formerly known as CRUSADE), compromised of 
over 30,000 high-risk STEMI/NSTEMI US patients, the major bleeding rate was 
11.5% [32]. The bleeding complications were in part attributed to excessive dosing 
of LMWH in 13.8% and with UFH in 32.8%. Major bleeding in patients anticoagu-
lated for ACS is associated with higher mortality rates. In a combined analysis of 
the CURE and OASIS-2 trials, patients who suffered a major bleed had a 30-day 
mortality rate of 12.8% as compared to only 2.5% without [33]. Therefore, the 
administration of either UFH or LMWH should be in patients with definite ACS or 
in patients with high clinical suspicion for ACS due their significant risks [12]. 
These therapies can lead to significant bleeding complications and should not be 
used in patients with undifferentiated chest pain in a CPU.

3 � Nitrates

Although an overview of several small studies of nitroglycerin (NTG) in MI in the 
pre-fibrinolytic era suggest a 35% reduction in mortality [34], two large randomized 
placebo-controlled studies (ISIS-4, GISSI-3) did not show any mortality benefit for 
use of NTG in acute MI [35, 36]. Most studies of NTG involved patients with 
STEMI, however the conclusions are applicable to patients with UA/
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NSTEMI.  Nonetheless, there are no randomized placebo-controlled studies that 
suggest symptom relief or reduction in cardiac events in UA/NSTEMI. Patients 
with known coronary artery disease are advised to use sublingual NTG at home in 
the setting of chest pain for symptom relief. In patients with electrocardiogram find-
ings of ST segment elevation, NTG should be administered to evaluate for possible 
coronary vasospasm [12].

The use of sublingual NTG in the ED in patients with undifferentiated chest pain 
is commonly employed. However, the degree of relief of chest pain should not assist 
in the identification of a patient with ACS and should have no impact on the triage 
decision of these patients [37, 38]. NTG is commonly used to improve symptoms of 
esophageal spasm and is likely to have a significant placebo effect in this setting. 
Continuous administration of NTG, either in the form of nitropaste or intravenous 
infusion, should not be employed in the CPU.

4 � Beta Blockers

The benefit of routine intravenous beta blocker in the setting of STEMI in the fibri-
nolytic era has been challenged by two large randomized trials [39, 40]. A meta-
analysis of early beta blocker therapy in STEMI found no significant decrease in 
mortality [41]. More recently the large ACS COMMIT trial studied early intrave-
nous therapy of beta blocker followed by oral administration in patients with MI 
(93% STEMI, 7% NSTEMI). Results demonstrated increased rates of cardiogenic 
shock and no improvement in mortality or adverse events at 8 days [42].

An overview of double-blind randomized trials of patients with UA or evolving 
MI suggest a 13% reduction in the risk of progression to MI [43]. However, it is 
important to note that these trials were conducted prior to the routine use of ASA, 
clopidogrel, GP IIb/IIIa inhibitors, and revascularization. Also, these trials lacked 
sufficient power to assess mortality in UA. Furthermore, pooled results from five 
trials in patients with ACS undergoing percutaneous intervention demonstrated a 
6-month mortality rate of 1.7% in patients receiving beta blockers, and 3.7% in 
patients that did not [44].

There should be selective use of beta blockers in the CPU. Patients with atrial 
fibrillation may need beta blocker therapy for rate control, especially if they are tak-
ing it chronically. Patients that are taking a beta blocker at home may need this to be 
continued. It is important to note that patients who may be undergoing some form 
of stress testing may need to have the beta blocker withheld or the dose decreased 
to ensure an adequate heart rate response during testing. For the average patient in 
the CPU who has not already been on a beta blocker it should not be administered 
either intravenously or orally in the CPU.
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5 � Conclusion

The overwhelming majority of low-risk patients with undifferentiated chest pain 
that are evaluated and managed in a CPU are not diagnosed with an ACS. The only 
medical therapy that should be routinely administered to this patient population is 
ASA, as it is inexpensive, well-tolerated and highly effective across the spectrum of 
ACS. Anticoagulation with UFH or LMWH should not be administered routinely 
and should only be considered in the small fraction of patients that ultimately are 
diagnosed with ACS. NTG has never been shown to improve mortality or adverse 
cardiac events in ACS and cannot differentiate true ACS from non-ACS symptoms. 
Nonetheless, it may be given through its sublingual form as an attempt in symptom 
relief. Continuous administration of NTG in the form of nitropaste or intravenous 
infusion should not be employed in the CPU, but can be considered in patients diag-
nosed with ACS for control of symptoms. Finally, beta blockers are generally not 
recommended, however, they may be given to patients already taking them, or when 
other indications exist, such as rate control in patients with atrial fibrillation.
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Provocative Testing

Ezra A. Amsterdam, Sandhya Venugopal, Muhammad Majid, 
and Edris Aman

1 � Introduction

Patients with low-risk chest pain (CP) presenting to the emergency department (ED) 
remain a common and perplexing group responsible for approximately eight million 
ED visits annually in the US [1]. It was usual practice until several decades ago for 
many of these low-risk patients to undergo costly hospitalization which frequently 
resulted in negative findings [1]. More recently, major efforts to improve clinical 
understanding of this large patient population have demonstrated the following find-
ings: (1) low-risk patients comprise a majority of those presenting to the ED with 
CP; (2) the current description of low risk in these patients is based on the likelihood 
of no major adverse cardiac events (MACE) within 30 days of presentation; (3) low 
risk can be estimated by risk stratification using clinical data; and (4) a wide array 
of diagnostic procedures has furthered our understanding of this challenging group 
of patients. The results of these endeavors have promoted safe, accurate, efficient, 
and cost-effective management of low-risk patients presenting to the ED with 
CP. One of the most important advances in this setting has been evolution of their 
evaluation from a day or more to several hours in many centers [1–7]. An important 
factor in this achievement has been the result of noninvasive provocative cardiac 
testing, which is the subject of this chapter.
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2 � Recognition of Low-Risk Patients

This aspect of patient evaluation is essential not only for diagnostic purposes but 
also for enhancing the safety of provocative testing. The rationale of early cardiac 
testing in these patients is that low risk in patients with CP is not “no risk” and war-
rants further evaluation, especially prior to provocative testing. Low clinical risk can 
be estimated by a focused evaluation to which the electrocardiogram (ECG) and 
cardiac injury markers (preferably high sensitivity cardiac troponin) provide pivotal 
information [1–7]; clinical risk scores are also useful in this setting and the numer-
ous relatively benign causes of CP must also be considered. Of utmost importance 
is exclusion of three potentially lethal cardiovascular entities that present with CP: 
acute coronary syndromes (ACS), acute aortic conditions, and pulmonary embo-
lism. In the absence of an acute process, provocative testing can usually be consid-
ered within several hours following patient presentation.

3 � Provocative Cardiac Testing

Provocative cardiac testing provides inferential evidence of myocardial ischemia 
and coronary artery disease (CAD) in low-risk CP patients presenting with nondi-
agnostic findings, including a nonischemic electrocardiogram (ECG) and negative 
cardiac injury markers. This approach includes several types of tests based on 
induction of myocardial ischemia in a controlled setting by exercise testing or a 
pharmacologic agent. Ischemia can be detected by non-imaging methodology (exer-
cise ECG [ETT]) or imaging studies (stress echocardiography [SE], myocardial 
perfusion imaging [MPI], or cardiac magnetic resonance [CMR]). These noninva-
sive methods have had major roles in identifying low-risk patients who are appro-
priate candidates for discharge from the ED or observation unit (ED/OU). Because 
the tests are based on provoking ischemia in patients with potential ACS, they 
require appropriate patient selection, judicious implementation, prudent discontinu-
ation, and skilled interpretation. Precautions and considerations associated with 
provocative tests are indicated in Table 1.

3.1 � Exercise Treadmill Testing

3.1.1 � Methods

Criteria for ETT are a normal baseline ECG (isoelectric ST segments or ≤0.5 mm 
depression) and ability to exercise. ETT in the ED/OU is usually performed accord-
ing to the Bruce protocol or its modified version with supervision by cardiologists 
or other trained clinicians, including non-MD health professionals. The standard 

E. A. Amsterdam et al.



137

Table 1  Considerations before performing provocative testing

General
Stable patient
Normal rhythm, Resting SBP 100–140 mmHg
Nonischemic ECG
Normal cardiac injury markers (high sensitivity cardiac troponin preferred)
Exercise Treadmill Test
Ability to exercise
Stress Echocardiography
Ability to exercise unless pharmacologic stress utilized
Adequate echo windows
MPI (with adenosine, regadenosine)
Adequate heart rate, no AV Block
Adequate pulmonary function
CMR
Same as for MPI if vasodilator agents used
Adequate renal function if gadolinium used

AV atrioventricular, CMR cardiac magnetic resonance, ECG electrocardiogram, MPI myocardial 
perfusion imaging, cardiac magnetic resonance, SBP systolic blood pressure

Bruce protocol, which is the most frequently employed of multiple protocols [8], 
utilizes progressive 3-min stages of treadmill speed and grade, starting at 1.7 mph 
and 10% grade (unless the modified Bruce protocol is used, which begins at 1.7 mph 
and 0 grade). Although a diagnostic ETT in elective outpatients requires attainment 
of an exercise-induced heart rate ≥85% of age-predicted maximum, we have found 
that in assessing low-risk CP patients, a heart rate ≥80% of age-predicted maximum 
is associated with a negative post-discharge course [2].

Abnormal test criteria suggesting consideration of further evaluation include 
horizontal ischemic ST segment shift (≥1.0 mm) (Fig. 1), fall in systolic blood pres-
sure, significant arrhythmias, undue dyspnea, chest pain in the first stage of the 
protocol, or failure to achieve an exercise capacity of ≥5 METs [8, 9]. The latter 
indicates marked impairment of functional capacity, a powerful prognostic indica-
tor [8]. It is prudent to terminate a stress test at the initial appearance of ischemic ST 
shift (≥1.0 mm) even if there are no other abnormalities. A rare but ominous ECG 
response is exercise-induced ST elevation, which localizes a severe coronary artery 
obstruction or spasm (Fig. 2), and indicates the ischemic myocardial region [10]. 
This finding is usually an indication for invasive coronary angiography.

Although the sensitivity and specificity of ETT to detect CAD are approximately 
60% and 70%, respectively, these rates are related exclusively to the ST segment 
response to exercise. In assessing an ETT, the entire spectrum of subjective and 
objective data (symptoms, ECG, hemodynamic, and rhythm responses) is consid-
ered in determining the appropriateness of the patient for early discharge or addi-
tional assessment; an abnormal response in any of these parameters can suggest 
CAD, occult ACS, and other cardiac or noncardiac conditions.
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Fig. 1  Examples of ST-segment responses during exercise testing. The top row demonstrates hori-
zontal depression of 3.0  mm that is markedly positive for ischemia. The second row reveals 
downsloping ST segment depression. There is J point depression of >2.0 mm with further depres-
sion of the ST segment after the J point. (Chaitman BR: Exercise electrocardiographic stress test-
ing. In Beller GA [ed]: Chronic Ischemic Heart Disease. In Braunwald E [series ed]: Atlas of Heart 
Diseases. Vol 5. Chronic Ischemic Heart Disease. Philadelphia, Current Medicine, 1995, 
pp 2.1–2.30. Adapted from reference [9] with permission from Elsevier [STM Guidelines])

Absence of abnormal ETT findings associated with failure to reach at least 80% 
of age-predicted maximum heart rate is designated a nondiagnostic test. Abnormal 
and nondiagnostic ETTs suggest the need for further evaluation while a negative 
ETT is an indication to consider early discharge. Of note, failure to achieve an 
adequate ETT (≥80% of predicted maximum heart rate) to induce CP markedly 
lowers the likelihood that CAD is the cause of the CP prompting the ED visit. The 
diagnostic utility of ETT can be enhanced by use of an integrated ETT score such 
as the Duke Treadmill Score. However, we have found that in the contemporary era 
this score has lost some of its predictive value for cardiac events which is likely 
related to therapeutic advances that have reduced cardiovascular risk in the decades 
since the score was developed [11].

3.1.2 � Utility

ETT is one of the most frequently utilized tests in determining the safety of early 
discharge for low-risk patients. It is applicable in stable patients with a normal base-
line ECG and ability to exercise. The utility of ETT in this setting was initially vali-
dated by multiple studies that included approximately 3000 patients who underwent 
ETT after ≤12 h of an initial negative clinical evaluation for ACS and were dis-
charged directly from the ED/OU within hours in many cases [1]. No adverse effects 
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a

b

c

Fig. 2  (a) 12-lead exercise electrocardiogram showing sinus tachycardia (maximum heart rate 
153/min and no exercise-induced abnormalities). (b) Post-exercise electrocardiogram (1.5 min of 
recovery) showing 3–4 mm ST elevation in leads 2, 3, aVF (arrows) and 1–2 mm ST elevation in 
leads V4-V6 (arrows). There is also ST-depression in I, aVL and V3 (arrowheads). (c) Coronary 
angiogram of the patient showing multiple coronary artery stenoses (arrows) in the left anterior 
descending coronary artery (LAD), left circumflex artery (LCX) and right coronary artery (RCA). 
(From Takahashi N, et al. Reference [10], with permission from Elsevier)
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of the method were reported. During follow-up comprising up to 17 months, there 
was only one reported cardiac death and the incidence of ACS and revascularization 
were 0% and 2%, respectively. In patients with normal ETT who were discharged 
early, the negative predictive value (NPV) was ≥99% for subsequent cardiac events 
during short- or intermediate-term assessment. A concurrent study of 400 patients 
who received early discharge after either a negative ETT or stress imaging test 
reported similar findings [12].

Cost-effectiveness of early ETT has been demonstrated in comparisons of this 
strategy with regular care involving hospital admission of low-risk CP patients. 
These benefits have included both reduced length of stay and lower cost [1, 12, 13]. 
The outcomes of these investigations have been similar in both women and men, 
young, and older patients, and in those with and without a history of CAD, ACS, 
revascularization, and cardiac co-morbidities [1–7, 12, 13].

The continuing evolution of care for low-risk CP patients has recently resulted in 
evidence that predischarge testing by ETT (or other methods currently in use) is not 
a prerequisite for early discharge in all low-risk patients. When testing was limited 
to physician discretion, there were similarly low rates of clinical events at 30 days 
in patients assessed with and without predischarge testing [3, 5–7]. Absence of test-
ing is also associated with shorter ED/OU length of stay with favorable cost impli-
cations [3, 6, 7]. In this regard, absence of predischarge cardiac testing has recently 
become a more frequent approach in the assessment of low-risk patients for early 
discharge [3, 5–7]. Shared decision making in this process is now recognized as an 
integral part of the interaction between patient and physician regarding manage-
ment. Thus, the management of low-risk patients has evolved further from shorter 
length of stay to support for less frequent predischarge testing, which has also been 
increasingly supported in recent literature [14–17].

4 � Cardiac Stress Imaging Tests

Noninvasive cardiac imaging in low-risk CP ED/OU patients has been primarily 
performed by SE and MPI; CMR has had limited use in this setting except in centers 
with special capability. All three methods can utilize exercise or pharmacologic 
stress. Indications for these studies include whether a patient is able to exercise, 
baseline ECG abnormalities, as well as physician preference and institutional exper-
tise. They have greater accuracy for detection of CAD/ischemia than ETT.  The 
approximate sensitivity and specificity of these methods for revealing obstructive 
CAD are: ETT—60% and 75%, respectively; SE—80% and 85%, respectively; 
MPI 85% and 80%, respectively; and CMR 90% and 75%, respectively. These val-
ues vary with the prevalence of CAD in the populations tested [9]. The imaging 
techniques also convey valuable data on the site and extent of myocardial ischemia 
and the involved coronary artery, as well as depicting global ventricular function 
and regional contractile abnormalities. However, despite their superiority for reveal-
ing CAD/ischemia, it is noteworthy that the NPV of ETT for predicting 
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post-discharge adverse cardiac events is comparable to those of SE and MPI [1]; 
data for CMR are insufficient for this comparison.

4.1 � Stress Echocardiography

4.1.1 � Methods

Myocardial ischemia induces a regional wall motion abnormality within 20 s and 
SE can usually detect this contractile impairment close to its onset. In SE provoca-
tive testing, the stressor can be dobutamine or exercise, but preference in ED/OU 
patients has favored the catecholamine because echocardiographic observation is 
continuous during drug infusion rather than performed “immediately” after exer-
cise. Continuous echocardiography during drug administration has the advantage of 
“on-line” cardiac observation and also offers a slight advantage in sensitivity for 
CAD compared to the short delay (≤30 s) in transit to supine position and initiation 
of recording after termination of exercise.

Dobutamine is a positive beta-adrenergic agent that increases myocardial con-
tractility, systolic blood pressure, and heart rate, thereby augmenting myocardial 
oxygen demand which increases coronary blood flow in normal vessels. This effect 
is blunted in obstructed (>50% narrowed) coronary arteries, resulting in regional 
ischemia and segmental ventricular wall motion abnormalities disclosed on echo-
cardiography from which the involved coronary artery can also be inferred. 
Contractile abnormalities detected by echocardiography are also reflected by 
decreased systolic segmental wall thickening and excursion. Dobutamine is admin-
istered by graded doses in 3-min stages at 5-, 10-, 20-, 40-mg/kg body weight/min 
until target heart rate (85% of 220-age) is reached or signs/symptoms occur. These 
endpoints are similar to those assessed during ETT. If target heart rate is not achieved 
with dobutamine, atropine is added (0.25–0.50 mg/min to total of 1–2 mg). The 
echocardiogram and ECG are continuously observed, and blood pressure is mea-
sured at each stage of the infusion. A disadvantage of dobutamine is that it can 
induce arrythmias and impart a subjective sense of uneasiness.

Echocardiography does not involve radiation, can be performed at the patient’s 
bedside, and can also disclose evidence of nonischemic causes of patients’ symp-
toms, including valvular heart disease, cardiomyopathy, pericardial disease, and 
pulmonary embolism. Limitations include inadequate imaging windows in obese 
patients and those with severe pulmonary disease.

4.1.2 � Utility

Although SE has not been as widely utilized as ETT and MPI in low-risk patients 
presenting with CP, it has been similarly effective in identifying low-risk patients 
suitable for early discharge. In three of four early investigations with dobutamine 
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SE [1], the NPV for post-discharge adverse cardiac events was 96% in 351 patients 
at 6  months, 100% in 87 patients after 2  months, and 98% in 130 patients at 
3 months. In the fourth and smallest study of 80 patients with negative SEs, NPV 
was 89% [1]. The positive predictive value was 29–53% in three of the four studies, 
reflecting the low prevalence of CAD and ACS in the populations tested, as has also 
been true of ETT and MPI. In an innovative study published over two decades ago, 
dobutamine SE was performed by specially trained nurses and sonographers in low-
risk patients and the data were transmitted to cardiologists by telemetry [18]. The 
NPV in 139 patients followed for 3 months was 98.5%. Dobutamine SE was com-
pleted within 6  h of patient presentation to the ED.  The test was discontinued 
because of ventricular ectopy, dyspnea or nonspecific symptoms in 6.3% of patients. 
The authors published a subsequent report of this technique that revealed its sus-
tained value in over 700 patients in which it proved safe and accurate [19].

The results of SE have remained comparable to other ED/OU cardiac tests to 
identify low-risk patients who warrant early, safe discharge. This was demonstrated 
in a study of low-risk CP patients in a national insurance database of >48,000 patient 
records [20]. Utility of SE and MPI were compared on post-discharge clinical out-
comes and downstream resource utilization after >6 months. Compared to MPI, SE 
was associated with significantly lower rates of repeat ED visits, cardiac catheter-
ization, and revascularization procedures. There were no differences in repeat test-
ing or myocardial infarction, but the cost of downstream care was higher with MPI 
($2194 vs. $1631, p < 0.0001).

SE also compared favorably with coronary computed tomography angiography 
(cCTA) in 400 women reporting to the ED with intermediate risk CP [21]. Patients 
were randomized to SE or cCTA and events analyzed during index visit and at a 
median follow-up of 24 months. Index visit events: 19% cCTA patients were hospi-
talized vs. 11% of SE patients (p < 0.03); median length of ED stay: 5.4 h for cCTA 
vs. 4.7 h for SE (p < 0.001); MACE at 24 months: n = 11 and 7 for cCTA and SE, 
respectively (ns). Total radiation exposure with cCTA was greater than tenfold that 
for SE (p < 0.001). Thus, SE resulted in lower rates of hospitalization, shorter length 
of stay, less radiation, and maintenance of safety.

In a study of patients presenting to the ED with low-risk CP, the utility of SE 
(n = 117) was compared to usual care (n = 109) [22]. There were no differences in 
patients receiving revascularization, median time to discharge was significantly less 
with SE (573 min vs. 1466 min), cost was significantly lower with SE ($4381 vs. 
$6192), and no MACE reported at 1 or 6 months related to SE or early discharge.

A recent comparison assessed the utility of exercise SE and dobutamine SE in 
705 patients [23]. During an average follow-up of >4.5 years, the NPV was 89.2% 
for dobutamine SE and 96.5% for exercise SE (p = 0.001). These findings suggest 
that the latter approach, if feasible, may be more accurate in identifying patients 
appropriate for early discharge because of its higher NPV. Because there is a single 
report of myocardial infarction during dobutamine SE in stable outpatients [24], we 
do not exceed a maximum dose of 40 μg/kg/min. SE does not disclose the age or 
etiology of a wall motion abnormality, which can be related to ischemia and acute 
or old MI. However, prior MI may be suggested by segmental myocardial thinning 
with decreased systolic thickening.
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4.2 � Myocardial Perfusion Imaging

4.2.1 � Methods

The major MPI methods employed in low-risk patients presenting with CP are (1) 
single photon emission computed tomography (SPECT) with the technetium 99m 
(Tc99m) radionuclides, sestamibi, and tetrafosmin, and (2) positron emission tomog-
raphy (PET), which employs rubidium 82 (RB82). These isotopes are transported in 
blood and their myocardial distribution reflects coronary perfusion, which is homo-
geneous in the presence of normal coronary arteries. Obstructed vessels prevent 
elevation of flow in response to cardiac stressors, resulting in a maldistribution of 
perfusion that is reflected by reduced regional radioactivity on the cardiac scan 
(Figs.  3 and 4). The region of diminished radioactivity typically localizes the 
obstructed coronary artery.

Stress can be imposed by coronary vasodilators (adenosine or regadenosine) or 
by inotropic stimulation with exercise or dobutamine. In addition to identifying a 
perfusion defect, MPI also indicates the extent of the perfusion abnormality, and 
with ECG gating, can reveal segmental wall motion function and left ventricular 
ejection fraction. SPECT MPI has maintained an important role in assessing low-
risk ED/OU patients although MPI with PET Rb82 has demonstrable advantages in 
image quality, greater sensitivity, and more reliable attenuation correction. However, 
these gains are associated with increased cost and SPECT MPI remains the more 
frequent approach in most centers.

Because early redistribution of the Tc99m radionuclides is negligible, they have 
provided a unique approach to detection of perfusion defects in CP patients on 
arrival to the ED. With these radionuclides, a perfusion defect present at the time of 
their injection persists for 3–4  h, allowing patient stabilization and subsequent 
imaging [25]. Thus, this method provides a “snapshot” of myocardial perfusion at 
the time of injection. It may also be applied in patients whose symptoms have abated 
before reporting to the ED because an ischemic perfusion defect may be maintained 
for a few hours following cessation of symptoms. In these strategies, the patients’ 
symptoms provide the “stress phase” of the study.

4.2.2 � Utility

Normal rest MPI is associated with a very low rate of MACE and thereby a high 
NPV following early discharge from the ED/OU. In multiple studies performed in 
the 1990s, the NPV of SPECT rest MPI in low-risk ED patients with CP was ≥99% 
and sensitivity for ischemia was >90% [1]. In an early multicenter randomized, 
prospective trial (ERASE) of 2475 low-risk ED patients, outcomes were compared 
in patients receiving usual care (n = 1260) and those managed according to results 
of SPECT rest MPI (n  =  1215) with Tc99m sestamibi [26]. Early discharge after 
negative MPI was associated with significantly fewer unnecessary admissions (42% 
vs. 52%, p = 0.002) with no increase in ischemic events at 30 days. Additionally, the 
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Fig. 3  Large, moderate-severe, nearly fully reversible perfusion defect detected by SPECT (single 
photon emission computed tomography) Technetium 99m stress/rest study of the left ventricular 
anterior wall and septum reflecting obstruction of the left anterior descending coronary artery ter-
ritory. SAX short axis, VLA vertical long axis, HLA horizontal long axis. Arrows indicate the 
defects during stress and reperfusion during rest

risk ratio for a cardiac ischemic event at 30  days was almost 4 times higher 
(p < 0.001) in patients with equivocal/abnormal scans than in those with a normal 
scan. Another prospective randomized investigation reported that SPECT MPI com-
pared favorably with cCTA in 598 low-intermediate risk CP patients in terms of 
time to diagnosis, length of stay, and cost, with improved prognostic accuracy and 
less radiation exposure [27]. Based on the highly reliable findings with stress MPI 
in low-risk patients with acute CP, the American College of Radiology and American 
College of Cardiology rated this method “appropriate” for this clinical context in a 
joint document [28]. The findings of a comparative analysis of the value of ETT 
with and without MPI in 680 propensity-matched low-risk CP patients are of 
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regadenosine

rest
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rest

VLA
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Fig. 4  Large, severe perfusion defect in the mid-anterior left ventricular wall detected by 
Rubidium-82 positron emission tomography (PET) during regadenosine stress. There is almost 
complete reversibility of the defect with rest. VLA vertical long axis, HLA horizontal long axis. 
Arrows indicate area of defect during stress with reversibility at rest, indicating an area of ischemia 
related to a lesion in the left anterior descending coronary artery

interest [29]. There was no difference between groups in occurrence of MACE at 
3 days and 1 year. Although cost was 30% higher for the MPI group, they were 
event-free longer than the ETT group.

MPI is an accurate method for confirming low clinical risk in patients presenting 
with acute undifferentiated CP. It is noninvasive and can demonstrate extent of isch-
emia and ventricular function. However, it does involve radiation, and vasodilator 
stress requires caution to ensure the patient has an adequate heart rate and atrioven-
tricular conduction, and no significant bronchospastic disease as adenosine and 
regadenosine can produce bradycardia, heart block, and bronchospasm.

4.3 � Cardiac Magnetic Resonance

4.3.1 � Method

CMR provides comprehensive anatomical and functional analysis of the heart, as 
well as information on blood flow within the coronary circulation and total flow to 
and from the heart. Acute and chronic myocardial tissue injury as in ischemia and 
infarction can be defined, and because this technique can image the spectrum of the 
ischemic cascade, subendocardial, and transmural infarct can be distinguished. 
Stress CMR can be performed with dobutamine, adenosine, or regadenosine; and 
gadolinium delayed enhancement can reveal ischemia and its pathophysiologic 
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outcomes. Despite these remarkable attributes, CMR has a number of limitations 
which preclude its widespread application for rapid evaluation of low-risk CP 
patients: the method requires transfer of the patient from the ED/OU, the patient is 
inaccessible during the examination, imaging times are prolonged, and cost is high. 
Nonetheless, current studies provide a perspective on the potential utility of the 
method in patients with suspected ischemia.

4.3.2 � Utility

The diagnostic value of CMR was demonstrated in an early study carried out in a 
community hospital [30]. Adenosine stress CMR was performed 72 h after admis-
sion on 135 low-risk patients in whom abnormal CMR was defined as a regional 
wall motion abnormality, adenosine-induced perfusion defect, or gadolinium 
delayed enhancement. Patients were followed for 1  year for incidence of CAD 
reflected by angiography, abnormal correlative stress test, myocardial infarction, or 
death. Perfusion abnormalities were 100% sensitive and 93% specific for predicting 
clinical outcome. These results were considered “striking” by the authors, espe-
cially considering the high specificity in this low-risk group in which clinical prob-
ability of CAD was <15%. Although excellent predictive accuracy of CMR was 
demonstrated in this small study, delay of the test until several days after admission 
did not address its utility for rapid evaluation of low-risk patients. Subsequent appli-
cation of CMR was reported in a study in which 103 low-risk CP patients received 
adenosine stress CMR within 24 h of presentation [31]. CMR was negative in 89 
patients (86.4%) and during follow-up of 277 days, none of this group reached a 
primary endpoint (cardiac death, nonfatal acute infarction, re-hospitalization for 
chest pain, obstructive CAD or revascularization), reflecting an NPV of 100%. 
These findings were extended in a subsequent investigation of 60 patients with 
intermediate risk CP in which the utility of stress CMR (adenosine) was compared 
with dobutamine SE [32], an established method. All patients underwent both tests 
in random order initiated within 12 h of presentation to the ED. Endpoints included 
evidence of CAD (>50% stenosis, infarction, or death) during a mean follow-up of 
14 months. There were no significant differences in the NPV and PPV for adenosine 
CMR vs. dobutamine SE, but multivariable logistic regression analysis showed that 
adenosine CMR was the strongest independent predictor of the clinical endpoints 
(p = 0.002). This investigation demonstrated achievability of early CMR and favor-
able diagnostic efficacy compared with an established noninvasive method.

Although CMR is considered the most comprehensive imaging technique for 
anatomic and functional evaluation of the heart and does not involve radiation, its 
widespread application in patients with acute CP has important obstacles. In addi-
tion to its aforementioned limitations in this clinical setting, others include: cardiac 
and respiratory motion artifacts, patient factors such as claustrophobia, cardiac 
devices (e.g., pacemakers, implantable cardioverter defibrillators), certain intracra-
nial aneurysm clips, arrhythmias, and advanced chronic kidney disease in which 
administration of gadolinium is contraindicated because of its association with 
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nephrogenic systemic fibrosis [33]. Several of these drawbacks have been dimin-
ished by recent technological advances, but at present, the accuracy and versatility 
of other noninvasive methods have provided more readily available and less costly 
methods to achieve excellence in diagnosis and prognosis of low-risk patients pre-
senting with CP. Thus, CMR in patients presenting with low-risk CP at present is 
largely the province of centers with special interest, capability, and expertise with 
this method.

5 � Summary

During the last several decades, continuing advances have resulted in major 
improvement in the management of low-risk patients presenting to the ED with 
chest pain. It is now appreciated that a minority of these patients have ACS or other 
life-threatening conditions. Among the methods that have enhanced clinicians’ 
expertise in affording low clinical risk and appropriate early patient discharge, non-
invasive provocative cardiac testing has been widely utilized with excellent results. 
These approaches have helped reduce length of stay from days to hours while main-
taining safety as indicated by a very low event rate at ≥30 days, as well as lowering 
cost. The test methods are variable and versatile with selection depending on type 
of patient, availability of test, clinician preference, and institutional expertise. The 
major test methods include exercise treadmill test, stress echocardiography, and 
myocardial perfusion imaging. Cardiac magnetic resonance, although the most 
robust and complete cardiac diagnostic method, has significant obstacles that pre-
clude current widespread application.

References

	 1.	Amsterdam EA, Kirk JD, Bluemke DA, Diercks D, Farkouh ME, Garvey JL, Kontos MC, 
McCord J, Miller TD, Morise A, Newby LK, Ruberg FL, Scordo KA, Thompson PD. Testing 
of low-risk patients presenting to the emergency department with chest pain: a scientific state-
ment from the American Heart Association. Circulation. 2010;122:1756–76.

	 2.	Amsterdam EA, Kirk JD, Diercks DB, Lewis WR, Turnipseed SD. Immediate exercise testing 
to evaluate low-risk patients presenting to the emergency department with chest pain. J Am 
Coll Cardiol. 2002;40:251–6.

	 3.	Stauber SM, Teleten A, Li Z, Venugopal S, Amsterdam EA.  Prognosis of low-risk young 
women presenting to the emergency department with chest pain. Am J Cardiol. 2015;117:36–9.

	 4.	Prasad P, Sharma A, Vipparla N, Majid M, Daniela A, Howell S, Wilson M, Amsterdam 
EA. Identification and management of intermediate risk patients in the chest pain unit. Crit 
Pathw Cardiol. 2019;19:26–9.

	 5.	Eddin M, Venugopal S, Chatterton B, Thinda A, Amsterdam EA.  Long-term prognosis 
of low-risk women presenting to the emergency department with chest pain. Am J Med. 
2017;130:313–7.

Provocative Testing



148

	 6.	Howell SJ, Bui JB, Balasingam T, Amsterdam EA. Utility of Physician Selection of Cardiac 
Tests in a Chest Pain Unit to Exclude Acute Coronary Syndrome Among Patients Without a 
History of Coronary Artery Disease. Am J Cardiol. 2018;121:825–9.

	 7.	Howell SJ, Prasad P, Vipparla NS, Venugopal S, Amsterdam EA. Usefulness of predischarge 
cardiac testing in low risk women and men for safe, rapid discharge from a chest pain unit. Am 
J Cardiol. 2019;123:1772–5.

	 8.	Amsterdam EA, Takahashi N, Majid M, Taha S, Alismail Y, Venugopal S. Chapter “Exercise 
electrocardiographic stress testing”. In: Wong N, Amsterdam EA, Toth PP, editors. ASPC man-
ual of preventive cardiology. 2nd ed. New York, NY: Humana Press; 2020.

	 9.	Chaitman BR. Exercise electrocardiographic stress testing. In: Beller GA, editor. Chronic isch-
emic heart disease. In Braunwald E (series ed), Atlas of heart diseases. Vol 5. Chronic Ischemic 
Heart Disease. Philadelphia, Current Medicine; 1995. p. 2.1–2.30.

	10.	Takahashi N, Gall E, Fan D, Majid M, Amsterdam EA. ST elevation during recovery phase of 
exercise test. Am J Med. 2020;133:1287–90.

	11.	Beri N, Dang P, Bhat A, Venugopal S, Amsterdam EA.  Usefulness of excellent functional 
capacity in men and women with ischemic exercise electrocardiography to predict a negative 
stress imaging test and very low late mortality. Am J Cardiol. 2019;124:661–5.

	12.	Farkouh M, Smars PA, Reeder GS, Zinsmeister AR, Evans RW, Meloy TD, Kopecky SL, 
Allison TG, Gibbons RJ, Gabriel SE.  A clinical trial of a chest-pain observation unit for 
patients with unstable angina. NEJM. 1998;339:1882–8.

	13.	Gomez MA, Anderson JL, Labros AK, Muhlestein JB, Mooders FB. An emergency department-
based protocol for rapidly ruling out myocardial ischemia reduces hospital time and expense: 
results of a randomized study (ROMIO). J Am Coll Cardiol. 1996;28:25–33.

	14.	Amsterdam EA, Aman E. The patient with chest pain. Low risk, high stakes. JAMA Intern 
Med. 2014;174:553–4.

	15.	Winchester DE, Brandt J, Schmidt C, Allen B, Payton T, Amsterdam EA. Diagnostic yield of 
routine noninvasive cardiovascular testing in low-risk acute chest pain patients. Am J Cardiol. 
2015;116:204–7.

	16.	Amsterdam EA, Venugopal S. Utility of simplicity for low-risk chest pain patients. Eur Heart 
J Acute Cardiovasc Care. 2018;7:285–6.

	17.	Booth J, Thomas JJ. Provocative testing for low-risk chest pain patients, must we continue? J 
Nucl Cardiol. 2019;26:1647–9.

	18.	Trippi JA, Lee KS, Kopp G, Nelson DR, King GY, Cordel WH. Dobutamine stress tele- echo-
cardiography for evaluation of emergency department patients with chest pain. J Am Coll 
Cardiol. 1997;30:627–32.

	19.	Trippi JA, Lee KS. Dobutamine stress tele-echocardiography as a clinical service in the emer-
gency department to evaluate patients with chest pain. Echocardiography. 1999;16:179–85.

	20.	Davies R, Liu G, Sciamanna C, Davidson WR Jr, Leslie DL, Foy AJ. Comparison of the effec-
tiveness of stress echocardiography versus myocardial perfusion imaging in patients present-
ing to the emergency department with low-risk chest pain. Am J Cardiol. 2016;118:786–1791.

	21.	Levsky JM, Haramati LB, Spevack DM, Menegus MA, Chen T, Mizrachi S, Brown-Manhertz 
D, Selesny S, Lerer R, White DJ, Tobin JN, Taub CC, Garcia MJ. Coronary computed tomog-
raphy angiography versus stress echocardiography in acute chest pain: a randomized con-
trolled trial. JACC Cardiovasc Imaging. 2018;11:1288–97.

	22.	Jasani G, Papas M, Patel AJ, Jasani N, Levine B, Zhang Y, Marshall ES.  Immediate stress 
echocardiography for low-risk chest pain patients in the emergency department: a prospective 
observational cohort study. J Emerg Med. 2018;54:156–64.

	23.	Samiei N, Parsaee M, Pourafkari L, Tajlil A, Pasbani Y, Rafati A, Nader ND. Value of nega-
tive stress echocardiography in predicting cardiovascular events among adults with no known 
coronary disease. J Cardiovasc Thorac Res. 2019;11:85–94.

	24.	Lewis WR, Arsna FJ, Galloway MT, Bommer WJ.  Acute myocardial infarction associated 
with dobutamine stress echocardiography. J Am Soc Echocardiogr. 1997;10:576–8.

E. A. Amsterdam et al.



149

	25.	Henzlova MJ, Duvall WL, Einstein AJ, Travin MI, Verberne HJ. ASNC imaging guidelines 
for SPECT nuclear cardiology procedures: stress, protocols, and tracers. J Nucl Cardiol. 
2016;23:606–39.

	26.	Udelson JE, Beshansky JR, Ballin DS, Feldman JA, Griffith JL, Handler J, Heller GV, Hendel 
RC, Pope JH, Ruthazer R, Spiegler EJ, Woolard RH, Selker HP. Myocardial perfusion imag-
ing for evaluation and triage of patients with suspected acute cardiac ischemia: a randomized 
controlled trial. JAMA. 2002;288:2693–7000.

	27.	Nabi F, Kassi M, Muhyieddeen K, Chang SM, Xu J, Peterson L, Wray N, Shirkey B, Ashton 
C, Mahmarian J. Optimizing evaluation of patients with low-to-intermediate-risk acute chest 
pain: a randomized study comparing stress myocardial perfusion tomography incorporating 
stress-only imaging versus cardiac CT. J Nucl Med. 2016;2016(57):378–84.

	28.	Rybicki FJ, Udelson JE, Peacock WF, Goldhaber SZ, Isselbacher EM, Kazerooni E, Kontos 
MC, Litt H, Woodard PK, Emergency Department Patients With Chest Pain Rating Panel; 
Appropriate Utilization of Cardiovascular Imaging Oversight Committee. ACR/ACC/AHA/
AATS/ACEP/ASNC/NASCI/SAEM/SCCT/SCMR/SCPC/SNMMI/STR/STS.  J Am Coll 
Cardiol. 2016;67:853–9.

	29.	Amirian J, Javdan O, Misher J, et al. Comparative efficiency of exercise stress testing with and 
without stress-only myocardial perfusion imaging in patients with low-risk chest pain. J Nucl 
Cardiol. 2018;25:1274–82.

	30.	 Ingkanisorn PW, Kwong RW, Bohme NS, Geller NL, Rhoads KL, Dyke CK, Paterson DI, 
Mushabbar AS, Aletras AH, Arai AE. Prognosis of negative adenosine stress magnetic reso-
nance in patients presenting to an emergency department with chest pain. J Am Coll Cardiol. 
2006;47:1427–32.

	31.	Lerakis S, McLean DS, Anadiotis AV, Janik M, Oshinski JN, Alexopoulos N, Zaragoza-Macias 
E, Veledar E, Stillman AE. Prognostic value of adenosine stress cardiovascular magnetic reso-
nance in patients with low-risk chest pain. J Cardiovasc Magn Reson. 2009;11:37.

	32.	Heitner JF, Klem I, Rasheed D, Chandra A, Kim HW, Van Assche LM, Parker M, Judd RM, 
Jollis JG, Kim RJ. Stress cardiac MR imaging compared with stress echocardiography in the 
early evaluation of patients who present to the emergency department with intermediate-risk 
chest pain. Radiology. 2014;271:56–64.

	33.	Balfour PC Jr, Gonzalez JA, Kramer CM. Non-invasive assessment of low- and intermediate-
risk patients with chest pain. Trends Cardiovasc Med. 2017;27:182–9.

Provocative Testing



151

Use of Multislice CT for the Evaluation 
of Patients with Chest Pain

Vijaya Arun Kumar and Brian O’Neil

1 � Overview of CT Technology

The advent of helical/spiral CT imaging technology and the dramatic advances in 
the temporal and spatial resolution of CT [3] have made it possible to visualize the 
coronary arteries with systems that are able to synchronize the image reconstruction 
with the cardiac phase [4, 5]. Images with high temporal and spiral resolution in all 
directions can be obtained with multiple-row detector CT scanners and expressed as 
isotropic spatial resolution [6]. The advances in technology have considerably 
decreased the gantry rotation time to as low as 330–370 ms, and based on the acqui-
sition mode, the temporal resolution can range from 80 to 250 ms [6]. Improved 
detector and collimator hardware now provide submillimeter image resolution 
(0.4–0.5 mm). The high resolution sixty-four slice scanners have become standard 
for CCTA [7]. Such scanners decrease breath-hold time and reduce cardiac motion 
artifacts which have increased the overall percentage of “interpretable” scans, and 
allowed imaging without the need for beta blockade in many patients. Challenges 
remain in imaging patients with heavily calcified coronary arteries, coronary artery 
stents, and markedly obese patients. Although 320-slice machines are now avail-
able, these are not widely diffused and the existing published evidence is specific to 
64-slice scanners [8].
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2 � Accuracy of Coronary CT Angiography

The main requirement for CCTA to be an acceptable tool for evaluation of patients 
suspected for coronary artery disease (CAD) includes the complete visualization of all 
therapeutic relevant coronary arteries [9]. The need to exclude life threatening causes 
such as acute coronary syndrome (ACS) among patients presenting to the ED with 
chest pain (CP) is crucial, since an estimated 2% of these patients are inappropriately 
sent home and suffer higher morbidity than admitted patients [10, 11]. The ability of 
CCTA to quantitate coronary artery lesion severity correlates well with invasive coro-
nary angiography (Pearson correlation, r = 0.72) [7, 12–14]. The considerable standard 
deviation in these early studies, however, limits its quantitative accuracy (see Fig. 1).

Figure recreated from a diagnostic accuracy study of 64-slice coronary computed 
tomography angiography (CCTA) in 70 consecutive patients who underwent elective 
invasive coronary angiography for suspected coronary artery disease [7]. Bland–
Altman analysis of the differences of percent diameter stenosis measured by CCTA 
versus quantitative coronary angiography (QCA) during invasive catheterization, com-
pared to the average percent diameter stenosis by the two methods. The mean differ-
ence was 1.3 ± 14.0% (central line). A total of 94% of the values lie within 1.96 standard 
deviations of the mean (outer lines). There was no significant correlation between ste-
nosis difference and stenosis severity (Spearmen correlation = −0.07, p = 0.59).

There have been several studies that have evaluated the safety and diagnostic 
accuracy of 64-slice CCTA for triage of ED patients with acute chest pain. Overall, 
these studies suggest that CCTA can identify a subset of ED chest pain patients 
who can be safely discharged home on the basis of CT findings [15–17]. In the 
study by Goldstein et al., a randomized control trial of 197 low-risk acute chest 
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Fig. 1  Diagnostic accuracy of noninvasive coronary angiography using 64-slice spiral computed 
tomography. Adapted from Raff et al. [14]
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pain patients was evaluated by either early CCTA (n = 99) or a standard diagnostic 
protocol (n = 98) [18]. Patients randomized to early CCTA were eligible for dis-
charge with normal or minimally abnormal results (<25% stenosis), patients with 
severe stenosis (>70%) were referred for immediate invasive angiography, whereas 
patients with intermediate-grade stenosis underwent additional stress testing. The 
two groups were compared for safety, diagnostic accuracy and efficiency. Among 
patients randomized to CCTA, 75% had decisive triage by CCTA alone (67% 
immediately discharged and 8% referred for immediate catheterization, which 
revealed significant disease in 7 of 8 referred cases). Importantly, CCTA alone was 
not considered adequate for diagnosis in 24 of 99 cases, owing either to lesions of 
unclear hemodynamic significance (stenosis = 26–70%) in 13 of these patients or 
to nondiagnostic quality scans in 11 patients (all 24 underwent noninvasive stress 
testing) (see Fig. 2). Among the patients discharged immediately, none had a major 
adverse cardiac event (MACE) or subsequent diagnosis of CAD over a 6-month 
follow-up period (see Table 1). The overall diagnostic accuracy of CCTA was 94%, 
and the negative predictive value (NPV) was 100%. Diagnostic efficiency, defined 
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Fig. 2  A randomized controlled trial of multislice coronary computed tomography for evaluation 
of acute chest pain. Adapted from Goldstein et al. [17]
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Table 1  Early and 6-month clinical outcomes in the study by Goldstein et al.

MSCT
N = 99

SOC
N = 98 P value

Index visit outcomes
 �� Test complications 0 (0%) 0 (0%) NA
 �� Direct ED discharges 88 (88.1%) 95 (96.9%) 0.03
 �� Acute Myocardial infarction 0 (0%) 0 (0%) NA
 �� Death 0 (0%) 0 (0%) NA
 �� In-hospital diagnostic cath 11 (11.1%) 3 (3.1%) 0.03
 �� Positive cath 9 (9.1%) 1 (1%) 0.02
 �� In-hospital PCI 3 (3.0%) 1 (1.0%) 0.62
 �� In-hospital CABG 2 (2.0%) 0 (0%) 0.50
6-month outcomes
 �� Test complications 0 (0%) 0 (0%) NA
 �� Unstable angina 0 (0%) 0 (0%) NA
 �� Myocardial infarction 0 (0%) 0 (0%) NA
 �� Death 0 (0%) 0 (0%) NA
 �� Late ED R/O ischemia 6 (6.1%) 6 (6.1%) 1.00
 �� Late office R/O ischemia 2 (2.0%) 2 (2.0%) 1.00
 �� Late diagnostic Cath 1 (1.0%) 4 (4.1%) 0.21
 �� Late stress/MSCT test 1 (1.0%) 3 (2.0%) 0.37
 �� Cath cumulative 12(12%) 7 (7.1) 0.24
 �� True-positive cumulative 8/12 (67.7%) 1/7 (14.3%) 0.06
 �� True-positive cumulative 1/12 (8.3%) 4/7 (57.1%) 0.04
 �� False-positive cumulative 3 (25%) 2 (28.5%) 1.00
 �� False-negative cumulative 0 (0%) 0 (0%) NA
 �� Cath-accuracy cumulative 9 (75%) 5 (71.4%) 1.00
 �� Clinically correct diagnosis 96/99 (97.0%) 96/98 (98.0%) 1.00
 �� Late tests cumulative 2 (2.0%) 7 (7.1%) 0.10
 �� Diagnostic efficacy 94/99 (94.9%) 89/98 (90.8%) 0.26
 �� PCI cumulative 4 (4%) 1 (1.0%) 0.37
 �� CABG cumulative 2 (2.0%) 0 (0%) 0.50

CABG coronary artery bypass grafting, Cath cardiac catheterization/invasive coronary angiogra-
phy, ED emergency department, MSCT multislice computed tomography, PCI percutaneous coro-
nary intervention, R/O rule out
Adapted from Goldstein et al. [17]

as time from randomization to definitive diagnosis, showed that the CCTA approach 
was more rapid (3.4 vs. 15.0 h) and reduced costs by 15%. The American College 
of Cardiology Foundation in their 2006 guidelines mentioned that the clinical 
application of CTCA for acute chest pain can only be considered “appropriate” 
when its application is limited to patients with intermediate pretest probability 
without EKG and serial biomarker changes [16].

In this Diagnostic algorithm, patients in the multislice computed tomography 
group with normal scans were eligible for immediate discharge. Patients with severe 
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stenosis on MSCT (over 70%) were referred for invasive angiography, whereas 
those with intermediate lesions or radio diagnostic scans were referred for nuclear 
stress scans. Patients in the standard diagnostic group underwent nuclear stress 
scans and were eligible for discharge if normal or refused for invasive angiography 
if abnormal. SOC = standard of care diagnostic evaluation.

In the blinded observational trial: rule out myocardial infarction using com-
puter assisted tomography (ROMICAT), 368 chest pain patients with normal tro-
ponin and nonischemic EKGs were enrolled. The results showed that 50% of 
patients who presented with acute chest pain to the ED and were at low to inter-
mediate likelihood of ACS had no CAD by coronary CTA, a finding that had a 
100% NPV but limited positive predictive value (PPV) for the subsequent diagno-
sis of ACS and MACE. In addition, the results indicate that while the NPV remains 
excellent (98%), the exclusion of significant coronary stenosis by coronary CTA 
(>50%) had a limited sensitivity (77%) for the detection of ACS [19]. Kim et al., 
in their prospective observational study of 296 “CCTA eligible” acute chest pain 
patients presenting to the ED with “low to intermediate clinical risk profile,” 
showed the overall accuracy of CCTA for ACS was 88.5% (sensitivity), 85.1% 
(specificity), 60.7% (positive predictive value), and 96.6% (negative predictive 
value) [17].

3 � Cost-Effectiveness of Coronary CT Angiography

There is some concern that injudicious use of CCTA may result in increased health-
care cost. A study by Otero et al. evaluated the cost-effectiveness of CCTA, stress 
echocardiography, and myocardial single-photon emission computerized tomogra-
phy (SPECT) for 10,000 simulated patients. Using reported imaging test character-
istics, prevalence and risk of CAD, and Medicare reimbursement schedules, the 
study reported that the clinical application of CCTA may significantly reduce the 
overall observation period and total health-care cost [20].

4 � Safety Concerns of Coronary CT Angiography

The primary safety concern associated with CCTA is the potential carcinogenicity 
from radiation exposure. The effective radiation dose of a scan is calculated as the 
dose-length product (measured and displayed by the scanner on each patient) mul-
tiplied by the European Commission thoracic conversion factor (0.017) to yield the 
effective dose in milliSieverts (mSv). Thus, the radiation dose is directly propor-
tional to the scan length in centimeters. The dose estimates from CCTA have been 
found to range from 7 to 13 mSv, while dose estimates from coronary angiogram 
have been found to be 3–25 mSv. The cancer risk from 100 mSv was estimated to 
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be six out of 1000 people by the International Commission on Radiation Protection. 
Using appropriate CCTA protocol and techniques has been found to substantially 
reduce patient radiation dose [8].

5 � Calcium Scoring in Addition to the CCTA

The inclusion of the calcium score into the chest pain protocol is controversial. CT 
calcium scoring allows detection and quantification of coronary artery calcification. 
The prospective multicenter Assessment by Coronary Computed Tomographic 
Angiography of Individuals Undergoing Invasive Coronary Angiography 
(ACCURACY) trial by Budoff et al. conducted at 16 centers enrolling 230 patients 
compared the diagnostic accuracy of coronary arterial calcium (CAC) by 64-row 
CT to invasive coronary angiography, and concluded that CAC demonstrates a high 
sensitivity and low specificity for the presence of coronary artery stenosis [21]. 
Abnormal levels of calcium may place patients into a higher risk group, but does not 
always help with the clinical diagnosis, particularly in the presence of diffuse mod-
erate coronary atheroma. A zero-calcium score (ZCS) is associated with an excel-
lent prognosis in healthy patients [22]. As the calcium score rises above zero and 
patients have symptoms of ACS, so does the prevalence of CAD and risk of death.

A recent study by Hulten et al. reported up to a 2% prevalence rate among symp-
tomatic patients with ZCS using CCTA [23]. Prior studies have demonstrated high 
sensitivity but poor specificity of positive CAC to detect obstructive CAD (≥50% 
stenosis by invasive coronary angiography) among patients with stable chest pain. 
Conversely, a CAC of 0 provides high specificity but poor sensitivity to identify 
obstructive CAD among patients with acute chest pain. In this regard, CAC might 
be a gatekeeper to identify low risk patients; however, CAC cannot reliably exclude 
obstructive CAD in subjects with acute chest pain seen in the ED [24].

6 � Coronary CTA and Identification of Unstable Plaques

Goldstein et al., in their study, also showed that CCTA has the ability to recognize 
vulnerable plaques and provide additional relevant information beyond angiogra-
phy alone [18]. Complex plaque morphology is the angiographic hallmark of unsta-
ble coronary lesions. Invasive, complex lesions are characterized by haziness, 
border irregularity, frank ulceration, intraplaque contrast persistence, and luminal 
filling defect. CCTA features of plaques in patients with ACS are just being identi-
fied. However, the CCTA correlates of angiographically diagnosed, complex unsta-
ble coronary lesions have not been fully delineated. The CCTA-documented lesion 
morphology is strikingly similar to invasive angiographic features indicative of 
plaque disruption, including lesion haziness, irregularity, ulceration, and intra-
plaque contrast penetration (See Fig.  3). On CCTA images, complex lesions 
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Fig. 3  A very concerning unstable plaque. A 50-year-old male patient with unstable (resting) 
chest pain, and normal ECG × 2 and troponin panel. CCTA shows subtotal (99%) mostly soft 
plaque-formed Distal LCX stenosis (white arrows). Personal history of poorly controlled diabetes 
× 10 years and family history of CAD. (Images obtained courtesy of Dr. Aiden Abidov)

typically appeared bulky, hypodense, eccentric, and positively remodeled with fea-
tures similar to complex ruptured plaque seen by intravascular ultrasound (see 
Fig. 4). Given the increasing use of CCTA to evaluate acute chest pain, characteriza-
tion of plaque instability has considerable clinical implications [25].

The CCTA can identify more than 1 complex plaque apart from the angiogram-
identified culprit vessel. A fair amount of data shows that patients with ACS may 
have multiple complex plaques this may be detectable by CCTA (see Fig. 4), but 
significant plaque extension is underappreciated by invasive angiography.

7 � CT for Diagnosis of Pulmonary Embolism

The 64-slice CT scan reduces examination time, collimation, and partial-volume 
averaging, and increases total volume scanned. There are several acquisition proto-
cols for CT scanning in pulmonary embolism (PE) where breath holding is required 
between 4 and 40 s based on the clinical status and CT technology. Using MSCT, 
almost every patient is able to maintain a strict breath holding spell of a minimum 5 
s which is sufficient to comply with the fastest protocol. Different protocols of con-
trast medium administration are available and can be either low concentration–high 
volume or high concentration–low volume, thus creating a balance between quality 
of vascular enhancement and total amount of iodine injected.

Direct demonstration can be made using vascular signs of acute PE on spiral CT 
pulmonary angiography (SCTPA) and these include (1) central partial intravascular 
defect surrounded by contrast medium, (2) eccentric partial filling defect or mural 
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Fig. 4  CCTA can identify more than 1 complex plaque. A 46-year-old male patient with progres-
sive exertional angina, normal ECG and biomarkers and evidence of obstructive predominantly 
calcified (white arrow) proximal LAD plaque, obstructive mixed (calcified and noncalcified 
proximal-mid LAD plaque (green arrow) and high grade (95%) soft mid LAD plaque (blue arrow). 
The patient has strong family history of CAD, and personal history of heavy smoking (40 pack/
years) and untreated hyperlipidemia. (Images obtained courtesy of Dr. Aiden Abidov)

defect surrounded by contrast medium presenting an acute angle with the vessel 
wall, and (3) complete filling defect not surrounded by contrast medium and occu-
pying the entire arterial vessel section (see Fig. 5). Ancillary findings related to PE 
included wedge-shaped pleural-based consolidation, “vascular sign” which is thick-
ened vessel leading to the apex of the consolidation and usually indicating an infarc-
tion, oligemia, and dilatation of central arteries [26]. The acute dilatation of the right 
ventricle (RV) can be a useful sign to assess the severity of PE though RV strain or 
failure and is best detected by echocardiography; however, SCTPA can quantify 
some morphological abnormalities [27]. Positive results for PE on SCTPA are 
widely accepted as a valid demonstration of PE, but a negative result has been 
viewed with skepticism by many physicians. The clinical validity of a negative CT 
scan in a patient suspected of PE was evaluated in a systematic review of fifteen 
studies that showed an overall negative likelihood ratio of a venous thromboembo-
lism after a negative SCTPA was 0.07 (95% confidence interval [CI], 0.05–0.11) 
and the NPV was 99.1% (95% CI, 98.7–99.5%) [28]. These results clinically vali-
dated that the use of SCTPA to rule out PE is similar to that reported for conven-
tional pulmonary angiography, and patients with negative results need no further 
evaluation or treatment.
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a b

Fig. 5  (a, b) Bilateral pulmonary embolism in a patient presenting with circulatory collapse and 
chest pain (a) Reconstructed axial CT angiograms (1.25 mm thick) obtained with Multislice CT 
demonstrate multiple clots. Acute clots (yellow arrows) in the left and right pulmonary arteries 
present as filling defects in the column of contrast material, that form an acute angle with the vessel 
wall. (b) Coronal oblique view with large pulmonary embolism in left pulmonary artery (yellow 
arrow) (images obtained courtesy of Dr. Samuel Johnson)

8 � CT for Diagnosis of Aortic Dissection

Aortic dissection (AD) is the most frequent and fatal aortic emergency, and with the 
newer imaging modalities including the MSCT scan, we are able to identify entry 
tears and involvement of visceral branches, making it helpful to make management 
decisions in the ED. A better understanding of the complex mechanisms involved 
with dissection and the development of endovascular techniques has made the man-
agement of AD more likely to be successful [29].

When AD is suspected, the examination must explore the entire thoracic and 
abdominal aorta together with the iliac and common femoral arteries. The MSCT 
scanners permit this extended exploration with multiplanar reformatting to clarify 
certain details that are difficult to analyze in the conventional transverse and axial 
sections [30]. The cardinal sign of AD is the appearance of a detached intimal flap 
in the form of a fine, hypodense band in the opacified aortic lumen. This indicates 
the extent of dissection in the aortic wall and thus distinguishes the true channel 
(true aortic lumen) from the false channel (blood circulating in the wall of the aorta) 
[31, 32].

“Cobwebs” are residual ribbons of media between the damaged aortic wall and 
the intima; these structures thus identify the false channel. In CT angiography, they 
appear as fine, hypodense, linear strips attached to the damaged aortic wall and may 
or may not rejoin the intima (see Fig. 6). The abdominal branches of the descending 
aorta and iliac arteries may trigger malperfusion of the organs due to the dissection 
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Fig. 6  Chronic aortic 
dissection. CT-scan 
obtained in descending 
aorta showing web like 
intimal flap from chronic 
dissection. Outer wall 
calcification surrounding 
the true lumen (F). 
Visualization of an aortic 
cobweb between the 
intimal flap and the outer 
wall (yellow arrow). 
(Images obtained courtesy 
of Dr. Samuel Johnson)

during the acute phase or on follow-up (see Fig. 7) [33]. Although transesophageal 
echocardiography (TEE) is still useful in AD, the rapid availability of MSCT scan, 
nonreliability on an operator, and ability to detect malperfusion syndrome makes 
MSCT a much better option to be used in the ED.

9 � The “Triple Rule Out” CT Protocol

CCTA has shown diagnostic accuracy in excluding ACS in ED patients and proven 
clinical accuracy for diagnosis of AD [33–36] and PE [26, 28, 37–39]; therefore, a 
“triple rule-out” (TRO) scan protocol to simultaneously exclude all three potentially 
fatal causes of acute chest pain with a single scan has come to be an attractive 
option. Once 64-slice CT scanners became widely available, the technical limita-
tions of combined simultaneous evaluation of all three vascular areas have been 
largely overcome. A conventional CCTA “field of view” already includes the anat-
omy between the carina and the diaphragm. The technical challenge of a TRO scan 
protocol is to obtain high and consistent contrast intensity in all three vascular beds. 
A combined simultaneous evaluation for the pulmonary and coronary vessels and 
thoracic aorta requires a carefully tailored imaging and injection protocol (see 
Fig. 8). In evaluating one such protocol, Vrachliotis et al. prospectively imaged 50 
ED chest pain patients who underwent single-acquisition 64-slice CT angiography 
to evaluate the enhancement of the coronary, pulmonary, and thoracic vasculature 
[40]. A “triphasic” injection protocol was used that delivered the standard 100 mL 
of iodinated contrast at 5 mL/sec typical for CCTA examinations, followed by an 
additional 30 mL at 3 mL/s to maintain pulmonary artery opacification, followed by 
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a b

c

Fig. 7  (a–c) Acute dissection with extension along the abdominal aorta. (a) Axial CT scan section 
at the level of the left renal artery shows dissection extend into abdominal aorta (Yellow arrow) 
with both renal arteries supplied by true lumen (T: true lumen) with normal perfusion. (b) 
Transverse image shows normal ascending aorta (white arrow) and dissection in descending with 
lower enhancement in the false lumen (F false lumen). (c) Coronal view shows communication 
(yellow double end arrow) between true (T true lumen) and false (F false lumen) lumen. (Images 
obtained courtesy of Dr. Samuel Johnson)
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a b

Fig. 8  (a, b) “Triple rule out” scan acquisition in a patient with acute chest pain (a) Bilateral large 
pulmonary emboli are seen, as well as (b) right heart strain, RV > LV (RV = right ventricle, LV = 
left ventricle); pulmonary embolism in left lower lobar branches (yellow arrows). The patient was 
also noted to have >50% mixed calcified and noncalcified plaque in the proximal left anterior 
descending coronary artery). (Images obtained courtesy of Dr. Samuel Johnson)

a standard saline flush injection. This protocol is easy to achieve with commercially 
available radiographic injectors. Importantly, a caudal–cranial scan acquisition was 
used (as opposed to the standard CCTA cranial–caudal technique) to scan the distal 
pulmonary arteries at the base of the lung earlier, as these are the most subject to 
problems with low contrast intensity. Mean coronary artery, pulmonary artery, and 
aortic enhancement values were consistently higher than 250 Hounsfield Units, and 
right atrial enhancement did not interfere with interpretation of the coronary arter-
ies [40].

10 � Dedicated Coronary Vs. “Triple Rule Out” Scan 
Protocol: Radiation Dose Considerations

In spite of these technical advances, important radiation safety concerns remain that 
should limit indiscriminate application of a TRO scan protocol. Compared to the 
usual radiation dose of a standard CCTA (generally ranging from 7 to 13 mSv, 
depending on body habitus, gender, and scan protocol), the effective radiation dose 
of a TRO CT scan is often increased by 50%, simply due to the greater anatomic 
coverage and thus increased field of view [41]. Further, among patients who undergo 
CCTA as a primary triage test in the ED, there is a subset who also require a nonin-
vasive stress test (often a radionuclide test), followed in some cases by diagnostic 
and interventional invasive angiographic procedures. This combined radiation dose 
is a cause for concern; however, changing the 0.6  mm high-resolution used for 
CCTA to 2 mm for scanning the upper lung fields (since pulmonary angiography 
does not require submillimeter resolution) in theory can significantly reduce 
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radiation dosage. Innovative imaging protocols involving tight heart rate control and 
“prospective gating” can drastically reduce radiation exposure (to under 5 mSV) but 
these are difficult to apply in ED patients and not currently being utilized in these 
patients.

In addition, the TRO CT also has a slightly higher intravenous contrast load to 
opacify both the right and left sided circulations [41, 42]. A recently conducted 
systematic review and meta-analysis of eleven studies showed that TRO CT had 
comparable image quality to CCTA and is highly accurate in detecting CAD, but the 
low prevalence of PE and AD (<1% in the studies) and the increased risk of radia-
tion and contrast exposure make TRO CT not recommendable at the moment for 
this indication [42].

11 � Assessment for Noncardiac, Extravascular Pathology

Well over 50% of acute chest pain is caused by noncardiac conditions [43]. In 
patients who undergo a dedicated CCTA, images of noncardiac thoracic structures 
are contained in the field of view and therefore available to the expert reader. 
Diseases that can be detected (in addition to aortic and pulmonary arterial pathol-
ogy) include pericardial thickening and/or effusions, esophageal pathology, pneu-
monia, pulmonary nodules, pneumothoraces, mediastinal masses, pleural effusions 
and masses, as well as chest-wall abnormalities. Previous studies have demonstrated 
that up to 1 in 6 patients without coronary abnormalities detected on CT were diag-
nosed with noncardiac findings that could explain their presenting symptoms [44]. 
These findings suggest that for patients with acute chest pain, a comprehensive 
review of the thoracic, cardiac, and noncardiac structures should be undertaken.

There has been an ongoing debate about whether to use a more limited approach 
to imaging so that it raises fewer false alarms or a broader approach so that serious 
pathological conditions are not missed. In the study by Johnson et al. comparing the 
two approaches, it was shown that almost one-fourth of all patients who underwent 
CCTA had extra cardiac findings [45]. When CCTA were viewed in a limited, or 
focused way, the result was substantially reduced sensitivity for pathologic findings 
outside the mediastinum and heart. Serious pathologic conditions were missed, but 
many false-positive diagnoses were avoided. Use of the broader view approach led 
to downstream workup of 10.2% of the findings, and a later follow-up of 50.6% of 
the patients demonstrated little or no new clinical consequence to the patient. After 
small hiatal hernia, lung nodules were the most common extra cardiac finding (6.2% 
of the patients). In another study by Lee et al., most extra cardiac findings were 
indeterminate pulmonary nodules [46]. Until more studies clarify the benefits and 
risks of identifying early lung neoplasms, we cannot say for certain whether it is 
prudent to report incidental extra cardiac findings on CCTA.  A conservative 
approach of careful comparison of incidental findings with prior studies, providing 
clear follow-up recommendations, and proper interphysician communication will 
be key to preventing unnecessary utilization of medical resources.
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12 � Coronary CTA Limitations and Protocol Considerations

Coronary CTA has several important limitations that affect its usefulness in the tri-
age of ED patients with acute chest pain. There are two major limitations for reli-
able assessment of all coronary segments: motion artifacts and severe coronary 
calcifications [9]. It has been convincingly shown that the heart rate and regularity 
of the rhythm is closely related to motion artifact, image quality, and thus accuracy 
of coronary stenosis estimation [7]. It is common practice to premedicate patients 
who have resting heart rates >65 beats/min with beta blocking drugs, and to admin-
ister sublingual nitroglycerin to patients to enhance image quality. If available, dual-
source CCTA obviates the need for beta blocker administration in most patients. At 
this time, most facilities do not perform CCTA in patients with irregular rhythms; 
however, recent hardware and software improvements allow for imaging of patients 
with irregular rhythms including atrial fibrillation [47, 48]. A second major limita-
tion is that CCTA presently provides data regarding anatomical lesions only, not 
their physiologic impact on coronary blood flow.

It is also essential to screen patients in the ED for a history of iodine allergy and to 
avoid administration of contrast in patients with diminished creatinine clearance. 
Finally, the importance of a team approach to implementation of a CCTA ED triage 
protocol cannot be overstated. Emergency physicians, radiologists and cardiologists 
must be well educated regarding the application and inherent limitations of CCTA, and 
a complete review of cardiac and adjacent structures available from the CT data should 
be performed by physicians with appropriate backgrounds and level of experience.

There are now over 30 published studies comparing CCTA to quantitative inva-
sive coronary angiography, encompassing over 2000 patients [7, 12, 49–52]. Among 
the 18 studies in which per-patient analyses are available (involving 1329 patients, 
using either 16 or 64-slice CT), the mean subject-weighted sensitivity and specific-
ity for the detection of obstructive CAD was 97% and 84% respectively [7]. An 
analysis of just the 64-slice studies revealed a sensitivity and specificity of 98% and 
93%, respectively. Importantly, the combined results from all 18 studies demon-
strated a mean per-patient NPV of 97%. These data support the hypothesis that a 
low risk CCTA may obviate the need for invasive angiography in properly selected 
clinical circumstances. These studies validate that patients at the opposite ends of 
the disease spectrum (i.e. those with <25% vs. >70% maximal luminal stenosis) can 
be accurately triaged by CCTA alone, while patients with lesions of intermediate 
severity (25–70% stenosis) may require functional testing.

13 � Conclusions

Computed tomography has evolved over the past three decades into a powerful 
imaging tool that has proven clinical accuracy for the diagnosis of AD and PE. CCTA 
has been recently validated as a highly sensitive and reliable technique to confirm or 
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exclude significant coronary stenosis in patients with suspected CAD. Initial experi-
ence suggests that CCTA is an accurate and efficient test for the triage of appropri-
ately selected acute chest pain patients to early discharge or further inpatient 
diagnosis and treatment. Patients presenting the ED with a low to intermediate pre-
test likelihood of CAD and nonsignificant cardiac biomarkers and EKGs are best 
suited for CCTA-based triage. Technical advances now permit acquisition of well-
opacified images of the coronary arteries, thoracic aorta, and pulmonary arteries 
from a single CCTA scan protocol. While this TRO technique can potentially 
exclude fatal causes of chest pain in all three vascular beds, the resultant higher 
radiation dose of this method precludes its routine use, except when there is suffi-
cient support for the diagnosis of either AD or PE.  Having good interphysician 
communication about the incidental findings on the CCTA scan is vital in making 
sure that important findings are not missed and there is appropriate utilization of 
medical resources.
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Use of Magnetic Resonance Imaging 
for Evaluation of Patients with Chest Pain

Vijaya Arun Kumar and Brian O’Neil

1 � Overview of CMR Technology

The MRI process involves the use of a very strong static magnetic field, time-varying 
(gradient) fields and radiofrequency energy which leads to exquisite soft tissue 
delineation. CMR allows for the study of cardiac shape, size, and function along 
with myocardial perfusion. It also helps with the detection of scar tissue, thrombus 
formation, and at-risk myocardium. All these features cannot be cumulatively 
detected by other imaging modalities and can certainly aid in risk stratification [1]. 
Cine steady-state free precession (SSFP), T2-weighted and late gadolinium enhance-
ment (LGE) sequences comprise the cornerstone of CMR protocols in patients with 
CP. For detection of myocardial edema, the hallmark of acute injury, T2-weighted 
CMR is mandatory, T2 weighted CMR increases the accuracy of detecting acute 
myocardial infarction (AMI) in the ED from 84 to 93% [2]. Regional ventricular 
function can be analyzed on the basis of wall motion abnormalities and wall thick-
ness at end diastole, which aids in differentiating acute from chronic MI. The wall 
motion index is calculated by dividing the sum of the semiquantitative AHA clas-
sification score of each segment by the number of segments being evaluated. One of 
the main limitations for the implementation of CMR in the ED is the duration of 
testing, particularly in critical patients. Recent strategies for reducing the acquisi-
tion time have been implemented making CMR more accessible to patients.

V. A. Kumar · B. O’Neil (*) 
Department of Emergency Medicine, Wayne State University, Detroit, MI, USA
e-mail: vkumar@med.wayne.edu; boneil@med.wayne.edu

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
M. Pena et al. (eds.), Short Stay Management of Chest Pain, Contemporary 
Cardiology, https://doi.org/10.1007/978-3-031-05520-1_16

mailto:vkumar@med.wayne.edu
mailto:boneil@med.wayne.edu
https://doi.org/10.1007/978-3-031-05520-1_16


170

2 � Safety Concerns

Though CMR is one of the safer imaging techniques, it is not without safety issues, 
including effects of contrast agents, and effects of magnetic fields and radiofrequen-
cies on the body [3]. The safety in pregnancy has been debated and seems to be 
related to its effect at a cellular level due to thermogenesis during first trimester and 
the high level of acoustic noise generated in second and third trimester. Overall 
consensus seems to be that the benefit of MRI outweighed the risk for clinically 
imperative indications throughout pregnancy [4]. Other potential risks that have 
been documented include claustrophobia and its potential for tinnitus [3]. A review 
by Ponrartana et  al. showed well-documented risks associated with gadolinium-
based contrast agents (GBCAs) including acute adverse reactions which are both 
idiosyncratic and anaphylactoid, nephrogenic systemic fibrosis, and gadolinium 
deposition [5] The incidence of severe reaction is estimated at 1 in 350,000–450,000 
for GBCAs which is considerably lower than that of iodinated contrast agents, both 
ionic and nonionic [6]. The small overall risk must always be weighed against the 
additional diagnostic information that is obtained with CMR.

3 � CMR in Acute Coronary Syndrome

CMR imaging in ACS patients can be classified into three stages: initial workup for 
diagnosis of CP, early after repolarization and late after repolarization. In patients 
with symptoms suggestive of ACS, non-ST elevation on electrocardiogram (EKG) 
and negative serum biomarkers (troponin) cardiac imaging can be performed in the 
ED or shortly after discharge. In this low-risk group CMR has the advantage of 
assessing myocardial function, perfusion, and viability all in one session [2]. The 
AHA guidelines on ACS recommend a noninvasive approach for patients with 
severe comorbidities and a low likelihood of ACS [7]. CMR may be an alternative 
when echocardiography is inconclusive or of suboptimal quality. Stress testing, 
including adenosine stress CMR, can be used to evaluate myocardial ischemia and 
viability even with multivessel disease [8]. The utilization of CMR in the ED triag-
ing of CP patients may also help to reduce hospital admissions and costs [2, 9]

A review of the evidence to date shows that CMR has promise both as an ana-
tomical and a functional assay of the CP patients with non-ST elevation MI (non-
STEMI). Kwong et al. studied 161 consecutive non-STEMI ACS patients presenting 
with at least 30 min of CP and an abnormal serial troponin-I (>1.96 μg/dl) with a 
temporal pattern consistent with AMI and any clinical evidence of coronary artery 
disease (CAD). Qualitative MRI included rest MRI with perfusion, left ventricular 
(LV) function, and gadolinium enhancement for MI.  Confirmation of unstable 
angina required a 70% epicardial coronary stenosis or true positive abnormal stress 
test performed during the index hospitalization or subsequent 6–8-week follow-up 
period. Qualitative MRI readings showed a sensitivity of 84% and specificity of 
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85% in detecting ACS which was superior to the use of strict EKG criteria for isch-
emia. The test took on average 38 min ± 12 min to complete [2].

The use of adenosine stress CMR was studied by Ingkanisorn et al., in 135 ED 
patients with 30 min of chest discomfort, negative troponin >6 h after last episode 
of discomfort, and a nondiagnostic EKG. The outcome was the 1 year incidence of 
death, AMI, stenosis >50%, or abnormal correlative stress test. Twenty patients 
(14.8%) experienced an outcome: 15 had >50% stenosis, 2 abnormal stress, 1 AMI, 
and 1 death. None of the patients with a normal Adenosine CMR had an adverse 
outcome at 1 year. Cardiac risk factors and CMR were both significant predictors of 
the defined outcome by Kaplan–Meier analysis [10]. Heitner et al., in their prospec-
tive study of patients with CP presenting to the ED, showed that adenosine stress 
CMR performed within 12 h of presentation is safe and potentially has improved 
performance characteristics compared to stress echocardiography [11].

Multiple studies have compared multidetector computed tomography angiogra-
phy (CTA) and MRI utilizing 3D navigator for stenotic accuracy. Kefer et al. in 52 
patients scheduled for catheterization (cath.) received both MRI and 16 slice 
CTA. CTA had better sensitivity and equivalent specificity and diagnostic accuracy 
as MRI with correlation of 0.6 for MRI and 0.75 CTA for the prediction of degree 
of coronary artery stenosis [12]. Gerber et  al. evaluated 27 patients undergoing 
cath.; CTA and MRI had high negative predictive value for segmental stenosis: 93% 
(168 of 180 segments) for CT and 90% (198 of 220 segments) for MRI. However, 
the overall diagnostic accuracy favored MRI 80% (234/294 segments) versus CTA 
73% (214/294 segments, P < 0.05) [13].

The use of magnetic resonance angiography (MRA) for the detection of CAD 
has been studied by a few small observational trials. Muller et  al. showed in 35 
patients with significant stenosis >50%, MRA had a positive predictive value of 
87% and a negative predictive value of 93% [14]. Kim et  al. found that in 109 
patients undergoing cath., with 636 out of 759 proximal and middle distal segments 
interpretable, there was a low specificity of 42% and a diagnostic accuracy of 72%. 
Testing took an average 70 min to complete [15]. Further, Kessler et al. found that 
in 73 patients the sensitivity was 65% and specificity 88% [16]. Nikolaou et al., 
utilizing the same criteria in 20 patients, showed multidetector computed tomogra-
phy (MDCT) compared to MRA had better sensitivity (85% vs. 79%) and specific-
ity (77% vs. 70%) [17]. Liu et al. compared 64-slice MDCT and MRA in 18 patients 
with elevated calcium scores >100. Coronary MRA had higher image quality for 
coronary segments with nodal calcification than for coronary segments with diffuse 
calcification.

4 � CMR in Myocarditis

Tornvall et al. performed a meta-analysis showing that acute myocarditis is pres-
ent in 33% of patients presenting with AMI and unobstructed coronary arteries 
[18]. With the association of myocarditis with COVID 19 mRNA vaccines [19] 
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and COVID 19 infection, it is important to be able to make a rapid diagnosis of 
these cases. Myocardial edema affects myocardial function and may be the expres-
sion of diffuse myocardial inflammation due to a systemic immune response, 
direct myocardial damage from severe acute respiratory syndrome virus 2 (SARS-
CoV-2), or vascular leakage due to endothelial damage [20]. Although endomyo-
cardial biopsy is the gold standard, CMR allows for diagnosis of up to 79% of 
cases of pathology-proven myocarditis [8]. CMR is important for assessment of 
severity and risk stratification [21]. LGE cardiac MRI is the best indicator for all-
cause mortality and cardiac mortality and is superior to conventional prognostic 
biomarkers [21].

5 � CMR in Myocardial Infarction with Nonobstructed 
Coronary Arteries (MINOCA)

The underlying mechanism of MINOCA is the pathophysiology that is responsible 
for type 1 (involvement of epicardial coronary arteries) and type 2 (microvascular 
involvement) AMI as per the third universal definition of MI. MINOCA comprises 
5–20% of type 1 acute MIs with plaque rupture as the predominant mechanism [8]. 
CMR identifies subendocardial or transmural scar that follows the distribution of an 
involved coronary artery during LGE MRI [21]. In addition, T2-weighted MRI 
allows differentiation of acute, subacute and chronic disease, because the presence 
of extensive areas of myocardial edema, with or without small areas of necrosis sug-
gest a transient compromise of the coronary flow in a large vessel that is related to 
plaque rupture with secondary thrombosis or coronary spasm [8].

6 � CMR in Takotsubo Cardiomyopathy

Cardiomyopathy (CM) is the third most common cause of suspected ACS with 
unobstructed coronary arteries. Takotsubo cardiomyopathy is the most frequent 
CM and has been seen in increasing frequency among postmenopausal women 
who usually present with an elevated troponin. It is defined by its characteristic 
wall motion abnormalities that are reversible and transient without any underlying 
coronary artery disease [22]. CMR is usually performed as a second line test, when 
2D echocardiography is suboptimal. The pathophysiology involves initial myocar-
dial edema which resolves in 2–3 months and is difficult to detect after the first 
2  weeks. Edema is associated with the dyskinetic portions of the LV showing 
dyskinetic myocardial segments that create a ballooning pattern on cine images 
and is not related to a single coronary artery territory. LGE disappears after myo-
cardial edema and is associated with heart failure and severe wall motion abnor-
mality [21].
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7 � MRA in Aortic Dissection

In patients with contraindications to CTA, MRA provides a rapid and reliable alter-
native and can be performed both with and without contrast enhancement. The 
MRA findings are similar to CTA and is characterized by a curvilinear intraluminal 
filling defect that extends along a variable length of the aorta. MRA provides impor-
tant information like location and extent of dissection, location of intimal tears, size 
of the aorta and the relative filling of true and false lumen, all of which are important 
for the management. In a meta-analysis by Shiga et al., MRA had a sensitivity of 
91–100% and specificity of 94–100% [23].

8 � MRA in Pulmonary Embolism

In the Prospective Investigation of Pulmonary Embolism Diagnosis (PIOPED) II 
study, up to 24% of the enrolled patients had a contraindication for CTA [24]. In 
patients with suspected pulmonary embolism (PE) and contraindication for CTA 
both ventilation–perfusion scintigraphy and MRA are alternative imaging options. 
Another benefit of MRA compared to CTA is the ability to repeat MRA with a 
GBCA if there was a suboptimal imaging initially because radiation exposure and 
contrast-induced nephropathy are not a concern. GBCA has been used as the con-
trast agent with different injection rates and typically PE presents as a central 
hypointense filling defect and peripheral wedge-shaped pulmonary perfusion 
defects as a secondary sign of PE. In PIOPED III the sensitivity and specificity of 
contrast enhanced MRA for the detection of PE were 78% and 99%, respectively 
[25]. The sensitivity was low mainly due to artifacts or insufficient vascular enhance-
ment as shown in the study by Revel et  al., where 28–30% of the studies were 
inconclusive [26].

9 � Conclusions

In summary, the pros of CMR are they provide excellent details of cardiac ischemia 
and viability, provide excellent evaluation of myocardial function, and can also 
visualize aorta and lungs with a sensitivity and specificity comparable to nuclear 
imaging, without radiation exposure. The cons of CMR are it does not visualize the 
coronary anatomy, there is limited experience and availability, no clinically proven 
advantage over nuclear stress/echocardiography, it is more expensive, and gadolin-
ium exposure can lead to adverse reaction and nephrogenic systemic fibrosis. The 
use of CMR for the detection of CAD displayed only fair sensitivity and specificity 
when compared to cardiac catheterization. In the small studies comparing MDCT to 
MRA, MDCT appeared superior; however, MRA may be useful in patients with 
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nodal calcification and potentially coronary stents. Adenosine stress testing CMR 
has been studied in ED chest pain patients and shown to be effective. Although the 
overall utility of MRI and MRA in the ED is unclear due to few studies, the wide 
array of imaging sequences and applications CMR permits a better understanding of 
the different pathophysiological features that occur not only in patients with ACS 
but in patients with chest pain from alternate etiologies presenting to the ED. When 
performed early, CMR may help with risk stratification and identification of patients 
with atypical clinical features with or without significant CAD like myocarditis, 
MINOCA, aortic dissection, Takotsubo cardiomyopathy, or pulmonary embolism.
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New Technologies for the Evaluation 
of Acute Coronary Syndromes: 
Magnetocardiography—The Next 
Generation of Super Electrocardiogram?

Donatella Brisinda, Riccardo Fenici, and Peter Smars

1 � Measuring Cardiac Activity

1.1 � The Electrocardiogram

The evolution of the ECG in clinical use has undergone a slow and steady evolution 
over the last approximately 100 plus years [1]. Electrical activity that correlated 
with cardiac activity was first discovered in frogs by August Waller in 1877. He used 
a capillary electrometer and electrodes that confirmed electrical activity relating to 
ventricular contraction. However, it was William Einthoven who first demonstrated 
a clinical use of ECG by demonstrating the PQRST wave complex using a refined 
electrometer in approximately 1895 and published his first papers on this discovery 
in 1901 and 1903. He used a bipolar method where electrodes were applied to the 
upper and left lower extremities to create a three-lead ECG. These leads are used 
today as leads I, II, and III.

The clinical use of the ECG made its first US debut in 1909 primarily used for 
diagnosing arrhythmias, such as atrial fibrillation. It took until 1930 before it was 
recognized that by evaluating the ST segment, one could diagnose an acute myocar-
dial infarction (AMI). However, it was soon discovered that many AMIs were 

D. Brisinda 
Fondazione Policlinico Universitario A. Gemelli IRCCS, Università Cattolica del Sacro 
Cuore, Rome, Italy 

Biomagnetism and Clinical Physiology International Center (BACPIC), Rome, Italy 

R. Fenici 
Biomagnetism and Clinical Physiology International Center (BACPIC), Rome, Italy 

P. Smars (*) 
Emergency Medicine Department, Mayo Clinic, Rochester, USA
e-mail: Smars.Peter@mayo.edu

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
M. Pena et al. (eds.), Short Stay Management of Chest Pain, Contemporary 
Cardiology, https://doi.org/10.1007/978-3-031-05520-1_17

mailto:Smars.Peter@mayo.edu
https://doi.org/10.1007/978-3-031-05520-1_17


178

missed with this three-limb ECG because areas of the myocardium were considered 
“silent” or electrically undetectable. In an effort to improve on this, Frank N. Wilson 
developed a concept in 1934 where he used a central referenced terminal by com-
bining limb electrodes to create a unipolar, or “grounded” lead system placed in a 
horizontal plane on the chest creating the V1–6 precordial leads. Emmanuel 
Goldberger added the frontal unipolar lead system in 1942 using the “Wilson cen-
tral terminal,” creating the three-limb aVL, aVF, and aVR leads, thus creating a 
limb-based unipolar system, further improving on the sensitivity of the ECG as a 
diagnostic tool [1].

These developments are the basis for the currently used ECG. Further develop-
ment of ECG technology has continued up until today with smaller and more effec-
tive systems, but essentially, ECG sensitivity and specificity remain static. Examples 
of ECG improvements include increased ease of mobility, interoperability, as well 
as interface with today’s electronic software computer-based systems. A significant 
improvement to general use has been the development of algorithms using gender-
based and age-related criteria, generating a computer interpretation.

It is well recognized that electrically undetectable areas of the left ventricle are a 
significant limitation to ECG sensitivity and specificity. Body surface mapping to 
visualize the electrical activity of these previously known undetectable areas was 
explored but largely found to be difficult to interpret by providers due to the signifi-
cant variability of body size, and application of the electrodes was also noted to be 
difficult [2]. This idea has since largely disappeared from clinical use perspective. 
Therefore, it is safe to say that the 12-lead ECG has reached peak or close optimum 
performance as a diagnostic tool.

Although the ECG remains the single most important initial diagnostic test and 
can be performed almost immediately upon a patient’s arrival to the ED, many ACS 
presentations will not be apparent, diagnostic or even suggestive on the ECG. The 
ECG has been shown to be diagnostic in 50% or less of AMI cases [3]. There is a 
small subset, approximately 5%, of suspected ACS presentations that may show ST 
depression or dynamic ST-T wave changes with ischemia or infarction [4, 5].

1.2 � Magnetocardiography

With the knowledge of inherent limitations of the ECG evolved the idea of develop-
ing a system that could overcome the limitations of electrical resistance, or imped-
ance, and the resulting electrically undetectable areas, and improve on the sensitivity 
and specificity of recognizing an ACS. Similar to the development of the ECG over 
many decades, magnetocardiography (MCG) has also undergone a dramatic evolu-
tion, both from a technical and a diagnostic standpoint [6–12].

As early as 1820, Hans Oerstedt discovered and described the fact of physics that 
an electric current generates a magnetic field. Even though the electrical activity of 
the cardiac cycle is not a true electric current flow but rather a cellular level depo-
larization followed by the repolarization of the myocardial cells, at ventricular level 
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it appears as a relatively slow current progressing along the bundle of His and 
extending into the myocardium itself, followed by the repolarization phase also as a 
slow electrical current directed from the epicardium to the endocardium and from 
the apex to the base of the heart. This depolarization–repolarization process also 
generates a magnetic field as it progresses through the cardiac cycle.

One advantage of the magnetic field measurement is that cardiac magnetic fields 
are not impaired by the different electric measurement limitations mentioned above 
and therefore by the distance from the source of magnetic fields. This distance from 
the source remains a significant limiting factor of MCG measurements because of 
the fact that the magnetic field weakens the further away it is from the electric cur-
rent source, that is, the myocardium itself. In addition, the strength of the magnetic 
field that the cardiac cycle generates is very weak compared to other well-known 
environmental sources of magnetic fields. For example, the earth’s magnetic field is 
in the magnitude of 30–60 Micro-Tesla (or 30–60 × 10−6 Tesla). In contrast, mag-
netic resonance imaging (MRI) generates a magnetic field in the order of 
0.5–3.0 Tesla. The cardiac magnetic field, on the other hand, is in the range of Pico- 
to Femto-Tesla (or 10−12 to 10−15 Tesla). Moreover, the world we live in is filled with 
multiple magnetic fields generated from a multitude of sources, including the elec-
trical currents that provide light and power to numerous applications in our environ-
ment, and moving metallic object such as cars, elevators or moving wheelchairs.

The first magnetic field measurements shown to reflect the electrical field changes 
of the heart were first recognized and recorded by Baule and McFee at Syracuse 
University, New York, in 1963 and later reproduced by Safonov et al. in Moskov in 
1967. There were significant limitations at that time preventing MCG use in clinical 
situations. For example, the magnetic sensor coils were large and cumbersome and 
could only measure a small area at a time. MCG research continued by Cohen et al. 
at MIT, who had developed a significantly smaller sensor device based on induction 
coils as well as a better shielding room that reduced the magnetic interference by a 
factor of about 1000 [13]. He further explored the possibility of interpreting normal 
versus abnormal magnetic cardiac field patterns. [14].

The milestone allowing for easier and more reliable MCG recording was the 
invention of an innovative sensor, the Superconducting Quantum Interference 
Device (SQUID) based on superconductivity, that was first explored in the 1950s 
[15], and further developed in the 1970s [16]. The SQUID provided a significant 
improvement in biological magnetic field sensitivity, or its ability to sense and mea-
sure the desired magnetic field, and the size of the sensors could be reduced. With 
this development, Cohen et al. carried out the first study of direct current magneto-
cardiography (DC-MCG) recordings of magnetic field changes caused by experi-
mental ischemia in dogs [17, 18]. Thereafter, numerous other laboratories developed 
custom single-channel SQUID devices.1 However, sequential mapping of the MCG 
signal with a just one SQUID sensor was very time-consuming and even 

1 Single-channel SQUID device could, in principle, be compared to a single V-lead ECG system.
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methodologically inappropriate unless electrophysiological events were sufficiently 
stable along the time required to complete the mapping procedure [8, 19].

The MCG remained “de facto” a research tool until the 1990s, when two other 
major technological milestones favored a new interest for MCG as a potential clini-
cal tool: (1) the development of several high-quality large-scale instrumentations 
for multichannel MCG mapping working in magnetically shielded rooms (MSR),2 
and (2) the construction and commercial availability of more compact and budget-
priced systems3 (featuring 4–9 channels) for sequential MCG mapping, capable of 
operating in unshielded hospital rooms. The former systems provided the ideal envi-
ronment to obtain very low-noise MCG maps in real time, capable to detect even 
weak transient electrophysiological changes and therefore adequate also for stress 
MCG testing [20, 21]. However, although the MCG showed a significant improve-
ment in sensitivity and specificity compared to the ECG in detecting electrophysi-
ological abnormalities, the need of specially designed expensive, claustrophobic 
and space consuming MSRs was not very practical for clinical use. Thus, the envi-
ronmental magnetic field interference continued to be a significant limiting factor in 
applying MCG to the clinical environment.

To avoid the need of MSRs, a technological alternative, developed since the 
1970s, was the coupling of the SQUID sensors to superconducting pick-up coils 
designed as second- or higher-order gradiometers that would primarily measure the 
magnetic field gradient closest to the source and ignoring magnetic fields from fur-
ther away (e.g., the environmental noise). Now, unshielded MCG could be recorded 
in very low-noise rural laboratories, and even in a regular hospital room [22], reach-
ing a signal resolution high enough to measure the magnetic field generated by atrial 
repolarization and His-bundle depolarization [19]. The validation of such pioneer-
ing unshielded MCG recordings was demonstrated by repeating the same measure-
ments in the Berlin Magnetic Shielded Room in the early 1980s [23]. Since then, a 
number of different cryogenic instrumentation for MCG have been developed in 
academic laboratories around the world, with multichannel configuration for simul-
taneous mapping and visualization of the cardiac magnetic field dynamics. Most 
multichannel systems still need heavy electromagnetic shielding; however, signifi-
cant developments for unshielded magnetocardiography have been and are being 
developed [19, 24–28]. A more detailed description of the history of MCG and 
instrumentation development can be found in previous reviews and book chapters 
[22, 29, 30].

2 The Siemens KRENIKON 37-channel; the Philips 62-channel featuring a Twin-Dewar configura-
tion, the Berlin’s 49 MCG channels, the Helsinki’s 4D Neuroimaging Vector View 99 Channel, the 
Bochum’s 61-channels MAGNES 1300 C, the Ulm’s and Chieti’s 55-channel ATB ARGOS, the 
Iena’s Argos 200 vector-gradiometer, Hitachi 6400 64-channel system, 64-channel KRISS 
(Daejeon, Korea); CS-MAG II (BMP GmbH, Hamburg, Germany). The 304 SQUIDs Vector 
Magnetometer System for Biomagnetic Measurements in the Berlin MSR.
3 CMI-A3609 (CardioMag Imaging, Schenectady, NY), MCG4 (SQUID AG, Essen, Germany); 
7-channel MCG-scanners “Cardiomagscan” V 3.1 (Company KMG, Ukraine); Cardiomox-MCG9 
(Oxford Cardiomox Ltd).
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Fig. 1  (a) The MCG of one of the authors (RF) is tested by Alexander Bakharev (also in the pic-
ture) with the 7-channel MCG prototype developed at CES (Cryogenic Electronic Systems 
Corporation, Springfield). (b) The Bakharev family with the prototype of the 9-channel system. 
(Courtesy of A. Bakharev)

2 � Magnetocardiography Recording Devices

The 7-channel prototype for unshielded MCG developed by Alexander Bakharev 
and colleagues in 1996 was among the first multichannel MCG recording devices 
(Fig. 1a). This prototype featured an electronic noise suppression system (ENSS) 
residing in a gradiometer nearby a three-dimensional XYZ magnetometer that could 
measure the magnetic field “leakage” in all three dimensions and was placed in a 
large Helmholtz coil to create a very uniform magnetic field. The “leaks” could then 
be compensated for by sending out an electronic signal, again, three dimensional. 
This 7-channel prototype was soon followed by a 9-channel prototype (Fig. 1b).

The first generation of this technology was transferred to industry for commer-
cial development of a 9-channel system (CardioMag Inc.), that was found to be 
clinically reliable [31] if it could be placed in a relatively magnetically quiet area 
(e.g., away from elevators or computers). This unit had nine sensors, each sensing 
an approximately 20 cm × 20 cm area. In order to cover the chest area of the average 
adult, the bed had to be moved four times to measure the entire chest area. The data 
from each area was then added together by software to visualize the entire heart. 
Each section of the chest took approximately 90 s to record; thus, the total time to 
scan each patient was approximately 10 min (Fig. 2a). In 2002, using the same tech-
nology, a custom 36-channel prototype for real-time unshielded MCG mapping4 
was constructed and installed at the Università Cattolica del Sacro Cuore (Rome), 

4 CMI-2436 (CardioMag Imaging, Schenectady, NY).
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Fig. 2  (a) CMI A3609 Unshielded 9-channel MCG system installed in the Mayo Clinic ED. (b) 
CMI 2436 Unshielded 36-channel MCG system installed in the amagnetic Cath-Lab of the 
Biomagnetism and Clinical Physiology International Center at the Università Cattolica del Sacro 
Cuore (Rome). (c) Three-dimensional oblique view (left cranial) showing the relationship between 
the magnetic field distribution (MFD) and the current reconstruction (CR) on the zeta plane, at a 
single instant of the ST segment (red bar on the “butterfly” MCG waveforms)

in the unshielded Biomagnetism and Clinical Physiology International Center 
(BACPIC), an amagnetic cath-lab fully equipped for intensive cardiac care where 
real-time MCG cardiac mapping in only 90 s was performed even during invasive 
electrophysiological interventions (Fig. 2b) [8, 11, 32–34]. This device, however, 
was never finalized for commercialization. Although the sensitivity and specificity 
of these systems were significantly better compared to the ECG, they were not yet 
considered sensitive enough to allow for safe discharge of patients presenting to the 
ED with chest pain [33, 35].

Most MCG equipment up to this point depended upon interpretation of the mag-
netic fields as measured in only a single plane, the Z-plane (Fig. 2c) Theoretically, 
this could possibly explain the fact that no system up to this point had demonstrated 
a sensitivity and specificity much more than 70–80%. Because only a single plane 
is evaluated, perhaps smaller areas further away from the central plane that are 
being measured and analyzed were magnetically leaked and lost, similar to the 
undetectable areas of an ECG. To correct for this limitation, single and multichannel 
instrumentations, most of them working in MSRs only [36, 37], were developed 
using vector magnetocardiography or vMCG [38–40], to measure the three compo-
nents of a cardiac magnetic field simultaneously.

A novel cryogenic system for unshielded vMCG, the Avalon H90 system 
(Mesuron LLC, US,) features more than 70 smaller SQUIDs arranged in such a way 
that the three components of the cardiac magnetic field (X, Y and Z) can be simulta-
neously measured and is considered a true unshielded three-dimensional MCG 
imaging device of cardiac electrophysiological events (see Fig. 3a).
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Fig. 3  Most recent MCG technology developments: (a) Mesuron’s Avalon-H90 (unshielded). (b) 
Genetesis’ “CardioFlux” (shielded); (c) Creavo’s “Corsens” (unshielded)

Noncryogenic alternatives to SQUID-based MCG systems intended for clinical 
use have been explored since the early 2000s [41, 42] and progressively developed 
to became clinically available, although still requiring heavy electromagnetic 
shielding. One of them, the CardioFlux (Genetesis, Inc., USA) features 36 magneto-
optic sensors, which are shielded with the patient in a simplified tube-like magnetic 
shielding space to perform the MCG recording (see Fig. 3b). Also that system was 
originally designed within the Research Agreement between Genetesis and the 
Università Cattolica del Sacro Cuore, and features a similar sensors’ grid geometry 
and analytic approach to facilitate comparison with the well validated SQUID-
based 36-channel MCG mapping of that institution (Fig. 4). Accordingly, the novel 
CardioFlux cloud-based software system converts MCG data into dynamic images 
after a data acquisition time of 90 s, and provides a diagnostic report in approxi-
mately 5 min. The CardioFlux system is under validation with observational clinical 
trials as an alternative testing modality to identify chest pain patients that can be 
safely discharged from ED [43]. (See the list of trials in the Appendix).

Another noncryogenic alternative is the innovative MCG mapping device 
VitalScan/Corsens© (Creavo, UK) (Fig. 3c), which uses as magnetic field sensors 
inexpensive mini induction coils, was developed by Ben Varcoe at the University of 
Leeds, and could be ideal for clinical use, especially in EDs, because of its small 
size, portability at the patient’s bedside, and capability to work in a regular 
unshielded hospital room [25]. This system is also under validation with observa-
tional clinical trials (See the list of trials in the Appendix).

3 � Magnetocardiography for Evaluation of Chest Pain

Each year, approximately seven million US patients present to the ED with chest 
pain at an estimated cost of $5 billion [44, 45], although cardiovascular disease may 
be present in only about 20% of these patients, and less than 10% are ultimately 
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Fig. 4  (a) Testing of QuSpin optically pumped magnetometers (OPM) in the unshielded biomag-
netic catheterization laboratory of the BACPIC’s, together with two Genetesis’ researchers visit-
ing, in 2017, within the Research Agreement with the Università Cattolica del Sacro Cuore. (b) 
Two QuSpin OPMs attached to the dewar of the CMI-2436 36-channel, to attempt a gradiometer 
configuration and evaluate their potential to work in unshielded environment

diagnosed with an ACS, with a total cost for testing between $10 and $13 billion 
annually [46, 47]. Current diagnostic testing for ACS includes testing that are non-
invasive (stress testing, computed tomography coronary angiography, single-photon 
emission computed tomography [SPECT]) and/or invasive coronary angiography 
(CA) [48, 49], with sometimes unacceptable delays in time-to-cath in the case of 
true ACS, or unnecessary and expensive hospital length of stay and testing for those 
without a cardiac event. Thus, the need for novel, safe, noninvasive, and rapid alter-
native methods such as MCG to detect electrophysiological abnormalities induced 
by the early stage of myocardial ischemia and to effectively triage patients present-
ing with acute chest pain is unquestionable.

Magnetocardiography has been investigated and is emerging as a possible novel 
method to detect cardiac ischemia, because foundational theory and experimental 
research suggests ischemia in its early stage induces changes in the electrophysio-
logical properties of the myocardium that can be detected by MCG but not ECG. This 
is because MCG is more sensitive to tangential currents, curl currents, transmural 
current flow, and closed-looped currents that are invisible to ECG [50–54]. 
Moreover, as mentioned above, cardiac magnetic fields are not attenuated or dis-
torted by differences in the conductivity of body tissues or fluids and does not 
require skin-electrode contact.

Based on this knowledge, hundreds of patients with stable and/or acute IHD have 
been investigated around the world during the last three decades, but under very 
different experimental conditions that have impaired the integration of the available 
data and their univocal interpretation. Nevertheless, an attempt to pool results from 
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these studies has been recently addressed in systematic review and meta-analysis 
papers [55, 56], providing reasonable evidence that rest-MCG has higher sensitivity 
than ECG, echocardiography, and conventional cardiac troponin assays to detect 
IHD in patients with stable coronary artery disease (CAD) or ACS. Therefore, the 
utilization of rest-MCG as a first-next level investigation following an undiagnostic 
ECG is currently under evaluation for rapid triage of patients presenting in the ED 
with acute chest pain and/or to provide noninvasive rule-out of IHD in ambulatory 
patients with cardiac abnormalities of uncertain diagnosis.

Although an average sensitivity, specificity and predictive accuracy around 80% 
has been reported in several studies [57–62], a cautious interpretation of previous 
results has been advocated, because the majority of these studies were investigating 
relatively small cohorts of selected and inhomogeneous patients’ populations, 
including patients with or without documented stable CAD compared with healthy 
subjects, or even patients having chest pain of not cardiac origin. Thus, a more 
objective and unbiased validation on undifferentiated patients’ cohorts is still lack-
ing and deserve further investigation ideally in prospective randomised controlled 
clinical trials.

3.1 � Clinical Evidence of Magnetocardiography to Detect 
Cardiac Ischemia

The first demonstration of the unique potential of MCG for the study of acute myo-
cardial ischemia was provided by Cohen et al. in the 1970s who used experimental 
MCG measurements to reveal ischemic injury currents not detected by ECG and to 
verify the feasibility of such measurements in humans [17, 63, 64]. This provided 
the first demonstration that direct-current (DC) MCG was feasible and that it has the 
potential to provide a mechanistic differentiation between “apparent ST shift” 
(which in reality is a TQ shift) due to the injury current flowing due to the presence 
of ischemic myocardium, and “true ST shift” (an abnormal systolic event related to 
differences in action potential duration and timing). However, these pioneering 
studies were not followed up, likely because of technical difficulties foreseen by 
Savard et al. [63] to transfer such a complex investigational protocol from a MSR 
into environments more appropriate for clinical application. This is unfortunate 
because, if clinically available, DC-MCG could be also useful for better understand-
ing not only of the arrhythmogenic mechanisms related to ischemia but also to those 
underlying the different kinds of “J-wave Syndromes” (e.g., Brugada and early 
repolarization syndromes) [65] and for their risk assessment.

Other research in the 1970s demonstrated the feasibility of clinical MCG mea-
surements and attempted its interpretation by morphological comparison of the 
MCG waveforms with 12-lead ECG [66, 67]. In spite of prevalent skepticism, fur-
ther studies attempting MCG measurements in a variety of clinical situations were 
conducted foreseeing contactless MCG as a novel tool with the potential to provide 
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new information in patients with unclear or nondiagnostic ECG patterns [6, 7, 19, 
68–70] and to simplify multisite mapping of cardiac electrophysiology compared 
with body surface electric mapping [2, 71].

Among such MCG devices, the CMI-A3609 9-channel system for unshielded 
sequential MCG was the first to receive the FDA clearance for human measure-
ments5 and was installed in academic hospitals of the United States (see the one 
installed in the Mayo Clinic ED (Rochester, Minnesota—(Fig. 2a and Europe [35, 
72–75] to perform the first multicentre clinical trial (See the list of clinical trials in 
the Appendix), aiming to assess its reliability and to evaluate the predictive accuracy 
of MCG in detecting IHD in unshielded hospital environments.

3.2 � Magnetocardiography Parameters and Methods 
for Ischemia Detection

MCG evaluation of IHD was initially based on the analysis of MCG ventricular 
repolarization waveforms and intervals duration [22–24]. However, since the early 
1980s, isofield reconstruction of magnetic field distribution became available [76], 
followed by the development of more sophisticated mathematical algorithms, based 
on the inverse solution with the equivalent current dipole (ECD), the equivalent 
magnetic dipole (EMD), or other more sophisticated models [77], to investigate the 
spatial-temporal dynamics of equivalent cardiac sources.

To detect IHD, quantitative analysis of changes in the magnetic field during ven-
tricular repolarization [78, 79] was mainly used, although other studies reported 
also ischemia-related abnormality of MCG QT interval dispersion [80] and of depo-
larization parameters [81].

In attempting a quantitative estimate and description of such abnormalities, dif-
ferent methods have been proposed; MCG parameters most frequently used to 
quantitatively assess ischemia-related ventricular repolarization abnormalities are 
summarized in Table 1 and will be discussed further below.

A common reproducible finding in patients with IHD, independent of the type of 
MCG system used and recording environment, is the loss of the stable dipolar con-
figuration of the MFD during the ST segment interval and the T-wave [75, 82, 114] 
(Fig. 5a) typically observed in normal subjects (Fig. 5b), and/or the presence of an 
abnormal angle, between the direction of the largest gradient and the patient’s right-
left horizontal line, termed the “α angle” [78, 79, 116] (Fig. 6).

Hänninen et  al., working in the BioMag Laboratory’s MSR of the Helsinki 
University Central Hospital (HUCH), calculated the α angle of the maximum spa-
tial gradient of the magnetic field pattern at the second quarter of the ST-segment 
and at the T-wave apex, and reported that its rotation induced by exercise was useful 

5 FDA approval CMI-A3609 (CardioMag Imaging, Schenectady, NY) July 2004 https://www.
healthimaging.com/topics/diagnostic-imaging/cardiomag-sell-mcg-us-following-fda-approval
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Table 1  Most used analytic methods to detect myocardial ischemia with MCG

Quantitative MCG parameters measured at rest/exercise from the ST integral and the T-wave 
peak [78, 79]
 �� Magnetic field orientation (α angle) measured at the 2° ST segment integral (STα) and at 

T-wave peak (Tα)
Quantitative MCG parameters measured at rest during the T wave from the Tmax/3-Tpeak interval 
[74, 82, 83]
 �� Direction of the main vector from the plus to minus pole between −20° and +110°
 �� Change in the angle of the main vector ≥45° in a time interval of 30 ms between Tmax/3-Tpeak

 �� Change in the distance separating the plus and minus poles ≥20 mm in a time interval of 
30 ms between Tmax/3-Tpeak

 �� Change in the ratio of the pole strengths ≥0.3 in a time interval of 30 ms between Tmax/3-Tpeak

ST-Twave subtraction maps [84]
Isointegrap maps of tangential (Bxy) and normal (Bz) componet of QRST cardiac magnetic field 
[85, 86]
Kullback-Leibler (KL) entropy of QRST cardiac magnetic field [87]
Multilayer perceptron (MLP) neural network based on linear discriminant analysis of sample 
entropy of MCG QRS and ST intervals [59]
QT dispersion and smoothness indexes (SI) of the QT interval maps [58, 80, 88]
Machine learning of ST-Twave cardiac magnetic field [59, 61, 89, 90]
Probability density function [91]
ST-segment fluctuation score and T-wave non-dipole phenomenon [92, 93]
Bi-dimensional pseudo current reconstruction (“arrow-maps”) [84, 94–100]
Three-dimensional current density imaging (CDI) [101–113]

MCG magnetocardiography; CAD coronary artery disease; Tmax/3 one-third of peak intensity; Tpeak 
peak intensity of the T-wave. α angle the angle between the direction of the largest gradient and the 
patient’s right-left line

to differentiate patients with different coronary artery lesions [78, 79]. Brisinda 
et al. had similar results with unshielded MCG, comparing 27 patients with docu-
mented stable CAD and 33 healthy subjects [116, 117] at rest (Fig. 6) and, in another 
study, after exercise stress test [118].

Since ST parameters could be affected by the excessive noise of unshielded 
recordings, Park et al. used only parameters measured during the T-wave, during 
which the signal-to-noise (S/N) ratio is usually higher (Table  1) [74, 82, 83]. 
Comparing the performance of the two analytic methods on the same patient cohort, 
Brisinda et al. found that Hänninen’s parameters [78] were less sensitive (76.1% vs. 
80.9%, respectively) but more specific (92.3% vs. 84.6%, respectively) than those 
proposed by Park et al. [82]. Interestingly, in a subsequent study [89] aiming to vali-
date automatic analysis of MCG with a machine learning method applied to the 
T-wave parameters, it was found that the predictive accuracy of MCG to detect IHD 
was in the order of 80% in untreated patients and dropped to 72% if patients inves-
tigated after PTCA were also included, a finding providing further evidence that 
MCG is sensitive to the presence of myocardial ischemia.

Other analytic methods have also been reported to identify IHD patients with 
MCG, such as: the subtraction maps [84], the isointegral maps [85, 86], the 
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Fig. 5  (a) Example of abnormal magnetic field distribution during the ST and the T wave peak 
in a patient with three vessel coronary artery disease. (Modified from reference [115]). (b) For 
comparison, normal ST and T-peak MFD and orientation of the α angles, calculated according 
to reference [78]
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Fig. 6  Example of normal magnetic field distribution (MFD) and magnetic field orientation (α 
angle), during the ST (STα) and at the T-wave peak (Tα) (a). In (b), example of abnormal multi-
polar MFD and α angles of patients with coronary artery disease (CAD). The central drawings 
show graphically the range of variability of ST and T α angles in normal and CAD patients. 
Average values ± SD of α angles are also shown. (Modified from reference [117])

Kullback–Leibler entropy [87], sample entropy [59], QTc heterogeneity and disper-
sion [58, 80, 88], the machine learning [61, 89, 90], the probability density function 
[91], the ST-segment fluctuation and T-wave nondipole phenomenon [92, 93], the 
Hosaka-Cohen transformation for current arrow maps [66, 94, 95] and the current 
density imaging [101, 102] (Table 1).

With the method of subtraction maps, a good correlation was found in IHD 
patients between the number of coronary artery lesion sites and the abnormal cur-
rent distribution during the ST-T interval obtained by subtracting average normal 
magnetic ST-T fields from that of the investigated patient. Moreover, the different 
results observed in patients with myocardial infarction (MI) has demonstrated that 
using subtracted MCG ST-T waveforms makes it possible to estimate infarction size 
and coronary-artery lesions [84]. After experimental demonstration that iso-integral 
maps of de-repolarization phases are similar in healthy but not in ischemic hearts 
[85], clinical testing of this method showed that compared to healthy subjects, the 
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integral value of repolarization is lower than that of depolarization in patients with 
myocardial ischemia due to Kawasaki disease [86]. Comparing cardiac magnetic 
field mapping of young healthy subjects with that of 59 CAD patients without previ-
ous MI, the best identification of CAD was achieved by Gapelyuk et al. using the 
Kullback–Leibler (KL) entropy of the repolarization phase (sensitivity/specificity 
of 85/80%), followed by the residual feature of the depolarization phase (85/75%) 
and the magnetic field orientation feature (80/73%) sets. The classification based on 
the combination of the first two parameters increased the sensitivity (88%) and the 
specificity (88%) for the differentiation of CAD patients from healthy controls (area 
under the ROC 94%) [87]. An automated method for the classification of CAD with 
a multilayer perceptron (MLP) neural network based on Linear Discriminant 
Analysis of sample entropy (SampEn) of MCG recordings was preliminarily tested 
in ten patients with coronary artery narrowing ≥ or ≤50%. The calculation of 
SampEn from rest MCG data provided 99% sensitivity, 97% specificity, 98% accu-
racy, 96% and 99% positive and negative predictive values for single heartbeats, 
with correct classification of all investigated patients [59]. In 2003, a new method 
was developed to quantify differences in spatial distribution of QT interval in 
CAD patients compared with healthy subjects on the basis of the smoothness 
indexes (SI) of the QT interval maps calculated from multichannel MCG [80]. 
The results suggested that abnormal values of QT SI at MCG identified CAD 
patients with still preserved left ventricular function and were useful for the assess-
ment of post-MI arrhythmogenic risk [80]. Such evidence was also confirmed in 
recent studies investigating the usefulness of MCG to detect cardiac allograph vas-
culopathy [58] and obstructive CAD (defined as angiographic left main ≥50% or 
maximum lesions of ≥70% luminal stenosis in at least one of the primary coronary 
arteries and their major branches) in comparison with stress myocardial perfusion 
imaging calculation of the summed rest score (SRS), the summed stress score 
(SSS), and the summed difference score (SDS, which is the difference between SSS 
and SRS) [88]. In the latter study, using the combination of QTc dispersion ≥ 79 ms 
or SI-QTc ≥ 9.1 ms, the diagnostic performance of MCG was not significantly dif-
ferent in comparison with the cutoff values of SSS ≥ 4, SDS ≥ 4, or SSS > 8 semi-
quantitative parameters calculated with myocardial perfusion imaging. However, 
myocardial perfusion imaging parameters were positively correlated with the num-
ber of stenosed coronary arteries, while MCG parameters were not.

Several efforts have also been carried out to find a reliable method for automated 
diagnosis of IHD from MCG ventricular repolarization parameters. The machine 
learning method, evaluated in a preliminary clinical study, provided 75% sensitiv-
ity, 85% specificity, 83% positive predictive value, 78% negative predictive value, 
and 80% predictive accuracy [89]. Similar results were obtained by Tantimongcolwat 
et al. in 2008 [90] with two types of machine learning techniques (sensitivity of 
86.2%, specificity 72.7%, and accuracy of 80.4%). Higher diagnostic accuracy 
(above 90%) was reported by Steinisch et al. [59], and in a more recent study by Tao 
et al. [61], who extracted 164 features from MCG averaged T-wave segmentation 
and used four different machine learning classifiers [k-nearest neighbor, decision 
tree, support vector machine (SVM), and XGBoost].
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Diagnostic accuracy for IHD above 80% was also obtained by Kwon et al. [91] 
by applying a different method to classify the diagnostic values of MCG based on 
the probability density function in 139 patients admitted to the hospital with chest 
pain. Rest MCG was found to have a sensitivity of 84% and specificity of 85%, 
compared to 44.7% and 73.5% respectively for rest ECG. The ST-segment fluctua-
tion score is a quantitative parameter which was developed by Park et al. with the 
same signal-processing solution known as QRS fragmentation score [119, 120], that 
accurately (78.1%) predicted hemodynamically significant CAD when compared to 
fractional flow reserve [92]. In the same study, it was also found that the T-wave 
nondipole phenomenon was more accurate (88.5%) in detecting CAD than the 
change of ST-segment fluctuation score, and that their combination enhanced diag-
nostic performance for CAD detection (ROC area under the curve 0.93). Similar 
results were previously reported by Gapelyuk et al. [121].

Bi-dimensional pseudo current reconstruction (so called “arrow-maps”) from 
MCG signals was initially developed by Cohen & Hosaka in the 1970s as a simple 
method to visualize the dipole sources underlying the component of the heart’s 
magnetic field which is normal to the chest (Bz), especially those dipole combina-
tions which produce very low body surface potentials but detectable Bz magnetic 
field component [94]. This method, since then refined to image the dynamics of 
cardiac electrophysiological events [96–98], has been widely used to investigate 
patients with IHD [95, 99], after successful percutaneous coronary interventions 
[100], and with malignant early repolarization pattern [122]. However, clinical 
experience has shown that the maximum values of pseudo-currents do not always 
coincide with the actual sites (especially in depth) where the electrophysiological 
currents are flowing. Therefore, three-dimensional current density imaging 
(CDI) has been a method used since the early 1990s [101, 102], and a first example 
of clinical application in a CAD patient after MI was published in 1998 [103]. 
Thereafter, a number of studies were carried out to validate the localization accu-
racy of the CDI method [104, 105] and its reliability to identify IHD patients with 
examination at rest [106–110], and after physical or pharmacological stress tests 
[111–113]. Interestingly, Chaikovsky et  al. developed a software for polar map 
imaging of 3D current density distribution reconstructed from MCG and demon-
strated that areas of the left ventricle with abnormal wall motion documented during 
dobutamine stress echocardiography are identified and localized by MCG as lower 
current density sites [107].

3.3 � Magnetocardiography Under Stress

In 1974, Saarinen et al. were the first to report a depression of the ST segment in a 
CAD patient investigated with a single-channel MCG after exercise testing [67]. 
Almost 10 years later Cohen et al. studied one CAD patient with DC-MCG in a 
shielded room during a two-step exercise test. It was reproducibly demonstrated 
that the effort-induced depression of the ST segment was concomitant with a TQ 
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segment (baseline segment) elevation at about 70% of the ST amplitude. After ter-
mination of exercise, the baseline TQ segment elevation disappeared somewhat 
more rapidly than the ST segment depression [64]. This one was the first and unique 
demonstrations that a stress-induced injury current could be measured noninva-
sively with DC-MCG in patients. However, despite demonstrated feasibility, the 
method was considered not practical for clinical purposes and abandoned. However, 
after almost 10 years, Brockmeier et al. demonstrated that both physical and phar-
macological stress induced in normal subjects more distinct repolarization changes 
in multichannel MCG than in simultaneously recorded ECG [20, 54]. The authors 
suggested that the observed difference between electric and magnetic measure-
ments could be due to exercise-induced vortex currents, which are not detectable 
with ECG [20, 54].

To understand the usefulness of MCG in tracking acute cardiac ischemic events 
from their onset, one must take into account that within less than a minute after the 
reduction of cardiac blood flow, the unmet metabolic demand induces electrophysi-
ological alterations of the transmembrane action potential with consequent hypoxia-
induced flow of abnormal (injury) currents [123, 124]. These currents have been 
experimentally detected with DC-MCG [17, 18] but may not be visible by ECG 
because of differences in the physical properties of magnetic and electrical fields 
[52, 99]. Based on experimental findings, it can be assumed that there are regional 
differences of myocardial current strength under stress due to flow-limiting stenosis 
in the corresponding vascular branch. Moreover, the ischemia-induced progressive 
decrement in the amplitude and the abnormal anisotropy of transmembrane action 
potentials is associated with asynchronous local depolarization sequence of func-
tionally different cells, leading to conduction disturbances and fragmentation of the 
ventricular depolarization wavefronts [125] and fluctuation of the repolarization 
currents that is measurable with MCG [93].

Numerous articles have been published since the 1990s demonstrating the ability 
of multichannel MCG to detect stress-induced dynamic changes of cardiac mag-
netic fields during physical exercise or pharmacological interventions, and that the 
accuracy of MCG in detecting IHD is enhanced with stress testing [21, 78, 111, 112, 
126–130]. Clinical experience has confirmed the experimental evidence that tran-
sient myocardial ischemia causes well-recognizable changes in a variety of MCG 
parameters [74, 92, 93, 112, 126, 128, 131, 132]. A detailed review of stress-MCG 
literature can be found in a recent article [56] that includes studies demonstrating 
that MCG may have wider clinical application in CAD diagnosis. For example, its 
use to detect functional ischemia and viability provides useful prognostic informa-
tion for risk stratification, location and severity of postinfarction contractile abnor-
mality, arrhythmogenesis, and prediction of MACE [83, 133, 134].

Most of the clinical research investigating stress MCG was carried out with mul-
tichannel instrumentation operating only in heavy MSRs, requiring the construction 
of dedicated amagnetic ergometers if exercise stress testing was performed [20, 21, 
54, 113, 129, 135]. One of the earliest studies conducted in a shielded environment 
included seven CAD patients with ≥75% stenosis in at least one vessel, and showed 
that a 36-channel MCG could detect changes in the spatial distribution of QT 
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dispersion at rest that were not evident on 12-lead ECG at rest or under stress [21]. 
Almost simultaneously, a series of Finnish studies demonstrated that exercise MCG 
carried out with an amagnetic bicycle-ergometer in the HUCH’s MSR, was able to 
distinguish the CAD patients from the healthy subjects by the different orientation 
of the magnetic field gradient during the ST segment and at the T-wave apex [78]. 
Furthermore, the recording locations in multichannel MCG mapping were found 
sensitive enough to identify regional exercise-induced myocardial ischemia [79]. 
Using the simpler two-step Master exercise stress test, Kanzaki et al. reported higher 
diagnostic accuracy (83%) of multichannel MCG mapping in identifying CAD 
[130]. In that study, the maximal QRS integral change during the 40 ms centred on 
the R-wave peak, was significantly higher in the CAD patients and the best dis-
criminator to differentiate them from control subjects. The significant difference of 
this parameter between the CAD patients and control subjects gradually decreased 
in the recovery phase after effort and improved also after successful PTCA [136].

Pharmacological stress was preliminarily reported by Brockmeier et  al., who 
used orciprenalin and atropine in healthy subjects [54]. However, a more systematic 
prospective study using standardized dobutamine stress testing showed a higher 
diagnostic accuracy of multichannel MCG mapping (sensitivity 97.6% and specific-
ity 82.8%) compared to stress-ECG (sensitivity 26.2% and specificity 82.8%) to 
identify coronary artery stenoses ≥70%. That study was initially conducted with the 
AtB Argos 55 MCG system [112] and continued with the CS MAG2 system [113]. 
It remains to be clarified the reasons underlying the contrasting results reported by 
Steinisch et al. [59], who obtained the best CAD diagnostic accuracy reported so far 
(above 98%) with their automatic MCG classifier based on SampEn when using 
data recorded at rest, but found a significant deterioration of the classification effec-
tiveness when using MCG recorded during dobutamine-induced stress conditions. 
It could be speculated that the larger variability of SampEn (and consequent drop of 
the classifier performance) could be due to hidden nonlinear events enhanced by 
pharmacological effects, or to the interference of a higher level of noise, especially 
during the ST interval, to which entropy measurements are particularly sensitive.

MCG’s reliability to assess myocardial viability after an acute MI was also eval-
uated by comparison with positron emission tomography (PET) and SPECT myo-
cardial perfusion imaging (MPI) carried out in the same patients [111, 137]. In the 
study by Nenonen et al., current density reconstruction from MCG provided accu-
rate imaging of viable myocardium compared with PET results, and provided evi-
dence of good correspondence for segments of high and low amplitude in MCG 
current-density estimations and the viable and scar areas identified with PET after 
exercise-induced ischemia in patients with multivessel coronary artery disease 
[111]. In the subsequent study of Morguet et al., the amplitude of the R wave (Rmax) 
and T wave (Tmax and Tmin) were identified as parameters with the best selectivity at 
linear discriminant analysis to identify myocardial viability and to correctly classify 
the extension of myocardial scar within the viable tissues [137]. More recently, two 
other comparative studies [88, 138] confirmed previous findings [72], suggesting 
that even rest MCG is not inferior to stress SPECT MPI in identifying patients with 
CAD. Thus, it was suggested that an MCG scan could substitute for a nuclear scan 
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in patients with low pretest probability of CAD. In fact, whereas stress nuclear MPI 
is recommended in patients with intermediate or high pretest likelihood of CAD 
[139, 140] the same indication cannot be applied to an unselected population of 
subjects with low pretest probability of CAD [140].

Overall, evidence has been provided that both physical and pharmacological 
stress tests may enhance the diagnostic accuracy of MCG to detect transient cardiac 
ischemia and may reach a diagnostic level comparable of that provided by nuclear 
scans, thus suggesting the use of MCG as a simpler, low-cost, radiation-free, and 
rapid first-level interventional diagnostic alternative when clinically required. 
Unfortunately, the complexity of installation and management of cryogenic multi-
channel instrumentation requiring heavy magnetically shielding have made them 
available only in minority of academic hospitals, mostly as research tools, in spite 
of the potential clinical benefit of using MCG scan as a screening method. However, 
early evidence that stress (exercise) multichannel MCG is feasible and reliable 
within an unshielded hospital laboratory using a standard bicycle ergometer was 
demonstrated in 2004. In this pilot study, the stress-induced abnormal orientation of 
the ST magnetic field gradient correctly identified all investigated patients with 
CAD, five of whom did not show any evidence of stress-induced ischemia on the 
ECG (Fig. 7) [118]. Thus, with the present development of novel and less expensive 
technologies for unshielded MCG, the gap between research and routine clinical use 
of stress MCG may be soon filled.

Moreover, given the high three-dimensional localization accuracy of electro-
physiological currents [104, 141, 142], MCG is foreseen to provide a single-stop-
shop for noninvasive multimodal functional imaging and localization of ischemic 
areas and of arrhythmogenic mechanisms in IHD patients with malignant arrhyth-
mias, enhancing the accuracy of risk assessment based on spatial-temporal quanti-
fication of de-repolarization heterogeneity [58, 95, 143], intra-QRS-fragmentation 
[119, 120, 144], and/or of late QRS activity [122] through the integration of the 
MCG findings within cardiac magnetic resonance imaging [145].

3.4 � Magnetocardiography for the Triage of Emergency 
Department Patients with Acute Chest Pain

While substantial advances have been made in MCG device technology and meth-
ods for automated unbiased analysis of ACS, only a relatively small number of 
studies have investigated the use of MCG to rule in/rule out suspected acute 
ACS. Results from systematic review and meta-analysis studies [55, 56] demon-
strate that compared with other diagnostic tests (ECG, cardiac troponin I, and echo-
cardiography), MCG has a higher sensitivity, comparable specificity, comparable 
PPV, and higher NPV in differentiating patients with acute chest pain due to hemo-
dynamically significant CAD or ACS from those presenting with chest pain of non-
cardiac origin, independent of the different recording setups, and/or the qualitative 
or quantitative analytic methods used. Agarwal et  al. [55] evidenced a pooled 
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Rest 1’ exercise 3’ exercise

CAD Patients

156.4º ± 105.2º 171.5º ± 69º 152.6º ± 70.8º

Healthy Controls

Rest 1’ exercise 3’ exercise

65.8º ± 13.9º 69.6º ± 19.5º 62.9º ± 24.5º90

270

180 0

a

b

Fig. 7  Example of normal (a) and abnormal (b) magnetic field distribution and rotation of STα 
angle, at rest and 1 and 3 min after effort in healthy subjects and CAD patients. (Modified from 
reference [118])

sensitivity of 83% and a specificity of 77%, positive likelihood ratio 3.92 (95% CI 
2.30–6.66) and negative likelihood ratio 0.20 (95% CI 0.12–0.35), but only two of 
the seven studies selected for the meta-analysis were related to MCG study of chest 
pain patients [55]. In the more recent review article by Camm et al. [56], 23 publica-
tions were identified related to the use of MCG for detection/rule-out of ACS in 
emergency settings; available data on the diagnostic performance of MCG as a rule-
in/rule-out test for ACS has been summarized in the supporting Table 3 of reference 
[56]. In both of these articles, the wide heterogeneity was underlined among inves-
tigational conditions, including different recording setups and environments, 
unstandardized parameters and interpretation criteria, different clinical presentation 
of patients enrolled with acute chest pain (stable CAD, unstable angina, STEMI, or 
NSTEMI), and variable use of functional noninvasive testing or coronary 
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angiography as gold standards for validation of MCG diagnostic accuracy. 
Therefore, validated MCG diagnostic criteria should be assessed in studies of 
unselected real-world cohorts, including patients with ACS, non-ACS, CAD, induc-
ible ischemia, and non-ischemic chest pain, in order to establish the utility of MCG 
to differentiate among such clinical problems. On the other hand, despite such het-
erogeneity and lack of standardization regarding instrumentation, recording proto-
cols, and analytical methods, both reviews [55, 56] seem to confirm that rest MCG 
provides an average diagnostic accuracy to detect IHD which is in the order of 
75–80% or even better, especially if its sensitivity is enhanced with physical or 
pharmacological stress tests. Recently published papers are well in agreement with 
these findings [146–148].

Although thousands of patients have been investigated around the world, in order 
to provide a definitive answer to the multiannual question of whether MCG technol-
ogy is ready for widespread clinical application in rule-out of ACS/CAD in the 
emergency setting, large-scale controlled clinical trials to validate MCG diagnostic 
accuracy in undifferentiated patient cohorts with standardized protocols and ana-
lytical methods are still needed. Moreover, there should be some caution in assum-
ing abnormalities of the MCG parameters described are univocally diagnostic of 
CAD. In fact, similar abnormalities of ventricular repolarization have been observed 
in patients with essential hypertension (Fig. 8a) [149], mitral valve prolapse [150] 

a b c

Fig. 8  Examples of ischemia-like alterations of ST and T-peak MFD and α angles of patients with 
hypertension (a) and mitral valve prolapse (b). In (c) normal pattern, for comparison. Average 
values (in degrees) ± SD of α angles are also shown. (Modified from references [149, 150])
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Fig. 9  Example of MCG abnormality evidenced by exercise test, suggesting CAD in a 73-year-
old patient with chest pain and ECG normal at rest and positive lateral ischemia under effort. 
Coronary angiography was normal. Left ventriculography and endomyocardial biopsy were diag-
nostic for subacute myocarditis. (Modified from reference [116])

(Fig. 8b), or other kinds of more severe myocardial injuries such as myocarditis 
(Fig. 9) and dilated cardiomyopathy [134, 151, 152].

On the other hand, one could speculate that such findings are further proof that 
MCG is very sensitive in detecting any sort of “myocardial ischemia,” even when it 
is not determined by hemodynamically relevant stenoses of epicardial coronary 
arteries [150]. Indeed, an abnormal random current flowing during ventricular repo-
larization determined by inadequate oxygen supply [85] can also occur due to 
impairment of microcirculation, as seen in acute myocardial inflammation, papil-
lary muscle strain, cardiomyopathy, or arterial hypertension, with consequent elec-
trophysiological alteration initially detected by MCG only. One study has reported 
MCG parameters capable of differentiating between IHD and myocarditis [152]. 
Therefore, at the moment it might be more appropriate to assume that MCG is 
capable of ruling out any sort of “ischemic alteration” of the myocardium rather 
than to affirm that its abnormality is an index of CAD.

Present knowledge, however, does confirm that the accuracy of rest MCG in 
detecting an ischemic cardiac event is higher than that of rest ECG, and that a nor-
mal MCG provides a very high (although not absolute) negative predictive value 
useful to rule out the presence of a serious cardiomyopathy. Therefore, in order to 
reach clinical acceptance for MCG to be safely integrated in the workup of patients 
presenting in the ED with acute chest pain, more systematic MCG testing on 
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undifferentiated patients is needed through appropriately designed multicenter con-
trolled clinical trials, using, for example, the concept of the current European 
Society of Cardiology hs-cTnT/I 0/1-h algorithms [49] for validation. Recent results 
of the APACE trial, assessing the clinical performance of a point-of-care (POC)-hs-
cTnI assay, have demonstrated that POC-hs-cTnI-TriageTrue assay provides high 
diagnostic accuracy (95% at presentation) in patients with suspected MI, excluding 
those with STEMI and kidney failure [153]. Thus, one might wonder if there is no 
longer a need, nor an acceptable cost-effectiveness in adding another diagnostic tool 
such as MCG, for the early rule-out of an ACS. However, one should consider that 
MCG has also proven useful for other diagnostic purposes such as fetal monitoring 
[154, 155], three-dimensional preinterventional imaging of arrhythmogenic sub-
strates susceptible of ablation treatment [12, 156] and even for the noninvasive 
detection of partial mesenteric ischemia [157]. Thus, MCG may be considered a 
multipurpose diagnostic tool and return on investment shared among different clini-
cal applications.

There are a few recent observational clinical trials that are currently investigating 
the diagnostic performance of the new generation of MCG devices designed to be 
deployed in emergency departments, or even portable for routine clinical use at the 
patient’s bedside. A list of these can be found in the Appendix as well as at https://
clinicaltrials.gov and https://ichgcp.net/registries. Three studies have been com-
pleted and their results recently published [43, 158, 159].

Two of these studies have been carried out to clinically test the reliability of a 
novel portable noncryogenic MCG mapping device, VitalScan (Creavo, UK) 
(Fig. 3c), in ruling-out ACS in patients with acute chest pain but had contradictory 
results. In the first study comparing MCG data of 70 IHD patients with those of 69 
patients without IHD and those of 37 young healthy volunteers, a high sensitivity 
and a negative predictive value (> 95%) were found and the authors concluded that 
the portable unshielded magnetometer was adequate to assist in the triage of chest 
pain patients to rule out IHD [158]. However, the results of the second study, the 
MAGNET-ACS trial, a larger prospective multicenter observational study of 756 
patients presenting to the ED with chest pain, showed very low diagnostic accuracy 
in adults with suspected ACS and the authors concluded that the MCG instrumenta-
tion used is currently unable to accurately rule out ACS and therefore not yet ready 
for use in clinical practice [159]. It remains to be understood why its performance 
was so different between the two studies. Examples of MCG imaging provided by 
the VitalScan device can be seen in figure 1 of reference [56].

The results of the third study, a single-center trial, testing the noncryogenic 
36-channel MCG mapping system CardioFlux (Genetesis,—USA) (Fig. 3b) in 101 
patients presenting to the ED with chest pain were also recently published [43]. The 
device, based on magneto-optic sensors (MOS), needs heavy electromagnetic 
shielding which was tentatively reduced to the minimum size of a tube the patient is 
slid into during the MCG recording. Examples of MCG imaging provided by the 
CardioFlux system can be seen in figure 3 of reference [43]. Unfortunately, the 
magnetic field sensitivity of the magneto-optic sensors MOS in such a reduced-
scale MSR was not specified in the paper, nor are the waveforms shown for visual 
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evaluation. The MCG device signal quality was evaluated by an automated function 
of the software and by the researchers before data analysis. Reported specificity 
(77.8%) and negative predictive value (89.7%) for coronary artery stenosis were 
well within the average [55, 56]. The authors concluded that a resting noninvasive, 
90-s MCG scan using the novel imaging and analysis system shows promise in 
evaluating no high-risk chest pain patients which have a normal or nondiagnostic 
ECG and negative troponin results.

A very recent publication also suggests that MOS technology can provide very 
compact elliptically polarized laser-pumped Mx atomic magnetometers sensitive 
enough for clinical vector magnetocardiography (see figures 5–7 of reference 
[160]). However, the vMCG measurements were also carried out in a cylindrical 
five-layer 2 m-long magnetic shielding tube, that the patient slides into, which has 
some limitation for clinical use. In fact, Pena et al. reported that some patients with 
larger torsos had incomplete sensor capture likely due to sensor plate contact with 
the torso during scanning with CardioFlux and that about 3% of patients were not 
scanned due to claustrophobia [43]. Moreover, a mechanical barrier may not be 
desirable in high-risk chest pain patients with potential risk of sudden 
MACE.  Unshielded MCG would be the most desirable option in these cases. 
Decades of clinical measurements have shown that SQUID-based systems featuring 
second- or higher-order gradiometers are reliable with adequate signal quality in 
unshielded hospital environments, as shown in a multicenter clinical trial reported 
by Tolstrup et al. [35], and also by other independent single-center studies [31, 57, 
73, 146, 152, 161–163].

On the other hand, one major drawback of all cryogenic instrumentations has 
been the need for frequent (one to two times a week) refills of liquid helium to keep 
the system cool, implying related costs of helium and dedicated technical personnel. 
Such an expensive drawback has been overcome with the innovative technology of 
the Avalon-H90 3D MCG scanner system (Mesuron LLC, US) (Fig.  3a), which 
operates using a proprietary chamber with an integrated cooling system. Al the 
moment Mesuron’s proprietary software focuses to visualize in the three dimen-
sions the magnetic field vector movement throughout the T-wave ventricular repo-
larization phase (Fig. 10), aiming to use it for accurate detection of abnormalities 
generated by myocardial ischemia. In addition, a machine learning processing is 
used for automatic interpretation where minor nuances between normal variations 
versus abnormal or pathologic deviation changes can be differentiated. This system 
is currently being evaluated in a blinded clinical prospective observational study to 
assess the accuracy of magnetocardiography (MCG) as a tool for diagnosing acute 
coronary syndrome (ACS) in emergency department patients presenting with acute 
chest pain.

Based on previous experience [12, 164, 165], the configuration of the Avalon-H90 
3D MCG is at the moment the only one MCG mapping system which has the poten-
tial to be used also during interventional procedures.

Finally, the development of new sensor technologies is foreseen to provide in the 
future more reliable portable and even wearable devices for noncontact MCG 
ambulatory monitoring of transient ischemic events [166]. Interestingly, the 
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Fig. 10  Example of Avalon-H90 3D imaging of T-wave current direction activity (each circle 
represent axial, frontal and sagittal heart views). Green arrows show the angle and blue ones show 
the relative strength of electrical current in a particular direction. In 3D charts you see direction 
deviation (on the left) and effective electrical current source displacement (on the right). Map 
shows an XY Vector value distribution. (Courtesy of A Bakharev, unpublished data)

reliability of a wearable MCG magneto-optic mapping prototype has been very 
recently reported, this innovative approach, however, is still needing electromag-
netic heavy shielding [167].

3.5 � Potential Impact of MCG on the Management of Chest 
Pain in the Emergency Department

The current typical management and workup of chest pain in the ED can be sum-
marized as follows.

	1.	 A brief history of chief complaint obtained at Triage.
	2.	 Vitals taken and an ECG obtained.
	3.	 Patients are taken to a room and seen by a provider for further history and a 

physical exam. A risk score assessment is commonly done and can further help 
define the likelihood of ACS as well as the risk level.

	4.	 IV access is typically started during this initial phase.
	5.	 If the ECG shows changes consistent with STEMI, or new/presumed new LBBB, 

the patient is either sent directly to the cath lab or to an institution that is equipped 
with a cath lab, or given thrombolytic therapy if “door to needle” time is esti-
mated to be >90 min.
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	6.	 In the majority of patients with chest pain and ECG with normal or nonspecific 
ST T wave changes or unchanged LBBB from previous ECGs, a relative pro-
longed ED evaluation now begins. In summary this includes:

	 (a)	 Baseline labs drawn including serial troponin at 0, 2, and 6 h. Results are 
typically returned in 20–45 min following the lab draw. Hence, the patient 
commonly will remain in the ED for a minimum of 3, but commonly up to 
7 h following the initial lab draw.

	 (b)	 The patient will be placed on a monitor and may be given stabilizing medi-
cations including nitroglycerin if ongoing pain while awaiting results of tro-
ponins and other lab tests.

	 (c)	 If the patient remains stable and the troponin is either normal, or has a stable 
delta troponin, but clinical suspicion for unstable angina remains either by 
clinical judgment or by a reliable risk score assessment system such as the 
“Heart Pathway score,” then the patient may be placed either in an ED 
observation unit or admitted under observation status to a monitored bed in 
the hospital. The workup during this phase will commonly include a stress 
test such as a standard ECG treadmill exercise test, or nuclear or echo stress 
test either by treadmill or pharmacologic induced stress.

	 (d)	 A final disposition and plan is typically done at this point which may be 
either admission for cardiac catheterization or discharge with follow-up as 
an outpatient.

This relatively complex workup for these patients with suspected ACS is both 
time and resource consuming leading to a high cost, both for the individual and 
society. Further, a delay in treatment of an unrecognized ACS, may lead to further 
morbidity and mortality downstream.

So, what could the use of MCG potentially do in order to both improve the qual-
ity of care but also reduce resource consumption and cost? Potential changes in the 
management and workup of chest pain could instead be as follows:

	1.	 If the accuracy of MCG could be shown to have a sensitivity approaching 
98–100%, and if it is found to be normal while the patient is in the ED, then the 
patient could be assessed instead for other causes of their chest pain, for which 
the work-up in the majority of patients would be simpler, and the patient possi-
bly discharged within 1–2 h after ED arrival. In addition, in patients with atypi-
cal symptoms or having an LBBB, early unpublished reports have suggested that 
MCG may accurately diagnose the presence or absence of ACS. This, however, 
remains to be proven.

	2.	 For patients with a definitely positive MCG and a history and physical consistent 
with an ACS, the processes described under 6 above could be avoided and the 
patient sent directly for intervention to the cath lab or admitted to a monitored 
bed. This could avoid or minimize myocardial cell damage significantly. It also 
would reduce resource consumption significantly.
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	3.	 In addition, in the ED observation unit or outpatient setting, an MCG could 
potentially be used instead of nuclear or echo stress tests. These complex tests 
require many resources and highly trained personnel which may or may not be 
available in smaller hospitals. Instead, a highly accurate stress MCG could mark-
edly improve on the accuracy of a standard stress test and potentially replace the 
standard ECG based stress test. As previously discussed, the single plane (Z 
plane) based MCG systems have not shown to have this needed degree of accu-
racy. Planned, and ongoing studies at this time may either prove or disprove this 
assumption with the technology currently available. However, further progress 
in software development for three- (and four-) dimensional volume rendering of 
current density reconstruction based on magnetic field mapping could theoreti-
cally provide higher degree of accuracy and bring the diagnostic power of MCG 
closer to that of nuclear scan.

4 � Summary

Literature demonstrates that both shielded and unshielded MCG mapping can detect 
noninvasively electrophysiological abnormalities generated by hypoxia and isch-
emia of the myocardial fibers from the early stages of the ischemic event, thus add-
ing a first-level additional quick diagnostic tool to evaluate cases with uncertain 
diagnosis. MCG has been proven reliable in differentiating cohorts of patients with 
ACS including NSTEMI, or patients with chronic stable IHD, from cohorts of 
healthy subjects or of patients with chest pain of noncardiac origin. However, the 
high sensitivity of MCG in detecting ischemia-related electrophysiological abnor-
malities might detect similar alterations due to other kind of cardiomyopathies, 
especially acute myocarditis, in the absence of CAD. At the moment no definite 
MCG criteria are available to differentiate among such clinical problems. On the 
other hand, a normal MCG scan has a very high negative predictive value in ruling-
out the presence of a cardiomyopathy.

Large-scale prospective, multicenter observational studies of unselected undif-
ferentiated patient cohorts are necessary to define the utility of MCG to rule out 
ACS in the emergency setting, and possibly to differentiate MCG abnormalities due 
to different pathogenic mechanisms. Standardization of MCG protocols, parame-
ters, analytic methods, and further development of conversion software tools to a 
single output format, independent from the instrumentation and the recording envi-
ronment used, will favor data pooling from multicenter studies [168].
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�Appendix

List of MCG clinical trials
	 1.	 https://clinicaltrials.gov/ct2/show/NCT02359773 Quantum Imaging Limited; 

Observational Pilot Study, MCG to Classify Non-Ischemic Chest Pain Patients 
and Myocardial Infarction Patients. Rule-out—ACS 70 pts—Principal 
Investigator: Mark Kearney, MBChB FRCP Leeds Teaching Hospitals NHS 
Trust. Results published in [158].

	 2.	 https://clinicaltrials.gov/ct2/show/NCT02921438 Creavo UK; Prospective 
Multi-centre Observational Study 756 chest pain patients. Rule-out ACS—
“VitalScan MCG Rule-out Multi-centre Pivotal Study—UK (MAGNET-ACS)” 
Principal Investigator: Steve Goodacre, MB ChB MRCP DiplMC FCEM—
University of Sheffield; Sheffield, UK. Results Completed—published in [159].

	 3.	 https://clinicaltrials.gov/ct2/show/NCT03255772?term=genetesis&rank=1 
Genetesis Observational “Magnetocardiography Using a Novel Analysis 
System (Cardioflux) in the Evaluation of Emergency Department Observation 
Unit Chest Pain Patients.” 101 chest pain patients—Rule-out ACS in ED—St. 
John Hospital Medical Center Detroit, Michigan, United States, 48,236. 
Completed—Results published in [43].

	 4.	 https://clinicaltrials.gov/ct2/show/NCT03546933 Creavo US: Prospective 
Multi-centre Observational Cohort Study: 651 chest pain patients. Rule-out 
ACS—“VitalScan MCG Rule-out Multi-centre Pivotal Study—US (MAGNET 
ACS).” Principal Investigator: Gregory J Fermann, MD—University of 
Cincinnati. Terminated (A correction needs to be made to the device’s 
algorithm.)

	 5.	 https://clinicaltrials.gov/ct2/show/NCT04044391?term=genetesis&rank=2 
Genetesis Obervation cohort: “Noninvasive Magnetocardiography Using the 
CardioFlux (TM) System in the Evaluation of Acute Coronary Syndrome 
Patients Going for Cardiac Catheterization.” Intention to treat (Cath PCI)—
Principal Investigator: Claire Pearson, M.D.  Ascension St, John Medical 
Center. Terminated (Study was defunded.)

	 6.	 https://clinicaltrials.gov/ct2/show/NCT03968809?term=genetesis&rank=3 
Genetesis recruiting estimated completion day June 20, 2020 single-centre, 
prospective, Prospective Observational cohort 400 patients—“Role of 
Cardioflux in Predicting Coronary Artery Disease (CAD) Outcomes.” Principal 
Investigator: Partho P Sengupta, MD—WVU Heart and Vascular Institute, 
J.W. Ruby Memorial Hospital. Recruiting.

	 7.	 https://clinicaltrials.gov/ct2/show/NCT00989924 Research on the Correlation 
among Magnetocardiography Patterns and Known Cardiovascular Risk 
Factors in Diabetic Patients. —National Taiwan University Hospital—
Observation 1100 Pts—Principal Investigator: Lee-Ming Chuang, 
MD. Ph.D.
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	 8.	 https://ichgcp.net/clinical-trials-registry/NCT04352816 University Hospitals 
Coventry and Warwickshire NHS Trust /Creavo UK. Primary Completion 
Date: April 2021; Est study Completion Date: December 31, 2025— 
Multi-centre Observational Cohort Trial Interventional—MCG Parameters in 
the Prediction of Future ICD Therapy 510 pts—Principal Investigator: Faizel 
Osman, MD FRCP FESC—University Hospital Coventry and Warwickshire. 
Recruiting.

	 9.	 https://www.clinicaltrials.gov/ct2/show/NCT00572442 CardioMag Imaging/
Cedars-Sinai Medical Center—MCG in Asymptomatic Individuals—Pilot 
Trial 40 HS—Withdrawn (sponsor funding) November 17, 2009—Principal 
Investigator: Kirsten Tolstrup, MDCedars-Sinai Medical Center.

	10.	 https://clinicaltrials.gov/ct2/show/NCT00572949 CardioMag Imaging/
Cedars-Sinai Medical Center—MCG in the Diagnosis of Chest Pain 
Syndrome 398 pts—Withdrawn (sponsor funding) November 17, 2009—
Principal Investigator: Kirsten Tolstrup, MD—Cedars-Sinai Medical Center.

	11.	 https://www.clinicaltrials.gov/ct2/show/NCT00574561 CardioMag Imaging/
Cedars-Sinai Medical Center—MCG in Subjects Undergoing CT 
Angiography 300 pts—Withdrawn (sponsor funding) November 17, 2009—
Principal Investigator: Kirsten Tolstrup, MD—Cedars-Sinai Medical Center.

	12.	 https://clinicaltrials.gov/ct2/show/NCT00169975 CardioMag Imaging 
Completed July 18, 2011 Observational—137 pts. MCG to diagnose ACS in 
ED—Principal Investigator:	 Peter A. Smars, MD, EM—Mayo Clinic.
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Disposition from the Short Stay Unit

Jason P. Stopyra

1 � Chest Pain Unit Patient Entry: Appropriate 
Patient Selection

Appropriate initial patient selection is one of the most critical determinants of suc-
cess of the disposition process from a chest pain unit (CPU). In most cases, patients 
with a chief complaint of chest pain are placed in a CPU by an emergency physician 
after initial patient evaluation. A history, physical examination, 12-lead electrocar-
diogram (ECG), and initial serum cardiac biomarker measurement is assumed to be 
performed before entry into a CPU. The basic information obtained through this 
process should help to identify either a) patients at such high risk for acute coronary 
syndrome (ACS) or adverse events that inpatient admission is indicated without 
further testing or b) patients with syndromes that are clearly noncardiac in origin 
where initiation of a clinical pathway to rule out ACS would not be appropriate. In 
addition, before entry into the CPU, practical and logistical factors that prevent safe 
discharge of the patient from the hospital should be assessed. Early identification of 
this type of patient will enable the CPU to run more efficiently and prevent final 
patient disposition problems. This is particularly important in a setting where shift 
changes between physicians, advanced practice providers (APPs), and nurses will 
lead to the transfer of patient care. There must be a clearly delineated set of disposi-
tion possibilities if and when shift change occurs.
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1.1 � Exclusion of Patients at High Risk for Acute 
Coronary Syndrome

Clearly, patients having grossly abnormal vital signs (e.g., hypotension, respiratory 
instability), unstable cardiac rhythms, diagnostic ischemic changes on ECG, or 
elevations of serum cardiac markers in a diagnostic range for significant myocardial 
injury should not be entered into a CPU pathway. These patients are at high risk 
based on initial physician assessment and should be admitted to the hospital not be 
placed in the CPU. The diagnostic component of the observation process will, in 
most cases, only delay hospital admission and more definitive care. The exclusion 
of unstable patients and patients with ACS from the CPU is at the cornerstone of a 
unit that maintains the highest quality, efficiency, and safety [1].

1.2 � Exclusion of Patients at Very Low Risk of Acute 
Coronary Syndrome

Although the diagnosis of subtle or even occult ACS can be difficult, it is occasion-
ally possible to make a definitive non-ACS diagnosis in the patient with signs or 
symptoms associated with ACS such as chest pain or dyspnea. The emergency 
department (ED) evaluation to identify the very low risk patient should focus on a 
validated ED chest pain risk stratification tool and the identification of common 
cardiopulmonary processes like pneumonia and pulmonary embolism that can be 
proven through readily available ED testing [2].

The practical advantage of excluding patients with very low-risk scenarios lies 
primarily in reducing the over utilization of observation resources. Patients with 
very low pretest probabilities of ACS (<1%) will be more likely to have false-
positive ECG and cardiac marker results than actual ACS [3]. Applying the CPU 
testing strategy to these patients will increase the number of false-positive results, 
unnecessary imaging or invasive testing, cost, as well as risk to patients [4]. 
However, while some patients can have ACS excluded due to the definite diagno-
sis of an alternative process, many cannot, and physicians should not overreach 
this strategy. For example, although gastroesophageal reflux disease (GERD) is 
common in ED patients with atraumatic chest pain, it cannot be definitively 
proven in the ED.  This difficulty creates a common pitfall for physicians who 
would like to make a clinical diagnosis of a common disease such as GERD while 
ignoring the possibility of a subtle ACS.  In all cases, the evaluating physician 
must carefully entertain the possibility that ACS can occur concurrently with ACS 
mimics [5].
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1.3 � Exclusion of Patients with Logistical and Nonmedical 
Barriers to Safe Discharge

Before a patient enters into an observation pathway, a realistic logistic assessment 
of whether or not a patient can be discharged if all testing is negative is warranted. 
Frequently nonmedical barriers to safe discharge from the hospital are present and 
easily recognizable. The initial physician should determine these factors before 
entry to the CPU, and these barriers must be addressed before signing out the care 
of a patient to another provider. Some patients presenting to the ED who previously 
lived independently may be judged to now need additional care on a full- or part-
time basis. Common reasons for this change in status include progressive or previ-
ously unrecognized lack of mobility or cognitive impairment that inhibits the 
patient’s ability to carry out activities of daily living. If no immediate outpatient 
caregivers can be identified for these patients, appropriate steps should be taken to 
admit the patient to the hospital. Entry into the CPU will only delay this inevitable 
“social” admission.

2 � Indications for Hospitalization from the Short Stay Unit: 
Admission Triggers

During the observation period of the CPU stay, the primary goal of the clinical path-
way to identify the ACS patient is achieved through the continual collection of data 
aimed at providing further risk assessment. This new information—both objective 
and subjective—can either establish a low-risk status of a patient in the CPU or 
change the assessment of the patient’s risk from low/intermediate for ACS into a 
higher range that would likely require hospital admission and possibly acute 
intervention.

Any clinical pathway for the observation of patients being evaluated for possible 
ACS should have defined admission triggers—clinical or diagnostic endpoints that, 
if found, result in hospital admission with or without acute intervention (Table 1). 
While the activities of the patient undergoing observation are passive, those of the 
health-care providers are active and include frequent reassessments. The core diag-
nostic elements of a CPU pathway should consist of the following: regular measure-
ment of vital signs, assessment of patient symptoms, serial 12-lead ECGs, and serial 
serum cardiac marker determination. Another role of the CPU pathway is to allow 
for more time beyond a patient’s initial evaluation to observe for disease progres-
sion such that the clinician may entertain and definitively make alternative diagno-
ses during the allotted time. Thus, the actual time in observation is another tool of 
significant value in the CPU process. Consideration of alternative diagnoses adds 
accuracy and efficiency to the overall diagnostic process.
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Clinical factors
 �� Unexplained bradycardia or tachycardia
 �� Hypotension
 �� Severe hypertension
 �� Progressive or persistent dyspnea
 �� Intractable or recurring ischemic chest pain
 �� Severe decrement in patient’s functional capacity at 

baseline
 �� New diagnosis warranting hospitalization
Diagnostic factors
 �� New or dynamic ischemic ECG changes
 �� New significant elevations of serum cardiac markers
 �� Abnormalities on immediate provocative testing

Table 1  CPU admission triggers

2.1 � Assessment of Clinical Factors

The assessment of clinical factors is of paramount importance during observation in 
the CPU. Clinical factors include simple measurement of vital signs and reassess-
ment of patients’ symptoms. Repeated, routine measurement of vital signs will help 
to detect early signs of clinical decompensation. These should be scheduled by pro-
tocol and recorded diligently. As a general rule, the development of abnormal vital 
signs in a patient undergoing an observation protocol in the CPU requires explana-
tion and management. In the absence of a benign cause, patients may require admis-
sion to the hospital for further evaluation and management.

2.1.1 � Heart Rate

Unexplained bradycardia or tachycardia should always be addressed as they may 
represent significant physiologic impairment. Bradycardia may be an early sign of 
ischemia or infarction of the conduction system, especially if it involves the atrio-
ventricular (AV) node; worsening degrees of AV nodal block may indicate the pro-
gression of an infarction. Tachycardia in the CPU patient has many possible 
implications. Rhythm identification in the newly tachycardic patient is essential. 
Sinus tachycardia may be the only clinical sign of underlying clinical decompensa-
tion or early shock. If the underlying etiology is cardiac ischemia, sinus tachycardia 
may indicate left ventricular dysfunction or a new hemodynamic lesion (e.g., acute 
mitral regurgitation from papillary muscle dysfunction). Increased adrenergic tone 
related to ischemia and pain is also a common cause of sinus tachycardia in the ACS 
patient. The clinician must always have a high index of suspicion for alternative 
non-ACS diagnosis in the CPU patient that suddenly develops tachycardia. Sepsis, 
pneumonia, and pulmonary embolism are common diseases that may initially pres-
ent with relatively normal vital signs and diagnostic studies. New rhythms other 
than sinus tachycardia should be identified and treated appropriately.
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Iatrogenic causes for abnormal heart rates in the CPU are common and must be 
considered. The clinician must consider the influence of cardioactive medications 
(e.g., beta-blockers, calcium channel blockers, and other AV nodal agents) that are 
commonly used in the treatment of cardiac patients. Reflex sinus tachycardia may 
result as a reflex from the use of vasodilators such as nitrates and hydralazine, and 
can also be related to volume depletion resulting from diuretic administration. 
Vasovagal episodes related to things such as phlebotomy may cause transient brady-
cardia and hypotension. These episodes are self-limited and should not be overly 
concerning or affect CPU disposition. The treating CPU clinicians are the most 
appropriate personnel to determine the significance of any alteration in heart rate or 
other clinical data as well as make further diagnostic and management decisions.

2.1.2 � Blood Pressure

Much like heart rate abnormalities, unexplained hypotension is an ominous sign 
that should alert the clinician to the possibility of either severe cardiac dysfunction 
or the presence of a non-ACS diagnosis. Except for iatrogenic hypotension from 
commonly used medications and vasovagal episodes, patients experiencing hypo-
tension in the CPU should be considered for admission. Hypertension, on the other 
hand, is a much less reliable indicator of acute illness or decompensation. Judicious 
treatment of hypertension should be considered. Rarely, extreme, isolated hyperten-
sion requires hospital admission in the appropriately screened CPU patient.

2.1.3 � Respiratory Distress and Hypoxia

Unexplained tachypnea, increased work of breathing at rest and/or hypoxia may 
indicate recurrent ischemia or other conditions such as a pulmonary embolus or the 
development of pulmonary edema. Elderly patients, in particular, commonly pres-
ent with dyspnea as an anginal equivalent [6]. An immediate, careful reexamination 
of the patient should be performed by the treating clinician if respiratory distress or 
hypoxia develops. The clinician should strongly consider expanding their differen-
tial diagnosis, reimage the chest with the most appropriate imaging modality, and 
proceed with other pertinent diagnostic studies.

2.1.4 � Recurrent Symptoms

The reoccurrence of a patient’s symptoms during the period of observation affords 
the clinician an opportunity to reevaluate for ACS versus non-ACS. Constant intrac-
table pain that is not associated with ECG changes or elevated troponin levels after 
several hours is far less likely to be of cardiac origin than if the pain is episodic and 
recurrent. However, brief episodes of chest pain or anginal equivalent symptoms 
due to cardiac ischemia may not result in ECG changes or serum cardiac marker 
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elevations. The determination of the etiology of a patient’s chest pain is the diagnos-
tic challenge that has brought them to the CPU, and the very nature of the process 
may take hours and further evaluation and testing to identify.

2.2 � Abnormal ECG and Serum Cardiac Marker Testing

2.2.1 � Dynamic ECG Changes

Rhythm monitoring and repeated 12-lead ECGs based on additional clinical changes 
are essential parts of observation. Admission triggers related to the ECG assume 
that the initial ECG has been nondiagnostic (normal, nonspecifically abnormal, or 
unchanged from previous tracings) with a stable rhythm (Table 2).

2.2.2 � Continuous ECG Rhythm Monitoring

Patients may be placed on continuous ECG rhythm monitoring while undergoing 
the rule-out acute myocardial infarction (AMI) procedure. This step aims to detect 
new arrhythmias with particular attention to ventricular arrhythmias and high-grade 
AV nodal blocks. If these are identified, they should result in hospital admission. 
Atrial arrhythmias like atrial fibrillation/flutter and other supraventricular tachycar-
dias occur with some frequency and may redirect the evaluation and provide a rea-
sonable alternative diagnosis to ACS.

2.2.3 � ST Segment Changes

With changes in symptoms, serial or continuous 12-lead ECG monitoring is per-
formed to detect diagnostic ST-segment changes that cannot be found through stan-
dard telemetry systems (i.e., single or multilead rhythm monitoring). Specifically, 
dynamic ST-segment elevation or depression greater than or equal to 1 mm as com-
pared to the baseline ECG should warrant concern for ACS, immediate patient 
reevaluation, and cardiology consultation as indicated.

Table 2  Diagnostic ECG triggers for 
admission

Dynamic ST changes
 �� ST depression
 �� ST-elevation
 �� New bundle branch block—not rate-related
New arrhythmias
 �� New second or third AV nodal block
 �� Ventricular tachycardia
 �� Excessive ventricular ectopy

J. P. Stopyra



221

2.2.4 � T-Wave Changes

T-wave inversions and flattening are less specific changes than ST-segment devia-
tion for acute ischemia but may still be associated with increased mortality risk [7]. 
In the CPU, dynamic T wave changes should be looked at with some skepticism 
before making an admission decision. One potentially helpful aspect of the invert-
ing T-wave is summarized as such: as the depth of the T-wave inversion increases, 
the rate of ACS also increases [8]. A common pitfall that may occur over the course 
of hours spent in the CPU that can result in T-wave inversions or flattening include 
different ECG techniques between baseline and repeat 12-lead ECGs. Changes in 
body position were once thought to significantly influence T-wave appearance, but 
this has recently been challenged [9]. A patient sitting upright or lying in the lateral 
decubitus position can have changes in the heart’s anatomical position inside the 
thorax. Likewise, changes in lead position can significantly impact ECG appearance 
[10, 11]. The CPU staff should be aware that the different ECG manufacturers may 
use different software filters that aid in the generation of the tracing. These data 
processing differences can result in slight variations in ECG appearance. Ideally, all 
12-lead ECGs for each patient should be performed in the same semiupright posi-
tion, using the same machine and leads throughout the observation process for 
consistency.

Another potential confounder of apparent dynamic ECG findings is the presence 
of a significant electrolyte disturbance, particularly involving potassium, calcium, 
and magnesium [12]. It is common practice in the CPU to correct these abnormali-
ties during the observation period, so it would be expected that the ECG appearance 
may change as well. The CPU clinicians should be careful not to overreact to the 
normalization of the ECG after the electrolyte corrections. In any case, T-wave 
changes should be used as one part of the patient’s clinical picture in making hospi-
tal admission decisions.

2.2.5 � Abnormal Cardiac Markers

The use of serum cardiac markers for ACS diagnosis and prognostication is dis-
cussed more extensively elsewhere in this text. This discussion is focused on using 
these cardiac markers as a basis for hospital admission from the CPU.

Contemporary cardiac troponin assays (cTnI or cTnT) as well as high sensitivity 
cardiac troponin assays (hs-cTnI or hs-cTnT) can detect tiny concentrations of cir-
culating troponin [13, 14]. As a result, a significant percentage of patients in a CPU 
environment will have detectable troponin levels. Many low-risk patients are 
included in this population, but these troponin elevations may not be associated with 
ACS. In fact, these troponin elevations may be related to other cardiac, non-ACS 
conditions such as decompensated heart failure and hypertensive urgencies/emer-
gencies among the most common. While these alternative conditions may not rep-
resent true ACS, troponin elevations have been associated with increased mortality 
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and short-term adverse outcome rates and deserve appropriately aggressive 
care [15].

To improve the accuracy of admission decisions for ACS based on serum tropo-
nin elevations, two strategies can be incorporated into the CPU guidelines.

	(a)	 Determine a diagnostic cutoff that will be respected at your institution.
With assistance from the local laboratory and/or assay manufacturer, cardi-

ologists and emergency physicians should agree on an established diagnostic 
cutoff level or change in serial samples that, once met on a single sample, 
should result in admission. These diagnostic levels should not define AMI or 
ACS but do provide a posttest odds assessment such that ACS is highly proba-
ble [16].

	(b)	 Measure troponin trends to look for peaking patterns versus plateaus.
Troponin concentrations below the predetermined diagnostic cutoff and 

above the lower level of detection should be addressed through careful patient 
reassessment and serial measurements. Going back to the bedside with the 
added knowledge of an indeterminate troponin elevation can sometimes yield 
new information from the physical examination or patient history that was not 
previously discerned. Serial measurements are performed to distinguish trends 
as well as to detect analytic false positives. The timing between sample collec-
tions in the CPU should be in the range of every 1–4 h [17]. If a clinical answer 
is not apparent from reevaluation, then repeat testing for trend analysis is 
appropriate.

Trend analysis of nondiagnostic troponin levels will yield three patterns: peak-
ing, declining, or a plateau. Peaking patterns are highly specific for acute processes, 
and in the appropriately selected CPU patient, ACS is the most common of these. 
Both declining and plateau patterns commonly indicate subacute non-ACS pro-
cesses, the detection of a prior recent ACS which is resolving, or analytical errors 
[18]. In summary, patients with peaking troponin patterns should generally be hos-
pitalized, but those with plateauing patterns should have individualized treatment 
and disposition, taking into consideration their clinical presentation.

2.3 � Provocative Testing and Advanced Imaging

The integration of advanced imaging and provocative testing into the CPU protocol is 
determined mainly by local factors, especially resource availability, institutional pref-
erence, and expertise. Specific aspects of various advanced testing modalities appear 
elsewhere in this text. Admission criteria based on positive results of these advanced 
tests should focus on the intention to treat ACS and the need for further invasive test-
ing (i.e., coronary angiography). Most patients with positive tests will require hospital 
admission, but the demonstration of coronary artery disease alone does not dictate 
admission if the patient is clinically at low risk for ACS. (See the section below on 
outpatient strategies for patients with known coronary artery disease.)
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2.4 � Reassessment of Functional Status at the End of the Chest 
Pain Unit Protocol

After the patient has stabilized and serial cardiac marker and ECGs are nondiagnos-
tic, basic functional status can easily be assessed. A CPU walk or “road test” can be 
a powerful maneuver to help determine appropriateness for discharge [19]. The 
CPU staff can assist the patient with low-level exercise by simply having the patient 
walk inside the unit and in the hallways for 1 or 2 min. Efforts to reproduce the 
patient’s home conditions should be made with baseline supplemental oxygen and 
mobility aids such as a walker or a cane. This exercise test occasionally results in 
recurrent ischemic symptoms, respiratory distress, and/or significantly abnormal 
blood pressure or heart rate responses not present at rest. A positive finding on this 
simple evaluation prior to the arrangement of provocative testing therefore uncovers 
the patient at high risk for discharge who will now necessitate hospital admission.

2.5 � Situations When Outpatient Medical Management 
Strategies for Patients with Known Coronary Artery 
Disease Are Appropriate

Patients with coronary artery disease (CAD) will become symptomatic at times and 
present for evaluation. It is impractical to exclude all patients with preexisting CAD 
from observation protocols because of their CAD history. A careful assessment of 
the presenting symptoms can help identify patients at low-intermediate versus high 
risk for ACS. These low-intermediate risk patients with known CAD will have spe-
cific diagnostic and therapeutic goals. Since CAD is already known in this subset of 
patients, the immediate diagnostic goals are to exclude AMI and determine if the 
patient’s chest pain is ischemic in nature. Therapeutic goals should include stabili-
zation and optimization of medical management of myocardial oxygen delivery, 
oxygen demand, and platelet inhibition (e.g., aspirin).

A few specific scenarios involving patients with known CAD are commonly seen 
in the CPU and may result in outpatient care rather than admission. In some cases, 
patients with known severe, inoperable, or nonintervenable CAD will have been 
previously evaluated by their physicians. After careful deliberation between doctor 
and patient, a long-term plan for medical management may be determined. When 
these patients present for evaluation with limited ischemic symptoms, they may be 
discharged home after successfully completing an observation protocol to rule out 
AMI. As mentioned previously, recurrent ischemia in the CPU is an indication for 
hospital admission, including this patient population. Medical therapy can be opti-
mized with the help of the patient’s primary team of physicians, and close follow-up 
can be established. These patients should be made aware of the long-term risk of 
coronary events associated with their disease.
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Medication noncompliance is one of the most common reasons for ischemic 
symptoms in the patient with established CAD. Patients who are noncompliant with 
antianginals and antihypertensives are relatively straightforward. Ischemic symp-
toms result from a reversible supply–demand mismatch and do not represent an 
acute coronary event (i.e., plaque rupture or thrombosis). After AMI is excluded, a 
simple resumption of medications and referral back to the patient’s cardiologist or 
primary care physician may be sufficient. However, it is important to keep in mind 
that patients that become symptomatic after noncompliance with antiplatelet agents 
have a higher risk of acute coronary thrombosis, especially if coronary stents are in 
place. These patients may have a more significant short-term risk for ACS and may 
need to be admitted for more aggressive anticoagulation and platelet inhibition even 
if they rule out for AMI [20, 21].

Finally, some patients with known CAD, yet low–intermediate ACS risk, will be 
successfully ruled out for AMI by ECG and serial cardiac markers, but will need 
assessment for inducible ischemia to further guide therapy. In contrast to the “medi-
cal management only” subset, these patients would potentially be eligible for sur-
gery or percutaneous coronary intervention (PCI) if indicated. The CPU process 
allows for cardiology consultation as well as immediate or outpatient testing of 
these patients once they have successfully completed the CPU protocol without any 
subjective or objective concerns. The outpatient strategy assumes that the patient is 
compliant with medical instructions, follow-up appointments, and precautions.

3 � Indications for Safe Discharge from the Chest Pain Unit

3.1 � Clinical Criteria

The patient should meet a set of clinical criteria prior to discharge from the chest 
pain unit. The most obvious are a negative cardiac test such as a stress test or cardiac 
computed tomography angiography (cCTA) and negative or nonrising serial cardiac 
troponins. These findings are the primary focus for whether a patient can be safely 
discharged. In addition, patients must also have acceptable vital signs, the ability to 
tolerate a diet and perform activities of daily living with available resources. Finally, 
as mentioned previously, it is wise to reassess a patient after they take a short walk 
around the unit to identify any subtle abnormalities brought on by ambulation.

3.2 � Shared Decision-Making

Shared decision-making is an approach that providers can employ when patients 
have nontraditional requests, and different management and disposition options are 
fairly equivalent [22–25]. This is most commonly used prior to discharge for patients 
who choose not to undergo immediate cardiac testing and request an outpatient 
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testing approach. Providers and patients in these situations may together evaluate 
the available options. Whenever differing opinions exist, the patient’s opinion of the 
next steps in chest pain evaluation should be addressed and incorporated into 
decision-making. A discussion of risks, benefits and patient preference needs to 
occur in an honest and open environment with the goal of reaching the best option 
for the patient.

It should be noted that each center needs to decide on the balance it strikes 
between medical paternalism and a patient’s responsibility for their own care. If 
patients have access to outpatient care, lack nonmedical barriers to follow-up, and 
are given specific scheduled instructions for follow-up, immediate provocative test-
ing of low-risk patients, although convenient, may not be medically necessary 
[26, 27].

3.3 � Discharge Planning and Establishment of Follow-Up

The patient should be involved in the discharge planning process so that they are 
aware of the process completed, understand their test results, are comfortable with 
the treatment and discharge plan, and have the opportunity to ask questions. The 
final step in the CPU disposition process is the arrangement of outpatient follow-up. 
Patients should leave the CPU with firm plans for close follow-up with a primary 
care physician (PCP) or cardiologist—that is, days, not weeks. Cardiac risk factor 
modification and general reassessment will be the focus of the next outpatient visit.

One of the major determinants of compliance with follow-up plans is access to 
care. It is strongly recommended that the CPU have procedures in place for direct 
lines of referral with participating primary care clinics and/or cardiologists who will 
accept CPU referred patients. An on-call or referral list of outpatient clinic options 
is frequently available for new patients presenting to hospital-based EDs. It is rea-
sonable to use these connections to ensure patients are not lost to follow-up.

It is particularly critical to address access to outpatient-care issues in settings 
where outpatient provocative testing is offered or encouraged [28]. Both immediate 
and delayed provocative testing models are in use today, although data supporting 
the safety of delayed testing is sparse [29]. Integrating immediate provocative test-
ing or coronary imaging into CPU guidelines for patients with no access to sched-
uled outpatient testing due to payer status or other nonmedical barriers may be 
necessary. Despite the resultant costs in CPU length of stay and increased hospital 
admission rates, patient safety must come first. The most elegant plan for outpatient 
care will fail if the patient cannot logistically fulfill it.

Finally, it is essential that the patient is not given the impression that their medi-
cal care is complete; rather, it should be stressed that they have successfully com-
pleted one step in their evaluation and treatment. Predischarge education and 
discharge documents should clearly explain that while they do not appear to be 
having ACS at this time, they need to comply with follow-up instructions to help 
prevent future cardiac events.
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4 � Summary

Utilization of the short stay CPU for the evaluation of patients with possible ACS is 
only effective if there is a clear understanding of the various disposition outcomes 
that are possible. Clarifying specific admission triggers and discharge criteria is 
essential to maintain an efficient process that improves early recognition and treat-
ment of ACS and accuracy of admissions. A clinical pragmatism is currently 
required when designing the necessary clinical pathways for admission or discharge 
because in many critical areas related to observation medicine, the level of evidence 
present in the literature is not strong or does not correlate with the real-world undif-
ferentiated patient population that inevitably presents in the acute-care setting. 
Local solutions that emphasize patient safety and realistic resource utilization 
should always be sought, and the chosen methods should be refined over time 
through sound process improvement activities.
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Examples of Chest Pain Accelerated 
Decision Pathways, Rule-Out ACS/ACS 
Protocols, Order Sets, and Discharge 
Instructions

Damian Stobierski, Yue Jay Lin, Yitzchak Weinberger, 
and Christopher Caspers

Chest pain protocols have been developed and in use in ED observation units since 
the 1980s [1]. These protocols include risk stratification with serial EKG and tropo-
nin testing and, if negative, may progress to provocative testing or coronary imaging 
[2]. These protocols will differ regionally and institutionally based on availability 
and expertise in modality of stress testing (nuclear versus echocardiography), coro-
nary CTA, and diagnostic and interventional coronary angiography.

Prior prospective, randomized, controlled trials have demonstrated the benefits 
of protocol-based chest pain care [3]. In general, these studies have found that 
protocol-based chest pain care is associated with shorter length of stay, lower costs, 
improved quality, improved patient experience, and ultimately higher value [4–9].

Below are examples of chest pain and ACS protocols and order sets, as well as 
discharge instructions.
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1 � Accelerated Decision Pathway for Chest Pain Evaluation

Chest pain

Troponins at 0, 3 and 6
hours remain NEGATIVE
with non-ischemic EKGs

TIMI 0-1

Discharge patient /
outpatient PCP follow

TIMI ≥ 2

Further inpatient cardiac
risk stratification and testing

at discretion of provider

Obtain serial Troponins1 at 0
hours, 3 hours and 6 hours
from onset of chest pain 2

1Must be lab troponin, only time 0
can be POC test

No

No

YES

YES

Risk Assessment Using TIMI* Score

Exclude serious non-
coronary causes: PE,

dissection, pneumonia,
etc.

Exit Pathway
Consider Cardiology

Consultation

Red Flags:
New ischemic EKG changes

Hemodynamic instability
Clinical concern patient high risk

•
•

•

•
•

Cardiac intervention within past 6 months (PCI,
CABG, etc.)

History suggestive of unstable angina/ongoing
chest pain

2
Amsterdam E.A., Wenger N.K., Brindis R. G., et al. 2014 ACC/AHA guideline for the management of patients with non-ST-elevation acute coronary syndromes: A report of the American College of Cardiology/American

Heart Association Task Force on Practice Guideline. Journal of the American College of Cardiology.` 2014;64(24):e139–e228.  
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Peacock WF, Baumann BM, Bruton D, et al.Efficacy of high-sensitivity troponin t in identifyin very-
low-risk patients with possible acute coronary syndrome. JAMA Cardiol 2018; 3: 101–11.
Neumann JT, Twerenbold R, Blankenberg S.N, er al. Application of High-Sensitivity Troponin in
Suspected Myocardial Infarction. Engl J Med. 2019 Dec 19;381(25):2483

Yes

No

No

No

No

No

No

Out of Scope:
STEMI

Activation
Does the patient meet STEMI

criteria?

Patient arrives at NYULH
Emergency Department

(ED) with symptoms
suggestive of ACS

New Ischemic EKG
findings?

Chest pain <3 hours AND/OR
initial hs-c Tnl 5-17 (women) or

5-35 (men)

Repeat hs-c Tnl 3 hours from
initial troponin

Is there evidence of
ongoing myocardial

ischemia?

Manage acute
condition AND

repeat hs-c Tnl per
clinician discretion

Consider treatment for
ACS if high clinical

suspicion AND repeat
hs-c Tnl 3hrs after first

positive level

hs-c Tnl >17ng/L (women)
>35ng/L (men)

Is there an alternative
diagnosis (ex. PE/Sepsis) that

may be contributing to a
positive hs-c Tnl value?

hs-c Tnl <=17 (women)
or <=35 (men) AND

delta <= 3

Is HEART score <=3?

HS <=17 (women) or
<= 35 (men)

Acute myocardial
ischemia likely present

Patient may require
further inpatient

workup as considered
by clinican

Chronic
Myocardial Injury (i.e.

arrythmia,
CHF, CKD, structural
heart disease etc.)

Ruled Out for ACS: Further
cardiac risk stratification and

testing at discretion of provider
(consider discharge home with

outpatient follow up vs.
Observation status)

Repeat hs-c Tnl 6
hours from initial

troponin

hs-c Tnl <=17
(women) or <=35

(men) AND delta <= 4
(consider Observation

status)

Evaluate with serial troponins to risk
stratify (order panel to place lab

order)

Is HEART score <=3?

Chest pain ≥ 3 hours AND
hs-c Tnl <5ng/L

Ruled Out for ACS:

Perform risk assessment
using HEART score

High Sensitivity Troponin Evaluation Workflow

Yes Yes

No

Ensure serious non-
coronary causes

excluded
(Pneumonia, dissection,

pulmonary embolism,
etc.) 

Consider discharge
home with follow up

to PCP

Patient may require
further Cardiac workup

as considered by
clinician/consider

Cardiology consult

Yes

Yes

Yes

>20%
Is there a significant rise

in troponin           , from
previous value)?
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2 � Chest Pain Order Set for Observation Unit
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3 � Stemi Order Set
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4 � Discharge Instructions: Chest Pain

Chest pain can occur for many reasons. These include the following.

•	 Cardiac—heart attack, myocarditis (inflammation of the heart)
•	 Lung—pneumothorax (collapsed lung), pulmonary embolism (blood clot of 

the lung)
•	 Gastrointestinal—esophageal reflux, gastritis, pancreatitis, liver disease, gall 

bladder disease
•	 Musculoskeletal—costochondritis (inflammation of the rib cartilage), broken 

ribs, sprained muscle, overworked muscle
•	 Infectious—pneumonia, viral illness
•	 Psychiatric—anxiety

The emergency department physician has determined that a dangerous cause for 
your chest pain is unlikely. However, sometimes a dangerous diagnosis is in its early 
stages and may develop, so it is important that you continue to monitor your 
symptoms.

It is recommended that you rest and avoid strenuous activity for 24 h. After that, 
slowly return to your regular activity. Take any medications that your emergency 
physician has prescribed for you. Also, continue taking all of your prior medica-
tions. Please schedule a follow-up appointment with your primary care doctor to 
discuss further testing that may be needed to determine the cause of your chest pain.

Return to the emergency department if your pain becomes more severe or 
changes in quality, if your pain spreads to your arm/shoulder/jaw, if you become 
short of breath or have trouble walking around due to difficulty breathing, if you 
feel weak or pass out, or if you develop any other new or concerning symptoms.

You should also speak to a health-care provider if you develop cough productive 
of bloody sputum, persistent fevers, or swelling in one leg that is worse than 
the other.

5 � Discharge Instructions: Angina

Angina is a type of pain that occurs in your chest when your heart muscle is not 
getting enough oxygen. It often occurs when you are exerting yourself, such as with 
exercise, walking, or even with emotional upset. Angina often feels like a crushing 
pain inside your chest. The pain can move to your shoulder, arm, or jaw, and can 
lead to a sensation of shortness of breath as well. While angina is a sign of coronary 
artery disease, there are management strategies you can use for the pain. You can 
also improve your heart’s health with some lifestyle changes.

D. Stobierski et al.
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5.1 � Managing Angina

Angina often occurs with exertion. If you feel the pain starting, it is important that 
you sit down and rest from whatever you were doing, as this may help the pain 
improve. This may also include attempting to relax and removing yourself from any 
stressful situations.

If the pain does not improve with rest, call 911, as you may be experiencing not 
only angina but a heart attack.

Your doctor may have prescribed you nitroglycerin to manage your angina. 
Nitroglycerin helps by dilating the blood vessels near your heart. If he/she did, 
please keep your nitroglycerin with you at all times as you do not know when you 
may experience angina.

When you experience an episode of angina, sit down and take 1 table of nitro-
glycerin under your tongue. Do not take it standing up as you may pass out. Do not 
chew or swallow the tablet.

Your pain should improve within a few minutes of taking the nitroglycerin. If 
you do not notice any improvement within 5 min, you should call 911, as you may 
be experiencing not just angina but a heart attack. If your pain partially resolves and 
you have discussed it with your doctor, you may take a second dose of nitroglycerin 
five minutes after the first. You can repeat this for up to three times.

If your chest pain goes away completely after the nitroglycerin, remain seated for 
five minutes, and then slowly return to your activity. Take note of when you experi-
ence angina and when you use nitroglycerin to improve your symptoms and share 
this log with your physician.

5.2 � Managing Risk Factors

5.2.1 � Diet

Your health-care provider may talk to you about making dietary changes to improve 
your heart health.

Some changes that may be effective include the following.

•	 Eat less sodium.
•	 Eat less processed sugars.
•	 Eat less fatty/greasy food.
•	 Eat more vegetables and fruits.
•	 Eat lean proteins instead of red meat.
•	 Limit sweets and processed foods.
•	 Limit sodas and high-calorie foods
•	 Limit fried foods.

Examples of Chest Pain Accelerated Decision Pathways, Rule-Out ACS/ACS Protocols…



244

5.2.2 � Physical Activity

Your health-care provider may have recommended an exercise program for you. It 
is often beneficial to exercise vigorously (such that you feel your heart rate increas-
ing) for 30 min/day, 5 days/week. Any exercise that elevates your heart rate is 
appropriate. Some examples including walking briskly, jogging, biking, swimming, 
hiking, dancing, and martial arts. Discuss any drastic changes in your exercise plan 
with your health-care provider.

5.2.3 � Weight Management

If you are overweight, your health-care provider may recommend losing weight. A 
good goal to aim for is to lose 5–10 lbs in 6 months. Making the diet and exercise 
changes listed above will be helpful in attaining this goal.

5.2.4 � Smoking

If you smoke cigarettes, use electronic cigarettes, or chew tobacco, it is recom-
mended that you quit or at least cut back on your use. Quitting can be difficult, and 
you should discuss how to increase your chances of success with your health-care 
provider. Some patients find being part of a support group helpful. Nicotine gum 
and nicotine patches can be bridges on the road to quitting. There are also medica-
tions that can be prescribed to help with cravings.

5.3 � When to Call 911

Because you have coronary artery disease that causes your angina, you are at risk of 
having a heart attack. These are some symptoms you should watch out for that may 
indicate you are having a heart attack. If you experience any of these, please call 911 
or go to an emergency department immediately.

•	 Chest pain that is more severe than usual.
•	 Chest pain that moves to a different location than usual (arm, shoulder, jaw).
•	 Chest pain that comes with shortness of breath and/or sweating.
•	 Chest pain that comes with a sensation that you may pass out.
•	 Chest pain that lasts longer than normal.
•	 Chest pain that is brought on by less exercise than normal.
•	 Chest pain that is not improved with nitroglycerin.
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6 � Discharge Instructions: Heart Attack

You had a heart attack (myocardial infarction). This occurs when a blood vessel on 
the surface of your heart that brings blood to your heart muscle is suddenly blocked 
entirely. This causes that portion of your heart to not receive oxygen and function 
more poorly.

You may have had an intervention such as a stent performed at the hospital, or 
you may have had your medications changed to better manage your coronary artery 
disease. Either way, it is very important for you to take all of your medications as 
prescribed. You are at risk of a blockage forming in your coronary blood vessels 
again and having another heart attack. This risk will be lowered if you take your 
medications.

It is also important that you follow up with your cardiologist and your other doc-
tors as recommended. You may need to have your medications adjusted at these 
follow-up visits.

Recovery from a heart attack can take time. Take it easy for the first few weeks 
after you leave the hospital. Recovery may be easier as part of a cardiac rehabilita-
tion program. These are programs that help patients who have survived heart attacks 
or cardiac surgery to regain strength in their heart muscle and safely reenter their 
daily lives after these health issues were acutely addressed. Cardiac rehab programs 
can also assist with dietary modifications, smoking cessation, or other health issues 
that may be affecting your heart.

Your doctor may have recommended lifestyle changes that would help prevent 
your heart from accumulating further damage. These may include the following.

6.1 � Diet

Your health-care provider may talk to you about making dietary changes to improve 
your heart health.

Some changes that may be effective include the following.

•	 Eat less sodium.
•	 Eat less processed sugars.
•	 Eat less fatty/greasy food.
•	 Eat more vegetables and fruits.
•	 Eat lean proteins instead of red meat.
•	 Limit sweets and processed foods.
•	 Limit sodas and high-calorie foods.
•	 Limit fried foods.
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6.2 � Physical Activity

Your health-care provider may have recommended an exercise program for you. It 
is often beneficial to exercise vigorously (such that you feel your heart rate increas-
ing) for 30 min/day, 5 days/week. Any exercise that elevates your heart rate is 
appropriate. Some examples including walking briskly, jogging, biking, swimming, 
hiking, dancing, and martial arts. Discuss any drastic changes in your exercise plan 
with your health-care provider.

6.3 � Weight Management

If you are overweight, your health-care provider may recommend losing weight. A 
good goal to aim for is to lose 5–10 lbs in 6 months. Making the diet and exercise 
changes listed above will be helpful in attaining this goal.

6.4 � Smoking

If you smoke cigarettes, use electronic cigarettes, or chew tobacco, it is recom-
mended that you quit or at least cut back on your use. Quitting can be difficult, and 
you should discuss how to increase your chances of success with your health-care 
provider. Some patients find being part of a support group helpful. Nicotine gum 
and nicotine patches can be bridges on the road to quitting. There are also medica-
tions that can be prescribed to help with cravings.
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