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Introduction

Chest pain is a common presenting symptom for Emergency Department (ED) visits, second
only to abdominal pain in the United States, constituting over 5.5 million visits ED annually.
1 Despite this, the number of patients ultimately diagnosed with an acute coronary syndrome
(ACS), either ST-elevation myocardial infarction (M), unstable angina or a non-ST
elevation MI, is less than 20%.2

The goals of the evaluation of patients in the ED who present with chest pain include the
rapid recognition of conditions that require emergent care, such as ACS (as well as the far
less common pulmonary embolism and acute aortic syndromes), and risk stratification for
these conditions to allow for rapid treatment and triage decisions. Ideally, if such patients
can be identified as being at very low risk of having an ACS (or other serious diagnosis),
they can be triaged to home, for further work-up as an out-patient if needed. However, based
on the limitations of the standard evaluation strategies, some reports suggest that up to
approximately 2% of patients ultimately found to have an ACS are inappropriately
discharged home from the ED.2 Again based on the limitations of the standard evaluation, a
much larger number of patients are admitted for prolonged observation and additional
testing who are ultimately found to not have an ACS. Thus, these observations or admissions
could be considered inappropriate, and a suboptimal use of resources.

Patients with a clear diagnosis of ACS based on history, physical exam, initial
electrocardiogram (ECG), and/or initial cardiac biomarkers should be rapidly admitted and
treated per Guideline recommendations as appropriate.3# Conversely, patients with a clear
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cause of benign non-cardiac chest pain after initial evaluation could be discharged directly
from the ED with appropriate treatment and follow-up, if necessary, to avoid unwarranted
admission or delay in triage decision. Unfortunately, the initial evaluation of patients who
present to the ED with chest pain often fails to provide a firm enough diagnosis to allow a
prompt triage decision to be made. While a thorough history should always be obtained,
clinical characteristics alone are very often not adequate to make a diagnosis, or predict
outcomes.® The ECG, while a useful diagnostic tool, has similar shortcomings. A
completely normal ECG is not only present in a small percentage of ED patients with chest
pain, but even in the setting of recent or ongoing chest pain cannot reliably exclude ACS.57
Many patients will have some abnormality on ECG at presentation, even if not specific,
which limits the ability to interpret ischemia. For example, left bundle-branch block,
ventricular paced rhythm, left ventricular hypertrophy, or nonspecific repolarization
abnormalities all impact the ability to evaluate for ischemia and infarction.

Joseph Alpert: Chest pain patients are a real challenge for Emergency Department
(ED) physicians since they are not familiar with the patient and hence may have a
hard time deciding how seriously they should consider the patient’s complaint. This
problem is compounded by the very short time that the ED physician has to
evaluate the patient given the constant demand for physician decisions in a typically
busy ED.

The use of cardiac biomarkers in the evaluation of acute chest pain in the ED is critical.
Their use is incorporated into the universal definition of MI,8 and a higher peak value has
shown to correlate with increased death rates.? In unstable angina, however, biomarkers may
not become elevated in the absence of cell death. Serial values are often required as well for
optimal sensitivity, delaying a diagnosis or triage decision for several hours, although even a
delayed elevation in biomarker levels portends a worse prognosis compared to patients with
normal values.10

Over the past 3—4 decades, several approaches have been developed in an attempt to improve
the rapid evaluation and triage of ED patients with suspected ACS. One approach has been
to use “clinical risk scores” derived from clinical data that are readily available in such
patients. As an example, one group applied the former Agency for Health Care Policy and
Research (AHCPR) clinical risk score to a large population of ED patients seen in Olmstead
CountyL, While there was clear risk stratification value (i.e. high risk scores were
associated with higher risk than low risk scores), the major adverse cardiac event rate in the
12% of patients who fell into the low-risk score category was 2.5% at 30 days. While lower
than the intermediate- or high-risk score category, this 30 day event rate is not low enough to
comfortably allow direct discharge from the ED. Similarly, the Thrombolysis in Myocardial
Infarction (TIMI) risk score, derived initially in populations with ACS in clinical trials, has
been applied to a more unselected population of almost 4,000 ED chest pain patients12,
While there was risk stratification value for 30 day major adverse events, the lowest score of
“0” was associated with a 2.1% risk, again not likely low enough to comfortably allow direct
ED discharge. Thus, clinical risk scores devised to help determine prognostic and triage
decisions cannot be solely relied on given clinically significant event rates in the lowest
group, complicated criteria which may lead to incomplete data, and variability depending on
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which score is used.?3-16 Such scores alone may not provide complete enough information
to optimally identify very low risk patients.

Joseph Alpert: One problem with clinical risk scores is that they are based on
population averages that have been statistically manipulated. This information may
well not apply to the individual patient currently under evaluation. Common sense
and clinical experience/judgment are needed to make the clinical decision in
conjunction with the clinical risk score.

Another approach to optimizing triage in ED chest pain patients has been the development
and use of “clinical decision instruments” to augment clinicians’ use of readily available
clinical and ECG data. These instruments are developed using known outcome data from
large populations, and modeling the baseline clinical information to create predictive tools,
providing a probability value for the diagnosis of ACS. Some incorporate automated
analysis of the ECG as well. One such instrument - the Acute Cardiac Ischemia Time
Insensitive Predictive Instrument (ACI-TIPI) — was validated in large populations and then
deployed in a randomized trial in an attempt to improve triage decisions’. While there was
no overall effect on triage decisions compared to standard evaluation without the instrument
in the whole population, in a subgroup of medical residents whose decisions were not
routinely supervised, there was a favorable effect of providing the probability information in
that fewer patients were unnecessarily admitted to cardiac intensive care units. Thus, while
several such instruments are validated, there has been no definitively favorable effect
demonstrated in trials on triage decisions. Moreover, these tools provide a probability
estimate along a continuous scale from 0 — 100%, likely more “precise” than the estimates
of individual clinicians, but not dichotomous enough to strongly effect decision making.

The use of imaging techniques in the evaluation of patients with chest pain in the ED has
increased steadily. Between 1999 and 2008, there was a greater than 4-fold increase in
advanced medical imaging, beyond standard x-ray testing, in the ED.1 The goal of the
addition of imaging techniques to usual care in the ED is to aid in the early identification of
ACS or its absence, and allow risk stratification of all patients. If a normal or “low risk”
image is associated with a very high negative predictive value, some very low risk patients
may be directly discharged home from the ED, while others will require further inpatient
evaluation and/or treatment. An advantage of imaging tests over predictive instruments is
that imaging tests may be interpreted in a more dichotomous manner, ie as “normal” or
“abnormal” (with varying degrees of abnormality). Conceptually, this may be easier for a
clinician to incorporate into his/her data base in order to drive a clinical triage decision.

The ideal candidate for the addition of an imaging test in the ED is one at low or
intermediate risk for ACS who cannot adequately be risk stratified by traditional methods
such as history, physical exam, ECG, and early biomarkers, such that the evaluating clinician
cannot confidently make a discharge decision. This report will review the major imaging
modalities that have been studied in this setting.

In the near future, new biomarker assays such as high sensitivity cardiac troponin assays,
which are not currently available in the United States, may be more effective than current
strategies in reliably and rapidly excluding Ml in low risk patients. In a prospective study of
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a high sensitivity troponin assay, using a very low cutoff in patients who presented to the ED
with chest pain excluded MI with a 100% sensitivity.18 Similar results have been found with
different assays of high sensitivity troponin, depending on the cutoff for a negative value.1?
Studies using an “accelerated diagnostic protocol” which combine a risk score to identify
patients (such as a TIMI risk score of 0) and then serial high sensitivity troponin | assays
over 2 hours suggest that 10-20% of patients may be identified as very low risk relatively
quickly, and require no further testing?C. The identification of a very low risk group of
patients by new biomarker assays may obviate the use of imaging in this select group.

Rationale for the use of functional and anatomic cardiac imaging

In the setting of myocardial ischemia, oxygen supply through coronary arterial tree is
insufficient to meet myocardial demand. Ischemia is not an “all-or-none” phenomenon with
regard to functional consequences, but rather exists as degrees of supply/demand mismatch
resulting in a stereotypical sequence of functional abnormalities. In the so-called “ischemic
cascade”, the earliest manifestation is a perfusion abnormality. As supply/demand mismatch
worsens, left ventricular diastolic abnormalities ensue, and then later systolic wall motion
abnormalities. Ischemic changes in the ECG and angina are late events.21 The ability to use
imaging to observe regional changes in myocardial blood flow (with perfusion imaging),
regional variation in systolic function (with echocardiography or cardiac MR imaging),
allows for identification of myocardial ischemia in patients even without ECG changes.
Visualization of the coronary anatomy (with coronary CT angiography) can allow an indirect
assessment of the likelihood that ACS is present by demonstrating the presence or absence
of coronary artery disease (CAD).

Rest radionuclide myocardial perfusion imaging

Early reports of rest radionuclide myocardial perfusion imaging (MPI) to assess patients
with chest pain in the ED date back to the 1970s. In early studies, thallium-201 planar
imaging was performed in patients with unstable angina and suspected Ml (Figure 1). The
results showed higher sensitivity to detect unstable angina compared to ECG alone, even in
the absence of angina.22 Additionally, there were more positive scans in those patients with a
complicated course compared to those with a more stable course, providing prognostic data.
Thallium-201 scans were subsequently evaluated in triage to the coronary care unit of
patients who presented with concern for Ml but a non-diagnostic ECG. This study showed a
100% sensitivity of thallium-201 rest MPI to detect acute MI.23 While these very early
studies illuminated the potential of non-invasive imaging to assess patients with unstable
angina and acute M, thallium-201 has properties not well suited for this purpose. While the
initial uptake reflects myocardial blood flow, the tracer subsequently “redistributes” over
time, and thus imaging needs to be completed relatively quickly after injection. This makes
using thallium-201 as the perfusion tracer for imaging ED patients challenging.

However, the subsequent availability of the Tc99m-based agents such as sestamibi and
tetrofosmin, which are also taken up initially based on myocardial blood flow but then only
minimally redistribute, enabled rest perfusion imaging in this setting to be performed more
conveniently. This advance in radiopharmaceuticals, along with the widespread increased

Curr Probl Cardiol. Author manuscript; available in PMC 2021 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dave et al. Page 5

availability of single-photon electron computed tomography (SPECT) scintillation cameras
helped enable a robust body of literature examining the use of MPI for the evaluation of
chest pain in the ED.

Rest only MPI in acute myocardial infarction

Initial studies evaluated the use of rest imaging with Tc99m-sestamibi in patients with
myocardial infarction, to assess infarct size. In patients with ST-segment elevation acute Ml,
rest MPI performed prior to thrombolysis demonstrated areas of hypoperfused myocardium,
representing the area-at-risk of infarct, and furthermore, correlated with areas of wall motion
abnormalities in those areas where flow was not restored.24 In patients without ECG
changes diagnostic of MI, when rest MPI was abnormal, arterial occlusion was seen in the
majority of patients, often in the left circumflex territory.25 This work helped to establish
rest MPI as a tool to identify the amount of myocardium at risk in acute M, to detect those
patients with Mls that were not evident by the presenting ECG, and most importantly to
accurately assess infarct size. Subsequently, the use of rest perfusion imaging and
assessment of infarct size using Tc99m-sestamibi became a widely used marker of infarct
size in clinical trials of therapeutic agents for patients with myocardial infarction.28

Joseph Alpert: The size of the acute MPI defect reflects abnormal perfusion to
necrotic myocardium as well as zones of persistently ischemic but not yet necrotic
myocardium. The size of the defect will often decrease over time as ischemia is
relieved and the necrotic myocardium is replaced by fibrous tissue.

Rest only MPI in Suspected Acute Coronary Syndromes

Throughout the 1990s, a number of studies established the use of rest MPI in patients
presenting to the ED with chest pain to establish or exclude the diagnosis of ACS.27-35
Across these studies, the negative predictive value of rest MPI to exclude myocardial
infarction was consistently excellent. Table 1 shows the sensitivity, specificity, positive, and
negative predictive values for studies of rest MPI in acute chest pain. Examples of normal
and abnormal studies are shown in Figures 2—4.

In one of the earliest studies of the contemporary era using Tc99m-agents, Bilodeau and
colleagues studied hospitalized patients with suspected ACS. Tc-99m-sestamibi was injected
at the time of symptoms, and an ECG was obtained. The sensitivity of the rest SPECT
perfusion image was significantly higher than the ECG recorded during symptoms at
detecting the presence of a coronary stenosis on subsequent angiography. These data suggest
that rest perfusion imaging could indeed identify an acute abnormality in myocardial blood
flow, and do so with higher sensitivity than resting ECG, even during symptoms.

Abnormal rest myocardial perfusion scans in this setting are also associated with
cardiovascular outcomes beyond what occurs in the ED.28-30:32.36 |n the first study to
examine this association, Varetto and colleagues reported in a relatively small group of
patients who had resting SPECT MPI in the ED, and then were followed over time. The
finding of greatest interest was that among patients with suspected ACS who had normal
resting perfusion scans, there were no adverse cardiovascular events (death, Ml, need for
revascularization) either in the short-term or during one year of follow-up. While the number
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of patients in this report was modest, the data suggested that a normal perfusion study
identified patients at very low risk of having ACS as well as subsequent events, suggesting
that ED direct discharge could be possible.

Subsequently, in a larger study3%, almost 1,200 ED patients with suspected ACS were
assigned to 1 of 5 categories of risk for ACS based on clinical characteristics of chest pain,
ECG findings, and history. Patients in the two highest categories of risk, as well as those
identified as having chest pain of a non-cardiac cause (the lowest risk category) did not
undergo MPI. Only those patients with ECGs that were non-diagnostic for ischemia or
infarction, and were identified based on clinical history to have possible or probable unstable
angina (low to moderate risk) had perfusion scans performed. Consistent with other similar
studies, the sensitivity for M1l was 100% (95% confidence interval [CI], 64% to 100%), and
negative predictive value for Ml or revascularization over 1 year of follow-up was 97% (95%
Cl, 95% to 98%). No patients with a normal perfusion scan suffered death or Ml in the 12
months follow-up, compared to 11% with MI and 8% who died with an abnormal perfusion
scan. Including revascularization, the total event rate was 0.9% in patients with a normal
resting scan and 42% in those with abnormal findings. These data added great weight to the
concept that a normal perfusion study identified a very low risk group, potentially eligible
for early discharge, and that an abnormal rest perfusion study identified a very high
likelihood of ACS, patients who could be triaged to more rapid treatment rather than
awaiting serial biomarker studies followed by a stress test.

Joseph Alpert: These studies demonstrate that MPI is very sensitive, that is there
are few to no false negatives. However, there are still a substantial number of false
positive results based on subsequent coronary angiographic findings.

Throughout the 1990’s, data continued to accumulate regarding the implications of rest
SPECT MPI in the ED setting. Heller et al reported data from a multicenter observational
study showing that the SPECT MPI results were the strongest predictor of M1 when
compared with clinical and ECG data in a multiple logistic regression analysis, and that
there is an incremental increase in adverse outcomes based on the degree of abnormality of
rest MPI scans.2”

Thus, numerous reports from different institutions and countries, some single center and
some multicenter, in a total of approximately 1,800 patients, had reported the relation
between scan findings and outcomes when rest SPECT MPI was performed in the ED
setting in low-to-intermediate risk patents with suspected ACS. Recent data have shown
consistent results even in developing countries.3” Given the consistent association of very
low event rates with normal myocardial perfusion scans, the implication was that rest MPI
could be a useful tool in the triage decision in the ED. Patients with a normal rest MPI study
could in theory be safely discharged home from the ED, with further follow up as indicated,
while those with an abnormal study would best be triaged rapidly to admission and ACS
treatment.

Joseph Alpert: Despite these reassuring numbers, it is still frequently difficult for
ED physicians to send a patient with atypical chest discomfort home without
further evaluation.
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Randomized trials of SPECT MPI in the ED

Traditional assessment of the value of imaging modalities has involved calculation of
performance characteristics such as sensitivity and specificity in relation to a truth or gold
standard (usually in this case stenosis > 50% or 70% on invasive angiography), and later,
analysis of the relation between imaging findings and outcomes during follow-up
(prognostic value). The initial years of reports on MPI in the ED setting followed this
course. However, to critically assess the true value of any test, as assessment should be made
of the effect on clinical decision making when using the test vs. when not using the test.
Evaluation of the role of imaging modalities in assessing patients with chest pain in the ED
has been an area in which many randomized trials have been performed and reported, an
example of how imaging should ultimately be evaluated in all clinical syndromes.

The first such trial to be reported was that of a small number of patients (n=46) with chest
pain in EDs, who were randomized to an evaluation strategy guided by the results of rest
Tc99m-tetrofosmin imaging vs. evaluation by a conventional strategy not incorporating
imaging38. Further testing such as catheterization or stress testing was protocol-defined i.e.
not completely at the discretion of the clinicians. The results showed shorter length of stay
and lower costs in the imaging guided group, with similar rates of events both in-hospital
and out to 30 days of follow-up. This was an important step forward in setting directions for
study. However, the results were driven by the protocol directed care, so whether clinicians
in real life settings would come to similar results is uncertain.

This study and the observational literature that preceded it are examples of “efficacy”
analyses, that is, how tests perform when evaluated by experts in the field under highly
controlled conditions. This is in fact how much of the literature in the cardiovascular
imaging field is performed. A higher level of evidence is provided by studies of
“effectiveness”, which reflect how tests work in a more real life setting, and clinicians are
not directed in their decisions by protocol.

The Emergency Room Assessment of Sestamibi for the Evaluation of Chest Pain (ERASE
Chest Pain) multicenter trial was specifically designed as an effectiveness trial, to test
whether providing results of rest MPI to ED clinicians for patients with low-to-intermediate
likelihood of ACS would improve clinical decision making defined as the appropriateness of
an admitting decision36. An appropriate admission was defined as admission of a patient
who was ultimately found to have a final diagnosis of ACS (blindly adjudicated), while an
unnecessary admission was defined as admission of a patient who was ultimately found to
have a final diagnosis of “not ACS”. Approximately 2,500 patients at 7 centers were
randomized to one of 2 evaluation strategies — one strategy involved a rest SPECT MPI
study, with the scan read right away and results provided to the ED clinician, who
incorporated those results with other available information to make a decision to admit or
discharge from the ED. The alternative strategy was the standard of care evaluation of such
patients in each ED, without imaging. The hypothesis, based on the strong observational
literature, which was provided to the ED clinicians, was the incorporation of the imaging
results would reduce unnecessary admissions without compromising appropriate admissions.
It is of interest to note that in such a trial, the effect of a test on decision making is being
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tested, rather than the performance of the test itself for identifying disease or non-disease, as
effectiveness trials take place once those characteristics have been reasonably established.

The results supported the hypothesis, in that among the patients randomized to the imaging
strategy who ultimately were found to not have ACS, unnecessary admissions were
significantly reduced (relative risk 0.84; 95% ClI, 0.77-0.92), while there was no change in
appropriate admission for those with ACS.

Joseph Alpert: These findings demonstrate a 16% reduction in unnecessary
admissions to the hospital of patients with chest discomfort.

The results of this large multicenter randomized effectiveness trial represented strong
evidence that incorporating rest MPI in this setting can improve triage decisions.

Issues in Image Interpretation

The clinician familiar with the interpretation of MPI knows that all scans cannot be clearly
divided between normal and abnormal. A normal scan (Figure 2) shows homogenous uptake
of radiotracer in all coronary distributions, in several reconstructions. An abnormal scan
(Figures 3 and 4) demonstrates a relative decrease in radiotracer uptake in one or more
coronary distributions. Equivocal scans are not an uncommon finding.

Joseph Alpert: Patients with equivocal scans will almost certainly need hospital
admission for further evaluation, for example, coronary angiography.

Patient motion, body habitus, breast shadow, diaphragmatic attenuation, interference from
gastrointestinal tract uptake of radiotracer, and delayed acquisition of imaging can all result
in limitations in interpretation. Corrective measures, such as repeat imaging in the prone
position in patients with inferior defects when diaphragmatic attenuation artifact is
suspected, should be performed to minimize false positive results (Figure 5). Care should be
taken to maintain optimal sensitivity and negative predictive value of this modality by erring
on the side of reporting indeterminate findings as such.

Gated SPECT using Tc-99m radiotracers has the added benefit of allowing the evaluation of
left ventricular function and regional wall motion. In one large single-center study of
patients who presented with chest pain and underwent gated MPI, severely abnormal left
ventricular function (<35%) was the strongest independent predictor of 1 year mortality after
multivariate analysis.39 Mild to moderate left ventricular dysfunction (35%-50%) was also
an independent risk factor for death. Given the generally low risk nature of this type of
population, such a finding is unusual, but when present is highly important.

The interpretation of rest MPI studies in patients with a prior history of myocardial
infarction can be limited for assessment of a new ACS, unless a prior perfusion study is
available for comparison. In the absence of a prior scan, a defect seen may represent an area
of acute infarct, ongoing ischemia, or an area of prior infarct. The availability of this
information should be considered prior to undertaking an evaluation with MPI, as abnormal
findings may not contribute to acute management or triage decision-making.
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Timing of Radiotracer Injection

Appropriate

The optimal timing of radiotracer injection is while the presenting symptom of chest pain is
ongoing; however, myocardial perfusion abnormalities may persist for several hours beyond
resolution of symptoms. In an experimental model of ischemia performed in the cardiac
catheterization laboratory during coronary balloon inflation for stent deployment, Tc-99m
sestamibi was injected at baseline, and in certain subjects at an additional time point ranging
from 1 to 3 hours later. Another group was injected with radiotracer only at 15 minutes after
coronary balloon occlusion. All patients were injected with radiotracer and imaged again
24-48 hours after the initial injection. In comparison to baseline imaging, where all scans
displayed a perfusion defect, 70%, 13%, and 19% of subjects had a visible defect at 15
minutes, 1-3 hours, and 24-48 hours, respectively.4? In a clinical study that included
patients who had radiotracer injected up to 6 hours after the resolution of symptoms, there
was no difference seen in the sensitivity of rest MPI for any endpoint studied, including Ml,
revascularization, or significant coronary artery disease (defined as =70% stenosis in a major
coronary artery or its branches or 250% stenosis of left main coronary artery) from images
acquired after an injection earlier vs. later with that time period.3! The timing of when
exactly the sensitivity of perfusion imaging drops (i.e., when does perfusion return to normal
after symptoms subside) is not known.

Use Criteria and Guidelines

Most recent appropriate use criteria for the use of radionuclide imaging supported by a
number of different societies including the American College of Cardiology, the American
Society of Nuclear Cardiology, the American College of Radiology, the American Heart
Association, and the Society of Nuclear Medicine, among others, rate the use of rest only
MPI in the setting of acute chest pain as appropriate, given ACS is suspected, the initial

ECG is non-diagnostic or normal, initial troponin is negative, and pain is ongoing or recent.
4

Joseph Alpert: It is important to remember that MPI and other stress tests are most
useful when patients have a lower or intermediate likelihood of having ACS.
Patients who are deemed high risk for ACS should be admitted to the hospital for
further evaluation, often involving coronary angiography.

Future Directions

One significant barrier to overcome is the need for ongoing or recent symptoms for rest MPI
to have its highest sensitivity. At the cellular and molecular level, ischemic myocardium
switches from the metabolism of fatty acids to the use of glucose for production of
adenosine triphosphate. Even if normal myocardial perfusion is restored, the switch back to
fatty acid metabolism is delayed for many hours. This so-called “ischemic memory” can be
exploited to identify metabolic abnormalities reflective of the prior ischemic event even
many hours after symptoms have resolved. p-methyl-p-[1231]-iodophenyl-pentadecanoic
acid (BMIPP) is a fatty acid that is taken up in the myocardium and not significantly
metabolized. Imaging of this agent, even up to 30 hours after the resolution of chest pain
symptoms, allows for delayed detection of ischemic myocardium, which appears as a defect
reflecting the reduced regional fatty acid metabolism.#2 In a study of ED patients with chest
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pain that could have resolved within the previous 30 hours, the addition of imaging with
BMIPP added to initial clinical information increases the sensitivity to detect ACS from
43% to 81% (Figure 6).43 The identification of patients with ACS more than a day after
resolution of symptoms with a single imaging test would allow for the rapid evaluation of a
much larger percentage of patients presenting to the ED for complaints of chest pain. At the
time of this report, BMIPP has not been approved by the Food and Drug Administration for
this purpose in the United States.

Joseph Alpert: This interesting new approach might be useful in determining if a
patient had had an episode of myocardial ischemia that had recently resolved.
However, it is unlikely that this test would be able to differentiate between
myocardial ischemia that was the result of ACS and myocardial ischemia that was
the result of vigorous exercise.

Positron emission tomography has better resolution compared to SPECT, there is less
attenuation of the higher energy emitted photons, and its use allows for quantification of
myocardial blood flow. The potential of its use in the detection of ACS is attractive in
concept. However, deployment of this technology for use in the ED setting is currently
limited by the relatively limited availability of imaging equipment and radiotracers. As the
use of position emission tomography for myocardial perfusion potentially becomes more
widespread, this modality holds promise for advances in the imaging of patients with acute
chest pain.

Echocardiography

A major strength of resting 2-dimensional (2-D) echocardiography in the evaluation of acute
chest pain is the ability to identify several causes of pain beyond ACS. Visualization for
presence of a pericardial effusion, dissection of the ascending aorta, valvular heart disease,
and right ventricular dilation and dysfunction in pulmonary embolism is achieved with a
single study. The availability of echocardiography is widespread, although a skilled operator
is needed to acquire images and experience is required for expert interpretation of images.
The equipment is reasonably portable, and imaging can be performed directly at the bedside
in the ED. Evaluation of suspected ACS by rest 2-D echocardiography is based on that
concept that in the “ischemic cascade” a perfusion abnormality of a certain severity will
result in an abnormality of regional wall motion and myocardial thickening, and possibly if
extensive enough an impact on left ventricular ejection fraction (Figure 7).

Joseph Alpert: One distinct advantage of echocardiographic stress testing is that
patients do not receive any ionizing radiation.

Echocardiography in Acute Ml

The ability to detect acute MI by wall motion abnormality on 2-D echocardiography is
dependent on the quality of the imaging and the presence and extent of wall motion
abnormality. In a study performed to evaluate the detection of Ml in 180 patients who
presented with ongoing or recent chest pain or shortness of breath, the presence of regional
wall motion abnormality outperformed abnormal ECG findings in making the diagnosis of
acute M1.#4 Thirty of the 180 patients had biomarker confirmed M1, 27 of whom had a
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resting wall motion abnormality on 2-D echocardiogram. In comparison, only 9 patients had
evidence of ST segment elevation on ECG. The remaining 21 ECGs were either
uninterpretable, normal, or showed nonspecific changes. . Additionally, the presence of
regional wall motion abnormalities on 2-D echocardiography was a better predictor of in-
hospital complications (arrhythmia, cardiogenic shock, or persistent angina) than either
physical examination or the initial ECG. All thirteen patients who had in-hospital
complications had regional wall motion abnormalities on echo, but only 4 had ST segment
elevation on ECG and no physical exam findings were helpful in identifying these patients.
However, 60 of 140 patients who did not have an acute MI but had a technically adequate 2-
D echocardiogram had regional wall motion abnormalities. An additional 22 had global left
ventricular dysfunction. These changes may have been due to ischemia without myocardial
necrosis or prior MI. Overall, rest 2-D echocardiography has a sensitivity of 93% for the
diagnosis of acute M1, but a lower specificity.*>

Joseph Alpert: Regional left ventricular dysfunction can also be seen on occasion
in patients with cardiomyopathy or serious illness such as sepsis. Rarely, patients
with acute alcoholic cardiomyopathy will demonstrate regional wall motion
abnormalities.

Similar to rest MPI, echocardiography cannot reliably establish old versus new areas of
infarct, or distinguish old infarct from a wall motion abnormality associated with a new
region of ischemia. Changes of increased echogenicity and thinning of wall segments may
be seen with fibrosis after remodeling or thinning of previously infracted wall, but this is not
reliable enough to differentiate old from new regions of wall motion abnormalities.
Therefore, unless prior studies are available for comparison in patients who have a
documented history of myocardial infarction, a wall motion abnormality seen on a study
performed in the setting of acute chest pain may represent either ongoing ischemia or
infarction, or simply an area of old infarct.

Echocardiography in ACS

When examining 2-D echocardiography in the detection of unstable angina and myocardial
ischemia, both the sensitivity and specificity are somewhat lower than the data reported in
studies of clear acute M1, with an average sensitivity of 88% reported.#6-48 Furthermore,
because of the possibility that regional wall motion abnormalities may resolve in patients
relatively soon after resolution of angina, but not AMI, many studies evaluating the use of 2-
D echocardiography for the detection of ACS have been performed with symptoms ongoing.
48 The presence of ongoing symptoms is an important determinant of sensitivity. In a study
of 46 patients evaluated after presentation for chest pain without a diagnostic ECG or
biomarkers, the sensitivity of 2-D echocardiography to identify Ml or significant coronary
artery disease was 88% in patients who were imaged during symptoms. In the group of
patients that were imaged after resolution of chest pain, the sensitivity dropped to 64%.4
Conversely, in another study of 260 patients who had echocardiography performed within 4
hours of arriving to the ED for a suspicion of ACS, the sensitivity of echocardiography for
predicting cardiac events was substantially higher than ECG. In this particular study, the
sensitivity of echo for detecting cardiac events remained high, despite the delay in image
acquisition, at 91%.46 Because there is no clear timeframe during which regional systolic
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wall motion abnormalities will resolve after resolution of myocardial ischemia, the highest
yield of 2-D echocardiography in the evaluation of ACS is with chest pain ongoing.

Joseph Alpert: Or when chest discomfort has recently resolved.

Portable Cardiac Ultrasound

Although equipment used to perform echocardiography is relatively portable, there is an
interest in making the technology even more portable with handheld devices that can be used
rapidly in the initial evaluation of patients arriving to the ED with chest pain. Some smaller
series have reported similar sensitivity and specificity of these handheld ultrasound devices
to traditional 2-D echocardiography detect regional wall motion abnormalities, even when
performed by operators without extended formal training.4°0

Joseph Alpert: Experience in utilizing this new technology is essential if false
positive results are to be avoided. As the late professor Judah Folkman of the
Harvard Medical School often stated: “The only substitute for brilliance is
experience.”

Emergency room providers often use ultrasound in their initial evaluation, including for
those patients with chest pain. The so called focused cardiac ultrasound examination is
intended to rapidly identify pericardial effusion, assess global systolic function, discover
significant left or right ventricular enlargement, and assess intravascular volume through
identification of the diameter and degree of collapse of the inferior vena cava. Additionally,
certain procedures such as pericardiocentesis and transvenous pacing wire can be guided
with the focused cardiac ultrasound exam. The American Society of Echocardiography
consensus statement reports the exam is not intended to replace a comprehensive
echocardiogram, and the majority of providers who perform the test will not be vigorously
trained in the acquisition and interpretation of ultrasound imaging to identify regional wall
motion abnormalities.®1 As of yet, there are no strong data to support the use of handheld
ultrasound in the initial evaluation of suspected ACS, without concomitant high suspicion of
dissection or pericardial effusion.

Echocardiographic Imaging with Contrast

Echocardiographic contrast consists of gas microbubbles that are encapsulated, and create a
nonlinear vibration from contact with the ultrasound wave emitted from the transducer. In
the left ventricle, this provides a contrast to the surrounding myocardium, and allows for
more optimal delineation of the cavity borders. The use of contrast echocardiography for
opacification of the left ventricular cavity is safe in the setting of ACS.%2 Improved
identification of the endocardial border allows for enhanced assessment of regional wall
motion abnormalities and overall left ventricular function, especially when imaging is
technically difficult in the case of large body habitus, lung disease, or if patient discomfort
or distress precludes ideal positioning.

Beyond the use of contrast for left ventricular cavity opacification, it has also been
investigated for evaluation of myocardial perfusion. The gas microbubbles of
echocardiographic contrast also enter the myocardial circulation. The bubbles are fragile,
and if a strong ultrasound pulse is generated, they will burst. Careful imaging of the
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myocardium in the cycles after the ultrasound pulse will demonstrate new contrast agent
entering the myocardial microvasculature (Figure 8). This can be visualized and analyzed
based on the time to reperfuse, and correlates with myocardial blood flow to various
segments.>3

Although not FDA approved for the indication of assessing myocardial perfusion,
myocardial contrast echocardiography has been extensively studied, and the data suggest
that its use is safe and may provide useful and simultaneous data regarding myocardial
perfusion and wall motion.

The perfusion and wall motion data derived from contrast perfusion echocardiography in the
setting of ACS correlate with radionuclide MPI. A study by Kontos and colleagues®*
investigated contrast echocardiography for wall motion analysis and myocardial perfusion in
patients with possible ACS who underwent rest SPECT imaging for chest pain. Sixty
patients were studied, and both wall motion and perfusion with echocardiographic contrast
showed a >80% agreement with SPECT imaging. When results of the two imaging
modalities were discordant, contrast echocardiography was abnormal and SPECT was
normal in this small cohort. The destruction of bubbles causing an apparent perfusion defect
may have led to the relatively increased number of abnormal contrast echo studies,
particularly given that more studies were abnormal in the anterior wall and apex, i.e. those
segments closest to the ultrasound transducer.

A larger study of 203 patients also evaluated both contrast perfusion echocardiography and
SPECT imaging in patients who presented with suspected ACS without ST elevation on
initial ECG.%° The concordance between contrast echocardiography and SPECT was again
near 80%, with more abnormal contrast echo studies than SPECT. Thirty-eight patients had
adverse events defined as M, revascularization, or cardiac related death, all within 48 hours.
Of these, 30 had regional wall motion abnormalities identified and 29 had abnormal
perfusion with contrast echo. When compared to clinical, demographic, and ECG data,
contrast echo provided 17% incremental information regarding adverse events. Across
studies, the methods of administration of echocardiographic contrast, image acquisition and
interpretation are still being refined. Further development and standardization of techniques
will be required before the widespread routine use of myocardial contrast echocardiography.
To date, myocardial perfusion imaging using contrast echocardiographic agents has not been
approved for use for regulatory purposes in the United States.

Use Criteria and Guidelines

The 2011 appropriate use criteria for echocardiography rate the evaluation of acute chest
pain with suspected MI and nondiagnostic ECG when a resting echocardiogram can be
performed during pain as appropriate.>® In the absence of pain, but with other features of an
ischemic equivalent or positive biomarkers, the use of echocardiography is similarly
appropriate.

Joseph Alpert: Which imaging test should be chosen in a particular institution
depends on who at that particular institution is most experienced in performing and
interpreting a specific test as noted below by the authors.
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Stress Testing With or Without Imaging in the Evaluation of ED Chest Pain

Patients

The incorporation of stress testing, with or without the imaging modalities described, can be
of benefit in the correct clinical setting. Patients who present to the ED with ongoing chest
pain and have a negative rest MPI study have a very low likelihood of ACS and a very low
adverse event rate and can be safely discharged from the ED with appropriate follow up.
However, many ED and chest pain unit protocols call for evaluation with a stress test to
assess for provocable ischemia prior to discharge, following negative serial biomarkers.

Typically, stress testing is undertaken in low-to -intermediate risk patients after two negative
sets of cardiac biomarkers have been drawn at 6 to 8 hour intervals to exclude ACS before
inducing further ischemia.>” However, there is literature suggesting that in carefully selected
patients at apparent very low risk on the basis of clinical factors available very early after
presentation, immediate ECG stress testing without the need to await serial biomarkers may
be safe and effective. In a study by Amsterdam and colleagues, 1,000 patients with low risk
chest pain as assessed by such clinical variables underwent immediate symptom limited
exercise stress testing with ECG. Almost two-thirds of the tests were negative, but rates of
death, M, revascularization or diagnosis of coronary artery disease was significantly higher
in patients with an abnormal or nondiagnostic test compared to a normal study (29%, 13%,
and 0.3%, respectively).>8 Despite immediate testing without serial, or even initial,
biomarker testing there were no adverse events of stress testing. Four patients were
ultimately discovered to have evolving ACS at the time of stress test, which in theory and
practice can be avoided with point of care biomarker testing. There have not been extensive
publications on this approach beyond the authors’ initial reports.

The choice of which stress test to use after negative serial biomarkers depends on several
factors, including patient characteristics, availability of different modalities, and expertise of
the center. Patients who are able to adequately exercise and have an ECG suitable for
interpretation (absence of left bundle branch block, ventricular pacing, left ventricular
hypertrophy, 21 mm ST segment depression, or use of digoxin) should undergo an exercise
treadmill ECG test. In addition to the previously mentioned study, several others have
confirmed a high negative predictive value of 98-100% without any adverse events from the
test.59-61Exercise ECG testing is completed more rapidly and engenders lower costs than
stress testing with imaging.

Stress Radionuclide MPI

In patients unable to exercise, or those with an uninterpretable ECG, the addition of an
imaging modality to stress is warranted. One study for the evaluation of chest pain in the ED
reported a protocol that used a multi-step process including history and physical, 2-hour
biomarker levels, serial ECGs, and stress MPI for select patients based on risk category. The
sensitivity and specificity for the diagnosis of ACS at 30 days for those patients who
underwent stress testing was 99% and 87%, respectively.52 The protocol studied was
successful in showing the excellent performance of stress MPI, and its safety even at 2 hours
after presentation in select patients.
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More recently, a randomized trial of incorporating stress MPI into the evaluation pathway
was published.83 Following a negative observation period involving serial ECG monitoring
and serial biomarkers, 1,508 patients were randomized to the use of stress MPI in the ED or
to complete a clinical evaluation. Overall, fewer patients who had stress imaging performed
were admitted (18.5% vs 10.2%). However, event rates were low in both group, and most
patients were able to exercise and had an interpretable ECG. The predictive value of exercise
ECG was very similar to stress MPI, so while effective, the additional costs of imaging
should be considered in such a situation under clinical conditions.

Stress Echocardiography

Stress echocardiography avoids radiation concerns associated with stress radionuclide MPI,
however the acquisition of the testing is more labor-intensive and operator dependent. For
patients unable to exercise, dobutamine stress echocardiography can be performed.

A study of 377 patients who underwent dobutamine stress echocardiography with a normal
or nondiagnostic ECG and following negative serial biomarker levels at 6 hours examined
the ability of early ED testing to predict outcomes.®* Testing was not possible in 23 of 404
patients initially screened into the study because of poor acoustic windows, a proportion
similar to the general population. With dobutamine stress testing, 39 patients tested were
unable to complete the protocol due to intolerable side effects such as arrhythmia, severe
hypertension, or hypotension. The overall event rate including death, M, rehospitalization,
or revascularization, was 31% in patients with a positive stress echocardiogram and 4% in
patients with a negative study. The negative predictive value was 96%, slightly lower than
that reported for in studies of radionuclide imaging.

In addition to the need of a skilled sonographer to acquire images for stress
echocardiograms, an experienced reader must be available to interpret the study — a barrier
to the use of these studies during off-hours. A study designed to test the utility of
transmitting images to an off-site cardiologist reported the feasibility of this process to
minimize hospital admissions for chest pain.% 163 patients with nondiagnostic ECG,
negative serial cardiac biomarkers, and a normal resting echo underwent dobutamine stress
echocardiograms supervised by a trained nurse. Despite a high (54.7%) rate of mild side
effects, there were no adverse effects of testing. The negative predictive value of a normal
study was 98.5%. In the final stage of the study, where a negative result was used to
discharge patients home directly from the ED, 72% of patients who would have otherwise
been admitted for further observation were discharged after negative dobutamine stress test.

There is some suggestion that dobutamine stress echo may be a cost-effective strategy when
compared to exercise treadmill testing alone.®8 Nucifora and colleagues reported on 190
patients with chest pain, serial negative biomarkers and nondiagnostic ECG results who
were randomized to undergo either dobutamine stress echocardiography or exercise ECG
testing. Patients with negative results on either test were discharged from the ED and
followed for events. There was a higher event rate in patients who were discharged after
negative exercise ECG testing compared to dobutamine stress echocardiography (11% vs.
0%, p=0.004). Costs were lower in the dobutamine echocardiography group at both 1 and 2-
month follow up compared to exercise ECG testing ($1,026 + $253 vs $1,329 + $1,288 at 1-
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month, p=0.03 at 1 month and $1,029 + $253 vs $1,684 + $2,149, p=0.005 at 2-months).
Lower costs in the dobutamine stress echo group were thought to be due to shorter length of
stay, and less need for follow up testing for indeterminate results which are more likely with
exercise ECG testing alone.

Use Criteria and Guidelines

The 2011 American College of Cardiology/American Heart Association guideline
recommendations for the management of patients with unstable angina/Non-ST elevation Ml
present a class | recommendation that in patients with suspected ACS in whom ischemic
heart disease is present or suspected, if the follow-up 12 lead ECG and cardiac biomarkers
measurements are normal, a stress test (exercise or pharmacological) to provoke ischemia
should be performed in the ED, in a chest pain unit, or on an outpatient basis in a timely
fashion as an alternative to inpatient admission. Also, patients with possible ACS and
negative cardiac biomarkers who are unable to exercise or who have an abnormal resting
ECG should undergo a pharmacological stress test with imaging.3

The 2009 appropriate use criteria for cardiac radionuclide imaging rate the use of stress MPI
in the setting of possible ACS with a 1) normal or nondiagnostic ECG; 2) either low or high

clinical risk based on TIMI score; and 3) either negative, borderline, equivocal, or minimally
elevated troponin all as appropriate.!

Joseph Alpert: Optimal selection and best practices for all of these tests are often
achieved when institutions have dedicated and approved chest pain units situated in
or near the ED.

The 2008 appropriate use criteria for stress echocardiography rate the use of stress
echocardiography for the indication of acute chest pain appropriate in the setting of an
intermediate pre-test probability of coronary artery disease, and an ECG without dynamic
ST changes when serial cardiac enzymes are negative.5”

The Society statements do not advocate the use of one type of stress test above another. This
decision should be based on clinical suspicion, patient characteristics, and expertise of the
particular center.

Cardiac Computed Tomography Angiography (CCTA)

CCTA for the detection of coronary artery disease

A significant coronary stenosis can be detected by invasive coronary angiography in the
majority of patients with acute coronary syndrome (>80%).68-69 Furthermore, the occurrence
of ACS is rare in the absence of coronary atherosclerosis.

CCTA has evolved into a robust and reliable technique for detection and assessment of
coronary stenosis and atherosclerotic plaque. A wealth of single and multicenter trials have
established CCTA as a noninvasive diagnostic test with excellent sensitivity (97.2%, 95%
Cl, 96.2% to 98.0%) and very good specificity (87.4%, 95% CI, 84.5% to 89.8%) for the
detection of >50% coronary artery stenosis as compared to the gold standard invasive
coronary angiography.’%-"> The major strength of CCTA is its high negative predictive value
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(typically approaching 99%) and thus CCTA permits confident exclusion of significant
coronary stenosis. In addition, CCTA is highly sensitive (90%, 95% CI: 83% to 94%) and
specific (92%, 95% CI: 90% to 93%) to detect calcified and noncalcified coronary
atherosclerotic plaque as compared to the gold standard intravascular ultrasound.”6-79 CCTA
is also highly reproducible for detection of coronary plaque and stenosis (kappa: 0.85 to
0.93).80-83

Observational single-center experiences with CCTA in evaluation of patients with acute

chest pain

The ability to rapidly image the coronary arteries with a noninvasive technique with strong
performance characteristics is a potentially very attractive option in the setting of evaluating
patients with suspected ACS in the ED. With substantial technical developments and wide
availability, CCTA has evolved into a viable alternative to standard of care management in
patients presenting to the ED with acute chest pain. Multiple single center studies have
demonstrated that the exclusion of a significant coronary stenosis by CCTA nearly excludes
ACS and thus may potentially allow for earlier discharge than stress test based management
(Figure 9).84-95

In 2007, Rubinshtein et al. studied 58 patients with acute chest pain, negative biomarkers
and electrocardiograms and demonstrated that CCTA based assessment of obstructive CAD
had a very good diagnostic accuracy (sensitivity 100%, specificity 92%, positive predictive
value 87%, and negative predictive values 100%) for ACS.84 They suggested that CCTA
might allow for a safe and early discharge, since no major adverse cardiovascular events
occurred among those who were directly discharged from the ED based on CCTA results.

Those initial observations from a small study were confirmed and extended in the
prospective observational cohort ROMICAT (Rule Out Myocardial Infarction using
Computer Assisted Tomography) trial published in 2009.89 The ROMICAT trial had a
unique design. The trial included 368 patients with acute chest pain from the ED with an
initial inconclusive assessment, who underwent CCTA. Care providers were blinded to the
CCTA results, and therefore the diagnostic performance of CCTA for ACS and its
association with other test findings could be studied in a truly unbiased fashion. CCTA
detected no evidence of CAD in approximately half of patients and approximately 20%
patients had obstructive CAD. Absence of any CAD (stenosis or coronary plaque) by CCTA
accurately predicted the absence of ACS (negative predictive value 100%). The presence of
obstructive CAD (>50% luminal narrowing) was associated with 77% sensitivity and 87%
specificity for ACS. Not surprisingly, the presence and extent of coronary plaque and
stenosis were superior in their discriminative capacity for ACS, as compared to clinical risk
scores such as TIMI or Goldman.9

Joseph Alpert: Similar to other imaging modalities employed in the evaluation of
patients with chest discomfort in the ED, CCTA is particularly helpful when it is
normal.

Takakuwa et al. performed a meta-analysis of observational studies that had evaluated CCTA
in populations of acute chest pain patients in the ED.%7 They pooled the results of 9 studies
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with the total number of 1559 patients (42% women, mean age 52 years, low-to-
intermediate likelihood of ACS). The detection of significant stenosis by CCTA had the
pooled sensitivity of 93.3% (95% CI 88.3% —96.6%), specificity of 89.9% (95% CI 88.3% -
91.3%), positive predictive value of 48.1% (95% CI 42.5% - 53.8%), and negative predictive
value of 99.3% (95% CI 98.7% - 99.6%) for detection of major cardiovascular events at 30
days.

However, the studies demonstrated that the mere detection of obstructive CAD by CCTA
does not equate to a diagnosis of ACS. In the ROMICAT trial only 20 out of 34 patients with
obstructive CAD were clinically diagnosed with ACS.89 In the study by Hollander et al. only
7 out of 54 patients with obstructive CAD by CCTA had a stenosis confirmed by invasive
coronary angiography (i.e., underwent invasive angiography on clinical grounds) or a major
cardiovascular event within 30 days.24 The imperfect specificity of CCTA detected stenosis
combined with the low prevalence of ACS in the studied acute chest pain populations (2—
8%) resulted in positive predictive values in the range of 35 to 50%. This is not unexpected,
as CCTA is a technique that is imaging coronary anatomy in a precise way with
contemporary equipment and technology, but the presence of a coronary stenosis does not
necessarily mean that the preceding symptoms or clinical syndrome was related to the
stenosis. Therefore, approaches that would improve specificity and positive predictive value
of CCTA for ACS are desirable. There are several such techniques in active development
that would interrogate the potential impact of flow abnormalities. The new methods for the
analysis of CCTA datasets such as assessment of global and regional left ventricular (LV)
function98-100, evaluation of myocardial perfusion,?9-101-103 coronary plaque
analysis194-106 and non-invasive fractional flow reservel07:108 have the potential to improve
accuracy and efficiency of CCTA in patients with acute chest pain (Figures 10 and 11).

Joseph Alpert: Many patients, particularly older individuals, will have
asymptomatic coronary arterial stenosis. In such patients, identification of coronary
artery disease is not proof that the patient’s chest discomfort was the result of
myocardial ischemia. This may be another example of the famous adage, “true,
true, and unrelated”, i.e., true that the patient has chest discomfort, true that the
patient has atherosclerotic coronary arterial lesions, but these two findings are
unrelated.

Thus, similar to the evolutionary trajectory of rest SPECT MPI in this clinical setting, the
CCTA literature grew to a point suggesting that the performance characteristics for detecting
CAD or ACS were potentially very useful for improving triage in the ED. The data however
were from studies of efficacy, that is, from generally expert centers with the CCTA
information not driving patient care. As with the SPECT MPI evolution, the next step was
randomized trials to assess the effectiveness of incorporating the CCTA information on
actual care.

Randomized trials of CCTA vs. standard of care in the evaluation of patients with acute

chest pain

The first study that randomized acute chest pain patients in the ED to CCTA-based strategy
vs. standard of care strategy was published by Goldstein et al. in 2007.85 The study was
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performed in one academic medical center, and 197 patients were randomized to CCTA vs.
standard of care, the latter with a radionuclide myocardial perfusion imaging stress test. The
primary outcome was safety. Both groups had 100% safety defined as the lack of test
complications and major cardiovascular events at 6 months. However, the event rates were
extremely low (no patients had myocardial infarction or death during the index
hospitalization or during 6-month follow-up) suggesting a very low risk population at
baseline. The additional analyses showed that CCTA shortened time to diagnosis (3.4 hours
vs. 15.0 hours) with lower cost of care ($1586 vs. $1872). Patients in the CCTA arm
underwent more additional testing (invasive coronary angiography (11.1% vs. 3.1%) and
additional stress testing after indeterminate CCTA (24%).

This study was an important step forward, but did illustrate some of the limitations of using
CCTA. Over 40% of potentially eligible patients were excluded due to an inability to have a
CCTA study done, secondary to pulmonary disease making safety of beta-blockade
questionable, contrast allergy or atrial fibrillation.

Joseph Alpert: An elevated value for serum creatinine is a risk factor for the
development of contast induced renal insufficiency and physicians must assess the
risk/benefit of proceeding with CCTA which requires the administration of
angiographic contrast solution.

The very low event rate in this population was in part driven by the study design, in that
patients were randomized only after serial ECGs and biomarkers were negative for ACS,
leaving a very low risk group to be studied. Ideally, an imaging modality would be deployed
earlier in the evaluation process.

The initial experience was followed by the recent publication of three multicenter
randomized trials that compared CCTA to the standard evaluation in acute chest pain
patients in the ED.86. 92109 These trials enrolled a total of more than 3,000 patients with low
to intermediate likelihood of ACS.

Goldstein et al published the results of the CT-STAT trial®® In this multicenter trial, 699
patients were randomized to have a CTA study or a stress myocardial perfusion imaging test,
after serial ECGs and biomarker studies ruled out an acute MI. The primary endpoint was
time to diagnosis, defined as the time from enrollment to the time the test results were
reported to the ED clinician. The use of CCTA was associated with a 54% reduction in this
time interval (median 2.9 h vs. 6.3 hr, p < 0.0001), which to some degree was driven by the
known time it takes to perform these distinct tests. Costs were lower in the CCTA group.
There was no difference in the very low event rate observed in either group. The study was
not designed to assess the effect of the imaging modalities on triage decisions.

Litt et al®2 reported a multicenter trial enrolling 1,370 low-to-intermediate risk for ACS
patients randomized 2:1 to incorporate CCTA into their evaluation strategy or to undergo a
more standard of acre evaluation strategy. The primary endpoint was a safety endpoint, that
was defined as the absence of Ml or cardiac death during the 30 days after randomization
among the patients randomized to CCTA who had normal coronaries. The trial was powered
to demonstrate that the upper bound of the 95% confidence interval for this major cardiac
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event rate in such patients would not exceed 1%. The clinical implication would be that such
patients are safe to directly discharge from an ED. The trial was positive in that regard, as
among those whose CTA scans showed normal coronaries, there were no cardiac deaths of
Mls, and the upper bound of the 95% confidence interval for this event rate was 0.57%,
which satisfied the pre-specified criterion of being <1%. From a study design point of
interest, the primary endpoint of the trial only involved a subgroup of one of the
randomization groups.

Secondary end points involved comparisons of clinical care between the randomization
groups. The group randomized to CTA had more direct discharges from the ED, and shorter
length of stay.%2

Hoffmann et al performed a multicenter Rule-Out Myocardial Infarction with Computed
Tomography (ROMICAT)-I1 study.19® Among the three reported randomized trials of CTA
in the ED setting, this study was the only one specifically designed as an effectiveness trial
to test the impact of the CTA results on clinical decision making as the primary endpoint,
with length-of-stay as the metric. One thousand patients at 9 centers with low-to-
intermediate likelihood of ACS and an initial negative troponin were randomized to an
evaluation strategy incorporating CTA results, or to a more standard of care strategy without
CTA. The prevalence of ACS at final diagnosis was 8%, higher than in the other randomized
trials. The trial was positive, in that length of stay was shorter in the group randomized to the
CTA strategy (Figure 12). In addition secondary endpoints demonstrated that there were far
more direct discharges from the ED in the CTA group, very likely driven by the knowledge
of normal coronary arteries, given the high negative predictive value of CTA.

The results of these 3 studies are summarized in Table 2. Patients enrolled in the studies had
negative initial serum troponin and non-ischemic electrocardiograms. The average age of
patients was 50 years and both men and women were well represented. Both academic
medical centers and non-academic hospitals were included in the studies. In all three trials,
an important outcome of interest — the length of stay or time to diagnosis — was significantly
shorter in the CCTA arm. This was accomplished safely, without an increase in major
adverse cardiovascular events during a 28-day follow-up. Moreover, the ROMICAT |1 trial
and the study by Litt et al. also showed a quadrupling of direct discharges from the
emergency department as compared to standard of care (50% vs. 12%).92:109 probably
because of the high sensitivity and negative predictive value of CCTA for coronary artery
disease (CAD). Similar to previous observational studies, there was an increase in additional
testing and invasive procedures in CCTA arms of these studies (Figure 13). This likely is
driven by the knowledge that some CAD is present, and the reflexive decision that
catheterization is needed. Hulten et al. in their meta-analysis estimated the increase in
invasive coronary angiography and percutaneous coronary interventions (PCI) after CCTA
of 21 and 20 per 1,000 CCTA scans; respectively.110 There are no reliable data to indicate
whether the improved detection of CAD and subsequent PCI in this acute setting will
improve long-term health outcomes. This is a challenging point to address, as by definition
the patients participating in these studies are fairly low risk patients, the vast majority of
whom do not have CAD at all.
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Despite the consistent increase in subsequent testing after CCTA, the overall cost of the
index hospitalization was not significantly higher in those randomized to CCTA in these
studies, as the greater rate of direct discharges likely balances the excess testing tha occurs
in some patients. The estimated radiation exposure in the CCTA group was higher (13.9
mSv) as compared to the standard of care (4.7 mSv) including patients undergoing only
exercise treadmill stress test or stress echocardiography in the ROMICAT I1 trial109, but was
similar in a direct comparison of CCTA (11.2 mSv) and myocardial stress perfusion imaging
(12.8 mSv) in the CT-STAT trial.8 In summary, the studies demonstrated that early CCTA
permits accurate and safe direct emergency department discharge of 50% of all acute chest
pain patients.

Joseph Alpert: Clearly, utilization of this approach would result in major cost
savings for the healthcare system.

The data from the randomized trials are conceptually consistent in suggesting that the use of
CCTA in this setting can allow much earlier and direct discharge form the ED, particularly
when normal coronaries are demonstrated. The higher rate of catheterization and
revascularization suggested by the meat-analysis of these studies highlights the challenges in
clinical decision making however, when a coronary stenosis that may or may not be at all
involved in an ACS clinical syndrome is now illuminated by imaging. Going forward, more
refined analysis of the potential role of an imaged plaque or stenosis in the clinical syndrome
may allow better selection of those who will truly benefit from an invasive catheterization.

Joseph Alpert: There are currently a number of studies underway comparing the
various imaging modalities for assessing the likelihood that a particular patient has
an ACS. One such trial is the multicentered PROMISE trial which should produce
helpful results in the near future.

Use Criteria and Guidelines

The current guideline recommendations (ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/
SCAI/SCMR 2010 Appropriate Use Criteria for Cardiac Computed Tomography) include a
section on the use of CCTA in acute chest pain.11 The guidelines considered CCTA in
patients with acute chest pain, negative electrocardiogram and biomarkers, and low or
intermediate likelihood of obstructive CAD as appropriate. The most recent AHA/ACC
guidelines for the management of patients with non-ST-segment-elevation myocardial
infarction and unstable angina pectoris do not provide a specific recommendation for the use
of CCTA in patients with acute chest pain and suspected ACS.112 However, they include
CCTA in the section on future directions and mention that CCTA has undergone favorable
initial evaluation for assessment of the low-to-intermediate- risk chest pain patient. Of note,
these guidelines did not consider the results of more recent randomized trials. Based on the
experience from large multicenter randomized trials, the available evidence suggests that
CCTA use in the setting of low and low-to-intermediate risk of ACS in acute chest pain
patients in the ED may have a favorable impact on patient management, largely through
speeding the direct discharge of those without CAD. Approximately half of patients studied
in the three randomized trials had no evidence of CAD on CCTA. This type of patient, with
no CAD on CCTA, can be safely discharged after CCTA reducing the duration of the
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hospital stay and cost in this subgroup. Further, patients with minimal non-obstructive CAD
are also candidates for early discharge with arrangement of outpatient follow-up. On the
other side of the spectrum are patients with a definite coronary stenosis. These patients
require admission to the hospital, further evaluation and guideline directed therapies. An
area of uncertainty involves patients with non-diagnostic CCTA or evidence of non-
negligible coronary plaque, but no significant stenosis. These patients usually require
observation with serial biomarkers and electrocardiograms and often a functional stress test
for evaluation of ischemia. A suggested guide on the deployment of CCTA for use in ED
patients with low-to-intermediate likelihood of ACS given potential findings on CCTA is
provided in Figure 14.

Cardiac Magnetic Resonance Imaging

While much of the literature on the use of cardiac imaging techniques in ED patients with
chest pain and suspected ACS has involved radionuclide imaging of myocardial perfusion,
echocardiographic imaging of regional function or perfusion using contrast agents, or CCTA
imaging of the coronary arteries, there has been a slowly evolving literature on the use of
cardiac magnetic resonance (CMR) imaging for this clinical purpose. The strengths of CMR
imaging are particularly attractive in this setting. These strengths lie in the ability to
comprehensively evaluate cardiac morphology, function, perfusion, tissue characterization
and potentially anatomic coronary artery visualization without radiation exposure. However,
CMR imaging is complex and requires substantial technical expertise to ensure high-quality
diagnostic examinations. While MR technology is widely available and often used for
evaluation of patients in the ED setting for orthopedic or neurologic issues among others, the
specific expertise to perform and interpret CMR imaging is not as widely available.

In the setting of acute chest pain, superb tissue characterization of the myocardium presents
the most attractive finding. The key attributes of characterization of myocardial tissue
include the ability to differentiate infarcted tissue (using the late gadolinium enhancement
technique) and ischemic myocardium (rest perfusion defect without evidence of infarct)
from normal myocardium, to diagnose myocardial infarction (MI) before troponin elevation
113,114, to differentiate between new and old infarcts!1®, and determine prognosis16. This
ability makes CMR attractive in patients with known CAD or prior MI, a group of patients
that may not benefit as much from CCTA or ECG or perfusion imaging based stress testing.
This is also founded in observations that stress perfusion MRI is superior to SPECT117.118
and echocardiography19 in the detection of significant CAD. It should be noted however,
that although these studies have recently been multicenter, they generally are performed at
centers with substantial expertise in CMR imaging, and how the data generalize to centers
without such experience and expertise is uncertain.

Joseph Alpert: | remain concerned about placing a patient with a potential ACS in
the confines of an MRI tunnel particularly at night or on weekends when staffing
levels are at their minimum. Further experience will demonstrate whether or not |
am justified in this concern.
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Observational Studies of CMR Imaging in Patients with Suspected ACS in the ED

Analogous to the trajectory of all of the other imaging modalities in this clinical setting, the
initial reports focused on performance of the technique to identify those patients with ACS
and those without. In patients with chest pain with suspicion of an acute coronary syndrome,
the potential usefulness of CMR imaging was initially demonstrated by Kwong et al.113 In
the study of 161 patients, the final prevalence of ACS was 16%. An abnormal CMR study by
qualitative analysis was defined by either a regional wall motion abnormality or an area of
late gadolinium enhancement. A regional perfusion abnormality was considered abnormal if
also accompanied by either a regional wall motion abnormality or an area of late gadolinium
enhancement. The data showed that CMR imaging had a sensitivity of 84% and a specificity
of 85% in detecting ACS, data that were more favorable in one of those characteristics than
various ECG criteria, the TIMI risk score, and the troponin assay available at the time
(Figure 15). These important data suggested for the first time that performing CMR imaging
in such patients was feasible, and the patients were away from the ED for approximately 60
minutes to complete the test.l It is important to note that these represent efficacy data, as the
investigators reporting these data are highly expert.

Subsequently, Cury et al reported on the incorporation of T2-weighted CMR imaging into
the acquisition protocol. This technique allows imaging of myocardial edema, which was
hypothesized to further improves the specificity of CMR for the detection of ACS, by
allowing differentiation of acute abnormalities of regional perfusion or infarction from those
with chronic infarcts.114 These investigators reported on 62 patients with suspected ACS,
20% of whom had a final diagnosis of ACS. They found in this modest sample size that the
addition of T2-weighted imaging of edema and analysis of left ventricular wall thickness
increased the specificity, positive predictive value, and overall accuracy to detect or rule out
ACS compared with the more standard CMR protocol analyzing regional function,
perfusion, and delayed-enhancement (Figure 16). This study illustrated the potential for a
very comprehensive assessment of the patient by CMR imaging, beyond what other
modalities can accomplish.

In a long-term follow-up study of patients who presented to an ED and within 72 hours
underwent a comprehensive CMR study that also included stress adenosine perfusion
imaging, Ingkanisorn and colleagues reported that the stress CMR perfusion imaging
identified patients who were found to have CAD or an event over a year of follow-up with
sensitivity and specificity of 100% and 93% respectively.120 Among those with a normal
stress and rest CMR perfusion study, there were no events and none a diagnosis made of
CAD during the year of follow-up. These data suggest that incorporating stress perfusion
imaging into the CMR analysis adds value to the diagnostic and prognostic power, in expert
hands. However, despite these encouraging results, the large number of patients with acute
chest pain in the ED and the administrative, technical and logistical challenges of
performing cardiac MR (perhaps even with adenosine stress) have slowed the deployment of
more routine use of CMR imaging in this situation.
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Randomized Trials Incorporating CMR Imaging

Again similar to the evolutionary examples of imaging in this area set by the SPECT studies,
there have been randomized trials attempting to better define the value of incorporating
CMR imaging into the assessment of patients with chest pain in the ED. Miller, Hundley and
colleagues have reported a series of single center studies exploring this issue in depth, with
stress CMR imaging performed as part of an observation unit (OU) protocol. In the initial
publication, 110 patients who were thought to be at intermediate or high probability for ACS
but without obvious ischemic ECG changes or initial biomarker positivity were randomized
to stress CMR imaging incorporated into an OU versus standard care as an inpatient. The
primary outcome of this initial study was direct hospital cost, including both hospital and
professional costs. The CMR OU strategy had reduced median costs, and 79% were
managed in the OU setting without full admission.121 These investigators then followed the
patients out to 1 year to assess cumulative costs (and to rule out that the initially lower costs
could have been due to deferral of testing).122 They found that over 1 year, costs continued
to be lower in the group initially randomized to a CMR OU strategy. The results appeared to
be driven in this group by fewer cardiac-related ED visits, hospitalizations, and
catheterizations, possibly due to the perceived more definitive diagnostic information
provided initially by CMR.

A subsequent trial from the same investigators randomized 105 patients felt to be at
intermediate likelihood for ACS to an OU strategy with stress CMR imaging, or to usual
care as provided by the patients’ cardiologists and internists. This latter strategy is more in
keeping with standard of care for such patients, compared to the authors’ previous studies
where inpatient care was the comparator. The group randomized to the CMR strategy had
shorter length of stay, as well as reduced rate of revascularization, hospital readmissions, and
recurrent cardiac testing over 90 days of follow-up.123

Another trial from the same authors examined the OU stress CMR strategy compared to a
stress testing modality selected by the patients’ clinicians, which was stress
echocardiography in the majority of cases.124 A difference from their prior studies was that
this trial enrolled lower likelihood patients. The results showed no differences between the
randomization groups in length of stay, referral for catheterization, admitting decision, or 30
day incidence of ACS. However, costs were lower in the clinician directed group. The
authors concluded that in lower risk patients with suspected ACS, “...the ability of a
physician to select a cardiac stress imaging modality (including echocardiography, CMR, or
radionuclide testing) was more cost-effective than a pathway that mandates a CMR stress
test.”124

This interesting series of studies suggests the potential for CMR imaging to be incorporated
into an evaluation strategy pathway for ED patients with suspected ACS. Unlike almost all
of the trial involving rest SPECT perfusion imaging or CCTA, the CMR studies examined
patients at intermediate or higher likelihood of ACS, based in part on the stronger capability
of CMR to differentiate ischemia from prior infarct. However when lower risk patients were
studied, more “standard” tests appeared to be less costly and similarly effective. The studies
do help to direct where CMR may be best deployed.
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It is also important to note that all of these randomized trials were single center studies that
emanated from the same institution and group of investigators, who are highly expert at the
acquisition and interpretation of CMR imaging studies. Further investigation will be needed
to assess the true generalizability of their findings.

Identifying Alternative Etiologies for Apparent ACS

Appropriate

An intriguing and unique aspect of CMR imaging is use for the characterization of patients
who present with acute chest pain, positive troponin indicative of myocardial necrosis, but
have no obstructive CAD at catheterization, specifically, myocardial infarction with
angiographically normal or near-normal coronary arteries. Asomull125 evaluated troponin-
positive patients with cine imaging and T2-weighted imaging for detection of inflammation,
and late gadolinium enhancement imaging for detection of infarction/fibrosis. Remarkably, a
cause for troponin elevation was established in 65% of patients. The most common
underlying cause was myocarditis (50%) and in 35% of patients, myocardial infarction or
significant myocardial fibrosis could be excluded. Hence, CMR imaging may be a valuable
adjunct to conventional investigations in a diagnostically challenging and important group of
patients with troponin-positive chest pain and unobstructed coronary arteries. These results
have been supported by other studies suggesting that late gadolinium enhancement patterns
of active myocarditis can be found in more than 50% of patients with positive troponin but
without significant CAD126, Overall, assessment of edema and late gadolinium enhancement
are the hallmarks of these investigations.

Use Criteria and Guidelines

The 2006 ACCF/ACR/SCCT/SCMR/ASNC/NASCI/SCAI/SIR appropriateness criteria for
cardiac computed tomography and CMR imaging list the use of vasodilator or dobutamine
stress CMR imaging as of “uncertain” appropriateness in patients in the aftermath of acute
chest pain'27, which in contemporary nomenclature would be considered as “may be
appropriate”. It is important to note that virtually all of the literature on the use of CMR in
this setting has appeared after that document was prepared. Updated Appropriate Use
Criteria for testing modalities potentially used in the evaluation of patients with suspected
ACS in the ED setting are forthcoming.

Summary and Future Directions

In reviewing the evidence underlying recommendations contained in ACC/AHA Guidelines,
Tricoci and colleagues reported that only a small minority of recommendations concerning
cardiovascular imaging tests are supported by a high level evidence basel?8, that is, level of
evidence “A” in such Guidelines. The area of assessing the value of imaging tests for
patients with suspected ACS in the ED is an exception, as there are numerous randomized
trials rigorously evaluating the various modalities.

In the design of virtually all of these trials, patients are randomized to a strategy where all
undergo the imaging test of interest, which is compared to a control strategy of usual care or
an alternative imaging strategy. However, a key aspect for future studies will be to determine
the optimal and most efficient deployment of imaging, as patients at very low risk for ACS
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are unlikely to benefit from an imaging strategy in a cost-effective manner. The existing
clinical risk scores!112 may not identify a low enough risk profile for such a purpose.

A promising approach involves the use of the evolving assays for high-sensitivity troponins.
As noted above, at the time of this writing these assays are not yet available in the United
States. Studies published to date from outside the US suggest that the combination of a
clinically very low risk patient along with an undetectable high sensitivity troponin value
within a short time after ED presentation identifies a group with very low probability for
ACS?0, in whom imaging is not likely to add value. In these studies this low risk finding is
seen in 10-15% of patients, and in concept such patients could be discharged directly
without further testing for out-patient follow-up.

The data on the use of high-sensitivity troponins also begins to suggest that serial analysis of
the markers over time may not be routinely necessary. In a very large cohort (n=14,636) of
ED chest pain patients seen at one ED in Sweden, 21% (n=8,907) had undetectable levels of
an initial high-sensitivity troponin accompanied by a non-ischemic initial ECG. Among
these patients, the 30-day risk of acute MI was 0.44%, translating into a negative predictive
value of 99.8% (95% CI, 99.7-99.9%)129. Future studies will likely incorporate these
approaches in an attempt to identify the group of patients most likely (and least likely) to
benefit from imaging.

Technical advances in the existing modalities may also have an impact on how imaging is
used in this setting. For SPECT MPI, high speed and high efficiency cameras are now
available that allow high quality imaging with lower radionuclide doses, reducing radiation
exposure, and with protocols that are completed more quickly. In an observational study of
over 1,400 ED patients who underwent CCTA or stress testing (with ECG or imaging with a
high efficiency SPECT camera), Duvall and co-workers reported that similar proportions of
patients were directly discharged from the ED with either testing strategy, but the CCTA
group had longer length of stay, higher mean effective radiation dose exposure, and more
follow-up testing3, The higher efficiency SPECT cameras also enable the possibility of
“stress-only” imaging, which when combined with attenuation correction techniques for
selected patients significantly reduces the time and dose for radionuclide imaging.13!

The technology to perform CCTA also continues to evolve. In an initial study, Achenbach
and colleagues reported on using a new CT acquisition scan mode to achieve high quality
CCTA imaging with acquisition times of approximately 4 minutes and radiation exposures <
1mSv.132 Min and colleagues have published a series of reports, including a multicenter
trial, assessing the ability of the noninvasive CT images to evaluate fractional flow reserve
associated with a stenosis133. Once mature, this technology may attenuate the apparent
increase in downstream catheterizations that have been observed in some CCTA studies, by
enabling interrogation of the physiologic significance of a stenosis seen on CCTA.

Thus, the technologies involved in imaging patients in this setting continue to evolve, as do
the potential ways to better select patients for optimally efficient use of imaging. The
evaluation of imaging techniques for ED patients with suspected ACS in clinical trials has
been leading the way in setting an example of how to rigorously assess technology for
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clinical use, resulting in a high level evidence base that can assist clinicians in selecting the
right test for the right patient.

Dr. Alpert: Dr. Udelson and colleagues have presented an exhaustive and
outstanding review of a very common and important clinical problem. It should be
considered essential reading for physicians and for physicians-in-training in
emergency medicine, in cardiovascular medicine and internal medicine. The
authors are to be congratulated for this most important contribution.
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Figure 1:
Thallium201 planar imaging after resting injection in a patient with unstable angina. The

arrows in the first column point to a perfusion defect in the anterior wall and apex. Images
obtained on a separate injection at day 8 (3 column) show normal perfusion in tose walls,
suggesting that the initial defect was a transient perfusion abnormality, consistent with
unstable angina. While technically crude by today’s imaging standards, this was among the
earliest efforts to noninvasively image myocardial perfusion in the acute ED setting.
Reproduced from Wackers et al, N Engl J Med 1976.
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Figure 2:
Normal myocardial perfusion at rest is seen following injection of a Tc99m perfusion tracer

in the ED in a patient with cheat pain but a low-to-intermediate likelihood of ACS, in the
short-axis (SA), horizontal long-axis (HLA) as well as in the vertical long-axis (VLA)
tomograms. The results suggest a very low probability of ACS.
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Figure 3:
In the horizontal long-axis (HLA) as well as in the vertical long-axis (VLA) tomographic

views, an apical perfusion defect is demonstrated (arrowheads) suggestive of resting
ischemia or infarct. Catheterization showed a severe stenosis of the left anterior descending
coronary artery.
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Figure 4:
In the short-axis (SA) view, an inferior wall perfusion defect is seen (arrowheads). This

finding is confirmed in the vertical long-axis (VLA) tomograms (arrowheads). This finding
is consistent with a perfusion defect at rest in the inferior wall, likely secondary to an acute
coronary syndrome.
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Figure 5:
An example of the use of prone imaging to clarify the status of the inferobasal wall. In the

images obtained from the usual supine position of the patient (top row), there is an apparent
inferobasal abnormality (arrow). However, this could also represent attenuation by the
diaphragm. Imaging was repeated in the prone position, which is thought to Position the
heart further away from the diaphragm. The resultant images (bottom row) show normal
homogeneous perfusion of the inferobasal wall (arrow) and the study was interpreted as
normal.

Curr Probl Cardiol. Author manuscript; available in PMC 2021 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dave et al. Page 41

Figure 6:
Imaging of fatty acid metabolism with BMIPP. In a patient injected with the tracer many

hours after resolution of symptoms, a defect is visualized in the anterior wall and apex. This
is consistent with regional reduction of fatty acid metabolism many hours after an episode of
ischemia, at which time the myocardial metabolism switched from predominantly fatty acid
to glucose metabolism. This persisted for hours after blood flow was restored, so-called
“ischemic memory”. Adapted from reference 43.
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Figure 7:
Echocardiography to detect a region of abnormal wall motion at rest, from end diastole (Left

panel) to end-systole (right panel). In the end-systolic frame, the white arrows highlight a
dyskinetic segment of the distal anterior septum, contrasted with the normally thickening
basal septum (open arrow). This finding could represent resting ischemia or infarct when
seen in an ED patient with ongoing symptoms. Reproduced from Flachskampf, Daniel.
Cardiac imaging in the patient with chest pain: echocardiography. Heart 2010
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Figure 8:
Contrast enhanced echocardiography in the evaluation of acute chest pain. An apical 4-

chamber view of the left ventricle at (A) end diastole when compared to (B) end systole
shows absence of myocardial contraction in the distal anterior septum and apex
(arrowheads). These akinetic segments likely represent ongoing ischemia or infarction in the
territory of the left anterior descending coronary artery. The remainder of the visualized
segments contract normally. Panel (C) demonstrates contrast perfusion imaging. In this
apical 3-chamber view, after an initial high energy ultrasound pulse is delivered, contrast is
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seen reentering all myocardial segments except those where a wall motion abnormality was
seen. (D) After several cardiac cycles, only a small subendocardial defect remains with
contrast reperfusing the remainder of the visualized myocardium. Although abnormal, the
majority of the perfusion in the territory of the left anterior descending artery is preserved.
Reproduced from Wei, Utility Contrast Echocardiography in the Emergency Department. J
Am Coll Cardiol Img 2010
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Figure 9:
Coronary Computed Tomography Angiography with Normal Coronary Arteries. A 56-year-

old woman presented to the ED with an episode of substernal pressure that had occurred at
work in the office. She had normal electrocardiogram and negative troponin on presentation.
She underwent coronary computed tomography angiography (CCTA), which demonstrated
normal coronary arteries (Panel A maximum intensity projection image of the left main
[LM] and left anterior descending [LAD] coronary artery, Panel B maximum intensity
projection image of the mid and distal LAD, Panel C curved multiplanar reformatted image
of the proximal left circumflex [LCx] coronary artery and the first obtuse marginal branch
[OM1], Panel D curved multiplanar reformatted image of the right coronary artery [RCA]).
She was discharged from the emergency department after CCTA.
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Figure 10:
CCTA Demonstrating Severe Coronary Stenosis and High-risk Plaque Features in a Patient

with Unstable Angina Pectoris. A 53-year-old woman with a history of multiple risk factors
presented to the ED with the chief complaint of occasional exertional chest pain during the
past 3 weeks. The curved multiplanar image of the right coronary artery (Panel A) showed a
severe stenosis (>70%, dotted line) in the proximal segment caused by partially calcified
coronary plaque. The plaque was characterized by the presence of low CT attenuation
plaque component (<30 HU) and positive remodeling. The image insert showed a cross-
section of the artery with spotty calcium (arrowhead) next to the lumen and the presence of
the napkin-ring sign (central low CT attenuation plague surrounded by peripheral rim of
higher CT attenuation plaque; arrow). These plaque features have been described as high-
risk plaque features and were associated with acute coronary syndrome. Maximum intensity
projection image of the right coronary artery confirmed severe stenosis (>70%) in the
proximal segment (arrow) and mild stenosis (<50%) in the distal third of the mid segment
(arrowhead). These findings were confirmed by invasive coronary angiography (Panel C).
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The patient was diagnosed with unstable angina and underwent percutaneous coronary
intervention with a drug-eluting stent.
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Figure 11:
Significant Coronary Stenosis with Corresponding First-past Myocardial Perfusion Defect

on CCTA. A 51-year-old man presented to the ED after a 20-minute episode of substernal
chest pain. He was chest pain free in the ED and his initial electrocardiogram and troponin T
were negative. He underwent a CCTA that showed subtotal to total occlusion of the small
first diagonal branch (Panel A, arrowhead, LAD left anterior descending coronary artery).
This finding correlated with the first-pass CT perfusion defect (arrows) in the basal
anterolateral segment of the left ventricle (Panel B). The second and third troponin T were
positive. He underwent invasive coronary angiography that demonstrated severe stenosis in
the proximal first diagonal branch (Panel C, arrow). No intervention was performed due to
the small caliber of the vessel. (Courtesy of Dr. Brian Ghoshhajra.)
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Figure 12:
Cumulative distribution graph of length-of-stay results fromt eh ROMICAT-11 randomized

trial. The x-axis depicts the hours of length-of-stay, the y-axis the cumulative proportion of
patients discharged at the varying lengths of stay. For tha patients randomized to the CCTA
strategy (blue line), more were discharged earlier from the ED, with approximately 50%
being discharged by 8 hours after presentation. In contrast, among the group randomized to
the usual care strategy (red dashed line), approximately 50% patients were not discharged
until 26 hours after presentation. Reproduced from reference 109.
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Figure 13:
CCTA Suggestive of Severe Coronary Stenosis with Negative Nuclear Myocardial Perfusion

Imaging Exercise Stress Test. A 52-year-old man presented to the ED with chest pain. At
time of admission, electrocardiogram was normal and troponin T was negative. The patient
underwent CCTA, which showed apparently severe luminal narrowing in the proximal
obtuse marginal branch (Panel A, LM left main coronary artery, LCx left circumflex
coronary artery, OM1 first obtuse marginal branch). Evaluation of CCTA was limited due to
the presence of calcium. There were no significant stenoses in the left anterior descending
and right coronary artery. The patient underwent further evaluation by stress nuclear
myocardial perfusion imaging. The patient had excellent exercise capacity, the stress
electrocardiogram was negative for ischemia, and the myocardial perfusion images had no
evidence of ischemia or infarction (Panel B top rows- stress, bottom rows- rest). The patient
was discharged and was doing well after 1-month follow-up. This illustrates the fact that
CCTA may identify anatomic CAD that may not be physiologically significant.

Curr Probl Cardiol. Author manuscript; available in PMC 2021 July 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dave et al. Page 51

Acute Chest Pain Presenting to the ED
Symptoms Suggestive of ACS

|

1—{ Non-Diagnostic ECG } l

Positive Initial Biomarkers
[ Normal Initial Biomarkers | or
l Hemodynamic Instability
| Coronary CT Angiography | l
Admission to the Hospital
* * * ‘ ‘ Management According to
Alternative No Plaque Plaque butNo || Non-Diagnostic Significant ACCIAHA Guidelines
Diagnosis: Stenosis Exam Stenosis
Pulmonary Embolism,
Aortic Disseclion l l | I

Serial Biomarkers and/or Additional

Test (e.g. Functional Stress Test) —[ Positive }
Appropriate -
N
Clinical I °:g°:|w°

Management
v

Discharge Discharge Home anq
Home Arrangement of Out-Patient

Follow-Up - Focus on

Modification of
Atherosclerotic Risk Factors
Figure 14:

Proposed Algorithm for Evaluation and Management of Patients Suspected of Having ACS
Using Early CCTA
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Figure 15:
Use of cardiac magnetic resonance (CMR) imaging for patients with suspected ACS in the

ED setting. In the left panel, an end-systolic frame from cine-CMR shows absence of
thickening of the anteroseptal segment (arrows), consistent with a regional wall motion
abnormality. The middle panel is an image of myocardial perfusion, and the darker band in
the anteroseptum subendocardium (arrows), represents a subendocardial perfusion
abnormality. In the right panel, there is no evidence of late gadolinium enhancement in this
area (arrows), suggesting absence of infarct. These imaging data are consistent with a resting
perfusion abnormality resulting in abnormal wall mation, and an ACS. Catheterization
revealed a 95% stenosis of the left anterior descending coronary artery. Reproduced from
reference 113.
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Figure 16:
Use of T2 weighted imaging to assess myocardial edema associated with regional ischemia.

Panel A is the T2 weighted image of a patient with suspected ACS. There is a region of T2
hyperintensity in the anterior wall consistent with myocardial edema (arrow). Panel B
demonstrates a resting perfusion abnormality in the same territory (arrow), while Panel C
shows absence of delayed hyperenhancement after gadolinium contrast. The findings are
suggestive of resting ischemia. Subsequent stress testing was positive, and catheterization
revealed a 90% stenosis in the proximal left anterior descending coronary artery as seen in
Panel D.
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Figure 17:
CMR imaging for detecting etiologies of chest pain in ED patients distinct from CAD as

cause of clinical ACS. Panels A and B demonstrate the typical appearance of infarction
related to CAD, with wall thinning of the anterior wall, septum and inferoseptum in Panel A
(arrows), and near transmural gadolinium enhancement seen in Panel B (arrows). In contrast,
the images shown in Panels C and D represent regional myocarditis, seen in a patient with a
troponin-positive ACS clinical syndrome, but no severe stenosis seen on subsequent
coronary angiography. Panel C is a T2-weighted long-axis view, and an area of focally
increased signal is seen in the inferolateral wall suggesting inflammation (black arrow). In
Panel D, gadolinium-enhanced imaging shows in the corresponding region patchy, mostly
epicardial late enhancement, indicating fibrosis (white arrow). This pattern is most
suggestive of acute myocarditis as an etiology of the clinical syndrome. Reproduced from
reference 125.
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Table 1

Performance Characteristics of Resting Myocardial Perfusion Imaging for Detection of Relevant Diagnostic
Endpoints in the ED Setting

Author/Reference | Patients | Sensitivity | Specificity | NPV Endpoint
Wackers et al. 23 203 100 63 100 Mi
Bilodeau et al. 27 45 96 76 94 CAD (by angiography)
Varetto et al. 28 64 100 67 100 Ml

100 92 100 CAD
Hilton et al. 29 102 100 78 99 MI

94 83 99 All Events
Tatum et al. 30 438 100 78 100 MI

82 83 98 Ml, revasc
Kontos et al. 31 532 93 71 99 Ml

81 76 95 Ml, revasc
Heller et al. 32 357 90 60 99 MI
Duca et al. 33 75 100 73 100 Ml

73 93 81 CAD
Kosnik et al. 34 69 71 92 97 MI, revasc, or cardiac death
Kontos et al. 35 620 92 67 99 Ml
Udelson et al. 36 1215 96 NR 99 Ml
Schaeffer et al. 36a 479 7 92 99 Mi
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Table 2

Randomized controlled multicenter trials with coronary CT angiography as a diagnostic intervention in
patients with acute chest pain. The workup in the emergency department (ED) using coronary CT angiography
(CCTA)was compared either with a workup strategy requiring nuclear myocardial perfusion imaging(MPI)or
with a traditional standard of care (SOC) workup strategy

Population Randomization Outcomes Observed difference (CCTA vs control)
Goldstein® (CT- Negative troponin CCTA, n=361  Prevalence of ACS 1.2% vs 2.7%
STAT)
Nondiagnostic ECG MPI, n=338 MACE during follow-up 0.8% vs 0.4%
Age:50£10y Direct ED discharges 73% vs 81%
Women: 54% Time to diagnosis* 29vs6.2h
Number of centers: 16 Invasive coronary angiography 7% vs 6%
Coronary revascularization 4% vs 2%
ED cost ™ $2137 vs $3458
Radiation dose ™ 12 vs 13 msv
Litt25 Negative troponin CCTA, n=929 Prevalence of ACS 4% vs 2%
Nondiagnostic ECG SOC, n=463 MACE during follow-up 3% vs 1%
Age:49+10y Direct ED discharges ™ 50% vs 23%
Women: 53% Length of stay * 18.0vs24.8 h
Number of centers: 5 Invasive coronary angiography 5% vs 4%
Coronary revascularization 3% vs 1%
ED cost not available
Radiation dose not available
Hoffmann42 Negative troponin CCTA, n=501 Prevalence of ACS 9% vs 6%
(ROMICAT I1)
Nondiagnostic ECG SOC, n=499 MACE during follow-up 0.4% vs 1.2%
Age:54£8y Direct ED discharges ™ 47% vs 12%
Women: 47% Length of stay * 23.2vs30.8h
Number of centers: 9 Invasive coronary angiography  11% vs 7%
Coronary revascularization 7% vs 4%
ED cost $2101 vs $2566
Radiation dose * 14vs5mSv

CT-STAT, CT-systematic triage of acute chest pain patients to treatment; MACE, major adverse cardiac events
*
Significant difference (p < 0.05).

fEstimated from present data.
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