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The efficientand reliable evaluation of patients with acute chest pain is one of the most challenging tasks in the emergency department. Coronary
computed tomography (CT) angiography may play a major role, since it permits ruling out coronary artery disease with high accuracy if performed
with expertise in properly selected and prepared patients. Several randomized trials have established early cardiac CT as a viable safe and poten-
tially more efficient alternative to functional testing in the evaluation of acute chest pain. Ongoing investigations explore whether advanced ana-
tomic and functional assessments such as high-risk coronary plaque, resting myocardial perfusion, and left ventricular function, or the simulation of
the fractional coronary flow reserve will add information to the anatomic assessment for stenosis, which would allow expanding the benefits of
cardiac CT from triage to treatment decisions. Especially, the combination of high-sensitive troponins and coronary computed tomography angi-

ography may play a valuable role in future strategies for the management of patients presenting with acute chest pain.
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Background

Chest pain is one of the most common reasons to visit the emergency
department (ED). The challenge for ED physicians is to accurately
and efficiently identify the small proportion of patients with myocar-
dial infarction or other life-threatening conditions, while at the same
time contain the expanding logistic burden for emergency medical
services. Initial triage of acute chest pain is targeted at identifying
patients at very low risk, who can be safely discharged immediately.
Unfortunately, neither clinical presentation, traditional cardiovascu-
lar risk factors, nor clinical risk scores allow for a safe initial triage, as
the adverse event rate even in patients with the lowest scores is still
around 2%."? In this review, we will discuss the role of cardiac
computed tomography (CT) in low to intermediate risk ED patients
with suspicion of an acute coronary syndrome (ACS), focusing on
early triage and subsequent management decisions.

Geographical heterogeneity in the
care of acute chest pain

The organization of emergency medicine and care of suspected ACS
varies between countries, hospitals, and doctors. Patients may be

Computedtomography e Acute chestpain e Acute coronarysyndrome e Myocardialinfarction e Diagnostic triage

seen by cardiologists, ED specialists, internists, or even general sur-
geons in smaller hospitals. In some European countries, general prac-
tice medicine functions as a gatekeeper for low-risk chest pain, while
in USA, the ED is often the first place for medical consultation on a
walk-in basis. Many American hospitals, and some in Europe, have
dedicated low-risk chest pain observation units as an intermediary
between the ED and a full admission. Despite guideline mediated
management using risk models, differences in the choice and fre-
quency of non-invasive diagnostic testing, as well as referral rates
for invasive angiography, remain. Variations in population character-
istics, disease prevalence, ED logistics, observation capacity, local tra-
ditions, and financial incentives affect diagnostic management, as well
as the potential role of new diagnostic tools, in the triage of acute
chest pain.

Cardiac computed tomography—
an opportunity to improve chest
pain triage?

Over the past two decades, CT has rapidly evolved. State-of-the-art
scanners acquire 64—320 cross-sections per rotation, depicting
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vascular details with a spatial resolution <<0.5 mm. Fast scanner tech-
nology combined with heart rate reducing medication now make it
possible to image the coronary arteries without motion artefacts
in most patients. An electrocardiogram (ECG)-synchronized, contrast-
enhanced images of the heart and coronary arteries can be acquired
in one to five heart cycles. The diagnostic performance of coronary
computed tomography angiography (CTA) has been investigated ex-
tensively in patients with stable coronary artery disease (CAD). Using
invasive angiography as a reference, coronary CTA is more sensitive
(98—100%) than any other non-invasive technique.® Because of the
high negative predictive value (99—-100%), coronary CTA is recom-
mended in patients with a low to intermediate probability of CAD,
or after an inconclusive functional test.* A normal cardiac CT exam-
ination is associated with a low adverse cardiac event rate in the
following years.” The reported per-patient specificity (~~85%) is
lower due to overestimation of stenosis severity, often due to the
presence of calcifications, but not inferior to other non-invasive
techniques. The radiation exposure has decreased dramatically

over the past years. Doses <5 mSv are now common practice
using state-of-the-art technology, while very recent innovations
permit doses <1 mSv in selected patients.® Given the practical lim-
itations of functional testing in the ED setting, and the relatively low
prevalence of CAD in this setting, direct coronary visualization by
CTA appears an attractive diagnostic alternative for early triage of
ACS (Figure 1).

Current data on cardiac computed
tomography in the emergency
department

Observational data

Between 2006 and 2012, several observational studies addressed the

feasibility of cardiac CT in patients with acute chest pain (Table 1).” ="

Whileiinitial studies were performed in more selected, often high-risk

Figure | Obstructive coronary disease. A 59-year-old man presenting after a prolonged episode of crushing chest pain with bilateral radiation to
the arms that subsided after sublingual nitroglycerine. There were non-specific STT-segment changes on the electrocardiogram and normal initial
myocardial necrosis markers. Coronary CTA (A—C) shows atherosclerotic plaque (arrowheads) and a short, severe stenosis in the mid-LAD
(arrow). Second cardiac markers were positive. Catheter angiography (D and E) confirmed a stenosis in the mid-LAD.
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Table I Detection of acute coronary syndrome in observational studies
Study n Population Scanner  ACS definition ACS rate CcT sens spec
(Ml rate) criterion (%) (%)
Rubinshtein 58 Higher risk 64-CT Positive troponins, or 34% Stenosis 100 92
etal’ (incl. history of CAD) >50% stenosis by invasive
angiography, or positive
ischaemia test
Gallagher et al® 92 Low-risk ED 64-CT MI, UAP 13% Stenosis 86 92
ROMICAT I° 368 Low-risk ED 64-CT* MI (8), UAP (23) 8.4% (2%) Plaque 100 54
Stenosis 77 87
Hansen et al."® 89 Low-risk ED 64-DSCT Ml 4% (4%) Plaque 100 41
Stenosis 75 86
Dedic et al." 111 Any-risk ED 64-DSCT*  MI (13), UAP (6) 17% (12%) Calcium 89 41
(incl. low-positive troponins)
Plaque 100 40
Stenosis 89 79

MI, myocardial infarction; UAP, unstable angina pectoris; sens, sensitivity; spec, specificity; DSCT, dual-source CT.

?Blinded cardiac CT exam, without affecting management.

patients, their results were substantiated by a large prospective ob-
servational cohort study (ROMICAT 1), in which the coronary CTA
results remained blinded to the caregivers and patients.” The main
conclusions from these studies were that the absence of plaque on
CTA excludes ACS (sensitivity 100%), while obstructive CAD
(>50% stenosis) does not (sensitivity 77%), and only half of patients
with obstructive coronary disease on CTA have acute coronary
disease.

Randomized comparative effectiveness
trials

Several randomized controlled trials investigated the safety and eco-
nomic performance of cardiac CT in acute chest pain (Table 2)."*~"*
The trial designs can be summarized as non-controlled compara-
tive effectiveness trials, in which decisions of care were made by care-
givers, and thus results reflect common practice patterns. While the
CT-STAT trial compared coronary CTAwith single-photon emission
computed tomography (SPECT),'® the ACRIN and ROMICAT I
trials compared CTA with standard of care (SOC).">' Patients
were predominantly enrolled at academic centres in the USA
(4—16 sites), without functional testing on the ED, or an accelerated
care protocol. The study cohorts were at very low (ACRIN,
CT-STAT) or low to intermediate risk (ROMICAT II). Between 10
and 15% of patients presenting with acute chest pain to the ED
were enrolled in these trials.

The ACRIN trial demonstrated that CTA is safe in low-risk
patients, with a 0% adverse event rate at 30 days (95% Cl 0—0.57%,
primary endpoint). Also in the ROMICAT Il and CT-STAT trials,
adverse event rates were low, both in the CTA strategy and standard
care groups (Table 2). In total, these three trials composed of more
than 3000 patients, and follow-up analysis demonstrated that based
on the CTA results, not a single patient was discharged with a
missed diagnosis of ACS, supporting the conclusion that coronary
CTA guided management at the ED is safe.

Another goal of these trials was to demonstrate the efficiency of
CTA compared with SOC. This was primarily tested in the ROMICAT
Il trial, which demonstrated a reduction in length of stay, hospital
admissions, and ED cost, while overall hospital costs remained
similar to SOC, driven by a higher rate of invasive angiography and
revascularizations. Across the trials, patients randomized to CTA
more often underwent cardiac catheterization (8.4 vs. 6.3%) and per-
cutaneous coronary intervention (4.6 vs. 2.6%). Unfortunately, the
trials were not powered to prove thatimproved sensitivity for the de-
tection of obstructive CAD by CTA, with subsequently increased
revascularization rates, also result in a better clinical outcome. Add-
itionally, radiation exposure will be higher for CTA when SOC con-
sists of exercise tests and stress echocardiography. In summary, these
trials have established cardiac CT as a viable alternative to functional
testing for triage of low-risk patients with acute chest pain.

Prediction of mid-term outcome

Several studies demonstrated that CTA findings of plaque, stenosis,
and ventricular function accurately predict adverse cardiac events
over the next 6 months to 2 years (Table 3).”">~"® While patients
without CAD remain virtually event-free, non-obstructive CAD is
associated with a slight increase of risk, and those with obstructive
CAD are at the highest risk.”

Challenges to implementation of
cardiac computed tomography in
the emergency department

While the potential diagnostic value of cardiac CT in the ED
seems evident, there are practical obstacles that interfere with wide-
spread implementation. Computed tomography equipment with suf-
ficient cardiac imaging capabilities (minimally a single-source 64-slice
system), fully trained technologists, and experienced cardiac CT
readers are essential. Not all patients are eligible for coronary
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Table 2 Randomized controlled trials

Study CT-STAT" ACRIN"? ROMICAT II'*
(2011) (2012) (2012)
Population 699 1370 985
TIMI risk score 0—4 TIMI risk score 0—2 Low—intermediate risk
MI0.9% MI 1% MI2.5%
Randomization 1:1 2:1 1:1
Control group SPECT MPI Usual care Usual care
CTA Controls CTA Controls CTA Controls
ACS diagnosis 1.1% 2.4% 1% 1% 9% 6%
ED discharge 50% 23% 47% 12%
ICA rate 8.0% 7.4% 5% 4% 12% 8%
Revascularization 4.3% 2.7% 3% 1% 6% 4%
Time to diagnosis (median, range) 2.9h?(2.1-4.0) 6.3 h(4-19)
Length of stay (median, range) 18.0 h (8-27) 24.8 h (19-31) 23.2h* 30.8h
One month MACE 0%* 0% 0.4% 12%
Six months MACE 0.8% 0.4%
Cost (US$) 2137° 3458 4026° 3874
TIMI, thrombolysis in myocardial infarction.
Statistically significant results in bold.
?Primary endpoint of the study.
°Only ED costs.
“Index hospitalization including angiograms and interventions.
Table3 Mid-term outcome after cardiac computed tomography in acute chest pain
Author/year n ACS risk Follow-up  Event definition CT criterion (% total cohort) Events (%)
Rubinshtein et al. (2007)” 58 Avg TIMI 1.3 1year Death, Ml, revascularization  ED discharge (55%) 0
Hollander et al. (2009)"> 588  TIMI 0—1 1 year Death, Ml, revascularization ~ Stenosis <50% (82%) 0.2
ROMICAT | (201 1)17 368 Low risk 2 years Death, Ml, revascularization =~ Normal (50%) 0
<50% stenosis (32%) 4.6
>50% stenosis (19%) 30.3
CT-STAT (2011)12 361 Average TIMI1 6 months Death, Ml, revascularization  (Nearly) normal (74%) 0.8
Singer et al. (2012) 507 Average TIMI1 6 months Death, revascularization Stenosis <50% (96%) 0
Christiaens etal. (2012)'® 175 Low—intermediaterisk 6 months MACE (non-specified) Stenosis <50% (78%) 0

CTA, including those with known CAD, cardiac arrhythmia, tachy-
cardia, or severe obesity (typically BMI > 40 kg/m?). Computed
tomography angiography is associated with risks due to radiation ex-
posure, although doses have decreased substantially over the past
decade. Use of iodine-containing contrast media may be contra-
indicated in case of renal dysfunction or related allergies. The guide-
lines emphasize that the choice of test, whether CT or another
modality, should be based on local expertise and individual character-
istics that affect eligibility.* More advanced CT technology, dual-
source CT systems or wider detector arrays, can improve image
quality in somewhat less suitable patients. Presently, few centres have
sufficient experienced personnel to offer cardiac CT around the
clock. Recently published guidelines on the practice of cardiac CT in

the ED specify need for certification and maintenance of certification
for imaging centres, interpreting physicians, and medical staff.’

Beyond the coronary artery lumen

Myocardial enhancement and stress
perfusion imaging

Resting myocardial ischaemia or myocardial infarction can be identi-
fied on routine CTA datasets as myocardial hypo-enhancement
(Figure 2). The presence of a resting myocardial enhancement
defect on CTA has a sensitivity and specificity of around 90% to
identify patients with a myocardial infarction.”**' While chronic
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Figure 2 Myocardial infarction. A 48-year-old man with position
dependent, burning chest pain, and gastro-intestinal complaints.
The conventional 12-lead electrocardiogram showed non-specific
STT-segment changes. The conventional troponin T was borderline
abnormal (0.04 mg/L). Coronary CTA (A and B) revealed an
occluded distal LCX (arrow), with transmural hypo-enhancement
and normal thickness of the infero-lateral wall (C, arrow heads). A
subsequent rise in cardiac biomarkers (max CK-MB 93 ug/L) indi-
cated acute myocardial injury, and invasive angiography confirmed
an LCX occlusion (D, arrow).

myocardial scar and acute hypo-perfusion both show lower contrast
enhancement on CTA, chronic infarction can often be differentiated
by wall thinning or lower attenuation values (<0 HU) as a result of
fat tissue within the scar.”2

As current guidelines recommend revascularization be guided
by objective evidence of ischaemia, additional information on the
haemodynamic significance would benefit decision-making in
patients with obstructive lesions on coronary CTA* Similar to

other modalities, myocardial perfusion imaging can be performed

. |

Figure 3 Assessment of haemodynamic relevance by computed
tomography. Computed tomography angiography-derived frac-
tional flow reserve (A) shows a haemodynamic significant (red
colour) stenosis in the LAD (arrow) with a simulated FFR value of
0.72. Stress perfusion computed tomography (B) demonstrating
low myocardial blood flow (during pharmacological hyperaemia)
in the infero-lateral wall (arrows) caused by an RCA stenosis.

using cardiac CT either in a single-phase mode for qualitative identi-
fication of ischaemic myocardium,?® or in a multi-phase mode for
quantitative assessment of the myocardial blood flow (Figure 3).2*
As for other methods of stress testing, stress CT myocardial perfu-
sion imaging may be safer and logistically easier to perform at a
later stage, after an ACS has been ruled out.

Coronary CT angiography-derived
fractional flow reserve

The haemodynamic severity of CAD can also be determined by cal-
culation of the fractional flow reserve (FFR) from CT angiograms
using computational fluid dynamics.”> Computed tomography
angiography-derived fractional flow reserve (CTA-FFR) could
exclude haemodynamically significant CAD more confidently, and
reduce the need for further functional testing or invasive angiog-
raphy, but has not been investigated in patients with acute chest
pain yet (Figure 3).%° While currently available CTA-FFR algorithms
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require processing on a powerful remote computer, point-of-care
CTA-FFR with a processing time <1 h may become available in the
near future.”’

Calcium imaging

Calcium imaging in acute chest pain remains controversial. While
the absence of calcium in low-risk acute chest pain indicates a low
probability of ACS and good overall prognosis,”® a negative coronary
calcium scan alone is generally not regarded as sufficient to reliably
rule-out ACSs in patients with chest pain.”""

High-risk plaque features

A unique feature of coronary CTA is the potential to non-invasively
visualize and characterize coronary atherosclerotic plaque, both
in stenotic and in non-obstructive lesions (Figure 4). Computed tom-
ography angiography can classify plaque composition as calcified or
non-calcified. More importantly, CT angiography can detect features
associated with plaque instability, such as low attenuation (<30 HU),
outward vessel remodelling, high total plaque burden, and spotty cal-
cifications, with good correlation to intravascular imaging and hist-
ology.” Initial data suggest that these CTA determined plaque
features predict adverse events, independent of the angiographic
stenosis severity.° In a recent subanalysis of the ROMICAT Il trial
cohort, the presence of high-risk plaque features on coronary CTA
increased the likelihood of ACS, independent of the angiographic
CAD severity and clinical risk assessment.>’ How these plaque fea-
tures should be incorporated into individual clinical decisions
requires further investigation.

Non-coronary cardiovascular
emergencies

Other life-threatening conditions that need consideration in acute
chest pain include pulmonary embolism, aortic dissection, pneumo-
thorax, and pericarditis, all of which may be diagnosed by CT. An
ECG-synchronized, thoracic CT scan with pulmonary and aortic
contrast enhancement can rule out all of these conditions.
However, this triple-rule-out protocol is not recommended for
routine use in suspected ACS because of the low incidence of the
non-coronary emergencies, the higher scan complexity, and the
higher radiation and contrast medium dose.

Cardiac CT in the era of highly
sensitive troponin assays

High-sensitive troponins that allow more sensitive and earlier detec-
tion of myocardial infarction,** have profoundly affected the daily
management of patients with acute chest pain in Europe, while
none of these assays have gained approval in the USA yet. High-
sensitive troponins can improve triage using an ‘accelerated
diagnostic protocol’, which combines a low ACS risk score with
short-interval high-sensitive-troponin measurements to identify
patients without ACS.>* A challenge arises, however, from the fact
that more patients will have a measurable high-sensitive troponin in
the absence of acute coronary disease. The application of cardiac
CT may develop as an effective means to rule-out CAD in patients
with minor high-sensitive-troponin elevations (Figure 5). With the
availability of high-sensitive troponins to rule-out myocardial

Figure 4 Plaqueimaging. Ina47-year-old man with unstable angina, cardiac computed tomography shows a plaque in the LAD with features asso-
ciated with plaque instability, including severe stenosis, non-calcified plaque with a low-attenuation core (napkin ring sign) and outward vessel
remodelling (A,C). Invasive angiography confirms the stenosis in the LAD (B).
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infarction, and the development of functional CT applications, the
role of cardiac CT may in the future shift from a rule-out test for
low-risk patients, to a more comprehensive, and potentially
therapy guiding modality.

Current recommendations and
future expectations of clinical use

Several guideline documents discuss the role of cardiac CT in the
management of acute chest pain. The 2010 Cardiac CT Appropriate-
ness Criteria, which included representation by the ACC, AHA, and
SCCT, regarded the use of cardiac CT appropriate in low to inter-
mediate risk acute chest pain with non-diagnostic ECG and serum
biomarkers.>* The 2011 ESC Non-STE-ACS management guidelines
suggest cardiac CT to be considered in patients with non-conclusive
cardiac markers.®® Based on the ACRIN and ROMICAT Il results,
published in 2012, it is expected that upcoming guidelines will

provide more specific recommendations on the triage by cardiac
CT in low-risk patients. It is important to emphasize that informa-
tion from cardiac CT needs to be interpreted in the context of all clin-
ical and diagnostic information available. In the future, the diagnostic
value of cardiac CT may be further strengthened by incorporation
of morphologic plaque assessment and applications to assess the
functional relevance of CAD on CTA. Additionally, high-sensitive-
troponin assays may allow safe exclusion of ACS without the need
for further diagnostic testing in a proportion of patients. Hence,
early triage by cardiac CT may re-focus towards those with low
elevations in high-sensitive troponins.

Conclusion

At the present time, early triage by coronary CTA isa viable, reliable,
and potentially more accurate alternative to functional testing in
low-risk patients with acute chest pain. Coronary CTA requires

Figure 5 Positive cardiac markers. A 69-year-old man presenting after a prolonged episode of crushing chest pain accompanied by shortness
of breath. The electrocardiogram showed negative T waves over the lateral leads, and initial high-sensitive troponins were low-positive (24 ng/L).
Coronary CTA (A—C) demonstrated non-obstructive plaque, particularly around the LAD-diagonal bifurcation. Invasive angiography (D and E),
performed after a 25% rise in troponins, confirmed the computed tomography results.
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high-end equipment, sufficient expertise in data acquisition and image
interpretation, and appropriate patient selection. This currently
limits broad implementation of cardiac CT in emergency room
setting. With the introduction of high-sensitive troponins into the
early triage of acute chest pain, modifications in the use of cardiac
CT as wellas other diagnostic testing can be expected. Incorporation
of morphological plaque characteristics, as well as the development
of CT applications to assess the functional severity of CAD, could
add diagnostic value to cardiac CT examinations in the ED, but
requires further investigation.
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‘A blessing in disguise’: myxoma cordis and Tako Tsubo cardiomyopathy
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A 72-year-old woman presented with a general-
ized epileptic insult and respiratory insufficiency.
The electrocardiogram showed ST-segment
depression inferolateral, and both Troponine-T
(0.041 pg/L, n < 0.014 pg/L) and NT pro-BNP
(855 ng/L, n < 301 ng/L) were elevated. However,
subsequent CK-MBs remained normal. A trans-
thoracic echocardiogram (TTE) showed a severe-
ly impaired left ventricular function (LVF) with
regional wall motion abnormalities of all distal
segments (Panels A and C). Furthermore, an intra-
cardiac mass was seen in the left atrium, with
no inflow obstruction. It was hypothesized that
the insult was caused by a thrombo-embolic
process. However, a CT-cerebrum showed no

signs of intracranial bleeding or ischaemia.

Afew days later the electrocardiogram showed negative T-waves in V2—V6 and stretched ST-segments (Panel D). A coronary angiogram
was made and ruled out coronary artery disease. A second TTE showed improvement of LVF. A cardiac MR was performed which showed
myocardial oedema and patchy delayed contrast enhancement in the mid and apical segments, suggesting myocarditis or Tako Tsubo car-
diomyopathy (Panel B). The mass in the left atrium was suspected for a myxoma cordis. A viral or autoimmune aetiology was excluded. An
electroencephalography showed bitemporal epilepsy, without reoccurrence of insults at follow-up. Our patient clinically improved, the
myxoma was surgically removed without complications, and the LVF improved further.

We hypothesized due to the events in time that the Tako Tsubo cardiomyopathy was secondary to the epileptic insult. The epileptic
insult turned out to be ‘a blessing in disguise’ as this led to the discovering of the myxoma cordis.

Panel A: Transthoracic echocardiogram (at admission). Apical four-chamber view. Poor left ventricle function with regional wall motion
abnormalities in mid and apical segments (arrows) with hyperkinetic basal segments. Normal systolic right ventricle function. No significant
valvular disease. No pericardial effusion. Stemmed mass of 3 cm in the left atrium (¥).

Panel B: Cardiac magnetic resonance imaging (10 days after presentation). Four-chamber view of T,-weighted fast spin-echo demonstrat-
ing increased signal intensity in mid-to-apical segments suggesting myocardial oedema with diffuse patchy delayed contrast enhancement.
Moderate amount of pericardial effusion. Mass in the left atrium with high signal intensity on T,-weighted fast spin echo with heterogeneous
late-contrast enhancement characteristic of myxoma cordis. Normal dimensions of the aorta thoracalis with mild atherosclerosis.

Panel C: Transoesophageal three-dimensional echocardiogram (prior to surgery). Three-dimensional zoom acquisition of the left
atrium with the intra-atrial mass suggestive for myxoma cordis filling more than 50% of the total left atrial volume (*). The arrow indicates
the stem of the intra-atrial mass.

Panel D: Electrocardiogram (at referral). Sinus rythm 65/min, intermediate heart axis, PQ, QRS, and QTc within normal values. Negative
T-waves in V2-Vé.
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