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Triple-Rule-Out CT Angiography
for Evaluation of Acute Chest
Pain and Possible Acute
Coronary Syndrome1
Ethan J. Halpern, MD

Triple-rule-out (TRO) computed tomographic (CT) angiography can provide a cost-effective evaluation of the
coronary arteries, aorta, pulmonary arteries, and adjacent
intrathoracic structures for the patient with acute chest
pain. TRO CT is most appropriate for the patient who is
judged to be at low to intermediate risk for acute coronary
syndrome (ACS) and whose symptoms may also be attributed to acute pathologic conditions of the aorta or pulmonary arteries. Although a regular cardiac rhythm remains
an important factor in coronary CT image quality, newer
CT scanners with 64 or more detector rows afford rapid
electrocardiographically (ECG) gated imaging to provide
high-quality TRO CT studies in patients with a heart rate of
up to 80 beats per minute. Injection of iodinated contrast
material (!100 mL) is tailored to provide simultaneous
high levels of arterial enhancement in the coronary arteries and aorta (!300 HU) and in the pulmonary arteries
(!200 HU). To limit radiation exposure, the TRO CT
examination does not include the entire chest but is constrained to incorporate the aortic arch down through the
heart. Scanning parameters, including prospective ECG
tube current modulation and prospective ECG gating with
the “step-and-shoot” technique, are tailored to reduce radiation exposure (optimally, 5–9 mSv). When performed
with appropriate attention to timing and technique, TRO
CT provides coronary image quality equal to that of dedicated coronary CT angiography and pulmonary arterial
images that are free of motion artifact related to cardiac
pulsation. In an appropriately selected emergency department patient population, TRO CT can safely eliminate the
need for further diagnostic testing in over 75% of patients.
! RSNA, 2009

1
From the Department of Radiology, Thomas Jefferson
University, 132 S 10th St, Philadelphia, PA 19107-5244.
Received December 31, 2008; revision requested February 5, 2009; revision received February 10; accepted
February 18; final version accepted February 25. Address
correspondence to the author (e-mail: ethan.halpern
@jefferson.edu ).

" RSNA, 2009

332

radiology.rsnajnls.org ▪ Radiology: Volume 252: Number 2—August 2009

HOW I DO IT: Triple-Rule-Out CT Angiography

E

valuation of chest pain in the
emergency department (ED) is a
public health issue of great consequence. According to the most recent
available health statistics report from
the Centers for Disease Control and
Prevention, evaluation of acute chest
pain and related symptoms was the second most common reason for a visit to
the ED by a female adult and the most
common reason by a male adult in the
United States in 2006 (1). Chest pain
accounted for 6 392 000 ED visits and
1 976 000 hospital admissions. Overall,
suspected heart disease and chest pain
were the most common reasons for direct admission from the ED and accounted for 2 492 000 hospital admissions in 2006.
The differential diagnosis of chest
pain is a complex problem for the ED
physician. The diagnosis of acute coronary syndrome (ACS) includes unstable
angina, non–ST-elevation myocardial
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infarction, and ST-elevation myocardial
infarction. Of patients presenting to the
ED with symptoms of ACS, only 25%
ultimately have a confirmed diagnosis of
ACS at the time of discharge (2). The
failure rate for diagnosis of ACS among
patients presenting to the ED is in the
range of 2%–5% (3,4) but may be as
high as 29% at low-volume centers (5).
Patients in whom the diagnosis of
ACS is missed tend to be younger and to
have an atypical presentation and a nondiagnostic electrocardiogram (ECG) (6).
The missed diagnosis of ACS is a common
reason for litigation against ED physicians
and accounts for up to 25% of the total
malpractice liability of ED physicians (7).
On the other hand, uncertainty in the diagnosis of ACS results in the practice of
defensive medicine and begets an increased number of diagnostic tests and
hospital admissions (8). The cost of negative inpatient cardiac evaluations is estimated at $6 billion in the United States
each year (9).

Essentials
# The primary goal of triple-rule-out
(TRO) CT in the emergency department is to facilitate the safe
rapid discharge of patients judged
to be at low to intermediate risk
of acute coronary syndrome.
# The detection of noncoronary lesions that explain the presenting
complaint is a major advantage of
the TRO CT examination over
nuclear stress testing.
# TRO studies are most appropriate
and cost-effective when there is a
suspicion for acute coronary syndrome along with other diagnoses
such as pulmonary embolism,
acute aortic syndrome, or nonvascular disease in the thorax.
# An optimized TRO protocol provides excellent image quality for
aortic and coronary and pulmonary arterial evaluation while
minimizing contrast agent dose
and radiation exposure.
# Attention to the details of patient
preparation, contrast agent administration, and timing of the
scan is the key to high-quality
TRO studies.

Clinical Role of Triple-Rule-Out CT
Numerous studies have demonstrated
good to excellent diagnostic accuracy
of dedicated coronary computed tomographic (CT) angiography for evaluation of coronary disease (10), with
excellent negative predictive values
(11,12). However, few reports have
described the application of CT as part
of the triple-rule-out (TRO) examination with a dedicated TRO injection
and scan protocol (13).
TRO CT is a tailored ECG-gated examination designed to evaluate the aorta,
coronary circulation, pulmonary arteries,
and the middle to lower portion of the
chest with a single scan. Application of
the TRO examination for evaluation for
suspected ACS in the ED is possible because of advances in CT technology that
provide greater z-axis coverage with improved temporal resolution and decreased radiation dose. A recent survey
of radiology practices found that 33%
used CT in the ED for the work-up of
chest pain and that 18% were using a
TRO protocol (14).
All patients with ACS require hospital
admission, and many will benefit from
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rapid triage to cardiac catheterization and
intervention. On the other hand, when a
patient’s presentation clearly suggests a
noncardiac diagnosis, coronary evaluation is not required and is not cost effective. The remaining patients suspected of
having ACS must be cleared of this diagnosis prior to discharge. Given the potentially life-threatening consequences of
missing a diagnosis of ACS, a high negative predictive value is critical for discharging patients with possible ACS.
The negative predictive value of coronary CT angiography for ACS will depend on the prevalence of coronary disease in the study population. A recent
multicenter trial (15) demonstrated a
99% negative predictive value of coronary CT angiography for coronary disease at both the patient and the vessel
levels in a population with a disease
prevalence of less than 25%, establishing coronary CT angiography as an effective noninvasive examination to rule
out obstructive coronary artery stenosis. Although another recent multicenter trial (16) demonstrated a negative predictive value of only 83% for
coronary CT angiography, that study
evaluated a population with a high
(56%) prevalence of obstructive coronary disease. On the basis of the results
of these studies of dedicated coronary
CT angiography, it is likely that TRO CT
will be most effective in a population
with a low prevalence ("50%) of obstructive coronary disease.
For those with a low risk of ACS who
are evaluated with conventional nuclear
stress testing, only one-third of patients
with a positive or indeterminate stress
test result are found to have clinically significant coronary disease at the time of
catheterization (17). For the evaluation of
Published online
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patients presenting to the ED who are
judged to be at low risk for ACS, coronary
CT angiography is at least as accurate as
nuclear imaging (18) and allows the safe
and rapid discharge of low- to intermediate-risk ACS patients (19–21). Results of
a recent study (22) suggest that in low- to
moderate-risk patients, a CT triage model
is less costly and more effective than
strategies based on either stress echocardiography or stress ECG testing. The authors of another recent study (23) concluded that “compared to the other strategies, immediate CTA [CT angiography]
is safe, identified as many patients with
coronary disease, had the lowest cost,
had the shortest length of stay, and allowed discharge for the majority of patients.” TRO CT precludes the need for
additional diagnostic testing in over 75%
of patients with low to intermediate risk
of ACS and provides the additional advantage of helping find noncoronary diagnoses that explain the presenting complaint in 11% of ED patients (24). TRO
CT eliminates the need for separate dedicated studies for coronary disease, aortic
dissection, pulmonary embolism, and
other acute chest conditions. In a properly selected population, coronary CT can
provide a cost-effective evaluation (25)
with reduced diagnostic time, lower
costs, and fewer repeat evaluations for
recurrent chest pain, as compared with
standard diagnostic evaluation (26).
Among patients who present to the
ED with a low to moderate risk of ACS
and who are evaluated with TRO CT, a
minority ("10%) are subsequently evaluated with conventional cardiac catheterization. Among those ED patients
who are studied with both TRO CT and
cardiac catheterization, few normal cardiac catheterization results would be expected (24). Since it would not be ethical to subject most patients with a low
to moderate risk of ACS to cardiac catheterization, there are no studies that
confirm the negative predictive value of
TRO CT relative to conventional arteriography in the ED population. Nonetheless, if the quality of coronary imaging obtained with TRO CT is equivalent
to that of dedicated coronary CT angiography, one would expect the same
high diagnostic accuracy and negative
334
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predictive value that have been documented with dedicated coronary CT angiography.
Injection and scan techniques for
TRO CT studies vary considerably from
one institution to another, resulting in
inconsistent image quality. Some radiologists are reluctant to perform TRO
studies because of an impression that
the TRO examination is too technically
challenging or that the quality of the
coronary artery study is compromised
in the TRO examination. The goals of
this article are to discuss various approaches to patient preparation, bolus
timing, contrast agent administration,
and ECG gating and to describe a
straightforward optimized technique
for performance of TRO CT studies.
An optimized TRO protocol should
minimize contrast agent dose and radiation exposure to the patient while
providing coronary arterial image
quality equivalent to that of a dedicated coronary CT angiogram, pulmonary arterial image quality equivalent
to that of a dedicated CT pulmonary
arteriogram, and high-quality imaging
of the thoracic aorta without pulsation
artifact.

Patient Selection
Appropriate patient selection is crucial
to the cost-effective application of TRO
CT (Fig 1). Patients who are at high risk
for ACS, with elevated cardiac biomarkers or acute ECG changes, should be
admitted to the hospital and are likely to
benefit from direct triage to cardiac
catheterization for diagnostic purposes
and timely intervention. In the remaining patients suspected of having ACS,
the goal of TRO CT is to exclude the
diagnosis of coronary disease or to define an alternative diagnosis that might
explain the presenting symptoms.
Patients who are likely to have a
high burden of calcified coronary
plaque, because they have known coronary disease (including patients with
previous myocardial infarction,
chronic angina, or a stent, as well as
patients who have undergone bypass)
are less likely to benefit from the coronary imaging performed with TRO

CT, although the TRO study may still
be useful with respect to the aorta,
pulmonary arteries, and other intrathoracic conditions. The degree of
coronary disease is often overestimated in these patients owing to
blooming of calcified plaque, such that
it is impossible to exclude clinically
significant coronary disease. Older patients with multiple cardiac risk factors are more likely to have extensive
coronary calcification (27). An indeterminate coronary CT evaluation is
much more likely in patients with an
elevated calcium score (score ! 400 –
1000) (28). In such patients, a calcium
scoring study may be useful prior to
TRO CT to define whether the patient
is a candidate for TRO CT.
An acceptable clinical history for
TRO CT includes a symptom complex
that raises the suspicion of ACS, including symptoms such as chest pain, shortness of breath, syncope or near syncope
or neck, shoulder, back, or arm pain
not appearing to be musculoskeletal in
nature. Patients should be negative for
initial cardiac biomarkers (myoglobin
and troponin-I) and should not have
new ECG changes suggestive of myocardial ischemia. Ideally, these patients
should have signs, symptoms, and laboratory data that might be interpreted as
consistent with ACS or other causes of

Figure 1

Figure 1: Patient selection criteria for TRO CT.
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chest pain, including pulmonary embolism and acute aortic syndrome.
In selected patients who test positive for low levels of biomarkers, TRO
CT may be appropriate when the clinical impression favors pulmonary embolism or acute aortic syndrome or when
there is a need to exclude ACS but there
is no immediate intention of sending the
patient for invasive cardiac catheterization. When clinical suspicion is truly
limited to ACS, a dedicated coronary
CT angiogram is preferred, as it will
involve less contrast material and expose the patient to a lower radiation
dose. Age, sex, and clinical presentation
are well-validated parameters that can
be used to define a population with possible ACS that would be appropriate for
TRO CT (29). While traditional cardiac
risk factors such as a family history of
coronary disease, hypercholesterolemia,
hypertension, and others clinical parameters may be important long-term prognostic markers, such risk factors are of
limited clinical value in diagnosing ACS in
the ED setting and in triaging these patients (30).
The presence of a cardiac arrhythmia presents a challenge for ECGgated coronary imaging but is no
longer an absolute contraindication.
Sinus bradycardia is the preferred
heart rhythm for TRO CT. In the absence of a clinical contraindication, a
$-blocker should be administered
prior to TRO CT. Both heart rate
and ectopy are reduced after treatment with an intravenous $-blocker
(31,32).
New CT technology provides improved temporal resolution, with the
capability of scanning the entire heart
in one to two heartbeats (as compared
with four to five beats for most 64section scanners). This new technology has reduced both the required
phase window for diagnostic imaging
of the coronary arteries and the effects of variability in heart rhythm on
coronary image quality (33).
The decision as to whether a patient
should be excluded from undergoing TRO
CT owing to a cardiac arrhythmia must
be based on an assessment of the magnitude of the arrhythmia and the specific
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capabilities of the scanner that will be
used for the study. A regular heart rate of
up to 80 beats per minute is no longer a
contraindication for many new scanners,
including dual-source scanners and single-source scanners with a gantry rotation
time faster than 300 msec. An irregular
tachyarrhythmia poses a more difficult
problem, but the degree of contraindication depends on the frequency of ectopic
beats.
Allergies to contrast material and
renal insufficiency are relative contraindications to administration of iodinated contrast material for TRO studies. The presence of asthma, acute
heart failure, severe cardiomyopathy,
or hypotension may limit the use
$-blockers to control heart rate and
thus may reduce the quality of the
TRO CT images. A history of recent
cocaine use or a drug screen positive
for cocaine is also a relative contraindication to the use of $-blockers for
the scan (34), although this contraindication remains controversial (35).
Recent use of a phosphodiesterase inhibitor is a relative contraindication to
the administration of nitroglycerin for
coronary vasodilatation during CT,
but this does not represent a contraindication to TRO CT.

CT Hardware and Radiation Issues
TRO CT requires a longer scanning
length than does dedicated coronary CT
angiography. A mean scanning length of
20 cm is required to image the chest
from above the aortic arch through the
caudal aspect of the heart. To perform
this scan during a single breath hold,
the scanner should be capable of imaging the required volume with an
ECG-gated technique in no more than
15 seconds. This requirement limits
TRO CT studies to scanners with at
least 64 detector rows.
TRO studies are associated with a
higher radiation dose when compared
with dedicated coronary CT angiography examinations because of the longer
scanning length. Our typical scan parameters include a tube voltage of 120
kVp and a mean effective tube current
of 600 mAs per section (where effective
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milliampere-seconds equals tube milliamperes times gantry rotation time divided by pitch). Heavier patients weighing over 200 lbs (!91 kg) are scanned
with higher tube current of 800 –1000
mAs, on the basis of a subjective estimate of patient body habitus by the attending radiologist. In our experience,
mean effective TRO radiation dose for
patients evaluated in helical scan mode
without tube current modulation averages 18 mSv and is decreased to 8.75
mSv among patients evaluated with
tube current modulation (36). Mean effective tube current and/or tube voltage
can be decreased in smaller patients to
reduce radiation dose.
Until recently, all coronary CT angiography studies have been performed
with a helical acquisition (with or without tube current modulation). In patients with a very stable heart rate,
newer scanners can acquire a TRO CT
study with prospective ECG gating by
using the “step-and-shoot” axial mode to
further reduce radiation dose to 5– 6
mSv. Prospective ECG gating should be
reserved only for patients with a very
stable heart rate, since any change in
cardiac rhythm will either prolong the
scan time (as the scanner waits for the
next “normal” heartbeat) or result in
degraded image quality from cardiac
motion.
Images obtained with prospective
ECG gating are more sensitive to minor
variations in heart rate and cannot provide information about cardiac function
and regional wall motion. Nonetheless,
in appropriately selected patients evaluated with proper attention to technique,
prospective ECG gating of coronary CT
angiography can be used to reduce radiation dose while maintaining image
quality (37,38).
CT imaging, and coronary CT in
particular, has been criticized as an important source of radiation exposure
to the population (39,40). Recent advances in CT technology, however, allow a dramatic decrease in radiation
dose with coronary CT. The effective
radiation dose for a TRO CT scan with a
state-of-the-art scanner compares favorably with the dose of a nuclear stress
test, the dose from which has been re335
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ported to range from 10 to 17 mSv (41).
When one considers that the conventional work-up in a patient with chest
pain presenting to the ED is likely to
include a negative nuclear stress test
result, as well as another diagnostic radiologic examination such as a chest CT
or a ventilation-perfusion study, application of a TRO CT study to an appropriate patient population may actually
reduce the per-patient radiation exposure for diagnostic studies during the
ED evaluation.

TRO CT Technique and Image Quality
High-quality coronary imaging is essential to distinguish patients with coronary
disease from those in whom ACS may
be excluded. Careful attention to patient preparation (Fig 2), scan technique (Fig 3), and injection technique
(Table) will result in optimal, homogeneous aortic, coronary, and pulmonary
arterial opacification and in coronary
image quality that is equal to that obtained with dedicated coronary CT angiography (42). ECG gating of TRO

studies eliminates motion artifact related to cardiac pulsation and, therefore, provides superior definition of the
pulmonary arterial tree as compared
with dedicated pulmonary CT angiography without ECG gating. The discussion
that follows is directed primarily toward
performance of the TRO study with a 64
detector–row scanner.

Patient Preparation and Monitoring
To minimize ectopy in the cardiac
rhythm during coronary CT angiography, patients should refrain from stimulants such as caffeine on the day of the
examination. However, unlike typical
outpatients scheduled for coronary CT
angiography, TRO CT patients typically
present directly from the ED and cannot
be instructed to modify their dietary intake prior to the scan. Nonetheless, the
use of intravenous $-blockers allows
rapid control of heart rate and reduction of ectopy in ED patients sent for
TRO CT.
Adequate intravenous access is
necessary to deliver a rapid contrast

agent bolus for coronary CT angiography. An 18 –20-gauge intravenous
catheter is placed into a large vein in
the antecubital fossa. The intravenous
catheter should be tested with a rapid
saline flush to ascertain that there is
no extravasation and that the patient
does not experience pain during injection. A painful intravenous injection
can result in a sudden change of heart
rate during contrast agent administration, with degradation of image quality.
To reduce inadvertent compression
of the subclavian vein during contrast
agent injection, the arm with the intravenous catheter should not be extended
above the patient’s head. With the patient lying in a supine position, I prefer
to extend the arm with the intravenous
line directly in front of the patient. To
maintain the patient’s comfort and to
keep the arm out of the gantry, the extended hand is rested on the gantry during the scan.
ECG leads are positioned above and
below the level of the scan to prevent
streak artifact. The ECG trace should be

Figures 2, 3

Figure 2: Technique for patient preparation for TRO CT. IV # intravenous.

Figure 3: Technique for performing TRO CT.

Contrast Material Injection Protocols for Coronary CT Angiography and TRO CT
Examination Type
Dedicated coronary CT angiography
TRO CT
Extended (18–20 sec) TRO CT (see Fig 4)

First Phase

Second Phase

Injection Rate

70 mL of iodine 350
70 mL of iodine 350
80 mL of iodine 350

40 mL of saline
50 mL of diluted contrast agent (25 mL iodine 350 plus 25 mL saline)
70 mL of diluted contrast agent (35 mL iodine 350 plus 35 mL saline)

5.5 mL/sec
5.0 mL/sec
5.0 mL/sec

Note.—Iodine 350 # 350 mg of iodine per milliliter.

336

radiology.rsnajnls.org ▪ Radiology: Volume 252: Number 2—August 2009

HOW I DO IT: Triple-Rule-Out CT Angiography

Figure 4

Figure 4: TRO CT angiogram of neck and chest in 24-year-old woman with history of Marfan syndrome who
presented with acute onset of chest pain radiating into the neck. Clinical suspicion was high for aortic dissection with
possible extension into coronary arteries or great arteries in the neck. Scan was obtained with prospective ECG gating and 120 mL of iodinated contrast material. First phase of injection was increased to 80 mL of contrast agent while
second phase was increased to 40 mL of contrast agent plus 40 mL of saline to compensate for increased scanning
time needed to include carotid arteries. (a) Coronal slab maximum intensity projection (MIP) image demonstrates
enhancement of aorta, pulmonary arteries, and great vessels extending from the aortic arch with no dissection.
(b) Oblique slab MIP image demonstrates normal aortic arch and descending thoracic aorta. (c) Oblique coronal
slab MIP image demonstrates normal left ventricular outflow tract extending into proximal part of aortic arch. However, there is air in tissues of the neck surrounding great vessels (arrows). (d) Coronal slab MIP image through the
trachea demonstrates extensive emphysematous changes in mediastinum. On further questioning, patient complained of an episode of intense coughing the previous night, just before symptoms began. Mediastinal air was
thought to represent the cause of symptoms and was likely related to a ruptured pulmonary bleb (never seen). Patient
recovered without further interventional therapy.
Radiology: Volume 252: Number 2—August 2009 ▪ radiology.rsnajnls.org
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evaluated immediately before the scan,
with the patient’s arms raised into the
position that will be used for the scan. It
is important to be certain that the ECG
leads will not be pulled off of the patient
when the table moves for the scan. A
clearly defined R-wave is necessary to
ensure adequate ECG gating. If necessary, leads should be repositioned to
obtain a clearly defined R-wave.
Baseline heart rate and blood pressure are obtained before and during administration of $-blockers and after the
procedure. A stable blood pressure
should be documented before the patient
is returned to the ED.
The ideal heart rate for ECG-gated
studies is a slow regular rhythm, usually
a sinus bradycardia at 50 – 60 beats per
minute (43). Although precise control of
heart rate may be less critical with dualtube CT scanners or with newer scanners
that have a faster gantry rotation and improved temporal resolution, image quality is optimized and radiation dose is minimized with a regular cardiac rhythm.
Oral $-blockers may be given in
the ED at least 1 hour before the scan
for control of heart rate. However,
heart rate often increases with the
level of anxiety when the patient is
placed on the CT table. I prefer to
administer metoprolol tartrate intravenously when the patient is on the CT
table. Intravenous metoprolol has an
onset of action within 1–3 minutes (as
compared with 1–2 hours for an orally
administered dose) and allows better
titration of heart rate prior to contrast
agent injection. $-Blockers may alter
vascular tone, cardiac rhythm, and
myocardial contractility and can promote bronchospasm. Metoprolol should
be used with caution, and may be contraindicated in patients with heart block, uncompensated heart failure and asthma.
In the interest of improving patient
throughput, administration of metoprolol is performed during acquisition of
the scout topogram and setup of the
bolus-tracking images before coronary
CT angiography. Patients who arrive
with a heart rate in the range of 60 – 65
beats per minute are given an initial
intravenous dose of 2.5 mg of metoprolol. Patients who arrive with a heart rate
337
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faster than 65 beats per minute are
given an initial intravenous dose of 5
mg. After allowing several minutes to
observe the effect of the first dose, additional doses of 5 mg are administered
every 3–5 minutes until the target heart
rate is achieved. A minority of patients
with acute chest pain and/or shortness
of breath will present with a tachycardia
that does not respond to $ blockade. It is
unusual to administer more than 20 mg of
metoprolol since patients who do not respond with a lower heart rate after the
first 10 –20 mg are unlikely to respond to
a higher dose. For patients who continue
to respond slowly to administration of an
intravenous $-blocker, the maximum intravenous dose that I will administer is 30
mg. The patient’s heart rate and blood
pressure are monitored after every dose,
and no further $-blocker is given if systolic pressure declines below 100 mm Hg.
To achieve maximum coronary vasodilatation for the study, sublingual nitroglycerin is administered 2–3 minutes
before the start of TRO CT (44). A recent study suggests that pretreatment
with sublingual nitroglycerin may improve the diagnostic accuracy of coronary CT (45). As with metoprolol, nitroglycerin is not administered if the systolic blood pressure declines below 100
mm Hg.
Although nitroglycerin and $-blockers can combine to cause hypotension,
this is not generally a problem on the
CT table with the patient in the supine
position. Nitroglycerin does result in a reflex tachycardia, but this is not generally a
problem when patients have received a
$-blocker prior to the study. Relative contraindications to nitroglycerin include
clinical scenarios such as hypovolemia
and idiopathic hypertrophic subaortic stenosis or recent use of a phosphodiesterase inhibitor, where nitroglycerin may induce profound hypotension.
After administration of nitroglycerin, I generally practice the breath hold
with the patient. The patient is instructed to take a slow small breath and
to hold it for 15 seconds. A large inspiratory effort draws more unopacified
blood from the inferior vena cava and
may reduce the level of intravascular
opacification during scanning (46). If
338
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Figure 5

Figure 5: Scan setup and bolus-tracking images. (a) Coronal scout topogram. Scan levels are planned
within the green rectangle. Starting level for scan is at the inferior margin of the clavicular heads, just above the
aortic arch. Inferior margin of the scan is set below the base of the heart. To limit radiation to the patient, CT
angiographic acquisition is monitored in real time and manually stopped as soon as the base of the heart is
imaged. Note that setup specifies two reconstruction fields of view. Smaller (25-cm) field of view is used for
evaluation of aorta and coronary anatomy. Larger field of view is used to evaluate pulmonary arteries, lungs,
and chest wall. (b) Precontrast bolus-tracking image. Table height and patient position are adjusted so that
heart is centered in the scanning area. CT resolution is maximized at center of the gantry. A region of interest
(circle) is defined in the left atrium. (c) Low-dose bolus-tracking images are obtained every 2 seconds, beginning 5 seconds after start of the contrast agent injection. This image demonstrates early opacification of left
atrium. CT angiography was manually started at this time. (d) Graph shows that scanning is programmed to
begin 5 seconds after initial opacification of left atrium reaches 100 HU above baseline (horizontal line at 150
HU in this plot). To maximize use of the contrast dose, however, scanning is manually started by the technologist as soon as contrast material enters left atrium. Manual start time is approximately 2 seconds earlier than
the density would have triggered an automatic start to the scan. The programmed start line serves as a backup
in the event the technologist fails to start the scan earlier.

the patient takes a large practice
breath, I ask the patient to repeat the
practice exercise and take a smaller
breath. Although the breath hold may
seem like a trivial detail, it is important to practice the breath hold so that
the patient is prepared for the length
of the breath hold that will be required
for the scan.

Setting Up the Scan
The TRO CT examination must include the
entire thoracic aorta, as well as the heart.
On the basis of inspection of the scout topogram, TRO scans are programmed to
start 1 cm above the aortic arch, usually at
the inferior margins of the clavicular heads
(Fig 5). Because radiation dose to the pa-
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tient is directly proportional to the length of
the scan, the lung apices above the level of
the aortic arch are not included. Although
5% of patients with pulmonary embolism
have an isolated upper lobe embolus (47),
an isolated subsegmental pulmonary embolus above the level of the aortic arch is extremely uncommon and is very unlikely to
be detected with CT angiography. In the
early days of spiral CT, before the introduction of multisection CT scanners, dedicated
pulmonary CT angiography was generally
limited to a distance of 10–12 cm from the
aortic arch down through the inferior pulmonary veins (48). Excluding the apices
from TRO CT reduces the scan length by
approximately 4–5 cm, which we estimate
is associated with a 15%–20% reduction in
effective radiation dose.
Many centers traditionally acquire CT
pulmonary arteriography studies in the
caudal-to-cranial direction to reduce the
effect of respiratory motion in the lower
lobes (49,50). Others have suggested advantages to scanning in the cranial-tocaudal direction for CT pulmonary arteriography (51). As discussed below, the
cranial-to-caudal scanning direction is favored for TRO studies because of additional considerations related to timing of
the contrast agent injection and patient
heart rate. Although scanning is programmed to continue through the base of
the heart, the TRO CT angiography acquisition is monitored in real time and is
manually stopped as soon as the base of
the heart is imaged. Manual stopping of
the scan at the heart base can reduce
scanning length by 1.5–2.0 cm. The radiation dose estimates of 8.75–18 mSv cited
earlier were obtained before we routinely
began terminating the scan in real time
once the base of the heart was imaged.
We estimate that the use of real-time
monitoring to reduce acquisition length
can reduce the radiation dose by another
7%–10%.

Contrast Agent Injection and Timing of
Image Acquisition
The goal of contrast agent administration for dedicated coronary CT angiography is to maintain a high level of enhancement in the coronary arteries
(52). Coronary opacification demon-
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strates a strong correlation with the
rate of injection, as well as with the
concentration of iodine in the contrast
material (53,54). For TRO CT studies, a
reasonable enhancement goal is an attenuation level higher than 300 HU in
the coronary arteries and higher than
200 HU in the pulmonary arteries.
Standard injection techniques used
for dedicated coronary CT angiography
result in suboptimal opacification of
the pulmonary arterial circulation
(55). Opacification of the pulmonary
arteries requires an extended contrast
agent injection to maintain contrast on
the right side of the heart during the
scan. However, it is important not to
have full strength contrast material in
the superior vena cava at the time of the
scan, because this can cause a streak
artifact that may limit image quality.
Studies of aortic CT angiography
have demonstrated an advantage to the
biphasic injection of contrast material
(56). A high-injection-rate uniphasic injection of contrast material results in a
peak of contrast enhancement during a
short interval, with attenuation minima
at the beginning and/or end of the acquisition. A biphasic injection protocol
can be tailored to provide a more homogeneous enhancement profile over time.
To optimize both coronary and pulmonary arterial enhancement for TRO CT,
I prefer a biphasic contrast agent injection protocol to provide an intense homogeneous level of contrast enhancement in the left-sided circulation (aorta
and coronary arteries) with a slightly
lower homogeneous level of enhancement in the right-sided circulation. A
rapid flow rate is maintained throughout the injection to minimize the effect
of venous return from the inferior vena
cava.
Although preheating of contrast material is not required to obtain a rapid
flow rate, preheating up to a temperature of 37°C prior to injection reduces
the viscosity of the contrast material
and facilitates a rapid flow rate at lower
injection pressures (57).
The biphasic injection is timed so
that the first phase of the injection
opacifies the left heart while the second
phase opacifies the right heart during
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TRO CT. More specifically, for a 64detector scanner, the biphasic injection
consists of 70 mL of undiluted contrast
material (350 mg of iodine per milliliter)
followed by 25 mL of contrast material
diluted with 25 mL of saline, all injected
at 5.0 mL/sec (Table). To make efficient
use of the contrast agent bolus, imaging
is triggered on the basis of opacification
of the left atrium, which begins 2–3 seconds before opacification of the descending aorta. Scanning begins 5 seconds after the contrast agent enters the
left atrium (Fig 5), so that the aorta and
coronary arteries are in the plateau
phase of peak enhancement during the
CT angiographic acquisition. The injection volume and rate are optimized for a
scanning time of approximately 14 –15
seconds. In the event of a significantly
longer scan time—such as that which
may occur if there is an arrhythmia
when using prospective ECG gating or
when the CT angiogram is extended in
length—the injection would need to be
prolonged to ensure adequate pulmonary opacification (Table). When the
TRO study is properly timed, the first
phase of the injection opacifies the coronary arteries during image acquisition
(Figs 6, 7), while the second phase of
the injection provides simultaneous homogeneous enhancement of the pulmonary arteries (Figs 8, 9). The thoracic
aorta is also homogeneously enhanced
and optimally evaluated (Figs 10, 11). A
review of our TRO studies demonstrates that this technique provides a
mean enhancement level of 300 –350
HU in the aorta, pulmonary arteries,
and coronary arteries (42).
Several variations of this biphasic
injection protocol have been proposed.
In one variation, a biphasic injection is
used with undiluted contrast material
(320 mg of iodine per milliliter), but
the flow rate starts at 5 mL/sec and is
then reduced to 3 mL/sec to avoid
overloading the right heart and superior vena cava with dense contrast material (58,59). The reduced flow rate in
the second phase of the injection provides a longer injection time and reduces streak artifact from the superior
vena cava. A 50-mL saline flush is applied as a third phase to flush the con339
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trast agent that remains in the arm
veins into the right heart.
An alternative triphasic technique
involves a first phase with 50 mL of undiluted contrast material (350 mg of iodine per milliliter) followed by 50 mL of
60% contrast agent–to– 40% saline and
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then by 30 mL of saline, each injected at
4.5 mL/sec (60). Contrast material is
diluted in the second phase of the injection to reduce streak artifact from the
superior vena cava. The use of diluted
contrast material with a faster flow rate
has a theoretic advantage over the use

Figure 6

of full-strength contrast material at a
slower rate. The faster injection rate
results in greater filling of the venous
system from the injection, greater filling
of the right atrium from the superior
vena cava, and less variation related to
unopacified venous flow from the inferior vena cava.
Although I do use a saline flush for
dedicated coronary CT angiography, I
do not use a saline flush for TRO CT
studies. In my experience the saline
flush can result in complete washout of
contrast material from the right heart

Figure 8

Figure 6: TRO CT angiogram in 37-year-old woman with no relevant cardiac history who presented with
sudden onset of chest pain while at work. TRO demonstrated a smooth 75% stenosis of the left anterior descending artery (arrow). Patient was treated with angioplasty. Slab MIP images of (a) left anterior descending
artery in long axis of the aortic root and (b) left anterior descending artery in orthogonal obliquity in the short
axis of the aortic root.

Figure 7

Figure 7: TRO CT angiogram in 51-year-old athletic man with no relevant cardiac history who presented
with atypical chest pain while resting at home. TRO CT images demonstrate irregular narrowing of left anterior
descending artery (LAD; arrow). Patient was treated with angioplasty. (Bright spots projecting just below LAD
correspond to contrast material in interstices of right ventricle between trabeculations adjacent to interventricular septum. These are imaged along with septum owing to the thickness of the slab MIP projection.) (a) Slab
MIP image of LAD along the long axis of the left ventricle. (b) Slab MIP image of LAD in an orthogonal obliquity along short axis of the aortic root.
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Figure 8: TRO CT angiogram in 31-year-old
woman with chest pain that was atypical for angina
but without severe shortness of breath. TRO CT
demonstrates bilateral pulmonary embolism with
normal aorta and coronary arteries. (a) Oblique
coronal slab MIP image demonstrates large
thrombus in right pulmonary and interlobar pulmonary arteries with extension into right lower
lobe segmental branches. (b) Axial slab MIP image demonstrates bilateral pulmonary embolism
with a smaller thrombus also present in left pulmonary artery.
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Figure 9

Figure 9: (a) Sagittal and (b) coronal slab MIP images from TRO CT angiogram in 40-year-old man with
chest pain and tachycardia show left upper lobe pulmonary embolus extending into an apical segmental
branch of left pulmonary artery (arrow). Coronary arteries and aorta were normal.

Figure 10

Figure 10: TRO CT angiogram in 79-year-old woman with recent onset of vague chest discomfort. TRO CT
demonstrates type B aortic dissection extending from distal aortic arch to descending aorta. (a) Oblique slab
MIP image shows entire aortic arch with dissection flap extending into the abdomen. (b) Coronal slab MIP
image again demonstrates the dissection with asymmetric enhancement of true and false lumina.
Radiology: Volume 252: Number 2—August 2009 ▪ radiology.rsnajnls.org
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and result in a nondiagnostic pulmonary arteriogram when the acquisition
time is prolonged or when the start of
image acquisition is delayed by a slow
right-to-left contrast material transit
time. I prefer to leave some of the
diluted contrast material from the second phase of injection in the patient’s
arm rather than risk using a saline
flush that may wash the contrast out of
the pulmonary circulation. When
scanning time must be increased for
additional z-axis coverage, the injection may be prolonged with additional
contrast material. (Fig 4 demonstrates
a carotid plus TRO CT study requiring
20 seconds for acquisition.)
There are different approaches
among centers to the directionality
used for acquiring TRO studies. If the
patient is unable to told his or her
breath for the full acquisition, it is best
to use caudal-to-cranial scanning, so
that the heart is imaged before the
patient begins to breathe. The cranialto-caudal scanning direction used in
my protocol introduces an additional 5
seconds between the breath hold and
the cardiac portion of the scan. In my
experience, the heart rate is more
variable when the patient first takes a
breath and tends to plateau at a rate
slightly below the baseline level at
5–15 seconds after the patient takes a
breath. For the majority of patients
who have no trouble holding their
breath, scanning in a cranial-to-caudal
direction affords better coronary image quality by imaging the heart during this respiratory-induced plateau of
the heart rate. Furthermore, since
contrast material must pass through
the pulmonary arterial tree before it
enters the coronary arteries, optimal
enhancement in the pulmonary circulation is achieved before optimal coronary arterial enhancement. A scan
performed in the cranial-to-caudal direction can be started a few seconds
earlier than a scan performed in the
caudal-to-cranial direction and can
take advantage of the earlier enhancement in the pulmonary circulation to
reduce the overall contrast material
load.
Timing of contrast agent injection
341
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Figure 11

Figure 11: TRO CT angiogram in a 74-year-old man with history of coronary disease and pulmonary embolism who presented with progressive chest pain over 6
months that became acutely worse on the day of presentation. Diagnosis of pulmonary embolism, a primary clinical consideration, was excluded at CT. (a) Oblique slab
MIP image demonstrates ectatic aortic arch with atherosclerotic calcification and suggestion of two areas of aortic ulceration (arrowheads). Arrow # proximal right coronary artery. (b) A different obliquity on the slab MIP shows one of the ulcers, which measured 10 mm in width and extended 8 mm beyond the expected contour of the
aorta (arrowhead). Comparison with earlier studies (not shown) demonstrated no notable change in appearance of the aortic ulcers. (c) Left anterior oblique slab MIP
shows high-grade stenosis or possible proximal occlusion (arrow) in proximal right coronary artery. (d) Axial slab MIP confirms high-grade stenosis or possible occlusion (arrow) in proximal right coronary artery. (e, f) Curved MIP images of right coronary artery confirm the lesion (arrow) in proximal right coronary artery. Presence of
ischemia in inferior wall and inferoseptum was confirmed with stress testing.

and image acquisition is a critical component of the study. When scanning is
timed to begin 5 seconds after contrast
material first appears in the left atrium,
image acquisition corresponds to the
“peak plateau” of contrast enhancement
in the coronary circulation. The entire
TRO study can be performed with 100
mL of contrast material with current
64-section scanners. Even faster scanning times with shorter injections may
be achieved with newer CT systems that
use 256 or 320 detector rows.
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Image Interpretation
Interpretation of TRO CT studies includes evaluation of the coronary arteries, as well as of other vascular and
nonvascular structures. Most of the
noncoronary structures are evaluated
with axial 3–5-mm-thick images. Thinner sections may be obtained when
needed for further evaluation of abnormalities detected on the 3–5-mm sections. For patients without substantial
coronary disease, I prefer to evaluate

the coronary arteries with a combination of thin-section (0.6 – 0.8-mm) axial
images and slab (5-mm) MIP reconstructions (Figs 6, 7).
Slab MIP images are reconstructed
in real time during the interpretation
session so that no additional technologist effort is required. It is important to
be certain that each segment of each
coronary artery is evaluated in multiple
projections by rotating the slab MIP images on a workstation. The aorta and
pulmonary arteries are evaluated with
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the same viewing tools as are used for
the coronary circulation (Figs 8–10).
For more complicated cases where vascular calcifications or complex plaque
are present, vessel-tracking software is
useful to create curved MIP views that
facilitate visualization of the coronary
arteries in multiple planes (Fig 11).
For those patients scanned with a
conventional helical acquisition, multiphase reconstructions are obtained at
10% increments throughout the cardiac
cycle. Cardiac wall motion is evaluated
on a workstation in standard echocardiographic projections, including four-,
three-, and two-chamber and short-axis
views. Any abnormality of regional wall
motion should be correlated with the
corresponding vessel on the coronary
CT angiogram to search for and/or confirm a stenosis. Identification of a wall
motion abnormality can confirm that a
coronary artery lesion is functionally
significant.
In a patient who does not have a
high pretest likelihood of obstructive
coronary disease, normal findings on a
coronary CT angiogram serve to eliminate any further need for a diagnostic
coronary work-up (61). In the practice
at my institution, the diagnosis of ACS is
effectively ruled out by a TRO CT scan
that demonstrates normal coronary arteries or no more than minimal coronary disease ("25% stenosis). When
there is more than minimal disease, further cardiac work-up may be appropriate. Although both calcified and noncalcified plaques may be associated with
ACS, mixed calcified-and-noncalcified
plaques with a predominantly noncalcified component are better correlated
with ACS (62). The authors of one recent study (63) suggest that positive
vascular remodeling, low-attenuation
plaque, and spotty calcification in coronary plaques are associated with ACS.
Unfortunately, the anatomic information provided by coronary CT angiography in the presence of substantial coronary disease may not be definitive for
the functional diagnosis of ACS. Clinical
trials are needed to define whether
there is an appropriate appearance of
coronary plaque and/or degree of coronary stenosis that can definitively in-
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clude or exclude acute coronary syndrome. In the future, perfusion CT will
be combined with coronary CT angiography to provide a more accurate diagnostic tool for evaluation of ACS.

Conclusion
The TRO CT examination can be a powerful tool for evaluation and triage of
patients with a low to moderate risk of
ACS in whom diagnostic catheterization
is not indicated. However, unlike most
CT studies that can be performed by a
technologist using a simple protocol,
TRO CT studies require more individualized attention. Careful consideration
regarding patient selection, patient
preparation, and injection and scanning
techniques will result in high-quality
TRO CT studies to evaluate the aorta,
coronary circulation, pulmonary arteries, and adjacent intrathoracic conditions. When compared with conventional management of acute chest pain
in the ED, appropriate application of
TRO CT can reduce (a) time for patient
triage, (b) number of required diagnostic tests, (c) ED costs, and (d) radiation
exposure to the patient.
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