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he role of cardiac computed tomography

(CT) in clinical practice is constantly
evolving. Early machines were only capable
of measuring coronary calcification.
Advances in temporal and spatial resolution,
especially the introduction of 64-detector
rows, now mean that high-quality non-
invasive angiograms are possible in most
patients. This review will outline the
capabilities and limitations of coronary artery
imaging with CT, and also highlight areas
that differentiate CT from X-ray angiography,
including direct plaque visualisation and
potential vulnerable plaque identification.

Development of cardiac
computed tomography

The concept of ‘computerised transverse axial
scanning’ was first demonstrated by Godfrey
Hounsfield nearly 30 years ago.! Initial computed
tomography (CT) scanners required up to

300 seconds for the acquisition of a single image.

With such poor temporal resolution they were
only suitable for imaging static structures such as
the brain.? The coronary arteries move throughout
the cardiac cycle, although their velocity
decreases in diastole.® This underlies the concept
of ‘gating’ the scan with the electrocardiogram
(ECG), so that data are acquired preferentially
during diastole.* The advent of multi-detector CT
(MDCT) has allowed simultaneous acquisition

of multiple slices of imaging data. Current CT
scanners can deliver a temporal resolution of 75
ms (due to very rapid gantry rotation®) at a spatial
resolution of under 400 um.5

Coronary artery calcium

The advent of electron beam CT (EBCT) in the
1980s gave sufficient temporal resolution to
image the coronary arteries.® Although it could
not quantify luminal stenosis, it did allow reliable
identification of coronary artery calcification
(CAC).” CT provides good visualisation of
vascular calcification because of the marked

Figure 1. (Left) Contrast enhanced computed tomography (CT) angiogram demonstrating both calcified
and non-calcified plaque in the left main and left anterior descending (LAD) arteries (slice width 0.75
mm). (Right) Non-contrast calcium scoring CT. The coloured areas represent calcified plaque with
Houndfield Unit (HU) > 130, segmented into left main (green) and LAD (yellow) (slice width 3 mm)
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X-ray attenuation properties of calcium. CAC
occurs almost exclusively as a consequence
of atherosclerosis and so its presence is a
sensitive marker of the atherosclerotic disease
process.® Calcification does not necessarily
concentrate at the site of maximal stenosis,
so cannot be used to diagnose obstructive
coronary disease.’® Instead, the total amount
of calcification provides a surrogate measure
of the total plague burden. This burden can
be quantified as the ‘Agatston score’, after its
pioneer Arthur Agatston.

The CAC score is measured without contrast

and is a low radiation scan (1-2 mSv). Multiple
large prospective outcome studies of CAC scoring
have confirmed the prognostic importance of
coronary artery calcium. In a registry of over
25,000 patients, a calcium score of O conferred
a very low event rate, with 12-year survival of
99.4%.1° A meta-analysis of six studies revealed
that an increasing CAC score meant incremental
increases in the relative risk (RR) of myocardial
infarction (MI) or cardiac death at 3-5 years
compared to a zero score: (CAC 1-112 = RR 1.9,
100-400 = 4.3, 400-999 = 7.2 and >1000
= 10.8).1 EBCT has now been superseded by
MDCT, but the prognostic message remains the
same (figure 1). It should be noted, however,
that CAC scoring is not suitable for indiscriminate
screening of asymptomatic patients. The
likelihood of finding coronary atherosclerosis in
low-risk (by Framingham or other scores) patients

is too low to warrant imaging, and patients

at high risk require risk factor modification
irrespective of the result. CAC scoring is most
useful in asymptomatic patients at intermediate
risk of disease, where a high score will re-classify
patients into the high-risk category leading to
intensive risk factor modification.!? The National
Institute for Health and Clinical Excellence
(NICE) have constructed guidelines on the role

of CAC and CT coronary angiography (CTCA)

in the investigation of symptomatic patients.
They suggest patients with suspected cardiac
chest pain without confirmed coronary artery
disease (CAD) in whom the estimated likelihood
of CAD is 10-29% (low-to-intermediate risk)
should be offered CAC scoring. If the CAC is O,
other causes of chest pain should be sought. If
the CAC is 1-400, then 64-slice CTCA should

be offered. If the CAC score is >400, then
invasive angiography should be offered if clinically
appropriate.'® There are caveats; calcified plaque
only represents approximately 20% of the total
coronary atherosclerotic burden.’* One series has
shown that 4% of symptomatic patients with a
reassuring CAC score of O had significant stenosis
defined at invasive angiography. This can occur
when plaques are composed entirely of non-
calcified elements.!® The positive correlation seen
between CAC scores and cardiac event rates is
probably secondary to the increased amounts of
non-calcified plaque that accompany the calcified
plaque, rather than the direct pathological
involvement of the calcified plagues themselves.

Figure 2. Right coronary artery viewed using CT angiography demonstrating a critical
stenosis (left) and same artery shown during invasive angiography (right) for comparison
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In a recently published study examining nearly
400,000 patients who underwent invasive
coronary angiography for stable chest pain,
38% were found to have no obstructive
coronary disease.!® As invasive angiography has
a serious complication rate of one in 1,000, it
is desirable for a non-invasive test to replace
some of these ‘negative’ procedures. CTCA is
widely available and provides the possibility of
fulfilling this requirement (figure 2).17

CTCA is best performed in those in sinus
rhythm. Beta blockers and sublingual nitrates
are routinely administered. High or irregular
heart rates and heavy calcification all reduce
the diagnostic accuracy of the technique.'®

Several comparator studies of CTCA and
invasive angiography have recently reported.
The Assessment by Coronary Computed
Tomographic Angiography of Individuals
Undergoing Invasive Coronary Angiography
(ACCURACY) study*® was a multi-centre trial
that recruited 230 patients without known
CAD, referred for invasive angiography. The
prevalence of obstructive disease in the studied
population was 13.9%. The sensitivity and
specificity of CTCA for detecting obstructive
(>70% stenosis) coronary disease was 83%
and 83%, respectively. Importantly, the
negative predictive value (NPV) was 99%. It
should be noted, however, that the positive
predictive value (PPV) was only 48%. The
PPV of CTCA is increased if it is performed in
populations with higher disease prevalence,
or if the threshold for diagnosing obstructive
stenosis is reduced to 50%. In a study of 360
patients evaluating CTCA in a population with
a high prevalence of obstructive disease (68%),
Meijboom et al. found a sensitivity, specificity,
NPV and PPV to detect stenosis of >50% of
99%, 64%, 97% and 86%, respectively.?°

These studies demonstrate the usefulness of
CTCA to exclude the diagnosis of obstructive
disease in populations with suspected CAD.
However, they also demonstrate only moderate
PPV, a problem attributable to a comparatively
high rate of false positives reported with CTCA.
CTCA is of limited value in patients at very low
risk of CAD, not least because PPV is reduced
in populations with very low disease prevalence.
Conversely, it does not add to the management
of high-risk patients who will already be
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undergoing intensive medical therapy, and
who will still require invasive angiography if
revascularisation is being considered. Recent
consensus guidelines!? suggest that CTCA is an
appropriate investigation to:

1) Evaluate patients with stable chest pain
and an intermediate pre-test probability
of CAD with an un-interpretable or
equivocal stress test.

2) In acute chest pain with an intermediate
pre-test probability of CAD and no ECG
or enzyme changes suggestive of acute
coronary syndrome (ACS).

3) To evaluate congenital coronary
abnormalities.

4) To assess the aetiology of new-onset
heart failure.

Atherosclerotic plaque
imaging using CT

Conventional angiography visualises only the
arterial lumen. A potential advantage of CT is
the ability to highlight plaque within the wall.
Quantification of this plaque provides a truer
portrait of the extent of coronary disease as

it will include plaque in arteries with ‘positive
remodelling’, where the arterial segment has
expanded outward to accommodate the plaque
with minimal lumen loss. The composition of
plaque is more important for risk stratification
than the stenosis it causes; the majority
(approximately two-thirds) of Mls result from
disruption of plaques causing less than 50%
stenosis.?! In broad terms, cardiac CT can detect
three different types of coronary plaque; calcified,
non-calcified and mixed (elements of both).

Atherosclerosis imaging requires contrast-
enhanced scans with the highest possible
spatial resolution. A study comparing 64-slice
CT with intravascular ultrasound (IVUS)
reported that CTCA correctly identified 95%
of calcified plaques, 83% of non-calcified
plaques and 94% of mixed plaques.?? Plaque
volume estimation by CT shows moderate
correlation with IVUS, however, inter-observer
variability is high.?32* Over-estimating
calcified plaque volume is a common problem
with CT as the attenuation of calcium is so
much greater than other structures — this
results in ‘partial voluming’.?®

Prognostically, the presence of plaque of
any degree is important. In a prospective
study of 100 patients, there was a higher

cardiovascular event rate at 16 months in
those with demonstrated coronary plaque
compared with those with no disease, even if
the plaque was non-obstructive.?® Interestingly,
the prevalence of non-calcified plaque is higher
in the culprit lesions of patients with ACS than
those with stable angina.?’

CT for the detection of
vulnerable plaque

Analysis of post-mortem studies reveals that
plaque rupture is the precipitating event in
approximately two-thirds of cases of fatal
coronary thrombosis.?? Plaques at risk of
rupture have a specific morphology — the
‘thin-capped fibroatheroma’ (TCFA), with large,
lipid-rich necrotic cores and thin overlying
fibrous caps (<65 um).?8 Aggressive medical
treatment has been shown to reduce clinical
events in some patients that do not score
highly using Framingham scores.?° In view of
this, there is a requirement for a non-invasive
modality that can detect high-risk coronary
plaques to allow intensive treatment of
potentially vulnerable patients. Pundziute et
al. performed 64-slice CT and virtual histology
IVUS (VH-IVUS) in patients with ACS or stable
angina. They found that non-calcified plaque
and mixed plaque were more prevalent in

ACS patients, while calcified plaques were
more prevalent in stable patients. They also
found that VH-IVUS-defined TCFAs were more
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common in patients with ACS than stable
angina, and that the TCFAs most frequently
occurred in plaques classified as mixed by
CT.3° Attempts to identify TCFA using CT alone
are hampered by technical challenges. The
maximum spatial resolution of modern CT
scanners is 330 um. Given that the fibrous cap
of the TCFA is by definition less than 65 um

in diameter, we have to accept that it will

not be possible to image thin fibrous caps by
CT. Lipid-rich necrotic core detection is more
feasible appearing as areas of low attenuation
on CT (figure 3).

Work using phantoms has shown that it is
theoretically possible to differentiate soft
(lipid) and intermediate (fibrous) components
of non-calcified plaque on the basis of their
attenuation values.3"32 Studies comparing
CT with IVUS and post-mortem histology
have confirmed that lipid-rich plaque has
lower attenuation than fibrous plaque.33:34
However, its utility is limited by overlap of
the two attenuation ranges, and by the fact
that lipid cores may be beyond the spatial
resolution of CT. This can be overcome by
imaging only the larger proximal coronary
segments, which in one study allowed
identification of 70% of lipid pools compared
with IVUS.3® There are two other features

of plague vulnerability detectable by CT,
namely positive remodelling3¢ and spotty
calcification®” (figure 4).

Figure 3. Lipid pool on cardiac CT and intravascular ultrasound (IVUS). CT (left) showing
plaque with low attenuation area (white arrow) and corresponding IVUS frame (right)
demonstrating echolucent area within plaque (white arrow)
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Figure 4. CT (left) of left anterior descending artery demonstrating features of
vulnerability: positive remodelling with low attenuation plaque (black arrow) and spotty
calcification (white arrow), with corresponding IVUS frames (right)

A CT study in patients with either ACS or

stable angina documented the presence of low
attenuation plaque (<30 HU) as well as positive
remodelling and spotty calcification. All three
high-risk features were significantly more common
in the arteries of those with ACS than stable
symptoms. In addition, the presence of all three
features yielded a PPV of 95% that the plaque
was associated with an ACS, and the absence

of all three features had a NPV of 100%.%
Importantly, this group of investigators have used
the same CT features to perform a prospective
study of over 1,000 patients followed for two
years. They found that both positive arterial
remodelling and plaques with attenuation values
<30 HU were both independently associated with
subsequent ACS, and that the presence of both
together gave a hazard ratio of 23.%°

Future developments

The field of cardiac CT continues to develop at
a fast pace. Recent innovations include 320-
detector machines that can image the heart in
a single beat, and dual-source imaging with two

X-ray sources and two detector arrays® delivering
superior temporal resolution.*%4! There has been
concern recently regarding the dose of radiation
attributed to cardiac CT.*2 The radiation dose of
a CTCA examination varies, depending on the
patient, scanner, and protocol used. From early
reports of doses in excess of 20 mSy,'2 multiple
dose-reduction strategies have been devised
including reduced tube voltage,*® tube current
modulation,** very high pitch imaging®® and
prospective gating.*® A recent series using dual-
source CT with high pitch reported diagnostic
images at less than 1 mSv.*°

The ability of CT to classify coronary plaque
opens up the possibility of better risk
prediction. There is also potential for serial
plaque imaging to track the effect of drugs
on coronary atherosclerosis. Sequential CAC
scores have proven unreliable in detecting
plaque regression to date, with a large
placebo-controlled trial showing no decrease
with statin therapy, despite a significant
reduction in low-density lipoprotein (LDL)-
cholesterol.” It has been suggested that a
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more accurate analysis of plaque progression/
regression can be achieved by quantification of
all plague types and not just calcified plaque.*®
Classifying non-calcified plagque more precisely
could potentially detect ‘vulnerable plaque’.
With current scanner technology a dramatic
increase in spatial resolution is unlikely in the
near future, however, there are other potential
avenues to improve detection of vulnerable
plaque. These include the use of multiple
energy data sets to reduce the overlap of the
attenuation of plaque components, which would
improve their classification,’” and the possibility
of new contrast agents to target inflammatory
components, such as macrophages, to highlight
areas of potential vulnerability** @
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Editors’ note

This article follows previous articles in this series on
IVUS-derived virtual histology (2010;17:129-32) and
optical coherence tomography (2010;17:190-3). See
also the editorial by Alfakih and Budoff regarding the
radiation burden associated with MDCT on pages 207-08
of this issue.

Key messages

® |ndiscriminate use of calcium
scoring or computed tomography
(CT) angiography in asymptomatic
patients as a screening tool for
coronary disease is not supported

® (Calcium scoring can provide
prognostic information in selected
patients above that obtained from
conventional risk factors

® CT angiography can be useful to
exclude significant coronary disease
in symptomatic patients at low-to-
intermediate risk

® (Cardiac CT visualises coronary
plaque, as well as lumen, and may
provide the opportunity to detect
‘vulnerable’ plaque in the future
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