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Abstract

AIM: To investigate the research directions of coronary
computed tomography (CT) angiography in the diag-
nosis of coronary artery disease (CAD) based on a sys-
tematic review of the literature.

METHODS: A search of articles on coronary CT angi-
ography in the diagnosis of CAD was performed during
a 6-year-period between 2005 and 2010 from five main
radiology journals namely, Radiology, American Jour-
nal of Roentgenology, European Radiology, European
Journal of Radiology and British Journal of Radiology.
Analysis of the references was focused on the research
directions of coronary CT angiography with regard to
the type of studies in terms of diagnostic value, appli-
cation of dose-reduction strategies and resultant effec-
tive radiation doses with use of these techniques.

RESULTS: One hundred and forty two studies were
identified which met the selection criteria and were
included in the analysis. 64-slice CT (single source and
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dual-source CT) dominated 78% of the coronary CT an-
giography studies. Prior to 2007, research was focused
on the diagnostic value of coronary CT angiography,
but since 2008 more attention has been paid to radia-
tion dose reduction. Radiation dose was reported in 64
studies, representing 45% of total studies published in
the five radiology journals. Various dose-saving strate-
gies have been implemented and prospective electro-
cardiography-triggering and high pitch techniques were
found to be the most effective approaches for radiation
dose reduction, with the corresponding mean effective
dose being 3.5 £ 1.9 mSv and 1.7 = 0.6 mSy, respec-
tively.

CONCLUSION: This review shows that the current re-
search in coronary CT angiography has shifted from the
previous focus on diagnostic accuracy in CAD to more
emphasis on radiation dose reduction.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Coronary artery disease (CAD) is the leading cause of
morbidity and mortality in many advanced countries and
its prevalence is increasing in developing countries' .

September 26, 2011 | Volume 3 | Issue 9 |



Sun Z et a/. Coronary CT angiography in coronary artery disease

According to recent World Health Organization statistics
for 2007, cardiovascular deaths account for 33.7% of all
deaths worldwide, whereas cancer represents 29.5%, oth-
er chronic diseases 26.5%, injury 7%, and communicable
diseases 4.6%". CAD is the leading cause of cardiovas-
cular death throughout the world. In light of the current
global focus on healthcare utilization, costs, and quality,
it is essential to monitor and understand the magnitude
of healthcare delivery and costs, as well as the quality of
healthcare delivery in relation to the CAD.

Invasive coronary angiography (ICA) is widely used
as a reliable technique to diagnose CAD because of its
superior spatial and temporal resolution. However, it
is an invasive and expensive procedure with an associ-
ated small percentage of morbidity and mortalitym. As
an alternative to ICA, coronary computed tomography
(CT) angiography has been increasingly used for the
investigation of suspected CAD, and rapid technologi-
cal developments of multislice CT (MSCT) have led to
both improved spatial and temporal resolution””. Stud-
ies have shown that coronary CT angiography has a high
diagnostic accuracy for the detection of significant CAD
(= 50% lumen stenosis) when compared to ICA®" and
in selected patients, coronary CT angiography is recom-
mended as a reliable alternative to ICA in the diagnosis
of CAD.

Despite promising results having been achieved with
coronary CT angiography, it has the disadvantage of high
radiation dose, which leads to the concern of radiation-
associated risks'>"”. Tt is generally agreed that CT is an
imaging modality with high radiation exposure, as it con-
tributes up to 70% of the radiation dose of all radiologi-
cal examinations, although it comprises only 15% of all
radiological examinations. Radiation-induced malignancy
is a problem that has raised serious concern in the medi-
cal field and this has been addressed by the National
Research Council of the United States!". It is reported
that radiation dose from a CT scan has been significantly
underestimated by both radiologists and physicians“2’15].
Despite the increased awareness of radiation risk, many
clinicians and researchers have not realized the amount
of radiation exposure associated with coronary CT an-
giography, or the possibility of tailoring the scanning
protocols to reduce radiation exposure to patients. Thus,
the purpose of this article was to investigate the current
research directions of coronary CT angiography in CAD,
based on a systematic review of the literature published
in five main radiology journals over the past 6 years.

MATERIALS AND METHODS

References searching

A search of articles on coronary CT angiography in
cardiac imaging was performed during a 6-year-period
between 2005 and 2010 in five main radiology journals,
Radiology, American Journal of Roentgenology (AJR), European
Radiology (ER), Enropean Journal of Radiology (EJK) and
British Journal of Radiology (BJK). The reason we started
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our search in 2005 is because 64-slice CT was introduced
in 2004. The keywords used in searching the references
in each journal website included: MSCT in CAD, diag-
nostic value of MSCT angiography in CAD, coronary CT
angiography and CT coronary angiography, prospective
electrocardiography (ECG)-gating/triggering in cardiac
imaging, and cardiac CT with radiation dose reduction.
In addition, a search for relevant articles was conducted
by electronically checking the monthly issue of each
journal’s publications, and eligible full-text articles were
obtained for data extraction and analysis. Prospective and
retrospective studies were included if they met the fol-
lowing criteria: (1) studies conducted on human subjects
or phantom with use of MSCT or coronary CT angiog-
raphy in CAD; (2) either coronary calcium scoring, diag-
nosis of CAD, prognostic value of CAD, or myocardial
perfusion imaging must be addressed in each study; (3)
coronary CT angiography in terms of prospective ECG-
triggering or retrospective gating must be cleatly stated in
each study; and (4) any strategies to reduce radiation dose
must be provided. Since it is possible that many studies
would not meet the third and fourth criteria, studies were
still eligible for inclusion in the analysis as long as they
met the first two criteria. Exclusion criteria were: studies
on coronary stenting or coronary artery-bypass surgery;
review articles or case reports; a letter or comment to the
editor.

Data extraction and analysis

All articles were reviewed and extracted by two indepen-
dent authors with regard to study design and procedure
techniques. Each author independently assessed the
retrieved articles according to the selection criteria and
inter-observer agreement was reached by consensus. The
authors looked for the following characteristics in each
study: year of publication; type of scanning unit used
for coronary CT angiography; type of studies in terms
of prospective or retrospective studies; researcher back-
ground, e.g. radiologists, cardiologists, physicians or other
health care professionals (for example, medical imaging
specialists); number of research centres where studies
were performed. In addition, more focus was placed on
the research directions of coronary CT angiography with
the aim of seeking information on the application of
dose-saving strategies. This included the common ap-
proaches for dose reduction: adjustments of kVp and
mAs (tube current modulation, either anatomy-based or
ECG-controlled tube current modulation); high pitch
value; prospective ECG-triggering »s retrospective ECG-

gating.

Statistical analysis

All variables are expressed as mean £ SD. Statistical tests
were performed using SPSS V 18.0 (SPSS, Inc., Chicago,
IL, United States). Compatrisons were performed using
one sample T test. A P value less than 0.05 was defined as
statistically significant difference.
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RESULTS

General information

One hundred and forty-two studies were identified which
met the selection criteria and were included in the analy-
sis. One hundred and thirty seven studies were conducted
at a single centre, while three studies were performed
at 3 centres and the remaining two studies at 9 and 20
study sites, respectively. The majority of these studies
were published in ER with the highest number being 62
articles, and the least number of studies was found in the
BJR with only 11 studies being identified. For the remain-
ing three journals, Radiolygy, AJR and EJR, the corre-
sponding studies were 23, 24 and 22, respectively.

Analysis of author background indicated that most
of the studies were performed by radiologists, followed
by cardiologists, and other health care professionals such
as physicians and medical imaging specialists. Radiolo-
gists accounted for 84% of the authors who performed
the studies, while cardiologists were in collaboration with
radiologists as a research team in all of the studies, except
in two studies published in ER, where cardiologists alone
conducted the research.

Of 142 studies, 126 were performed on patients (89%),
and the remaining 16 studies were conducted on anthro-
pomorphic phantoms with the aim of investigating the
effect of heart rate on diagnostic image quality, or radia-
tion dose or high pitch value on image quality. 71 studies
(50%) were performed to study the diagnostic value (67
studies) and prognostic value (4 studies) of coronary CT
angiography in CAD, while the remaining studies were
mainly focused on radiation dose reduction.

Type of MSCT scanners

Variable MSCT scannets were used in these studies, with
64- or more slice-scanners representing the majority
(85%) of the studies. Figure 1 shows the distribution of
different generations of MSCT scanners that were identi-
fied in the analysis. Despite rapid technological develop-
ments of MSCT scanners, such as the increased avail-
ability of 256- and 320-slice CT, single source 64-slice
and dual-source CT (DSCT) still dominated 78% of the
coronary CT' angiography studies. Coronary CT angiog-
raphy was compared with integrated single photon emis-
sion computed tomography/CT and positron emission
tomography/CT in two studies to investigate the myocar-
dial perfusion value of coronary CT angiography.

Research directions of coronary CT angiography

The issue of radiation dose has been addressed since
2007 in the publications, Radiology, AJR and BJR, while
this has been addressed since 2008 in the EJR publica-
tions. In comparison, radiation dose was first reported in
some studies published in 2006 in the journal of ER, al-
though more attention has been paid to the issue of dose
since 2007. Prior to 2006 and 2007, research was focused
on the diagnostic value of coronary CT angiography in
CAD, regardless of the studies performed with 8-slice,
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Figure 1 The number of studies performed with different generations of
multislice computed tomography scanners. CT: Computed tomography;
DSCT: Dual-source CT; MSCT: Multislice CT; PET: Positron emission tomogra-
phy; SPECT: Single photon emission computed tomography.

16- or 64-slice CT scanners. From 2008, more and more
studies started to address radiation dose reduction in
these five radiology journals.

Dose-saving strategies

Various dose-saving strategies have been implemented
in these studies, and have included adjustments of tube
voltage (kVp), tube current (tube current modulation),
pitch value, prospective ECG-triggering #s retrospective
ECG-gating, addition of padding in patients with high
heart rate variability, and application of adaptive statisti-
cal iterative reconstruction (ASIR) algorithms for image
noise reduction. Radiation dose was reported in 64 stud-
ies, representing 45% of the total studies published in the
five radiology journals. Of these 64 studies, nearly 50%
were published in the journal of ER.

Prospective ECG-triggering was the most commonly
applied technique for dose reduction, with 25 studies
reported in these five radiology journals. Of these 25
studies, a direct comparison between prospective ECG-
triggering and retrospective gating was performed in 16
studies. The mean effective dose was 3.5 = 1.9 mSv for
prospective ECG-triggering, which is significantly lower
(P < 0.0001) than that acquired with retrospective ECG-
gating, which is 16.3 * 6.3 mSw.

ECG-controlled tube current modulation was the
second most common approach utilized in 22 studies for
dose reduction. However, the effective dose value was
only reported in 7 studies, with the mean dose being 8.8
+ 2.6 mSv. Application of pitch (up to 3.4) in coronary
CT angiography was reported in five studies with the
mean effective dose being 1.7 + 0.6 mSv. Lower kVp
of 100 »s the standard 120 kVp was compared in four
studies with the resultant mean effective dose of 5.4 =+
2.9 mSv for 100 kVp protocols, and 9.4 £ 5.1 mSv for
120 kVp protocols, leading to a dose reduction of 42%.
Figure 2 shows the mean effective dose associated with
the above-mentioned commonly used strategies for dose
reduction. As shown in the figure, prospective ECG-trig-
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Figure 2 Box plot shows the mean effective dose associated with differ-
ent dose-reduction techniques. Coronary computed tomography angiography
with the use of high pitch and prospective electrocardiography-triggering leads
to the lowest radiation dose. The boxes indicate the first to third quartiles, and
each midline indicates the median (second quartile) and the whiskers represent
the maximum and minimum values of effective dose.

gering and high pitch resulted in the lowest doses when
compared to other dose-saving strategies.

ASIR was reported in two studies and the mean effec-
tive dose was less than 3.0 mSv. A comparison of radia-
tion dose with use of the International Commission on
Radiological Protection (ICRP) 103 and ICRP 60 docu-
ments was conducted in two studies with a significant
difference observed, indicating that the radiation dose
was underestimated if dose calculation is based on the
weighting factors that were reported in the ICRP 60.

Radiation dose corresponding to different heart rates
was reported in three studies and the analysis shows that
DSCT is superior to single-source CT in the diagnosis of
CAD in patients with higher heart rates, with resultant
lower doses. Padding was applied in one study performed
with prospective ECG-gating. The purpose of adding
padding is to provide additional phase information to
compensate for variations in heart rate by adding time
before and after the centre phase of the acquisition. Pad-
ding is described in the range of 0-200 ms and is added to
both sides of the centre of the acquisition with padding O
corresponding to a window of 100 ms scanning time and
padding 100 corresponding to a window of 200 ms scan-
ning time. In that study, the effective dose was 2.3 mSv
for 0 padding, and the dose increased to 3.8 mSv for 1-99
padding and to 5.5 mSv for 100-150 padding.

The remaining study involved the investigation of the
effect of adjusting the scan length of coronary CT angi-
ography using the calcium scoring images instead of the
scout view with regard to radiation dose. The effective
dose associated with the calcium scoring-derived length
(9.0 £ 0.6 mSv) was significantly lower than that using
the scout view-derived length (10.7 £ 1.2 mSv), corre-
sponding to a radiation dose reduction of 16%.

DISCUSSION

This analysis presents three findings which are considered
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important for the clinical application of coronary CT
angiography in CAD. Firstly, there is a change in research
direction with a shift of focus from the previous diag-
nostic value of coronary CT angiography in CAD to an
emphasis on radiation dose reduction. This indicates the
increased awareness of radiation dose to patients duting
coronary CT angiography examinations. Secondly, more
dose-saving strategies have been implemented to reduce
radiation dose associated with coronary CT angiography
while still maintaining diagnostic image quality. Of these
strategies, prospective ECG-triggering and high pitch
protocols represent the most effective approaches with a
significant reduction of radiation dose compared to con-
ventional retrospective gating or other approaches. Third-
ly, coronary CT angiography performed with 64-slice
CT (single-source or DSCT) dominated the majority of
studies that were reviewed, and this indicates that 64-slice
CT still plays a key role in the clinical diagnosis of CAD,
despite the emergence of 256- and 320-slice CT.

Over the last decade a great deal of interest has been
focused on the imaging and diagnosis of CAD using cor-
onary CT angiography, due to its less invasive nature and
improved spatial and temporal resolution. Moderate to
high diagnostic accuracy was achieved with 64- or more
slice CT, owing to further technical improvements“()’zol.
These studies have indicated that coronary CT angiogra-
phy has high accuracy in the diagnosis of CAD and could
be used as an effective alternative to ICA in selected
patients. However, coronary CT angiography has the dis-
advantage of high radiation dose which raises concerns
for both clinicians and manufacturers. This is reflected in
the changing research directions from the eatly research
focus on the diagnostic value of coronary CT angiogra-
phy in CAD to the increasingly reported studies on dose
reduction, as demonstrated in this analysis.

Radiation dose is becoming a major issue for coro-
nary CT angiography, since 64- or more-slice CT shows
improved and promising results in the diagnosis of
CADP"™!. The radiation risks associated with coronary
CT angiography have raised serious concerns and have
become a hot topic of debate in the literature >, The
general view about radiation dose is that CT is associated
with a risk of cancer development. Therefore, coronary
CT angiography should be performed with dose-saving
strategies whenever possible to reduce the radiation dose
to patients.

One of the most effective approaches for dose reduc-
tion is adjustment of the tube current according to ECG
signal, which is defined as ECG-controlled tube current
modulation. This approach represents the most significant
improvement in minimizing radiation exposure from cor-
onary CT angiography. It has been reported that radiation
dose can be reduced by 30%-50% through modulation of
the tube current output to decrease the dose given during
the systolic phase”. The estimated radiation dose reduc-
tion is similat to or less than that of an ICA examination
with use of this dose saving strategy[27’29]. The mean effec-
tive dose of ECG-controlled tube current modulation in
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this analysis was 8.8 mSv, and this was comparable to that
of ICA, which was between 3-9 mSv*".

Prospective ECG-triggering has been confirmed to
be another efficient technique for radiation dose reduc-
tion in coronary CT angiographymm. Use of prospective
ECG-triggering with 64-slice or DSCT has been reported
to reduce the effective radiation dose by up to 90% when
compared to retrospective ECG-gating, with diagnostic
image quality being achieved in more than 90% of cas-
es™™. This was confirmed in this analysis, as the mean
effective dose of prospective triggering was 3.5 mSy,
which is equivalent to or even lower than that of ICA.

Another effective method currently undertaken in
coronary CT angiography to reduce radiation dose is to
lower the tube voltage, since radiation dose vaties with the
square of the kV. Modern CT scanners include tube volt-
ages of 120 or 140 kV, reflecting the settings which most
often result in adequate image quality. However, acquisi-
tion of cardiac CT images with 100 kV, or even lower, is
possible and has been suggested as an effective means to
reduce radiation dose in coronary CT angiographym’m.
Up to 70% dose reduction has been reported in the lit-
erature when the X-ray tube voltage is decreased from
120 kVp to 100 kVp or even 80 kVp***!. This analysis
showed that a 42% dose reduction was observed in coro-
nary CT angiography with the use of 100 kVp when com-
pared to the routine 120 kVp protocol, and this is consis-
tent with the results reported in the literature. Therefore,
tube voltage can be adjusted in cardiac CT angiography
without affecting diagnostic image quality, and this should
be applied whenever possible in clinical practicel44’45j.

For coronary CT angiography, very low pitch values
(0.2-0.4) are typically required for coronary data acquisi-
tion to ensutre continuous z-axis coverage between image
stacks reconstructed from consecutive cardiac cycles. The
main disadvantage of this approach is higher radiation
exposure since the table is advanced by less than one de-
tector width during each gantry rotation, thus, the same
anatomic area is exposed to X-ray radiation during con-
secutive rotations of the gantry. Increasing the pitch to a
higher value was made possible by the development of the
second generation of DSCT scanners, Siemens Definition
Flash, which enabled acquisition of 128 slices simultane-
ously (flying focal spot)l%’ioj. This DSCT mode allows
coronary CT angiography to be performed at high pitch
values of up to 3.4 with a significant reduction in radiation
dose. A high pitch was applied in five studies in this analy-
sis with a2 mean effective dose of 1.72 mSv, and a radiation
dose less than 1.0 mSv was also reported in one study, in-
dicating the effectiveness of this dose-reduction approach.
The new scan mode, with a superior temporal resolution
of 75 ms, is regarded as an attractive alternative to ICA
due to the very low dose and high image quality, although
more studies based on a large cohort are required.

Although nearly 50% of the studies in this analysis
were conducted with the use of single-source CT, DSCT
was used in about one-third of the studies, indicating
the increased use of this improved technique. The main
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limitation of single-source CT coronary angiography is
that -blockers are frequently used to lower the heart
rate to less than 65 beats per minute. The introduction
of DSCT marked another technological improvement of
MSCT in cardiac imaging, as the temporal resolution was
further increased from 165 ms to 83 ms, thus eliminating
the need to control the heart rate during the scan™ 1,
Studies comparing DSCT with single-source CT dem-
onstrated that DSCT maintains high diagnostic accuracy
in the diagnostic examination of a wide range of patient
subsets, e.g., patients with higher and even irregular heart
rates (including atrial fibrillation)™ ™", Despite slightly
lower per-segment evaluability in patients with higher
heart rates, DSCT did not show decreased diagnostic ac-
curacy for the detection of coronary stenoses”™ . DSCT
improves temporal resolution which is vital in patients
who cannot have 3 blockade.

Expansion of MSCT systems from a 64-slice to 256-
and 320-slice system has allowed for the accurate assess-
ment of stenosis severity and atherosclerotic plaque com-
position, or even the acquisition of whole-heart coverage
in one gantry rotation, thus, eliminating the restrictions
and limitations associated with 64-slice CT scanners™ Y.
Studies performed with 256- and 320-slice CT demon-
strated the high diagnostic value of coronary CT angiog-
raphy for the quantification of coronary lumen stenosis
and assessment of plaque morphology and distribution
in the coronary arteries™*”", In patients with atrial fibril-
lation, 320-slice CT allows for excellent visualization of
all coronary segments with sufficient images to enable
a diagnosis, and acquisition of images with consistent
CT attenuation along the different coronary arteries™"
Despite these advantages, 256- and 320-slice CT has the
limitations of reduced gantry speed (270-350 ms), high
radiation dose and cone beam effects which need to be
addressed in future technical developments.

Some limitations exist in this review. Firstly, our
search for references only focused on the five main ra-
diology journals. However, research articles on cardiac
CT imaging are also published in cardiac journals such
as European Heart Jonrnal, Journal of American College of
Cardiology, Circulation, American Journal of Cardiology and In-
ternational Journal of Cardiovascular Imaging. Therefore, it is
possible that some relevant references were not included
in this analysis. Secondly, although tube current modula-
tion is one of the most effective methods for radiation
dose reduction, a number of studies did not report the
actual effective dose, despite the application of this tech-
nique in their studies. This emphasises the importance
of awareness of radiation exposure to patients by physi-
cians; thus, radiation dose values (effective dose or dose
length product) should be recorded in each study to en-
able the comparison of dose-saving techniques between
different studies. Thirdly, we tried to include as many
references as possible that were available over the last
few years; however, some articles which were accepted
for publication were excluded from the analysis. Finally,
although this analysis shows that 64-slice CT coronary
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angiography dominated the majority of the studies, there
is no doubt that more and more studies are being per-
formed with the latest models such as 256- and 320-slice
CT scanners. Further research to include these studies is
necessary.

In conclusion, this systematic review of the literature
from five main radiology journals shows that the current
research in coronary CT angiography has shifted from
the previous focus on diagnostic accuracy in CAD to
more emphasis on radiation dose reduction. This review
also indicates the increased awareness of radiation dose
associated with coronary CT angiography in the literature.
Various dose-saving strategies have been undertaken in
the past few years to lower radiation exposure to patients
undergoing coronary CT angiography. Effective dose re-
duction has been achieved by employing techniques with
a radiation dose of around 10 mSv to as low as 1 mSv
in some studies. It is important to note that the current
effective doses from coronary CT angiography are at the
same level or even lower than those acquired from ICA.
Therefore, according to this analysis, the achievements
in radiation dose reduction in coronary CT angiography
have been tremendous.

COMMENTS

Background

Coronary computed tomography (CT) angiography is increasingly used to
diagnose coronary artery disease (CAD) due to its reduced invasiveness and
improved diagnostic accuracy. Despite the high diagnostic value of coronary CT
angiography, it has the disadvantage of high radiation dose which contributes
to radiation-induced malignancy. This study was conducted to investigate the
current research directions of coronary CT angiography in the diagnosis of CAD
based on a systematic review of the radiology literature.

Research frontiers

Current research in coronary CT angiography has shifted from the previous fo-
cus on diagnostic accuracy in CAD to more emphasis on radiation dose reduc-
tion. This reflects the increased awareness of radiation dose associated with
coronary CT angiography in the literature.

Innovations and breakthroughs

Various dose-saving strategies have been proposed in the literature with regard
to radiation dose reduction associated with coronary CT angiography. This
study shows that these dose-saving strategies have been very effective in dose
reduction, and it is possible to lower the level of radiation dose to that of inva-
sive coronary angiography without compromising diagnostic image quality.
Applications

Coronary CT angiography is mainly performed with the use of 64-slice CT, how-
ever, with technological developments in CT scanning techniques, the latest
models such as 256- and 320-slice CT are increasingly used to accurately diag-
nose patients with suspected CAD due to whole-heart coverage in one gantry
rotation.

Terminology

Effective dose is a single parameter used to reflect the relative risk of exposure
to ionizing radiation. Calculation of the effective dose of coronary CT angi-
ography takes into account the biological effect of the radiation on the heart,
because each organ is given a tissue weighting depending on its individual
susceptibility to the effects of ionizing radiation.

Peer review

This paper reviews recent developments in technology of CT-angiography
of the coronary arteries and elute on future directions in development of this
technology. The paper covering this relatively new non-invasive technology is in
general interest for the readers of the journal.
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