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Abstract

Coronary computed tomography (CT) angiography has
been recognized as the most rapidly developed imag-
ing technique in the diagnosis of coronary artery dis-
ease due to the emergence and technological advanc-
es in multislice CT scanners. Coronary CT angiography
has been confirmed to demonstrate high diagnostic
and predictive value in coronary artery disease when
compared to invasive coronary angiography. How-
ever, it suffers from high radiation dose which raises
concerns in the medical field. Various dose-reduction
strategies have been proposed with effective outcomes
having been achieved to reduce radiation exposure to
patients. This article provides an introduction and over-
view of the series of articles that will focus on each
particular topic related to coronary CT angiography.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Coronary artery disease; Coronary comput-
ed tomography angiography; Radiation dose; Diagnostic
value; Predictive value
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Core tip: This article provides an overview of a series
of articles that focus on individual topic highlight re-
lated to coronary computed tomography (CT) angi-
ography. In particular, use of beta-blocker protocol,
radiation dose measurements, dose-reduction strate-
gies, diagnostic and prognostic value of coronary CT
angiography will be described in detail in each series.
Furthermore, potential applications of coronary CT
angiography beyond luminal visualization and future
directions will also be discussed.

Sun Z, Sabarudin A. Coronary CT angiography: State of the
art. World J Cardiol 2013; 5(12): 442-443 Available from: URL:
http://www.wjgnet.com/1949-8462/full/v5/i12/442. htm DOI:
http://dx.doi.org/10.4330/wjc.v5.112.442

CORONARY CT ANGIOGRAPHY

Over the last decade a great deal of interest has been fo-
cused on imaging and diagnosis of coronary artery dis-
ease (CAD) using coronary computed tomography (CT)
angiography due to its less invasive nature and improved
spatial and temporal resolution. With latest multislice CT
scanners (64- and post-64 slice CT), coronary CT angi-
ography has been reported to have high diagnostic value,
and it can be used as a reliable alternative to invasive
coronary angiography in selected patients' . In addition
to the diagnostic value, coronary CT angiography has
demonstrated the ability to assess coronary plaques in
terms of morphology and plaque characterization, thus
providing prognostic information for prediction of ma-
jor adverse cardiac events®

Despite these promising reports and increasing studies
available in the literature, coronary CT angiography suf-
fers from a major limitation, which is high radiation dose.
This has raised serious concerns in the medical field, as
radiation-induced cancer is not negligible. Awareness of
this issue plays an important role in ensuring that use of

December 26,2013 | Volume 5 | Issue 12 |



coronary CT angiography is medically justified, and dose-re-
duction strategies are implemented whenever possible, while
diagnostic image quality is still acceptable”z].

This series consists of 5 articles on the clinical applica-
tions of coronary CT angiography in CAD. Part [ deals with
beta-blocker administration protocol as beta-blocker is the
most commonly used drug to achieve heatt rate control dur-
ing coronary CT angiography. It has become a routine pro-
tocol to use beta-blocker to slow down heatt rate in patients
with heart rate more than 70 beats/min ptior to coronary CT
angiography, thus, understanding the preparations and patient
care is important for clinicians (in particular for those who
are inexpetienced in performing the coronary CT angiogra-
phy) to effectively utilize this imaging technique.

Part 1T focuses on radiation dose measurements in cot-
onary CT angiography. As mentioned above, coronary CT
angiography is associated with high radiation dose, there-
fore, awareness of the basic dosimeters for dose measure-
ment will help clinicians to understand the radiation risks.
Part Il is about dose-reduction strategies in coronary CT
angiography. This part contributes to an overview of differ-
ent dose-saving methods that are currently recommended
in the clinical practice.

Part IV focuses on the diagnostic and prognostic value
of coronary CT angiography in CAD. A systematic review
of the literature on these two aspects will provide readers
with updated information with regard to the current status
of coronary CT angiography in terms of diagnostic accuracy
and prediction of disease outcomes.

Part V is the last article of this series presenting in-
formation on the emerging diagnostic value of coronary
CT angiography in CAD, which is entitled coronary CT
angiography: beyond luminal visualization. In addition to
the evaluation of coronary wall morphology and plaque
assessment, coronary CT angiography is able to provide
functional information such as assessment of myocardial
ischemia which is available with dual-energy CT; hemo-
dynamic analysis of coronary stenosis and plaque, as
well as determination of patient-specific lesions (CT-de-
rived fractional flow reserve) with use of computational
fluid dynamics. This research area represents some novel
applications of coronary CT angiography, although its
applications are still at infancy.

In summary, this seties provides a comprehensive cov-
erage of different topics related to the coronary CT angi-
ography in CAD, ranging from the patient preparation of
heart rate control to dose measurements, dose reduction to
the diagnostic and prognostic value. Finally, future research
directions of coronary CT angiography are discussed and
highlighted in the last part. We believe these articles con-
tribute to improving our knowledge and understanding on
coronary CT angiography and its corresponding clinical
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presence of plaques. CFD has been increasingly used
in the investigation of cardiovascular disease due to its
ability of providing flow changes and variations. This
Abstract article provides an overview of the clinical applications

Rapid technological developments in computed tomog- 27 Gl (1 SNEd] O T CSTnETy ETHiER] ClEsaEs,

raphy (CT) imaging technique have made coronary CT
angiography an attractive imaging tool in the detec-
tion of coronary artery disease. Despite visualization
of excellent anatomical details of the coronary lumen
changes, coronary CT angiography does not provide
hemodynamic changes caused by presence of plaques.
Computational fluid dynamics (CFD) is a widely used
method in the mechanical engineering field to solve
complex problems through analysing fluid flow, heat
transfer and associated phenomena by using computer INTRODUCTION
simulations. In recent years, CFD is increasingly used Coronary artery discase (CAD) is the leading cause of
in biomzdicaflt researgEDdtle ;L;o_high ?]erforg’lance hzr(tj_ death in advanced countries and its prevalence is increas-
ware and software. echniques have been used to - : Ll I : :
study cardiovascular hemodynamics through simulation lonfg éi%nigs ie;?;lznmé C];:l?r:;;:iv'e Tczilszgﬂﬁgiﬁzgi;
tools to assist in predicting the behaviour of circulatory hich i dered the vold dard techni X "
blood flow inside the human body. Blood flow plays a which is considered the gold standard techmique, since 1
has superior spatial and temporal resolution leading to ex-

key role in the localization and progression of coronary . . . . :
artery disease. CFD simulation based on 3D luminal cellent diagnostic accuracy. However, it is an invasive and

reconstructions can be used to analyse the local flow ~ €xpensive procedure associated with a small but disangt
fields and flow profiling due to changes of vascular ge-  Procedure-related morbidity (1.5%) and mortality (0.2%)".
ometry, thus, identifying risk factors for development  Furthermore, invasive coronary angiography usually re-
of coronary artery disease. The purpose of this article quires patients to stay for a short period in the hospital
is to provide an overview of the coronary CT-derived after the examination and this causes discomfort for the
CFD applications in coronary artery disease. patients. Thus, a non-invasive technique for imaging and
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Figure 1 3D volume rendering shows normal right and left coronary arter-
ies with excellent demonstration of main and side branches.

[ 3

B2

Figure 2 Curved planar reformation image shows significant stenosis of
the left anterior descending coronary artery due to presence of plaques.
The long arrow refers to the mixed plaque at the proximal segment of left left
anterior descending (LAD), while the short arrow points to the calcified plaque
at the proximal segment of LAD.

diagnosis of CAD is highly desirable.

Cardiac imaging has experienced rapid growth in re-
cent years. Several techniques have been investigated for
diagnosis and prognosis of patients with proven or sus-
pected CAD. Although currently there is no less-invasive
imaging modality that can replace invasive coronary an-
glography, the development of computed tomography
(CT), magnetic resonance imaging (MRI), single photon
emission computed tomography and positron emission
tomography contribute to the detection and diagnosis of
CAD less invasively when compared to the invasive coro-
nary angiographyp'“]

Despite promising results achieved with these less-
invasive modalities, the application is still limited to the
visualization of anatomical details such as stenosis or
occlusion, while the hemodynamic interference due to
the presence of coronary plaques and subsequent flow
changes cannot be assessed by traditional imaging tech-
niques. Thus, identification of plaques that may cause car-
diac events is of paramount importance for reducing the
mortality and improving healthcare in patients suspected
of CAD.

Computational fluid dynamics (CFD) enables analysis
of hemodynamic changes of the blood vessel, even be-
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fore the atherosclerotic plaques are actually formed in the
artery wall. Therefore, to some extent, CED allows for an
early detection of atherosclerotic disease and improves
understanding of the progression of plaquesmm. The
purpose of this article is to provide an overview of the
applications of CFD in the diagnosis of coronary artery
disease based on coronary CT angiography examination.

CORONARY CT ANGIOGRAPHY
VISUALIZATION OF CAD

Over the last decade a great deal of interest has been fo-
cused on imaging and diagnosis of CAD using coronary
CT angiography due to its less invasive nature and improved
spatial and temporal resolution (Figure 1). Moderate to high
diagnostic accuracy was achieved with 64- or post-64 slice
CT, owing to further technical improvements“}w]. These
studies have indicated that coronary CT angiography has
high accuracy for the diagnosis of CAD and could be used
as an effective alternative to invasive coronary angiography
in selected patients (Figure 2).

In addition to the diagnostic value, coronary CT an-
glography demonstrates the potential to visualize coro-
nary artery wall morphology, characterize atherosclerotic
plaques and identify non-stenotic plaques that may be
undetected by invasive coronary angiography (Figure 3).
Studies have shown that coronary CT' angiography dem-
onstrates high prognostic value in CAD, as it is able to dif-
ferentiate low-risk from high-risk patients, with very low
rate of adverse cardiac events occurring in patients with
normal coronary CT angiography, and significantly high
rate of these events in patients with obstructive CAD™"™,

According to the guidelines of the European Society
of Cardiology, and the American College of Cardiol-
ogy/American Heart Association, the decision to perform
interventional procedures such as coronary angioplasty or
bypass surgery should integrate anatomical information
with a test that provides objective proof of ischemia'™?",
Echocardiography is a multimodality imaging technique
which allows accurate assessment of myocardial structure,
function and perfusion. Stress echocardiography has be-
come widely used for evaluation of patients with suspected
or known CAD, and it has been reported to be a cost-ef-
fective and feasible modality in the diagnosis of CAD™,
Although coronary CT angiography has been reported to
provide potentially important additional information on
myocardial perfusion and chronic myocardial infarction, a
limited correlation between stenotic coronary disease and
single photon emission computed tomography (SPECT)
findings was noticed””. However, with the emergence of
dual-energy CT (DECT), which offers fascinating new ap-
plications such as the mapping of the iodine distribution,
acquisition of both anatomic and functional information
is possiblem’zgl. Hatly studies have reported that DECT
had more than 90% diagnostic accuracy for detecting
myocardial perfusion defect compared to myocardial per-
fusion SPECT imaging[zg’w, although large patient cohorts
are needed to confirm the potential application of DECT

December 26,2013 | Volume 5 | Issue 12 |
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Figure 3 Characterization of coronary plaques on coronary computed tomography angiography. Coronal maximum intensity projection shows a calcified
plague (A, arrow) at the proximal segment of left coronary artery. A non-calcified plaque is present at the mid-segment of right coronary artery (B, arrow) on a curved
planar reformation image. A mixed plaque is present at the proximal segment of right coronary artery (C, arrows) on a curved planar reformation image.

for both anatomic and myocardial perfusion assessment
of CAD.

Coronary CT angiography provides excellent views
of anatomical changes of the artery wall due to presence
of plaques, thus enabling assessment of the degree of
coronary stenosis. Coronary CT angiography claims to
not only identify flow-limiting coronary stenosis, but also
detect calcified and non-calcified plaques, measure athero-
sclerotic plaque burden and its response to treatment, and
differentiate stable plaques from those that tend to rup-
ture”, However, these expectations have not yet been
met. In contrast, CFD enables analysis of hemodynamic
changes of the blood vessel, thus improving our under-
standing of the progression of plaques formation and
development of atherosclerosis.

COMPUTATIONAL FLUID DYNAMICS

CED is a general term of all numerical techniques that
are used to describe and analyse the flow of fluid ele-
ments at each location in certain geometry. The basic
principle in CFD is that a complex geometry is separated
into a large number of small finite elements. Those ele-
ments create a grid on which the equations describing
the flow are analysed. The merit of CFD is developing
new and improved devices and system designs, and op-
timization is conducted on existing equipment through
computational simulations resulting in enhanced efficien-
cy and lower operating costs™. However, CFD is still
emerging in the biomedical field due to complexity of
human anatomy and human body fluid behaviour. With
high performance hardware and software easily available
due to advances in computer science, biomedical re-

search with CFD has become more accessible in recent
[34]

years

APPLICATIONS OF CFD IN CAD

Recently, CFD techniques have been increasingly used
to study cardiovascular hemodynamics through simula-
tion tools to assist in predicting the behaviour of circu-
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latory blood flow inside the human body. Mechanical
forces and intravascular hemodynamics can chronically
affect and regulate blood vessels structure which induces
a chronic inflammatory response in the arterial walls re-
sulting in atherosclerosis”™, Early CFD-based hemody-
namic studies were conducted to represent  vitro condi-
tions within restrictive assumptionsmwl. Later reports
demonstrated that CFD methods have the potential to
enhance the data obtained from 7z vivo methods (CT or
MRI) by providing a complete characterization of he-
modynamic conditions (blood velocity and pressure as a
function of space and time) under precisely controlled
conditions (Figure 4) .

Knight ez al™ performed an analysis of the hemo-
dynamic parameters including average wall-shear stress
gradient, wall shear stress and oscillatory shear index ob-
tained through a CFD study on the right coronary arter-
ies of 30 patients. These parameters were correlated to
each patient’s specific plaque profile with aim of predict-
ing the particular plaque location. Their results showed
a statistically significant difference between average wall
shear stress and oscillatory shear index in sensitivity and
positive predictive value for the identification of athero-
sclerotic plaque sites in the right coronary artery. These
findings further strengthen the theory that low shear
stress is a contributor to the initiation of atherosclerosis.

In addition to the CFD analysis of main coronary ar-
teries, impact of side branches on local wall shear stress
should not be neglected. Wellnhofer ez al™ studied the
impact of side branches on wall shear stress calculation
in 17 patients and they concluded that side branches
showed significant impact on coronary flow and wall
shear stress profile in the right coronary artery. In con-
trast, Chaichana ef a/*’ investigated the influence of real-
istic coronary plaques on coronary side branches, based
on a sample patient with coronary artery stenosis at the
left coronary bifurcation. A direct correlation was found
between coronary plaques and subsequent wall shear
stress and wall pressure stress gradient changes in the
coronary side branches (Figure 5). These research find-
ings improve the understanding of the development of
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Figure 4 Local impact of flow velocity observed in a normal coronary model during systolic phase of 0.2 s (A) and diastolic phase of 0.7 s (B). Double ar-
rows reveal high flow velocity locations at bifurcation in the left coronary artery model.
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Figure 5 Computational fluid dynamics analysis of wall shear stress in 3D realistic models generated from coronary computed tomography angiography
during systolic phase of 0.2 s and diastolic phase of 0.7 s. A, B: Coronary models with presence of plaques in the left anterior descending; C, D: Computational
fluid dynamics analysis simulation in coronary models without presence of plaques. Arrows indicate the effect of plaques locations on wall shear stress changes in

coronary side branches in the post-plaques-conditions.

atherosclerosis by exploring the hemodynamic effect of
coronary plaques using CFD technique, although further
studies based on a large cohort are required to verify these
results.

Hemodynamic effect of left coronary angulation

The natural history of coronary plaque is dependent not
only on the formation and progression of atheroscle-
rosis, but also on the vascular remodelling response. If
the local wall shear stress is low, a proliferative plaque
will form. Local inflammatory response will stimulate
the formation of so-called “vulnerable plaque” which is
prone to rupture with superimposed thrombus forma-
tion. The vast majority of these inflamed high-risk vul-
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nerable plaques cannot be detected by anatomic imaging
and myocardial perfusion imaging. Since the progression
and development of vulnerable plaque is associated with
low wall shear stress and the presence of expansive re-
modelling, measurement of these characteristics 7 vivo
will enable risk stratification for the entire coronary cir-
12, Wong ez al™ simulated plaque locations in
different angles involving ten patterns of plaques forma-
tion in the coronary artery wall, and they studied the ef-
fects of blood flow resistance through diseased coronary
artery. Their proposed formation of the wall geometry
has potential applications in the provision of reduction
of flow estimates in angiography equipment and in situ-
ations where practical experimental measurement of the

culation
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Figure 6 Wall shear stress gradient observed with different angles of the realistic left coronary artery models generated from coronary computed tomog-
raphy angiography at peak systolic phase of 0.4 s. The arrows display the wall shear stress gradient distributions, with a large region of the low magnitude present

at present at a 120° model (A) and a small region at a 73° model (B).

flow is unavailable.

The strong correlation between averaged low wall shear
stress and the localization of atherosclerotic lesions in arte-
tial bifurcations has been well established'>***". Rodriguez-
Granillo ez al'” in their prospective study reported that
atherosclerotic plaques located in the ostial left anterior
descending coronary artery demonstrated larger plaque
burden, maximal plaque thickness and low shear stress
than those located in the distal left main coronary artery.
Chaichana e a/* in their recent study based on simulated
and realistic coronary models showed a direct relation-
ship between angulations of the left coronary artery and
corresponding hemodynamic changes. Low wall shear
stress and wall shear stress gradient was observed in the
wide-angled models ranging from 75° to 120° when com-
pated to the narrow-angled models ranging from 15° to
60°. Similarly, the magnitude of wall shear stress was sig-
nificantly lower in the wide angulation models (120° and
110°) than that observed in the narrow angulation models
(58°) which were generated based on patient’s coronary
CT images (Figure 6). This emphasises the potential risk
of developing atherosclerosis at the left coronary bifurca-
tion, although further studies are needed to validate these
results in more realistic patient’ data.

Hemodynamic effect of plaque location at the left
coronary artery

Coronary plaque generally originates in the bifurcation
region due to the angulations. The angulations cause a
region of low wall shear stress, as confirmed by previous
reports™ . Medical imaging modalities such as intravas-
cular ultrasound and coronary CT angiography have been
commonly used to detect plaque locations in the left main
coronary artery” . These imaging techniques provide
valuable diagnostic information, such as assessment of
plaque components and corresponding coronary lumen
changes, however, they offer no tangible insight into the
resultant hemodynamics. CFD provides an opportunity
to predict the hemodynamic behaviour. Thus, the charac-
terization of hemodynamic variations due to the various
types of bifurcation plaque in the configurations can be

K
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further explored with flow visualizations; this exceeds the
traditional anatomical analysis of coronary stenosis or oc-
clusion.

According to a recent study by Chaichana ez al™, vari-
ous types of plaques were simulated in different positions
of the left coronary artery to reflect the realistic distribu-
tion of coronary plaques, as shown in Figure 7A. The wall
shear stress, velocity and pressure gradient were computed
and compated using CFD method. Figure 7B shows he-
modynamic effects corresponding to different types of
plaque in the left coronary artery, with significant differ-
ence among these plaques, while Figure 7C demonstrates
the pressure gradient variations in relation to the plaque
locations. These findings indicate that extra plaque located
in the left coronary artery may increase the risk of plaque
rupture, although further studies are needed to analyse the
realistic plaque at the coronary artery based on different
configurations (concentric »s eccentric plaques) and com-
positions (calcified s non-calcified plaques).

Coronary CT angiography-derived fractional flow
reserve
A technique to reveal the culprit CAD during invasive
coronary angiography is the fractional flow reserve (FFR)
measurement using a pressure-sensing guiding wire. FFR
is the gold standard assessment of the hemodynamic sig-
nificance of coronary stenoses as it is a measurement of
the functional severity of a stenosis based on the pressure
changes over a lesion during maximal coronary hyperemia.
FFR is defined as maximal blood flow in a stenotic artery
as a ratio to normal maximal flow””, FFR is measured at
the time of invasive coronary angiography. An FEFR of 0.80
is used as a cut off value to determine coronary stenoses
responsible for ischemia with an accuracy of more than
90%*. FFR has been shown to improve detection of
lesions that cause ischemia when compared with coronary
CT angiography stenosis, thus, reducing the rates of false
positive lesions incorrectly classified by stenosis alone®”
Computation of FFRer is performed by computa-
tional fluid dynamics modelling after segmentation of
coronary arteries and left ventricular myocardium. 3D
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Figure 7 Computational fluid dynamics simulation of left coronary models with measurement of flow velocity and pressure gradient. A: Diagram shows
characterization of the four different types of bifurcation plaques in the left coronary artery; B: The velocity patterns inside left bifurcation at effective plaque locations
with these types of bifurcation plaques during the diastolic phase (0.7 s); C: The pressure gradient patterns inside left bifurcation at plaque locations with different
types of bifurcation plaques during the systolic phase (0.2 s) (C). Arrows refer to the flow changes in the location of plaques. It is noticed that high velocity and high
pressure gradient are present in the models with more plaques formed in the left coronary artery branches. LMS: Left main stem; LAD: Left anterior descending; LCx:
Left circumflex.

blood flow simulations of the coronary arteries are per- ography and invasive coronary angiography for the diag-
formed with blood modelled as a Newtonian fluid using nosis of hemodynamically significant coronary stenosis.
incompressible Navier-Stokes equations, with implementa- Their results showed that FFRcr is considered a poten-
tion of appropriate initial and boundary conditions to tially promising non-invasive method for identification
the models using a finite element method on a super- of individuals with ischemia. FFRcr plus CT' improved
computer. In order to ensure that the analysis reflects diagnostic performance in terms of sensitivity and speci-
the realistic simulation iz vivo conditions, realistic physi- ficity when compared to CT alone. Similarly, Koo ef al™
ological boundary conditions are applied for 3D nu- in their DISCOVER-FLOW multicenter study further
merical analysis. The transient simulation is performed confirmed the usefulness of FFR derived from coronary
using accurate hemodynamic rheological and material CT angiography in the identification of ischemic coronary
properties, as described in previous studies'*". Coro- stenosis. On a per-vessel analysis (FFRcr was performed
nary blood flow is simulated under conditions modelling on 159 vessels in 103 patients), the diagnostic accuracy,
adenosine-mediated coronary hyperemia. The FFRcr ratio sensitivity, specificity, positive predictive value and nega-
is obtained by dividing the mean pressure distal to the tive predictive value were 84.3%, 87.9%, 82.2%, 73.9%,
coronary stenosis by the mean aortic pressure, which can 92.2%, respectively, for FFRer, and were 58.5%, 91.4%,
be measured during CFD simulations. 39.6%, 46.5%, 88.9%, respectively, for coronary CT an-

The FFR measurement was tested with coronary CT giography. These findings together with others indicate
angiography and CFD technique and results are promis- that FFR computed from coronary CT angiography pro-
ng[m’“]. Min e a/*" in their multicenter study involving vides better diagnostic performance for the diagnosis of
252 stable patients with suspected or known CAD com- lesion-specific ischemia and offers incremental value for

pared CT-derived FFR (FFRcr) with coronary CT angi- the depiction of the culprit lesion in CAD compared to
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coronary CT angiography[()z’()s]. In addition to the assess-
ment of coronary stenosis, FFRcr could be further applied
to evaluate the in-stent restenosis or for coronary artery
bypass grafts, although reports are limited in these areas.
Despite the promising results of FFRcr in the detec-
tion of flow-limiting coronary stenosis, this technique
suffers from some limitations. In order to confirm the
diagnostic accuracy of FI'Rer, it needs to be compared
with the gold standard, FFR which is measured by in-
vasive coronary angiography. Furthermore, coronary
CT angiography is associated with high radiation dose,
although dose-reduction strategies have been recom-
mended to reduce radiation exposure to patients'”. Cur-
rently, myocardial perfusion SPECT imaging remains a
widely accepted technique for functional assessment of

; [27]
coronary artery disease

SUMMARY AND CONCLUSION

Although many risk factors predispose development of ath-
erosclerosis, it tends to develop at locations where disturbed

flow patterns occur, suggesting that lesion-prone areas may
be due to biomechanically related factors. Furthermore, re-
gional hemodynamics such as flow velocity, wall shear stress
and wall pressure have been regarded as other risk factors
for developing coronary artery disease™®

CFD has been increasingly used to analyse coronary
artery hemodynamics and implicate atherosclerosis pro-
gression. CFD method applied to coronary CT angiogra-
phy has enabled non-invasive assessment of lesion-spe-
cific ischemia by FFRcr. Furthermore, these methods also
assist prediction of changes in coronary flow and pressure
from therapeutic procedures (e.g., percutaneous coro-
nary intervention, coronary artery bypass graft)m. More
research is being conducted on realistic 7z vivo coronary
geometry models, and it is expected that research findings
will provide potential valuable information for improving
our understanding of the biomechanical pathophysiology
of atherosclerosis and its complications.
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Abstract

The aim of this article is to discuss the protocol of beta-
blockers that is commonly used for prospectively ECG-
triggered coronary computed tomography angiography
(CCTA). It is essential to ensure a low and regular heart
rate in patients undergoing prospectively ECG-triggered
CCTA for optimal visualization of coronary arteries.
Although early generations of computed tomography-
scanners are not applicable to be tailored according
to patients’ heart rate, a low and regular heart rate is
possible to be achieved by the administration of medi-
cations according to the beta-blocker protocol. Beta-
blocker can be safely administered to reduce patients’
heart rate for CCTA examination if patients are screened
for certain contraindications.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Beta-blockers; Coronary computed tomogra-
phy angiography; Heart rate; Prospective ECG-triggering
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Core tip: This article provides the protocol of beta-blocker
as guidance for prospective ECG-triggered coronary com-
puted tomography angiography (CCTA). With the use of
beta-blocker, patients’ heart rate can be regulated and
controlled to suit the protocol of prospective ECG-trigger-
ing CCTA. We believe that this article can give an insight
on the management of beta-blocker administration in the
coronary computed tomography protocol.

Sabarudin A, Sun Z. Beta-blocker administration protocol for
prospectively ECG-triggered coronary CT angiography. World J
Cardiol 2013; 5(12): 453-458 Available from: URL: http://www.
wjgnet.com/1949-8462/full/v5/i12/453 . htm DOI: http://dx.doi.
org/10.4330/wjc.v5.112.453

INTRODUCTION

Prospectively ECG-triggered coronary computed tomog-
raphy angiography (CCTA) is increasingly used in the di-
agnosis of coronary artery disease (CAD) due to its very
low radiation dose with acceptable image quality™. This
technique not only provides comparable diagnostic ac-
curacy to that of conventional approach, retrospectively
ECG-gated CCTA, but also shows superior advantage in
reducing radiation dose (up to 83%), which is significantly
lower than that from retrospectively ECG-gated proto-
col'™. However, in order to ensure that image quality is
acceptable for clinical diagnosis, prospectively ECG-trig-
gered CCTA is restricted to patients with low (heart rates
less than 65 bpm) and regular (HR variability < & 5 bpm)
during the scan,

With the advancements of computed tomography (CT)
technology, the latest generation of multislice CT scanners
enables customization of the scanning protocol to tailor
individual patient’s condition such as using multiple heart-
beat scanning modes or application of additional padding
windows™. Thus, the prospectively ECG-triggered CCTA
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Table 1 Beta-blocking agents

B-blockers Selectivity Partial agonist activity Lipid solubility Onset Hemodynamic effect Plasma half-life Elimination’s route
Generic name Oral v Oral v

Acebutolol hydrochloride 1 Yes Low 1-2h No >24h No 3-4h Hepatic, renal
Atenolol Bt No Low 1h 1-2min 24 h 12h 6-9 h Renal
Betaxolol hydrochloride B No Low 24h No >24h No 12-22h Hepatic, renal
Bisoprolol B No Low 1-4h No 24h No 7-15h Hepatic, renal
Esmolol B No Low No  1-4 min No 5-10 min 4-9 min Erythrocyte, renal
Metoprolol tartrate B No Moderate 1h 5-10 min 5-8h 3-7h Hepatic
Metoprolol succinate B No Moderate 2-3h No 24h No 3-7h Hepatic
Nadolol None No Low 1-2h No 24h No 20-24h Renal
Pindolol None Yes Moderate 1-2h No 24 h No 3-4h Hepatic, renal
Propranolol hydrochloride ~ None No High 30min <1min 6-12h 4-6h 3.5-6h Hepatic

could be extended to more patients with variable heart
rates. However, these protocols suffer from radiation dose
which limits the widespread use of the prospectively ECG-
triggering technique in cardiac imaging. Therefore, the use
of beta-blockers is an option which is widely used in CCTA
studies to reduce the heart rate to less than 65-70 bpm and
to make the cardiac thythm more regular'”.

All of the beta-blockers used in clinical practice are
competitive pharmacologic antagonists. Drugs in beta-
blocker group can be classified into subgroups on the basis
of B1 selectivity, partial agonist activity, local anesthetic ac-
tion and lipid solubility (Table 1), Most of the organ-level
effects of beta-blockers are predictable blockade of the
beta-receptor-mediated effects of sympathetic discharge.
The clinical applications of beta-blockade are broad ranging
from treating glaucoma to cardiovascular disease®.

The applications of beta-blockers in cardiovascular
disease treatment are of paramount importance, especially
in the situations such as hypertension, angina and ar-
rhythmias®. However, adverse cardiovascular effects such
as bradycardia, atrioventricular blockade and heart failure
may occur due to beta-blockade toxicity. Patient with air-
way disease may suffer severe asthma attacks. In addition,
adverse effects of central nervous system include seda-
tion, fatigue and sleep alterations might only occur with
use of lipid soluble beta-blockers. Sexual dysfunction has
been reported in some patients using the beta blockers™”.

It has been shown in clinical studies that Beta-blocking
agents have a preferential effect on betai adrenoreceptors,
mainly located in the cardiac muscle™ """, Beta-blockers
lessen cardiac contractility and heart rates by blocking
myocardial beta-receptors, and therefore prevent exercise-
induced increase in oxygen demands by the heart”.
Clinical pharmacology studies have confirmed that beta-
blocking activity had enormous effect on the reduction
in heart rate and cardiac output at rest and upon exercise,
reduction of systolic blood pressure upon exercise, reduc-
tion of reflex orthostatic tachycardia and inhibition of
isoproterenol-induced tachycardia[g’m’]”. Therefore, beta-
blockers are recommended to be administered prior to
CCTA scanning. The purpose of this article is to provide
an overview of the use of beta-blockers administration
protocol for prospectively ECG-triggered CCTA.
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PATIENT PREPARATION

There are several common indications for prospectively
ECG-triggered CCTA inclusive of the CAD indications
and non-CAD indications. CAD indications are inclusive
of evaluation of coronary arteries in patients with new-
onset heart failure to assess etiology, symptomatic patients
at intermediate preset probability of CAD, patients with a
chest pain syndrome regardless of acute or chronic with
interpretable stress test. In certain circumstances, CCTA is
required although non-CAD detection indications are pre-
sented such as suspected pulmonary embolism or aortic
dissection or aneurysm, assessment of complex congenital
heart disease, suspected coronary anomalies in symptom-
atic patients, evaluation of pulmonary vein anatomy prior
to atrial fibrillation radiofrequency ablation, evaluation of
cardiac venous anatomy prior to biventricular pacing and
evaluation of cardiac mass or pericardial condition when
non-radiation imaging modalities are limited">".
However, there are some contraindications to CCTA
procedure which include pregnancy, severe anaphylactic
contrast reaction, unable to comply with the scanning
instructions such as fail to hold long breath-hold, renal in-
sufficiency and clinically unstable patients>'”, Tn addition,
identification to contraindicated drug must be clarified
before undergoing CCTA procedure inclusive of the pre-
scan nitroglycerine such as severe aortic stenosis, hyper-
trophic cardiomyopathy and phosphodiesterase-5 (PDE-5)
inhibitor and beta-blockers™. For patients who are con-
sidered to undergo beta-blocker protocol, some guidelines
have been suggested to avoid complications including
screening contraindications to beta-blockers!”. The con-
traindications include sinus bradycardia, which is defined
as a heart rate of < 60 bpm with systolic pressure of less
than 100 mmHg; allergic to beta-adrenergic antagonists
ot its constituents; decompensated cardiac failure; asthma
on beta-agonist inhalers; active bronchospasm; second or
third-degree of atrioventricular (AV) block!"*"’, Patients
who are likely to have second- or third-degree AV block
can be evaluated by generating a single-lead ECG stripm.
Patient’s vital signs and pulse are also monitored and
documented upon attival. In patients with a sinus rhythm
with heart rate < 65 bpm, no beta-blockers are required
and therefore, the patient can be prepared for CCTA ex-
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amination. In patients with irregular thythm or/and higher
heart rate (> 65 bpm), the beta-blockers are given according
to the protocol setting (Figure 1).

In addition, patients are required to follow all stan-
dard instructions for contrast-enhanced studies including
fasting for at least 4 h prior to the scan, maintaining oral
hydration with clear fluid up to 1 h before scan and need
to hold metformin for a minimum of 48 h following
the scan. Patients with non-severe anaphylactic contrast
reaction in the past should receive pre-medication treat-
ment to avoid the risk of current contrast reaction. A pre-
medication protocol suggested as 50 mg of prednisone is
administered orally 13, 7 and 1 h prior to scan with addi-
tional of 50 mg oral diphenhydramine (Benadryl) is taken 1
h prior to scan>"".

With regards to optimal heart rate control, caffeine
product is not permitted within 12 h of CCTA. Moreover,
severe hypotension can occur if PDE-5 inhibitors interact
with nitrates. Therefore, patients are refrained from un-
dertaking PDE-5 inhibitor drugs such as sildenafil (17agra),
vardenafil (Levitra) and tadalafil (Cialis) for at least 48 h
before CCTA""*" However, usual cardiovascular medi-
cations are advisable to be taken continuously.

ADMINISTRATION OF BETA-BLOCKERS
AND OTHER ALTERNATIVE DRUG IN
HEART RATE-LOWERING THERAPY

Several cardio selective beta-blockers are available with

distinct pharmacokinetic profiles such as acebutolol
hydrochloride, atenolol, betaxolol hydrochloride, biso-
prolol, esmolol, metoprolol succinate and metoprolol
tartrate. However, metoprolol tartrate (Lopressor) was
selected due to its convenient method of administration,
dosage form availability and cardioselectivitym. Unlike
oral metoprolol tartrate, intravenous metoprolol dosage
form is recommended due to its fast onset reaction (be-
tween 5 and 10 min) after administration. On the other
hand, metoprolol tablets (oral) effect can only be seen
within 1 hour after administration and the peak plasma
concentrations are seen at 90 min. Although the onset
reaction in both oral and IV routes differ significantly,
the plasma half-life for metoprolol tartrate is similar in
both oral and IV which ranges from 3 to 4 h in a healthy
adult™"™>",

Oral pre-medication in heart rate-lowering therapy is
another alternative to achieve lower heart rate prior to the
CT scanning. Pre-medicating the patient with tablet
metoprolol gives an advantage which may reduce the
risk of being injected with IV of metoprolol. However,
without proper scanning arrangement, the effect of the
oral metoprolol might not be effective and other factors
such as anxiety and nervousness may also increase the
patients’ heart rate on the day of the examination. Thus,
administration of metoprolol intravenously is most com-
monly performed prior to the CT' scanning due to its
fast onset and clinically feasibility.
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Most previous practices injected their first bolus of
metoprolol once the patient is lying down supine on the
CT examination table. Our practice suggests that first
bolus administration of metoprolol (2.5 mg) is given be-
fore the patient is brought on the CT examination table;
right after the IV line is set (pre-procedure). Then, the
patient’s heart rate is monitored at the designated area
under supervision of medically authorized personnel.
This aims to avoid interruption of the procedure work-
flow and the delay time for beta-blockers to respond.

Although beta-blockers helped in lowering the heart
rate, they also have negative inotropic effect and could
decrease left ventricular contractility which may affect the
assessment of ventricular function”’. However, ventricular
function is only being evaluated by echocardiography or
nuclear medicine studies and CCTA study is mainly per-
formed for assessment of coronary arteries and degree
of stenosis. Initially, two 2.5 mg doses of metoprolol are
given with 5 min interval. Then two doses of 5 mg each
are given 5 min apart with a total maximum dose of no
more than 15 mg, Blood pressure and HR are monitored
before each of the [V dose as stated in Figure 1. The beta-
blockers” administration is conducted under the supervi-
sion of the radiologists or cardiologists. Blood pressure
and continuous ECG monitoring should always be used
when giving IV metoprolol.

Ivabradine is another attractive option to reduce pa-
tient heart rate for CCTA procedurem. Unlike metoprolol,
ivabradine selectively inhibits if current in sinoatrial node
cells that controls the spontaneous diastolic depolariza-
tion, resulting in the reduction of diastolic depolatization
rate and heart rate””?. Therefore, it is useful in patients
in sinus rhythm, but not in other rhythms such as atrial
fibrillation. Ivabradine lowers heart rate at concentrations
that do not affect other cardiac ionic currents. Therefore,
ivabradine has no other direct cardiovascular effect™.
Therefore, the main pharmacodynamics of ivabradine in
humans is a specific dose-dependent reduction in heart
rate. Heart rate reduction is achieved approximately 10
beats/min (bpm) at rest and during exercise at the recom-
mended dosage (no more than 10 mg/d) which leads to
a reduction in cardiac workload and myocardial oxygen
Consumptionm. Ivabradine has a relatively short half-life
of around 2 h and is currently only available as an oral
preparation.

HEART RATE CONTROL-LESS
COMMONLY APPLIED IN 64- AND
POST-64 CT

Heart rate control with use of medications is necessary in
4- and 16-slice CT, but less common in 64- and post-64
slice coronary CT angiography due to improvement in

temporal resolution. Pache ez al” in their early study
showed that 64-slice CT has high diagnostic accuracy in
the assessment of coronary artery bypass grafts, despite
the presence of irregular or high heart rates. Recent tech-
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Patient with irregular heart beat/higher heart rate > 65 bpm
with no contraindication to beta-blocker

2.5 mg IV metoprolol is given

Heart rate is monitored

5 min

Is the heart rate
regular/reduce to < 65 bpm

No%—

2.5 mg IV metoprolol is given

Heart rate is monitored

l 5 min

Is the heart rate
regular/reduce to < 65 bpm

D

Proceed with

5.0 mg IV metoprolol is given

prospective Heart rate is monitored

ECG-triggering CCTA

l 5 min

Yes Is the heart rate
regular/reduce to < 65 bpm

No}—

5.0 mg IV metoprolol is given

Heart rate is monitored

5 min

Is the heart rate
Yes regular/reduce to < 65 bpm

No

The scan is reverted to retrospective
ECG-triggering CCTA

Figure 1 Flow chart showing the intravenous administration of metoprolol protocol in heart rate-lowering therapy. CCTA: Coronary computed tomography

angiography.

nological developments with the introduction of dual-
source CT and 320-slice CT have overcome the limita-
tion of early generation of multislice CT as the temporal
resolution was significantly increased, thus image quality
and diagnostic value of coronary CT angiography was less
dependent on heart rates”*!. Tt has been reported that
dual-source coronary CT angiography shows improved
diagnostic performance in patients with a wide range of
different heart rates being included™”. Expansion of
multislice CT systems from a prototype 256-slice to a
320-slice system has allowed for acquisition of whole
heart coverage in one gantry rotation. Studies have
shown that 320-slice coronary CT angiography demon-
strated high sensitivity and specificity at per-patient, per-
vessel and per-segment analysis in patients with atrial
fibrillation™ ", These results indicate that 320-slice CT
has the potential to broaden the use of coronary CT an-
giography to more patients with high or irregular heart
rates or those without responding well to the heart rate
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control.

POST-PROCEDURE CARE

All patients who are given IV metoprolol are observed
for about 30 min once the scan is completed. If the pa-
tient presents with bronchospasm, an albuterol inhaler is
given accordinglyw’m. If the patient’s heart rate drops to
less than 45 bpm, administration of atropine is consid-
ered. However, if the patient is resistant to the atropine
while the heart rate drops continuously, resuscitative
measures and IV administration of beta-agonists need to
be administered such as dopamine or epinephrine!”.

In general, beta-blockers are helpful in patients with
irregular heart rate, either with premature atrial or ven-
tricular contractions, supraventricular tachycardia and
arrhythmias such as arterial fibrillation. With atrial fibril-
lation, the negative chronotropic and dromotropic effects
of the beta-blockers lengthen the diastolic portion of the
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cardiac cycle™. In prospectively ECG-triggered CCTA,
X-ray exposure occurs during a small portion of the car-
diac cycle typically centered at mid-diastole at 75% of R-R
interval™. Therefore, increasing diastole by beta-blockers
would improve CCTA image quality. Previous studies
showed that the vessel visibility was achieved with the
single-segment reconstruction in patients with low heart
rates (< 65 bpm) and with multisegment reconstructions
in patients with high heart rates (> 65 bpm)”**”. More-
ovet, the visibility of right coronary artery also has been
shown to improve significantly with the administration of
beta-blockers. The proportion of the cardiac cycle spent
in diastole increases as the heart rate decreases. Therefore,
use of beta-blockers is suggested to increase the diastolic
phase in the cardiac cycle™.

In conclusion, beta-blockers administration protocol
has been discussed in this article with regard to is useful-
ness in preparing patient’s heart rate for prospectively
ECG-triggered CCTA. Since use of medication is essen-
tial to ensure that coronary CT angiography will provide
excellent diagnostic images with few artifacts, under-
standing the mechanism of beta-blockers in cardiac im-
aging will contribute to the efficient use of coronary CT
angiography technique in clinical diagnosis.
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Abstract

Coronary computed tomography (CT) angiography is
associated with high radiation dose and this has raised
serious concerns in the literature. Awareness of vari-
ous parameters for dose estimates and measurements
of coronary CT angiography plays an important role in
increasing our understanding of the radiation exposure
to patients, thus, contributing to the implementation of
dose-saving strategies. This article provides an over-
view of the radiation dose quantity and its measure-
ment during coronary CT angiography procedures.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Coronary computed tomography angiog-
raphy; Dose measurement; Dose quantity; Multislice
computed tomography; Radiation dose

Core tip: Various dose parameters are used for mea-
surement of radiation dose associated with coronary
computed tomography (CT) angiography. It is impor-
tant to be aware of the dose quantity and measure-
ment in order to achieve the low-dose coronary CT
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angiography protocol. This article provides an in-depth
review of the dose quantity and dose measurement
parameters that are commonly used in coronary CT
angiography.

Sabarudin A, Sun Z. Radiation dose measurements in coronary
CT angiography. World J Cardiol 2013; 5(12): 459-464 Available
from: URL: http://www.wjgnet.com/1949-8462/tull/v5/112/459.
htm DOT: http://dx.doi.org/10.4330/wjc.v5.112.459

INTRODUCTION

The introduction of latest multi-slice computed tomogta-
phy MSCT) technology has emerged as a useful diagnos-
tic imaging modality for the noninvasive assessment of
coronary artery disease. The recent advances in the spatial
and temporal resolution with thinner detector widths
and the low helical pitch values being required for data
acquisition in cardiac computed tomography (CT), mainly
in retrospective ECG-gating coronary CT angiography
(CCTA) mode, however, resulted in increased radiation
dose. Compared with plain film radiography, CT examina-
tion produces significant higher radiation dose, resulting
in a marked increase in radiation exposure to patients.

However, the main concern of exposure to ionizing radia-
tion is the potential risk of radiation-induced cancer, and
this has raised setious concerns in the literature!".

Risks associated with radiation exposure are manifested
as either deterministic or stochastic effects. Deterministic
effects occur when the radiation dose reaches a threshold
dose level. The threshold level in deterministic effects vaties
in different subjects and the damages ate significantly relat-
ed to the amount of dose received. Skin injury, hair loss and
cataract are the examples of deterministic effects associated
with radiation dose. For example, skin injuries range from
skin erythema, moist desquamation, epilation, laceration
to necrosis if the skin is exposed to radiation dose beyond
the threshold level of 2 Gy”. On the other hand, stochastic
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effects can be defined as an effect that occurs without any
dose threshold. It happens at all time and the damages are
not depending on the amount of dose received. lonizing
radiation-induced cancer and genetic changes belong to the
stochastic effects. However, previous studies have reported
that the increment of radiation dose could increase the
chance of developing cancet”.

Radiation dose estimates for cardiac CT examinations
are best expressed as the CT volume dose index (CTDIxvl),
dose-length product (DLP) and effective dose (E). These
parameters are precisely defined to allow comparisons of
the radiation doses among different CT imaging protocols.
The dose received by a patient from a given CT examina-
tion is commonly estimated using CTDILwr or DLP value
available on the scanner console!’. Other than CTDIv,
DLP and E, there were several radiation dose parameters
widely used in CT study in order to measure or quantify
the radiation dose of CT scanning procedure. Therefore,
the purpose of this article is to provide an overview of
the radiation dose quantity and its measurement during

CCTA procedures.

RADIATION DOSE QUANTITY AND
MEASUREMENTS

CT dose index

The fundamental radiation dose parameter in CT is the
computed tomography dose index (CTDI). CTDIwo is
a measured parameter of radiation exposure which is
more convenient than the CTDI and it is regarded as the
measurement of choice performed by medical physicists
in the clinical setting, Initially, CTDIiwo is measured by a
100-mm long pencil-shaped ionization chamber in two
different cylindrical acrylic phantoms (16 and 32-cm diam-
eter) which was placed at the iso-center of the CT scan-
ner. Most manufacturers use a 16 cm phantom for head
and 32 cm phantom for body examinations during CTDI
calculation”. The CTDIy is the weighted average of the
CTDIo measurements at the center and the peripheral
locations of the phantom. This parameter reflects the av-
erage absorbed dose over the two-dimensions (x and y di-
mensions) of the average radiation dose to a cross-section
of a patient’s body.

The CTDILw is different from CTDIw where CTDIva
represents the average radiation dose over the volume
scan (x, 7, and g directions) while CTDIw represents the
average exposure in the x-y plane only. CTDIv is the
weighted CTDI divided by the pitch, or CTDIw = CT-
DI./pitch and it is measured in mGy. The CTDILw is now
the preferred radiation dose parameter in CT dosimetry.
CTDILwt is commonly used in clinical practice due to its
accessibility to the radiologists and CT operators as it
specifies the radiation intensity used to perform a specific
CT examination and not to quantify how much radiation
that each patient receives from the CT examination'”,
Rather than the dose to a specific patient, CTDlLw is a
standardized index of the average dose delivered from the
scanning series. CTDIv is available to be displayed on the
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control console. This allows the clinicians or operators to
compare the radiation doses that patient receive from dif-
ferent imaging protocols. CTDIwi can also be used in turn
to determine DLP.

Dose-length product

The dose-length product (DLP) is an indicator of the
integrated radiation dose of an entire CT examination.
The DLP is an approximation of the total energy a pa-
tient absorbs from the scan. It incorporates the number
of scans and the scan width, eg. the total scan length,
while in contrast CITDIv and CTDI.a represent the ra-
diation dose of an individual slice or scan. Therefore,
DLP increases with an increase in total scan length or
variables that affect the CTDIw (eg. tube voltage or tube
current) or the CTDIvi (e.g., pitch). Because scan length
is expressed in centimeters, the SI unit for DLP is mGy-
cm. Similar to CTDIvel, DLP is also available on the op-
eratot’s console.

Absorbed dose and equivalent dose

Absorbed dose is an amount of energy that is deposited
in a unit of mass of matter (tissue). It is measured in gray
(Gy) with 1 Gy equivalent to 1 joule per kilogram. Each
type of ionizing radiation produces different biological
effect. For instance, the biological effect on tissue which
is exposed to 1 Gy a radiation is more harmful than 1 Gy
of X-rays. This is because o particles are more heavily
charged and slower than x-rays. Therefore, o, particles lose
much more energy along the travel path before reaching
the target”. However, the quantity of equivalent dose is
used to compare all types of ionizing radiation equally
on the biological effect. Equivalent dose is measured in
Sievert (Sv). Equivalent dose is obtained by multiplying
the absorbed dose with the radiation weighting factor

(Table 1).

Effective dose
The most important parameter in CT imaging is the ef-
fective dose (E), which is valuable in assessment and
comparison of the potential biological risk of a specific
examination. E is a sum of equivalent doses in organs
of the body that are considered radiosensitive. It is a
uniform whole-body dose that has the same nominal
radiation risk of carcinogenesis and induction of genetic
effects as any given non-uniform exposure'. Each organ
in human body has different radiosensitivity with some
organs more sensitive to the risk of damage than the
others. E can be estimated by multiplying each equiva-
lent dose by a relative organ with the tissue weighting
factor related to the risk associated with that organ and
summing overall exposed organ. International Commis-
sion on Radiological Protection (ICRP) publication 103
released in 2007 has recommended values for the tissue
weighting factors with major changes different from the
previously published ICRP publication 60™" (Table 2).
The SI unit of estimating E is the sievert (Sv) or mil-
lisievert (mSv). The weighting factors used for individual
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Table 1 Radiation weighting factor for various type and en-

ergy range

Type and energy range Radiation weighting factor, Wk (ICRP-60)

Photons, all energy 1
Electrons, muons, all energy 1
Neutrons < 10 keV/ 5
10 eV-100 keV 10
>100 keV-2MeV 20
>2-20 MeV 10
>20 MeV 5
Protons > 2 MeV 5
Alpha particles, fission 20

fragments and heavy nuclei

Adapted from Ng et al”.. ICRP: International Commission on Radiological
Protection.

Table 2 Tissue weighting factor comparison between In-

ternational Commission on Radiological Protection publica-
tion-103 and publication-60

Organs Tissue weighting factor, Wr
ICRP-103 ICRP-60
Colon 0.12 0.12
Lung 0.12 0.12
Red bone marrow 0.12 0.12
Stomach 0.12 0.12
Breast 0.12 0.05
Gonads 0.08 0.20
Bladder 0.04 0.05
Liver/Oesophagus 0.04 0.05
Thyroid 0.04 0.05
Bone surface/skin 0.01 0.01
Brain 0.01 -
Salivary glands 0.01 -
Remainder tissues 0.12" 0.05>

Adapted from Ng et al”. "Remainder tissues in International Commission
on Radiological Protection (ICRP)-103: adrenals, kidneys, muscle, small
intestine, pancreas, spleen, thymus, uterus/cervix, prostate, extra-thoracic
region, gallbladder, heart, lymphatic nodes and oral mucosa; “Remainder
tissues in ICRP-60: adrenals, kidney, muscle, small intestine, pancreas,
spleen, thymus, uterus, upper large intestine and brain.

tissues are based on a statistical analysis of the increase
in the long-term incidence and mortality for cancer de-
termined from a life span study of the survivors in Japan
during the atomic bomb explosion[“’m. Usually, tabular
data of conversion coefficients are available to estimate E
from entrance skin dose for radjography[14’15j, from dose
area product (DAP) for fluoroscopy' ", or from CTDIw
or DLP for CT"". The goal is to convert the higher radia-
tion doses delivered to a small portion of the body into an
equivalent uniform dose to the entire body that carries the
same biological risk for causing radiation-induced fatal and
nonfatal cancers.

The E can be estimated by multiplying the DLP with
a conversion coefficient factor (E/DLP), £ (mSv/mGy
per centimetre). The E/DLP value of 0.026 or 0.028
mSv/mGy per centimetre was applied for coronary CT
study since this value was likely to be more accurate for
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estimation of radiation dose associated with cardiac CT
compared to the chest CT (0.014 or 0.017 mSv/mGy per
centimetre)'*"”*, If no dose-saving strategy is applied,
it is estimated that effective doses of coronary CT angi-
ography may reach up to 30 mSv in patients undergoing
cardiac CT imaging, thus, there is potential risk of asso-
ciated radiation-induced malignancy®".

Gosling ez al™ compared the effective dose using the
latest ICRP 103 tissue-weighting factors with that calcu-
lated with previously published chest conversion factors.
Their results showed that the use of chest conversion fac-
tors (0.014-0.017) significantly underestimated the effec-
tive dose when compared to the dose calculated using the
conversion factor of 0.028. A conversion factor of 0.028
would give a better estimation of the effective dose from
prospectively ECG-triggered coronary CT angiography.
Appropriate conversion factors are needed to accurately
estimate effective dose. A conversion factor of 0.014
or 0.017 is commonly used in many cardiac CT studies
to estimate the effective dose associated with coronary
CT angiography, thus, this could lead to vatiations in the
reported effective dose. As a result, the DLP or CTDIal
is recommended to compare the radiation exposure of
coronary CT angiography'™.

Background equivalent radiation time

Background equivalent radiation time (BERT) is used to
explain the dose to the general public without complicated
scientific units, terminology or concepts. It converts the ra-
diation dose to an equivalent period of natural background
radiation in days, weeks, months or years to which the entire
population is exposed every day from natural radioactive
substance in the air, internal, terrestrial, cosmic and envi-
ronment. For example, it is more likely for patient to easily
understand that “your chest X-ray dose is about equal to 3
d of background radiation” rather than “you have received
0.02 mSv for your chest X-ray examination™”. BERT is not
used to provide a high level of diagnostic accuracy, but to
relieve anxiety about radiation by giving an understandable
and satisfactory answer (Table 3)*”.

Entrance skin dose

Entrance skin dose is an amount of energy imparted per
gram of tissue at the entrance surface. It is also known
as surface absorbed dose (SAD). About 1 Gy is equal to
1 millijoule per gram of energy deposited by the X-rays.
Entrance skin dose can be obtained by multiplying the
radiation exposure measured in the air at the skin by a fac-
tor, f for the tissue. The f factor is a quantity of radiation
dose exposure conversion measured in the air (coulomb
per kilogram at the standard temperature and pressure) to
an equivalent radiation dose absorbed in tissue (gtays) at the
same location. However, entrance skin dose is not an indi-
cator to measure radiation risks except for skin erythema,
but it is useful for organ dose calculation especially in a
computer-based program that is involved with Monte Carlo

. . 14,15
simulations'™*"”.
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Table 3 Estimated effective doses for diagnostic medical exposures associated with background equivalent radiation time and life-

time fatal cancer risks from National Radiological Protection Board

X-ray examination Estimated effective dose (mSv) BERT' Fatal cancer risk per examination®
Limbs and joints (exclude hip) <0.01 <1ld 1in a few millions
Dental (single bitewing) <0.01 <15d 1 in a few millions
Dental (panoramic) 0.01 1.5d 1in 2 million
Chest (single PA) 0.02 3d 1in a million
Skull 0.07 1d 1 in 300000
Cervical spine 0.08 2 wk 1 in 200000
Thoracic spine 0.7 4 mo 1in 30000
Lumbar spine 13 7 mo 1 in 15000
Abdomen 0.7 4 mo 1 in 30000

Hip 0.3 7wk 1 in 67000

Pelvis 0.7 4 mo 1 in 30000
Intravenous urography 2.5 14 mo 1in 8000

Barium swallow 1.5 8 mo 1 in 13000

Barium meal 3 16 mo 1in 6700

Barium follow-through 3 16 mo 1in 6700

Barium enema 7 3.2yr 1 in 3000

CT head 2 1lyr 1 in 10000

CT chest 8 3.6 yr 1in 2500

CT abdomen/ pelvis 10 45yr 1 in 2000

Adapted from Ng et al”’. "Natural background radiation based on Australia average = 2.4 mSv per year; *Appropriate lifetime risk for patients from 16-69

years old: paediatric = 2x; geriatric = 5x. BERT: Background equivalent radiation time.

Critical organ dose
Critical organ dose (COD) is more commonly reported
in the literature for radiologic examinations. Critical organ
dose refers to the energy deposited per unit mass to in-
dividual critical organs for which the radiosensitivity and
radiation dose are high. Its unit of measurement is usually
milligrays, which is equivalent to millijoules per kilogram.
COD can be used to assess the risks of irradiation beyond
cancer induction for certain organs; for example, other
potential biological effects can include skin erythema, cat-
aracts, fetal abnormalities, haematologic effects, vascular
damage, and effects on the central nervous system.
Critical organ dose may be determined by other dose
descriptors, such as entrance skin dose or dose area prod-
uct, by using tables or software programs that are based
on Monte Catlo calculations for standard patient sizes' ',
Also, the critical organ dose values for various organs,
along with their corresponding weighting factors, can be
used to calculate the effective dose™". In clinical practice,
knowledge of organ doses and the carcinogenic sensitiv-
ity of certain organs can lead to better collimation and
patient positioning to reduce the risks from exposure to
radiation.

Diagnostic acceptable reference level

Diagnostic acceptable reference level is also known as
diagnostic reference level (DRL). DRL values are pub-
lished based on the nationwide evaluation of X-ray trends
surveys” . The data values can be used as a reference
point to ensure that all current clinical practice involving
radiation in radiological investigations are safe. However,
ESD, DAP, or CTDIvl values that are greater than those
of DRL may be attributed to the patient’s size, the com-
plexity of the clinical case, equipment malfunctions, or
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suboptimal protocols. Some of the higher values may be
unavoidable; however, many of the higher values can be
avoided. When patient doses appear to be above those of
DRL, especially when they are consistently higher, investi-
gation and assessment are required. If suboptimal proto-
cols or equipment deficiencies are the cause of the higher
dose levels, necessary strategies must be undertaken to
reduce the radiation dose.

Radiation dosimeter

Radiation dose in clinical practice can be measured accu-
rately by using a dosimeter. There are a number of dose
measurement tools with different methods being used
to measure the radiation dose absorption. The value of
absorbed dose is determined indirectly by measuring the
radiation effect through ionization of air, fogging of
photographic emulsion, thermoluminescence, scintilla-
tion and ionization of a semiconductor. However, the
most commonly used method in radiation dosimetry is
thermoluminescence dosimeter (TT.D)",

Thermoluminescence phenomenon

Thermoluminescence is a condition where the light is
emitted from a heated crystalline material which is made
up of lithium fluoride (LiF) or calcium fluoride (Cal®)
phosphors. When the crystalline is exposed to the radia-
tion, electrons in the crystal are pulled out from valence
band to the conduction band by a small amount of ener-
gy. However, without enough energy, some of the elec-
trons are trapped into one of the isolated levels provided
by impurities in the crystal. It will remain immobilized
at that state until energy is supplied to release it (usually
by heat). Thus, the electrons leave a positive hole in the
valance band. By heating the crystal, the trapped elec-
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Figure 1 Process of light emission from the radiation exposure in the thermoluminescence phenomenon.

trons will elevate and return to the valence positive hole.
A photon of visible light is emitted during the process
of returning electrons from the trap to the valence band
(Figure 1", The total light emitted is counted where the
measurement for the number of trapped electron indi-
cates the absorbed radiation. Surprisingly, it can be used
even after a month of storage.

Several types of TLD are commercially available for a
wide range of applications. For instance, LiF: Mg, Li2B4Oy,
CaSOs: Dy, ALOs, CaF2: Dy and CaF2: Mn"". In di-
agnostic radiology, LiF: Mg, Ti or usually known as
TLD-100 was chosen for dosimetry purposes in clinical
radiation measurement. In fact, it was the first material
used in diagnostic radiology and one of the most utilised
materials when compared to others™. TLD with LiF:
Mg, Ti material is chosen because of the physical shape
which is small, light and convenient for local measure-
ment during the radiological examinations. Apart from
physical appearance, it is able to measure entrance suf-
face absorbed dose at the reference point at specific or-
gans without obscuring an image due to the radiolucency
speciﬁcationm. Moreover, it has high reproductive ca-
pability, thus it can be used repeatedly. The materials are
sensitive to detect radiation exposure in a range between
10 uGy and 10 Gy, in addition to having a good linear
relationship between thermoluminescence readout value
and dose absorption up to 1 mrad.

CT dose measurement

Effective dose in CT can be easily estimated by a simple
calculation through multiplying the DLP with a conver-
sion coefficient factor (E/DLP). Huda, Ogden, and Kho-
rasani in their study introduced a new approach to de-
termine the E. They suggested that E can be calculated
from DLP by using ImPACT software package which is
based on Monte Carlo simulation performed by the Na-
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tional Radiological Protection Board™. Yet, the accuracy
of this system is undisputable when Huda, Ogden, and
Khorasani compared those E calculations with other soft-
ware packages like CT-expo and ImpactDose. As a result,
there were approximately 5% differences between E/DLP
values according to each software package and it was not
statistically significant™. CT-Expo is a program run on
Monte Catlo dosimetry data while ImpactDose is a pet-
sonal computer based-program that calculates ED values
for arbitrary scanning parameters and anatomic ranges® .
However, the E values still can be calculated manually by
multiplying the DLP values with the conversion coeffi-
cient factor in CT imaging based on individual organs and
tissue weighting factors published by the ICRP 103111,
Using CT dose reporting packages is an advantage be-
cause they are easy to use and produce quick results.
However, it must be recognised that there are deviations
between the different software packages, and users should
understand this and be familiar with different terminolo-
gles used in order to provide accurate dose reporting for a
consistent comparisonm].

In conclusion, it is important to be aware of the amount
of radiation dose produced from cardiac CT scanning, The
quantification of the radiation dose is a crucial issue that
must be addressed by both practitioners and the operators
in determining the correct and accurate dose measure-
ment. With sufficient knowledge of radiation dose tet-
minology and dose quantification, the understanding of
radiation dose safety and radiation awareness will be ac-
cordingly increased when performing coronary CT angi-
ography examinations. Various dose-saving strategies have
been undertaken in the past decade to lower radiation
exposure to patients who undergo coronary CT angiogra-
phy, with effective dose ranging from 10 mSv to as low as
1 mSv. Details of these dose reduction techniques will be
discussed in Part Il of this series.
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cedure has been known as an effective technique in non-
invasive coronary artery assessment. With high accuracy in
the detection of coronary artery disease, this makes CCTA

Abstract accepted as a widely used diagnostic tool in cardiac imag-

With the introduction of 64- and post-64 slice com- ing“’ﬂ. However, radiation dose of CCTA that has been

puted tomography (CT) technology, coronary CT angi- reported in the literature is the greatest concern and varies

ography has been increasingly used as a less invasive ~ a great deal depending on the scanning parameter settings.

modality for the diagnosis of coronary artery disease. There are many factors influencing the overall radiation

Despite its high diagnostic value and promising results exposure including tube voltage, tube current, scan range,
compared to invasive coronary angiography, coronary scanner geometry, the electrocardiogram (ECG)-gating ap-
CT angiography is associated with high radiation dose, plication either prospective or retrospective ECG-gating,

leading to potential risk of radiation-induced cancer. slice thickness and pitch value selection (for helical scan
A variety of dose-reduction strategies have been re- mode).
ported recently to reduce radiation dose with effective Most of the parameters are controlled, monitored and

outcomes having been achieved. This article presents
an overview of the various methods currently used for
radiation dose reduction.

modulated by the computed tomography (CT) operator
during the procedure in order to obtain an optimum image
quality. Therefore, all factors need to be taken into consid-
eration in minimizing the radiation exposure to achieve the

2013 Baishid Publishing G Co., Limited. All right . . .
© aishideng Fublishing froup 0., Himite ronts goal of “as low as reasonably possible”. Previous studies

d.
resenve have also reported that standard CCTA procedure with the
Key words: Coronary artery disease; Coronary com-  use of retrospective ECG-gated technique results in Ve
puted tomography angiography; Multislice computed high radiation dose, which ranged from 13.4 to 31.4 mSv"™".
tomography; Radiation dose; Dose reduction This has raised serious concerns in the literature due to

the potential risk of radiation-induced malignancy result-
Core tip: Various dose-reduction strategies of coronary ing from CCTA. Therefore, several dose-saving strategies
computed tomography angiography have been discussed have been introduced to deal with radiation dose issues, and
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these techniques include anatomy-based tube current mod-
ulation™”, ECG-controlled tube current modulation"'"]
tube voltage reduction" " a high-pitch scanningm’lsl and
prospective ECG-triggered CCTA"". This article is writ-
ten purposely to provide information about the strategies
that could be used to further reduce the radiation dose to

patient during CCTA procedure.

STRATEGIES FOR RADIATION DOSE
REDUCTION IN CCTA

Anatomy-based tube current modulation
Tube current is an important element that is directly relat-
ed to radiation dose and image quality. With rapid devel-

opments of CT technology, implementation of automatic

tube current modulation allows significant reduction in ra-
diation dose for CT examinations. In CT examination, au-
tomatic tube current modulation can be defined as a series
of techniques that enable automatic adjustment of the
tube current in x-, y-plane (angular modulation) or z-plane
(z-axis modulation), according to the size and attenuation
characteristics of the human body. The purpose of these
adjustments is to achieve optimum image quality with low
radiation dose. The term automatic tube current modula-
tion is similar to automatic exposure-control that is com-
monly used in conventional radiography“s’w]. Anatomy-
based tube current modulation is then divided into two
modes namely angular modulation and z-axis modulation.

Angular modulation (x-y plane)

Since the shape of patients body is not symmetrical [antero-
postetior (AP) sslateral], angular-modulation techniques au-
tomatically adjust the tube current for each projection angle
to the appropriate attenuation according to patient’s ana-
tomical structures. Without angular modulation, the tube
current is held constant over the 360° rotation, regardless
of the patient attenuation profile. The angular-modulation
technique reduces tube current as a function of projection
angles for low-attenuation projections (AP s lateral pro-
jections). This technique calculates the modulation func-
tion from the online attenuation profile of the patient.
The modulation function data are processed and sent to
the generator control for further tube current modulation
with a delay of 180° from the X-ray generation angle. In
asymmetrical regions being scanned such as the shoulders
in chest CT, the X-ray attenuation is substantially less in
the AP than in the lateral direction. The radiation dose
reduction could be achieved up to 90% with application
of the angular-modulation technique[zo]. Therefore, the
technique of angular modulation helps in improving dose
efficiency in the x- and y-axis by reducing radiation expo-
sure in a particular scanning plane.

Z-axis modulation

The principle of z-axis-modulation technique is different
from that of angular modulation. Unlike angular modula-
tion, the z-axis modulation technique adjusts the tube cut-
rent automatically to maintain a user-specified quantum
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noise level in the image data. It provides a noise index to
allow users to select the amount of X-ray noise that will
be presented in the reconstructed images. Using a local-
izer radiograph, the scanner computes the tube current re-
quired obtaining images with a selected noise level. Hence,
z-axis modulation attempts to make all images have a
similar noise irrespective of patient size and anatomy.
The noise index value is approximately equal to the im-
age noise (standard deviation) in the central region of an
image of a uniform phantom. However, the actual noise
measured on the image by drawing a region of interest
that will differ from the noise index selected for scanning,
This is due to the fact that noise index settings only adjust
the tube current, whereas the standard deviation is also
affected by other parameters, including the reconstruction
algorithm, the reconstructed section thickness (if different
from the prospective thickness), the use of image space
filters, variations in patient anatomy and patient motion,
and the presence of beam-hardening artifacts.

The CARE Dose 4D protocol (Siemens, Medical Solu-
tions, Erlangen, Germany) was then introduced in order to
adapt the tube current to the patient’s individual anatomy
and modulate the tube current in the section with the low-
est dose levels. Previous studies have shown that 20%-60%
dose reduction was achieved depending on the anatomic
region and patient habitus, with improved image qua]jty[zﬂ.
Another study combining angular and z-axis modulation (3D
Auto mA; GE Yokogowa Medical Systems, Tokyo, Japan)
reported significant dose reductions (60%) in abdominal-
pelvic CT examinations”. This technique uses a single
localizer radiograph to determine patient asymmetry and
appropriate angular and z-axis modulation for the patient.
The investigators added noise (computer modification of
original raw scan data to simulate lower tube current noise
levels) to patients’ scan data to produce images and calcu-
late the radiation dose reduction.

A lower minimum tube current may result in reduced
exposure to patients, which occasionally increases im-
age noise in smaller patients scanned with a substantially
reduced tube current. Generally, larger patients receive
higher tube current with z-axis modulation if a fixed-tube-
current technique used in order to maintain the selected
image noise. In contrast, with automatic tube current
modulation, the tube current is inconsistent throughout
the scan and thus results in the diagnostic image quality
with reduced radiation dose. The main limitation of auto-
matic tube current modulation is the lack of uniformity
between techniques developed by different vendors.

ECG-CONTROLLED TUBE CURRENT
MODULATION

The idea of decreasing radiation doses associated with

tube current modulation in CT stimulates manufacturers
to improve the CCTA examinations. One of the most
recently developed methods, CARE dose 4D by Siemens
Medical Solutions, which combining the effects of angu-
lar and z-axis modulation techniquesm. Virtually all ana-
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tomic regions in the thorax, abdomen, and pelvis have
benefited from these sophisticated techniques that result
in considerable significant dose reduction!"*".

However, the z-axis modulation principle in CARE
dose 4D was not compatible with ECG pulsing,. ECG-
pulsed tube current modulation is the most significant
improvement in minimizing radiation from CT technol-
ogy and it is the only technique dedicated to cardiac im-
aging. ECG pulsing is performed online during cardiac
CT examination which allows a decrease in radiation
exposure of between 30% and 50%. The radiation dose
is reduced by modulating the tube current output during
the systolic phase[zs]. Moreover, the algorithm for ECG-
dependent dose modulation also represents a very effec-
tive tool for limiting radiation dose in the vast majority
of patients undergoing cardiac CT studies.

In ECG-controlled tube current modulation technique,
a high tube current with optimal image quality is applied
only during the diastolic phase of the cardiac cycle, in
which images are most likely to be reconstructed with
minimal artifacts, while in the systolic phase, a low tube
current (50% of normal tube current) is applied. Image
reconstruction during cardiac CT examinations is usually
performed in ventricular mid-diastole phase due to less
cardiac motion that causes blurring of cardiac structures.
Thus, high quality diagnostic images can be acquired dur-
ing the diastolic phasem. However, this method totally
depends on the patient’s heart rate and requires a regular
sinus thythm in order to prevent poor image quality. Un-
fortunately, the ECG-controlled tube current modulation
algorithm cannot be performed in the presence of ar-
thythmias such as premature extra beats. Thus, this algo-
rithm may not be useful in patients with arrhythmias.

LOW TUBE VOLTAGE

Since radiation dose varies with the square of tube volt-

age, an application of lower tube voltage during CT
data acquisition is another approach for radiation dose
reduction. A previous study by Huda ez a/”” showed that
reducing the X-ray tube potential from 140 to 80 kVp
at constant tube current decreased the radiation dose by
a factor of about 3.4. Consequently, image contrast and
image noise will definitely be increased because of fewer
numbers of photons producedmz(ﬂ. However, since the
contrast-to-noise ratio (CNR) and signal-to-noise ratio are
the key factor of CT image quality, noise is rather irrel-
evant if the level of contrast or amount of signals are too
high[zgl. The change in image contrast is dependent on the
anatomic number (Z) of the structures being investigated.
The image structure with high-anatomic-number becomes
significantly more prominent than image of low-anatom-
ic-number structures (soft tissue) in the application of low
tube Voltagesm.

It has been confirmed that diagnostic image quality
was not affected by lower tube voltages in pediatric CT in-
vestigations. Similarly, in a phantom study by Siegel ¢# al”
showed that reduced beam energy in contrast-enhanced
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pediatric CT decreased the radiation dose without affect-
ing image contrast and image noise. Moreover, the inter-
relationship between beam energy and tube output has
been described by Boone ¢ a/™ in the context of image
noise characterization in CT techniques by using tube
voltages of 80-140 kVp and tube currents of 10-300 mA.
Provided the tube current-time product was appropri-
ately adapted, radiation dose can be significantly reduced
at lower tube voltage while CNR remained at a constant
level. Cody e al™" reported that the use of 80-kVp tube
voltage resulted in beam-hardening artifacts and thus rec-
ommended the use of 100- to 120-kVp settings in pediat-
ric patients. For non-cardiac CT studies with kilovoltage
reduction, an increase of the tube current by 50% has
been proposed to maintain image quality and to reduce
the dose estimation concurrentlym. However, a further
increase in tube current is limited with the available stan-
dard protocols for cardiac CT scanning on the studied
CT scanners. Therefore, a trade-off between dose saving
and increased image noise has to be considered with cur-
rent cardiac CT protocols.

Previous study compared the diagnostic image quality
of the coronary artery segments in order to detect steno-
sis in various scan protocolsm]. In this qualitative analysis,
no deterioration of image quality was detected in most of
the scan protocols inclusive of the ECG-dose modulation
and the 100-kVp tube voltage for both 16- and 64-slice
CT scanners. The value of this analysis is only limited by
a potential selection bias of the scanning protocols. Image
obtained with 120-kVp scan protocol without ECG mod-
ulation (on patients with arrhythmia) are likely to present
with more non-diagnostic coronary segments, even when
no dose-saving algorithms were applied. However, the
impact of dose-saving algorithms on the detection of cal-
cified and non-calcified plaques remains unknown. There-
fore, further studies are needed to investigate the balance
between dose savings and maintained diagnostic image
quality for CCTA investigations.

HIGH PITCH VALUE

With the recent advent of second-generation of dual-
source, another low-dose technique has been introduced
for cardiac CT which is high-pitch scanning mode.
This technique was successfully tested with dual-source
128-slice CT in retrospective ECG-gating protocol. In this
technique, the data are acquired in a spiral mode while the
X-ray table runs with a very high pitch of 3.4 equaling to a
table feed of 46 cm/s. When this high-pitch mode is used,
the entire heart is scanned within one single cardiac cycle,
generally during the diastolic phase (75% R-R interval).
The temporal resolution for this system is 75 ms, with

the gantry rotation time of 280 ms and only quarter rota-
tions for data reconstruction. Fatly reports on phantom
studies have shown that the purpose of this scan mode
is to deliver images of diagnostic quality at a low radia-
tion dose. Moreover, two studies have successfully proved
that feasibility of this high-pitch mode technique also in
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patients by using the remodeled first generation of dual-
source 64-slice CT scanners with effective dose less than
1 mSv"™". Then, several recent studies also have reported
similar results™ . In addition to low dose aspect, high
diagnostic accuracy has been achieved with the high-pitch
dual-source CT™,

In order to apply the high-pitch mode, several re-
quirements must be fulfilled. Firstly, dual-source geom-
etry is necessary in order to obtain the projection data
by the second detector for gaps fill-up due to rapid table
movement. In this way, the pitch can be increased up
to 3.4 while allowing image reconstruction, although
the limited field of view is covered by both detectors.
A quarter rotation of data per measurement is used for
image reconstruction, and each of the individual axial
images has a temporal resolution of a quarter of the
rotation time troi/4. Thus, the overlapping of radiation
exposure can be avoided with the application of high
pitch resulting in radiation dose reduction to the mini-
mum level™. Secondly, a higher temporal resolution is
essential to enable single cardiac cycle reconstruction
without image distortion due to motion artifacts. Third-
ly, patient’s heart rate must be regular and consistent in
order to obtain a good image quality. With used of high
pitch mode, the examination table is accelerated to the
maximum speed during data acquisition which is trig-
gered by the R-peak of the heartbeat. The examination
table could not be accelerated in an infinitely small time
period; therefore, it has to be set in motion sufficiently
earlier prior to scanning acquisition. Inconstant heart
rates lead to inaccurate positioning of the data acquisi-
tion window, with data being acquired either too eatly (if
heart rate decreases) or too late (if heart rate increases)
in the catrdiac cycle. Inconsistent heart rates would com-
promise image quality by stair-step artifacts.

Finally, high pitch mode requires patient with low heart
rates (< 65 bpm). In order to obtain a motion-free artifact,
CT data acquisition can possibly be performed during a
single diastolic period if the patient heart rate is constantly
lower than 65 bpm"”. On the other hand, patients with
high heart rates may not yield diagnostic image quality of
the coronary arteries due to a narrow diastolic exposure
of R-R interval window and therefore, tube current mod-

ulation is required for adjustment accordingly””.

ITERATIVE RECONSTRUCTION
METHODS

Alternative image reconstruction techniques such as it-

erative reconstruction have been used mainly in nuclear
medicine studies™*. In CCTA, iterative reconstruction
such as adaptive statistical iterative reconstruction (ASIR)
(GE Healthcare) has been introduced as a new recon-
struction algorithm[42]. Iterative reconstruction is a meth-
od to reconstruct 2D and 3D images from measured
projections of an object. However, unlike filtered back
projection, iterative reconstruction starts with an initial
estimate of the object which is subsequently improved in
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a stepwise fashion by comparing the synthesized image
to the one acquired with projection data and improving
the previous estimation.

Moreover, iterative reconstruction reduces image noise
by iteratively comparing the acquired image to a mod-
eled projection. This reconstruction algorithm is used to
help deal with one of the primary issues of dose and tube
current reduction for CCTA. Since iterative reconstruc-
tion has been consistently associated with image quality
improvement, especially improving CNR, it has the pos-
sibility of improving spatial resolution™™*. With faster
computer technologies and adapted techniques, the use of
iterative reconstruction for cardiac CT imaging has been
increasingly studied and the reconstruction speed now al-
lows its use in clinical practice. Iterative reconstruction has
been shown to reduce noise, improve image quality and
reduce radiation dose not only in body CT but in coro-
nary CT. The ASIR technique was reported to provide
about 27% of radiation dose reduction compared to that
standard filtered back projection reconstruction'”. In ad-
dition, image quality and the proportion of interpretable
segments were also improved with the application of 40%
or 60% ASIR in CCTA reconstruction compared to that
filtered back projection reconstruction™. Another study
using the similar reconstruction method with different no-
menclature, namely iterative reconstruction in image space
(IRIS) also resulted in significant reduction of image noise
and improved subjective image qualitym]. However, the
main limitation to its routine use is the high computational
cost, which can be 100-1000 times higher than for filtered
back projectionm].

Moreover, iterative reconstruction does not assume
that the measured signal is free of noise due to x-ray
photon statistics or electronic noise but rather uses more
accurate statistical modeling during the reconstruc-
tion processm]. This enables improved noise properties
in the reconstructed images, while maintaining spatial
resolution and other image quality parameters. The use
of iterative reconstruction techniques is expected to in-
crease in CT as computational processing improves and
algorithms become more robust and easy to apply. Ow-
ing to more powerful iterative reconstruction algorithms
are emerging, the impact of these techniques may show
greater noise reduction and thereby permit further re-
ductions in radiation exposure to patients.

PROSPECTIVELY ECG-TRIGGERED
CORONARY CT ANGIOGRAPHY

Various strategies have been developed to reduce radi-
ation exposure to patients, and prospectively ECG-gated
CT coronary angiography is remained as the most impor-
tant and effective in reducing the radiation dose which
also called step-and-shoot mode. The step-and-shoot
mode is characterized by turning on the x-ray tube only

at a predefined time point of the cardiac cycle, usually
in mid-diastole, while keeping the patient table station-
ary. The x-ray exposure time of this technique is short,
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Figure 1 Use of extra tube-on time to acquire image data during additional cardiac phases. Padding turns tube on prior to minimum half-scan time and leaves it

on afterwards. It is recommended in cases when heart rate varies during examination.

and thus, low radiation doses ranging between 1.2 and
4.3 mSv have been reported using various 64-slice and
first-generation of dual-source 64-slice CT™*. Most
importantly, this low-dose step-and-shoot method is still
being able to produce high diagnostic accuracy for the
detection of coronary stenosis” "

Unlike standard retrospective ECG-gating, where the
tube output (in mA) is constant throughout the data ac-
quisition during spiral CT which results in high radiation
dose, prospective triggering is performed with sequential
scans. In prospective triggering, the tube current is turned
off for most of the scan period and is triggered by the
ECG to be “on” only for a short period during diastole.
Thus, this results in remarkable reduction in radiation
dose™”. With application of prospective ECG triggering,
the radiation dose of CCTA can be reduced by up to 83%
when compared to that standard retrospective ECG gat-
ing techrlique[47’49].

Prospectively ECG-triggered technique uses axial im-
ages and an incrementally moving table to cover the heart
with minimal overlap of axial slices. Cardiac imaging with
electron beam CT also uses prospective data acquisition
triggered by ECG. Prospective triggered technique in car-
diac CT is not new and it was actually being used in early
1980 by Dr. Godfrey Hounsfield with conventional single-
slice CT™". Tt was recognized that CT image synchroniza-
tion with heart diastolic phase was optimal for imaging the
heart. Unfortunately, the findings were not being achieved
when the patient heart rate increases.

When a 64-slice system is used, the scan is prescribed
by using 3-5 incremental of 64 mm X 0.625 mm (40
mm) image groups which requires 2-4 incremental table
translations of 35 mm. Thus, allow for 5 mm of overlap.
The minimum interscan delay is approximately between
0.6 and 1.0 second which normally requires skipping a
cardiac cycle between data acquisitions which results in
one image acquisition per 2 cardiac R-R cycles™. How-
ever, the process will be faster with larger detectors (128-,
256- or 320-slice CT) being used. The detector width de-
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termines the number of steps/scans to cover the entire
heart and complete an examination. For instance, the
dual-source 64-slice CT has a narrower detector array
(32 mm X 2 mm X 0.6 mm = 38.4 mm per acquisition);
thus, it takes more incremental steps (normally 4-5 car-
diac cycles) to cover the heart and complete an examina-
tion than with the 320-row system (320 X 0.5 mm = 160
mm) which covers the heart in a single acquisitionm.

Prospectively ECG-triggered technique has a limited
number of cardiac phases available for reconstruction.
Therefore, mid-diastolic phase (75% of R-R interval)
was always being selected for data acquisition for all
subjects. In addition, by using add-on ‘padding’ will al-
low more cardiac phases for reconstruction. Padding
technique is described as prolonging the acquisition
window in order to allow the reconstruction to adapt with
minor heart rate variations and to produce consistent im-
age quality. Padding turns the X-ray tube on before and
after the minimum or actual acquisition time (millisec-
onds) required. Available padding options with current
software ranges from 0 to 200 ms (Figure 1). No padding
is required for patient with stable heart rates and minimal
heart rate variability. However, radiation dose also will
increase with application of padding window due to ex-
pense of radiation exposure on the particular windows
phase[24’49].

Other than adjusting prospective triggering parameters
in order to adapt with high heart rates, application of
B-blockade for heart rate control is also commonly used
in CCTA to produce better results. However, precautions
have to be taken in patients who are contraindicated to
B-blockage agent. Alternatively, calcium channel blocker
could be used in order to reduce the heart rate. The maxi-
mum of 15 mg of intravenous metoprolol (B-blocker) or
40 mg of intravenous diltiazem (calcium channel blocker)
is recommended prior to the scan in order to control the
heart rat'”,

The major drawback of prospective ECG triggering

is that cardiac functional analysis is unavailable. Since pro-
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Table 1 Dose reduction strategies and corresponding effectiveness in dose reduction in coronary computer tomography angiography

Techniques

Advantages

Pitfalls Dose reduction

Tube current modulation: anatomy-based

Tube current modulation:
ECG- controlled

Suitable for unsymmetrical body habitus

Dedicated for cardiac imaging
Modulates tube current output during systolic phase

No apparent reduction in CCTA proce-  20%-60%"
dure due to homogeneity of the body
thickness in the cardiac region

Heart rate must be regular 30%-50%

Low tube voltage (kVp) Image structure with high-atomic number becomes Beam hardening artifacts may occur Up to 30%

more prominent than that with low-atomic number May increase image noise which leads

to suboptimal image quality
High pitch value Fast image acquisition Patient heart rate must at < 65 bpm  Up to 80%
Reduce motion artifacts and regular
Can only be performed on second gen-
eration of dual-source CT scanner
Iterative reconstruction algorithms Improve contrast-to-noise ratio and spatial resolution High computational cost Up to 40%
Reduce image noise

Prospectively ECG- triggered CCTA High sensitivity in the detection of CAD Limited number for cardiac reconstruc- ~ Up to 83%

Tube current is only ‘on’ in a short period during dia-

stolic phase

tion phases
No cardiac functional analysis

'Applied to the abdominal-pelvic region. CT: Computed tomography; CCTA: Coronary CT angiography; CAD: Coronary artery disease; ECG: Electrocar-

diogram.

spective technique acquires data during a limited portion
of the cardiac cycle, it cannot be used to evaluate cardiac
function. Both quantitative and qualitative functions, ei-
ther global or regional, require images to be reconstructed
throughout the entire cardiac cycle. If the clinical scenario
or referring physician requires information about cardiac
function, then retrospective gating must be undertaken.
Heart rate variability is another limitation for the prospec-
tive ECG triggered technique. Heart rate variability of >
5 beat/min is considered not applicable for prospective
triggering. Therefore, the scan has to be reverted into
retrospective ECG gating technique if patients’ heart
rate clevated or heart rate variability does not meet the
requirement after B-blocker has been givenm]. However,
the prospective ECG triggered technique in patients with
higher heart rates still produces diagnostic images. CT
scanner with higher detector arrays is an alternative to
obtain CCTA in patients with high or irregular heart rates.
It has been reported that high diagnostic value could be
achieved with 320-slice CT angiography in the diagnosis
of CAD, with image quality independent of heart rate™,
The improved temporal resolution (175 ms) and increased
coverage scan value (160 mm) of 320-slice CT results in
robust image quality within a wide range of heart rates;
thus providing the opportunity to image patients with
higher heart rates without requiring pre-examination beta-
blockage[su.

CONCLUSION

Recent technological developments have led coronary CT
to be used widely and the acceptable indications for CCTA
imaging become broaden. However, despite the strength of
CCTA, the potential risk of radiation- induced malignancy
has received attention in scientific publications although it
may be unproven. Therefore, appropriate referral of CT
studies, lowering tube voltage, using tube current modula-
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tion, increasing the pitch value, applying iterative recon-
struction technique and implementation of prospective
ECG-triggering CCTA enable CCTA to be performed at a
low dose while preserving good image quality and diagnos-
tic accuracy. Table 1 summarises above-mentioned dose-
reduction strategies and corresponding effectiveness in the
reduction of radiation dose associated with CCTA.
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Abstract

Coronary computed tomography (CT) angiography has
been increasingly used in the diagnosis of coronary ar-
tery disease due to improved spatial and temporal reso-
lution with high diagnostic value being reported when
compared to invasive coronary angiography. Diagnos-
tic performance of coronary CT angiography has been
significantly improved with the technological develop-
ments in multislice CT scanners from the early genera-
tion of 4-slice CT to the latest 320- slice CT scanners.
Despite the promising diagnostic value, coronary CT
angiography is still limited in some areas, such as in-
ferior temporal resolution, motion-related artifacts and
high false positive results due to severe calcification.
The aim of this review is to present an overview of the
technical developments of multislice CT and diagnostic
value of coronary CT angiography in coronary artery
disease based on different generations of multislice CT
scanners. Prognostic value of coronary CT angiogra-
phy in coronary artery disease is also discussed, while
limitations and challenges of coronary CT angiography
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are highlighted.
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Core tip: Coronary Computed tomography (CT) angiog-
raphy represents the technical evolution in cardiac im-
aging due to its high diagnostic value in coronary artery
disease as a less invasive technique. Diagnostic perfor-
mance of coronary CT angiography is significantly en-
hanced with the development of multislice CT scanners,
ranging from 4-slice to 64- and post-64 slice scanners.
This article provides readers with a comprehensive
review of the diagnostic value of coronary CT angiogra-
phy according to different generations of multislice CT,
with limitations and challenges being addressed.

Sabarudin A, Sun Z. Coronary CT angiography: Diagnostic val-
ue and clinical challenges. World J Cardiol 2013; 5(12): 473-483
Available from: URL: http://www.wjgnet.com/1949-8462/full/
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INTRODUCTION

Computed tomography (CT) scanner has rapidly evolved
from single slice to multislice CT' (MSCT) which started
from 4-slice systems in 1998 to the latest 256-slice and
320-slice CT systems. With smaller detector size and
faster gantry rotation speed, spatial and temporal reso-
lutions of the 64- and post-64 MSCT scanners have
enabled coronary artery imaging a feasible and reliable
clinical test. The technological advancements from 16- to
320-slice systems have progressed in a relatively uniform
fashion with improved longitudinal (z-axis) volume cov-
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erage, decreased gantry rotation time, and smaller detector
clements™”. With the ability to acquire volume data, techno-
logical improvements in CT' scanning also enable generation
of 3D image processing such as multiplanar reformation,
maximum intensity projection, surface-shaded display, and
volume-rendering techniques, and these reconstructed visu-
alizations have made coronary CT angiography (CCTA) an
important component of medical imaging visualization in
daily pracﬁcem.

The purpose of this paper is to provide an overview of
CCTA with a focus on the diaghostic accuracy and prog-
nostic value in coronary artery disease. Technological de-
velopments of MSCT scanners are briefly discussed, while

limitations and challenges of CCTA are highlighted.

TECHNOLOGICAL DEVELOPMENTS IN
CCTA

Diagnostic performance of CCTA is closely related to tech-
nological improvements that occurred with each successive
generation of MSCT scanners. The spatial and temporal
resolution of MSCT scanners determine the diagnostic
value of CCTA in coronary artery disease (CAD).

4-slice CT

In 1998, a 4-slice CT scanner was introduced by several
manufacturers representing an obvious quantum leap in
clinical performance™”. Four detector “rows”correspond-
ing to the 4 simultaneously collected slices fed data into
four parallel data ”channels”, so that these 4-slice scan-
ners were said to possess four data channels. These 4-slice
scanners, however, were quite flexible with regard to how
detector rows could be configured; groups of detector el-
ements in the z-direction could be electronically linked to
function as a single, longer detector, thus providing more
flexibility in the section thickness of the four acquired
slices™”. Fundamental advantages of MSCT include sub-
stantially shorter acquisition times, retrospective creation
of thinner or thicker sections from the same raw data, and
improved three-dimensional rendering with diminished
helical artifacts'™.

The main advantage is the increased volume covet-
age per unit time at high axial resolution and subsequent
improved temporal resolution'”. Four-slice scanners are
the basic system for CCTA examination. With only 250
ms of temporal resolution from a gantry rotation of 500
ms CCTA with use of 4-slice CT requires longer lon-
gitudinal scan to cover the entire cardiac chamber and
coronary arteries, thus, this may result in long breath-
hold between 30 and 40 s which leads to breathing and
motion artifacts, and also limits to patients with low

heart rates'.

16-slice CT

The installation of 16-slice CT scanners in 2002 provides
16 detector channels enabling simultaneously acquisition
of 16 slices per gantry rotation'”. In addition to simulta-
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neously acquiring up to 16 slices, the detector arrays as-
sociated with 16-slice scanners were redesigned to allow
thinner slices to be obtained as well. Note that in all of
the models, the innermost 16 detector elements along
the z-axis are half the size of the outermost elements,
allowing simultaneous acquisition of 16 thin slices (from
0.5 mm to 0.75 mm thick, depending on the model and
manufacturer). When the inner detectors were used to
acquire submillimeter slices, the total acquired z-axis
length and therefore the total width of the x-ray beam
ranged from 8 mm for the Toshiba model to 12 mm for
the Philips and Siemens scanners. Alternatively, the inner
16 elements could be linked in pairs for the acquisition
of up to 16 thicker slices™”.

Sixteen-slice scanners have a slightly better spatial
resolution and faster gantry rotation (420 ms) than that
in 4-slice CT"". The major advantage of 16-slice scan-
ners over 4-slice CT is the longer z-axis coverage (16 mm
X 0.75 mm »s 4 mm X 1.0 mm), resulting in significantly
shorter breath- hold and fewer motion artifacts Y. The
rotational speed of 16-slice scanners is only marginally
faster, and adaptive multi-cycle reconstructions, which
require a high number of detectors, cannot be applied
because of heart rate variations. As a consequence of
these factors, image quality with the 16-slice scanner is
significantly improved, reducing the number of coronary
segments with poor image quality!*",

CCTA became more clinically practical with 16-slice
CT scanners using retrospective electrocardiogram (ECG)
gating to capture cardiac motion plus the z-axis cover-
age“(ﬂ
are the main challenge for this system. Therefore, there
arc a few steps that are suggested to overcome these
problems, which include increasing the number of detec-

. However, cardiac motion and stair-step artifacts

tor elements and the volume coverage along the z-axis
of detector block. Moreover, increase in the sensitivity
of detector material and application of iterative image
reconstruction algorithms represents another approach
to improve cardiac image qualitym’m]. During 2003 and
2004, manufacturers introduced different types of MSCT
models with less than 16-slice scanners, but most com-
monly the introduction of more than 16-slice scanners
represented the main direction for improving MSCT

systemsm.

64-slice CT

The 64-slice CT was first introduced with a single x-ray
source mounted opposite to a 64-detector-array in the
gantry unit. With gantry rotation times down to 0.33 s
for 64-slice CT (0.375 s for 16-slice CT), temporal reso-
lution for ECG-gated cardiac imaging is again markedly
improved. The increased temporal resolution of 64-slice
CT has the potential to improve the clinical strength of
ECG-gated cardiac examinations at higher heart rates,
thereby reducing the number of patients requiring heart
rate control. In contrast to previous studies, high diag-
nostic accuracy has been achieved despite the presence
of calcified coronary plaques. In addition, using 64-slice
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Figure 1 Three-dimensional volume rendering image acquired with
64-slice coronary computed tomography angiography demonstrates right
and left coronary arteries without lumen stenosis.

CT the scanning time is reduced to less than 15 s, allow-
ing a decreased breath-hold time, better utilization of
contrast medium with fewer enhancements of adjacent
structures and a lower dose of applied contrast medium.
Improvement of image quality has also been reported
in the visualization of all coronary artery branches with
high sensitivity and specificity achieved (Figure 1).

The new-generation dual-source MSCT (Somatom
Definition FILASH; Siemens Medical Solution, Forch-
heim, Germany) which was introduced in late 2008 is
equipped with two 64-detector row units, each with an al-
ternating focal spot. The 360° gantry rotation time is 280
ms, translating to a temporal resolution of approximately
75 ms when the scanner operates with both x-ray tubes
collecting data at the same energy (Figure 2). The vendor
has proposed a high-pitch prospectively ECG-triggered
scanning acquisitionm’zol. In single-source 64-slice CT,
the maximum pitch used in CCTA is roughly between
0.2 and 0.5 for gapless image reconstruction. The pitch
can be increased up to 3.4 in dual-source Siemens Defini-
tion Flash systems. For CCTA, the typical phase window
required for a diagnostic quality examination regarding
motion artifact is 10% of the R-R interval. The pitch re-
quired for multiphase acquisition ranges from 0.2 to 0.5,
depending on the heart rate®!

With the high-pitch acquisition mode, only one phase
is acquired, which gradually increases with the z-axis
table translation. The influence on image quality for dif-
ferent clinical scenarios and heart rates is evaluated with
the second generation dual-source CT. Achenbach ez al™
demonstrated the feasibility of this new scanning method
using second-generation dual-source CT. However, slow
and regular heart rates are the prerequisite for this acqui-
sition protocol that is prospectively triggered by ECG
signal and is anticipated to scan the entire heart in 270 ms,
with a pitch of up to 34" Another potential advantage
of dual-source CT is tissue characterization with both de-
tector systems operating at different tube voltages known
as dual-energy CT (DECT). Although this has not been
extensively studied to date, the two x-ray beams of dif-
ferent energy spectra in theory could better demonstrate
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Figure 2 New-generation dual-source multislice computed tomography.
A: 3D volume rendering image acquired with dual-source coronary computed
tomography angiography shows excellent visualisation of normal left coronary
artery and its side branches; B, C: Curved planar reformation clearly shows the
anatomical structure of right and left coronary arteries.

. . . . . 23,24
varying attenuation characteristics of different tissues”*".

Studies have shown the feasibility of using DECT for
myocardial perfusion imaging of CAD. Ruzsics ez al®
compared DECT with SPECT to evaluate the diagnos-
tic performance of DECT for imaging coronary artery
morphology and assessing myocardial blood supply. In a
group of 36 patients with suspected or known CAD, over
90% diagnostic accuracy was achieved with DECT for de-
tecting any type of myocardial perfusion defect observed
on SPECT. Nagao ¢ a/*” used iodine map that is available
with DECT to detect alterations in coronary flow during
adenosine stress and rest. This is the first non-invasive
method to provide a functional assessment of coronary
artery flow using cardiac CT, although further studies are
needed to confirm these early results.

DECT cardiac imaging can also be achieved with a
single X-ray tube. GE Healthcate’s Discovery CT750 HD
spectral imaging is based on fast kV switching-dynamic
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Figure 3 Electrocardiogram-triggered coronary computed tomography
angiography. Prospectively ECG-triggered coronary computed tomography an-
giography shows a mixed plaque at the mid-segment of right coronary artery (A,
arrows), and calcified plaques at the proximal segment of left anterior descend-
ing branch (B, arrows). ECG: Electrocardiogram.

switching between 2 different energy levels of X-rays from
view to view during a single rotation™. This allows for
demonstration of different material densities as scatter
plots, histograms and region of interest, thus, enabling
myocardial perfusion analysis of cardiac function. Despite
these promising results, however, large patient cohorts
are needed to confirm the potential application of a
single protocol for anatomic and myocardial perfusion
assessment of CAD. The diagnostic accuracy of CCTA
has been reported extensively in the literature ranging
from the earlier studies using retrospectively ECG-gated
protocols to the recent reports comparing prospective
BECG-triggering and retrospective ECG-gating, In retro-
spectively ECG-gated CCTA, several studies on different
types and generations of MSCT scanners were carried
out with overall results showing that CCTA had modet-
ate to high sensitivity of 86%-99% and high specificity
of 89%-100% in patients with suspected CAD. Image
quality of coronary artery visualization was impaired
and suboptimal in a number of cases with 4-slice CT
as the unassessable coronary segments could be as high
as more than 20%"". With 16-and 64-slice CT, thinner
detector rows increased the spatial resolution and fur-
ther shortened the total scan time, resulting in improved
diagnostic value of CCTA"™™P 1 particular, a very
high negative predictive value of over 95% (96%-99%)
has been reported in these studies indicating that CCTA
can be used as a reliable screening tool for CAD™ ),
Moreover, multicenter studies were also conducted on
64-slice CT scanner to investigate the diagnostic accuracy
of CCTA with different risks of CAD prevalence. The
results showed that high sensitivity (94%), specificity (83%o)
and negative predictive value (99%) was achieved in high
risk patients with CAD (68%). Similatly, high diagnostic
accuracy was also presented in low risk of CAD with sen-
sitivity, specificity and negative predictive value being 94%,
83% and 99% in 25% of CAD prevalence; 85%, 90%
and 83% in 56% of CAD prevalence, respectively™ ™, A
study on the high-pitch mode with dual source CT also
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resulted in high sensitivity, specificity and negative predic-
tive value of 94%, 91% and 97% respectively[33]. Over the
last few years, prospectively ECG-triggered CCTA is in-
creasingly used in the diagnosis of CAD with promising
results reported. The sensitivity (93.7%-100%), specificity
(82.7%-97%) and negative predictive value (95%-98%) in
the assessment of CAD were reported in multiple studies
confirming the feasibility of this fast developing tech-
nique[zs’zg] (Figure 3).

128- and 256-slice CT

In late 2007, the 128-slice CT (Brilliance iCT; Philips
Healthcare, Cleveland, OH) was introduced with a 128
mm X 0.625 mm detector row system with dual focal
spot positions to double the number of slices within
the 8-cm (width) z-axis gantry coverage. The iCT has a
gantry rotation time of 270 ms, which translates to an ap-
proximate temporal resolution of 135 ms. Prospectively
ECG-triggered CCTA typically covers the entire heart
in two axial acquisitions over three heartbeats. During
the diastole of the first heartbeat, the upper half of the
heart is imaged. During the second heartbeat, the X-ray
table translates 62.4 mm. Subsequently, the lower half
of the heart is acquired during the diastole of the third
heartbeat. The scanner is equipped with several radiation
reduction capabilities, including a dynamic helical col-
limator and an adaptive axial collimator to reduce z-over
scanning[34’35].

Second generation of 128-slice CT was introduced
with dual-source which uses two x-ray tubes with op-
posing 64 detector arrays mounted 90° from each other.
The main advantage of this system is that the tempo-
ral resolution is effectively halved because each x-ray
tube/detector array system only needs to rotate half of
the angle that would otherwise be required by a single-
source system. The number of detector rows in the
longitudinal axis (z-axis) and the number of slices of CT
system are not interchangeable terms because multiple
systems with an alternating focal spot allow the same
z-axis coverage to be sampled twice, and thus the num-
ber of image slices generated is double the number of
detector rows™. However, the volume coverage remains
the same; for example, a 128-detector row scanner with
two alternating z-focal spot positions can be referred to
as 2506-slice CT. It is important to specify the number of
detector rows in z-axis, with or without alternating focal
spot positions, and single versus dual source. A 128-slice
dual-source CT also demonstrated high diagnostic accu-
racy of 93%, 94% and 97% corresponding to sensitivity,
specificity and negative predictive value, respectively[m.

Most of the current studies using 128- and 256-slice
CCTA focus on image quality and radiation dose reduc-
tion, while reports on the diagnostic performance are
scarce”™™. Two recent studies have reported that 256-slice
CCTA have high sensitivity (> 90% patient- and segment-
based) and high diagnostic accuracy in patients with sus-
pected CAD, with resultant very low radiation dose”™,
althoughfurther research is needed to investigate the di-

December 26, 2013 | Volume 5 | Issue 12 |



Sabarudin A et a/. Coronary CT angiography: Diagnostic value

Figure 4 3D volume rendering image acquired with 320-slice coronary
computed tomography angiography in a single heartbeat shows excellent
visualisation of coronary arteries and side branches without artifacts.

agnostic performance of CCTA with use of these recent
models based on a large cohort and multi-centre studies.

320-slice CT
This hardware (Aquilion One Dynamic Volume CT; Toshi-
ba Medical System, Japan) currently has the largest z-axis
detector coverage. It was released shortly after experi-
ments with a 256-detector row CT prototype[”’m. Each
detector element is 0.5 mm wide, yielding a maximum
of 16-cm z-axis coverage (Figure 4). This configuration
allows three-dimensional volumetric entire heart imaging
during the diastole of one R-R interval. In 320-detector
row CT, the entire heart is imaged with temporal uni-
formity. Furthermore, if the x-ray beam is turned on for
a longer period, the scanner can capture the heart over
one or more cardiac cycles. This has been described as
four-dimensional CT or volumetric cine imagingmj. The
temporal resolution of CT scanner reflects the ability to
freeze cardiac motion, thus producing motion-free im-
ages. The 320-detector scanner has a standard temporal
resolution of approximately 175 ms, half of the gantry
rotation times. For patients with higher heart rate (> 65
bpm) and contraindications to (3-blockers, multi-segment
reconstruction can be used at the expense of higher radi-
ation dose. For example, in two-segment reconstruction,
data required for image reconstruction are acquired over
two cardiac cycles. Therefore, only data from 90° rotation
during each of the two cardiac cycles are used, improving
the effective temporal resolution by a factor of 2,
Results using 320-slice CCTA are compared favour-
ably to the studies using 64-slice and DSCT coronary
angiograph}7[44‘45]. van Velzen ¢ al™ in their recent study
reported sensitivity and specificity of 100% and 85%
for 320-slice CCTA in 106 patients with acute chest pain
admitted to the Emergency Department. Pellicia ¢z a/*”
in their prospective study consisting of 118 unselected
consecutive patients with suspected CAD demonstrated
the excellent results with 320-slice CT, with more than
90% of sensitivity, specificity, positive predictive value and
negative predictive value achieved at the per-patient, per-
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vessel and per-segment analysis. These results indicate
that 320-slice CT has the potential to broaden the use of
CCTA to more patients, such as patients with atrial fibril-
lation.

Two recently reported systematic reviews and meta-
analyses further confirmed the high diagnostic accuracy
of 320-slice CCTA""". These results also revealed that
negative predictive value of CCTA was close to 100%,
indicating the high value of 320-slice CCTA for excluding
coronary artery stenosis. However, it has to be recognized
that diagnostic performance of 320-slice CCTA is similar
to that of 64- and 128-slice for the determination of =
50% coronary artery stenosis due to its limited temporal
resolution, despite improved extended z-axis coverage.

DIAGNOSTIC VALUE OF CCTA:

CURRENT STATUS AND CHALLENGES

Despite promising results having been achieved with CCTA
in coronary artery disease, it suffers from some limitations
which affect its diagnostic performance to some extent.
Artifacts (motion-related or due to severe calcification) rep-
resent one of the common limitations, although this is less
commonly seen in CCTA performed with latest post-64
slice CT. Heart rate comprises another issue which needs to
be addressed in the cardiac imaging, and temporal resolu-
tion of CCTA is still inferior to that of invasive coronary

angiography.

Artifacts

Imaging coronary arteries using coronary CT angiography
requires high spatial and temporal resolution, good low-
contrast resolution, intravascular contrast enhancement
and a short scanning time. Image artifacts are always
associated with the limitations of either temporal resolu-
tion, or noise or the reconstruction algorithm in the scan-
ner system. Images artifacts are mainly demonstrated as
blooming, streaks, partial volume and motion artifacts. All
these artifacts can arise from technical, operator, and pa-
tient errors’

Stair-step artifact is the most common artifact that
occurs in CCTA. Stair-step artifact occurs especially in
patients with high heart rates, heart rate variability, and the
presence of irregular or ectopic heart beats such as pre-
mature ventricular contractions and atrial fibrillation dur-
ing image acquisition (Figure 5). It can be best recognized
in a sagittal or coronal view. Therefore, beta-blockers
should be used to lower the heart rate prior to the scan.
Reducing this artifact is achieved by reconstructing the
dataset at different phases of the cardiac cycle. In general,
reconstructions for CCTA are performed in mid-diastole
to late diastole (60%-70% of the R-R interval). However,
because the duration of diastole decreases as the heart
rate increases, an end-systolic phase reconstruction at
25%-35% of the R-R interval might be considered for im-
age processingm].
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Figure 5 Prospectively electrocardiogram-triggered coronary computed
tomography angiography and coronary arteries. Prospectively ECG-trig-
gered coronary computed tomography angiography curved planar reformatted
images show right (A) and left (B) coronary arteries with blurred borders due to
motion artifacts. ECG: Electrocardiogram.

Heart rate

Heart rate variability is another limitation for the prospec-
tively ECG-triggered technique. Heart rate variability of >
5 beats/minute is considered not applicable for prospec-
tive triggering. Therefore, the scan has to be reverted into
retrospective ECG gating technique if patients’ heart rate
elevated or heart rate variability does not meet the require-
ment after -blocker has been givenm]. However, precau-
tions have to be taken in patients who are contraindicated
to B-blockage agent. Alternatively, calcium channel blocker
could be used in order to reduce the heart rate. The maxi-
mum of 15 mg of intravenous metoprolo/ (B-blocker) or
40 mg of intravenous diltiazem (calcium channel blocker)
is recommended prior to the scan in order to control the
heart rate™'!

However, the prospectively ECG-triggered technique
in patients with higher heart rates still produces diagnostic
images. CT scanner with higher detector arrays is an alter-
native option in patients with high or irregular heart rates.
It has been reported that high diagnostic value could be
achieved with 320-slice CCTA in the diagnosis of CAD,
with image quality independent of heart rate"™. The in-
creased longitudinal coverage scan value (up to 160 mm)
of 320-slice CT results in improved image quality within a
wide range of heart rates; thus providing the opportunity
to image patients with higher heart rates without requiring
pre-examination beta—blockage[42’44’45].

Coronary CT angiography is most commonly per-
formed in the spiral acquisition mode with continuous
acquisition of data throughout the cardiac cycle. Multiple
reconstruction parameters determine the quality of the re-
constructed axial images. Images are usually reconstructed
with a slice thickness of 0.5-0.6 mm, 50% overlap between
images (0.4 mm increment), and a pixel matrix of 512 X
512. Although a thinner slice improves the resolution of
the 3D dataset and the quality of reconstructed images, it
comes at the cost of increased image noise, which can sig-
nificantly limit the diagnostic assessment of the coronary
arteries in patients with body mass index of greater than
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30 kg/m™™,

Temporal resolution

In single-source CT, improved temporal resolution is ob-
tained at the expense of limited spiral pitch and corre-
spondingly increased radiation dose to the patient. For a
single segment reconstruction, the table has to travel slowly
in order to ensure that each z-position of the heart is visu-
alized by a detector slice during each phase of cardiac cycle.
Therefore, the patient’s heart rate would determine the
spiral pitch (if the heart rate goes up, the spiral pitch can be
increased). Moreover, if multi-segment reconstructions are
applied at higher heart rates to improve temporal resolu-
tion, the spiral pitch has to be reduced again. For example,
cach z-position of the heart has to be visualized by a detec-
tor slice during two consecutive heart beats in a 2-segment
reconstruction; and three consecutive heart beats for a
3-segment reconstruction; and so on. In general, manufac-
turers of single-source CT scanners recommend an adap-
tive approach for ECG-gated cardiac scanning which the
pitch of the ECG-gated spiral scan is kept constant at a
relatively low value between 0.2 and 0.25. Therefore, more
segments are used for image reconstruction at higher heart
rates to improve temporal resolution™*,

Using a DSCT system, a temporal resolution of a
quarter of the gantry rotation time is achieved, resulting
in high temporal resolution of 75 ms, independent of
the patient’s heart rate. This shows a significant improve-
ment in cardiac imaging. However, the temporal resolu-
tion is still inferior to that of invasive coronary angiog-
raphy, which is 10 ms, therefore, aggressive approaches
such as heart rate control with the use of beta-blockers
are necessary in CCTA examinations.

Excellent spatial resolution of 0.4 to 0.5 mm is achieved
with latest CT models, however, this is still not com-
parable to that of invasive coronary angiography, with
spatial resolution being 0.1 and 02 mm. Although CCTA
enables excellent visualization of main and side coronary
arteries, identification and characterization of coronary
plaquesﬁs’sﬂ, differentiation of lipid-rich content from fi-
brous component with CCTA remains difficult and chal-
lenging due to overlap in the attenuation values of lipid

1571

and fibrous tissue

Severe calcifications

Vessel calcification poses a serious challenge to the accurate
assessment of coronary artery lumen. Calcium deposits have
CT attenuation which is similar to metal density and thus
overwhelm the density of other tissues in the same voxel.
Beam hardening is due to the attenuation of low-energy
X-ray by very dense structures such as calcium. A higher en-
ergy beam, causing a darker appearance that can be mistaken
for plaque, therefore penetrates adjacent pixels. All these
effects can be modified, but not eliminated, by the smaller
voxel size produced by the 64-slice scanner. The efficacy of
this scanner in ameliorating imaging difficulties is shown in
an overall sensitivity of 95% and specificity of 90% for the
detection of angiographically significant stenosis even in the
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Figure 6 A severely calcified plaque is present in the left coronary artery (ramus intermedius) (A, arrow), with impression of more than 90% lumen steno-
sis on a 2D axial image. Corresponding 3D virtual endoscopy views shows the intraluminal protrusion sign due to presence of plaque (B, arrows), but with

less than 60% lumen stenosis.

presence of high coronary calcium scores (Agatston scotre
of > 400)" (Figure 6).

A study by Brodoefel e# a/™ compared overall calcium
burden and studies the effects of calcium on image quality
and diagnostic accuracy. Their results showed that dual-
source CCTA was affected by calcification in terms of im-
age quality and diagnostic value. Furthermore, a total of
100 (8.1%) segments that were considered non-diagnostic
because of abundant calcification suggest that calcium
burden remains a fundamental problem of coronary CT
angiography and is certainly not addressed by exclusive
increase of temporal resolution. In fact, from the linear
regression analysis[S()J, there is a persistent threshold for
adequate image quality at an Agatston score around 400.
This is supported by reports from Diederichsen e# al™
and Chen ¢t a/*” who also concluded that the specificity
of CCTA was decreased significantly in patients with high
calcium score > 400. However, Stolzmann ef a/”" stated
in their study that CCTA had high diagnostic accuracy
despite the presence of heavy calcifications with sensitiv-
ity and specificity being 99% and 99% in patients with
median CAC score < 316, and 98% and 99% in patients
with median CAC score > 316. Despite these promis-
ing results, further studies on 256- and 320-slice CT ate
needed to evaluate the diagnostic performance of CCTA
in patients with high coronary calcium score.

PROGNOSTIC VALUE OF CCTA

CCTA allows for visualization and characterization of coro-
nary plaques, thus, it can detect non-obstructive and non-
calcified plaques as well as plaques with positive modelling,
both of which play an important role in the pathophysiol-
ogy of acute myocardial infarction and may be indicative of
vulnerable plaques. Studies based on single centre experi-
ences have demonstrated that CCTA provides prognostic
information for predictive adverse cardiac events in patients
with known or suspected CAD"". Ostrom e a/* dem-
onstrated a correlation between mortality and the number
of involved vessels for both nonobstructive and obstruc-
tive coronary lesions. Min ¢z a/*” reported that coronary
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segments with presence of plaque, regardless of stenosis
severity, had a particularly good correlation with patient
survival.

Prospective large and multi-centre trials evaluating pa-
tients presenting to the emergency department with acute
chest pain symptoms further confirmed the prognostic
value of CCTA. In a 2-year follow-up of the ROMICAT
trial, Schlett e/ @/ evaluated the prognostic value of
CCTA for major adverse cardiac events in 333 patients
with a mean follow-up of 23 mo. Their results showed
that in acute chest pain emergency patients, CCTA pro-
vided incremental prognostic value beyond clinical risk
score in predicting major adverse cardiac events with
absence of CAD leading to a 2-year cardiac events free
warranty period, while coronary stenosis with regional
wall motion abnormalities associated with highest risk of
major cardiac events. Results from the international Coro-
nary CT Angiography Evaluation For Clinical Outcomes:
An International Multicenter Registry consisting of 20299
patients have further reaffirmed the predictive value of
segmental plaque burden above and beyond the degree
of stenosis™. A predictive score combining CCTA pa-
rameters with clinical information has been demonstrated
to significantly improve prediction compared with well-
established clinical risk scores.

CCTA REFERRAL

Identification of the exact role of CCTA in patients from
different risk groups is clinically significant as this could
lead to unnecessary examinations due to the fact that CT
is an imaging modality with high radiation dose™ ™. In
addition, appropriate selection of CCTA is of paramount
importance for physicians to choose CCTA as a gate-
keeper for further diagnostic testing. Performing CCTA
before invasive coronary angiography is a cost-effective
strategy in the management of patients without symptoms
who have positive stress rest results. Halpern ez al™ in
their study reported that when a patient with an expected
CAD prevalence of less than 85% is found to have a
positive test result, CCTA is a less expensive alternative
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to invasive coronary angiography. Thus, the use of CCTA
in asymptomatic patients can avoid unnecessary invasive
coronary angiography procedures. CCTA is considered to
be of limited clinical value in the evaluation of symptom-
atic patients or the high pre-test probability group as the
majority of these patients are likely to proceed to invasive
coronary angiography, despite the negative CCTA find-
ingsm’m. In patients with a high pre-test likelihood for sig-
nificant stenosis, functional evaluation, such as myocardial
perfusion imaging, may be more relevant than CCTA to
determine the need for revasculatization.

SUMMARY AND CONCLUSION

There is increasing evidence to show that coronary CT
angiography represents the most rapidly developed im-
aging modality in cardiac imaging. Coronary CT angiog-

raphy has high diagnostic value in the diagnosis of coro-
nary artery disease due to rapid advances in multislice
CT scanners. Furthermore, coronary CT angiography
has demonstrated incremental prognostic value beyond
clinical risk factors and allows for a quantification of
the risk associated with coronary plaque in coronary CT
angiography. The current challenges in performing coro-
nary CT angiography have made the imaging technique
to improve by using latest CT technology which provides
an attractive alternative to invasive coronary angiography
in routine clinical practice. With further developments in
CT technology, coronary CT angiography will continue
to play an important role in the diagnostic evaluation of
coronary artery disease and prediction of major adverse
cardiac events.
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Abstract

Acquired coronary artery fistulas (CCFs) are infrequently
detected during conventional coronary angiography. To
delineate the characteristics of congenital (first part)
and acquired (second part) CCFs in adults, a PubMed
search was conducted for papers dealing with con-
genital or acquired CCFs. None of the publications de-
scribing patients with coronary-vascular fistulas were
included. Papers dealing with pediatric subjects were
excluded. From the world literature, a total of 243
adult patients were selected who had congenital (7 =
159/243, 65%) and acquired (7 = 84/243, 35%) CCFs.
Among the acquired types (7 = 72, 85.7%) were trau-
matic (iatrogenic (7 = 65/72, 90%), accidental (7 =
7/72, 10%) and (7 = 12, 14.3%) spontaneously devel-
oping in relation to severe coronary atherosclerosis or
myocardial infarction. A high incidence of spontaneous
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resolution of iatrogenic CCFs resulting from endomyo-
cardial biopsy or following post-septal myectomy was
reported. Spontaneous CCFs associated with myocardi-
al ischemia or infarction resolved completely in 8% of
the subjects. Early surgical intervention was the treat-
ment of choice in acquired traumatic accidental CCFs.
The congenital types are addressed in a previous issue
of this journal (first part). In this review (second of
two parts, part 1), we describe the acquired coronary-
cameral fistulas.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Acquired coronary-cameral fistulas; Acci-
dental coronary-cameral fistulas; Iatrogenic coronary-
cameral fistulas; Spontaneous coronary-cameral fis-
tulas; Coronary angiography, Spontaneous resolution;
Surgical treatment

Core tip: The literature addressing acquired coronary
artery fistulas (CCFs) is reviewed. A detailed classifica-
tion of acquired CCFs is attempted. Acquired coronary
artery fistulas are subdivided into spontaneous and
traumatic types. The traumatic fistulas encounter iatro-
genic and accidental subtypes. The iatrogenic fistulas
are secondary to non-surgical interventions (endo-
myocardial biopsy, permanent pacing and implantable
cardioverter-defibrillator leads, radiofrequency cardio-
ablation, baro-trauma and transseptal puncture) and
cardiac surgical procedures (septal myectomy and oth-
er cardiac surgical procedures). Diagnosis of acquired
CCFs is suspected by clinical history and recurrence of
symptoms, occurrence of a new continuous machinery
cardiac murmur and a palpable thrill. Watchful waiting
and supportive medical management may be advocat-
ed in the majority of acquired CCFs. Acquired traumat-
ic accidental CCFs are indications for emergent surgical
procedures. Within this entity of CCFs, each subtype
has its own specific characteristics such as age of the
subjects, origin, termination of fistulas or mechanism
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of injury and its specific treatment modality.
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http://dx.doi.org/10.4330/wjc.v5.112.484

INTRODUCTION

Congenital coronary-cameral fistulas (CCFs) include
solitary and coronary-ventricular multiple micro-fistulas.
Congenital CCFs have been described in the first part
of this review'. Acquired CCFs are rare disorders. In
this part (second of two parts), we present the acquired
traumatic iatrogenic, acquired traumatic accidental and
spontaneously occurring CCFs™ . The acquired types
are defined as single or multiple, direct communications
arising from one or more coronary arteries entering into
one of the four cardiac chambers (right atrium (RA) and
ventricle (RV) and left atrium (LA) and ventricle (LV))
elucidating arterio-venous or arterio-arterial connection,
giving rise to left-right or left-left shunt, respectively.
Acquired traumatic accidental CCFs as a result of pen-
etrating chest injuries have been reported since 1935,
Acquired traumatic accidental fistulas usually occur when
the continuity or the vicinity of a coronary artery is lac-
erated subsequent to severe blunt or sharp chest trauma.

Acquired traumatic accidental fistulas may develop
secondary to exogenous injuries such as deceleration
traumas'” or sharp chest injuries” in civilian practice
due to violence and physical assault™"” and warfare!""!
situations during military combat'”. On the other hand,
acquired traumatic iatrogenic fistulas may occur follow-
ing endogenous (intravascular or extra-vascular) diagnos-
tic!™" or therapeutic interventions”".

Furthermore, iatrogenic fistulas may be acquired sec-
ondary to surgicalp’lsj or non-surgical interventions' ",
Rarely, CCFs may occur spontaneously in association
with severe obstructive atherosclerotic lesions or myo-
cardial infarction™", Diagnosis of acquired CCFs is sus-
pected by clinical history and recurrence of symptoms,
occurrence of a new continuous machinery cardiac muz-
mur and a palpable thrill®,

The entity of CCFs characterized by various mani-
festations and etiologies, congenital (first part) and ac-
quired (second part), are discussed and the international
literature is briefly reviewed. The acquired traumatic iat-
rogenic, acquired traumatic accidental and spontaneously
developing types are presented.

LITERATURE RESEARCH

PubMed and Google Scholar were searched for the terms
“coronary-cameral fistulas (CCFs)”, “congenital” and
“acquired” combined with “adult”. The English and
non-English medical literature were screened for both
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types of congenital (first of two parts, part 1) and ac-
quired (second of two parts, part 2) CCFs in an adult
population. The related articles shown on the side page
were explored and references were checked for relevant
papers, as illustrated in the flow diagram (Figure 1). The
definition used for acquired traumatic iatrogenic acquired
and traumatic accidental CCFs was adopted from a previ-
ous publicationm]. The following criteria were stipulated
to include homogenous subsets for analysis: acquired
traumatic accidental, acquired traumatic iatrogenic and
spontaneous CCIs. Manuscripts were checked for com-
pleteness and a meticulous search was performed for
recognition of fistula termination into any of the four
cardiac chambers. Patients were tabulated according to the
etiology, age, gender, clinical presentations, complications
and management (Table 1 and Figure 2). Publications
dealing with adult patients with congenital or acquired
coronary-vascular fistulas were not included. Publications
considering a pediatric population were excluded.

Definitions
Acquired traumatic (accidental or iatrogenic) coronary-
cameral fistulas are secondary to exogenous or endog-
enous thoracic trauma, accidental (penetrating or non-
penetrating) or iatrogenic (intravascular or extravascular,
surgical or non-surgical diagnostic or therapeutic proce-
dures). Furthermore, a direct communication occurs be-
tween one or more epicardial coronary arteries and a car-
diac chamber, bypassing the myocardial capillary network,
which was not present on a prior coronary angiographic
study (when available) and not congenital in originpz].
latrogenic coronary-cameral fistulas (surgical and non-
surgical procedures) (Figure 3A) develop subsequent to
surgical septal myectomy"” or other cardiac surgical pro-
cedures (bypass grafting, valvular repair and surgery for
congenital anomalies)™**!. The varieties of non-surgical
interventions are caused by repeated endomyocardial bi-
opsy'", permanent pacing and ICD implantation**" or
electrophysiological proceduresm’zsl and following baro-
trauma’ Y or subsequent to vessel rupture after coronary
stent placementm.

Accidental coronary-cameral fistulas (penetrating and
non-penetrating injuries) (Figure 3B) may occur due to
sharp chest wounds such as shrapnelm, stab wound"" or
gunshot[gl, and blunt thoracic injury due to deceleration
trauma (car and motorcycle accidents)™*”.,

Spontaneous CCFs are coronary-cameral fistulas, spon-
taneously emerging, associated with severe atherosclerotic
lesions™ or develop following myocardial infarction™"]
resulting in direct communication between the culprit coro-

nary artery and an adjacent cardiac chamber.

Descriptive analyses
Descriptive analyses were expressed as means and ranges
and categorical data were presented as percentages.

RESEARCH

From the world literature, 243 adult patients were selected
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Records identified through Additional records identified
PubMed search through other sources

(n =433) (n=18)

l l

Records after duplicates removed
(n = 451)

Records excluded
(n =329)

Records screened
(n=122)

l

Papers assessed for
eligibility
(n=18)

)

Publications included
in this review: part 1
(60 papers) and part 2
(78 papers)
(total n = 138)

2 papers excluded due
to mixed population
and incompleteness

>

Figure 1 Flow diagram of literature search of coronary cameral fistulas in
adult population.

with congenital (# = 159/243, 65%) or acquired (» =
84/243, 35%) CCFs. Among the reviewed subjects with
acquired fistulas, (7 = 65/84, 77.4%) were traumatic iatro-
genic of origin, (7 = 7/84, 8.3%) were traumatic acciden-
tal and (7 = 12/84, 14.3%) presented with spontaneous
occurrence of fistulas developing post-MI.

This review focuses on the different aspects with re-
gard to etiology, clinical presentation and management
of congenital (first part)m or acquired (second part) coro-
nary-cameral fistulas (Table 1).

Summary of literature review (Figure 1): Acquired
coronary artery fistulas are subdivided into spontaneous (#
= 12/84, 14.3%) and traumatic (z = 72/84, 85.7%). The
traumatic fistulas encounter iatrogenic (7 = 65/72, 90%)
and accidental (# = 7/72, 10%) subtypes. The iatrogenic
fistulas are secondary to non-surgical interventions (en-
domyocardial biopsy, permanent pacing and implantable
cardioverter-defibrillator (ICD) leads and radiofrequency
cardio-ablation) and cardiac surgical procedures (septal
myectomy and other cardiac surgical procedures).

Traumatic fistulas: (# = 72/84, 85.7%), acquired trau-
matic iatrogenic (# = 65/72, 90%), non-surgical intet-
ventions: (7 = 40/65, 61%).

Acquired traumatic iatrogenic: Electrophysiological
procedures (permanent pacing and ICD leads, transseptal
puncture and percutaneous cardio-ablation procedures):
These CCFs involve complications of permanent pac-
ing and implantable cardioverter-defibrillator leads, trans-
septal puncture and electro-physiological procedures (7 =
8/65, 12910120553 “The data of 8 patients (5 male
and 3 female) were analyzed. The mean age was 55.8 years
(range 46-73). The termination sites were RAM AP,
RV and LV, Regardless of their termination site,
conservative medical management was sufficient to relieve
symptoms in these acquired fistulas and spontaneous res-
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olution occurring following R cardio-ablation after 9-10
mo was observed",

Acquired traumatic iatrogenic (baro-trauma): These
CCFs occur subsequent to non-surgical therapeutic inter-
ventions e.g., baro-trauma. Subsequent to percutaneous
coronary intervention (PCI) procedures, fistulous com-
munications between the native left coronary artery and
RV or LV* were reported in 7 (# = 7/65, 11%) patients
(5 males and 2 females) with a mean age of 66.6 (range
58-75). Moreover, these complications were described after
PTCA of a distal anastomosis of a totally occluded venous
graftm. The donor artery was the left anterior descending
coronary artery (LAD) in most of the cases. As the shunt
magnitude was trivial without hemodynamic consequences
and spontaneous closure was observed, conservative medi-
cal management (CMM) was commonly employed.

Post-endomyocardial biopsy (EMB) following heart
transplantation (# = 25/65, 38%): The iatrogenic fistulas
occurred after repeated EMB"™ or interrelated™ with
the applied surgical procedure. The mean age was 50.8
years (range 43-64) with 22% female subjects.

Surgical procedures: 25/65 = 38%

Acquired traumatic iatrogenic after bypass surgery, val-
vular repair and surgical procedures for congenital heart
anomalies: These CCFs occur subsequent to surgical
procedures™ ™, Five adult patients were selected (#
= 5/65, 8%) with a mean age of 61 years (range 40-78).
CCFs occurring after heart surgery were reported post-
aortic valve™ and mitral valve™ replacement.

Acquired CCFs have been observed after surgical
septal myectomy (SM) for hypertrophic cardiomyopathy
(HCMP)(z = 20/65, 31%)>"*™ Twenty patients were
selected with a mean age of 45 years (range 32-74). Ac-
quired CCFs following surgical intervention may occur
after SM alone®™ or after combined aortic valve replace-
ment and SM for hypertrophic cardiomyopathy“sJ. The
drainage site was always the LV. The majority were as-
ymptomatic and disappeared spontaneously (78%). The
management is usually a conservative medical strategy
and percutaneous therapeutic embolization (PTE) was
rarely needed to close the acquired fistula in a symptom-
atic patient”.,

Acquired traumatic accidental CCFs (n = 7/72,
10%) 54 The mean age of the 7 reviewed male sub-
jects was 24.1 years (range 17-38). CCFs occurred follow-
ing penetrating (# = 3) or non-penetrating chest injuries (
= 4). They presented with chest pain, angina pectoris, pal-
pitation, dyspnea, congestive heart failure and hemoptysis.
The origin was the LAD (# = 4) and the right coronary
artery (RCA) (» = 3). The CCFs terminated into the RA
(n=1),RV (n=4)and LV (# = 2). All 7 reviewed patients
were treated surgically. The sutgical procedures included
ligation and coronary artery bypass grafting, valvular
repair and closure of ventricular septal defects. In three
patients, reoperation was necessary for a complete repait.

Spontaneous fistulas
Spontaneously occurring: These are CCFs associated with
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Coronary cameral fistulas
Review subjects (7 = 243)

. Cl‘;g?::;tagso/ Acquired /7 = 84/243, 35%
= , 65%
(WIC part 1) (WIC partll)
\
\ \
Solitary large (> 1.5 mm) Coronary-ventricular . o
and small (< 1.5 mm) multiple micro-fistulas Spoiltaneous ﬁstL;Ias Triumatlc ﬁStUIiS
n = 135/159, 85% (WIC part 1)| | = 24/159, 15% (WIC part 1) n = 12/84,14.3% n = 72/84, 85.7%
Iatrogenic fistulas Accidental fistulas
n = 65/72, 90% n=7]72 = 10%
’1?2;2;?:;:' Surgical procedures

n = 25/65, 38%
n = 40/65, 62%

Endomyocardial biopsy lea dzcgggalf;nga?(:ii;tflgtion Other cardiac surgical Septal myectomy
n = 25/65, 38% 1 = 15/65, 23% procedures 7 = 5/65, 8% n = 20/65, 31%

Figure 2 Schematic representation of review subjects with congenital and acquired coronary-cameral fistulas. ICD: Implantable cardioverter-defibrillator; PCI:
Percutaneous coronary intervention; RF: Radiofrequency.

Soccer game

Figure 3 Schematic examples of some of the conditions, procedures and attributes involved in the development of (A) acquired traumatic iatrogenic and (B)
acquired traumatic accidental coronary-cameral fistulas. A: 1: Surgical scalpel; 2: Radiofrequency cardio-ablation (arrow heads), and transseptal puncture (arrow);
3. ICD lead (arrows); and 4: Pacing leads; B: 1 Soccer game; 2 Boxing; 3: Shrapnel; and 4: Knife. CS: Coronary sinus; ICD: Internal cardioverter defibrillator; IVC:
Inferior vena cava; LA: Left atrium; LIPV: Left inferior pulmonary vein; LSPV: Left superior pulmonary vein; RA: Right atrium; RAA: Right atrial appendage; RIPV: Right
inferior pulmonary vein; RSPV: Right superior pulmonary vein; RV: Right ventricular; SVC: Superior vena cava.
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The precise incidence of acquired traumatic acciden-
tal CCFs is unknown due to a lack of data and literature
has been essentially limited to case reports and small

Acquired traumatic iatrogenic CCFs
[16,20]

series of patients
may occur due to trans-venous ot trans-arterial ">’
endovascular diagnostic (endomyocardial biopsy) or
therapeutic procedures (percutaneous coronary interven-
tion and pacemaker implantation)”*’

it is believed that technical developments, material so-

. In the current era,

phistications, procedural refinements and the enhanced
gain in experience have resulted in a great reduction or
abolishing of acquired traumatic iatrogenic CCFs post
percutaneous coronary intervention (PCI) and spontane-
ously developing post- M1,

Acquired iatrogenic CCFs may occur after heteroge-
neous causes of endogenous or exogenous traumas such
as sharp™”
cal or non-surgical trauma, such as baro-trauma after
PCI"™*"and following permanent endocardial ven-
tricular pacing lead placernentlzol may cause CCFs. Ac-
quired accidental CCFs develop after non- penetrating i
or penetrating thoracic i 1n]ur1es

and blunt chest injury. Endogenous surgi-

‘! They may also occur
after surgical septal myectomy" and radio-frequency
cardio-ablation"”. They are sometimes characterized by
the appearance of a novel continuous cardiac murmur

6,9,34
or by recurrence of symptoms'™”*,

Traumatic fistulas

Acquired traumatic iatrogenic CCFs (non-surgical):
secondary to electrophysiological procedures (permanent
pacing and implantable cardioverter-defibrillator (ICD)
leads, transseptal puncture and radiofrequency cardio-
ablation).

Etiology and incidence: They formed 12% of the
traumatic fistulas. These are very rare complications of
permanent pacing and ICD leads, transseptal puncture
and electrophysiological procedures that have been ob-
served. Only a few cases have been reported in the lit-
erature. Recently, Tamura ¢ a/'¥ reported the occurrence
of acquired iatrogenic CCF's between the Cx and the RA
following transseptal puncture. Surgical”” and non-sut-
gical"™ electro-physiological interventions (e.g., radio-
frequency cardio-ablation) may lead to acquired CCFs.
The potential risk of coronary vessel lesions during the
cardio-ablation is associated with the close relationship
between the RCA and Cx to the site of ablation on the
atrioventricular annulus. After percutaneous radiofre-
quency ablation, in the majority of reviewed subjects,
the origin of CCFs was the x0T,

Mechanism: Acquired traumatic iatrogenic CCFs de-
velop secondary to mechanical and thermal injuries. The
application of radiofrequency cardio-ablation may be
complicated with the occurrence of a communication be-
tween an adjacent coronary artery and a cardiac chamber
which is thought to result from thermal and mechanical
injury™"**!. Most of the reported acquired CCFs have
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their exit to the RV, but outflow to the LA™ and LV!""
have also been described.

Management and prognosis: Pharmacological or sup-
portive therapy is sufficient to relieve symptoms in these
acquired fistulas, and spontancous resolution occurring
after 9-10 mo has been reportedl23’17l
review, regardless of their termination site, they were

. In the current

all treated medically except two in whom spontaneous
resolution occurred. Conservative management was ad-
vised for acquired CCFs entering the RV complicating
endocardial active fixation of an ICD lead"” and of per-
manent ventricular pacing leads™

Acquired traumatic iatrogenic CCFs secondary to baro-
trauma

Etiology and incidence: They formed 11% of the iatro-
genic fistulas. These coronary-cameral fistulas occur subse-
quent to baro-trauma (non-surgical therapeutic procedures).
These complications have infrequently been reported in
Asian”" and Caucasian panents Subsequent to PTCA
procedures, fistulous communications between the native
left coronary artery and RV'"” or LV have been reported.
Moreover, these complications have been described after
PTCA of a distal anastomosis of a totally occluded venous
graft[31]. The donor artery was the LAD in most of the
cases.

Mechanism: Several mechanisms are responsible, alone
or together. It is thought to be based on mechanical injury
to the vessel wall in the vicinity of a cardiac chamber, re-
sulting in a direct communication. Moreover, they may oc-
cur due to subsequent rupture of a false aneurysm follow-
ing PTCA, besides inappropriate wire tracking, artery-bal-
loon size mismatch and involvement of calcified lesions
with vessel wall cracking and curved segmentm’%’ﬂ’}l’%l.

Earlier reports documented acquired traumatic iatro-
genic CCFs caused by baro-trauma that were associated
with a high mortality rate (29%, 2 of the 7 reported cases
in literature) which were published in the eighties and
nineties. In 1996, Karim®™ reported the first case of an
acquired iatrogenic fistula between RCA and RA, compli-
cating stent placement in a tight lesion, after which it was
rarely reported following vessel rupture after coronary
stenting” ! or subsequent to coronary artery pseudo-aneu-
rysm late post—stentingl53l. Not only acquired CCFs could
occur between a coronary artery and a cardiac chamber
following PCI procedure, but also it may develop after
PCI to saphenous vein graft which was treated by a cov-
ered stent”™,

Management and prognosis: As the shunt magnitude
was trivial without hemodynamic consequences and
spontancous closure was observed, CMM was commonly
employed. Complete and spontaneous resolution of an
acquired fistula complicating PCI occurring between a
branch of the RCA and RV has been documented™. In
the current era, such complications following PCI proce-
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53,54
dures are rarely reported™?,

Acquired iatrogenic CCFs following endomyocardial
biopsy in the heart transplant population

Etiology and incidence: They formed 38% of the iat-
rogenic fistulas. The reported angiographic prevalence
varies from 2.8% to 23.2%"">*"*) Two decades ago,
Sauer ¢z al” reported an incidence of 80%. The majority
of these CCFs have their origin from the RCA (52%),
followed by the LAD (43%) and finally by the Cx (5%)"”.
They nearly all terminate into the RVI"™*%% Rarely,
repeated endomyocardial biopsy induced a fistula from
an atrial branch of the Cx to the LA,

Mechanism: They occur subsequent to arterial trauma
with neovascularization during the phase of granula-
tion and tissue organization at the biopsy site following
frequent and repeated RV endomyocardial biopsies and
in relation to the applied surgical techniques of cardiac

. . 13,15,61
implantation>">"",

Management and prognosis: Spontaneous disappear-
ance is a more common occurrence in biopsy-related
CCFs. Spontaneous closure is reported to occur in post-
biopsy CCFs in heart transplant patients with an estimated
rate of 27%"". The majority demonstrate a benign evolu-
tion and non-surgical management is usually the treat-
ment of choice due to lack of severe symptoms and small
shunt magnitude[13’15’52]. However, in some symptomatic
patients, closure of the fistula may be obtained surgi-
cally™ or achieved by placement of a covered stent™ or
a detachable balloon” using percutaneous catheter tech-
m'ques[“’“].

Surgical procedures
Acquired traumatic iatrogenic CCFs following surgical
septal myectomy

Etiology and prevalence: They formed 31% of the iat-
rogenic fistulas. After surgical septal myectomy for hyper-
trophic cardiomyopathy, CCFs have been reported™ ™",
Asymptomatic acquired CCFs draining into the LV fol-
lowing surgical intervention may occur after SM alone™
or after combined aortic valve replacement with SM for
HCMP", The prevalence of acquired post-SM CCFs

vaties from 19% to 23%".

Mechanism: The proposed mechanism of fistula forma-
tion after surgical SM for treatment of hypertrophic cat-
diomyopathy: It is postulated that they otiginate secondary
to injury of one or more septal perforator branches of
the left anterior descending coronary artery, resulting in
a direct communication between the lacerated vessel and
the left ventricular cavityp’n”].

Management and prognosis: Surgical or percutaneous
interventions were rarely needed to close the acquired
fistula in a symptomatic patient since spontancous clo-
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sure 1is reported to be very high, accounting for 78%".
With the introduction of alcohol septal ablation in 1994,
acquired CCFs are currently not seen after percutane-
ous procedures for treatment of HCMP with an outflow

gradient[mw.

After other cardiac surgical procedures (coronary

artery bypass grafting, valvular repair and surgery for
congenital heart anomalies)

Etiology and incidence: These CCFs occur after aortic
or mitral valvular replacement™* or surgical procedures
for congenital cardiac anomalies. Chiu ez al” reported an
incidence of 0.44% following surgery for tetralogy of
Fallot, ventricular septal defect (VSD), double chamber
RV and transposition of the great arteries with VSD.
In the current review, the acquired traumatic iatrogenic
fistulas (# = 5/65, 8%) developed subsequent to other
cardiac surgical procedures.

Clinical presentation: The majority was asymptomatic
but recurrence of congestive heart failure was reported.
Audible continuous murmur or continuous Doppler
flow on echocardiography was prevalent.

Mechanism: The postulated mechanisms were subse-
quent to right atrial artery injured at the site of access
for cardiopulmonary bypass, damage to the precapillary
arteriole of the circle of Vieussens', injury to the RCA at
reoperarjon[35J or possibly secondary to hypoxia-induced
angiogenesism. Chiu ez a/” identified risk factors for
acquired CCFs as re-do procedures and RV myocardial
resection of hypertrophic muscle bundles in ventricular
septal defect.

Management and prognosis: Watchful waiting follow-up
and CMM were the strategies in all except a case described
in 2004, by Mestre Barcel6 ¢z al™ who performed percu-
taneous occlusion using coated stent of an acquired iatro-

genic CCF between LAD and RV.

Acquired traumatic accidental CCFs

Etiology and incidence: They formed 10% of the ac-
quired traumatic fistulas. They occur secondary to pen-
etrating and non-penetrating thoracic injuries and are
infrequently reportedm’m]. The mean age was 24.1 years,
which was found to be lower than the patients presented
with congenital solitary CCFs (46.2) or congenital coronary
artery left ventricular multiple micro-fistulas (62.7)!".

Clinical presentation: Three presented with sharp and
four with blunt chest traumas. Dyspnea, angina pectoris,
chest pain, palpitation, congestive heart failure and he-
moptysis were reported. Machinery cardiac murmur was
audible in four, diastolic in one and holosystolic murmur
in two of the patients.

Mechanism: Myocardial contusion, laceration and tissue
damage in blunt chest trauma and secondary to transfer
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of kinetic energy in case of gunshot wounds associated
with penetrating and non-penetrating injuries were the
suggested mechanisms.

Management and prognosis: The management of ac-
quired accidental CCFs, whether subsequent to penetrat-
ing or non-penetrating injury, is always an emergent sur-
gical intervention. In 1965, Jones and Jahnke described
the first surgical repair of a traumatic CCFs'"",

As early as 1975, a few papers were published regarding
CCFs, with twelve traumatic CCFs reported in the world’
s literature; the penetrating injuries were prevalentm. In
2000, Hancock Friesen et a/* reviewed 28 patients, pub-
lished between 1958-1998, with acquired accidental CCFs
and added one of their own. All were surgically repaired.
Origin from the RCA was twice as common as origin
from the LAD. Five of them had blunt chest trauma and
24 were presented with sharp thoracic injury. Termination
into right-sided atrial or ventricular cardiac chambers was
prevalent. The first reported successful repair of a trau-
matic CCF was in 1965 by Jones ez 2", Blunt trauma to
the anterior chest wall may cause laceration of the RCA™
or LAD", associated with or without myocardial contu-
sion. Regardless of their origin, they usually communicate
with the RV or RA due to traumas directed to the anterior
chest wall****** but they sometimes communicate with
the LV cavity". These CCFs usually manifest itself by the
presentation of a new continuous cardiac murmur'", Early
intervention was recommended, applying surgical ligation
with"™ or without a coronary artery bypass graft (CABG)
and direct repair from within a recipient chamber™. In
the review of Haas ef af’, surgical repair was performed
in all 19 patients with acquired traumatic accidental CCFs
resulting from penetrating and non-penetrating chest inju-
ries. Of these, 5 required reoperation due to recurrence of
murmur after an interval varying from 24 h to 7 mo™. In
our current literature review, the origin was equally distrib-
uted between the LAD and the RCA. All seven reviewed
patients were treated surgically. Reoperation for complete
repair was needed in three subjects. No spontaneous clo-
sure was observed among the reviewed subjects with ac-
quired traumatic accidental CCFs.

Spontaneous CCFs

Spontaneously acquired CCFs as a result of severe stenotic

. R . 4,21,29
lesions or myocardial infarction have been reported™*?,

Etiology and incidence: They formed 14.3% (12/84)
of the acquired fistulas. In the last century, reports have

rarely been published incriminating myocardial ischemia
or infarction for the occurrence of spontaneous CCFs™*!,
Currently, such complications are rarely published. Two re-
ports were cited in the literature of acquired CCF's second-

ary to anterior MI with a fistula entering into the RV* or
LV™, Acquired CCFs were reported after anterior™**,
B2 or posterior M1 They may also be associ-

. . - [73
! or anterior myocardial ischemia™,

inferior
ated with inferior'™

Mechanism: It has been postulated that an aberrant
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pathway of newly developed collaterals, neo-vasculariza-
tion of left ventricular mural thrombus formation post-
MI, ruptures of localized micro-necrosis subsequent to
destruction of the microvasculature or by reopening of
the Thebesian vessels probably may lead to the fistula
formation into the lumen of a cardiac chamber***".
Furthermore, it has been suggested that as collaterals lose
their way, acquired fistulas may develop following MI
or in association with severe atherosclerotic obstructive
lesions”™. In contrast to congenital CCFs between the
LAD and LV which may cause angina pectoris second-
ary to myocardial ischemia documented with myocardial

perfusion test!™!

, acquired CCFs may develop and emerge
secondary to MI or severe atherosclerotic lesions. The
precise mechanisms by which congenital or acquired

CCFs could enhance atherosclerosis are not yet known.

Management and prognosis: In the current review,
the majority of patients (58%) were treated surgically.
Angiographically documented spontancous closure was
seen in 8% and CMM was the treatment modality in
17% of subjects. One death (8%) secondary to intrac-
table congestive heart failure occurred in a 63 year old
Asian patient who developed CCF between LCA and LV
following anterior MI.

Patients considered for the potential diagnosis of
acquired CCFs: Although acquired CCFs are inciden-
tally detected on routine CAG, the diagnosis should be
expected, with a high index of suspicion, in subjects who
develop new symptoms or show recurrence of symp-
toms or develop a novel cardiac murmur. Treatment is
reserved for symptomatic patients with a hemodynami-
cally significant shunt. Management of asymptomatic
patients is controversial. In contrast to congenital CCFs,
high spontaneous disappearance of the acquired CCFs
has been reported. Watchful waiting and supportive
medical management may be advocated in the majority
of acquired CCFs. With amenable fistulous morphologi-
cal anatomy, percutaneous therapeutic embolization or
surgical closure may be applied. Acquired traumatic acci-
dental CCFs are indications for emergent surgical proce-
dures. Furthermore, indications for surgery, as suggested
by Konno ¢ a/™ and others for congenital types, are:
large L-R shunt > 30%, ischemia or volume overload,
pulmonary hypertension or congestive heart failure, the

. . .. [77,78
presence of an aneurysm, and infective endocarditis””™.

CONCLUSION

Acquired CCFs are infrequent coronary artery anomalies

which are often asymptomatic and found incidentally on
routine coronary catheter angiography. The majority of
acquired CCF's are secondary to iatrogenic trauma result-
ing from various interventional surgical or non-surgical
endovascular or extravascular procedures. Acquired
traumatic accidental CCFs are associated with a younger
age (between second and fourth decade of life) com-
pared with congenital fistulas™ or acquired iatrogenic
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CCFs (fifth decade of life). They usually originate from
the RCA or LAD and all end in the RV. Eatly surgical
intervention is always indicated in these subjects. The
termination site of acquired iatrogenic CCFs resulting
from endomyocardial biopsy in post-heart transplanta-
tion subjects is nearly always the RV associated with re-
ported high spontaneous resolution. The prevalence of
acquired post-SM CCFs is also high and they possess the

highest rate of spontaneous disappearance.
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