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5.1 Introduction

In the last 30 years, the introduction of new
technologies in cardiology has allowed a non-
invasive description of cardiac anatomy, func-
tion, perfusion, and metabolism, with several
billion tests per year performed worldwide.
Therefore, the cost and efficacy balance of each
diagnostic test needs to be considered in the
diagnostic workup of the patient, and the radia-
tion dose associated with some common imag-
ing tests needs to be taken into account in this
‘‘cost’’ analysis [1]. Great benefit is derived from
multidetector computed tomography coronary
angiography (MDCT-CA), which was intro-
duced in the late 1990s to evaluate coronary
artery anatomy.

Standard MDCT equipment is based on an X-
ray source, producing a narrow X-ray beam with
different widths depending on the number of
slices, coupled with a matrix detector with dif-
ferent numbers of rows. The X-ray source and
matrix detector rotate simultaneously around the
patient while the table moves (helical scan
modality) or remains stationary (axial scan
modality). Due to its noninvasive nature, this
technique was hailed as a promising alternative
to invasive CA being used to rule out coronary
artery disease (CAD) in low- to intermediate-

risk patients with disagreement between symp-
toms and functional stress-tests findings, to
evaluate coronary and cardiac vein anatomy in
patients with dilated cardiomyopathy of
unknown etiology, and to evaluate coronary
artery bypass graft (CABG) and stent patency
[2]. The promising results in terms of feasibility
and accuracy in CAD detection meant that
MDCT CA volume doubled by the early 2000s
and has continued to grow exponentially. This
demand for noninvasive coronary artery imaging
is responsible for the rapid advances in MDCT
imaging technology that now provide higher
spatial and temporal resolution.

Many technical factors that now enhance
image quality also affect the radiation dose
received by the patient. Indeed, detector width
and X-ray tube rotation time are the major
determinants of spatial and temporal resolution,
respectively, and high spatial and temporal res-
olutions are mandatory for accurate assessment
of small anatomical structures characterized by
continuous movement, such as coronary arteries.
Modern scanners are therefore equipped with an
increasing number of thinner slices (up to 350
slices with 0.5-mm slice width) and gantries
with often faster rotation time (up to 270 ms)
[2]. However, there is a tradeoff between the
need for low-noise images and the benefit of
using lower doses of radiation. Therefore, to
maintain high image quality with reduced slice
width and high gantry rotation speed, the num-
ber and speed of photons received by the
detector array usually need to be increased by
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increasing tube current (up to 650–700 mA) and
voltage (up to 120 KVp), resulting in a higher
effective radiation dose to the patient. Con-
versely, with the increased number of simulta-
neously acquired slices, scanning time is shorter,
which results in lower radiation exposure .
Despite the balance between these three factors,
the preliminary experience with MDCT was
associated with an impressive increase in radi-
ation dose [3]. Indeed, it is estimated that the
annual per capita radiation dose associated with
medical diagnostic tests increased from 0.53 to
3 mSv, which is close to the natural radiation
background. Of this 3.0 mSv, approximately
half comes from CT scans 0.6 mSv from nuclear
stress tests and 0.4 mSv from interventional
fluoroscopy procedures performed annually [4].

Two different effects could be expected by
this radiation exposure increase: deterministic
and stochastic risks. The only deterministic
effect described in clinical practice is skin
injury, which only occurs above a threshold
level of radiation, which is usually higher than
levels occurring from a single noninvasive
imaging procedure such as MDCT-CA. Most
important is the stochastic effect of potential
genetic mutation or cancer. More specifically,
ionizing radiation is energetic enough to over-
come the binding energy of the electrons orbit-
ing atoms and molecules, thus creating ions such
as hydroxyl radicals. These radicals interact with
nearby DNA to cause strand breaks or base
damage. Usually, this damage is rapidly repaired
by various cellular systems, but occasional
‘‘misrepair’’ can lead to genetic mutations and
cancer.

Moreover, there is no agreement regarding
the relationship between radiation dose and the
stochastic risk of cancer. Two main theories are
usually accepted. The first, known as ‘‘linear
quadratic hypothesis,’’ suggests that at low
radiation dose, the risk of malignancy is low and
unquantifiable in humans but that the risk rises
exponentially at higher doses ([100 mSv),
which are usually far higher than the radiation
dose usually used in medical clinical practice.
The second theory, known as ‘‘linear

no-threshold hypothesis,’’ suggests that the
relationship between the risk of developing
cancer over the long term and genetic damage is
assumed as being linear, and therefore, any
ionizing radiation dose can result in a reduction
of life expectancy [5]. According to the last
hypothesis, the relationship between dose and
lifetime attributable risk is derived from studies
of survivors of the atomic bombs dropped on
Japan in 1945 [6] and large-scale study of radi-
ation workers in the nuclear industry [7]. A
study of 105,427 atomic bomb survivors
exposed at a mean dose of 29 mSv shows an
excess of 81 solid cancers over the number
expected based on cancer rates in the unexposed
cohort, corresponding to an excess relative risk
(RR) of 2% [6]. Similar results were observed in
the 15-country study of [400,000 radiation
workers exposed to a mean dose of 19.4 mSv in
whom an excess RR of 2% was also described
[7]. According to this approach, the estimated
cancer risk in the United States attributable to
overall CT radiation has grown from 0.4 to
1.5–2.0% [8].

Regarding to MDCT-CA, the probability of
cancer induction ranges between 0.0176% (or
176 of one million patients) to 0.0737% (or 737
of one million patients) based on the MDCT-CA
protocol used. Of note, these estimates are not
universally accepted for several reasons [9].
First, survivors of the atomic bombs were
exposed to a fairly uniform dose of radiation
throughout the body, whereas MDCT involves
highly nonuniform exposure. Second, radiation-
induced malignancies are indistinguishable from
malignancies related to other carcinogens or
biologic processes. Therefore, the small poten-
tial risk of carcinogenesis would be difficult to
differentiate from the substantial intrinsic aver-
age lifetime risks. Third, the general population
is exposed to natural background radiation, to
geographically varying degrees, that averages
approximately 3.5 mSv per year. It is conceiv-
able that even the low levels of background
radiation could contribute to the development of
malignancies, which would be difficult to dif-
ferentiate from the effects of a single exposure to
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medical radiation [9]. Fourth, the life-attribut-
able cancer risk reported is a mean value,
whereas cancer risk from X-ray exposure is also
dependent on specific patient factors, such as
gender and age. Finally, the relative rosk for
cancer estimated is applied from the Japanese to
the US populations, which have differing pat-
terns of cancer in terms of incidence and mor-
tality rates. Thus, in the absence of certainty, the
consensus opinions of expert panels suggest
adopting a conservative estimation of radiation
risks, and therefore, the linear no-threshold
hypothesis is usually more accepted. Despite this
crucial issue, in a survey of radiologists and
emergency-room physicians, *75% of the
entire group significantly underestimated the
radiation dose from CT scans, and 53% of
radiologists and 91% of emergency-room phy-
sicians did not believe that CT scans increase the
lifetime risk of cancer [8]. Therefore, controlling
overall radiation exposure in cardiac MDCT is
mandatory.

There are two ways to reduce this exposure in
the population. The first is simply to decrease
the number of MDCT-CA studies, replacing
them with other options, such as ultrasonogra-
phy (US) and magnetic resonance imaging
(MRI) in which X-ray are not used. This
approach is based on the ‘‘principle of justifi-
cation,’’ that states that any decision that affects
the existing radiation exposure situation should
do more good than the standard of care [1]. This
is an issue of concern, as several studies
observed 14–22% of cardiac imaging tests,
included MDCT-CA, are performed inappropri-
ately [10]. Second, according to the ‘‘principle
of optimization,’’ as noted by the International
Commission on Radiological Protection (ICRP),
the number of individuals exposed and the
magnitude of doses administered to them should
all be kept as low as reasonably achievable
(ALARA).

The aim of this chapter is to define overall
radiological risk and assess protocol strategy of
MDCT-CA in clinical practice to minimize
radiation exposure to patients according to the
ALARA principle.

5.2 How is Radiation Dose
Estimated in MDCT Coronary
Angiography?

The common general terminology used in the
field of radioprotection is a result of the activity
of multiple international organizations. One of
these is the ICRP, which was founded in 1928
from the International Society of Radiology. The
following terminology used in this chapter is
from this organization:
• Computed tomography dose index (CTDI):

area under the radiation-dose profile for a
single rotation and fixed table position along
the axial direction of the scanner divided by
the total number of detectors for slice thick-
ness and is expressed in coulomb/kg

• CTDI100: integrated radiation dose from
acquiring a single scan over a length of
100 mm

• CTDIw: average radiation dose to a cross-
section of a patient’s body determined with
the equation CTDIw = 2/3CTDI100 at
periphery ? 1/3CTDI100 at center

• CTDIvol: average radiation dose over the
volume scanned determined by the equation
CTDIvol = CTDIw/pitch, where pitch is
defined as table movement expressed in mil-
limeters for each 360� gantry rotation, divided
by the product of the number of slices and
slice width. It is measured in milligray

• Dose length product (DLP): integrated radia-
tion dose for a complete CT examination
measured in milligray 9 centimeters and
calculated by the formula DLP = CTDI-
vol 9 length irradiated

• Effective dose (ED): measured as the product
between DLP and k, the region-specific con-
version factor.
In clinical practice the ED is the most com-

mon parameter for estimating radiation exposure
associate with a specific diagnostic test and for
comparing the different biological effects.
However, it is important to note that all reported
radiation doses are obtained from numerous
assumptions that may result in difference from
the true value. In particular, the k factor is
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determined from population averages of survi-
vors of atomic bomb explosions, and therefore,
ICRP published slightly differing values in dif-
ferent reports, ranging between 0.014 and 0.017
for chest scan. Accordingly, the European
Guidelines on Quality Criteria for Computed
Tomography [11] suggested a simplified method
for estimating ED using a fixed chest k-value of
0.017 mSv/mGy 9 cm for MDCT-CA as well.
However, ED calculated with chest CT conver-
sion factor significantly underestimates the ED
delivered during MDCT-CA [12]. The reason is
that the scanning field for MDCT-CA is different
to that for standard chest CT scan. Indeed,
MDCT-CA dose not examine the entire chest
but only the lower chest and upper abdomen,
irradiating breast tissue for the majority of the
volume scan. Based on this evidence, the last
ICRP report [13] concluded that a conversion
factor of 0.030 is more realistic. Therefore,
when applied, ED results in an increase of 60%
in comparison with the ED reported in all recent
papers, including scientific reports discussed in
this chapter.

5.3 A Brief History of MDCT
Coronary Angiography

By 1999, performing MDCT electrocardiogra-
phy (ECG)-triggered examinations of the coro-
naries became available. With four-detector-row
MDCT systems, temporal resolution (*250 ms)
allowed for motion-free imaging of the heart
only in patients with a very low heart rate (HR).
Despite the subsequent introduction of the 16-
detector-row MDCT scanners with faster gantry
rotation times, which led to improved spatial and
temporal resolution, coronary artery motion
remained the major reason for segments being
nonassessable and was commonly reported to
correlate with the patient’s HR. In 2004, 64-slice
MDCT systems were introduced, providing
further increased spatial resolution and using the
advanced z-sampling technique, with improved
temporal resolution by reducing the gantry
rotation time to 0.33 s [3], providing higher

image quality but without satisfactory results at
higher HR. In the ‘‘post-64’’ era, MDCT tech-
nology was taken in various directions to over-
come these limitations. The first was dual-source
CT (DSCT) to improve temporal resolution [14–
16]. The second was the increased number of
detector elements and, therefore, volume cov-
erage along the z-axis of the detector block [17,
18]. The third is the use of iterative image
reconstruction algorithms [adaptive statistical
iterative reconstruction (ASIR)] [19–21]. Next
came DSCT scanners with larger number of
detectors that use a high-pitch acquisition strat-
egy [22] to capture the entire heart within one
heart beat. At the same time, the development of
ECG triggering from the retrospective to pro-
spective approach has been applied to all scan-
ner modalities [23–25]. Several of these
technical aspects and their relationships with
radiation exposure are discussed below.

5.4 Strategies to Minimize
Radiation Dose from Cardiac
MDCT

Strategies to minimize radiation dose in MDCT
are based on a main concept: contrast attenua-
tion and image noise are directly and inversely
proportional to the number of photons received
by the detector array, respectively. The main
variables involved in the ED-sparing protocol,
but at the same time being responsible for image
quality, are:
• tube current, expressed in milliampere (mA)

that influences photon flux
• tube voltage, expressed in peak kilovolt (kVp)

that influences photon energy
• exposure time, determined by pitch
• degree of photon attenuation, influenced by

the patient’s body mass index (BMI)
• two Sources of undesired patient radiation

exposure. The first is Z-overbeaming that is
defined as the penumbra-to-umbra ratio. It
degrades the geometric dose utilization of an
MDCT scanner. It is reduced as the z-axis
detector coverage increases. The second is
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Z-overscanning that is usually higher in spiral
acquisitions in comparison with axial acqui-
sitions. Therefore, all strategies to reduce
radiation exposure can be classified into two
categories: those that modify X-ray output
(such as tube current or tube voltage), and
those that reduce the extent or duration of X-
ray exposure. These strategies translate to
reduction of z-overbeaming and/or z-over-
scanning. The most important techniques,
described in Fig. 5.1, need to take these
principles into account.

5.4.1 Scan Length Optimization

The total radiation dose delivered is directly
proportional to scan coverage, and therefore,
scan coverage optimization is crucial for
reducing overall ED. According to this
approach, only structures of interest should be
included in the scan. For coronary artery imag-
ing, scanning should begin at the trachea

bifurcation and finished at the inferior cardiac
profile. However, cardiac anatomy differs among
individuals, and in thin patient with a vertically
oriented heart, the region of interest (ROI) could
be extremely different from another patient. In
this regard, a topogram performed before the
contrast-enhanced scan could minimize scan
length and therefore overall ED. However, some
patients have difficulty maintaining the same
breath-hold between topogram and enhanced
scan, and the risk that some segments of the
coronary tree may be not included in the scan
needs to be taken into account.

5.4.2 Tube Voltage and Tube Current
Setup

ED increases linearly with tube current and with
the voltage squared [3]. Therefore, these
parameters need to be at the lowest level
expected to reach good image quality for a
specific diagnostic aim. By reducing tube

Fig. 5.1 Standard computed tomography equipment.
An X-ray source, producing a narrow, fan-shaped beam
with different widths depending on the number of slices,
is coupled with a matrix detector with different rows of
identical width based on the individual scanner. The X-

ray source and matrix detector rotate simultaneously
around the patient while the table moves (helical-scan
modality) or remains stationary (axial-scan modality).
All variables that contribute to image production may be
used as dose-saving strategy. Modified from [8]
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current and voltage, image noise increases sig-
nificantly [3]. At the same time, using a low tube
voltage, the increased attenuation of photons by
iodine that occurs at lower photon energy
(phenomenon known as Compton effect)
increases the contrast between the coronary
artery lumen and the surrounding tissue [3].
Therefore, by reducing tube current and voltage,
a tradeoff between higher image noise and lower
contrast resolution must be considered. For
MDCT-CA, individually weight-adapted proto-
cols have been successfully applied by adjusting
tube voltage and current to the patient’s BMI.
There are obviously considerable differences in
chest attenuation between men and women
because of the breasts and large differences in fat
distribution among individuals. Consequently,
the impact of this approach, with its inaccura-
cies, could be limited. Some authors suggest
providing individual scanning parameter proto-
col according to chest diameter rather than to
BMI because chest diameter better predicts the
real contrast attenuation in the ROI. Paul et al.
[26] proposed a ‘‘noise-based’’ approach to
define optimal individual scanning parameters.
The principle is to calculate noise on an unen-
hanced image, thereby predicting sufficient—
and necessary—radiation required for imaging
the individual. Because there is substantial dif-
ference in attenuation between the upper and
lower portions of the heart, the authors suggest
to use the bottom part of the heart for the pre-
control scan to determine the region with max-
imum attenuation as the reference. They then
trace an ROI over the left ventricle on the pre-
control scan, and the noise corresponds to the
value of the standard deviation (SD) within the
ROI. Tube voltage and current are then adapted
to the noise measured. This approach requires a
further unenhanced scan and thus additive radi-
ation exposure . In clinical practice the most
common protocol used consists in a tube voltage
of 100 kVp and 120 kVp for patients with BMI
\ 30 and C30, respectively. This kind of
approach allows the best compromise between
image quality and radiation dose regardless the
scanner used.

5.4.3 ECG-Triggered Tube-Current
Modulation

First-generation MDCT scanners used a contin-
uous helical scan with a low table speed, and the
patient’s ECG signal was acquired simulta-
neously with image data, allowing the user to
retrospectively reconstruct and visualize the
anatomy at multiple physiologic phases of the
cardiac cycle. This approach, better known as
retrospective ECG-triggering, is usually associ-
ated with high radiation exposure because low
pitch values are used, resulting in considerable
z-over scanning of tissue and because X-rays are
delivered during the entire scan. Multiple
reconstructions at different points of the cardiac
cycle should not be mandatory to reconstruct the
images for clinical diagnosis. Because cardiac
motion is greatest during systole and least during
diastole, the ‘‘useful’’ radiation corresponds to a
mid-diastole phase [26], which is only 20% of
the overall radiation burden [3]. Therefore,
according to this principle, the highest tube
current necessary to attain the best image quality
is produced only during mid diastole and is
reduced by 80% in the remaining cardiac cycle.
During the scan, the desired time window is
prospectively chosen by the operator but usually
ranges between the 40 and 80% range of the
cardiac cycle.

Of note, tube current reduction is based on
the average of the prior RR intervals. Therefore,
in patients with arrhythmias, it could be inap-
propriately reduced, providing lower tube cur-
rent during the phase of the cardiac cycle that is
desirable as the diagnostic window. New algo-
rithms will be provided by manufacturers to
automatically detect premature contraction of
the heart and thereby eliminate ECG-dependent
dose modulation in a real-time mode during
acquisition. Moreover, ECG-controlled tube-
current modulation may be limited in patients
with high HRs during the scan, because in these
patients, the best image quality may be reached
in the systolic phase rather than in mid diastole.
This limitation can be overcome with some
scanners by manually changing the full dose
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(70–80% of the R–R cycle for low HR and
40–50% of the R–R cycle for higher hear rate).
This technique, known as tube-current-modula-
tion ECG-triggered approach, has been deter-
mined as the most effective technical tool for
radiation-dose reduction in first-generation
MDCT-CA using retrospective ECG triggering.
Retrospective ECG triggering and tube-current-
modulation ECG-triggered approaches are
described in Fig. 5.2.

5.4.4 Dual-Source Computed
Tomography

Despite the technological advances in the latest
generation of 64-slice MDCT systems, the lim-
ited temporal resolution (135 ms for scanners
with gantry rotation time of 270 ms) is respon-
sible for 12% of nonevaluable scans due to the
presence of motion artefacts mainly at higher
HRs. Consequently, HRs of \65 bpm are usu-
ally suggested in order to achieve good image
quality [14]. Higher HRs in clinical practice are

common, and therefore, higher temporal reso-
lution can be reached only with a multi segment
reconstruction using low pitch and therefore
with increased ED, with limited benefits to
image quality because data are acquired during
consecutive cardiac cycles and averaged to
generate each cross-sectional image [14].
Indeed, a systematic approach with beta-blocker
medication allows a target HR \ 60 bpm in
only 55% of patients with suspected CAD [14].

In 2008, DSCT was introduced. This system
combines two arrays consisting of one tube and
one detector each, arranged within the same
gantry at a 90� offset, so that a one-quarter
rotation is sufficient to sample X-ray transmis-
sion data over 180� of projections. With a gantry
rotation time of 330 ms, the system could
achieve a temporal resolution of 83 ms, which is
significantly higher than single-source MDCT.
Achenbach et al. [14] demonstrated that image
quality and diagnostic accuracy remain unaf-
fected in DSCT by systematic HR control, with
significant improvement in coronary visualiza-
tion in comparison with 64-slice single-source
MDCT. The increased temporal resolution of
DSCT can be used to reduce radiation compared
with single-source MDCT by using a smaller
tube-current modulation pulse and higher pitch
[15]. The ED reduction reached by DSCT seems
to be more evident at higher HRs, where higher
pitch is usually employed. Indeed, McCollough
et al. [15] showed that increasing pitch with a
DSCT reduced CTDIvol by 25% at a HR of
60 bpm (0.265 pitch), 44% at 78 bpm
(0.36 pitch), and 57% at 100 bpm (0.46 pitch)
compared with a standard protocol with a single
source MDCT with pitch of 0.2. According to
these evidences, Ropers et al. [15] have dem-
onstrated that no significant differences were
found between patients with low and high HRs
in terms of feasibility and accuracy versus
invasive CA with a mean effective radiation
dose of 15.3 mSv for patients with HR\65 bpm
and 15.9 mSv for patients with a HR [65 bpm.
Comparison between DSCT and single-source
MDCT is shown in Fig. 5.3.

Fig. 5.2 a Electrocardiograph (ECG)-controlled tube-
current modulation. Using this technique, full tube
current is applied during diastole, when the heart stands
still, and is lowered in systole. b Helical retrospective
ECG gating. This technique consists of a continuous
spiral scanning of the heart with simultaneous ECG
recording. c Axial prospective ECG gating. With this
technique, the table remains stationary while the X-ray
tube rotates around the patient and is advanced for the
subsequent scan only when data acquisition is completed,
thus obtaining a significant reduction of total X-ray
exposure time. Modified from [2]
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5.4.5 Prospective ECG Triggering

MDCT-CA with standard retrospective ECG
triggering uses backward-looking measurement
of R-wave timing, spiral scanning during table
motion with a very low pitch (*0.22), and a
more traditional cone-beam reconstruction.
Prospective ECG triggering was introduced in
2008 [23]. This technique uses forward-looking
prediction of R-wave timing, step-and-shoot
nonspiral acquisition with no table motion dur-
ing imaging, and unique cone-beam reconstruc-
tion. This acquisition relies on the accurate
prediction of RR duration based on evaluation of
the previous cardiac cycle. Following QRS
detection, the delay necessary to trigger at a
quiescent phase of the cardiac cycle is calcu-
lated. During ECG analysis, the table moves to
the next position and waits for the subsequent
QRS trigger to initiate the scan, which is per-
formed without table movement. The process is
repeated until the entire volume of interest is
covered. Therefore, the effective pitch is 1.0
with prospective ECG triggering. The X-ray
beam is turned on for only a short portion of the
cardiac cycle and is turned off during the rest of

the R–R. Therefore, radiation is only adminis-
tered at one predefined time window of the
cardiac cycle, which is defined as ‘‘padding’’
with nonspiral scanning. The main advantage is
that the entire exposure time is used for one
image, and there is no unnecessary radiation
exposure during any other phase of the cardiac
cycle. Consequently, in a prospective acquisi-
tion, exposure time is optimized and radiation
exposure is about four times less than in retro-
spective acquisition.

The second advantage of prospective ECG-
triggering is the better management of extra-
systolic beats. Indeed, some scanners can wait at
an axial location for premature contractions and
proceed to a further scan CT only at the detec-
tion of normal QRS complexes. A disadvantage
of this feature is that only a short diastolic phase
is acquired, and therefore, HR control is man-
datory for prospective ECG triggering [23].
Rigorous patient selection is thus recommended,
including low HR (usually \65 bpm) and low
HR variability. Indeed, the step-and-shoot pro-
tocol only permits a half-reconstruction method,
and in patients with HR [65 bpm, multi sector
reconstruction is recommended instead of half

Fig. 5.3 a Single-source multidetector computed
tomography (MDCT) technology. With this technology,
a single X-ray tube is coupled with a single matrix of
detectors. b Dual-source MDCT (DSCT). This scanner is

equipped with two sets of X-ray tubes, and the detectors
are arranged in a single gantry at 90� offset, operating
simultaneously. Modified from [2]
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reconstruction [24]. If high HR is an absolute
contraindication for prospective ECG triggering,
the limitation of HR variability can be overcome
using larger padding to improve interpretability
of the images by providing additional cardiac
phases. It has been suggested to use padding 0,
corresponding to a window of 100-ms scanning
time at only one distinct end-diastolic phase
(i.e., 75% of R–R cycle) in patients without HR
variability; padding 100, which corresponds to a
window of 200-ms scanning time at 2 distinct
end-diastolic phases (i.e., 70–80% of R–R cycle)
in patients with HR variability B2 bpm; and
padding 200, corresponding to a window of 400-
ms scanning time at four distinct phases (i.e.,
40–80% of R–R cycle) in patients with HR
variability [2 bpm 25. However, it would be
expected that greater amounts of padding would
increase radiation dose.

The second limitation is that the discrete
nature of the prospective ECG-triggering
acquisition mode may result in transition arte-
facts between axial shots, resulting from MDCT
contrast transitions and/or minor anatomical
shifts attributed to physiological phase. A further
limitation is the scan length. Whereas scan range
can be defined accurately to a millimeter in
conventional helical CT, it must be a multiple of
scan coverage less the overlapping zones in
sequential scans. Therefore, in some cases, the
scan range must be larger in sequential scans
than one would have defined it in conventional
helical MDCT. Finally, this approach is not
useful for function evaluation because no sys-
tolic data are available. This, however, is gen-
erally assessed primarily with other imaging
modalities.

5.4.6 Increase in Number of Slices

Craniocaudal coverage of 64-slice MDCT-CA is
typically \40 mm, giving limited coverage
width. ECG triggering overcomes this limitation
by assuming that heart motion remains mostly
periodic [17]. The development of wide-area
MDCT detector [18] enabled greater coverage
per gantry rotation, and the extension from 64

slices to 256- and 320-detector-row MDCT
systems allows whole-heart coverage [18]. The
256-slice MDCT has 912 (transverse) 9 256
(craniocaudal) elements, each approximately
0.5 9 0.5 mm at the center of rotation, with
craniocaudal coverage of 128 mm per rotation
[3]. The 320-MDCT system uses a detector
element consisting of 320 9 0.5 mm elements
and provides 160 mm of coverage in the z-
direction [17]. Both scanners allow comprehen-
sive anatomic imaging of the whole heart and
coronary vessel in a single heart beat in cine,
non spiral scan mode without ECG gating. The
256- and 320-slice systems have a standard
temporal resolution of approximately 135 and
175 ms, respectively. This remains significantly
longer than the temporal resolution of invasive
CA; therefore, HR control is mandatory to attain
excellent image quality. However, in patients
with high HR despite b-blocker treatment, multi
segment reconstruction can be used. In this
approach, a data set for image reconstruction is
acquired over two cardiac cycles. Only data
from the 90� rotation during each cardiac cycle
are used, improving the effective temporal res-
olution by a factor of 2.

From a theoretical point of view, radiation
exposure with the 256- or 350-slice system
would be much higher than with conventional
MSCT due to the greater beam width of this
equipment. However, doses were found to be
lower for both scanners in comparison with 64-
slice MDCT CA. Three main factors explain this
paradox. First, the total acquisition time is
approximately 20–30 s for 16-slice MSCT and
8–12 s for 64-slice MSCT, whereas 256- and
350-slice MDCT provide images within the
duration of one heartbeat at the most, without
ECG gating [17]. Second, helical scans with a
low pitch, such as in 64-slice scanners with
retrospective ECG triggering, are characterized
from regions of overlap, which receive a higher
dose. Third, the penumbra, defined as the mar-
ginal portions of X-ray beam and that do not
contribute to images but only improve radiation
dose, decreases as nominal beam width increases
[17]. Therefore, the larger beam width of the
256- or 320- slice MDCT provides smaller
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radiation exposure than the 16- and 64-slice
scanners [17]. If the HR increases[65 bpm, the
scanner automatically changes from single-seg-
ment to multisegment reconstruction, imaging
the heart in two beats at the expense of higher
radiation dose.

Other advantages are expected in terms of
image quality. First, these scanners eliminates
‘‘stair-step’’ artefacts shown in 64-slice scanners
that image sub volumes of the entire cardiac
volume over multiple gantry rotations. Second,
the fast acquisition of the entire cardiac volume
allows the contrast bolus to be imaged at a single
time point [18] so that the contrast volume for
MDCT CA can be lowered. Third, these scan-
ners present a significant opportunity for
expanding the use of low-dose prospectively
gated imaging in patients with concomitant
noncoronary indications such as CABG, aortic
disease, or triple rule out due to the combination
of wide coverage with faster rotation speeds.

The 256- and 320-slice MDCT CA scanners are
shown in Fig. 5.4.

5.4.7 Adaptive Iterative
Reconstruction Algorithm

The use of low tube voltage provides a signifi-
cant ED reduction. Despite the fact that reduced
tube voltage results in increased contrast atten-
uation due to reduced mean photon energy clo-
ser to the k-absorption edge of iodine, with an
increase in photoelectric effect and decrease in
Compton scattering, a concomitant image noise
increase is described. MDCT-CA usually use a
class of algorithm called filtered backprojection
(FBP) to provide cardiac images. In this algo-
rithm, each projection data is calibrated, filtered,
back-projected, and weighted, and when the last
projection view is processed, the reconstruction
is complete and reconstructed images are

Fig. 5.4 Different coverage of MDCT. The 64-slice
MDCT has 64x0.625 mm detectors covering 40 mm in
the z-direction (blue area). The 256-slice MDCT has
912x256 (cranio-caudal) elements, each approximately
0.5x0.5 mm at the center of rotation with cranio-caudal
coverage of 128 mm per rotation (yellow area). The 320-
slice MDCT system used a detector element consisting of

320x0.5 mm detector and provides 160 mm of coverage
in the z-direction (light blue area). The first scanner
needs multiple heart beats with ECG-gating to image the
whole heart. On the contrary, the last two scanners allow
a comprehensive anatomic imaging of the whole heart
and coronary vessel in a single heart beat in cine non-
spiral scan mode without ECG gating
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generated. Although FBP algorithms are fast and
have served us well over the past 30+ years, they
are highly sensitive to noise. This limits dose
reduction by reducing tube current and/or volt-
age. As an alternative to FBP, ASIR was intro-
duced to compensate for the increased image
noise produced at low tube current and voltage
settings, thus allowing the use of 100 kVp in
overweight patients with BMI [ 25 as well [19].

The underlying approach of ASIR is that, in a
particular view angle, the device first calculates
a synthesized projection by performing ‘‘forward
projection’’ on images of the estimated object.
Basically, this estimate mimics, as much as
possible, the process in real CT scanning in
which X-ray photons traverse through the object
and reach the detector. It mimics the finite
(known) focal-spot size by placing the initial
location of the X-ray photons over a small area
instead of a single point. During the modelling
of X-ray photon interaction with the object, the
size and shape of the image voxel (not an
assumed point) is considered by calculating
different path lengths for X-ray photons entering
the voxel at slightly different orientations and
locations. In a similar fashion, detector shape
and size are considered through modeling of the
detector response function. Thus, system optics
are modeled with an iterative reconstruction and
not with FBP. In other words, with ASIR, it is
not assumed that noise is evenly distributed
across the entire image, but the matrix algebra is
used to selectively identify and then subtract
noise from the image with a mathematic model.
The result is a less noisy image than with FBP
techniques [19].

A limitation of iterative reconstruction,
however, is the long computing time. Therefore,
a modified and computationally faster iterative
reconstruction technique—adaptive statistical
iterative reconstruction—was developed in
which only one corrective model is used to
address image noise [19]. Leipsic et al. [20]
compared FBP versus the use of 20, 40, 60, 80,
and 100% ASIR, resulting in reduced image
noise of -7, -17, -26, -35, and -43%,
respectively (p \ 0.001) and increased signal-
to-noise ratio (SNR) (mean increase in SNR of

8, 21, 36, 58, and 81%, respectively). On the
contrary, in comparison with FBP, both 40 and
60% ASIR were associated with a statistically
significant increase in contrast-to-noise ratio
(CNR). Therefore, the authors concluded that
although the largest reduction in noise was
observed with 100% ASIR, reconstruction with
40 and 60% ASIR appeared to provide optimal
image quality. Indeed, a fully converged 100%
ASIR image tends to have a noise-free appear-
ance with unusually homogeneous attenuation,
showing a higher degree of smoothness and
resulting in a ‘‘plastic’’ or ‘‘artificial’’ appear-
ance [20]. Similarly, Pontone et al. [21] showed
lower noise (-15%), higher SNR (+21%) and
CNR (+22%), and better feasibility (97 versus
91%) with 40% ASIR versus FBP.

In conclusion, noise reduction properties of
ASIR may permit the use of lower tube setup
with stable image noise and quality when com-
pared with FBP. Therefore, although ASIR is
not a dose-saving strategy per se, it allows the
use of low tube voltage and current in over-
weight patients also, thus indirectly influencing
the overall effective radiation dose. This may
represent a valuable method of radiation-dose
reduction that would be additive to existing
dose-reduction strategies.

5.4.8 High-Pitch Computed
Tomography Coronary
Angiography

Single-source MDCT-CA, which is based on
one X-ray tube and one set of detectors, recon-
structs one cross-sectional image with data
acquired from projections over a range of 180�.
Therefore, one half rotation of the gantry is
required to collect this data set. DSCT uses two
X-ray tubes and two detectors arranged in a 90�
angle; therefore, only one quarter rotation of the
system is necessary, which doubles temporal
resolution [22]. Application of these principles
allowed the introduction of second-generation
DSCT at the end of 2008. This scanner has a
rotation time of 280 ms, so that the temporal
resolution is approximately 75 ms. It uses a

5 How to Reduce the Radiation Burden in Cardiac CT 81



wider detector (2 9 64 detector elements, which
allows acquisition of 2 9 128 slices), with a
pitch up to 3.2 that allows an overall scan time
of about 0.27 s to cover the entire heart.
Therefore, an increase in pitch decreases radia-
tion exposure. However, HR must be low and
regular to create a long enough diastole to
accommodate data acquisition and because the
start of image acquisition is triggered by the R
wave of the heart beat preceding the scan win-
dow [22]. This scan mode, known as Flash CT,
enables complete image acquisition within one
cardiac cycle so that the X-ray tube and detector
rotates around the patient without overlap and
with very short exposure time. This technique is

associated with a very low radiation dose,
especially if combined with a low tube voltage,
offering a potential dose reduction of[80% with
an ED\1 mSv. The high-pitch scan modality is
described in Fig. 5.5.

5.5 Radiation Dose Associated
with Different Generations
of MDCT

5.5.1 Low Generation Scanner Up
to 64-MDCT

Preliminary experience with early-generation
scanners (up to 40 slices) reported a mean ED of
8.6 mSv [2]. Hausleiter et al. [3] found an ED of
9 mSv using a 64-MDCT with retrospective
ECG triggering and modulation dose approach.
They found that despite the increased spatial and
temporal resolution of the 64-slice MDCT, ED
was approximately 40% higher than with the 16-
slice MDCT because the craniocaudal scan
region is covered twice, whereas the helical
pitch value is almost the same. The same authors
published the Prospective Multicenter Study on
Radiation Dose Estimates of Cardiac CT Angi-
ography in Daily Practice (Protection I) study in
2009 [27]. In this multicenter study, 1,965
patients undergoing 64-slice MDCT were eval-
uated in daily practice, with an estimated ED of
12 mSv (range, 8–18 mSv). In the multivariate
analysis, a 1 cm decrease in scan length, use of
ECG-controlled modulation dose, low tube
voltage of 100 kVp, and prospective ECG trig-
gering resulted in a reduction of 5, 25, 46, and
78%, respectively. The diagnostic image quality
did not differ between patients studied with
versus without ED-saving strategy, except for
patients scanned with 100 kV tube voltage in
which the percentage of evaluable coronary
artery segments was higher in comparison with
the 120 kVp tube voltage group (100 versus
96.3%). Of note, ECG-controlled modulation
dose was used in 73% of the population, whereas
prospective ECG-triggered scanning and low

Fig. 5.5 High-pitch dual-source computed tomography
coronary angiography. a In this scanner, a very high pitch
value is used so that the X-ray tube and detector rotate
around the patient without overlap. b Image acquisition
starts in late systole and is completed within one cardiac
cycle. c Images are reconstructed with a temporal
resolution that corresponds to approximately one quarter
of the gantry rotation time (here, 83 ms for a gantry
rotation time of 330 ms). Modified from [22]
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tube voltage from 120 to 100 kVp were used
only in 6 and 5% of overall examinations,
respectively. Moreover, 100 kVp tube voltage
was used only in normal-weight patients,
excluding those with BMI [25 [27].

5.5.2 Low Tube Voltage

Bischoff et al. [28] tested the effect of lowering
the tube voltage from 120 to 100 kV in a pre-
defined subgroup analysis of the PROTECTION
I study concerning image quality and radiation
dose. This resulted in an increased image noise
of 26.3% and SNR and CNR increase of 7.9 and
10.8%, respectively. More importantly, qualita-
tive assessment of diagnostic image quality did
not differ between patients scanned with 100 and
with 120 kV tube voltage and was associated
with 53% reduction in radiation dose when
compared with the conventional 120 kV scan
protocol. However, the authors applied the
100 kV scan protocol in patients with a signifi-
cantly lower body weight.

Hausleiter et al. [29] in the Protection II
study, compared image quality and radiation
dose using a 100 kVp tube voltage scan protocol
compared with standard 120 kVp for MDCT-
CA in over weighted but not obese individuals.
They found similar mean image quality scores
(3.30 versus 3.28, respectively), similar none-
valuable coronary artery segments (15.3 versus
16.2%, respectively), and relative 31% reduction
in estimated radiation dose for the 100 kVp scan
protocol. On the basis of these preliminary
results, the 100 kV scan technique is recom-
mended for slim patients and advocates the
introduction of a dedicated reconstruction algo-
rithm that would reduce image noise and con-
sequently improve SNR and CNR.

5.5.3 Prospective ECG-Triggering

The introduction of prospective gating subse-
quently represented a crucial step in the strategy
of dose reduction in MDCT. The first experience

regarding the feasibility of prospective ECG
triggering in MDCT-CA was published in 2007
by Husmann et al. [23]. In 41 consecutive
patients, they found 95% of segments rated as
valuable, with 54.6% of coronary segments rated
to have excellent image quality. Non-diagnostic
image quality was caused by severe coronary
motion or stair-step artefacts due to slice mis-
alignment. The most relevant impact of coronary
artery image quality was determined by patient
HR, resulting in only 1.1% of nondiagnostic
coronary segments in patients with HR\63 bpm
compared with 14.8% in patients with HR
[63 bpm. Overall ED was 2.1 mSv. Similarly
Herzog et al. [30] found a feasibility of 96%, and
patient-based analysis revealed sensitivity,
specificity, positive predictive value (PPV), and
negative predictive value (NPV) of 100, 83.3,
90, and 100%, respectively, using prospective
ECG triggering, with a mean ED of 2.1 mSv.
Both studies used 100 kVp in patients with BMI
\25 and the smallest window at only one dis-
tinct end-diastolic phase of the RR cycle (usu-
ally 75% of cardiac cycle) due to the very low
HR at the moment of scan. Notably, mean BMI
is usually higher in patients with suspicion of
CAD, and a low HR or low HR variability,
which are mandatory for the use of prospective
ECG triggering with the shortest padding dura-
tion, remains a challenge in clinical practice.
Maruyama et al. [24] showed similar feasibility,
sensitivity, specificity, and accuracy between
prospective and retrospective ECG triggering
with 64-slice MDCT in a patient-based analysis
(86, 100, 92, and 95% versus 85, 96, 94, and
95%, respectively), with a reduction of ED by
79% (4.3 versus 21.1 mSv, respectively). The
ED of prospective ECG triggering in their study
was higher than that in the previous reports [23,
30]. HR variability of patients in their study was
more remarkable than that in the previous
reports, and average padding time of 30.4 ms
was added according to the grades of HR vari-
ability to determine an optimal time period
during the diastolic phase in patients with HR
variations during which to minimize the stair-
step artifacts. This resulted in an increase in dose
exposure.
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Pontone et al. [25] compared accuracy and
ED of prospective versus retrospective ECG
triggering in a randomized study. They found a
mildly lower feasibility (96 versus 97%,
p \ 0.01) and accuracy in a segment-based
analysis (91 versus 94%, p \ 0.01) and similar
accuracy in a patient-based model (98 versus
98%). A 72% reduction (from 20.5 to 5.7 mSv)
of ED was observed with prospective ECG
triggering. Moreover, when the shortest padding
was used, ED was further reduced to an average
dose as low as 3.8 mSv. As in the study by
Maruyama et al. [24], radiation dose was slightly
higher than that reported in published data,
likely because individual adaptation of effective
tube current and kilovoltage was not used and
because only 4% of the population was studied
with the shortest padding. LaBounty et al. [31]
showed a positive linear relationship between
padding duration and radiation exposure (-43%
per 100 ms padding decrease) without differ-
ences in per-patient or per-artery image inter-
pretability between groups stratified by padding
duration. Although theoretically having fewer
phases available might have resulted in lower
diagnostic interpretability, this is mainly true
when padding 200 is used, because 40–80% of
cardiac phases are available. Conversely, when
padding 100 is used, only two cardiac phases (70
and 80%) are available, with a limited influence
on number of artefacts and, therefore, on overall
feasibility [21].

The performance of prospective ECG-trig-
gering was tested in a multicenter study design
in the Protection III study [32], where 400
patients with low and stable HRs were ran-
domized to either an axial or a helical coronary
CTA scan protocol with a primary end-point of
non inferior image quality when compared with
the axial scan protocol and a second endpoint of
lower radiation dose. The mean image quality
score was 3.36 in the cohort scanned with pro-
spective ECG-triggered axial acquisition and
3.37 in patients scanned with retrospective ECG-
gated helical acquisition. Nondiagnostic coro-
nary CTA studies were observed in 13.0 and
11.5% of axial and helical scans, respectively.
Mean ED was significantly lower for the axial

(3.5 mSv) than for the helical (11.2 mSv) scan
protocol, corresponding to a 69% reduction in
estimated ED for the axial scan protocol. In a
subgroup analysis of patients scanned with a
100 kVp protocol, ED was reduced by 72% for
axial versus helical scanning (2.2 versus
7.9 mSv).

5.5.4 Dual Source Computed
Tomography

In the previous section we discussed the role of
prospective ECG-triggering in the reduction of
ED. Although prospective ECG triggering is a
robust tool for reducing radiation exposure, low
and stable HRs are mandatory to reach good
image quality and therefore diagnostic accuracy.
In high-HR settings, DSCT seems to provide
better ED reduction. Fang et al. [33] found a
similar percentage of evaluable coronary artery
segments regardless the HR using a DSCT with
retrospective ECG triggering, providing a lower
ED at higher HR in comparison with ED of
patients with a low HR. Indeed, because pitch
increases with HR increase, it decreases scan
time and therefore ED. This means that the
benefits of DSCT are partially neglected in
patients with a low HR but seem impressive at a
higher HR.

A second advantage of DSCT is that the
combination of these scanners and prospective
ECG triggering, due to the higher temporal
resolution versus single-source MDCT, seems to
better tolerate HR increase and variability
despite the use of axial scanning. This is a crit-
ical issue because, as previously described, HR
[65 bpm precludes implementation of pro-
spective scanning because only a narrow, pre-
defined reconstruction interval is available with
this technique. Stolzmann et al. [34] showed no
significant difference in the rate of nonassessable
coronary segments between DSCT with pro-
spective (1.6%) and retrospective (1.4%) ECG
triggering. However, mean effective radiation
dose of prospective ECG-gated MDCT was
significantly smaller than that of retrospective
ECG-gated MDCT (2.2 versus 8.1 mSv). Of
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note in almost all studies with DSCT and pro-
spective ECG triggering, the HR identified as
exclusion threshold was higher (up to
70–75 bpm) in comparison with previous studies
with single-source MDCT and prospective ECG
triggering.

5.5.5 256- and 320-MDCT Scanner

The development of wide-area coverage MDCT
is an alternative to DSCT to overcome 64-slice
single-source scanners. Mori et al. [17] showed
effective doses for male and female phantoms
were similar, with mean values of 14.1 mSv for
the 256-slice MDCT in nonspiral, whole-organ
imaging, 22.7 mSv for the 16-slice MDCT, and
27.8 mSv for the 64-slice MDCT, both with
retrospective ECG triggering and without a
dose-modulation approach. ED with the 256-
slice scanner was approximately 38 and 49%
less, respectively, than for the 16- and 64-slice
scanners.

Rybicki et al. [18] found a lower dose in
patients studied with 326-slice and prospective
ECG triggering versus 326-slice and retrospec-
tive ECG triggering (6.7 versus 12.6 mSv)
modalities, with similar imaging quality. As
multiple cycles are needed to depict coronary
arteries when helical scanning is employed,
wide-coverage scanners have advantage in terms
of continuity of coronary artery images. The
inferior anatomic coverage of 64-slice scanners
compared with these systems leads to increases
in scan times, contrast-medium dose, and image
artefacts in proximal segments of coronary
arteries. Covering the entire heart with two to
three acquisitions using 256- or 320-slice
MDCT, only one or two transition zones
between axial acquisition slabs are present
compared with the two to four zones using 64-
slice MDCT, thus reducing the potential for
stair-step artefacts. Therefore, this system
potentially enables prospective scanning beyond
these thresholds and thus the possibility that
more patients could have been included in the
prospective group. In patients with a HR
[65 bpm, radiation dose was significantly

greater with the 320-slice than with the 64-slice
scanner (8.7 versus 5.8 mSv). This occurs when
HR increases to [65 bpm/min, as the scanner
automatically changes from single- to multi
segment reconstruction, capturing the heart in
two beats and thus doubling the ED [18].

Similarly, Dewey et al. [35] showed in 30
patients studied with 320-slice MDCT-CA sen-
sitivity and specificity of 100 and 94%, respec-
tively, in a patient-based analysis and 89 and
96%, respectively, in a vessel-based analysis.
NPV on the per-segment, per-vessel, and per-
patient levels were 99, 98, and 100%, respec-
tively. Mean ED was 4 mSv. As in previous
reports, radiation exposure reduction was great-
est in patients with HRs \65 bpm, whereas ED
was significantly higher in those with higher
HRs because of the need to acquiring data over
multiple cardiac cycles to increase temporal
resolution.

5.5.6 Adaptive Statistical Iterative
Reconstruction Algorithm (ASIR)

Until 2008, regardless of the scanner used,
application of low tube voltage and current in a
large population remained a challenge. Since the
introduction of adaptive or—more recently—
hybrid iterative reconstruction algorithms, more
patients could have been included in low tube
current and voltage studies, in comparison with
only 4% of patients studied with 100 kVp in the
Protection I study [27]. The Estimated Radiation
Dose Reduction using Adaptive Statistical Iter-
ative Reconstruction in Coronary CT Angiog-
raphy (ERASIR) study [20] shows that
examinations performed using ASIR had lower
median tube parameter settings than those
obtained using FBP (2.3 versus 4.1 mSv), with a
44% reduction in median radiation dose without
differences between FBP and ASIR for inter-
pretability per coronary artery (98.5 versus
99.3%) or per patient (96.1 versus 97.1%). One
further advantage of low tube voltage is the
possibility of reducing the total amount of con-
trast agent due to the increased contrast attenu-
ation associated with low tube voltage. Of note,
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very low tube voltage may increase blooming
artefacts from coronary calcifications and
metallic stents. Therefore, further studies are
needed to evaluate the effect of these algorithms
on calcifications and coronary stents.

5.5.7 Meta-Analysis

Several meta-analyses have been published
regarding the balance between ED reduction and
accuracy. Pontone et al. [2] show that overall
accuracy was 95% and mean ED was 10.4 mSv.
The old-generation scanners showed the lowest
feasibility compared with more recent technol-
ogy. Similarly, 64-slice scanners with prospec-
tive ECG triggering showed a lower feasibility
versus DSCT with retrospective ECG triggering
and 320-slice scanners. The 4- and 40-slice
scanners showed the worst diagnostic accuracy
versus all other technologies, whereas 64-slice
scanners with prospective ECG triggering
showed lower diagnostic accuracy than DSCT,
regardless of the ECG gating protocol used.
However, no difference was found in terms of
diagnostic performance between 64-slice MDCT
with prospective ECG triggering versus DSCT
or 320-slice scanners when a low HR was
reached. ED below the safety threshold of
10 mSv, as recommended by the American
Heart Association, was achieved by old-gener-
ation scanners including 4- and 40-slice scanners
(8.6 mSv), 64-slice scanners with prospective
ECG gating (4.6 mSv), DSCT with retrospective
(10 mSv) and prospective (2.5 mSv) ECG gat-
ing, and 320-slice scanners (4.2 mSv). In the
multivariate analysis, DSCT, low tube voltage,
and prospective ECG triggering provided a
reduction of 35, 43, and 84% in ED, respec-
tively. In their meta-analysis, according to pre-
determined selection criteria, no studies using
64-slice MDCT without modulation dose were
available, and therefore, no inference concerning
ED reduction of this system could be drawn.
Moreover, at the time of the meta-analysis, no
study using ASIR or Flash Spiral imaging
meeting the predetermined inclusion criteria was
available. Another, more recent, meta-analysis

[36] showed that tube modulation, low tube
voltage, and prospective ECG triggering are the
most robust techniques to attain ED reduction,
producing an ED decrease by 20 and 50%
depending on HR, 33–48% and 66–73%,
respectively.

Finally, in view of the multiplicity of avail-
able techniques, the experience of radiologist
and/or cardiologist seems to play a crucial role.
Raff et al. [37] tested the effect of a collaborative
ED reduction educational program in clinical
practice. In a total of 4,863 consecutive patients
undergoing MDCT, they compared overall ED
and image quality of coronary arteries between
the control and follow-up periods after focusing
on minimizing scan range, reducing HR using
beta-blockade, ECG-gated tube-current modu-
lation dose, and reduced tube voltage. The esti-
mated mean ED was reduced by 53.3%, from 21
to 10 mSv, without significant changes in image
quality. Of note, the greatest reduction in dose
occurred at low-volume sites (\30 MDCT-CA
performed each month). Similarly Labounty
et al. [38] evaluated 80 consecutive patients
from three sites. All sites initially used non-
standardized protocols; two sites then initiated a
standardized protocol, and one site continued its
nonstandardized protocol as a time-overlapping
control. There were no statistically significant
differences between protocols in sensitivity,
specificity, or accuracy on a per-patient, per-
artery, or per-segment level with ED reduced by
65% (from 5.7 to 2.0 mSv), thus reassuring
practicing physicians that radiation-dose
decrease by a standardized protocol permits
retention of high diagnostic accuracy for MDCT.

5.6 Patient Preparation
and Contrast Agent Protocol

Despite this point is beyond the aim of this
chapter, a brief summary regarding patient
preparation and scan protocol is mandatory.
Because of the limited temporal resolution of
MDCT, low heart rates are desirable to avoid
motion artifacts. Indeed, even though heart rate
lowering depends on the temporal resolution of
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the scanner used, a target HR\65 bpm is always
desirable. This aim is achieved through oral
administration of b-blockade 60-90 minutes
before the scan or intravenous administration,
immediately before the scan or both. Besides, as
the use of nitroglycerin has been shown to
improve image quality, the administration of
sublingual nitrates immediately before the scan
to achieve maximum coronary vasodilatation is
usually suggested.

Concerning the contrast agent injection pro-
tocol, two different approaches are possible: a)
bolus tracking protocol in which the patient
received a high-concentration volume (ranging
between 60-90 mL) of low-osmolar and non-
ionic contrast medium at a high rate infusion
(5-6 mL/sec), followed by saline solution. In this
protocol the scan begins when a pre-defined
contrast attenuation threshold in a region of
interest (generally left atrium or ascending aorta)
is reached; b) test bolus protocol in which a low
amount of contrast agent is injected followed by

saline solution to calculate the time to peak in
the region of interest. Even though the bolus
tracking is faster and more reliable, the ‘‘test
bolus’’ allows a more precise scan delay.

Figure 5.6 shows a practical work-up to
choose the best protocol and scanner based on
the patient’s characteristics, according to the
ALARA principle. The first mandatory condi-
tion is that the patient is in sinus rhythm. The
second step is to evaluate the HR of the patients.
If there is no contraindication, we suggest to
treat all patients with HR C 65 bpm and without
contraindications to B-bockades using with
metoprolol intravenously administered, with a
titration dose up to 15 mg to achieve a target HR
B 65 bpm. After 5 minutes a new HR evaluation
is performed choosing the scanner and the type
of ECG-triggering as shown in Figure 5.6. The
effective doses reported in the figure are esti-
mated considering the use of 100 kVp tube
voltage in patients with BMI\30 and 120 kVp
tube voltage in patients with BMI C 30.

Fig. 5.6 Work-up decision making for the choice of
protocol and scanner most appropriate to obtain the best
compromise between accuracy and diagnostic radiation
exposure. The effective doses reported are estimated

considering the use of 100 kVp tube voltage in patients
with BMI\30 and 120 kVp tube voltage in patients with
BMI C 30. ED effective radiation dose, HR heart rate
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5.7 Conclusions

Diagnostic value of MDCT-CA in CAD has
improved significantly with technological
developments in MDCT techniques, leading to
increased application of MDCT in cardiac
imaging. Because radiation exposure with car-
diac MDCT is high, it is essential to use radia-
tion-dose-reduction strategies whenever
possible. With the latest MDCT scanners
achieving high diagnostic accuracy, radiation-
dose reduction has become a major concern to
clinicians and manufacturers. Furthermore,
awareness among clinicians to reduce radiation
doses because of the risks associated with radi-
ation has increased.

To this end, careful selection of scanning
protocols is needed to keep radiation exposure as
low as reasonably achievable while producing
high-quality images. Thus, MDCT-CA should
be performed using new dose-saving scanning
techniques, such as ECG-controlled dose mod-
ulation, BMI-adapted scanning protocols, pro-
spective ECG gating, ASIR, and fast scanners
such as dual-source MDCT, 320-slice scanners
or Flash Spiral MDCT. Of note, use of these
techniques is possible without impairing imag-
ing feasibility and diagnostic accuracy. Future
research should focus on newer patient- and
technology-based methods to achieve the maxi-
mal radiation-dose reduction while maintaining
diagnostic image quality.
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