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Abstract

CT Angiography (CTA) is now able to provide
excellent vascular diagnosis on almost all vessels
larger than 1 or 2 mm, including the coronary arteries.
The radiation dose from such examinations is of
concern because it may be as high as 30 mSv for
cardiac CTA (CCTA). Strategies for optimising the
radiation dose from CTA and CCTA are various and
include the recent developments of new technologies,
new software solutions, prospective ECG triggering,
strict control of the heart rate, low-tube potential, tube
current modulation, adaptive shielding and organ
protection device. Effective dose is widely quoted in
the literature but the methods used in its calculation are
often inadequately documented, and poorly under-
stood. The most common method used to calculate
effective dose involves the multiplication of dose
length product (DLP) by a conversion factor. How-
ever, if a different conversion factor is used this can
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lead to dramatic differences in the effective dose that is
presented. The most common conversion factors used
are the ‘‘chest’’ CT conversion factors published by the
European Commission (0.014 or 0.017). However,
these conversion factors do not take into account the
2007 changes in the ICRP tissue weighting factors and
underestimate effective dose. Scanner-specific con-
version factors have been calculated but are rarely
used in the published literature. Here we discuss the
factors required to select an appropriate conversion
factor in CCTA and the importance of quoting dose
length product, conversion factor and effective dose.

Abbreviations

ASIR Adaptative statistical iterative
reconstruction

AEC Automatic exposure
control

BMI Body mass index
CNR Contrast-to-noise ratio
CCTA Cardiac CT angiography
CTA CT angiography
CTDI Computed tomography dose

index
CTDIvol CTDI volume
CTDIw Weighted CTDI
DE-DS CT Dual-energy-dual-source CT
DLP Dose length product
DSA Digital subtraction

angiography
EVAR Endovascular aneurysm repair
FBP Filtered back projection
MDCT Multi-detector row CT
PAOD Peripheral aortic occlusive

disease
SNR Signal-to-noise ratio
1 mm-CT Image of the abdomen and pelvis

1 Cardiac CT Angiography

1.1 CCTA in Adults

1.1.1 Introduction
Cardiac CT has acquired the reputation of being a
technique involving high radiation doses, particularly

following reports of a somewhat disturbing nature
(Einstein et al. 2007). With a first-generation 64-slice
scanner, the radiation dose is actually between 20 and
30 millisieverts (mSv), depending on the scanner
specification and, above all, the usual practices of the
technicians (Hausleiter et al. 2009; Huda et al. 2011).
The long-term risk of cancer induced by X-rays varies
according to the age and sex, and is considered to
amount to substantial levels in women under the age
of 40 (Einstein et al. 2007). This issue therefore
attracts attention and consequently detracts from the
non-invasive nature of cardiac CT. If the mean
radiation dose is considered to be 15 mSv, this looks
to be 2–3 times higher than exposure during coronary
angiography but is nevertheless much lower than the
fatal risk of the catheterism and than the radiation risk
from a thallium scan (30 mSv). In addition, the risk
from cardiac CT angiography (CCTA) needs to be put
in perspective, by pointing out that it is extrapolated
from high level radiation received by atomic bomb
survivors, a whole-body exposure that was of a very
different nature than that of targeted exposure during
medical imaging. The basics of the linear no-thresh-
old model for carcinogenesis and of the DNA double-
strand breaks induced by X-rays at low-doses is
detailed in Chap. 3 by Chadwick and Leenhouts.

A critical review of the linear no-threshold model
(LNT) of carcinogenesis has been addressed by the
French Academy of Medicine, as it probably overesti-
mates the true risk. It is worth remembering that no
cases of cancer have been definitively attributable to
date to diagnostic use of computed tomography
(Tubiana 2005). In addition, numerous researches and
arguments exist against the linear no-threshold model
and even in favour of a protective effect of low-level
radiation known as hormesis. These arguments are
addressed in Chap. 3 by Cohen. As there is no definite
proof of the superiority of one theory on the other
(LNT versus hormesis), according to the precautionary
principle, radioprotection in the field of medical diag-
noses has to be conservative and reduce the radiation
level as low as reasonably achievable (ALARA).

Radiation protection has become the leading
objective of new developments in CT, and these have
been of particular importance for CCTA in the past
5 years. The dose of a CCTA delivered by a
64-detector-row scanner ranged between 8 and 30 mSv
and could since be reduced to less than 1 mSv in adults
by prospective scanning (Hausleiter et al. 2009), tube
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potential adaptations, heart rate control and denoising
reconstructions (iterative) algorithms. The first part of
this chapter will describe the main techniques for
reducing the dose during cardiac CT in adults and
children with congenital heart disease.

1.1.2 Acquisition in Helical Retrospective
Mode

All cardiac CT scanners need to be synchronised with
the ECG signal so as to target image acquisition to the
different phases of the cardiac cycle, avoiding motion
artefacts as much as possible by selecting the phase
during which the heart is immobile (Fig. 1). Helical
retrospective acquisition involves delivering X-rays
throughout the cardiac cycle, whereas the only used
the information is that obtained during the phase in
which the heart is not moving, usually the diastolic

phase. Retrospective acquisition has been the first
mode used by MDCT for CCTA on the earliest
scanners, four and sixteen detector-row scanners. This
mode is associated with the highest radiation dose
(Hausleiter et al. 2009). Two main reasons explain the
high dose level of CCTA in helical retrospective
mode: a low pitch and a continuous radiation expo-
sure, resulting in a long duration of X-ray delivery.

1.1.2.1 Low Pitch

Pitch is defined as the ratio of table feed to detector
width. In non-cardiac helical CT, pitch is usually
around 1:1. Retrospective cardiac CT generally uses a
very low pitch of 0.2 because one needs to acquire
sufficient data for each phase of the cardiac cycle.
Radiation is delivered at each point in the cardiac
cycle so that there are no missing data for an

Fig. 1 Graphic representation of various acquisition modes in
ECG-triggered Cardiac CTA. a In retrospective mode, exposure
time is continuous (green area) responsible for high radiation
dose. b In sequential prospective mode, exposure time in

shorter (green ? blue ? yellow ? orange areas), responsible
for substantially lower radiation dose. c Exposition time is even
lower in Flash mode (red area), due to one beat acquisition
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anatomical region at a given cycle time. The very
slow table feed results in a prolonged exposure time
and thus a higher radiation dose. It is important to
point out that on some scanners, pitch may vary
according to heart rate (increasing at high heart rates)
and the radiation dose then decreases in proportion to
the increase in pitch (Paul and Abada 2007).

1.1.2.2 Continuous Acquisition

Uninterrupted, continuous acquisition is the second
main reason for the high radiation dose delivered in the
retrospective acquisition mode: X-rays are delivered
throughout the cardiac cycle whereas the image is
reconstructed solely from the phase in which the
coronary arteries are fixed, usually in mid-diastole at 60
beat per minute (BPM) cardiac rhythm, or also in end-
systole at higher cardiac rhythms (Adler et al. 2010).
In the continuous acquisition mode, the useful radiation
that is the one used in reconstruction of the CCTA
image represents approximately 20% of the total
delivered radiation dose only (Paul and Abada 2007).

1.1.2.3 Dose Reduction in the Retrospective

Mode: Tube Current Modulation

The main tool for reducing the dose in CCTA in
retrospective acquisition mode is to modulate the tube
current–time product (expressed in mAs) during the
systolic phase, based on the ECG since this phase
does not provide diagnostic CCTA images because of
its motion artefacts. In practice, if the heart rate is low
[\65 beats per minute (BPM)] and regular, the opti-
mum phase is likely to be the mid-diastolic phase,
usually at 70–75% of the R–R interval. Thus, the
maximum tube current can be restricted to this part of
the cycle time and centred at 70–75% of the R–R
interval. If the heart rate is higher, the most likely best
phase for reconstruction is the end-systolic phase,
usually at 40% of the R–R interval (Adler et al. 2010).
The maximum tube current period is then prolonged
from 40 to 75% of the cardiac cycle, reducing con-
sequently the period of down-modulation of the tube
current. The increase in the duration of high tube
current at high heart rates not only provides images at
both end-systole and end-diastole, but does also
increase radiation dose to the patient. It is thus
important to optimise the radiation dose by control-
ling and reducing the heart rate using beta-blockers, a
safe procedure if taking into account the recommen-
dations, contraindications (COPD patients) and drug

interactions (Torres et al. 2011). The magnitude of
dose reduction using ECG-current modulation may
vary upon manufacturers. Generally, low-dose phase
current is set at 20% of the nominal tube current. Use
of ECG-guided mAs modulation with 80% nominal
tube current reduction allows a global dose reduction
of up to 50% in helical retrospective mode. One of
the scanner vendors enables reducing the tube current
to 4% of its nominal value, enabling an overall
dose reduction by the tube current modulation up to
65% (MinDose—Siemens, Forchheim, Germany)
(Pflederer et al. 2010). A drawback of tube current
modulation in the R–R interval is the occurrence of
arrhythmia because there is a risk that the recon-
struction zones differ from one heart cycle to the
other, with subsequent motion artefacts. Manual
corrections of the reconstruction zones in the R–R
interval enable to reduce such artefacts but these are
limited to the high exposure period (Cademartiri et al.
2006). Since 2009, all CT manufacturers have pro-
vided automatic detection of arrhythmia and imme-
diate prolonged high exposure by disabling the tube
current modulation following the arrhythmia. This
dose-saving method is effective and would appear to
be usable in over 80% of retrospective ECG-triggered
CCTA (Paul and Abada 2007).

1.1.3 Acquisition in Prospective Mode
Prospective CCTA acquisition mode refers to a mode
in which the acquisition is triggered by the ECG
signal. The user selects the phase to acquire the
images (usually diastole). The related X-ray delivery
time is short, approximately 20–25% of the cardiac
cycle, and the entire X-ray emission period is used for
image reconstruction. Since the absorbed dose of
radiation is directly proportional to exposure duration,
the dose is reduced by up to 75% as compared to the
retrospective mode while the CCTA image quality is
preserved (Arnoldi et al. 2009; Shuman et al. 2008).

1.1.3.1 Sequential Prospective Mode: Step-and

Shoot-Mode

In sequential prospective mode, also called step-and-
shoot mode, the table is fixed during X-ray emission
and moves to the next position between two emis-
sions. The number of emission needed to cover the
heart that is of approximately 12 cm in height
depends on the X-ray beam width. Typically,
a 64 9 0.6 mm detector array has a width of 40 mm.
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The heart may be entirely visualised in three or in
four acquisitions. It is to note that with the ICT
scanner from Philips, the array has a width of 8 cm
(128 9 0.6 mm). With this scanner, the Step-and-
Shoot mode can be achieved in two acquisitions.
Moreover, using the ‘‘Aquilion One’’ scanner from
Toshiba, equipped with a 320 9 0.5 mm detector
array of 16 cm width, the entire heart can be acquired
in one single rotation, and one heart cycle. In the
Step-and-Shoot mode, the emitted radiation is almost
entirely used to create an image and, unlike in the
retrospective mode, there is no radiation wastage.
This mode is characterised by a reduced exposure
time as shown in Fig. 1. Compared to the retrospec-
tive mode, the exposure time and the dose are reduced
by a factor of 4–5 at constant mAs and kVp. Image
quality is identical (Efstathopoulos et al. 2009;
Blankstein et al. 2009) or even slightly better than that
of images provided by the helical retrospective mode
(Earls et al. 2008) there is no raw-data interpolation in
sequential mode, unlike in helical mode. However,
prospective acquisition has one major drawback. It
only allows reconstruction of a single phase of the
cardiac cycle and therefore provides no information
on cardiac dynamics. On the other hand, the ideal
phase for reconstruction without movement artefacts
needs to be predicted. These requirements explain
why the step-and-shoot mode is currently only rec-
ommended on single-source scanners with regular
heart rates lower than 62 bpm (Earls 2009; Buechel
et al. 2011). Using a dual-source scanner (DSCT), the
heart rate threshold of 62 bpm can be adjusted to
70 bpm (Sun et al. 2011), thanks to the improved, in
agreement with our experience. Arrhythmia contra-
indicates the step-and-shoot mode because it is then
impossible to predict the appropriate phase for
reconstruction. Radiation exposure during cardiac
CT in prospective mode varies from 3 to 5 mSv
depending on the study, a dose that is lower on
average than that reported for coronary angiography
(6 mSv) (Blankstein et al. 2009). Prospectively ECG-
triggered CCTA images are acquired during a win-
dow in diastole. Additional surrounding X-ray beam
on time, or padding, is available on some newly
developed scanners, can be variably set and the
increased padding results in additional available
phases for analysis. It is to note that re-radiation dose
is linearly increased with the duration of padding.
LaBounty et al. (2010) investigated the need and

benefit of padding in a prospective multicentre trial.
These authors found that with excellent heart rate
control, the use of minimal padding was associated
with a substantial reduction in radiation dose with
preserved image interpretability.

1.1.3.2 High-Pitch Prospective Helical Mode

One particular prospective method is the new high-
pitch mode (flash), available on DSCT from Siemens
since 2009 and consisting in an ECG-triggered pro-
spective helical mode (Figs. 1, 2). As the entire heart
can be covered within 300 ms, the acquisition is
obtained during one single heart cycle as it is in the
sequential mode with the ‘‘Acquillion One’’ scanner
from Toshiba. An image set of the fixed heart is
obtained during the diastole, provided a controlled
low heart rate of\60 bpm. This latest method would
appear to deliver the least radiation of all, with a
mean radiation dose below 1 mSv (Achenbach et al.
2010), which is much lower than with all other car-
diac imaging techniques using ionising radiation. In a
prospective multicentre study, submillisievert CCTA
could however only be achieved in standard-sized
patients (70–75 kg) with low heart rates (Neefjes
et al. 2011). In our experience, however, it requires
a very slow heart rate (less than 60 bpm), usually

Fig. 2 3D VRT representation of a cardiac acquisition in adult
patient in flash mode with Pitch 3.2. The coronary arteries were
found normal. The tube potential was set at 100 kV and the
resulting DLP was 29 mGy.cm
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obtained after treatment with beta-blockers. Its very
low radiation dose makes it a technique that appears
to be highly suitable for screening of coronary lesions
in patients who have few, if any, symptoms but are at
risk of such lesions.

1.1.4 Adjustment of Tube Parameters

1.1.4.1 Tube Potential and Tube Current–Time

Product

With preserved and constant image quality, it is now
well known that the dose requirements strongly depend
on the patients weight or diameter. As an example,
a difference of 5 cm in diameter between two patients
allows the dose to be reduced by half, without any loss
of image quality. The adequate adjustment of the dose
in relationship to image quality is thus an important
independent factor of radiation dose optimisation of
CCTA. Noise is one of the main factors for the per-
ception of image quality. A comprehensive approach to
all parameters that influence the image and its quality
can be found in ‘‘Image Quality in CT: Challenges and
Perspectives’’ by Toth. The level of acceptable noise
depends on the radiologist’s perception and experience,
and we are lacking of guidelines and reference or rec-
ommendations. Nevertheless, whoever is performing
CCTA examinations is responsible for the adequate
selection of tube parameters as they substantially
influence the radiation dose. Practically, the dose can be
reduced as long as diagnosis is not compromised,
and adapted to the patient’s body size. As for other CT
examinations, default protocols set by the manufac-
turers are not optimised and may be reduced.

1.1.4.2 Tube Current

On most scanners, the tube current is adapted to the
absorption measured from the scout views. Optimisa-
tion of the tube current thus consists on adjusting the
image quality parameter of the scanner. This parameter
is expressed as the ‘‘Quality Reference mAs’’ with
Siemens Scanners and, in mAs on the Philips scanner,
and as noise index on GE and Toshiba scanners.
A comprehensive approach of tube current modulation
and its practical application can be found in
‘‘Automatic Exposure Control in Multidetector-Row
Computed Tomography’’ by Kalra, and in ‘‘ALARA
concept for MDCT Optimization: what is reasonable,
what is achievable?’’ by Tack. As a general rule it is not
recommended to switch the tube current modulation

system off. However, for those who prefer to choose the
tube current by themselves, is it possible to determine
default mAs settings according to the body weight or to
the body mass index. This approach requires, however,
the radiographer to be trained in setting up these mAs
parameters according to the patient’s weight. Adjust-
ment of mAs allows even finer tuning. Optimisation of
mAs is dependent on each individual scanner’s con-
trols. They can be gradually adjusted as technicians
learn from experience (Jung et al. 2003). Adapting
radiation settings according to the patient’s body mass
index (BMI) for coronary CT angiography is relevant
(Tatsugami et al. 2009) but may be not optimal because
thoracic fat distribution may differ in patients with the
same BMI. A pre-contrast image is routinely used to
manage contrast delivery in coronary CT, and the noise
level of this initial image directly reflects individual
X-ray attenuation of the thorax in each patient. It might
help selecting appropriate settings, as investigated on a
standard 64-slice CT (Paul 2011).

1.1.4.3 Tube Potential

The choice of the correct tube potential is more
important for CCTA optimisation than the choice of a
noise index. Judicious adjustment of KV is a very
effective way of reducing the dose, as the radiation
dose is proportional to the square of the kilovoltage.
Acquisition at 100 kVp therefore reduces the dose by
about a third, at equal mAs, compared with 120 kVp
and acquisition at 80 kVp reduces the dose by two-
thirds. 100 kVp is usually sufficient for a patient
weighing less than 70–75 kg or even up to 80–90 kg
if the patient is slim (Sigal-Cinqualbre et al. 2004).
Likewise in our experience, 80 kVp is sufficient for
most patients weighing less than 60 kg (and conse-
quently for children) (Abada et al. 2006). A low
kilovoltage also allows increased contrast attenuation
as a result of a better photoelectric effect. This also
means that it is possible to reduce the iodine delivery
rate needed to obtain good vascular enhancement.
This is of importance in particular in patients with
impaired renal function or those in whom venous
access is difficult (Sigal-Cinqualbre et al. 2004).

1.1.4.4 Breast Shielding and Displacement

According to Foley et al. (2011) the use of a dis-
placement device to avoid direct irradiation of the
breast when scanning the heart has been tested with
and without adjunction of lead strips on the breast
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during CCTA. The largest reduction in breast dose
surface was obtained with both the displacement
device and the lead strip. In addition to the dose
reduction to the breast, if the breast is displaced, the
mAs applied to the heart can be lowered as well,
without impact on image quality or maintained while
there will be an improvement of image quality.

1.1.4.5 Coverage in the z-Axis

Since the radiation dose is directly proportional to the
length of the region exposed to radiation, it is
important to adjust the region to be covered to the
bare essential (Hausleiter et al. 2006). As a first step,
the frontal scout image allows adjustment of the
necessary coverage (from the carina to the base of
heart). On the frontal scout view, however, the base of
the heart may be difficult to locate. This may be
solved by a lateral scout view that is not proposed as
default on Philips and Siemens scanners but is pro-
posed on the GE and Toshiba systems. The lateral
scout view allows a precise location of the inferior
aspect of the heart. This is all the more important in
which acquisition cannot be stopped once it is in
progress with some scanners. It avoids wasted scans
where the base of the heart has been cut off, neces-
sitating redo examinations with further radiation
exposure and consequently an excessive dose overall.
On the other hand, exposure would also be excessive
and futile if the scan was to be continued way beyond
the heart along the upper abdomen. It should also be
pointed out that some very slim patients may have a
verticalised heart. In this case, acquisition may start
below the carina. An alternative method to the lateral
scout view for locating the level of the heart apex is to
perform a low-dose calcium scoring. Adjustment of
the scan length of CCTA using the images from cal-
cium scoring instead of the scout view is feasible and
is associated with a 16% reduction in radiation dose
of dual-source CT coronary angiography as reported
by Leschka et al. (2010).

1.1.5 Iodine Contrast and Dose
Optimisation in CCTA

Limitation of radiation exposure during cardiac CT to
an ALARA level, while preserving good diagnostic
image quality, is mainly dependent on the CT scan-
ner, and on patient’s habitus, with some variations
according to local radiological practices. Moving
heart artefacts are the most determinant of image

quality in CCTA. However, contrast-to-noise ratio
(CNR) optimization is also of great importance
whereas it is somewhat unclear how exactly to opti-
mize it. Contrast level directly influences evaluation
of both the lumen and coronary wall. For example,
insufficient contrast in the coronary lumen may impair
detection of a lesion, and a minimal threshold of
326 Hounsfield units (HU) has been proposed to
improve diagnostic accuracy (Cademartiri et al. 2008).
However, contrast can also be used as a radioprotec-
tion tool. High arterial contrast improves the contrast-
to-noise ratio and consequently allows a rise in the
‘‘acceptable’’ noise level threshold for analysis of the
coronary system. In CT angiography, for a given tube
potential, enhancement is determined by the iodine
delivery rate (expressed in grams of iodine per sec-
ond). The iodine delivery rate is (expressed in mg/s)
equal to the iodine concentration of the contrast agent
(in mg of iodine per ml) multiplied by the flow rate of
the contrast agent (in ml/second). High iodine con-
centrations and fast injection rates are therefore two
levers of vascular enhancement and contrast. If the
injection rate is limited by the state of the patient’s
veins, one can compensate by an increase in iodine
concentration in order to maintain the iodine delivery
rate. As an example, a concentration of 400 mg/ml
allows a reduction of approximately 25% in the
injection rate as compared to 300 mg/ml.

1.1.6 Iterative Reconstructions
Iterative reconstructions have been recently intro-
duced in the CT technology. This new method for
reconstructions of image may substantially reduce
noise in images compared to the filtered back pro-
jections commonly used to create images form raw
data of the CT machines. All main manufacturers
have developed these methods claiming its potential
for dose reduction. A comprehensive review of the
iterative reconstruction techniques and of the related
medical literature can be found in ‘‘Image Noise
Reduction Filters’’ by Singh et al. Iterative recon-
struction technique consists in reducing the image
noise. The potential of such denoising algorithms to
effectively reduce image noise is no more to demon-
strate. However, one should be cautious with its
practical application in clinical settings because noise
is from far not the unique indicator image quality
and image quality is from far not the best warranty
for an accurate diagnosis. Studies with endpoint of
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Table 1 Dose from cardiac CTA in adults, according to technical developpments and optimisation methods

Year of
publication

Publication Study design Acquisition
mode

Tube
potential
vs heart
rate

DLP
(mGy.cm)

E
(mSv)a

Scanner model

2007 Einstein
et al.
(2007)

Monte Carlo
simulations

Retrospective
helical

120 kV NA 20
(6–139)

Siemens 64 b

2009 Hausleiter
et al.
(2009)

Multicentre
observational
study

Retrospective
helical ([90%)

120 kV
([90%)

865
(568–1,259)

12 All
manufacturers
pooled
together

Helical 77%
sequential 23%

120 kV
([96%)

1369
(814–1,644)

19
(11–23)

GE 64

Helical 91%
sequential 9%

120 kV
(100%)

707
(535–913)

10
(7–13)

Philips 64

Helical 100% 120 kV
(100%)

622
(522–1,013)

11
(8–14)

Siemens 64b

Helical 100% 120 kV
(100%)

1, 039
(808–1291)

15
(11–18)

Toshiba 64

2011 Fink C
et al.
(2011a)

Phantom
study
(averages
size—70 kg)

Retrospective
Helical

120 kV 239 5.7 Siemens
definition 64
(single source
AS ? 128)

100 kV 145 3.5

Prospective step
and shoot

120 kV 166 4.0

100 kV 123 3.0

Retrospective
helical

120 kV 523 9.4 Siemens
definition
flasch (dual
source)

100 kV 296 5.3

Prospective step
and shoot

120 kV 120 5.4

100 kV 123 3.8

Prospective
flash (high
pitch)

120 kV 136 2.5

100 kV 74 1.3

Patient study Retrospective
helical

120 kV 554 10.0

100 kV 413 7.5

Prospective step
and shoot

120 kV 412 7.9

100 kV 279 5.5

Prospective
flash (high
pitch)

120 kV 115 2.1

100 kV 70 1.3

2011 Lee et al.
(2011)

Patient study Retrospective Heart
Rate
[65 bpm

NA 22.7 Toshiba
acquillion oneProspective NA 7.3

Retrospective Heart
Rate
\65 bpm

NA 13.6

Prospective NA 5.7

Prospective,
using 16 cm
beam width
(320 9 0.6 mm)

1 beat/
scan

NA 9.4

2 beats/
scan

NA 22.6

3 beats/
scan

NA 31.25

Note a Conversion factor used is 0.014 mSv/mGy.cm. According to our recent review of litterature in part 2 of the present
chapter, this factor is probably underestimated by a factor of 2–2.5
b Single source scanner only
Abreviations E effective dose, DLP dose length product, TCM tube current modulation, MinDose TMC at 6% of nominal
mAs, bpm beats per minute

346 J. F. Paul et al.



diagnostic performance are still needed for validating
denoising algorithms in clinical settings. In our recent
experience of iterative reconstructions in CCTA,
it seems that some degree of iterative reconstruction
may indeed be useful to improve image quality as
compared to filtered back projection at the same
radiation level. Indirectly, iterative reconstruction
may be thus a tool to lower the radiation dose
necessary to achieve the minimal quality level for
diagnosis in the future.

1.1.7 Summary of Radiation Dose Issue
in Adult CCTA

Radiation dose in CCTA strongly depends on the CT
technology and latest technological developments. As
shown in Table 1, a reduction in DLP from 2,000 to
400 mGy cm can be expected between the 64-detector-
row scanners built in 2005 and the actual 2012-scanner
generation by scanning in prospective mode. The sec-
ond most important factor for dose optimisation con-
sists in obtaining the lowest possible heart rate
(preferably below 65 bpm). The third determinant
factor of dose optimisation is the adequate choice of the
tube potential, preferably at 100 kV or even at 80 kV.
The acquisition height will also be considered for
optimisation, either by adding a lateral scout view (with
those scanners that do not require it) or by performing a
low-dose calcium score CT (at 20–30 mGy cm).
Finally, one should consider displacement devices for
the breast, with adjunction of lead shields. Iterative
reconstruction could help obtaining further dose
reductions, but this has still to be confirmed in pro-
spective clinical studies.

1.2 Paediatric Cardiac CTA in Congenital
Heart Disease

For the clinical management of patients with complex
congenital heart disease (CHD), three-dimensional
(3D) accurate evaluation of their morphologic con-
ditions is critical. Three-dimensional imaging should
demonstrate the shape and spatial relationships of the
great arteries, proximal branch pulmonary arteries and
anomalous pulmonary venous or systemic connec-
tions and if possible the proximal anatomy of coro-
nary arteries. The 3D extra-cardiac morphologic
characteristics may determine the choice and nature
of any surgical intervention. Echocardiography is

always the first-line imaging modality for CHD
patients, due to its simplicity, repeatability and
absence of complications. This modality is well
established as very effective at describing intra-car-
diac anatomy, in real-time mode providing exquisite
depiction of cardiac chambers and valves.

In the past ten years, however, multi-detector CT
has been proposed as a complementary tool for 3D
anatomical visualisation in patients with congenital
heart disease. It is increasingly used in many institu-
tions (Gilkeson et al. 2003). MDCT technology,
including most recently dual- source CT, provides a
volumetric acquisition in a short amount of time,
enabling to obtain high quality 3D vascular imaging
in neonates. The very short acquisition time of MDCT
CCTA has drastically reduced the respiratory arte-
facts. Cardiac motion may be at least partially
resolved by ECG triggering even in babies with very
high heart rates. In our paediatric cardiac surgical
centre, specialising in CHD, MDCT has become an
important complementary imaging technique to US
for pre- or post-operative management of children.

1.2.1 Non-ECG-Gated Acquisitions
Images of extra-cardiac structures are less sensitive to
cardiac motion than the heart itself. ECG-gating may
thus be unnecessary for diagnostic purposes, when the
clinical question involves extra-cardiac anatomy while
in practice, intra-cardiac anatomy is provided by US.
Respiratory artefacts are potentially responsible for the
most substantial artefacts, that are much more impor-
tant that those due to cardiac motion. Generally
non-ECG-gated acquisitions are acquired faster than
ECG-gated acquisitions, thus they might be preferred
as the first choice techniques in neonates with CHD.
However, new CT scanners with large detector arrays
provide very fast ECG-gated acquisitions (ICT 256,
Philips, and Acquillion One, Tosgiba).

1.2.2 ECG-Gated Acquisitions
When precise visualisation of the coronary artery tree is
required, an ECG-gated acquisition may be attempted
to improve coronary artery delineation and image
quality (Tsai et al. 2007). It is to note that the heart rates
in babies are as high as 120 bpm or above. In our
experience, CCTA in babies is achievable using MDCT
with at least 64-detector-rows, and a temporal resolu-
tion of maximum 165 ms. Previous MDCT scanners
anterior to 2005 could not reach this performance.
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1.2.3 Protocols with DSCT
Thanks to improved temporal resolution \100 ms,
DSCT has made coronary imaging possible in babies
on a routine basis, preferably in the systolic phase
because of the high heart rate. This improvement has
important clinical implications since CCTA can
replace angiography in babies with Tetralogy of Fallot,
provide high quality images and reliable 3D depiction
of coronary artery course, and can rule out possible
coronary anomalies before surgery (Vastel-Amzallag
et al. 2011).

1.2.3.1 Retrospective Spiral ECG-Gated Mode

Retrospective gating has been shown to significantly
improve coronary visualisation in CHD babies. In a
previous full CHD anatomy evaluation strategy, a
combination of two acquisitions has been shown to be
effective (spiral thoracic scan and ECG-gated cardiac
scan) (Ben Saad et al. 2009). The mean radiation dose
was 1.8 mSv for both acquisitions, and contrast
medium re-injection was required.

1.2.3.2 Prospective Gating Step-and-Shoot

Most studies using prospective gating were conducted
successfully in adult patients with stable heart rate,
\65 or 70 beats per min. When the heart rate
increases beyond this threshold, the diastolic low
motion temporal window decreases, with a substantial
risk of fuzzy images of the heart. Diastolic acquisition
is thus not adapted to high rates that are found in
babies, especially in CHD children. Beta-blockers
may be insufficient or dangerous in children with
CHD. On the other hand, ECG-prospective thoracic
DSCT acquisition with systolic acquisition provides
excellent thoracic and coronary image quality in
babies and infants with CHD, without limitation of
cardiac rhythm (Paul et al. 2011). Using the latest
version of DSCT with a 4-cm detector, we now scan
CHD babies using prospective step-and-shoot mode at
end-systole on a routine basis. Prospective step-and-
shoot mode with DSCT is appearing to be an inter-
esting alternative to spiral acquisition modes, and
may be recommended as a ‘‘one-stop-shop’’ acquisi-
tion. The radiation dose is very low (0.26 mSv) using
appropriate settings: 80 kVp and 10 mAs/kg up to
6 kg (Fig. 3). This new strategy of acquisition allows
a radiation dose reduction of 85% as compared to a
previously used two-phase low-dose protocol from
our institution when coronary evaluation was

required, making CT safer for these very young
children (Ben Saad et al. 2009; Paul et al. 2011). Of
note, this prospective ECG-gated protocol is associ-
ated with lower radiation dose than those associated
with a single spiral thorax CT (0.5 mSv).

Acquisition in prospective mode may be slower
than in spiral mode, depending on the number of
shoots needed to cover the thorax of a baby. With a
4-cm large detector, only two shots are required to scan
the entire thorax of a baby, with a mean acquisition time
of 1.3 s. Four X-ray shoots are required using a 2-cm
large detector used in the first version of DSCT,
responsible for longer acquisition time. Using 2-cm
large detector, images acquired in a step-and-shoot
mode were also more sensitive to respiratory motion.

Overall, we found that prospective ECG-gated
DSCT with end-systolic reconstruction provides good
or excellent images of the thorax and coronary
arteries in neonates, infants and young children with
CHD (Fig. 4). Prospective acquisition at end-systolic
phase thus appears to be an efficient alternative to
spiral acquisition modes, as it reliably visualises the
coronary arteries and thoracic structures for a com-
prehensive anatomical evaluation.

Fig. 3 3D-VRT posterior view of a complex malformation of
the pulmonary venous drainage into the hepatic and portal veins
in a 4.6 kg baby (total infra-diaphragmatic pulmonary venous
return). The acquisition is ECG-triggered using sequential
mode, at end-systole. The tube potential is set at 80 kV, with 46
mAs. The resulting DLP was 6 mGy.cm
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1.2.3.3 Flash Spiral Mode

This mode is designed to scan patients using a high-
pitch acquisition (pitch value, 3), thanks to a combi-
nation of two helical acquisitions, each provided by
one of the two tubes. This technique appears suitable
to restless babies, due to very low total acquisition
time of about 150 ms only for scanning eight centi-
metres in length.

1.2.3.4 Dose Consideration in Children: New

70 kVp Setting

In our centre, we aimed to apply the ALARA prin-
ciple as far as possible in neonates and babies with
CHD, with the following rules:
1. Systematic use of 80 kV settings (Paul et al. 2004).
2. Adaptation of the mAs to the child’s weight.
3. Only one-phase acquisition whenever possible.

Using 80 kV, we use 10 effective mAs per kg of
weight up to 6 kg.

These settings are sufficient for good quality images,
as far as the mAs is adjusted according to the child’s
weight.

We choose to link the tube current to the babie’s
weight. However recent studies recommend to use the
body circumference instead of the body weight for
fine tube current adaptation (Reid et al. 2010). Using
weight-adapted protocol, radiation exposure is esti-
mated to less than 0.5 mSv for a neonate. Half mSv is
equivalent to the dose delivered by natural radiation
over a 3-month period. Radiation dose due to CT
acquisition is less than the radiation dose delivered
during conventional angiography (Paul et al. 2010).

For further optimisation of CCTA in children,
some manufacturers propose since 2011 new tube
potential settings at 70 kV. This new setting is under
early evaluation, and it seems to provide adequate
images in our first experience in newborns and small
children. It is likely to be used in a majority of
newborns and could favour further decrease in radi-
ation dose if confirmed in prospective clinical studies.

Anatomical data acquired from CT may be judi-
ciously used to limit the number of views acquired
with angiography and sometimes replace conven-
tional angiography (Vastel-Amzallag et al. 2011; Lee
et al. 2006). CT may therefore be advantageous in
reducing global radiation exposure in CHD patients.

The other advantage of 70 or 80 kVp settings is the
potential to reduce the amount of contrast medium
required, because attenuation of iodine is more
important (iodine has a high atomic number) at lower
kVp settings.

1.2.4 Contrast Issues in Children with CHD
Contrast medium dose injection must be adapted to
the baby’s weight. At our institution, we currently use
2 cc per kg of Iopromide (Ultravist, Bayer-Schering
Pharmceuticals, Berlin, Germany) at 300 mg/ml of
concentration. We did not face any serious adverse
reactions over a 10-year period with more than 1,500
contrast-enhanced examinations.

Peripheral venous access is achieved if possible in
the paediatric unit. Right arm injection is preferable to
avoid possible streaky artefacts on the innominate left
brachio-cephalic vein. In some cases, venous connec-
tions are congenitally different or surgically modified.
This information, when available, is important prior to
scanning as it may change the scan injection protocol.
Venous visualisation may be realised at first pass,
or sometimes later, at the time of venous return. The
optimal injection protocol depends on each particular
venous anatomy. Catheter permeability is checked

Fig. 4 CCTA in a 7-year-old infant with anomalous left
coronary artery from pulmonary artery (ALCAPA). Acquisition
is achieved in sequential mode with ECG-triggering, at systolic
phase to visualise coronary arteries despite high heart rate. The
tube potential is set at 80 kV, with 90 mAs. The resulting DLP
was 22 mGy.cm
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before injection. It is essential to avoid any air injection
during the scan procedure. All bubbles should be
removed when connecting the catheter to the power
injector. Because many patients with CHD have a right-
to-left shunt, air injection through venous access could
cause air systemic embolism, with possible fatal con-
sequences. Extravasation of contrast medium may
occur, with an incidence of 1–2% in our centre. These
rare complications were treated immediately without
any consequence. The main challenge raised by CT in
babies lies in the unfavourable contrast dynamics
related to patient age and in some cases to impaired
flow, which may lead to imaging failure.

Our contrast-related failure rate is about 10%. Ima-
ging failure requires re-imaging and therefore increases
the radiation dose and contrast agent dose. Extensive
training and experience helps to overcome the difficul-
ties raised by unfavourable contrast dynamics.

1.2.5 Sedation
General anaesthesia is the exception in our experience
(three cases in 10 years). In neonates we do not use
any sedative drugs: some honey on a pacifier may
help. In infants we recommend oral- or intra-rectal
sedation (or both) before the CT procedure to prevent
baby agitation during the acquisition. This can lead to
poor image quality and sometimes the need for repeat
examination. Sedation is not always mandatory if the
baby is quiet. Experienced technologists are necessary
in the CT room for good management of the babies;
precise knowledge of infant management and a quiet
attitude is of primary importance. With experienced
technologists, the mean total examination time in the
CT room is generally less than 20 min. Qualified
medical monitoring may sometimes be necessary
during the examination, depending on the clinical
condition of the babies. In all cases, oxygen saturation
should be closely monitored.

1.2.5.1 Cardiac CTA: General Conclusion

Although the first generation of 64-slice cardiac
scanners delivered fairly high doses of radiation,
technological developments have allowed radiation
exposure to be significantly reduced to levels below
those for coronary angiography and also still well
below those for myocardial perfusion scanning. The
radiation risk is therefore reduced to an extremely low
level under these conditions. This massive reduction
in radiation exposure should further increase the

development of coronary CT in adults and children
with congenital heart disease. However, the choice of
dose-reducing acquisition techniques is becoming
more complex, and therefore necessitates good tech-
nical mastery of these new CT scanners.

2 Radiation Dose Optimization in CT
Angiography for Aorta
and Peripheral Vessels

2.1 Introduction

CT Angiography of aorta is increasingly performed not
only in patients with aortic diseases but also, iteratively,
in patients with endovascular aneurysm repair
(EVAR). In addition, CTA of aorta and peripheral
vessels is also ordered for screening patients with
peripheral aortic occlusive disease (PAOD) but might
also be used in younger patients with suspected arteri-
tis, fibrodysplasia, or popliteal entrapment syndrome.

Radiation dose in CTA is of particular concern in
these young patients and in patients needing lifelong
follow-up CTA examinations after EVAR. Further-
more, PAOD patients undergoing CTA of aorto-iliac
and lower extremity arteries are at risk of contrast
material-induced nephropathy because many present
with impaired renal function. As explained in this
chapter, lowering radiation dose by reducing the tube
voltage is susceptible to allow a reduction in both the
radiation dose and the iodine contrast volume.

Finally, scanning abdominal aorta and lower
extremity arteries requires taking into account two
different regional body anatomies with different levels
of attenuation. An important shift from a region of
high attenuation (the abdomen) to a region of low
attenuation (lower extremities) leads to consider that a
protocol maintaining constant mAs is inappropriate
regarding radiation exposure.

Therefore, in this chapter we will address the dif-
ferent approaches contributing to radiation saving and
also contrast volume reduction. For CTA, multiple
strategies for radiation dose reduction have been
considered so far. These include a lowering of tube
voltage, automatic exposure control (AEC) with tube
current modulation, increased pitch as well as more
recent approaches such as iterative reconstruction
algorithm and virtual non-enhanced examinations
from dual-energy CT.
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2.2 Low-Tube Voltage

Lowering the tube voltage represents an important
dose reduction approach because the radiation varies
with the square of tube voltage. A 65% of radiation
saving could be attempted if the tube voltage is
reduced from 120 to 80 kV with constant tube cur-
rent. The effect of dose reduction achieved by
decreasing tube voltage is complex because it affects
both image noise by a reduction of photon fluence
and contrast by a reduction of the energy of the X-ray
beam (Kalra et al. 2004). On the other hand, at
IV-enhanced CT, a decrease in tube voltage can
increase the contrast between vascular and paren-
chymal structures by increasing X-ray absorption by
iodine, because the nearer the tube voltage approa-
ches the K-edge of iodine (33.2 keV), the greater the
inherent attenuation of the iodinated contrast material
(Kalva et al. 2006; Marin et al. 2009).

Several studies have validated this technique for
CT angiography characterised by a high contrast
between the arterial vessels and the poorly enhanced
surrounding parenchymas (Kalva et al. 2006; Sahani
et al. 2007; Schindera et al. 2009; Wintersperger et al.
2005; Nakayama et al. 2005). Wintersperger et al.
(2005) compared aorto-iliac CTA performed at 120
and 100 kVp with a constant tube current of 200mAs.
They showed that contrast-to-noise ratio (CNR),
signal-to-noise ratio (SNR) and subjective image
quality were similar at 100 kVp as compared to
120 kVp examinations, finding based on the increased
iodine attenuation level compensating for increased
image noise. Using 100 kVp, they reduced the mean
effective dose from approximately 10–6.5 mSv (see
Table 2). On the other hand, Nakayama et al. (2005)
showed that scanning at low-tube voltage and con-
stant tube current (300mAs) results in degradation of
SNR but not in subjective overall image quality. Dose
reduction achieved by decreasing the tube voltage
from 120 to 90 kVp–decreases SNR, implying that
noise has a greater effect on images obtained at
90 kVp than on those at 120 kVp. Therefore, the use
of low-voltage technique alone could be restricted to
normal and underweight patients [\ 80 kg, as repor-
ted by Nakayama et al. (2005, 2006)] or compensated
by a higher tube current. In addition, Nakayama et al.
(2005) reported that images are more highly enhanced

when obtained with 90 kVp and an iodine volume
reduced by 20% as compared to their standard
protocol (120 kVp and 100 ml of contrast material),
suggesting that the amount of IV contrast to be
injected can be reduced when lowering tube voltage
as reported by other authors (Kalva et al. 2006;
Schindera et al. 2009; Nakayama et al. 2006).

Sahani et al. (2007) investigated MDCT angiog-
raphy obtained at different tube potential with the use
of AEC in living kidney donors. To avoid a conse-
quent increase of mAs to maintain a constant image
noise as set by the operator, they choose an upper
limit on the mAs delivered by the tube. These authors
showed that, despite a higher image noise, the images
were still diagnostically acceptable at 100 kVp with
no difference in the visibility of renal arteries and
their branches when compared to 120 and 140 kVp,
with a significant dose reduction Sahani et al. (2007).
With the advent of high-output X-ray tubes, it is
possible to apply higher tube current-time products to
counterbalance greater image noise produced by low-
tube voltages. Schindera et al. (2009) showed that
with 80 kVp counterbalanced by an increased tube
current in comparison of the examination acquired at
100 kVp but with a CTDIvol decreased by about
25%, the image quality of CTA is not compromised.
Most importantly, they showed that image quality is
still diagnostically acceptable with a contrast medium
volume decreased to 45 ml at 80 kVp, which is of
great interest in patients with impaired renal function.
Manousaki et al. (2011) evaluated image quality of
low-tube voltage CTA for the detection of in-stent
restenosis of the renal arteries and compared images
obtained at three levels of tube voltage (see Table 2).
They conclude that assessment of in-stent restenosis
is feasible at 100 kVp with minor loss in image
quality with a radiation dose reduced by 45%.
In addition, they reported that images obtained at
80 kVp are of unacceptable quality. These results are
however based on ten patients only, which is a major
limitation of this study, and need to be confirmed on
greater patient populations. Furthermore, the body
habitus of these patients is not reported in this study
(Manousaki et al. 2011).

It is indeed necessary to perform studies that
could help us in selecting adequate tube voltage
regarding patient physiognomy with consideration of
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Table 2 Reported CT parameters and radiation dose in CTA studies

Publication Anatomic region Tube
potential
(kVp)

Tube
current
(mAs)

CTDI vol
(mGy)b

DLP
(mGy.cm)

Effective
dose (mSv)
c

Scanner model

Wintersperger
et al. (2005)

Abd. aorta 120 200 (w/o
AEC)

15.6 675 ± 82 10.1 ± 1.2 Sensation 16,
Siemens100 10.0 447 ± 30 6.7 ± 0.4

Nakayama
et al. (2005)

Abd. aorta 120 300 (w/o
AEC)

13.2d NA NA IDT 16, Philips

90 5.7d

Nakayama
et al. (2006)

Abd. aorta 120 260–300
(w/oAEC)a

13.4–15.7 NA 9.85–11.76 IDT 16, Philips

90 405–485
(w/o AEC)a

10.1–12.1 5.90–7.15

Sahani et al.
(2007)

Abd. aorta/renal
artery

140 Max:
210mAs
noise
index:15
(AEC)

25 NA NA Light Speed 16,
GE120 17

100 12

Schindera
et al. (2009)

Th-Abd. aorta 100 160 (AEC) 6.8 467 ± 74 NA Sensation 64,
Siemens80 260 (AEC) 5.2 358 ± 31

Manousaki
et al. (2011)

Renal artery 120 160 (w/o
AEC)

12.5 NA NA Sensation 16,
Siemens

100 124–149
(AEC)

6.9

80 98–122
(AEC)

2.9

Szucs-Farkas
et al. (2009)

Abd. aorta
(phantom)

120 160 (AEC) 5.74–20.56a NA NA Sensation 64,
Siemens100 160 (AEC) 3.57–11.29a

80 260 (AEC) 2.68–5.18a

Utsunomyia
et al. (2010)

Abd. aorta and
peripheral artery

120 182–257
(AEC)

NA 1,465 ± 209 8.1 ± 1.1e Brilliance 64,
Philips

80 583 (w/o
AEC)

1,024 ± 151 5.5 ± 0.9e

Schindera
et al. (2010)

Th-Abd. aorta 80 260 (AEC) 4.7–5.3 NA NA Sensation 64,
Siemens

Fraioli et al.
(2006)

Abd. aorta and
peripheral artery

120 130 (w/o
AEC)

12.2d NA 13.7–14.8f Volume Zoom,
Siemens

100 (w/o
AEC)

9.4d 8.2–8.9f

50 (w/o
AEC)

4.7d 3.7–4.0f

Stolzman et al.
(2008)

Abd. aorta 120, SS
3 phases
(NE, AP,
DP)

350 14.2 537.2 ± 116.9
per phase

9.1 ± 2.0
per phase
27.4 for 3
phases

Definition,
Siemens.
(DE-DS)

80/140 DS
DP

400/95 16.9 638.1 ± 137.6 10.9 ± 2.4

Chandarana
et al. (2008)

Abd. aorta 120, SS
3 phases
(NE, AP,
DP)

200–244
(AEC)

NA NA 27.8 Definition,
Siemens.
(DE-DS)

80/140 DS
DP

370–480/
56–80

NA NA 11.1

Note
a In function of patient’s weight; in function of phantom size
b Reported mean values
c Conversion factors used depend on the studies
d CTDIw
e Estimated on the abdomen only with a conversion factor of 0.012 for the abdomen and 0.016 for the pelvis. Conversion factors for legs
are not available
f Calculated with WinDose� (Wellhofer Dosimetry, Schwarzenbruck, Germany). Numbers before and after the hyphen are effective doses
calculated for men and women, respectively
DS dual source, SS single source, NE nonenhanced, AP arterial phase, DP delayed phase
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the specific-imaged regions. In a phantom study,
Szucs-Farkas et al. (2009) investigated low-kilovolt-
age CT for endoleak detection after endovascular
aneurysm repair. They showed that low-kilovoltage
CTA protocols have to be tailored not only to patient
habitus but also to the size of endoleak to be detected.
They indeed reported that tube voltage can be reduced
to 80 kVp in small- and intermediate-sized patients
and to 100 kVp in large patients with no risk of
missing 6-mm endoleaks. If the threshold for leakages
demanding treatment is set at 4 mm, 80 kVp can be
applied with no limitation in small patients but 100
and 120 kVp would be advisable in intermediate and
large patients, respectively. Similarly, in another
study investigating aortic attenuation with various
tube voltage on phantoms of different sizes, Schindera
et al. (2010) reported a higher decrease in aortic
attenuation at 120 kVp when the phantom size
increased than at 80 and 100 kVp, resulting from a
greater beam hardening at higher tube voltage in large
phantoms.

Concerning CTA of aorta and peripheral vessels,
Utsunomiya et al. (2010) investigated the effect of
80 kVp compared to 120 kVp CTA in patients with
PAOD. They used a higher tube current–time product
and a lower pitch at 80 kVp to compensate for the
increase in image noise (see Table 2). They showed
that contrast material volume can be reduced by 30%
in 80 kVp protocols (1.2 ml/kg of Iopamiron 300
compared to 1.8 ml/kg at 120 kVP) and that low-
tube-voltage CTA may be beneficial in terms of renal
protection without impairing arterial attenuation and
arterial image quality. The radiation dose levels for
80 kVp protocols are lower than that for 120 kVp but
remain relatively standard. Their study sample was
however constituted by slim patients (weighing
approximately 60 kg with a BMI of 23 kg/m2). An
example of CTA of the aorta and arterial vessels of
the legs is shown in Fig. 5.

2.3 Automatic Exposure Control: Tube
Current Modulation

Automatic exposure control devices (AEC) modulate
the tube current as a function of the table position along
the Z-axis and of the image quality requested by the
operator. Such devices reduce the tube current in thin

patients and increase it in obese and overweight
patients, tending to maintain constant the image quality
(Mulkens et al. 2005). Therefore, radiologists using
these devices should think in terms of image quality and
not of tube current. These devices are extensively
described in the ‘‘Automatic Exposure Control in
Multidetector-row Computed Tomography’’ by Kalra.
These devices are now routinely implemented on most
CT scanners for the majority of indications. In imaging
aorta and peripheral vessels they are of particular
interest because we have to optimize the radiation dose
in the abdomen, which represents a region of high
attenuation, in contrast with the legs which represent a
region of low attenuation.

Before the introduction of automatic techniques,
the primary approach to decrease radiation was
restricted to the reduction of the tube current. Fraioli
et al. (2006) compared image quality and diagnostic
performance of CTA of the aorta and peripheral
vessels performed at 50, 100 and 130 mAs (without
AEC, all other parameters being kept constant) as
compared to digital subtraction angiography (DSA),
considered as the reference standard. They showed
that diagnostic quality of images can be achieved with
lower radiation dose. Even in obese patients, while
image quality was worse, readers graded the images
as adequate for diagnosis. Moreover, they showed
comparable sensitivities and specificities for all pro-
tocols, with sensitivity and specificity of 96 and 94%,
respectively for the detection of all stenosis along the
entire vascular tree with the 50-mAs protocol (Fraioli
et al. 2006). Similar studies should be performed
using AEC devices. In addition, it is important to
consider that with lower tube voltages, the AEC
devices will automatically increase tube current to
maintain a constant image noise. Thus, further studies
should be conducted to evaluate the optimal tube
current and tube voltage in respect to the body habitus
and investigated anatomic region, when using AEC.

2.4 Dual-Energy CTA

CT is the imaging method of choice for the detection
and classification of endoleaks after endovascular
aneurysm repair (EVAR). The optimal CT acqui-
sition is still a matter of debate and a combination
of non-enhanced, arterial and delayed CT phases
is traditionally proposed (Golzarian et al. 1998;
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Golzarian and Valenti 2006; Iezzi et al. 2006; Sawhney
et al. 2001). Patients who undergo EVAR are to be
followed up for a long time and are exposed to large
cumulative radiation doses. Macari et al. (2006)
reported that arterial CT phase could be skipped and
proposed only standard non-enhanced and delayed
phase images for endoleak detection.

Dual-energy CTA can be obtained with various
methods, by all CT manufacturers. Among them, the
dual-source CT method consists in two X-ray tubes
and two corresponding detectors arrays that are

arranged on the gantry with an angular offset of 90�.
When both tubes are working at different tube volt-
ages, data from the two X-ray spectra that may
improve tissue characterisation are obtained. Acqui-
sition of dual-energy data enables the reconstruction
of virtual non-enhanced images, on which the iodine
content of contrast-enhanced dual-energy dual-source
(DE-DS) CT images has been subtracted. Stolzmann
et al. (2008) have showed in patients with EVAR that
virtual non-enhanced CT can be reconstructed from
DE-DS CT images obtained during the delayed phase

Fig. 5 CT angiography images of a 74-year-old man with
PAOD weighing 80 kg (BMI: 26.1 kg/m2). Acquisition was
performed on the abdomen and legs at 100 kVp and 140
effective mAs with AEC (CTDIvol: 4.42 mGy; DLP:
493 mGy.cm). a 3D volume rendering clearly the stenosis in
the left and right superficial femoral arteries (arrows). b Thick
maximum intensity projection (MIP) showing clearly the

stenosis in the left and right superficial femoral arteries
(arrows). c Coronal 5 mm-thin MIP of superficial femoral
arteries showing the stenosis visible on the 3D (arrows). d 3D
volume rendering showing a right popliteal occlusion (arrow).
Infragenicular arteries are clearly depicted (arrowhead).
e Coronal 5 mm-thin maximum intensity projection (MIP)
with clear depiction of infragenicular arteries. f Sagittal
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CT after contrast injection. In their study, they
reported that the combination of delayed phase and
virtual nonenhanced CT reconstructed both from a
single DE-DS CT enable an accurate diagnosis of
endoleak as compared to the standard triple-phase
protocol (nonenhanced, arterial phase and delayed
phase) (Stolzmann et al. 2008). As compared to the
standard protocol, the one DE-DS CT scan resulted in
a 61% decrease in radiation dose (see Table 2). The
mean CTDIvol reported for their DE-DS CT scan is
approximately 17 mGy with a corresponding calcu-
lated effective dose of 11 mSv which is relatively
high. With a similar study design, Chandarana et al.
(2008) reported very similar results, also in terms of
radiation dose with a mean effective dose as high as in
Stolzman’s study (i.e., 11, 1 mSv with DE-DS).
However, these results are encouraging and further
studies should be conducted to evaluate lowering in
radiation dose with DE-DS CT.

2.5 Post-Processing Approaches
for Dose Reduction

Several post-processing algorithms have been
recently developed allowing lowering of radiation
dose based on reduced image noise. Szucs-Farkas
et al. assessed the effect of a nonlinear noise filter on
the image quality and the detection rate of simulated
endoleaks in an abdominal aortic aneurysm phantom
scanned at low kVp CTA. They reported an increase
in CNR with the application of noise filter in simu-
lated intermediate-sized and large patients. The noise
filter improved the subjective image quality at 80 and
100 kVp in simulated intermediate-sized patients and
at 100 kVp in simulated large patients, with a higher
detection of endoleaks on the filtered 100 kVp images
than on the non-filtered 100 kVp images in simulated
large patients (Szucs-Farkas et al. 2011). Filter tech-
niques are further described in ‘‘Image Noise
Reduction Filters’’ by Singh and Kalra.

Traditional CT reconstruction algorithm (FBP
reconstruction technique) does not produce consis-
tently diagnostic images if tube current is substantially
reduced. Iterative reconstruction is a reconstruction
algorithm whereby image data are corrected with an
assortment of models. The major drawback of this
iterative reconstruction is the long computing time.
Therefore a faster iterative reconstruction technique

using only one corrective model has been developed
and is called Adaptative Statistical Iterative Recon-
struction technique (ASIR). This reconstruction tech-
nique is further detailed in ‘‘Conventional and Newer
Reconstruction Techniques in CT’’ by Singh and Kalra.
A fully converged 100% ASIR image tends to have a
noise-free appearance with homogeneous attenuation
that is not appealing to most radiologists as they are
used to noisy images inherent to CT. However a mix-
ture of FBP and ASIR can be used and produce an
image with reduced noise but that retains a more typical
CT appearance (Hara et al. 2009).

Unfortunately, clinical applications of this tech-
nique for CTA studies have not been reported so far.

2.6 Recommendations for Optimising
and Reducing the Radiation Dose
in CTA

The indication of each examination is important to
consider in order selecting the required image quality
and subsequently the lowest acceptable radiation
dose. As an example, dose delivered in old patients
suspected of PAOD can be higher than in young
patients suspected of popliteal entrapment. However,
dose reduction by lowering tube voltage can be of
particular value in older patients suspected of PAOD
because it enables to reduce the volume of contrast to
be injected, which is an important issue in these
patients having frequently an impaired renal function.

Furthermore, in patients who are subject to con-
tinued imaging surveillance as in patients after
EVAR, multiphase acquisitions should not be per-
formed in circumstances where they do not specifi-
cally yield additional relevant information, in
particular in the long-term follow-up. As in all CT
examinations, the ability to rapidly scan large vol-
umes with MDCT tempts the operator to increase this
volume along the Z-axis. Therefore Z-coverage
should be adapted strictly to the clinical indication.

Automatic modulation of the tube current as a
function of the patient’s absorption is now available
on all modern MDCT scanners. Differences still exist
between manufacturers regarding the methods used
for this modulation and the dose reductions subse-
quently obtained. The most important feature of these
devices is that the radiation dose is adapted to the
patient’s weight and absorption. Consequently, the
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role of the CT user is not to adapt the tube current to
the patient’s weight but more to select appropriate
tube potential and image quality to fit with the clinical
indication of the CT examination. If the CT equip-
ments includes AEC device, it should be always
switched on for CTA.

All available keys of the CT equipment allowing
dose reduction (i.e. autokV, ASIR, AEC, …) should
be used appropriately and ‘‘mixed’’ to obtain a diag-
nostic image at the lowest possible dose. When DECT
is available, CT examination could be restricted to
one delayed acquisition after contrast injection with
reconstruction of virtual non-enhanced CT in patients
followed after EVAR.

3 Conclusion to CTA Optimisation

Various techniques exist to lower the radiation dose
of CTA studies of the body. Low-tube voltage CTA
with 80 or 100 kVp represents the most commonly
applied technique for radiation dose reduction. The
subsequent increased contrast between the arterial
system and surrounding parenchymal structures off-
sets the greater image noise, and allows a reduction in
contrast volume to be injected. Another radiation
saving approach during CTA is lowering or modu-
lating the tube current. However, the optimal com-
bination and tube voltage in respect to the body
habitus and investigated anatomic region has not yet
been determined, in particular when using AEC.

Dual-energy CTA with reconstruction of virtual
non-enhanced images is valuable in patients requiring
non-enhanced CT, in particular in post-EVAR
patients.

Post-processing algorithms such as noise filters or
iterative reconstructions are promising strategies to
reduce radiation dose in CTA.

4 Conversion Factors Specific to CCTA

4.1 Introduction

The effective dose of cardiac CT is widely quoted in
the radiology and cardiology literature. However,
the methods used to calculate effective dose are often
inadequately documented, and poorly understood.

The radiation dose of cardiac investigations is an
important consideration as cardiac imaging is
responsible for up to 30% of population radiation
exposure due to diagnostic imaging (Fazel et al. 2009).
Computed tomography of the heart is likely to become
an increasing component of the radiation exposure due
to cardiac investigations. Advances in multidetector
CT technology and reconstruction algorithms mean
that CCTA is now possible at lower radiation doses and
there is an increasing volume of research into radiation
dose reduction techniques. It is important to under-
stand how such research studies calculate effective
dose in order to facilitate comparisons between studies
and the translation of new techniques into clinical
practice. The ‘‘gold-standard’’ method for the calcu-
lation of effective dose is based on organ-dose esti-
mates. However, a simpler method involving the
multiplication of dose length product (DLP) by a
conversion factor is widely used. The choice of con-
version factor can lead to the calculation of dramati-
cally different effective doses. Here we discuss the
issues that should be considered in selecting an
appropriate conversion factor for cardiac CT.

4.2 Calculation of Effective Dose

Effective dose was proposed in 1975 as a concept for
the combination of organ doses based on the principles
of radiation risk and the corresponding health detriment
to the exposed person (Jacobi 1975). It estimates the
whole-body radiation dose that would be required to
produce the same stochastic risk as the partial-body
dose delivered during the CT scan. This takes into
account the fact that our estimates of radiation risk such
as carcinogenesis are based on whole-body irradiation,
whereas medical imaging only exposes a small area
(Goldman 2007). Effective dose is calculated by sum-
ming the absorbed doses to individual organs weighted
for their radiation sensitivity. It is measured in milli-
sieverts (mSv). The ‘‘gold-standard’’ method for the
estimation of effective dose uses Monte Carlo simula-
tions in anthropomorphic phantoms (Christner et al.
2010). This can be time consuming and requires access
to specialist software. A complete review of such
software can be found in ‘‘Software for Calculating
Dose and Risk’’ by Georg Stamm. Thus a more simple
method to calculate effective dose is widely used. This
involves the multiplication of dose length product
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(DLP) by a conversion factor. DLP is a measure of the
radiation delivered to a patient during the CT scan and
is presented on the console of most modern scanners. It
is measured in units of milligray-centimetre (mGy.cm).
DLP is the product of the volume CT dose index
(CTDIvol) and the scan length. CTDIvol is derived
from phantom measurements and the pitch value of the
scan. Thus the calculation of effective dose using DLP
and a conversion factor is a multistage process
(see Fig. 6).

4.3 ICRP Tissue Weighting Factors

The conversion factors used to calculate effective
dose from DLP are based on tissue weighting factors
defined by the International Commission on Radio-
logical Protection. The ICRP is an independent
international organisation that was established in
1928 to advance the science of radiological protec-
tion. Since 1977 the ICRP have published three sets of
tissue weighting factors (see Table 3). ICRP 26 was
published in 1977, ICRP 60 in 1991 and ICRP 103 in
2007 (ICRP 1977, 1990, 2007). The role and objec-
tives of ICRP are described in ‘‘ICRP role in CT
radiation dose’’ by Rehani. These tissue weighting
factors are based on statistical analysis of available
data on radiation risk and the expert opinion of the
committee. The risks that are considered are cancer
incidence, cancer mortality, life shortening and
hereditary risk (Roobottom et al. 2010). The majority
of the information available on radiation risk is
derived from the long-term study of Japanese atomic
bomb survivors in the Life Span Study cohort
(Pierce and Preston 2000). This is supplemented with
details of radiation workers and other populations that
have experienced a high radiation exposure (Cardis
et al. 2007). Thus the data that the ICRP tissue
weighting factors are based on includes information
from both sexes and all ages (Christner et al. 2010).

4.4 Changes in the ICRP Tissue
Weighting Factors

The ICRP tissue weighting factors have changed
since their initial publication in 1977 as further
information on the risk of radiation exposures has
become available. In the most recent update in 2007

there were a number of changes of particular impor-
tance to cardiac CT.

In ICRP 103 the tissue weighting factor for
breast tissue was increased from 0.05 to 0.12. The
reason for this increase was new data from the
Japanese Life Span Study cohort. Breast cancer was
found to account for 18% of the radiation-associated
solid cancers averaged over males and females
compared with 11% in the previous assessment

Fig. 6 Calculation of effective dose using the conversion
factor method. (CTDI100, computed tomography dose index
measured in an 100 mm ionisation chamber; CTDIw, weighted
computed tomography dose index; CTDIvol, volume computed
tomography dose index)
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(Preston et al. 2007). The proposed increase in the
breast tissue weighting factor is actually larger than
the mean risk in both males and females, in order to
avoid underestimation of risk in women (Martin
2007). Breast tissue is a major constituent of the area
scanned during cardiac CT therefore this change in
the breast tissue weighting factor is particularly

important to the calculation of effective dose in
CCTA.

The tissue weighting factor for the ‘‘remainder
organs’’ was also increased in ICRP 103 from 0.05 to
0.12 and the definition of the ‘‘remainder organs’’ was
changed to include the heart. The effect of these
changes on the calculation of effective dose in CCTA

Table 3 ICRP tissue weighting factors in 1977, 1991 and 2007 (ICRP 1977, 1990, 2007)

Tissue ICRP publication

26 60 103

1977 1991 2007

Gonads 0.25 0.2 0.08

Red bone marrow 0.12 0.12 0.12

Colon – 0.12 0.12

Lung 0.12 0.12 0.12

Stomach – 0.12 0.12

Bladder – 0.05 0.04

Liver – 0.05 0.04

Oesophagus – 0.05 0.04

Thyroid 0.03 0.05 0.04

Breast 0.15 0.05 0.12

Bone surface 0.03 0.01 0.01

Skin – 0.01 0.01

Brain – Remainder organ 0.01

Salivary glands – – 0.01

Remainder organs 0.03 0.05 0.12

Adrenals – 0.005 0.0086

Kidneys – 0.005 0.0086

Muscle – 0.005 0.0086

Pancreas – 0.005 0.0086

Small intestine – 0.005 0.0086

Spleen – 0.005 0.0086

Thymus – 0.005 0.0086

Uterus and cervix – 0.005 0.0086

Brain – 0.05 See above

Upper large intestine – 0.005 –

Extrathoracic region – – 0.0086

Gallbladder – – 0.0086

Heart – – 0.0086

Lymphatic nodes – – 0.0086

Oral mucosa – – 0.0086

Prostate – – 0.0086

Total 1 1 1
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is smaller than the effect of the change in the breast
tissue weighting factor, but nevertheless these alter-
ations do contribute to the overall difference between
calculations made with ICRP 60 and ICRP 103 tissue
weighting factors.

These changes in tissue weighting factors mean
that effective doses calculated using ICRP 103 rather
than ICRP 60 are up to a 40% higher (Christner et al.
2010; Einstein et al. 2010; Fink et al. 2011). It also
means that differences between scanners and proto-
cols become more important due to the differential
exposure of breast tissue (Fink et al. 2011). It is
important to remember when making comparisons
between imaging modalities, such as between inva-
sive coronary angiography, nuclear medicine and
cardiac CT, that the tissue weighting factors used in
each calculation should be the same.

4.5 Body Region-Specific Conversion
Factors

In 2000 and 2004 the European Commission published
generic conversion factors for the anatomical body
areas of common CT scans (see Table 4). The con-
version factor for chest CT was 0.017 in the 2000
publication and 0.014 in the 2004 publication. How-
ever, neither of these conversion factors are appropriate
for use in cardiac CT.

Firstly, both of these European Commission pub-
lications are based on the old ICRP 60 tissue
weighting factors. Secondly, these generic ‘‘chest’’

conversion factors were not calculated for the scan
range of cardiac CT. Cardiac CT uses a smaller scan
range than chest CT. The cardiac CT scan range
covers mainly the lower chest and upper abdomen.
This region contains an increased proportion of
radiosensitive tissue, such as breast, as compared to
the chest CT scan range (Geleijns et al. 2011).

Thus both of these generic ‘‘chest’’ conversion
factors underestimate the radiation dose of cardiac CT
(Huda et al. 2010). When compared to organ-dose
calculations using the ICRP 103 tissue weighting fac-
tors the 0.014 conversion factor underestimates effec-
tive dose by 53% and the 0.017 conversion factor
underestimates effective dose by 43% (Geleijns et al.
2011). Despite this, the current Society of Cardiovas-
cular Computed Tomography ‘‘Guidelines on radia-
tion dose and dose-optimisation strategies in
cardiovascular CT’’ published in 2011 recommends
the use of the 0.014 conversion factor (Halliburton et al.
2011). However, the guidelines do acknowledge that
this conversion factor will underestimate effective dose
and is likely to change in the future as further data on the
risk of radiation exposure becomes available.

4.6 Considerations Required
for the Calculation of CCTA
Conversion Factors

A more accurate conversion factor for the calculation
of effective dose in cardiac CT must take into
account the new ICRP 103 tissue weighting factors.

Table 4 Published conversion factors for anatomical regions of common CT scans (mSv mGy-1 cm-1) (Shrimpton 2004; Ka
et al. 1999; Bongartz et al. 2000, 2004)

Body area Publication

Jessen
1999

European
Commission 2000

European Commission
Appendix B 2004

European Commission
Appendix C 2004

Head 0.0021 0.0023 0.0023 0.0021

Neck 0.0048 0.0054 – 0.0059

Head and neck – – – 0.031

Chest 0.014 0.017 0.018 0.014

Abdomen 0.012 0.015 0.017 –

Abdomen and
pelvis

– – – 0.015

Pelvis 0.016 0.019 0.017 –

Trunk – – – 0.015
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However, in order to calculate the most accurate
conversion factor additional factors should be con-
sidered such as patient size and shape, scan range,
tube voltage, gantry position, and scanner type.

As has previously been discussed, the scan range
for cardiac CT is smaller than that for chest CT.
However, different types of cardiac examinations
require different z-axis coverage. For example CT
scans to obtain details of coronary arteries, pulmonary
vessels, ascending aorta or bypass grafts all require
different scan lengths. Tailoring the scan length to the
size of the heart leads to substantial reductions in
radiation dose (Khan et al. 2011). However, shorter
scan lengths contain a higher proportion of radio-
sensitive tissue such as the breast. Thus for shorter
scan lengths the conversion factor may be higher
(Deak et al. 2010). In addition, the importance of
breast tissue in the calculation of the radiation risk of
CCTA may mean that effective dose is underesti-
mated in women (Faletra et al. 2010).

Published conversion factors assume a standard-
sized patient. However, many of the patients who
undergo cardiac CT are obese. In our institution the
average body mass index of patients undergoing
CCTA is 30 kg/m2. Adipose tissue attenuates the
radiation dose received by deeper radiosensitive tis-
sues and thus standard conversion factors would
overestimate radiation risk (McCollough et al. 2011).
The conversion factor used to calculate effective dose
should decrease as the size of a patient increases.
Differences in patient size lead to an uncertainty in
the calculation of effective dose with conversion
factors of ±15–20% (Martin 2007).

Effective dose is age independent, whereas the risk
of radiation is highly age dependent (Faletra et al.
2010). The tissue weighting factors are averaged over
age and sex so estimated cancer risk may be a factor
of 3 higher or lower when applied to a reference
patient, and varies even further when applied to an
individual (Roobottom et al. 2010). Radiation-
induced malignancies have a biological latency of
10–40 years, and are less likely to present in older
individuals (Budoff and Gupta 2010). In addition the
radiosensitivity of many tissues, including breast tis-
sue, decreases with age (Roobottom et al. 2010). Thus
the risk to different age groups for a uniform whole-
body exposure varies by a factor of 4–5 between the
ages of 5 and 75 years (Martin 2007).

The tube voltage alters the X-ray beam penetration
and therefore the relative radiation dose to deeper lying
organs. At a higher tube voltage, the energy and mean
free path of scattered X-ray photons also increases
(Huda et al. 2010). This means that the radiation dose to
organs such as the lung, stomach and red bone marrow
increases with a higher tube voltage, and that the
conversion factor should increase as the tube voltage
increases (see Table 5). The variation in adult subjects
caused by changes in tube voltage is small, about 2.6%
across all body regions (Deak et al. 2010). For cardiac
CT a 4% increase in the conversion factor is required
for each 10 kV increase in tube voltage (Huda and
Mettler 2011). However, the effect of tube voltage is
more significant in paediatric patients where lower tube
voltages are used (Deak et al. 2010).

Many modern CT scanners do not require the
X-ray beam to be switched on for the full gantry
rotation. Instead radiation exposure is during a half-
gantry rotation, and this reduces the radiation dose of
the scan. However, the location of the X-ray tube
during the exposure is important for the calculation of
effective dose. For example, if the exposure is anter-
oposterior then the breast tissue will receive a higher
radiation dose than if the exposure was posteroante-
rior. With current generations of CT scanners it is
difficult to determine the location of the gantry during
exposure. However, the incorporation of gantry
position into the calculation of conversion factors
would lead to a more accurate calculation of effective
dose (Roobottom et al. 2010).

A wide variety of radiation dose reduction tech-
niques have been developed for cardiac CT. However,
as these change the pattern of radiation exposure,
different conversion factors must be developed
(Gosling et al. 2010). Tube current modulation in
chest CT would be expected to reduce the conversion
factor by 8% (Huda et al. 2010). Axial scanning
techniques using wide volumes, such as 256 and 320
MDCT scanners, have a beam width that is larger
than the 100 mm long ionisation chamber that is used
to calculate CTDI. Thus a scaling factor must be
incorporated into effective dose calculations in wide
volume scanning to take account of the extended
coverage and peak voltage (Mori et al. 2006). A new
parameter, the extended DLP (DLPe), is quoted on
such scanner consoles and can be used to calculate
effective dose.
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4.7 Paediatric Considerations

Dose metrics designed to estimate effective dose in
an adult population will underestimate the dose in
paediatric patients (McCollough et al. 2011).
In addition to the importance of age on the risk of
radiation exposures, the smaller patient size and
lower tube voltages must be considered when calcu-
lating effective dose in paediatric patients. The
smaller patient size leads to lower attenuation of the
X-ray beam and thus higher organ doses (Berrington
de González et al. 2009). As discussed previously,
lowering the tube voltage leads to a small reduction
in the conversion factor (Huda et al. 2010).
In Appendix C of the 2004 European Commission
report the body region-specific conversion factors
were extended to cover phantoms of 0, 1, 5 and
10 years (Shrimpton 2004). Thus there are published
conversion factors for ‘‘chest’’ CT in paediatric
patients. However, as with the ‘‘chest’’ conversion
factors for adult patients these conversion factors will
underestimate the effective dose. It is important for
paediatric patients that an appropriate conversion
factor is used that takes into account the consider-
ations discussed for adult patients, the difference in
radiation risk for paediatric patients and the size of
the patient being scanned (Huda et al. 2008).

4.8 Scanner-Specific Conversion Factors

The 0.014 conversion factor underestimates radia-
tion dose because it is independent of the scanner
type, scanner mode, patient size and patient sex
(Halliburton et al. 2011). A variety of scanner spe-
cific conversion factors have been calculated for
cardiac CT (see Table 6). These conversion factors
vary between 0.018 and 0.04 depending on the
scanner type and protocol used.

4.9 Current Application of Conversion
Factors in Cardiac CT

Despite the publication of scanner-specific conversion
factors these are applied in less than 3% of the current
cardiac CT literature (Williams et al. 2012). The most
common conversion factors used in papers that dis-
cuss the radiation dose of cardiac CT are 0.014 and
0.017. There is a trend towards the increasing use of
the 0.014 conversion factor, and thus the underesti-
mation of the radiation dose of cardiac CT in the
contemporary literature as illustrated in Fig. 7
(Williams et al. 2012). In addition, 13% published
papers that discuss effective dose do not document the
conversion factor used to calculate these doses. This
means that comparisons cannot be drawn between the
radiation dose reduction techniques used in these and
other research papers.

4.10 Uncertainties in the Calculation
of Conversion Factors

The calculation of effective dose is a multistage
process and at each stage of the calculation there are
uncertainties. Conversion factors are often quoted to
two or three significant figures but the approximations
used in their calculation are rarely considered (Martin
2007). This means that more certainty is attributed to
effective dose than the calculation actually permits.
When used to quantify an individual medical expo-
sure the level of uncertainty is ±40% due to both the
inherent uncertainties in the calculation and the fact
that conversion factors are averaged across age and
sex (Halliburton et al. 2011).

The tissue weighting factors published by the ICRP
are grossly rounded for ease of use and do not indicate
the underlying approximations. For example, uncer-
tainties in the Japanese Life Span Study include how
the diagnosis of cancer was made, the individual dose

Table 5 Average values of
effective dose per unit dose
length product at different
tube voltages (Huda et al.
2010)

Tube voltage (kV) Average E/DLP ± standard deviation
mSv mGy-1 cm-1

80 0.0231 ± 0.0036

100 0.0264 ± 0.003

120 0.0264 ± 0.002

140 0.0271 ± 0.009
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reconstructions, statistical variations in the genetic
make-up and size of individuals, the type of risk model
use, the extrapolation from high to low dose risk, the
models used to predict cancer risk as a function of age
and the time since exposure (Martin 2007). The dif-
ferences between ICRP 60 and ICRP 103 also reflect
differences in the type of data used. For example,
cancer mortality was used in ICRP 60 and cancer
incidence was used in ICRP 103 (Brenner 2008).

In addition, these tissue weighting factors are derived
from entirely different types of exposure than which
occurs during medical imaging.

The conversion factor method of calculating
effective dose has a deviation of ±15% compared to
the gold-standard organ-dose-based technique
(Christner et al. 2010). Uncertainties are present in the
calculation of effective dose at every stage in the
calculation (see Table 7). For example, CTDI-based

Table 6 Scanner- and protocol-specific conversion factors calculated for cardiac CT using ICRP 103 or ICRP 60 tissue weighting
factors (Einstein et al. 2010; Fink et al. 2011; Geleijns et al. 2011; Huda et al. 2010; Gosling et al. 2010; Goetti et al. 2011;
Matsubara et al. 2009)

CT scanner Protocol ICRP 60 ICRP 103

Matsubara
et al. (2009)

GE LightSpeed
VCT

64 MDCT ECG-gated cardiac CT 120 kV 0.03 0.040

Einstein
et al. (2010)

Toshiba Aquilion
One

320 MDCT Helical cardiac CT 0.022 0.029

Helical cardiac CT, ECG-gated tube
current modulation

0.02 0.027

Prospective helical cardiac CT 0.02 0.027

Volume cardiac CT with standard
exposure time

0.021 0.029

Volume cardiac CT with optimised
exposure time

0.022 0.031

Volume cardiac CT with optimised
exposure time, 100 kV

0.024 0.034

Bolus tracking 0.014 0.017

Huda et al.
(2010)

GE LightSpeed
VCT

64 MDCT ECG-gated cardiac CT 100 kV – 0.0263

ECG-gated cardiac CT 120 kV – 0.0263

Siemens Somatom
Sensation

64 MDCT ECG-gated cardiac CT 100 kV – 0.0262

ECG-gated cardiac CT 120 kV – 0.0265

Siemens Somatom
Definition AS

64 MDCT ECG-gated cardiac CT 100 kV – 0.0268

ECG-gated cardiac CT 120 kV – 0.0262

Gosling
et al. (2010)

GE Lightspeed
VCT HD750

64 MDCT Prospective ECG-gated cardiac CT
(100 or 120 kV)

– 0.028

Goetti et al.
(2011)

Siemens Somatom
Definition Flash

Dual- Source
128 MDCT

Retrospective and prospective ECG-
gated cardiac CT (100 or 120 kV)

0.028 0.034

Geleijns
et al. (2011)

Toshiba Aquilion
64 MDCT

64 MDCT ECG-gated cardiac CT 120 kV 0.024
(range
0.017–0.03)

0.030
(range
0.019–0.043)

Fink et al.
(2011)

Siemens Somatom
Definition AS

64 MDCT Retrospective and prospective ECG-
gated cardiac CT (100 or 120 kV)

0.032 0.024

Siemens Somaton
Definition

64 MDCT 0.028 0.021

Siemens Somatom
Definition Flash

Dual- Source
128 MDCT

0.023 0.018

kV tube voltage, MDCT multidetector computed tomography
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dosimetry may underestimate exposures by 20–30%
for 64 MDCT scanners and more for wide beam
scanners (Perisinakis et al. 2010).

4.11 Alternatives to the Calculation
of Effective Dose

Effective dose was designed to reflect overall risk,
averaged over all ages and both sexes for a reference
patient (Christner et al. 2010). It reflects a combina-
tion of the risk of carcinogenesis, life shortening and
hereditary effects. It was developed for use in occu-
pational radiation protection and is not specific to an
individual’s age, sex or shape. Thus, a variety of
alternatives to effective dose have been proposed.
An appropriate alternative would reflect differences in
age, gender and body habitus, would be less depen-
dent on committee derived conversion factors, would
be less prone to uncertainties during its calculation
and would be simple to interpret (Brenner 2008).

One such proposal replaces the tissue weighting
factors with the best estimates of organ-specific life-
time attributable risk of cancer. These risk coefficients
are taken from the Biological Effects of Ionising
radiation VII report (Nuclear Regulatory Commission
2006). This parameter, named effective risk (Brenner
2008) or risk index (Li et al. 2011), includes only the
biological risk of cancer and can be age, sex and gender
specific. It is thus particularly useful for assessment of
paediatric risk (Li et al. 2011). However, these risk-
based calculations are also a multistage process, which
can feature inherent uncertainties.

Dose length product itself is not an indicator of
risk as it does not take account of the radiosensitivity
of the irradiated tissues (Goldman 2007). DLP is a
quantitative measure of the total amount of radiation
incident on a patient (Huda et al. 2010). It is useful for
comparisons between CT protocols and is particularly
helpful when comparing research studies (Goetti et al.
2011). There is an increasing trend towards the pre-
sentation of DLP in research studies, either alone, or
in combination with effective dose (Williams et al.
2012). It is particularly important that while estimates
of effective dose may change with time as new con-
version factors are developed and applied, the dose
length product will remain consistent. Therefore, in
order to facilitate straightforward comparisons
between research studies it is important to quote dose
length product, alone or in addition to effective dose
and the conversion factor.

4.12 Conclusion

Effective dose is a useful parameter that provides an
estimation of the health risk of radiation exposures
and allows comparisons between different imaging
modalities. However, the inherent uncertainties in its
calculation mean that more confidence is often
attributed to values of effective dose than is appro-
priate. The calculation of effective dose in the cardiac
CT is often performed using the DLP and a conver-
sion factor. However, the calculation and application
of these conversion factors is often poorly understood.
Changes in the tissue weighting factors produced by
the ICRP in 2007 have significant implications for the
calculation of effective dose in cardiac CT. Generic
‘‘chest’’ conversion factors are widely used in the
cardiac CT literature, leading to underestimations of
the effective dose. It is important that the conversion
factors used to calculate effective dose for CCTA
include the most recent tissue weighting factors and
are appropriate for the anatomical region scanned.
Scanner-specific conversion factors have been calcu-
lated for a variety of protocols, but are rarely used in
the contemporary CT literature. The appropriate
conversion factor for 64 MDCT electrocardiogram-
gated cardiac CT varies from 0.021 to 0.040. If dif-
ferent conversion factors are used then dramat-
ically different effective doses will be calculated.

Fig. 7 The use of conversion factors in papers discussing the
radiation dose of cardiac CT

Radiation Dose Optimization 363



Tissue weighting factors will continue to change as
further epidemiological data and models of cancer
risk become available. Thus it is important that when
presenting effective dose the parameters used to cal-
culate this should be stated, including the dose length
product and the conversion factor.
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