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Colonography
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6.1  Introduction

The publications 103 and 105 of the 
International Commission on Radiological 
Protection (ICRP) clearly identify two key ele-
ments in radiation protection in medicine: justi-
fication and optimisation [1, 2]. In one sentence, 
these principles could be summarised as ‘doing 
the right procedure’ and ‘doing the procedure 
right’, respectively.

In 2012, the International Atomic Energy 
Agency (IAEA) held a conference on radiation 
protection in medicine in Bonn, Germany. The 
conference was co-sponsored by the World 
Health Organisation (WHO): the specific out-
come of the conference was the Bonn Call-For- 
Action [3]. The aims of the Bonn Call-For-Action 
include: to strengthen the radiation protection of 
patients and health workers; to attain the highest 
possible benefit with the least possible risk by 
the safe and appropriate use of ionising radia-
tion in medicine; and to enhance the safety and 
quality of radiological procedures in medicine. 
Ten main actions were identified as being essen-
tial. They include enhancing the principle of 
justification; the implementation of the princi-
ple of optimisation; strengthening radiation 

 protection education and training of health pro-
fessionals; increase access to information on 
medical exposure globally; and foster an 
improved radiation-risk-dialogue.

6.2  Justification

There are three levels of justification for a proce-
dure in medicine [1]. The use of radiation in med-
icine, at the most general level, is accepted as 
doing more good than harm. At the second level, 
a specified procedure with a specified objective is 
defined and justified; for example, a CTC study 
to detect polyps. The aim of this generic justifica-
tion is to determine whether the procedure will 
improve the diagnosis or treatment. At the third 
level, the application of the procedure to an indi-
vidual must be justified and judged to do more 
good than harm to that particular patient.

6.3  Optimisation

Optimisation is the process of determining how 
to obtain the required diagnostic outcome for a 
patient from a procedure while minimising fac-
tors that cause patient detriment, with economic 
and societal factors being taken into account. 
Optimisation is intended for those situations 
that have been deemed to be justified [1]. 
Optimisation involves input from a radiologist, 
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radiographer, and medical physicist. It also 
includes the concept of maximising the benefit 
of the use of radiation while minimising the risk 
of detriment. Therefore, a knowledge of risk 
estimation may be important in optimisation in 
clinical practice. The concept of ALARA (as 
low as reasonably achievable) should be applied 
whenever possible.

6.3.1  Risk

Radiation exposure from CT is associated with 
an increase in risk for fatal cancer, especially in 
paediatric CT scanning [4–6]. The lifetime can-
cer mortality risk for a 1-year-old patient attribut-
able to the radiation exposure from an abdominal 
CT is estimated to be 0.18%, which is about an 
order of magnitude higher than for adults [7]. An 
estimate for the absolute lifetime cancer risk 
associated with the radiation exposure from CTC 
is about 0.14% for paired CTC scans for a 
50-year-old, and about half of that for a 70-year- 
old [8]. Most of the quantitative data regarding 
the risk of radiation-induced cancer comes from 
studies of the atomic bomb survivors from Japan 
[9]. According to the BEIR VII Phase 2 report [9] 
approximately 42 of 100 people will be diag-
nosed with cancer from causes unrelated to radia-
tion; a single exposure of 100  mSv of X-ray 
radiation could result in approximately one addi-
tional cancer in 100 people. The risk depends on 
age and sex, with a higher risk for females and 
those exposed at younger ages. Typical CT expo-
sures result in doses substantially smaller than 
that; nonetheless, some argue that the risks of 
medical radiation should form part of an informed 
consent process [10] (see Chaps. 2 and 3). While 
the increased risk of a radiation-induced cancer is 
small for any one individual, the risk to the popu-
lation as a whole is considerable, given the large 
number of CT scans performed worldwide [5]. A 
risk-benefit analysis to estimate the ratio of can-
cers prevented to induced for CTC screening 
every 5 years from age 50 to 80 showed that the 
benefits from such screening outweighs the risk 
substantially; the estimated number of radiation- 
related cancers from CTC screening every 5 

years in that age bracket was 150 cases/100,000 
individuals, while the estimated number of 
colorectal cancers prevented ranged from 3580 to 
5190/100,000, yielding a benefit-risk ratio that 
varied from 24:1 to 35:1 [11].

Increasing concerns about radiation dose have 
led CT manufacturers to develop dose reduction 
tools for their CT scanners [12]. It was shown 
that specifically for CTC large dose reductions 
are possible without losing diagnostic quality 
[13]. Effective doses from low-dose CTC are 
lower than those from a double-contrast barium 
enema [14, 15].

6.4  Patient Dose in CT: 
Controllable and Built-in 
Factors

A number of controllable and built-in factors 
influencing patient dose in CT are discussed 
below.

6.4.1  Tube Current

The most straightforward way to reduce radiation 
dose is to reduce the tube current (mAs). There is 
a linear relationship between dose and mAs; 
decreasing mAs will however result in increased 
image noise and thus decreased image quality. 
There is a wide tolerance for image noise in CTC 
[16]. A number of studies [17–20] have shown 
that decreases in the tube current can still main-
tain accuracy for the purposes of polyp detection 
in CTC.

6.4.2  Automatic Tube Current 
Modulation

For most patients, the anterior–posterior (AP) 
dimension is smaller than the lateral dimension. 
This means there is a larger attenuation of radia-
tion in the lateral projections when compared to 
the AP projections. Less radiation will reach the 
detectors to produce an image for the lateral pro-
jections. The tube current can therefore be 
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Fig. 6.1 Tube current modulation

reduced for the AP projections while still main-
taining the same noise level as the lateral projec-
tions [21]. The tube current may be modulated 
according to patient attenuation or using a 
sinusoidal- type function. The modulation may be 
fully pre-programmed, implemented in near-real 
time using a feedback mechanism, or achieved 
using a combination of pre-programming with a 
feedback loop [22]. As shown in Fig.  6.1, the 
smaller patient thickness in the AP direction (and 
thus less attenuation of the X-ray beam) allows 
for a reduction in tube current for those 
projections.

Automatic dose modulation can occur in the 
X–Y axis as described above, and also along the 
Z-axis [23] where the dose can be reduced in 
more radiolucent parts of the body (e.g. over the 
lungs). Both approaches are now also commonly 
combined resulting in an X–Y–Z axis dose modu-
lation [16]. These approaches typically use the 
AP and lateral CT scout images to predict the 
amount of dose modulation in the scan. In a CTC 
screening population, the dose to patients was 
significantly lower (at least 33%) when tube cur-
rent modulation was applied with X-, Y-, and 
Z-axis tube modulation, when compared to X- 
and Y-axis tube current modulation only [24].

Another approach for dose reduction is an 
organ-based tube-current modulation [25] to 
reduce the radiation dose to superficial radiosen-

sitive organs: the lens of the eye, thyroid, and 
breast, for example. This is done by decreasing 
the tube current when the tube passes closest to 
these organs: to maintain the same noise level, 
the dose is increased for the opposing 
projections.

It has been shown in CTC [26] that the amount 
of stool and fluid tagging, using tagging agents 
such as iodine and barium, does not significantly 
affect the radiation exposure when using auto-
matic exposure control.

6.4.3  Tube Voltage

Decreasing the X-ray tube voltage from 140 to 80 
kVp decreases the CTDIvol (computed tomogra-
phy dose index) by about a factor of 4 [27], while 
a tube voltage reduction in CTC from 120 to 100 
kVp resulted in a 20% decrease in CTDIvol in one 
study, but with only a minimal decrease in 3D 
image quality at all patient sizes [28]. The CTDI 
is measured in a phantom and not in a patient, but 
the dose reduction potential remains with a 
reduction in tube voltage. A reduction in kVp will 
result in a less penetrative beam and an increase 
in image noise. Therefore, reducing the kVp for 
large patients should be done with caution 
because conventional dose modulation 
approaches will increase the tube current to make 
up for the increased noise in the image, which in 
turn can reverse any dose savings. It has been 
shown that at a constant kVp, increasing the 
patient weight from 10 kg (kilogram) to 120 kg 
reduces the transmission of X-ray intensity for 
abdominal CT scanning by about a factor of 100 
[29]. One approach is to set the kVp according to 
patient weight [16], whereas another approach 
takes into account the patient size and diagnostic 
task [30].

The ability to automatically select the tube 
potential can also be an effective approach for 
dose reduction [31]. This has been implemented 
on some CT scanners using the topogram, which 
provides information about the attenuation in the 
patient along the patient length axis and, on the 
basis of that information, the required tube cur-
rent is calculated for the different kVs to obtain a 
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specified image quality. An overall dose reduc-
tion of over 25% was reported for 40 patients 
undergoing abdominal CT angiography (CTA) 
compared with a standard protocol using 120 
kVp [32].

6.4.4  Iterative Reconstruction

Iterative reconstruction is well established in 
nuclear medicine. It is becoming more popular 
for CT image reconstruction. The concept of iter-
ative reconstruction was used in the first trans-
mission CT efforts in the early 1970s, but was not 
practical for fast high-resolution CT [33]. The 
increase in computing power, and the ongoing 
efforts for lower doses in CT, have changed the 
situation: the first CT vendor introduced iterative 
reconstruction in 2008 [33]. Familiar vendor 
names include iDose (Philips Healthcare), IRIS 
and SAFIRE (Siemens), AIDR 3D or ADMIRE 
(Toshiba/Canon), and ASIR or VEO MBIR (GE 
Healthcare).

All iterative reconstruction methods consist of 
three major steps, which are repeated iteratively 
(i.e., repeatedly). In the first step, a set of projec-
tions from an estimated volumetric object is gen-
erated to create artificial raw data. This data is 
then compared to the real measured raw data in 
the second step and a correction term is com-
puted, which is then applied to the volumetric 
object in the third step. This becomes the new 
estimate and the process is repeated until a fixed 
number of iterations is reached or until the 
updates/correction terms between the various 
projections are considered small enough. The ini-
tial guess for the volumetric object can be an 
empty image, or an image estimate that uses prior 
information; a standard filtered back-projection 
image, for example. The iterative reconstruction 
methods differ mainly in how the actual and esti-
mated projections are compared and how the cor-
rection term is computed [33].

Projections might be examined for points 
likely to result from noisy projections. Noisy data 
are penalised and edges are preserved during 
reconstruction. An added benefit of iterative 

reconstruction is that beam hardening artefacts 
can potentially be reduced [34] and that incom-
plete or noisy data can still be reconstructed 
[35–37].

Iterative reconstruction techniques can allow 
scanner-specific models and statistical noise 
models to be included in the reconstruction to 
help eliminate noise and so bring the dose down 
[38]. Iterative reconstruction has allowed large 
dose reductions (32% or more) when compared 
to filtered back projection without the loss of 
diagnostic information [39, 40]. Iterative recon-
struction allowed for a dose reduction of 10–24% 
in abdominopelvic multidetector CT examina-
tions in one study and an average abdominal CT 
radiation dose decrease of 25.1% in another study 
[41] when compared to filtered backprojection 
image reconstruction [42]. Another pilot study 
[43] showed that the radiation dose during CTC 
can be reduced 50% below currently accepted 
low-dose techniques without significantly affect-
ing image quality when an adaptive statistical 
iterative reconstruction technique was used for 
image reconstruction. While there is some varia-
tion in the amount of dose saving, there is a sig-
nificant dose reduction in all cases.

6.4.4.1  Use of Artificial Intelligence 
in CT Image Reconstruction

Artificial intelligence (AI) is an emerging tech-
nique in CT image reconstruction [44]. These types 
of techniques can be used to improve image qual-
ity, or conversely reduce patient dose, in computed 
tomography [45]. The first commercial algorithms 
are already FDA approved in the United States. 
Image denoising is often the first step in CT image 
processing, and several deep learning methods are 
available for this step [46] and show promise in 
reducing image noise, without a loss of spatial res-
olution [47, 48]. Alternatively, deep learning (a 
subset of AI) can be used to aid the iterative recon-
struction process by producing high-dose images 
from lower dose data, or by “learning” how to dif-
ferentiate noise from signal.

Deep learning will also have a significant role 
to play in sparse-sampling CT, where the number 
of acquired image projections are reduced and 
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dose reductions of over 50% are reported [46]. 
Deep learning-based reconstruction algorithms 
have certain limitations: large and applicable 
training datasets are required, as well as ground- 
truth data. The reduced noise or improved 
contrast- to-noise ratio may make for pretty view-
ing, but there is limited data on direct compari-
sons of diagnostic accuracy between different 
reconstruction methods [44]. The principles of AI 
are presented in Chap. 25.

6.4.5  Pre-patient Beam Filter

Since the cross-section of patients is well approxi-
mated by an oval shape, special bowtie filters are 
nowadays common in CT systems for attenuating 
the beam at the periphery, while keeping the inten-
sity in the central portion of the beam [31]. Different 
filters can be used for different fields- of- view 
(FOV) or patient sizes [49] to reduce the radiation 
dose to the patient, especially the skin dose [50].

6.4.6  Active Collimators: 
Over-Ranging

In helical scanning exposure is needed before the 
start and after the end of the planned scan range 
in order to reconstruct images at these positions 
[51]. This over-ranging requires at least one extra 
gantry rotation, even though only a small portion 
of this data is utilised for image reconstruction.

For a given beam collimation, the observed 
Z-over-ranging depends on slice width and pitch 
[52]. Z-over-ranging increases with increasing 
cone angle of large Z-axis coverage multidetec-
tor CT scanners [53]. Active collimation syn-
chronises the width of the X-ray beam at the 
ends of the scan range to the clinically useful 
area needed for image reconstruction. The pre-
patient collimator asymmetrically opens and 
closes at the beginning and end of each spiral 
scan, temporarily blocking those parts of the 
X-ray beam that are not used for image recon-
struction. Percentage dose reductions, when 
using active collimation, are larger for short scan 

lengths and greater pitch values [54]. 
Figure 6.2(i) shows the concept of over-ranging, 
with the first and last full rotation of the gantry 
shown in a darker shade of grey. Figure 6.2(ii) 
explains how dose is deposited outside of the 
planned scan length because of over- ranging. 
Active collimation (Fig.  6.2(iii)) reduces the 
dose outside of the planned scan length by open-
ing and closing the collimator asymmetrically.

6.4.7  Detector Material

The X-ray detector is a very important determi-
nant of the dose performance of a CT system 
[49]. Two dose-relevant characteristics of a 
detector are quantum detection efficiency and 
geometrical efficiency, which together describe 
the effectiveness of the detector in converting 
X-rays to a signal. Solid state or ceramic scintil-
lators with a fast response, low electronic noise, 
and a high light output are preferred over and 
more efficient than the xenon gas detectors that 
were common in the 1980s [55]. To improve radi-
ation dose efficiency, advances in the detector 
material and system electronics are needed. For 
example, integrating detector components to 
reduce electronic noise or minimising detector to 
detector cross-talk [31]. In one study, CTC 
images acquired using an integrated circuit detec-
tor had significantly lower noise than images 
acquired using the conventional detector, which 
allowed for a dose reduction of approximately 
20% to result in similar levels of image noise 
[56]. Some advances in detector materials are 
also described in Chap. 26.

6.4.8  Shielding

External shielding may be useful in reducing 
radiation exposure to parts of the body that are 
not in the examination field [57]. Use of shielding 
for radiation-sensitive tissues and organs in the 
examination field is generally not recommended 
[58] because of an increase in noise and beam- 
hardening artefacts.
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Fig. 6.2 (i), (ii) Over-ranging— the deposition of dose outside of the planned scan length. (iii) Active collimation 
to block parts of the beam that are not used for image reconstruction at the beginning and end of each spiral scan
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6.4.9  Pitch

In single slice CT scanning, pitch is defined as 
the patient couch movement per rotation divided 
by the slice thickness. In multislice CT, this defi-
nition is altered slightly to patient couch 
 movement per rotation divided by the beam width 
[59]. A pitch of less than 1, i.e. small couch incre-
ments, yields an improved spatial resolution 
along the Z-axis (along the length of the patient), 
but also results in higher patient doses because of 
overscanning (like in Fig. 6.3(i)). For pitches >1 
patient dose is less, but data must be interpolated 
to preserve spatial resolution along the Z-axis 
(like in Fig. 6.3(ii)) [60]. By increasing the pitch, 
with a fixed scan length and mA, the radiation 
dose is reduced. The detectability of small lesions 
may be reduced due to a lower dose and an 
increase in image noise.

6.4.10  Slice Thickness

Thinner slices mean an increase in noise if all the 
other scanning parameters remain the same. The 

noise is increased because the number of X-rays 
used to form an image is reduced in proportion to 
the slice thickness [60]. A decrease in slice thick-
ness by 50% will necessitate a dose increase by a 
factor of 2 to fully compensate.

6.4.11  Matrix Size

Choosing a larger matrix (more pixels) will 
increase the noise per pixel and will decrease the 
contrast if all other scanning parameters remain 
the same. Care must be taken to choose an appro-
priate matrix size.

6.5  Other Practical Dose Saving 
Approaches

The most obvious dose saving approach is to 
limit multiple scans and to perform only indi-
cated CTC examinations. Another approach to 
reduce overall dose is to minimize the number of 
scan phases and limit the scan volume to the 
colon only [16]. Correct patient positioning is 
very important for the proper functioning of the 
automatic dose modulation and to optimise the 
image quality; bowtie filters work most effi-
ciently when a patient is positioned in the gantry 
isocentre. If this is not the case, then the X-ray 
beam is not attenuated appropriately, which can 
lead to an increased patient dose. Additionally, 
because of the lower tube currents with automatic 
exposure control, unintentional X-ray beam 
attenuation can cause an unwanted increase in 
image noise or beam-hardening artefacts [61].

6.6  Diagnostic Reference Levels 
as an Optimisation Tool

Diagnostic reference levels (DRLs) are dose lev-
els for typical examinations of groups of standard- 
sized patients [62]. The ICRP states in publication 
105 [2] that it is inappropriate to set dose limits or 
dose constraints for patient exposures because 
the medical condition is more significant than the 
potential for radiation harm arising from any jus-
tified exposure. Dose management is implicit in Fig. 6.3 (i), (ii) Explanation of pitch
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dose optimisation, and the patient doses can only 
be managed if the magnitude and range of doses 
encountered for a study are known. Diagnostic 
reference levels (DRLs) can then be set using this 
data and local practice can be improved by com-
paring the institution’s data with appropriate 
DRLs. Radiology department should set local 
DRLs by taking into account appropriate national 
or international DRLs [62].

There are ongoing efforts to tally the CT dose 
metrics, in particular the CTDIvol and dose-length 
product (DLP), for various studies for the pur-
pose of comparing dose levels. In the European 
Union, DRLs are required by law [62]. DRLs do 
not represent a dose constraint for individual 
patients but give an indication of the boundary 
between good or normal and bad practice. The 
DRL is usually set at the 75th percentile of the 
distribution of doses for a particular examination. 
If the typical average dose for a given procedure 
is consistently high compared to the set DRL, 
this could point to the necessity for dose optimi-
sation and adaptation of local practice [62].

A search for published data on DRLs in CTC 
yielded very few results. One paper [63] referenced 
the 2016 UK data [64], which proposed a DRL of 
the CTDI of 11 mGy and of the DLP of 950 mGy cm. 
This data was updated in 2019 [65]. The 2019 data-
set contained 16,842 patients from 92 hospitals and 
reported a third quartile DLP of the medians of the 
submitted datasets of 685 mGy cm, while the CTDI 
was reported at 6 mGy. This is an indication that an 
awareness of the patient doses can result in signifi-
cant dose savings.

6.7  Ethics in Radiology Imaging

A 2022 publication of the WHO underscores the 
importance of ethics in imaging in terms of justi-
fication, optimisation and dose limitation in med-
ical imaging [66]. The WHO also issued six 
guiding principles with respect to the design and 
use of AI in health [67] (the principles of AI are 
discussed in Chap. 25). These aspects with 
respect to dose optimisation should be consid-
ered in CTC clinical audits. The principles of the 
latter are presented in Chap. 27.

Key Messages
• Justification means ordering the right proce-

dure for a specific clinical indication; optimi-
sation means obtaining the required diagnostic 
information with a minimum detriment to the 
patient, taking into account economic and 
societal factors.

• An increase in the use of ionising radiation in 
medicine has led to a higher dose awareness 
and thus to increased pressure to optimise the 
procedures to keep the doses as low as reason-
ably achievable, while still maintaining diag-
nostic quality of images.

• CT vendors have introduced many dose- 
saving features, like automatic tube current 
modulation, new detectors, filters, or iterative 
reconstruction algorithms. Many of the newer 
innovations come at a premium and will have 
to be specified before the purchase of a CT 
scanner.

• However, the CT operator still has a number 
of variables to adjust to try and reduce the 
dose while maintaining image quality. These 
include the tube voltage and current, the slice 
thickness, and the pitch.

• Multiple and repeat scans should be limited as 
far as possible. Proper patient positioning on 
the CT couch is vital and often overlooked as 
a dose-saving feature.

• Diagnostic reference levels (DRLs) are not a 
dose-limiting tool in any given patient exami-
nation. They do however provide a good indi-
cation whether the radiological practice is 
operating at reasonable dose levels.

6.8  Conclusion

In response to the awareness of an increased pop-
ulation radiation burden, campaigns such as 
Image Gently (the alliance for radiation safety in 
paediatric imaging) and Image Wisely (radiation 
safety in adult medical imaging) were started. 
Their goal is to raise awareness of the opportuni-
ties to lower radiation dose in the imaging of chil-
dren and adults, respectively, by providing 
information and free educational materials. Any 
imaging procedure that uses ionising radiation 
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should be justified, and once it has been justified 
it should be optimised.

Optimised protocols are essential in any dose 
reduction programme. It does not matter how 
sophisticated the dose reduction hardware and 
software is if it is not fully utilised. Dose reduc-
tion techniques often remain underused, but CTC 
is an imaging examination that can tolerate a rel-
atively high level of noise compared to most 
other abdominal CT protocols. This allows for 
aggressive attempts at dose optimisation while 
preserving the diagnostic image quality. In addi-
tion, it is essential to promote and facilitate the 
implementation of a quality assurance pro-
gramme, which includes appropriate training, use 
of well-designed and maintained equipment that 
is in proper operating condition, suitable and 
optimised examination protocols, and adequate 
viewing conditions for image interpretation.
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