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Foreword

A major portion of the total irradiation dose applied for medical purposes now
derives from the use of computed tomography. Indeed, over the past two decades a
steady increase in the use of this high-performance, non-invasive diagnostic modality
has been observed in the developed world. This trend in medical practice is a source of
major concern to public health authorities and clinicians.

This highly topical and serious problem is addressed and comprehensively covered
in this new volume of our Medical Radiology series.

The first part provides the theoretical basis for our understanding of radiation issues
and the risks involved in the clinical applications of multidetector CT. The second part
deals with the various anatomic body areas and offers detailed guidelines on how to
conduct multidetector CT studies of specific organs under optimal circumstances of
dose reduction. A separate chapter is devoted to CT studies in children, an age group
for which radiologists should make maximal efforts in dose reduction due to the greater
risk of long-term harmful effects.

All contributors are internationally renowned experts. They have provided us with
a well balanced and highly informative text which will undoubtedly be very helpful
for all radiologists in training, certified radiologists, as well as for all referring general
practitioners and specialists.

I am very much indebted to the editors, D. Tack and P.A. Gevenois, for this interest-
ing and outstanding volume.

Leuven ALBERT L. BAERT




Introduction

The use of computed tomography (CT) has seen enormous growth over the past decade.
In the US, approximately 63 million examinations were performed in 2005 (Niagara
Health Quality Coalition 2004) compared to 35 million in 2000. The increased number
of clinical applications (e.g., in emergency and trauma, paediatric, cardiac, and vas-
cular disorders) made possible by the fast scanning capabilities of multidetector CT
(MDCT) will drive even greater growth.

CT is already the main cause of radiation dose to the US population (WIEST et al.
2002; METTLER et al. 2000), and this will surely increase as the number of examinations
per patient increases. This is a serious concern with which the radiology community is
now confronted. The significant uncertainty associated with radiation risk estimates,
long delays between exposure and cancer manifestation, and the fact that carcinogen-
esis is proved by statistical inference rather than by direct observation tend to reduce
the perceived urgency to reduce radiation dose delivered by CT. However, the radiology
community needs to be made aware that the small but acceptable risk-benefit decisions
made at the individual patient level are amplified by the huge number of CT procedures
performed each year. In a recent report on the biological effects of ionizing radiation
(BEIR 2005), the overall probability of death due to a solid tumor induced by a single
10-mGy CT examination is estimated to be approximately 0.00041. This apparently
very low risk - multiplied by the 63 million CT examinations performed each year
- suggests in fact that 25,420 fatal cancers are induced by CT every year.

This calculation, however, has a number of major flaws. The most important flaw is
the fact that the risk factors were derived for generally healthy individuals in the popu-
lation of Japanese A-bomb survivors, whereas patients who undergo CT are usually
older and have a lower life expectancy than those in the general population. Moreover,
the health benefit of CT-derived diagnostic information is immediate, whereas the risk
of induced cancer is decades away. Nevertheless, this mathematical calculation was
meant to underscore the importance of restraint in the use of MDCT.

Given these figures, what are radiologists supposed to do? Should they refuse to per-
form CT examinations on the patients referred to them? Conservative estimates of the
benefit-to-risk ratios for CT are 100:1 and even higher. This discussion does suggest,
however, that CT should not be performed for dubious or trivial clinical indications.
Appropriateness criteria need to be vigilantly applied for all patients referred for a CT
examination. Appropriate medical training in radiation risk management would be
helpful in reducing the number of inappropriate requests for CT examinations. Aca-
demic radiologists should push for this training and organize dedicated lectures in
medical schools. In training hospitals, CT examinations requested by young residents
should be approved by senior physicians.




MDCT has the potential to revolutionize cross-sectional imaging. However,
substantial improvements are necessary for maximal diagnostic utility. Radi-
ologists need to revise the CT protocols, change viewing strategies, and develop
new visualization skills to use these scanners to their full potential. The excel-
lent temporal resolution of most modern MDCT will be used for rapid imaging
of the heart and elsewhere, generating a new appreciation of the functional
capabilities of dynamic CT.

As radiation doses delivered to patients will increase further still with these
modern MDCT scanners, the radiology community needs to develop and
adhere to updated appropriateness criteria for routine MDCT examinations.
There is also a need for evidence-based benefit-risk analyses. Such analyses
should include patient age and parameters related to his or her health status.
The increase in clinical applications and in image quality that permit MDCT
scanners will induce strong modifications in disease assessment and diagnos-
tic medicine. To remain masters of this technology, radiologists need to know
when to use or not to use this technique, to be conversant and knowledgeable
about radiation risk issues, to be aware of the CT parameters that influence
the radiation dose delivered to the patient, and to optimize MDCT acquisition
and reconstruction parameters suited for the clinical indication, as well as for
individual risk factors depending on the underlying disease, gender, and age.
Radiologists will then be able to develop radically new acquisition and inter-
pretation practices that will improve the diagnostic accuracy of MDCT exami-
nations at a substantially lower radiation risk.
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1.1
Introduction

The principles of protecting the subject undergoing
investigation by radiation are clear and well known:
it is the responsibility of all radiological services
to ensure the information required for the clinical
management of the patient is obtained with the low-
est practicable exposure to radiation. Within this
clear objective, however, medical investigation oper-
ates in a constantly changing scenario influenced
by increasing knowledge of disease processes and
advancing technological development. This syn-
drome ensures that as time passes differing objec-
tives and concerns come to the fore. Over the past
few years the emergence of multidetector computed
tomography (MDCT) has posed new challenges in
radiological protection, to the extent that some now
claim that this represents today’s greatest single
challenge in clinical radiation protection. This book
expounds the challenges posed by MDCT to scien-

R. PATEL, MD

S. GoLDING, MD

Radiology Research Group, Nuffield Department of Surgery,
University of Oxford, MRI Centre, John Radcliffe Hospital,
Oxford, 0X3 9DU, UK

tists and physicians and in this chapter we provide
an introduction to the main themes which are of
concern.

Since its inception in 1973 (HOUNSFIELD 1973)
the development of computed tomography (CT)
has been dramatic and the technique continues to
mature. Twenty-five years ago a typical study con-
sisted of 10-mm sections, a 20-s exposure time and
a 60-s image reconstruction time. Technical devel-
opments including the development of slip rings,
increased X-ray tube heat capacity, advances in
detector technology and improvement in computers
now permit rapid sub-second exposures for acquir-
ing sub-millimetre sections and almost instanta-
neous image reconstruction. These improvements
have brought benefits in clinical examination,
extending the applications of CT into new areas
and facilitating difficult or demanding examina-
tions in all applications. The major development
in technology has been multidetector CT (MDCT),
which has dramatically increased the performance
capability of CT. Successive generations of systems
capable of acquiring 4, 8 or 16 sections simultane-
ously have been introduced (BERLAND and SMITH
1998; Hu et al. 2000; KALENDER 2000). Even greater
configurations are now becoming available, with the
latest cone beam systems capable of simultaneously
acquiring 256 sections (MoRI et al. 2006).

The incorporation of slip ring technology into
the design of scanners in the late 1980s removed
the need for rigid mechanical linkage between the
power cables and the X-ray tube. The ability to rotate
the tube continuously in one direction allowed the
development of helical CT and re-established CT
as a front-line imaging modality. Helical CT allows
a volume of tissue rather than individual slices to
be scanned as the table supporting the patient also
moves continuously while the tube is rotating; the
data are reformatted automatically to display the
images as axial slices. Furthermore, whereas con-
ventional and spiral scanners use a single row of
detectors, MDCT scanners currently have up to




R. Patel and S. Golding

eight active rows of detectors. The increased num-
ber of detectors combined with sub-second tube
rotation times have increased the speed and the
ability to cover large body areas without anatomi-
cal misregistration (GARNEY and HANLON 2002).
Whole CT examinations may now be carried out
within a single breathhold (e.g. thorax, abdomen
and pelvis in a trauma patient in 20 s) (KALENDER
et al. 1990). As well as increased speed and volume
coverage, MDCT offers excellent opportunities for
dedicated 2D and 3D visualization and post process-
ing. Continuous data acquisition also means lesions
can be evaluated during different phases of con-
trast enhancement and small lesions which may be
missed with conventional CT can now be detected
(SCHECK et al. 1998).

Thus, modern CT scanners now offer clinical tools
of almost unlimited flexibility. However, these ben-
efits have not been without a price and it is arguable
that MDCT has become radiology’s major radiation
protection problem.

1.2
Clinical Expansion

The development of MDCT seems likely to increase
thechallenge of patient protection,owingtoincreased
use in established applications and the introduction
of a wide range of new applications, many of which
are more extensive than the traditional uses of CT.
MDCT has made multiphase enhancement studies
feasible (ZOoETELIEF and GELEIJNS 1998), has enabled
CT angiography (MAKAYAMA et al. 2001) and CT
urography (ANDERSON and CowaN 2004), and has
contributed significantly to much greater potential
in 3D imaging and virtual reality (CARAMELLA and
BarToLOZzzI 2002). For example, in the case of a
neoplasm of the pancreas, it is possible to outline the
primary neoplasm at an optimal phase of enhance-
ment while at the same time gathering images of the
liver in different phases of enhancement in order
to examine for metastatic disease (JoHNSON 2001).
Where the investigation is justified, completing it in
one sitting is clearly of benefit in terms of facilitating
treatment planning and for the patient.

It is recognized that the effective dose from CT
scans of the head and neck is considerably lower
than that from CT examinations of the abdomen
or chest. However, head and neck CT examina-

tions for well established clinical indications (such
as sinusitis, unilateral conductive hearing loss and
acute stroke) are more common and the collective
dose to the population from cranial examinations
is therefore higher. Scan parameters for head and
neck CT examination protocols are generally chosen
to obtain the best image quality and meet the high-
est diagnostic criteria. Radiation dose from head CT
scans may vary considerably as a result of inherent
differences in equipment and because of variations
in exposure technique and scanning protocol. Pre-
vious studies where systematic changes in scanning
parameters were analysed with respect to resulting
image quality have reported dose reductions of up to
40% in CT scans of the head without loss of relevant
information or diagnostic image quality (COHNEN
et al. 2000; SMITH et al. 1998).

Well established clinical indications for CT of the
chest include bronchiectasis and the evaluation of
interstitial lung disease. Chest CT is also commonly
used to detect pulmonary metastases. A relatively
new use of helical CT is the diagnosis of pulmonary
embolism and some authors have even suggested
that MSCT could replace pulmonary scintigraphy
or angiography as a first-line investigation for pul-
monary embolism (Mayo 1997). While traditional
angiography will continue to be used for various
treatment options (such as the placement of stents
or angioplasty) the diagnostic role of angiography
is increasingly being carried out using the noninva-
sive procedure of CT angiography and this method
may now be the examination of choice for suspected
pulmonary embolism. A meta-analysis of this tech-
nique has demonstrated sensitivities of 53%-100%
and specificities of 83%-100%, wide ranges which
are partly explained by technologic improvements
over time (RATHBURN et al. 2000; WITTRAM et al.
2004). At present there is no consensus on the opti-
mal tube current setting for chest CT (Mayo et al.
1997) and surveys of radiation exposure from chest
CT have reported tube currents from 200 mAs to
533 mAs (NisHIZAWA et al. 1991).

The introduction of multi-slice cardiac CT has
reduced scan times to a few seconds allowing
patients to be scanned with very high resolution.
Also, patients with severe pulmonary disease and
congestive heart failure can be examined in a single
breathold.

Fast acquisition of narrow slices combined with
ECG gating permits scans with greater temporal
resolution. The main use of these images is for the
visualization of the coronary arteries and calcium
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scoring for assessment of stenoses. The evaluation of
the effect of ECG-controlled tube current modula-
tion on radiation exposure in retrospectively ECG-
gated multi-slice CT of the heart has been shown to
reduce dose by between 37% and 44% (PoLL et al.
2002).

Established indications for CT of the abdomen
include ruling out abscess, and detection of retro-
peritoneal lymphadenopathy or liver metastases
from neoplasms. A relatively new clinical indica-
tion is urolithiasis. CT urography is a promising
diagnostic examination that allows comprehensive
evaluation of the urinary tracts. It is becoming the
primary imaging study for evaluation of patients
with hematuria and other genitourinary condi-
tions and has become an established technique for
patients with acute renal colic (KAwASHIMA et al.
2004; WELLS et al. 1998). The sensitivity and accu-
racy of non-contrast CT in assessing ureteral calculi
has been reported to be as high as 97% (Sm1TH et al.
1996). Both CT angiography and CT urography cov-
er large body areas with several hundred sections.
The field of 3D imaging and virtual reality is too
large to cover here but MSCT has made these studies
remarkably easy, e.g. facilitating the development
of CT colonography (IANNACCONE et al. 2003). The
technique of virtual colonoscopy was first intro-
duced in the mid 1990s as a non-invasive technique
to image the colon (VINING 1997). Thin axial slices
through the abdomen are obtained in supine and
prone positions and may be reconstructed into 3D
(surface rendered) images giving the impression of
viewing the large bowel via an endoscope.

A further development has been CT fluoroscopy
which enables real-time monitoring for image-guid-
ed biopsy procedures. Improved needle manipula-
tion has made previously difficult procedures easier.
However, careful use of this technique is essential as
there is potential for large skin doses to both patient
and operator (OLERUD et al. 2002). The use of tube
currents as low as 10-30 mA have been shown to
give significantly lower patient skin doses whilst
still providing sufficient image quality in order to
control the difficult steps of the procedure. In addi-
tion, lead protection has been shown to reduce the
scattered dose to the operator by more than 90%
(Ir1E et al. 2001).

CT screening is an emerging concept target-
ing early detection of disease entities such as lung
cancer, colon cancer and coronary artery disease.
The issue of screening for disease by CT is a diffi-
cult area, as clinical benefit has to be demonstrated

conclusively to justify irradiation of a large number
of normal individuals. One American study of the
detection of pulmonary nodules found a primary
neoplasm rate of only 0.03% (BENJAMIN et al. 2003).

In situations where the diagnostic yield of CT is
expected to be so low, alternative, safer examina-
tions should always be considered. Contrary to the
general expectation that, with the advent of magnet-
ic resonance imaging (MRI) and its widespread use,
the use of x-ray computed tomography would decline
rapidly, MDCT has continued to gain in importance
(KALENDER 2000). However, MRI is an imaging
modality that is considerably safer than CT on the
basis of a number of factors, of which radiation dose
is perhaps the most significant. It therefore provides
the main “competition” for MDCT in clinical prac-
tice. A recent article has shown that screening MRI
of the entire body may be more accurate than indi-
vidual “gold standard” diagnostic investigations of
individual organ systems (LAUENSTEIN et al. 2004).
There are important differences between MDCT and
MRI, not least in availability and cost. However, the
present high use of MDCT suggests powerfully that
whether MRI can replace CT for various indications
should be continuously reevaluated, even in circum-
stances where MDCT may be diagnostically more
accurate (SEMELKA 2005).

The extension of CT into new areas continues.
Several studies have already demonstrated that CT
is ideally suited to the challenges posed by patients
with suspected appendicitis. RApToroULOS et al.
(2003) have reported the use of CT for selecting
patients for management of acute appendicitis,
finding that with increased use of CT there were less
severe imaging findings, a significant decrease in
surgical-pathologic severity and shortened hospital
stay. These would seem to be clinical benefits but
the routine use of a high radiation dose in a rela-
tively benign process requires careful study of costs
and benefits, especially as most patients with acute
appendicitis, of whatever stage, are managed effec-
tively without specialized investigation.

1.3
The Dose Problem

The fact that CT is a modality giving significant
exposure is well known. In the past this was seen
as permissible as in areas of its greatest applica-
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tion, such as the investigation of malignancy, its
diagnostic value was greater than its inherent risk.
However, CT is now used extensively in benign dis-
ease and in the young in whom cumulative dose
considerations are of the utmost importance. This
issue of radiation dose from CT has received much
attention in both the popular media and scientific
literature, due in part to the fact that the dose levels
from CT typically exceed those from conventional
radiography and fluoroscopy, and that the use of
CT continues to grow. CT contributes a significant
portion of the total collective dose from ionizing
radiation delivered to the public from medical pro-
cedures. The United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR) has
highlighted that worldwide there about 93 million
CT examinations performed annually at a rate of
about 57 examinations per 1000 persons. UNSCEAR
also estimated that CT constitutes about 5% of all
X-ray examinations worldwide while accounting for
about 34% of the resultant collective dose. In the
countries that were identified as having the highest
levels of healthcare, the corresponding figures were
6% and 41% respectively (UNSCEAR 2000).

In a frequently cited study performed by the Fed-
eral Bureau on Radiation Protection in Germany, it
was found that between 1990 and 1992 only 4% of all
X-ray examinations were performed on CT scanners,
yet CT accounted for 35% of the collective effective
dose (BMU 1996). In the United Kingdom, in 1991
the National Radiological Protection Board (NRPB)
pointed out that CT makes a disproportionately
large contribution to dose, at that time representing
only 2.5% of examinations but constituting 25% of
the collective dose to the population from diagnos-
tic use (SHRIMPTON et al. 1991). Subsequent studies
indicate that this proportion has increased; in 1998
SHRIMPTON and EDYVEAN (1998) suggested that
the cumulative radiation dose was closer to 40%.
METTLER et al. (2000) have indicated that in their
department CT comprises 11% of examinations and
67% of the collective dose, 11% of these examina-
tions being carried out in children, in whom radia-
tion protection considerations are paramount.

Whereas there is still a paucity of published data
available on the trends in patient doses following the
introduction of MDCT, an increased contribution to
patient dose may be expected due to reduced geomet-
ric efficiency and the more prominent impact of the
additional tube rotations necessary before and after
data acquisition over the planned scan range. When
scanning in helical mode, all CT scanners acquire

additional rotations at each end of the scan length in
order to obtain sufficient data to reconstruct the full
imaged volume. Tworecentstudieshavereported sig-
nificantincreases in effective dose per patient of 10%
and 34% for multislice compared with single-slice
CT (Brix et al. 2003; YATES et al. 2004). Reconstruc-
tion methods on multidetector systems sometimes
require a greater number of additional rotations.
This together with greater X-ray beam widths used
can result in a significant increase in effective dose,
particularly for short scan lengths (NicHOLsON
and FETHERSTON 2002). Recently published results
from the 2003 UK CT dose survey (SHRIMPTON et al.
2005) show that there has been a reduction in aver-
age patient doses from CT examinations since the
last national UK CT dose survey published in 1991.
However they also show that doses from MDCT are
consistently slightly higher than current dose levels
from single-slice CT scanners.

Of particular concern is the fact that many of the
new applications are especially applicable to young
patients and those with benign disease. However this
challenge is not the only problem facing radiation
protection in CT. The short scanning time of MDCT
means there is a danger of uncritical use being
made of the technique and previous studies have
shown that there are large variations in the scan-
ning protocols employed for the use of CT (LEwIs
and EDYVEAN 2005). The risk is that the flexibility
of MDCT in terms of long scan lengths and use of
narrow imaged slices with high mAs values can lead
to unnecessarily high doses if diagnostic require-
ments are not adequately considered (SHRIMPTON
et al. 2005).

Controlling technique variations may be prob-
lematic. Recommendations of CT manufacturers
vary with regard to clinical protocols and cannot
really be compared because of different scanner
makes and models (SCHECK et al. 1998). Institu-
tions may also change protocols according to their
needs. Further, different CT scanners employ spe-
cific detector geometry and filtration characteris-
tics. As a result it has been shown that even identical
scanning parameters can result in considerable dose
differences in the patient (SCHECK et al. 1998). Con-
sequently, there is a worrying level of variation in
exposure for examinations carried out for identical
purposes.

SHRIMPTON et al. (2005) reported that effec-
tive dose could differ by a factor between 10 and
40 in examinations for the same application and
OLERUD (1997) has reported variations between 8
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and 20 times. These differences seem to relate prin-
cipally to variations in examination technique. In
our experience (unpublished data) a tenfold varia-
tion in the number of sections and exposure factors
is found across the work of one general department.
It is inevitable that some complex cases will require
alarger number of CT sections and multiple phases,
but the disparity occurring between apparently sim-
ilar applications is of serious concern.

It is now widely accepted that unoptimized CT
examination protocols are a significant contributor
of unnecessary radiation dose. There appears to be
much scope for dose optimization through use of
appropriate protocols (LEwis and EDYVEAN 2005).
Efforts and measures to reduce dose can be initi-
ated by the examiner by critically considering the
indication and the choice of scanning protocols and
parameters for CT examination.

There may be justifiable reasons for some vari-
ability in practice, of which the most important one
is the difference in clinical indication. Furthermore,
as techniques develop there is a period of learning
during which the examination technique should
develop to a mature level. This difference is great-
er if operators and practitioners are insufficiently
educated in newly emerging technology. Further,
increasing demand in radiology may induce radi-
ologists to use over-intense protocols for CT, for
viability to supervise the examination directly while
engaged in other work. It is perceived that this is
more likely to occur with relatively inexperienced
workers and it is also possible that some examina-
tions are carried out more intensively than needed
as a means of clinical risk limitations. These factors
indicate strongly against measures to provide effec-
tive radiation protection.

One of the critical questions to ask is to what
extent developments in technology should alter the
technique (BERLAND and SMITH 1998). There is a
natural tendency for changes in the examination
technique to be driven by advances in technology
but the person carrying out the examination has
to ask if there is added benefit in intensifying the
examination and therefore the radiation exposure.
It has to be accepted that clinical demand and work-
load pressures currently motivate against protection
measures and that optimization of practice is one of
the greatest challenges facing dose constraint in CT
(GoLDING and SHRIMPTON 2002).

Unfortunately, despite the development of expo-
sure-reducing technology, the evidence base for
practiceislimited (KALRA et al. 2004). A dose reduc-

tion of 90% has been reported in high-resolution CT
of the face in patients with orbital trauma (JAcksoN
and WHITEHOUSE 1993), and in CT of the chest mini-
mizing tube current has been reported to reduce the
dose by 50% (MavYo et al. 1995). STARCK et al. (1998)
reported that in very specialized circumstances a
96% reduction in dose can be achieved and similar
levels of reduction may be possible in CT colonog-
raphy (IANNACCONE et al. 2003). Our own studies
in this area (publication forthcoming) bear out this
experience. These studies related to areas of high
natural contrast and high resolution imaging, where
large exposure latitude may be expected. However,
research is needed in the main areas of application
of CT, where detection of low contrast lesions is par-
amount. It is necessary to establish the minimum
exposure threshold that will deliver adequate image
quality in each application, preferably expressed in
terms of clinical effectiveness (MINTI et al. 1995).

14
Approaches to the Problem

The answers to the challenges facing the use of MDCT
must come both from technological development
and from the clinical practice. On the industrial
side the significant developments that have already
been achieved in dose-constraint technology must
continue and must impact on the way that MDCT
operates in practice, as described in the following
chapters. These advances in practice must be based
upon a clear perception of the factors important in
protecting the patient in MDCT, as outlined below.

1.4.1
The ALARA Principle

The ALARA principle states that all medicinal expo-
sure for diagnostic purposes shall be kept as low as
reasonably achievable. It is based on the radiation
assurance recommendations of various internation-
al expert committees and organizations and forms
the cornerstone of radiation protection. Based on
the assumption that there is no lower threshold for
carcinogenesis (i.e. that there is no dose that can be
considered completely safe or harmless), the reduc-
tion of radiation exposure to ALARA remains an
ongoing challenge.
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1.4.2
The Role of the Referrer: Justification

It is a sine qua non of investigational medicine
that the risk of the procedure is outweighed by the
putative benefit to the patient. Although simple in
essence, this principle may be difficult to put into
practice. In many areas of established use of CT the
potential benefit to the patient is clear and its appli-
cation therefore well justified. However, patients are
all individuals and in other areas it may be difficult
to quantify accurately the potential benefit to the
patient; in many instances, it is accepted, clinicians
may tend to refer patients for examination in order
to give themselves reassurance concerning their
intended management regime; in such cases benefit
is difficult to demonstrate.

The aims of radiation protection - and of effective
justification and the ALARA Principle - may best be
met by encouraging referring clinicians to adopt a
critical appraisal of their own referral practice. The
clinician needs to ask, before referring a patient for
MDCT, “do I really need this investigation? Will it
change what I do?” If the answer to these questions is
positive, the next critical question is to ask whether
the information that is needed could be obtained
without the use of ionizing radiation. In many
abdominal and pelvic applications ultrasound and
MRI provide acceptable alternatives to MDCT, and
MRI is also an effective competitor elsewhere in the
body. Even where these two techniques may not be as
sensitive as MDCT, there may be a case for employing
them first, especially in young patients, on the basis
that if they yield the required information then expo-
sure of the patient to radiation may not be required.
In our own practice the investigation of some cases of
orbital fracture - an application usually regarded as
exclusively a requirement for CT - has been success-
fully achieved using MRI. In such clinical decisions
referral guidelines such as those issued by the RoyaL
COLLEGE OF RADIOLOGISTS (2006) in the UK (refer-
ence) have an established value.

1.4.3
The Role of the Operator: Optimization

It should be a given principle that all MDCT equip-
ment is operated at optimum technical performance
and subject to regular quality assurance. However,
the objectives of optimization of the examination go
beyond this. As indicated above, there are current

technological advances which may be used to con-
strain exposure and, in appropriate circumstances,
image quality can be manipulated to reduce expo-
sure, provided that the resulting examination does
not fall below an acceptable threshold of image qual-
ity and therefore of sensitivity appropriate to the
clinical application. All departments should have in
place local guidelines, based on the best evidence to
date, to ensure that these objectives are met.

1.4.4
The Role of Guidelines in MDCT

As indicated above, the evidence base for dose con-
straint in CT is not strong and in these circum-
stances practice guidelines may be important. In
1994 the European Commission set up a working
group on image quality and dose in CT, resulting
in publication in 2000 of the European Guidelines
on Quality Criteria for Computed Tomography
(EurROPEAN CoMMISSION 2000). This group has
continued and is currently producing a second edi-
tion of the guidelines (ref), which concentrates on
MDCT. The second edition of the guidelines surveys
technical and clinical principles in MSCT and make
recommendations on good technique in 26 common
areas of application, together with the guidelines on
dose measurement and audit. Particular attention is
paid to paediatrics. The group has also been active in
promoting research studies to generate an evidence
basis, principally a European field survey.

One problem that the group has had to face is the
variation in the performance of individual CT scan-
ners. Whereas in the first edition it was possible to
make specific recommendations on slice thickness
and pitch, only ranges can now be specified. As in
the first edition, the guidelines recommend qual-
ity criteria that enable examinations to be assessed.
However, the key issue of diagnostic effectiveness
and exposure still needs to be addressed by robust
research studies.

1.4.5
The Role of Evidence: Vigilance

Overall, experience indicates that the dramatic rise
in applications of CT has not yet reached a plateau.
This is despite the fact that both technically and
clinically, MSCT may be used in a way to aid dose
constraint (OLERUD 1997; KALENDER 2004; YATES
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et al. 2004). A number of factors actually offer the
potential of dose reduction if taken into consider-
ation by clinicians. For example, repeat scans which
were frequently required if the patient moved signif-
icantly or breathed between single scans have been
practically eliminated by MDCT. Overlapping scans
which were often selected for good multiplanar or
3D displays and led to corresponding increases in
dose are no longer a necessity because overlapping
images are routinely available in helical CT with
no additional exposure. Also, the selection of pitch
factors greater than 1 results in a reduction in dose
corresponding to the pitch factor (KALENDER 2000).
Significant reduction of dose can also be obtained
through attenuation-dependent tube current modu-
lation which allows constant image quality to be
maintained regardless of patient attenuation char-
acteristics and is now widely available on most
MSCT systems (YATES at al. 2004).

It is important that all practitioners in CT con-
tinue to review emerging evidence and adapt their
practice accordingly. For the present dose audit
remains mandatory and further surveys of practice
are required. Departments must ensure that their
justification criteria are soundly applied, and that
examinations are carefully targeted to clinical appli-
cations and do not exceed the clinical requirements.
Where evidence supports the approach, exposure
should be adjusted to the lowest threshold that deliv-
ers the required clinical sensitivity. It is necessary to
follow published guidelines and observe all updates
in these.

Overall, the challenge of patient exposure in
MDCT will best be served by continuing vigilance;
from the manufacturers towards new dose-soaring
developments and advice to their uses, from clinical
referrers to ensure that over-demand is avoided, and
from radiology department staff to ensure that the
principles of best practice are always applied. This
is, therefore, a field in which understanding of the
balance between risks and benefit is most likely to
be served by effective inter-disciplinary communi-
cation and education.
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2.1
Introduction

2.1.1
Preamble

The radiation doses received by patients undergo-
ing diagnostic radiological examinations by means
of computed tomography (CT) are generally in the
order of 1-24 mSv (milliSieverts) per examination
for adults (UNSCEAR 2000) and 2-6.5mSv for
children (SHrRiMPTON 2003). These effective doses
can be classified as low, although they are invari-
ably larger than those observed using conventional
diagnostic radiology. The immediate question that
comes to mind is whether these low doses carry any
risk for the patient.

Deleterious health effects induced by ionising
radiation have conventionally been separated into
two different categories: deterministic effects and
stochastic effects.

Exposures to high acute doses in excess of one or
two gray (Gy) or sievert (Sv) cause substantial levels
of cell killing, which is expressed as organ and tis-
sue damage and, soon after exposure, as deleterious
clinical effects. These effects are called determinis-
tic, and the dose-effect relationships exhibit a long
threshold dose, with no observable effect, after
which the effect increases in severity as the radia-
tion dose increases. The possibility of determinis-
tic health effects, such as radiation sickness, arising
after the low doses used with computed tomogra-
phy can be dismissed.

At lower doses, deleterious health effects, such
as cancer or hereditary disease which may take
years to be revealed, can occur as a consequence
of molecular damage to the nucleus of a single cell.
These effects are called stochastic effects, and the
probability for their occurrence increases as the
dose increases, but the severity of the effect is unre-
lated to the dose. The potential for stochastic health
effects to occur as a result of computed tomogra-
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phy examinations cannot be so easily dismissed
because the shape of the dose-effect relationship at
low doses is not known.

2.1.2
Threshold or Linear No-Threshold

Estimation of the risk of radiation-induced cancer
relies on the analyses of epidemiological data from
exposed populations, most notably the atomic bomb
survivors. All the epidemiological data sets show
that cancer levels found in populations exposed to
low doses are not significantly different from those in
unexposed populations; thus, the dose-effect rela-
tionship at low doses is not well defined. There are
basically two different opinions about the shape of
the dose-effect relationship for stochastic effects at
low doses. There are those who believe that very low
doses of radiation carry no risk and that a thresh-
old dose has to be exceeded before an effect will be
induced. Others support the concept of radiation
risk increasing linearly with dose from zero dose up,
i.e. the linear no-threshold (LNT) concept.

The LNT concept of radiation risk has been the
subject of much debate (ACADEMIE DES SCIENCES
1997; CLARKE 1998; TuBIANA 1998; KELLERER 2000;
KELLERER and NEkorLrLA 2000), and supporters of
the “threshold” concept (BoND et al. 1996; BECKER
1997; TuB1ANA 2000) include some who support the
idea thatlow doses can have a beneficial health effect,
i.e. “radiation hormesis” (CALABRESE 2002; LUCKEY
1997; SAGAN 1992; KESAVAN and SUGAHARA 1992).
Those who support the LNT concept include some
who claim that it underestimates the risk of low dose
radiation (GoFMAN and TAMPLIN 1971; STEWART
and KNEALE 1990; EDWARDs 1997). However, it is
important to note that, following extensive reviews,
both the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR 2000) and
the National Council on Radiation Protection and
Measurements of the United States of America (NCRP
2001) have concluded that the LNT extrapolation pro-
vides the interpretation of low dose radiation effects
that is most consistent with current scientific data
and developing knowledge. UNSCEAR qualifies this
by adding that a strictly linear dose response should
not be expected in all circumstances.

Even more important is the fact that the Recom-
mendations of the International Commission on
Radiological Protection (ICRP), as outlined in its
Publication 60 (ICRP 1991), implicitly adopt the LNT

concept and the ICRP itself considers that the risks
estimated using the concept are probably conserva-
tive. The concept has formed the basis for the devel-
opment of an extremely useful radiological protec-
tion philosophy, including the valuable ALARA [As
Low As Readily Achievable] principle and Collective
Dose, which is a parameter that, while useful, is also
open to abuse. In this context, it is worth noting that
there are indications that the ICRP might adopt a
different strategy in the future (CLARKE 1999; ICRP
2003).

However, the ICRP has, in its current recommen-
dations dating from 1991, adopted the LNT concept
and estimated low dose-rate radiation risk, essen-
tially using an interpretation of the data on cancer
induction in the atomic bomb survivors. The ICRP
uses a dose and dose-rate reduction factor (DDREF)
of two to convert from high dose-rate risk to low
dose,low dose-rate risk taking into account the spar-
ing effect of low dose rate which is commonly found
in radiation biology. The ICRP quantified radiation
risk in 1991 by adopting a value of 5% for the nomi-
nal lifetime excess absolute risk (EAR) per sievert of
fatal cancer for a general population exposed to low
doses. For a population of working age, a value of 4%
was adopted.

More recently, UNSCEAR (UNSCEAR 2000) de-
rived a quantification of radiation risk in a somewhat
different way. Starting from an assessment of lifetime
risk estimates for solid cancer mortality in a popula-
tion of all ages after an acute dose of 1 Sv (9% for men,
13% for women), UNSCEAR applied a 50% reduction
to estimate risk from chronic exposures but sug-
gested that risks of solid cancer incidence are about
twice those of mortality. Compared with adults, chil-
dren are thought to have twice the level of risk. The
lifetime risk of developing leukaemia is taken as 1%
for both men and women following an acute dose of
1 Sv, but the non-linearity of the acute dose response
is expected to lead to a 20-fold reduction in risk if the
acute dose is reduced from 1 Sv to 0.1 Sv.

2.1.3
What the Data Tell

The debate about the LNT concept continues to rage
because the extrapolation of epidemiological and
experimental radiation biological data measured at
higher doses down to zero is open to several inter-
pretations and has important economic and policy
implications for radiological protection and medical
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radiology as well as energy production and nuclear
decommissioning. The discussion about the differ-
ent interpretations of the shape of the dose-effect
relationship at low doses continues to be unresolved
because the statistical and systematic variations
inherently associated with the zero dose effect make
it impossible to measure a significant increase at
very low doses.

This problem is unavoidable in experimental
radiation biology (POHL-RUHLING et al. 1983, 1986;
LLoYD et al. 1988, 1992; MILL et al. 1998) as well as
in epidemiology (BRENNER et al. 2003). In a multi-
laboratory exercise, the lowest dose at which a sig-
nificant effect of radiation on the induction of dicen-
tric chromosome aberrations in human lymphocytes
could be measured was 20 mGy (LLoyD et al. 1992).
The lowest dose at which a statistically significant
excess of cancer can be detected in the atomic bomb
survivors has been estimated to be 50 mSv (PIERCE
et al. 1996), although others have claimed that the
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value should be 200 mSv (HEIDENREICH et al. 1997a,
1997b; P1ERCE and PRESTON 1997). The data on the
occurrence of leukaemia in children following pre-
natal exposure to diagnostic X-rays indicates a risk
from accumulated doses of a few tens of millisieverts
(STEWART et al. 1956; 1958; BITHELL and STILLER
1988; DorL and DARBY 1991; WAKEFORD et al. 1997).
Other epidemiological data on chronically exposed
nuclear workers (MUIRHEAD et al. 1999; CARDIS et
al. 2005), while being interpreted in terms of a linear
dose-effect relationship and showing general agree-
ment with the ICRP risk estimate within the statisti-
cal limits of the studies (WAKEFORD 2005), illustrate
the problem of detecting statistically significant
effects at low dose and the difficulties of defining
the shape of the dose-effect relationship at low dos-
es. This can be seen in Figure 2.1, in which the data
reveal no statistically significant radiation effect in
the range 0-100 mSv, which is of greatest relevance
to computed tomography.
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Fig. 2.1a-d. Two examples illustrating the difficulty of determining the shape of the dose-effect relationship at low doses.
The upper graphs (a,b) present atomic bomb survivor data (P1ERCE et al. 1996) with a straight line from the origin through
the data (a) and a straight line from a threshold dose through the data (b). The lower graphs (c,d) present similar extrapola-
tions through data for the UK nuclear workers (MUIRHEAD et al. 1999)
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2.1.4
The Way Forward

The unavoidable conclusion is that it will never be
possible to determine the real shape of the dose-
effect relationship at the low doses relevant for
radiological protection and computed tomography
using experimental and epidemiological studies. It
is clear that the only way for progress to be made
in defining the real shape of this relationship is by
understanding the mechanism of radiation action at
the molecular level and developing a credible model
approach that provides a coherent interpretation of
the higher dose, statistically significant, experimen-
tal and epidemiological data (BRENNER et al. 2003;
CHADWICK etal.2003). The model must take account
of the biophysics of radiation action, induction and
repair of molecular damage, occurrence of effects at
the cellular level and the influence of cellular effects
on the development of cancer.

In the following sections, we present the outline of
amodel that can be used to derive the pathway from
radiation-induced molecular damage to radiation-
induced cancer. We also provide evidence to support
the various links in the chain required to complete
the pathway. The model is based on a mechanism of
radiation action at the molecular level that results in
different cellular end-points and provides a quanti-
fiable description of the dose response for a variety
of radiation effects.

2.2
Model Development

The pathway from radiation energy deposition
through cellular effects to the induction of cancer
is described here in two parts. The first describes
a model that provides an explanation of the cel-
lular effects of radiation in terms of a basic lesion
and mathematical expressions for the dose-effect
relationships. The second part incorporates the cel-
lular-effects model into a biologically based cancer
model in order to deduce the implications that the
pathway has for radiation risk at low doses.

The cellular effects model is presented in a series
of stages that closely follow its historical develop-
ment, starting from the fitting of dose-effect rela-
tionships for cell killing, through the choice of
lesion with all its implications, to the inter-relation-

ship of different cellular end-points. The features of
the cancer model are discussed in a qualitative way
to show how the incorporation of the cellular model
can be envisaged and to derive some important con-
clusions for radiological protection.

We have been using and developing the cellu-
lar model for 30 years and have benefited from the
insight into radiation biological effects that the
model has given us. All models represent a simpli-
fication of reality and the one presented here is but
one of many, although we are not aware of another
radiobiological model that is as far-reaching and
comprehensive. We commend it for its straight-for-
ward simplicity but warn that, in some aspects, it
contradicts some current radiobiological dogma. It
provides a logical explanation of experimental and
epidemiological findings and, although the model is
supported by fits to cellular and cancer data, it has
not yet been proven.

2.21
Dose-Effect Relationships

The development of the model started when we
noticed that different cell survival curves could all
be very closely fitted using a linear-quadratic dose-
effect relationship of the type:
S = exp[-p(aD + BD?)] 2.1

Where S is cell survival, D is radiation dose and
pa and pp are values derived from fitting the data
(CHADWICK and LEENHOUTS 1973).

SINCLAIR (1966) had already found that thelinear-
quadratic relationship gave the best fit by analysing
cell survival data using various possible mathemati-
cal functions although he did not have a mechanistic
interpretation for the equation. Later GILLESPIE et
al. (1975a;b) showed, in a series of elegant experi-
ments, that the linear-quadratic function fitted cell
survival as well as could be statistically expected
and SKARSGARD et al. (1993) showed, in equally ele-
gant experiments, that the survival of synchronised
cells was accurately described by the equation down
to low doses.

The equation suggests that cell killing is a result
of “things” induced in a single radiation event (paD)
and “things” arising from a combination of two
radiation events (ppD?). Our analysis of several sets
of cell survival data revealed consistent results and
indicated that the equation could provide straight
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forward explanations for known radiation biologi-
cal phenomena, such as dose rate and fractionation
effects, and radiation quality effects, in terms of
changes in the values of the curve-fitting coefficients
pa and pP. For example, decreasing the dose rate of
exposure leads to a sparing effect and increased cell
survival, and this is expressed in the linear-quadrat-
ic equation by a decrease in the quadratic coefficient
pB, which goes to zero at very low dose rates, while
the linear coefficient po. does not change (WELLS
and BEDFORD 1983; METTING et al. 1985). This effect
is often referred to as the repair of sub-lethal dam-
age. Another example is the effect of radiation qual-
ity, which is revealed in a change in the value of the
pa coefficient. In general, pa increases as the radia-
tion becomes more densely ionising. Alpha particles,
for example, which are more densely ionising than
gamma radiation, induce a virtually linear survival
curve because po dominates and is substantially
larger than the pa found following gamma radia-
tion (BARENDSEN 1964; TopD 1967) (Fig. 2.2).

An additional indication of the consistency of the
curve fitting was revealed by analysis of the survival
of cells synchronised in different phases of the cell
cycle. This showed that the linear-quadratic equa-
tion fitted all the different survival curves and, in

1
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Fig.2.2. An example of the fitting of the linear-quadratic
dose-effect equation (2.3) to the survival of stationary CHO
cells after acute gamma ray exposure (pa.=0.0992 Gy ;
pP=0.0291 Gy2). The figure also shows the expected low
dose rate curve when pf =0 and a typical survival curve after
exposure to densely ionising radiation with pa=0.9 Gy;
pB=0.029 Gy?

addition, it was found that the linear and quadratic
coefficients varied through the cell cycle in a typi-
cal way independent of the type or strain of cell line
examined (CHADWICK and LEENHOUTS 1975).

The linear-quadratic equation for cell killing
provides a first indication of the shape of dose-
effect relationships at low doses. It is important to
note that the quadratic term only starts to influence
the response at acutely delivered doses above about
2 Gy and that the linear term, which is dependent on
radiation quality but not on dose rate, is the term
defining cell killing at very low doses.

Although comparable effects of dose rate and
radiation quality were known for other end-points,
such as the induction of chromosomal aberrations
and somatic mutations, and the dose-effect rela-
tionship for these end-points had been found to be
linear-quadratic, it was only when we decided on the
nature of the radiation-induced “thing” responsible
for cell killing that we found real insight into radia-
tion effects and a whole panoply of explanations
offered themselves.

2.2.2
The Choice of Lesion-DNA Double-Strand
Breaks

There are several reasons why a DNA double-strand
break is a suitable choice for the crucial radiation-
induced lesion.

® The DNA helix is a large, important, structured
target molecule in the nucleus of the cell.

® Cells with a reduced ability to repair double-strand
breaks are very sensitive to ionising radiation.

@ In the unineme concept of chromosome structure,
where the chromosome backbone is a single DNA
helix, a double-strand break is the same as a chro-
mosome break.

® Permanent damage to DNA can cause mutations.

® The error free repair of single-strand breaks can
be ascribed to sub-lethal damage repair to explain
dose rate and fractionation effects.

® The repair of double-strand breaks, which is
unlikely to be completely error free, can be
ascribed to potentially lethal damage repair to
explain changes in survival that occur on post-
irradiation storage of non-cycling cells.

® The interaction of radiation with the two strands
of the DNA helix offers an explanation for the
increased effectiveness of densely ionising radia-
tion.
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2.2.2.1
Modes of Radiation Action

The DNA helix can, at least hypothetically, be dis-
rupted in two modes of radiation action as illus-
trated in Figure 2.3.

a - mode B - mode

N = aD + gD?

Fig.2.3. A schematic representation of the possible modes
of radiation action for the induction of DNA double-strand
breaks. In the a-mode, a single particle track causes two spa-
tially and temporally correlated ionisation events close to the
two strands of the DNA helix. In the $-mode, two separate
particle tracks each induce a single-strand break in the two
strands of the DNA helix. N represents the number of DNA
double-strand breaks induced by a dose (D) of radiation

The two strands of the helix can be broken dur-
ing the passage of a single ionising particle if two
energy depositions, closely associated in time and
space, occur along the particle track close to, or on,
the two strands. A double-strand break also results
if two independent ionising particles cause single-
strand breaks in each strand of the helix. Thus, the
equation for the number (N) of DNA double-strand
breaks induced by a dose (D) of radiation is given
as:
N=(aD+pD?) (2.2)
so that if f; is the proportion of unrestored double-
strand breaks and p, is the probability of an unre-
stored double-strand break causing cell killing, then
cell survival (S) is given by:
S=exp[-pN] =exp[-p(aD+BD?)] (2.3)

where p=p,f,.

In fuller derivations of this equation (CHADWICK
and LEENHOUTS 1973; 1981), the o and B coefficients
are made up of several parameters that take the
effects of radiation quality and repair into account.
A parameter (f)) is included in the B-coefficient to
take account of the repair of single-strand breaks so
that f, =1 for acute exposure but decreases to f;=0
for chronic exposure where 3 becomes zero. This
essentially reflects the probability that a single-
strand break can be repaired during exposure before
a second single-strand break converts it to a double-
strand break and provides a mechanistic explana-
tion for the dose-rate effect and fractionation.

A consideration of the a-mode of double-strand
break induction should, intuitively, lead to the
understanding that more densely ionising particle
tracks have a higher probability of causing two
energy deposition events close to the two strands of
the helix than sparsely ionising particle tracks and
should, therefore, be more effective per unit dose.
This provides a mechanistic understanding of the
effect of radiation quality.

The association of the double-strand break with
cell killing, chromosome arm breakage and muta-
tions, and the knowledge that similar effects of dose
rate and radiation quality had been found in aberra-
tion and mutation studies (LLoYD et al. 1984; ILIAKIS
1984; VivEk KuMAR et al. 2006; FURUNO-FUKUSHI
etal. 1996; LEENHOUTS and CHADWICK 1990; LLoYD
et al. 1976; GOODHEAD et al. 1979; ALBERTINI et al.
1997) led us to propose that each of the three cellular
end-points derive from the same type of molecular
damage, namely DNA double-strand breaks. In this
case, the yield of chromosomal aberrations (Y) can
be described by the equation:

Y =cN=c(aD+pD?) (2.4)

where ¢ relates induced double-strand breaks to
chromosomal aberrations, and the mutation fre-
quency (M) can be described (to a first approxima-
tion) by the equation:

M=qN=q(aD+BD?) (2.5)

where q relates induced double-strand breaks to
mutations.

2.2.2.2
Correlations

Comparison of equations 2.4 and 2.5 with 2.3 leads
to the following equations which correlate cell kill-
ing with the yield of chromosomal aberrations:




Risks from lonising Radiation

17

In S=—(p/o)Y (2.6)
and cell killing with mutation frequency:
In S=—(p/qQ)M (2.7)

Equations 2.6 and 2.7 predict that the logarithm
of cell survival should correlate as a linear func-
tion of chromosomal aberration yield or mutation
frequency when the end-points are measured in
the same experiment, irrespective of the non-lin-
ear shape of the dose-effect relationships. Several
examples of these correlations have been measured
(DEWEY et al. 1970; 1971a; b; 1978; BHAMBHANI et
al. 1973; FRANKEN et al. 1990; RicHoLD and HoLT
1974; THACKER and Cox 1975; THACKER et al. 1977;
Rao and Hopwoop 1982; IL1aKIs 1984). Examples
of these correlations are presented in Figure 2.4 and
Figure 2.5.

In accordance with the model, our interpreta-
tion of these correlations is not that aberrations or
mutations cause cell killing but that each end-point
arises from the same type of molecular lesion-the
DNA double-strand break. In this respect, equa-
tion 2.3 predicts that the logarithm of cell survival
should be linearly related to the number (N) of DNA
double-strand breaks measured in the same experi-
ment, irrespective of the non-linear shape of the
dose-effect relationships. The development of sensi-
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tive neutral filter elution techniques to measure DNA
double-strand breaks in the 1980s enabled these cor-
relations to be measured (RADFORD 1985;1986; PRISE
et al. 1987; MURRAY et al. 1989; 1990). An example of
this correlation is presented in Figure 2.6.

These correlations create alinkage chain between
DNA double-strand breaks and all three cellular
end-points.

2.2.2.3
Implications for Low Dose Effects

The association of cell killing, chromosomal aber-
rations and mutations with DNA double-strand
breaks permits an understanding of the shape of
the dose-effect relationships for these end-points
down to very low doses. This is not achieved by
extrapolating the data to lower and lower doses but
by considering the modes of radiation action in the
production of double-strand breaks. At low doses,
the a-mode (Fig. 2.3) is obviously dominant, even
for acute exposure, and the biophysics of radiation
energy deposition suggests that two energy deposi-
tions close to, or on, each of the DNA strands in
one radiation track are needed to cause the double-
strand break (BRENNER and WARD 1992; N1KjooO et
al. 1994, 1999; FRIEDLAND et al. 1998, 1999). This has
been confirmed by experiments that have shown the
role of pairs of hydroxyl radicals in the induction of

® X-rays

O  X-rays + TdR

A X-rays + BUdR
——— Correlation

2 4 6 8 0,0001
Dose (Gy) 0

¢ X-rays ® X-rays + TdR A X-rays + BUdR

2 4 6

Aberrations/cell

Fig. 2.4. The correlation between the induction of chromosomal aberrations and cell survival in accordance with equation
2.6 predicted by the model (data taken from DEWEY et al. 1970; 1971a,b). The correlation shows data from nine different non-
linear survival and aberration yield dose-effect curves of which three are shown in the graphs on the left of the figure
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Fig. 2.6. An example of the correlation between the induction of DNA double-strand breaks and cell survival in accordance
with equation 2.3 predicted by the model (data taken from MURRAY et al. 1989)

DNA double-strand breaks (PRrISE et al. 1993, 1999;
MILLIGAN et al. 1995, 2000). The three-dimensional
molecular structure and the 2-nm distance between
the two strands of the DNA helix impose the require-
ment that a single radiation track must have energy
deposition events occurring every couple of nano-
meters along its path in order to induce a double-

strand break. It is not difficult to understand that the
densely ionising tracks produced by a-particles, for
example, will have the required ionisation clustering
to cause double-strand breaks efficiently. Although
it is less intuitive, sparsely ionising radiation, such
as X-rays, which lose energy by electron scattering,
produce electron tracks with a sufficiently high ioni-
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sation clustering, especially at the track ends, to
induce double-strand breaks. Indeed, GOODHEAD
and his colleagues (GOODHEAD et al. 1979; THACKER
et al. 1986) have shown that 0.3-keV carbon ultrasoft
X-rays creating electron tracks of only 7nm in
length have a high efficiency for inducing cell kill-
ing, aberrations and mutations. These results put an
upper limit on the size of the “target” for the effects
and also suggest that each of the cellular end-points
arises from the same type of damage.

The important conclusion from this is that all
types of ionising radiation from the very sparse-
ly ionising high-energy gamma rays to the most
densely ionising energetic heavy particles are able to
induce DNA double-strand breaks in a single radia-
tion track. This means that the dose-effect relation-
ship for DNA double strand breaks and for the three
cellular end-points must be linear at low doses from
zero dose up. So the risk of hereditary mutations
deriving from cellular effects in germ cells must also
be linear at low doses from zero dose up.

Animportant corollary from this is that the effec-
tiveness of different sparsely ionising radiations, in
terms of the a-coefficient, will not be the same, and
softer X-rays will be more effective than harder X-
rays and gamma rays. In other words, the relative
biological effectiveness (RBE) or Radiation Weight-
ing Factor for all sparsely ionising radiation will not
be 1, even though the ICRP has chosen this value for
practical purposes.

2.2.2.4
The Formation of Chromosomal Aberrations

One major problem that arose during the devel-
opment of the model was the clash that it created
with the Classical and Exchange Theories for the
formation of chromosomal aberrations (SAx 1940;
LeA and CATCHESIDE 1942; LEA 1946; REVELL 1963,
1974). Briefly, both of these theories generate lin-
ear-quadratic equations for the yield of aberrations.
The Classical Theory assumes that radiation induces
chromosome arm breaks in proportion to dose so
that exchange aberrations, requiring two breaks,
have a linear-quadratic yield with dose while dele-
tions are linear with dose. The Exchange Theory
assumes that primary events, not breaks, in chro-
mosome arms are induced in proportion to dose and
that two primary events interact to produce both
exchange aberrations and deletions.

The major difference between the classical and
exchange theories and the model presented here is

that we propose that the chromosome arm break,
which is a DNA double-strand break, is induced by
radiation with linear-quadratic dose kinetics. Thus,
while our model predicts linear-quadratic dose-
effect relationships for all types of chromosomal
aberrations, except complex aberrations, we are left
to explain the origin of the second break which is
so clearly evident in exchange aberrations, such as
dicentrics or reciprocal exchanges.

The explanation that we have proposed derives
from the work of REsNIck (1976) who devised a
model for the repair of DNA double-strand breaks
via a recombinational exchange process. In this pro-
cess, the broken DNA helix pairs with a homologous
undamaged DNA helix, DNA strands are exchanged
which allows copying of the homologous DNA at the
site of the break, and a Holliday junction is formed
which can be resolved to give either perfect repair or
misrepair involving the reciprocal exchange of DNA
strands (Fig. 2.7). In terms of the unineme concept
of chromosome structure, the reciprocal exchange
of DNA strands represents the reciprocal exchange
of chromosome arms (Fig. 2.7). In other words, the
second break, so clearly visible in exchange chro-
mosome aberrations, is not radiation-induced but
arises as a consequence of the repair of the radia-
tion-induced double-strand break.

We expanded on the proposals of Resnick by sug-
gesting that complete homology between the broken
and unbroken helices might not be needed and that
the recombination repair process would also occur
in regions of short-range homology on either side
of the double-strand break. In this case, the short-
range homologous association at the break can be
developed between the broken DNA and the undam-
aged DNA from any other chromosome, not just the
homologous chromosome. The large proportion of
repetitive and closely homologous DNA sequences
in eukaryotic chromosomes provides a multitude
of regions on all the chromosomes for the short-
range, homologous association to occur. This, in
turn, means that the recombinational repair of a
radiation-induced DNA double-strand break can
lead to the exchange of chromosome arms between
different chromosomes as well as regions on the
same chromosome with the result that all the dif-
ferent chromosomal aberration configurations can
be derived in this way (CHADWICK and LEENHOUTS
1978, 1981).

Our proposals for the formation of chromosome
aberrations from one radiation-induced chromo-
some arm break contradicted the accepted conven-
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Fig. 2.7a-f. A schematic representation of how homologous
recombinational repair of a DNA double-strand break can
lead to the formation of a chromosomal aberration. The
upper part of the drawing presents the repair of the DNA
while the lower part presents the same repair at the level
of the chromosome. The broken ends of the helix (a) are
trimmed by endonuclease, and an undamaged stretch of
homologous DNA aligns with the break (b). Strand exchange
(c) leads to the formation of a Holliday junction (d) which can
be resolved to give either perfect repair (not shown) or the
complete exchange of the DNA helices (e) and (f). The mis-
repair of the DNA double-strand break leads to the exchange
of chromosome arms and the formation of exchange aberra-
tions. A reciprocal translocation is illustrated

tional cytological wisdom, and there were no experi-
mental data that could be interpreted to resolve this.
There are now some results that appear to suggest
we may be correct.

The experiments of Goodhead and his colleagues,
using the ultrasoft X-rays with radiation tracks of
only a few nanometers, were expected to induce
chromosome aberrations with an almost completely
quadratic dose-effect relationship according to tra-
ditional cytological theory. Such short tracks were
not expected to break more than one chromosome
arm so that there would be no a.-mode of radiation

action. In fact, several workers (VIRSIK et al. 1980;
GoOODHEAD etal. 1980; THACKER et al. 1986; SIMPSON
and SAVAGE 1996; GRIFFIN et al. 1996; 1998) found
that the ultrasoft X-rays with tracks as shortas 7 nm
induced chromosomal aberrations efficiently with a
yield that was closely linear with dose, i.e. a strong
o-mode of radiation action.

Another piece of evidence in favour of the model
comes from the experiments of Aten and his col-
leagues (LuDWIKOW et al. 2002) who were able to
induce double-strand breaks in one chromosome
and show that exchange chromosome aberrations
were formed between the damaged chromosome
and other undamaged chromosomes in the cells.
The double-strand breaks could be induced in only
one chromosome because it was unusually late rep-
licating so that, by adding iodine-125 labelled iodo-
deoxyuridine (IUdR) to the medium after the other
chromosomes had replicated, only the late-replicat-
ing chromosome carried the iodine-125 which emits
very short-range Auger-electrons. This experiment
provides an extremely clear indication of the forma-
tion of exchange aberrations by the interaction of
the damaged chromosome with the other undam-
aged chromosomes.

Further support for the interaction of damaged
and undamaged chromosomes to create exchange
aberrations comes from experiments studying aber-
rations formed after the fusion of irradiated and un-
irradiated cells. The first experiment of this type
appeared to show no interaction between the irradi-
ated and un-irradiated chromosomes (CORNFORTH
1990), but more recent work contradicts this
(DARROUDI et al. 2001).

In addition, the molecular biology, biochemistry
and genetics of DNA double-strand break repair has
advanced considerably in recent years, and a gene
(RAD54) controlling homologous recombinational
repair (HR) in mammalian cells has been identified
and cells deficient in this repair process are sensitive
to ionising radiation (ESSERS et al. 1997).

We remain confident that the problem of the
mechanisms involved in the formation of chro-
mosomal aberrations will be resolved in the near
future.

2.2.2.5
The B-Mode of Radiation Action

Another problem that has dogged the development
of the model is the f-mode of radiation action where
the model proposes that two independently induced




Risks from lonising Radiation

21

DNA single-strand breaks can combine to produce
a double-strand break. It is a particularly attractive
process because it is known that the repair of single-
strand breaks is correct, and thus error free, and
because the repair process explains very straight
forwardly the dose rate and fractionation effects
which also appear to be error free.

The problem arises because calculations based
purely on the physics of energy deposition predict
that two, independently induced, single-strand
breaks will only occur close enough together to pro-
duceadouble-strand break at muchlarger doses than
those at which the quadratic component of dose-
effect relationships becomes apparent. We assume
that what happens in the cell is not just physics but
that chemistry and biology must also be involved,
and we believe that there are certain extenuating
circumstances that need to be taken into account,
although we acknowledge that our arguments are
more conjectural than established.

The first point to be made is that the $-coefficient
measured for cell survival in synchronous cells is
maximum at the start of the S-phase when the DNA
starts to replicate and is at a minimum, often close
to zero, during the G,-phase and mitosis. In other
words, when the DNA and chromosomes are tight-
ly bound during mitosis, the cell may be behaving
more or less in accordance with the physics. How-
ever, there are indications that the DNA ‘relaxes’ and
unwinds as it begins the replication process and it
might even form regions or ‘microbubbles’ of sin-
gle-stranded DNA (GAUDETTE and BENBow 1982;
BENBOw et al. 1985; CHADWICK and LEENHOUTS
1994). These extended regions of single-stranded
DNA would increase the distance along DNA over
which two single-strand breaks could combine to
form a double-strand break.

In addition, it has been shown that the sensitiv-
ity of DNA to hydroxyl attack increases by some
100-fold as the proteins surrounding cellular DNA
are stripped away (LJUNGMAN 1991; LJUNGMAN et
al. 1991; NYGREN et al. 1995). If a first single-strand
breakled to an uncoiling of the DNA helix-as a result
of the relaxation of the strain normally experienced
by the helix-and the DNA spiralled away from the
histones, which coil it into the chromosomes, this
region of single-stranded DNA might be more sus-
ceptible to the induction of a second single-strand
break by hydroxyl radical attack.

We have also made calculations which show that,
in the a-mode, the two breaks are induced by radi-
cals induced within about 0.5 nm of the helix. In the

B-mode, if the first single-strand break is caused by
hydroxyl radical attack from within about 0.5 nm
of the helix, then the second independently induced
break would need to be caused by radical attack
from within about 5nm of the second strand to
comply with the values found for the B-coefficient
in radiation biology (LEENHOUTS and CHADWICK
1976; CuaDWICK and LEENHOUTS 1981). The radical
scavenging experiments of CHAPMAN et al. (1975)
support our conclusion that the radiation chemistry
of the a.- and f-modes should be different.

One other completely different piece of evidence
which, we think, supports our ideas on the combi-
nation of two single-strand breaks to form a dou-
ble-strand break comes from the fact that we were
able to extend our model to describe the cell-kill-
ing effects of UV light as well as cytotoxic chemi-
cals (CHADWICK and LEENHOUTS 1983; LEENHOUTS
and CHADWICK 1984). A photon of UV light cannot
interact with both strands of the DNA helix but can
induce a pyrimidine dimer on one strand. Mono-
functional cytotoxic chemicals only interact with a
single strand of the DNA. In both cases, the exten-
sion of our model predicted a purely quadratic cell
survival curve, i.e. no a.-mode action, in good agree-
ment with experimental data. We were also able to
derive a mathematical expression to describe the
synergistic interaction of cytotoxic chemicals or UV
light with ionising radiation based on the combina-
tion of a radiation-induced single-strand break with
single-strand damage induced by the chemical or
UV light (LEENHOUTS and CHADWICK 1978).

Thus, although there is no definite proof for our
interpretation of the B-mode of radiation action,
there is enough conjectural evidence in support
of this interpretation for us to continue with our
approach and maintain the implications we derive
from it.

2.2.3
Conclusions from the Cellular Model

At this stage we conclude that:

® the linear-quadratic equation provides an accu-
rate description of the dose-effect relationships
of cellular end-points;

@ the DNA double-strand break is the crucial radia-
tion-induced lesion causing each of the end-
points;

® the a-mode of radiation action is responsible for
low-dose effects, even after an acute exposure;
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@ all ionising radiation is capable of inducing a DNA
double-strand break in the o-mode;

@ not all DNA double-strand breaks will be repaired
perfectly;

@ the induction of DNA double-strand breaks and,
consequently, of chromosomal aberrations, muta-
tions and cell killing, will be initially linear with
radiation dose from zero dose up.

In other words, cellular end-points, including
hereditary mutations, will be induced at low doses
in direct proportion to the radiation dose, in accor-
dance with the LNT concept.

2.3
Radiation-Induced Cancer

Insight can be gained into the induction of cancer
by radiation and the shape of the dose-effect rela-
tionship at low doses by incorporating the cellular
model into a multi-step model of carcinogenesis.
A “two-mutation step with clonal expansion of
intermediate cells” model for cancer was derived
by MooLGAvKAR and KNUDsoN (1981). The cancer
model has a firm biological basis because it was
developed from conclusions drawn by Knudson
from a study of the occurrence of retinoblastoma
in children (KNUDsON 1971, 1985, 1991). The conclu-
sions have been subsequently confirmed by molecu-
lar biological analysis.

2.31
A Multi-Step Cancer Model

Figure 2.8 presents, schematically, a two-mutation
model for carcinogenesis.

A population of normal stem cells in an organ is
at risk of a mutation (y,), ‘initiation’, to an interme-
diate state. A cell in the intermediate state can divide
and undergo clonal expansion (g), ‘promotion’, to
form, as time passes, an increasing population of
cells at risk of a second mutation (y,), ‘conversion’,
which creates a malignant cell. The malignant cell
divides, ‘progression’, and produces a detectable
tumour after a certain lag time (t).

There have been some criticisms levelled at the
model because mutational and cytological analyses
of tumour cells appear to show more than two muta-
tional changes, although there may be several expla-
nations for this. First, many of these changes might
occur during the progression of the malignant cells
to tumour formation. Then, the recent findings that
only certain cells in a tumour are able to divide con-
tinuously and act as “cancer stem cells” (BEACHY et
al. 2004) seem to suggest that notall cellsin a tumour
will be informative for the malignant process. Alter-
natively, the two mutations may be rate limiting for
the process, i.e. other steps occur quickly and do not
affect the mathematics of the model.

We have used a slightly modified version of the
Moolgavkar model which allows us to calculate,
simultaneously, the age-dependent increase in can-
cer incidence and the dose-effect relationships and
we have been able to apply the modified version of

Stem cells Intermediate cells Malignant Cell Tumour
48] 2 to
_— _ _
initiation conversion lag time
4
promotion

»
»

Life time

Fig. 2.8. A schematic representation of the two-mutation cancer model showing the development from normal stem cells via
an intermediate state to the malignant cell which can grow out to form a detectable tumour. The intermediate cell popula-
tion expands exponentially in time. Note the important role that time plays in the model
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the model to the analysis of animal radiation bio-
logical data and epidemiological data from exposed
human populations (LEENHOUTs and CHADWICK
1994a; 1994b; LeeNHOUTS 1999; LEENHOUTS and
BRUGMANS 2000; 2001; LEENHOUTS et al. 2000).

It is not necessary to go into the complicated
mathematics associated with the model but it is
useful to form a basic understanding of how the
model functions especially because the model has
some important implications for the shape of the
dose-effect relationship at low doses and for levels
of radiation risk.

2.3.1.1
Spontaneous Cancers

Consider first the case of spontaneous cancer which,
according to the model, must arise as a consequence
of spontaneous mutations (L, L4,,). The probability
that one of the normal organ stem cells mutates to
an intermediate cell increases proportionally with
time as long as the spontaneous mutation rate (j,)
remains approximately constant. The intermediate
cell divides and, by population doubling at each
division, produces an exponentially increasing
population of intermediate cells, all of which are
targets for a second spontaneous mutation (p,) to
create a malignant cell. Time, a significant part of
lifetime, plays a major role in the model and it is
important to realise that, while the mutation prob-

abilities are proportional to time, the cellular expan-
sion of the intermediate cells is exponential with
time. The model has been shown to describe the
rapidly increasing incidence of several spontaneous
cancers in older people (MOOLGAVKAR and VENZON
1979) (Fig. 2.9a).

2.3.1.2
Cancers Induced by an Acute Exposure

If we now consider an acute exposure to radia-
tion, the mutations it causes can only be taken into
account in the model together with the spontaneous
mutations. In this case, there are two possibilities:
(1) the radiation affects the first mutational step,
e.g. if the person exposed is young and has none
or very few intermediate cells, (1,— {pu, + {(D)})
and an intermediate cell derived from a radiation-
induced mutation will need a spontaneous muta-
tion (p,,) to convert it to malignancy (Fig. 2.9b) or
(2) if the person exposed is older and already has
many intermediate cells, radiation is more likely
to affect the second mutation (u,— {y, + f(D)},)
and convert an intermediate cell deriving from a
spontaneous mutation () to a malignant state
(Fig. 2.9b). {(D) is a function of dose (D), normally
linear-quadratic, which represents the contribution
of the acute exposure to the mutations in the initia-
tion step or the conversion step, although (D), is
not necessarily the same as {(D),.
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0,02
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@ ’ Q
o A 5]
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hel el
[} o
E 0,006 A % 1Gy at 50
[0 [0
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© ©
© 0,004 - © ©
<
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Fig. 2.9a,b. a The fitting of the model to the occurrence of lung cancers in non-smoking males and females as a function
of age (data from HaMMOND 1966). The fitting of the model to spontaneous cancers is used to define values for the basic
parameters, e.g. [y, Myy» € to. b A model simulation showing the effect of 1 Gy at 20 years and 50 years of age on the increas-

ing incidence of cancer as a function of age after exposure
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In each case, the radiation-induced mutation in
one step relies on a spontaneous mutation in the
other step to complete the path from a normal to a
malignant state, and radiation may be seen to be a
co-factor in the induction of cancer.

2.3.1.3
Implications and Consequences

Several important implications derive from the

fact that the radiation-induced mutations cannot

be treated separately from the spontaneous muta-
tions.

@ The spontaneous mutation rates in the stem and
intermediate cells define the spontaneous inci-
dence of a specific cancer and, in general, the
higher the spontaneous mutation rates the higher
the spontaneous incidence of the cancer.

® The effect of radiation is irrevocably inter-woven
with the spontaneous mutations and, consequently,
with the spontaneous cancer incidence.

® The effect of radiation on cancer incidence, i.e. the
radiation risk, depends on the level of the spon-
taneous mutation rates and will be different for
different cancers.

® In general, the effect of radiation, or radiation risk,
will be greater for cancers with higher specific
incidence levels (Fig. 2.10).

® The shape of the dose-effect relationship for
cancer is defined by the dose-effect relationship
for cellular mutation frequency, or aberration
yield, so that at low to moderate doses (D) can
be approximated to {(D)=k(aD+BD?) which is
linear with dose at very low doses.

All of this means:

® cach specific cancer will have its own level of
radiation risk dependent on its spontaneous inci-
dence;

® the radiation risk of a specific cancer in popula-
tions with different spontaneous incidences of
that cancer (cf. Japanese atomic bomb survivors
with a European population) will not be the same,
although the model offers a way of extrapolating
risk across populations;

® the shape of the dose-effect curve for radiation-
induced cancer in animals or man will resemble
the shape of the dose-effect curve for cellular
mutation and show, at least qualitatively, the same
dose rate and radiation quality effects;

® at very low doses, the shape of the dose-effect
curve is linear;

@ the slope of the linear dose-effect curve, which
defines radiation risk for a specific cancer, is
dependent on the cellular sensitivity (ka) and the
spontaneous mutation rates L.

2.3.1.4
Age-Dependent Risk

Using the modified cancer model to calculate the
age-dependent increase in cancer incidence for
spontaneous cancers and cancers after exposure at
different ages (Fig. 2.9) has allowed a simulation of
the dependence of risk in adults on age at exposure,
although the model has not been used to consider
the case of babies and infants. Briefly, the pattern
of the relative risk, the induced cancer incidence
divided by the spontaneous cancer incidence, is sim-
ilar for an adult acutely exposed at age 20 years to
that for one exposed at age 50 years (Fig. 2.11a). The
relative risk increases rapidly after the lag period,
peaks and then drops gradually over time. At the
same exposure level, and using the same cellular
radiation sensitivity, the increase is larger following
exposure at the younger age but it should be borne in
mind that the rapid increase in relative risk results
because a small induced effect is divided by a very

High spontaneous incidence

Cancer incidence
o
o
w
.

0.01 1 Risk = slope Low spontaneous incidence

Fig.2.10. A model simulation showing the effect of
spontaneous cancer incidence on the radiation risk,

Dose (Arb. Units)

i.e. the slope of the line, even when the cellular radia-
5 tion sensitivities are held constant
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Fig. 2.11a,b. a A model simulation of the relative cancer risk after exposure at 20 years and 50 years of age as a function of
time after exposure. b A model simulation of the cumulative cancer incidence as a function of age-at-exposure showing an

increasing risk following exposure at younger ages

small spontaneous incidence that is much smaller at
age 20 years than at 50 years. Figure 2.11b presents
the cumulative risk as a function of age-at-exposure
and reveals that the risk is higher in those exposed
at younger ages. This, to some extent, reflects the
‘amplification’ resulting from a longer period for
the exponential clonal expansion of intermediate
cells. We think it prudent to assume that the risk in
babies and children would be greater than that in
young adults although the model has not been used
to simulate these risks.

2.3.2
Some Additional Considerations

Some additional points need to be made even though
they are of lesser relevance to the dose levels and
practices associated with computed tomography.

2.3.21
Protracted Exposure

The complementation of a radiation-induced muta-
tion in one step by a spontaneous mutation in the
other, which is rather intuitive for an acute exposure,
also applies to the case of an exposure protracted
over a major part of lifetime, as long as the sponta-
neous mutation rate is comparable to the radiation-
induced mutation rate. One interesting exception
to this rule occurs when the spontaneous mutation
rates are very low and, consequently, the sponta-

Cancer Model

Cum. Inc.at75 yr.

0 10 20 30 40 50 60
Intake Ra-226 (MBq)

Fig.2.12. The model fitting to the cumulative bone cancer
incidence at 75 years of age in radium dial painters illustrat-
ing the strongly curved risk resulting from a combination
of the very low spontaneous incidence of bone cancer and
the radiation-induced mutations in both steps of the cancer
pathway. The incidence has been interpreted as indicating
a threshold, but the model provides an alternative explana-
tion

neous cancer incidence is very low. In this case, a
long-term radiation exposure may induce mutations
in both steps of the pathway and the radiation risk
curve becomes much more quadratic with accumu-
lated dose. An example of this is to be found in the
bone cancers occurring in the radium dial painters
who ingested high levels of the bone seeking o.-parti-
cle emitters radium-226 and radium-228 (ROWLAND
1994). Primary bone cancer has a very low sponta-
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neous incidence, and bone cancer incidence in the
dial painters appears to show a threshold dose type
of response (Fig. 2.12). However, the model offers an
explanation based on the induction of both muta-
tions by the a-particle radiation and suggests that
the incidence is more likely to be closely quadratic.
Even so, there will be a very small low dose linear
component because the spontaneous bone cancer
incidence, and thus the spontaneous mutation rate,
is low but not completely zero (LEENHOUTS and
BRUGMANS 2000).

2.3.2.2
The Role of Cell Killing

At high acute doses, the effect of cell killing has to
be taken into account because a mutated cell that
fails to survive cannot express the mutation. Cel-
lular studies score mutations per surviving cell but,
in an organ, the mutations expressed are per irradi-
ated cell. This means that the approximate function
(D), which is accurate enough for low doses, must
be modified by a term for survival and:
f(D) > {1-exp[-k(aD+BD?)}exp[-p(aD+BD)]  (2.8)

This equation is linear-quadratic at lower doses,
flattens to a peak and then decreases at high doses
where cell killing dominates. This is illustrated in
Figure 2.13, which also shows how the data for leu-
kaemia in the atomic bomb survivors (presented in
Fig. 2.1a) might be described by the equation.

0,07
0,06 - Linear
x |
£ 0,05 Model acute
)
S 0,04 1
]
(%2}
o)
<< 0,03 A
[}
[%]
[0
£ 0,02 -
]
0,01 4 Model chronic
0 - .
0 1 2 3 4 5
Dose (Gy)

Fig. 2.13. An illustration of how a linear-quadratic model
might be fitted to the data (shown in Fig. 2.1) for the acute
exposure of the atomic bomb survivors compared with a
linear interpretation. The lower straight line shows the risk
that would be predicted by the model for chronic exposure

2.3.2.3
Different Mutations to the Same Cancer

The schematic diagram of the multi-step cancer
model (see Fig 2.8) suggests that there is one muta-
tion (y,) that changes an organ stem cell into an
intermediate cell and one mutation (u,) that chang-
es an intermediate cell into a malignant cell which
divides to produce a tumour. This is a simplified way
of looking at the cancer process, and we are con-
vinced that there are several different mutations that
can change an organ stem cell into an intermediate
cell and yet others that can change an intermediate
cell into a malignant cell, even though the tumours
eventually formed are classified pathologically in
the same type. However, with different mutagenic
pathways leading to the same pathological tumour,
it is reasonable to expect that the tumours would
express different molecular signatures and possibly
exhibit different levels of virulence. Despite these
considerations, the model calculations and simula-
tions remain useful as the mutation rates used (u,,
L,) will represent average values for the spectrum of
mutations involved in each step of the pathway to a
specifically classified tumour.

The situation is different when different types of
tumours are considered because the stem cells of
one organ, for example, the kidney, need not neces-
sarily have the same radiation sensitivity to cellular
mutation as the stem cells of, for example, the brain,
and the rate of cell expansion (¢) of the intermedi-
ate cells and the lag time (t,) might differ from one
organ to the next. This means that, especially in the
case of acute exposure when the dose-effect curve is
likely to be non-linear, each type of tumour needs to
be analysed individually. Consequently, the group-
ing of all solid tumours arising in the atomic bomb
survivors (PIERCE et al. 1996) is unlikely to provide
much useful information about the dose-effect
relationship or radiation risk for radiation-induced
cancer. This situation is probably less critical for
populations exposed to low acute or to protracted
irradiation where the dose-effect curve is likely to
be linear.
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2.4
Discussion and Conclusions

We have established a link from a radiation-induced
molecular lesion in the nucleus of the cell to the
development of cancer. The molecular lesion, the
DNA double-strand break, is known to be a critical
lesion which cannot always be perfectly repaired
and which is strongly associated with sensitivity
to ionising radiation. The cellular model provides
a link from the molecular lesion to chromosomal
aberrations, mutations and cell killing, and evi-
dence has been presented supporting these links
and associations. The biophysics of energy deposi-
tion clearly reveals that all forms of ionising radia-
tion are able to induce DNA double-strand breaks
directly in proportion to radiation dose and that
this mode of radiation action will dominate at low
doses down to zero. This means the dose-effect rela-
tionship for cellular effects must be linear at such
doses. Biophysics also reveals that the induction of
double-strand breaks by a single particle traversal
of the DNA helix will depend on radiation quality
so that different energy X-rays will have different
efficiencies in the production of breaks, and the rela-
tive effectiveness for sparsely ionising radiation will
not always be the same.

The multi-step cancer model allows the radia-
tion biology of cellular effects to be applied to the
induction of cancer and suggests that, in general,
radiation will only affect one of the mutational steps
on the pathway to cancer. Spontaneous mutations,
responsible for spontaneous cancers, will be need-
ed to complement the radiation-induced mutation
and produce a malignant cell. This means that the
dose-effect relationship for the induction of cancer
is linear at low doses from zero dose up and that
the slope of that straight line, the radiation risk,
depends on the spontaneous incidence of the cancer
and will be larger for cancers with a high spontane-
ous incidence. This argument is valid even if more
than two mutational steps are involved in cancer
development.

In conclusion, if we accept that the DNA double-
strand break is the critical radiation-induced lesion
which can, ultimately, lead to cancer, we must accept
that the dose-effect relationship for radiation-
induced cancer, the main radiation risk, is linear
with dose from zero dose up because:
® the lowest dose imaginable is a single electron

track through one of a population of cells;

® the track has a small positive probability of caus-
ing a DNA double-strand break in the nucleus of
that cell;

® the double-strand break has a small positive prob-
ability of causing a mutation;

® the mutation has a small positive probability of
being involved in a pathway to cancer.

The arguments presented here are based on a
mechanism of radiation action at the level of the
DNA in the nucleus of the cell. The conclusions are
in accordance with a Linear No-Threshold concept
of radiation risk at low acute or protracted expo-
sures, although we stress that our approach to such a
LNT concept is different from that applied by ICRP.
The modelling does not provide any values for the
slope of the dose-effect relationship which quanti-
fies the radiation risk but does imply that it will vary
from cancer type to cancer type. Further analysis of
epidemiological data using the model is required to
obtain quantified estimates of risk.

A LNT concept of radiation risk implies that each
increment of dose carries a concomitant increase in
radiation risk so the ALARA principle remains valid
and the development of improvements in computed
tomography, which lead to a reduction of the dose to
the patient, continues to be worthwhile.
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3.1
Introduction

It is commonly stated that “any radiation dose, no
matter how small, can cause cancer.” The basis for
that statement is the linear no-threshold theory
(LNT) of radiation carcinogenesis. According to
LNT, if 1 Gy (100 rad) of exposure gives a cancer risk
R, the risk from 0.01 Gy (1 rad) of exposure is R/100,
the risk from 0.00001 Gy (1 mrad) is R/100,000, and
so on. Thus the cancer risk is not zero regardless of
how small the exposure.However, in recent years, a

B. L. CoHEN, MD
Department of Physics, University of Pittsburgh, 201-B Old
Engineering Hall, Pittsburgh, PA 15260, USA

strong sentiment has developed in the community of
radiation health scientists to regard risk estimates in
the low-dose region based on LNT as being grossly
exaggerated or completely negligible. For example,
the 6000-member Health Physics Society, the princi-
pal organization for radiation protection scientists,
issued a position paper (HEALTH PHYSICS SOCIETY
1996) stating “Below 10 rad ... risks of health effects
are either too small to be observed or are non-exis-
tent.” A similar position statement was issued by
American Nuclear Society. When the Health Physics
Society Newsletter asked for submission of comments
on the validity of LNT, there were about 20 negative
comments submitted and only a single comment sup-
portive of LNT. In a worldwide poll conducted by
the principal on-line discussion group of radiation
protection professionals (RADSAFE), the vote was
118 to 12 against LNT. A 2001 report by the French
Academy of Medicine concluded that LNT is “without
any scientific validity,” and an elaborate joint study
by the French Academy of Medicine and the French
Academy of Sciences (AURENGO et al. 2005) strongly
condemned the use of LNT. While U.S. official agen-
cies have been slower to accept this position, the
U.S. National Council on Radiation Protection and
Measurements (NCRP) stated, in NCRP Publication
No. 121 (NCRP 1995), “Few experimental studies and
essentially no human data can be said to prove or even
provide direct support for the [LNT] concept,” and in
NCRP Publication No.136 (NCRP 2001) it stated “It
is important to note that the rates of cancer in most
populations exposed to low level radiation have not
been found to be detectably increased, and in most
cases the rates appear to be decreased.” A group of
scientists opposing use of LNT (Radiation Science
and Health) submitted several hundred papers sup-
porting their position to National Research Council.

Beyond failure of LNT, there is substantial evi-
dence that low-level radiation may be protective
against cancer; a view known as “hormesis.” There
is an International Hormesis Society, which spon-
sors an annual International Scientific Conference
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and publishes a peer-reviewed scientific journal and
a regular newsletter.

The purpose of this paper is to review the basis
for LNT and to present some of the mostly recent
information that has caused this strong shift in sen-
timent. Other recent reviews have been published
with somewhat different approaches to similar
objectives (FEINENDEGEN 2005a, 2005b; TUBIANA
and AURENGO 2005).

3.2
Problems with the Basis of the Linear No-
Threshold Theory

The original basis of LNT, as that theory emerged
in the mid twentieth century, was theoretical and
very simple. A single particle of radiation hitting a
single deoxyribonucleic acid (DNA) molecule in a
single cell nucleus of the human body can initiate a
cancer. The probability of such a cancer initiation
is therefore proportional to the number of such hits,
which is proportional to the number of particles of
radiation, which is proportional to the dose. Thus
the risk is proportional to the dose - this is linear
no-threshold theory.

Animportant problem with this simple argument
is that factors other than initiating events affect the
cancer risk. Human bodies have biological defense
mechanisms which prevent the vast majority of
initiating events from developing into a fatal can-
cer (PoLLycovE and FEINENDAGEN 2001). A list of
some of the most important examples, including
how they are affected by low-level radiation, follows
(FEINENDEGEN 2005a):
® Our bodies produce repair enzymes which repair

DNA damage with high efficiency, and low-level

radiation stimulates production of these repair

enzymes.
® Apoptosis, a process by which damaged cells

“commit suicide” to avoid extending the effects of

the damage, is stimulated by low-level radiation. A

similar effect is achieved by premature differentia-

tion and maturation to senescence.

® The immune system is important for preventing
mutations from developing into a cancer; there is
abundant evidence that low-level radiation stimu-
lates the immune system, but high radiation levels
depress it.

@ Corrosive chemicals are the overwhelmingly most

important cause of DNA damage (reactive oxygen
species, ROS); there are processes for scavenging
these out of cells, and low-level radiation stimu-
lates these scavenging processes (KoNpo 1993).
Elevated ROS levels have been shown to initiate
a broad array of biochemical reactions that are
stress responses, leading to the conclusion that
“the best protection against stress is stress itself”
(FINKEL and HoLBROOK 2000).

@ Radiation can alter cell cycle timing. This can
extend the time before the next cell division
(mitosis). Damage repair is most effective before
the next mitosis, so changing this available time
can be important (M Elkind, personal communi-
cation). Altered cell timing can also affect DNA
repair processes in many ways by changing chemi-
cal processes (BOOTHMAN et al. 1996).

@ Various other effects of low-level radiation on cell
survival have been observed and are referred to
as “low dose hypersensitivity,” “increased radia-

tion radioresistance,” and “death-inducing effects”

(BONNER 2004).

It is now recognized that development of cancer
is a much more complex process than was originally
envisioned. Therole of “bystander effects,” signaling
between neighboring cells relevant to their radiation
experiences, is now recognized to be an important,
albeit poorly understood, factor. In fact it seems
that the tissue response, and even the whole organ
response, rather than just the cellular response,
must be considered (AURENGO et al. 2005).

There is also apparently obvious evidence for the
failure of the original simple model. For example, the
number of initiating events is roughly proportional
to the mass of the animal - more DNA targets mean
more hits. Thus the simple theory predicts that the
cancer risk should be approximately proportional to
the mass of the animal. But the cancer risk in a given
radiation field for a 30-g mouse is similar to that for
a 70,000-g human. As another example, our very
definition of dose (based on the energy absorbed
per unit mass of tissue, which is proportional to the
number of radiation hits per unit target mass) would
be misleading if only the total number of hits (which
is proportional to the number of initiating events)
were relevant regardless of the target mass.

A detailed theoretical approach to evaluating the
validity of LNT is based on the commonly accepted
idea that double strand breaks (DSB) in DNA mol-
ecules are the principal initiating event in causing
cancer. But DSB are also caused by endogenous




The Cancer Risk from Low-Level Radiation

35

corrosive chemicals, ROS. In fact the DNA damage
caused by radiation is mostly due to the produc-
tion of ROS by the ionizing effects of the radiation
on omnipresent water. It is estimated that endog-
enous ROS causes about 0.1 DSB per cell per day,
whereas 100 mSv (10 rem) of radiation, which is
close to the upper limit of what is normally called
low-level radiation, causes about 4 DSB per cell
(FEINENDEGEN 2005a). Assuming that the number
of cancers is proportional to the number of DSB, a
100-mSv dose of radiation would increase the life-
time (28,000 days x 0.1 DSB/day) risk of cancer by
only about (4/2800=) 0.14%, whereas LNT predicts
an increase of 1%. From this it is concluded that the
underlying assumption of LNT, namely that cancer-
initiating events are the controlling factor in deter-
mining the dose-response relationship for radia-
tion, is a serious over-simplification.

3.3
Direct Experimental Challenges to the
Basis for LNT

A direct demonstration of the failure of the basis for
LNT derives from microarray studies determining
which genes are upregulated and which are down-
regulated by radiation. It is found that generally
low-level radiation affects a different set of genes
than high-level radiation. For example, in one study
of mouse brain (YIN et al. 2003), 191 genes were
affected by a dose 0of 0.1 Sv but not by a dose 0f 2.0 Sv,
213 genes were affected by 2.0 Sv but not by 0.1 Sv,
while 299 genes were affected by both doses. The 0.1-
Sv dose induced the expression of genes involved in
protective and repair functions while down-modu-
lating genes involved in unrelated processes.

A similar study with even lower doses on human
fibroblast cells (GOLDER-NOVOSELSKY et al. 2002)
found that a dose of 0.02 Sv caused more than
100 genes to change their expression, and these were
generally different than the genes affected by 0.5 Sv.
The former group was heavily weighted by stress
response genes.

Several other microarray studies have shown that
high radiation doses, which serve as the calibra-
tion for application of LNT, are not equivalent to an
accumulation of low radiation doses (TUBIANA and
AURENGO 2005).

Sophisticated experimental techniques have been
developed for observing the effects of a single alpha
particle hitting a single cell. It was found (MILLER
et al. 1999) that the probability for transformation
to malignancy from N particle hits on a cell is much
greater than N times the probability for transforma-
tion to malignancy from a single hit. This is a direct
violation of LNT, indicating that estimated effects
based on extrapolating the risk from high exposure,
represented by N hits, greatly exaggerates the risk
from low-level exposure as represented by a single
hit.

A very clear demonstration of a threshold
response, in contrast to LNT, was found in tumor
induction by irradiation of mouse skin throughout
life (TANooOK A 2001). For irradiation rates of 1.5 Gy/
week, 2.2 Gy/week, and 3 Gy/week, the percentages
of mice that developed tumors were 0%, 35%, and
100% respectively.

3.4
Effects of Low-Level Radiation on
Biological Defense Mechanisms

3.4.1
Adaptive Response

An important type of biological defense mechanism
is known as the “adaptive response” (UNSCEAR
1994) - exposing a cell to a stress such as radiation
stimulates the natural defense against such stress-
es and hence protects against subsequent further
stresses. On an experimental basis, this is most eas-
ily studied by exposing cells to a low dose to prime
the adaptive response, and then later, upon exposing
it to a high radiation “challenge dose,” the adaptive
response is observed as a reduced effect of the chal-
lenge dose in comparison with a similar challenge
exposure without the priming dose.

The most widely studied examples have involved
observations on chromosome aberrations, perhaps
the simplest tool for detecting genetic damage. It
has long been recognized that radiation increases
the number of these aberrations. However, an in
vitro study on human lymphocyte cells (SHADLEY
and Dar 1992) shows, in Table 3.1, how that process
is affected if the high dose is preceded a few hours
before by a low dose. We see that the number of
chromosome aberrations caused by the high dose
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Table 3.1. Effects of pre-exposure to 5cGy on two types
of chromosome aberrations in human lymphocyte cells,
induced by 400 cGy of X-rays 6 h later (SHADLEY and DaAr

Dicentrics and rings Deletions
Donor 400cGy (5+400)cGy 400cGy (5+400) cGy
1 136 92 52 51
2 178 120 62 46
3 79 50 39 15
4 172 42 46 34
5 134 106 58 41

is substantially reduced. This is an example of the
adaptive response.

As an example of an in vivo experiment (CA1 and
L1u 1990), it was found that exposure of mouse cells
to 65 cGy (65 rad) caused chromosome aberrations
in 38% of bone marrow cells and in 12.6% of sper-
matocytes, but if these exposures are preceded 3 h
earlier by an exposure to 0.2 cGy, these percentages
are reduced to 19.5% and 8.4% respectively. There
are many other examples of such experiments, both
invitroand in vivo (UNSCEAR 1994), and the results
are usually explained as stimulated production of
repair enzymes by low-level radiation.

The effects of the adaptive response in protecting
against chromosome aberrations were observed for
in-vivo human exposures in comparing residents of
a high background radiation area (1 cGy/year) and a
normal background radiation area (0.1 cGy/year) in
Iran (GHIASSI-NEJAD etal. 2002). When lymphocytes
from these groups were exposed to 1.5 Gy (150 rad),
the mean frequency of chromosome aberrations per
cell was 0.098+0.012 for the high background area
versus 0.176+0.017 for the low background area, a
difference of 4 standard deviations. Presumably the
adaptive response induced by radiation in the high
background area protected its citizens against chro-
mosome aberrations induced by the 1.5-Gy dose.

A microarray study on human lymphoblas-
toid cells (CoLEMAN et al. 2005) was carried out to
investigate the processes involved in the adaptive
response. A 0.05-Sv priming dose was followed by
a 2.0-Sv challenge dose, and adaptive response was
measured by the reduction of chromosome aberra-
tions; the goal was to identify genes involved in the
adaptive response and determine how their states
of activation are affected by the priming dose. It
reported that 145 genes were affected by the prim-
ing dose, generally upregulated for protein synthesis

- akey element in DNA repair - and downregulated
for metabolic and signal transduction, perhaps as a
means to conserve resources for devotion to DNA
repair. Many genes associated with DNA repair,
stress response, cell cycle control, and apoptosis
were strongly affected by the priming dose. The spe-
cifics of the process were found to be highly com-
plex and sometimes pointing in different directions;
for example, the TP53 gene, which can act as either
a tumor promoter or a tumor suppressor, plays an
important but not clearly defined role.

Apart from studies using chromosome aberra-
tions, another type of experiment that reveals the
effects of the “adaptive response” involves detection
of genetic mutations. As an example of an in vitro
experiment (KELSEY et al. 1991), it was found that an
X-ray exposure of human lymphocytes to 300 cGy
induced a frequency of mutations at the hprt locus
of 15.5x107%, but if this large exposure was preceded
16 h earlier by an exposure of 1 cGy, this frequency
was reduced to 5.2x1076.

As an in vivo example (FrRITZ-NIGGLI and
ScHAEPPI-BUECHI 1991), it was found that the per-
centage of dominant lethal mutations in offspring
resulting from exposures of female Drosophila to
200 cGy of X-rays before mating was substantially
reduced by preceding this high dose with an expo-
sure to 2 cGys; for different strains of Drosophila and
different oocyte maturities these percentages were
reduced from 42% to 27%, from 11% to 4.5%, from
40% to 36%, from 32% to 12.5%, from 42% to 30%,
and from 51% to 22%.

A technique has been developed for directly
observing repair of DNA base damage (LE et al.
1998). It was found that preceding an exposure to
2 Gy of gamma radiation with 0.25 Gy 4 h before-
hand reduced the time for 50% DNA lesion remov-
al from 100 min to 50 min. The progression of the
repair over time is shown in Figure 3.1 with and
without the 0.25-Gy priming dose.

From the types of data discussed above, one might
consider the possibility that the adaptive response is
only effective in protecting against damage caused
by subsequent large doses of radiation. But there are
data on its effectiveness against spontaneous trans-
formation to malignancy in cells with a predisposi-
tion to such transformation. Thiswas shown (AzzAaM
etal. 1996) for exposures of C3H 10T1/2 mouse cells,
where 1 day after exposure to low doses of radia-
tion the rate of spontaneous neoplastic transforma-
tion was reduced by 78%. In a similar experiment
(REDPATH and ANTONIONO 1998) with human HeLa
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x skin fibroblast cells, the reduction was by 55%.
The dependence on dose for this cell type is shown
in Figure 3.2 (REDPATH et al. 2003) with error bars
indicating 95% confidence intervals. We see there
that the effect is statistically indisputable even at
very low doses, below 1 cGy.

The question has been raised as to how long the
adaptive response persists following a priming dose.
In one in vivo experiment (ZAICHKINA et al. 2003)
measuring chromosome damage in bone marrow
cells of mice, both spontaneously and by a challenge
dose, the adaptive response was found after 1, 3,
6, 9, and 12 months following priming doses of 0.1
and 0.2 Gy, and the protection against spontaneous
damage persisted to the end of life (20 months).
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Fig. 3.1. Comparison of removal of thymine glycol by A549
cells after 2 Gy irradiation, with (open squares) or without
(shaded circles) a 0.25-Gy priming dose given 4 h before (LE
et al. 1998)
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This adaptive response protection against spon-
taneous development of cancer may be understood
from the effects of radiation on corrosive chemicals
(ROS). Since ROS is the dominant cause of spon-
taneous cancers through initiating DNA damage,
reducing the amount of ROS and increasing the
amount of antioxidants that scavenge them out of
cells is protective against development of spontane-
ous cancers. The results of a study of these on rat
cells (YAmMaoKA 1991) are shown in Figure 3.3. We
see there that 50 cGy of X-ray exposure decreases the
amount of the oxidant lipid peroxide by about 20%,
and increases the amount of the antioxidant super-
oxide dismutase (SOD) by about 25%, and that these
beneficial effects are appreciable over the entire dose
range up to above 100 cGy. Many other studies with
similar results have been summarized and extended
in a recent report (YUKAawa et al. 2005).

3.4.2
Stimulation of the Inmune System

Since the immune system destroys cells with persis-
tent DNA damage and is thus important in protect-
ing against the development of cancer, the effects
of low-level radiation on it are relevant here. Such
effects on several different measures of the immune
response (L1u 1992) are listed in Table 3.2. We see
thatby each of these measures, the immune response
is increased by low-level radiation, and increasingly
so at least up to 7.5 cSwv.
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Fig. 3.3. Antioxidant superoxide dismutase (SOD) and lipid
peroxide response to age and radiation of rat brain cortex
(YAMAOKA 1991)

Table 3.2. Effects of radiation on immune response. Differ-
ent columns give the percentage response to various tests in
unexposed mice, to response in mice exposed as indicated
(L1u 1992). (ADCC, Antibody-dependent cell-mediated cyto-
toxicity, which assists NK activity; Con A, concanavalin-A,
lectin that stimulates T-lymphocytes; MLC, mixed lympho-
cyte culture, used as a test of T-cell function; NK, natu-
ral killer cells which recognize and kill tumor cells; PFC,
plaque-forming cell)

Dose (cGy)

2.5 5
PFC reaction 110 143 174
MLC reaction 109 133 122
Reaction to Con A 191 155 530
NK activity 112 109 119
ADCC activity 109 128 132

The results of one study of this effect over a wide
range of radiation doses (MAKINODAN and JAMES
1990) is shown in Figure 3.4. We see there increases
in the immune response by 80% in vitro and by 40%
in vivo at about 20 cGy followed by a rapid decrease
to well below the unirradiated level at doses above
50 cGy.

In a review (Liu 2003) of extensive mouse stud-
ies utilizing about 10 levels of whole-body radiation
exposure, the effects on 52 immunologic parameters
were analyzed to determine dose-response curves
for 2 categories of these parameters. The first cat-
egory included 20 parameters that would lead to
decreased immune system activity, for which the
results are shown in the upper part of Figure 3.5; the
second category included the remaining 32 param-
eters that would lead to increased immune system
activity, for which the results are shown in the lower
part of Figure 3.5. We see from Figure 3.5 that low
doses downregulate the parameters indicative of
decreasedimmune systemactivity,and thattheselow
doses upregulate parameters indicative of increased
immune activity. In both cases, these effects are
reversed for high-level radiation exposure. The con-
clusion is that low-level radiation increases immune
system activity and high-level exposures reduce
immune system activity, in agreement with what is
seen in Figure 3.4.

Contrary to expectations from the basic assump-
tion of LNT that the cancer risk depends only on
total dose, effects on the immune system are very
different for the same total dose given at a low dose
rate versus a high dose rate. In a study of effects on
various indicators of the immune response in sev-
eral wild-type mouse strains (INA and SaAkA1 2005),
continuous whole-body irradiation at 1.2 mGy per
hour stimulated the immune response as shown for
a few example indicators in Figure 3.6, but the same
doses given at a high rate had the opposite effect.

Further information on the dose rate dependence
was reported in a mouse study of thymic lymphomas
(INa etal. 2005). Acute challenge doses totaling 7.2 Gy
induced tumors in 90% of the mice, but if the mice
were previously exposed at a rate of 1.2 mGy per hour
for 258 days (a total of 7.2 Gy) prior to the 7.2-Gy chal-
lenging dose, only 43% developed such tumors - this
may seem like an extreme case of adaptive response,
although the priming dose is equal to the challenge
dose and doubling the total dose resulted in far fewer
tumors. But most significantly for the present discus-
sion, the low dose rate exposure, even extended to
450 days for a total exposure of 12.6 Gy, resulted in no
tumors without a challenging dose. Various indica-
tors of immune response were significantly increased
by the continuous whole-body radiation, and the
authors attribute their observations to stimulation of
the immune system by this radiation.

Several studies have shown that the immune sys-
tem provides resistance to metastasis of tumors; one
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Fig. 3.4. Immune system response to 200 - In vitro
radiation. Mouse splenic cells primed 180
with antigenic sheep red blood cells
(MAKINODAN and JAMES 1996)
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Fig. 3.7. Spontaneous lung metastases after total body irra-
diation of mice, given 12 days after tumor transplantation
into the groin (SAkaMoTO et al. 1997)

example is shown in Figure 3.7. When tumor cells
are transplanted into the groin of mice, the rate of
their metastasis into the lung is cut about in half by
total body irradiation with 15-30 cGy 12 days after
the transplantation (SAKAMOTO et al. 1997). Doses
above 50 cGy, on the other hand, reduce the immune
response, leading to increased rates of metastasis. A
study in rats (HasHIMOTO et al. 1999) showed that
total body irradiation - but not tumor irradiation
- with low-level radiation reduces the rate of metas-
tasis and increases infiltration into the tumor of
immune system agents (MAKINODAN and JAMES
1990).

Studies on naturally cancer-prone mice (MITCH-
EL et al. 2003) found that, while low-level radiation
exposure does not prevent the eventual development
of cancer, it delays the process substantially. Total
body irradiation with low-level radiation has also
been shown to reduce tumor size (ANDERSON 1992;
MAKINODAN 1992). The only reasonable explanation
for such effects of total body low-level radiation would
seem to be stimulation of the body’s immune system.

3.5
Cancer Risk Versus Dose in Animal
Experiments

There have been numerous direct studies of can-
cer risk versus dose, testing the validity of LNT,
with animals exposed to various radiation doses.

An example was a series of external gamma ray
exposure studies at Oak Ridge National Laboratory,
for which one result (ULLRICH and STORER 1979) is
shown in Figure 3.8; we see there clear evidence for
failure of LNT in the low dose region. In those exper-
iments, exposed animals lived considerably longer
(up to 40%) than their controls. Another example
was a series of animal studies at Argonne National
Laboratory in the 1950s and 1960s with injection
of radioactive materials; these are reviewed by
FINKEL and Biskis (1962, 1969). The results of one
of these studies, for bone cancers in mice injected
with radioactive isotopes of calcium and strontium
(FINkEL and Biskis 1968), are shown in Figure 3.9.
Nearly all of these studies indicate, with high sta-
tistical significance, that LNT theory overestimates
the cancer risk from low-level radiation, generally
suggesting a threshold.

A review of over 100 such experiments (DUPORT
2001) involved a total of 85,000 exposed animals with
their 45,000 corresponding controls, with a total of
60,000 and 12,000 cancers in exposed and control
animals, respectively. In cases where cancers were
observed in control animals, either no effect or an
apparent reduction in cancer risk was observed in
40% of the data sets for neutron exposure, 50% of the
data sets for X-rays, 53% of the data sets for gamma
rays, and 61% of the data sets for alpha particles.

3.6
Cancer Risk Versus Dose:
Data from Human Exposures

3.6.1
Data Cited as Supportive of LNT

The principal data that have been cited by those in
influential positions to support LNT are those for
solid tumors (all cancers except leukemia) among
the Japanese A-bomb survivors. The data up to
1990 (P1ERCE et al. 1996) are shown in Figure 3.10,
where the error bars represent 95% confidence limits
(2 standard deviations). If error bars are ignored, the
points do indeed suggest a linear relationship with
intercept near zero dose.

But the data themselves give no statistically sig-
nificant indication of excess cancers for doses below
about 25 cSv. This conclusion applies to the incidence
data as well as to the mortality data (HEIDENREICH
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Fig. 3.9. Osteogenic sarcomas produced in CF1 female mice
by injection of *°Sr and *°Ca at age 70 days (FINKEL and
Biskis 1968). ?Sr experiments used 810 mice and 150 con-
trols; results for 1.3, 4.5, and 20 pCi/kg, not shown on the
plot, had ordinate values zero

et al. 1997). In fact, it was shown (CoHEN 1998) that
considering the three lowest dose points alone (i.e., up
to 20 cSv), the slope of the dose-response curve has
a 20% probability of being negative (risk decreasing
with increasing dose). A recent update (PRESTON et
al. 2004) of the data on A-bomb survivors has been
published but with insufficient detail to repeat the
above analysis. A crude preliminary analysis indi-
cates that the above conclusions will not be apprecia-
bly changed.

The data on leukemia among A-bomb survivors
(P1ERCE et al. 1996) are shown in Figure 3.11, with
error bars indicating 95% confidence limits. These
data strongly suggest a threshold above 20 cSv, and
this difference from LNT expectations is recog-

Dose in cSv (rem)

Fig. 3.10. Excess deaths from solid tumors per 100 “expected”
among Japanese A-bomb survivors (1950-1990) versus their
dose (P1ERCE et al. 1996). Error bars are 95% confidence
limits

nized by the authors and by all widely recognized
reviews.

The IARC (International Association for Research
on Cancer) studies of monitored radiation workers
provide the principal other evidence that has been
widely cited as supporting LNT. The first and most
fully reported (CARDIS et al. 1995) was a study of
95,673 monitored radiation workers in US, UK, and
Canada. For all cancers except leukemia, there were
3,830 deaths but no excess over the number expect-
ed. The risk is reported as -0.07/Sv with 90% confi-
dence limits (-04 , +0.3). There is surely no support
for LNT here.

However, for the 146 leukemia deaths, they did
report a positive risk versus dose relationship and




42

B. L. Cohen

400 —
o 300 -
v}
[
g O
o 200
=4
~
£ o)
5 100 J 1
©
ol
a5 0 9 o6

=
100 T T T T T T T 1

10 0 10 20 30 40 50 60 70 80
Dose in cSv (rem)

Fig. 3.11. Excess deaths from leukemia per 100 “expected”
among Japanese A-bomb survivors (1950-1990) versus their
dose (PIERCE et al. 1996). Error bars are 95% confidence
limits

Table 3.3. Leukemia deaths from International Association
for Research on Cancer (IARC) Study (CARDIS et al. 1995).
The final column is the ratio of observed to expected, O/E

Dose (cSv) Observed Expected O/E
0-1 72 75.7 0.95
1-2 23 2.2 1.08
2-5 20 21.8 0.92
5-10 12 11.3 1.06
10-20 9 7.8 1.15
20-40 4 5.5 0.73
>40 6 2.6 2.8

vociferously claimed that this supports LNT. Their
data are listed in Table 3.3. It is obvious from those
data that there is no indication of any excess risk
below40 cSv (even the excess for >40 cSvisbyonly1.4
standard deviations). The conclusion by the authors
that this supports LNT is based on an analysis which
arbitrarily discardsthe datain Table 3.3 for whicho/e
(observed/expected) is less than unity! They thus
arbitrarily discard three of the seven data points.

A follow-up study by the same group involved
407,000 monitored workers in 154 facilities spread
through 15 countries, and reported results only as
excess risk per Sv, assuming LNT. Thus a data dis-
play similar to that in Table 3.3 cannot be given here,
but since the lead author is the same, it seems rea-
sonable to assume that similar questionable proce-

dures were used. No information on smoking status,
an important risk factor for cancer, was collected.
There was no consideration given to non-occupa-
tional exposure; the average occupational exposure
was 2 cSv and 90% were below 5 cSv, whereas the
average person is exposed throughout life to about
25 cSv of non-occupational radiation with large
variations, typically at least 10 cSv, depending on
geography and medical treatment. Thus the “sig-
nal” is very much smaller than the noise, making
any conclusions about validity of LNT highly debat-
able. Another weakness is that most of the data were
derived from photographic film badges which are
sensitive to humidity and temperature; the films
were handled differently in the 15 different coun-
tries (and also frequently by different organizations
in the same country) which reduces the reliability
of the results. There are other inherent problems in
combining data from many different sources such as
differences in ethnicity and socioeconomic status. If
the data from just one of the 15 countries, Canada,
are excluded, the excess risk is no longer statistically
different from zero.

Many other studies have been reported on can-
cer risk versus dose for such normal occupational
exposures. In response to heavy media coverage of
some non-scientific reporting, a $10 million study
(MATANOSKI 1991) was sponsored by the US Center
for Disease Controland Prevention of workersineight
US Navy shipyards involved in servicing nuclear-
propelled ships. The study included 28,000 exposed
workers and 33,000 age- and job-matched controls
who worked on non-nuclear ships. The former
group all had exposures above 0.5 cSv and average
exposures of 5 cSv. The cancer mortality rate for the
exposed was only 85% of that for the unexposed, a
difference of nearly two standard deviations. Hiring
procedures, medical surveillance, job type, and oth-
er factors were the same for both groups, so the often
used explanation of “healthy worker effect” does not
apply here - the study was specifically designed to
eliminate that factor. The issue of non-occupational
exposure was not addressed, but there was a high
degree of homogeneity among the different worker
groups being compared.

More discussion of “healthy worker effect” may
be appropriate here. In studies comparing mortal-
ity rates among employed workers with those for
the general population, it is invariably found that
employed workers have lower mortality, and it is
widely understood that this results from the fact that
unemployed persons may be unemployed because of
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health problems which lead to their earlier demise.

However it has been pointed out (MoNsoN 1986)

that healthy worker effect should not apply to can-

cers occurring long after their initial employment
because health problems leading to such cancers
would not be apparent in a pre-employment medi-
cal exam. A direct test of this in Sweden (GRIDLEY et
al. 1999) comparing 545,000 employed women with

1,600,000 unemployed women found that the stan-

dardized cancer incidence rate for employed women

was 1.05 (1.04-1.06) times higher than for the unem-
ployed women. This would certainly seem to elimi-
nate healthy worker effects for cancer.

Several other studies of cancer rates among peo-
ple whose employment involves radiation exposure
have been published:

@ Studies of British radiologists compared with other
British medical practitioners (BERRINGTON et al.
2001) found that radiologists who began work in
earlier years, when radiation exposure restrictions
were much looser than recent standards, did expe-
rience excess cancers. But among the most recent
cohort, radiologists who began work between
1955 and 1979, cancer mortality was only 0.71
(95% confidence limits, 0.49-1.00) times that of
other medical practitioners who presumably had
considerably lower radiation exposures.

® A study of medical X-ray workers in China
(WANG et al. 2002) used cancer incidence rather
than mortality, and a comparison group of work-
ers in the same hospitals who were not involved
with X-rays. The relative risks for earlier workers
whose average exposure was 55 cGy were 2.4 for
leukemias and 1.2 for solid cancers, while for the
more recent workers whose average exposure was
only 8.2 cGy, these risks were 1.73 for leukemias
(based on 11 cases) and 1.06 (based on 232 cases)
for solid cancers. For the recent workers, the dif-
ferences from 1.0 are not statistically significant.

® A US study of 146,000 radiologic technologists

(MoHAN et al. 2003) used only the total US popu-

lation as a comparison group and reported an SMR

of 0.82 for all cancers, but a statistically significant
increase among those first employed before 1940 as

compared with those who began work after 1960.
® Areview of studies of 8 cohorts of radiologists and

radiological technologists in various countries,

comprising 270,000 monitored radiation workers

(YosHINAGA et al. 2004), concluded that there was

good evidence for excess cancers among the early

workers, but no such evidence among more recent
workers.

® A study of 22,000 monitored workers in the
French nuclear power industry (ROGEL et al. 2005)
found that the cancer mortality rate was only 0.58
(90% confidence interval 0.49-0.68) times that
for the general population of France. The authors
attribute this to healthy worker effect, but such
an explanation seems to be an extreme “stretch”
for explaining such a large effect. There was no
evidence for increased cancer as a function of
increasing radiation exposure.

Perhaps the most reasonable conclusion from
studies of normally exposed radiation workers is
that they give no conclusive information on effects
of low-level radiation. There is as much information
suggesting zero or negative risk as information indi-
cating the increased risk claimed by the IARC study.
In any case, the fact that the monitored radiation
received by the subjects was much lower than their
non-occupational unmonitored exposures, make
these data inherently of marginal significance.

3.6.2
Data Contradictory to LNT

There are substantial statistically robust human
data contradictory to LNT. One example is for
breast cancer among Canadian women exposed
to frequent X-ray fluoroscopic examinations in a
tuberculosis sanatorium (MILLER et al. 1989); the
data for them are shown in Figure 3.12. While the
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Fig. 3.12. Standardized death rates per million person-years
from breast cancer among Canadian women after irradia-
tion in fluoroscopic examinations versus their radiation dose
(MILLER et al. 1989). Error bars are 95% confidence limits
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statistical uncertainties are substantial, there seems
to be a decrease in risk with increasing dose at least
up to about 25 cSv.

The data on lung cancer among these Canadian
women (Howk 1995), and also a one point study of
10,000 individuals in Massachusetts (DAvis et al.
1989) are shown in Figure 3.13. Here again we see a
decrease in the low dose region, in this case extend-
ing at least up to 100 cSv. In Figure 3.13, these data
are compared with lung cancer data for the Japanese
A-bomb survivors, and we see there a difference
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Fig. 3.13. Relative risk of mortality from lung cancer versus
dose to lung, with 95% confidence limits. In upper figure
with expanded vertical scale, circles are from Howe (1995)
and diamond is from Davis et al. (1989). In the lower figure
(Howe 1995), the solid line connects data from Canadian
fluoroscopy patients, and the dotted line connects data from
A-bomb survivors

between the two data sets that is clearly statistically
significant: the A-bomb survivor data give a much
higher risk at all doses. This is probably explained
by the difference between the very high dose rate to
the A-bomb survivors and the low dose rate from
protracted fluoroscopic exams extending over many
weeks. In any case, Figure 3.13 must make one pause
before accepting the widely practiced approach of
using A-bomb survivor data to predict risks from
low dose rate low-level radiation. Other arguments
confirming the importance of dose rate, rather than
only of total dose, have been expounded elsewhere
(TuB1ANA and AURENGO 2005).

In 1957, there was an explosion in an incredibly
mismanaged radioactive waste storage facility at the
former USSR Mayak nuclear weapons complex in
the Eastern Urals of Siberia, causing large radiation
exposures to people in nearby villages. A follow-
up on 7852 of these villagers (KoSTYUCHENKO and
KRESTINA 1994) found that the rate of subsequent
cancer mortality was much lower among these than
among unexposed villagers in the same area. The
ratio for exposed to unexposed was 0.73£0.07 for
4 cGy, 0.61£0.07 for 12 cGy, and 0.72+0.12 for 50 cGy
(here, + indicates one standard deviation).

Studiesare underway on the workers at this Mayak
complex (KosHURNIKOVA et al. 2002), among whom
there have been many excess cancers, but exposures
were generally quite high and the data reported give
little information on the dose-response relationship
in the low-dose region.

Stimulation of the immune system by low-level
radiation is being used on an experimental basis
for medical treatment of non-Hodgkin’s lymphoma
with total body and half body (trunk only) irradia-
tion. This radiation was administered to one group
of patients (“irradiated” group), but not to an oth-
erwise similar “control” group, before both groups
were given similar other standard treatments such
as chemotherapy with or without accompanying
high radiation doses to tumors. In one such study
(SakamorTo et al. 1997), after 9 years, 50% of the
control group, but only 16% of the irradiated group
had died. In a 25-year-old study (CHAFFEY et al.
1976) with different standard treatment, 4-year sur-
vival was 70% for the irradiated group versus 40%
for the controls. In another study in that time peri-
od (CHoI et al. 1979) with a more advanced chemo-
therapy, 4-year survival was 74% for the irradiated
group versus 52% for the control group. The infor-
mation in the scientific literature is very supportive
of using whole body or half body low-level radiation
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to stimulate the immune system. US physicians have
not utilized it but further applications are underway
in Japan.

The above described data deal with radiation
by X-rays and gamma rays (and some neutrons for
the A-bomb survivors). There are also impressive
relevant data from radiation with alpha particles.
One such study is of bone and head cancers among
dial painters, chemists, and others occupationally
exposed to ingested radium (Evans 1974). There
were no tumors among those with exposures below
1,000 cGy, but for dose ranges centered about 1800,
3500, 7500, and 20,000 cGy, 25%-38% in each cat-
egory developed tumors. Elaborate analyses of these
data showthatalinear no-threshold fitis statistically
unsupportable and a threshold behavior is strongly
suggested.

Several studies have reported that workers who
inhaled plutonium, resulting in sizable radiation
exposures to their lungs, have equal or lower lung
cancer mortality rates than those not so-exposed
(ToKARSKAYA et al. 1997; VOELT et al. 1983; GILBERT
et al. 1989).

Very strong evidence against LNT is provided
by a very extensive study of lung cancer mortal-
ity rates, m, versus average radon exposure in
homes for 1729 US counties — more than half of all
US counties, and including 90% of the US popu-
lation (CoHEN 1995, 2006). Plots of age-adjusted
rates are shown in Figure 3.14a, ¢, where, rather
than showing individual points for each county,
these are grouped into intervals of radon exposure
(shown on the baseline along with the number of
counties in each group) and plotted as the mean
value of m for each group, its standard deviation
indicated by the error bars, and the first and third
quartiles of the distribution. Figure 3.14b, d shows
these data corrected for prevalence of cigarette
smoking. Note that when there is a large number
of counties in an interval, the standard deviation
of the mean is quite small. We see, in Figure 3.14, a
clear tendency for lung cancer rates, with or with-
out correction for smoking prevalence, to decrease
with increasing radon exposure, in sharp contrast
to the increase expected from LNT, shown by the
lines labeled “Theory.” These data have been ana-
lyzed for over 500 possible confounding factors,
including socioeconomic, geographic, environ-
mental, and ethnic associations (COHEN 2000), and
the possible effects of an unrecognized confound-
ing factor were investigated (COHEN 2005), but the
conclusion remains firm that LNT fails very badly

by grossly overestimating the cancer risk from
low-level radiation.

What has been interpreted as conflicting results
were derived from a pooled study of seven case-
control studies (KREwsSKI et al. 2005); shown in
Table 3.4. We see there that none of the data points
give a very statistically significant excess lung can-
cer risk, but the pattern suggests an excess risk
from radon exposures, although not necessarily
increasing with exposure atleast for the four lowest
points which comprise the region of significance in
Figure 3.14. A pooled study includes many compli-
cated adjustments for differences among the differ-
ent studies in the pool, and potential confounding
factors with the adjustments for the few of them
that are recognized might be a problem. If there
is a conflict with Figure 3.14, each of the several
attempts to explain it as a problem with the lat-
ter have been shown to be completely implausible
(CoHEN 2005). Actually it is not clear that thereis a
conflict, because Figure 3.14 is not a dose-response
relationship for individuals exposed to radon,
but rather is an experimental observation with
extremely high statistical significance, to be com-
pared with the prediction from LNT. That compari-
son indicates that the theory fails very badly, gross-
ly overestimating the risk from low-level exposure.
The results in Table 3.4 can hardly be interpreted
as a test of LNT.

Table 3.4. Odds ratios for lung cancer versus residential
radon exposure from seven pooled case-control studies
(KREWSKI et al. 2005)

Radon level (Bq/m?) 0dds ratio (95% C.I.)

<25 1.00
25-49 1.13 (0.95-1.35)
50-74 1.09 (0.89-1.34)
75-99 1.16 (0.91-1.48)
100-149 1.24 (0.96-1.60)
150-199 1.22 (0.87-1.71)
>199 1.37 (0.98-1.92)
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3.7
Dependence of Latent Period on Dose

There is a substantial body of data, both on ani-
mals and on humans, indicating that the latent peri-
od between radiation exposure and cancer death
increases with decreasing exposure; these have been
reviewed by CoHEN (1980) and by RAABE (1994).
An example of results for dogs injected with alpha
particle emitters (DOUGHERTY and MAys 1969) is
shown in Figure 3.15. These observations lead to the
obvious conclusion that for low enough exposures,
the latent period exceeds the normal life span, so
no actual cancers develop. Thus there is an effec-
tive threshold.

This effect alone, even in the absence of all con-
siderations discussed previously, would invalidate
LNT as applied to low-level radiation.
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Fig. 3.15. Survival time for beagle dogs who developed bone
cancer from injections of various alpha-emitting radioactive
isotopes, versus dose to their bone at 1 year before death
(DouGHERTY and MAYs 1969)

3.8
Conclusion

The conclusion from the evidence reviewed in this
paper is that LNT theory fails very badly in the low
dose region, grossly overestimating the risk from
low-level radiation. This means that the cancer risk
from the vast majority of normally encountered
radiation exposures is much lower than given by
usual estimates, and may well be zero or even nega-
tive.
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The exposure to radiation of patients undergoing
computed tomography (CT) examinations is deter-
mined by two factors: equipment-related factors, i.e.,
design of the scanner with respect to dose efficiency,
and application-related factors, i.e., the way in which
the radiologist or the radiographer makes use of the
scanner. In this chapter, the features and parameters
influencing patient dose are outlined. First, however,
a brief introduction on the dose descriptors appli-
cable to CT is given.

4.1
CT Dose Descriptors

The dose quantities used in projection radiography

are not applicable to CT for three reasons:

® First, the dose distribution inside the patient is
completely different from that for a conventional
radiogram, where the dose decreases continuously
from the entrance of the X-ray beam to its exit, with
a ratio of between 100 and 1000 to 1. In the case
of CT, as a consequence of the scanning procedure
that equally irradiates the patient from all direc-
tions, the dose is almost equally distributed in the
scanning plane. A dose comparison of CT with con-
ventional projection radiography in terms of skin
dose therefore does not make any sense.

® Second, the scanning procedure using narrow
beams along the longitudinal z-axis of the patient
implies that a significant portion of the radiation
energy is deposited outside the nominal beam
width. This is mainly due to penumbra effects and
scattered radiation produced inside the beam.

® Third, the situation with CT-unlike with conven-
tional projection radiography-is further compli-
cated by the circumstances in which the volume
to be imaged is not irradiated simultaneously. This
often leads to confusion about what the dose from
a complete series of, for example, 15 slices might
be compared with the dose from a single slice.
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As a consequence, dedicated dose quantities
that account for these peculiarities are needed: the
‘computed tomography dose index (CTDI)’, which
is a measure of the local dose, and the ‘dose-length
product (DLP)’, representing the integral radiation
exposure associated with a CT examination. Fortu-
nately, a bridge exists that enables comparison of CT
with radiation exposure from other modalities and
sources; this can be achieved by the effective dose
(E). So, there are three dose descriptors in all, which
everyone dealing with CT should be familiar with.

4.1.1
Computed Tomography Dose Index

The CTDI is the fundamental CT dose descriptor.
By making use of this quantity, the first two pecu-
liarities of CT scanning are taken into account: The
CTDI [unit: milligray (mGy)] is derived from the
dose distribution along a line that is parallel to the
axis of rotation for the scanner (=z-axis) and is
recorded for a single rotation of the X-ray source.
Figure 4.1 illustrates the meaning of this term: CTDI
is the equivalent of the dose value inside the irradi-
ated slice (beam) that would result if the absorbed
radiation dose profile were entirely concentrated to
a rectangular profile of width equal to the nomi-
nal beam width N-h_;, with N being the number of
independent (i.e., non-overlapping) slices that are
acquired simultaneously. Accordingly, all dose con-

Relative dose

5 4 3 2 1 0 1 2 3 4 5
Slice position [cm]

tributions from outside the nominal beam width,
i.e., the areas under the tails of the dose profile, are
added to the area inside the slice.

The corresponding mathematical definition of
CTDI therefore describes the summation of all dose
contributions along the z-axis:

CTDI = !

| “D(z)-dz “.1)
col

where D(z) is the value of the dose at a given loca-
tion, z, and N-h_; is the nominal value of the total
collimation (beam width) that is used for data acqui-
sition. CTDI is therefore equal to the area of the dose
profile (the ‘dose-profile integral’) divided by the
nominal beam width. In practice, the dose profile is
accumulated in a range of -50 mm to +50 mm rela-
tive to the center of the beam, i.e., over a distance
of 100 mm.

The relevance of CTDI becomes obvious from the
total dose profile of a scan series with, for example,
n=15 subsequent rotations (Fig. 4.2). The average
level of the total dose profile, which is called ‘mul-
tiple scan average dose (MSAD)’ (SHOPE 1981), is
higher than the peak value of each single dose pro-
file. This increase results from the tails of the single
dose profiles for a scan series. Obviously, MSAD and
CTDI are exactly equal if the table feed (TF) is equal

25 T

MSAD

Relative dose

Slice position [cm]

Fig. 4.1. Illustration of the term ’Computed Tomography
Dose Index (CTDI): CTDI is the equivalent of the dose value
inside the irradiated slice (beam) that would result if the
absorbed radiation dose profile were entirely concentrated
to a rectangular profile of width equal to the nominal beam
width N-h_

Fig.4.2. Total dose profile of a scan series with n=15 sub-
sequent rotations. The average level of the total dose pro-
file, which is called ‘Multiple Scan Average Dose (MSAD)’,
is equal to the computed tomography dose index (CTDI) if
the table feed (TF) is equal to the nominal beam width N-h_;
(i.e., pitch p=1)
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to the nominal beam width N-h_, i.e., if the pitch
factor
_TF
N- hcol
is equal to 1. In general (i.e., if the pitch is not equal

to 1, Fig. 4.3), the relationship between CTDI and
MSAD is given by

p (4.2)

MSAD = L CTDI
p

The practical implication of Equation 4.3 is that,
in order to obtain the average dose for a scan series,
it is not necessary to carry out all the scans. Instead,
it is sufficient to obtain the CTDI from a single scan
by acquiring the entire dose profile according to
Equation 4.1. This is achieved with dose measure-
ments using long, pencil-like detectors, with an
active length of 10 cm (Fig. 4.4). These detectors
accumulate the dose profile integral (DPI; unit:
mGy-cm), i.e., the area under the dose profile shown
in Figure 4.1. The CTDI is then obtained according
to Equation 4.1 by dividing by the nominal beam
width N-h_;.

In order to obtain estimates of the dose to organs
located in the scan range, the CTDI generally refers
to standard dosimetry phantoms with patient-like
diameters. In the standard measuring procedure
for CTDI, which utilizes two cylindrical Perspex

(4.3)

B

Slice position [cm]

Fig. 4.3. Total dose profile of a scan series with n=15 sub-
sequent rotations, although scanned with pitch=0.7. Due
to the larger overlap, multiple scan average dose (MSAD) is
higher than thatin Fig. 4.2 and amounts to computed tomog-
raphy dose index (CTDI) divided by pitch

(PMMA) phantoms of different diameter (Fig. 4.4),
dose is measured at the center and near the periphery
of the phantom (Fig. 4.5). The larger phantom, being
32 cm in diameter, represents the absorption that is
typical for the trunk region of adults. The smaller
phantom (16 cm in diameter) represents the patient
in head examinations. The smaller phantom is also
used for dose assessment in pediatric examinations
(SHrRiMPTON 2000). The dose values thus obtained
are denoted as:

CTDI,, and CTDI,, , (4.4a)
and
CTDI,, and CTDI, , (4.4b)

with H=head, B=body, c=center, p=periphery.
To make life easier, each pair of CTDI values (cen-
tral and peripheral) can be combined into a single
one named ‘weighted CTDI (CTDI,)’, which repre-
sents the CTDI averaged over the cross section of the
pertaining phantom:
CTDI,, Z%'CTDIXYZ,C"‘%'CTDIXYZ,,, (4.5)
where the subscript XYZ stands for either H(ead)
or B(ody). In daily practice, CTDI,, is used as one

Fig. 4.4. Cylindrical standard computed tomography (CT)
dosimetry phantoms (16 cm and 32 cm in diameter) made
from Perspex for representative measurements of the com-
puted tomography dose index (CTDI) in regions of the head
and the trunk, and a pencil-like detector for measurements
of the dose-profile integral
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Fig. 4.5. Arrangement of the locations A-E for the determi-
nation of the computed tomography dose index (CTDI) in a
standard CT dosimetry phantom

of two dose descriptors for dose recommendations
(‘reference values’) that have been introduced by the
EUROPEAN COMMISSION (1999a).

If pitch-related effects on the radiation exposure
have already been taken into account at the level of
local dose (i.e., CTDI), a quantity named ‘volume
CTDI (CTDI,,))’ is defined (IEC 2001):

CTDI CTDI,

vol —

(4.6)

So CTDI,,, is the pitch-corrected CTDI,,. Apart
from the integration length, which is limited to
100 mm, CTDI,, is practically identical to MSAD
based on CTDI, (i.e., MSAD,). Since averaging
includes both the cross section and the scan length,
CTDI,, therefore represents the average dose for
a given scan volume. CTDI,; is used as the dose
quantity that is displayed at the operator’s console
of newer scanners. This also holds true even if the
display is labeled as ‘CTDI,,’ due to faulty definition
in the first edition of the particular IEC standard for
CT (IEC 1999), or simply as ‘CTDI’.

Attention is required if the dose displayed as
CTDI,, shall be used for comparison with reference
values given in terms of CTDI,. For this purpose,
the pitch correction introduced in Equation 4.6
needs to be reversed by multiplying the CTDI,
value by the pitch factor. Care is also required if the
CTDI,,, displayed is used to assess pediatric radia-
tion exposure: whether head or body CTDI values
are displayed depends only on the scan mode (head
or body), not on the patient size. Consequently, the
dose to children and infants undergoing CT exami-
nations of the trunk region, which for the same scan
parameter settings depends on the patient diameter,
is currently underestimated with the dose displayed
at the operator’s console by a factor two to three.

CTDI statements in scanner specification sheets
are given for the head phantom as well as for the

body phantom and often apply to a current-time
product of 100 mAs or 1 mAs. In this case, it must
be recognized that a quantity named ‘normalized
CTDP is used, which is labeled ¢, CTDI (unit: mGy/
mAs)’ in order to avoid confusion. The normalized
CTDI is obtained by dividing the CTDI value by the
mAs product Q that was used to measure CTDI:

nCTD[:ﬂ
o

4.7)

It is worthwhile (and indeed necessary) to note
that the normalized CTDI is a characteristic quanti-
ty for a scanner (dose rate coefficient), which simply
represents the capacity of a scanner in terms of out-
put and conveys absolutely nothing about patient
dose. Very often it is assumed that scanners with
a high value of |CTDI are more ‘dangerous’ than
other models with lower (CTDI values. This is not
necessarily the case. Reference to patient dose can-
not be made unless the normalized CTDI has been
multiplied by the tube current-time product Q that
is required in order to produce images of diagnos-
tic quality with the type of scanner under consid-
eration. Only after having carried out this step is
it possible to decide whether a particular scanner
needs more or less dose than another model for a
specified type of examination.

41.2
Dose-Length Product

The third peculiarity of CT, i.e., the question of what
the dose from a complete series of, for example, 15
slices might be compared with that from a single
slice, is solved by introducing a dose descriptor
named ‘dose-length product (DLP; unit: mGy-cm)’.
DLP takes both the ‘intensity’ (represented by the
CTDI,,;) and the extension (represented by the scan
length L) of an irradiation into account (Fig. 4.6):
DLP=CTDI,,-L (4.8)
So the DLP increases with the number of slices
(correctly: with the length of the irradiated body
section), while the dose (i.e., CTDI,)) remains the
same regardless of the number of slices or length.
In Figure 4.6, the area of the total dose profile of the
scan series represents the DLP. DLP is the equivalent
of the dose-area product (DAP) in projection radi-
ography, a quantity that also combines both aspects
(intensity and extension) of patient exposure.




CT Parameters that Influence the Radiation Dose

55

25 T
Length L
4
b
815 T
©
(0]
2
5 41
Q I
12 Dose
05 T
-10 -5 0 5 10
Slice position [cm]

Fig. 4.6. Total dose profile of a scan series with n=15 subse-
quent rotations. The dose-length product (DLP) is the prod-
uct of the height (CTDI,;) and the width (scan length L) of the
total dose profile and is equal to the area under the curve

In sequential scanning, the scan length is deter-
mined by the beam width N-h_; and the number (n)
of table feeds TF):

L=n-TF+N-h

col

(4.9)

while in spiral scanning the scan length only
depends on the number (1) of rotations and the table
feed (TF):

L=n'TF=1-p‘N'hw,

rot

(4.10)

where T is the total scan time, t,, is the rotation
time, and p is the pitch factor. While in sequential
scanning the scan length L is equal to the range from
the beginning of the first slice until the end of the
last, the (gross) scan length for spiral scanning not
only comprises the (net) length of the imaged body
section but also includes the additional rotations at
the beginning and the end of the scan (‘overrang-
ing’) which are required for data interpolation.

If an examination consists of several sequential
scan series or spiral scans, the DLP of the complete
examination (DLP,., ) is the sum of the DLPs of
each single series or spiral scan:
DLP,, =Y DLP (4.11)

In daily practice, the DLP is used as the second
(and most important) of the two dose descriptors for
dose recommendations (‘reference values’) that have
been introduced by the EUROPEAN COMMISSION
(1999a).

4.1.3
Effective Dose

CTDI and DLP are CT-specific dose descriptors that
do not allow for comparisons with radiation expo-
sures from other sources, e.g., projection radiogra-
phy, nuclear medicine or natural background radia-
tion. The only common denominator to achieve this
goal is the ‘effective dose’. With effective dose, the
organ doses from a partial irradiation of the body
are converted into an equivalent uniform dose to
the entire body.

Effective dose E [unit: millisievert (mSv)] accord-
ing to ICRP 60 (ICRP 1991) is defined as the weight-
ed average of organ dose values Hy for a number of
specified organs:

E=Y w,-H,, (4.12)
How much a particular organ contributes to cal-

culation of effective dose depends on its relative sen-

sitivity to radiation-induced effects, as represented

by the tissue-weighting factor w; attributed to the

organ:

® 0.20 for gonads

@ 0.12 for each of lungs, colon, red bone marrow and
stomach wall

® 0.05 for each of breast, urinary bladder, liver, thy-
roid and esophagus

® 0.01 for each of skeleton and skin

® 0.05 for the ‘remainder’

The ‘remainder’ consists of a group of addi-
tional organs and tissues with a lower sensitivity
to radiation-induced effects for which the average
dose must be used: small intestine, brain, spleen,
muscle tissue, adrenals, kidneys, pancreas, thy-
mus and uterus. The sum of all tissue-weighting
factors w; is equal to 1.

Effective dose cannot as such be measured direct-
lyin vivo. Measurements in anthropomorphic phan-
toms with thermo-luminescent dosemeters (TLDs)
are very time-consuming and therefore not well suit-
ed for daily practice. Effective dose, however, can be
assessed in various ways using conversion factors.
For coarse estimates, it is sufficient to multiply the
DLP with mean conversion factors, depending on
which one of three body regions has been scanned
and whether that scan was made in head or body
scanning mode:

E=DLP-f

mean

(4.13)
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For adults of standard size, the following generic

mean conversion factors f, ., apply:

1. 0.025 mSv/mGy-cm for the head region

2. 0.060 mSv/mGy-cm for the neck region, scanned
in head mode

3. 0.100 mSv/mGy-cm for the neck region, scanned
in body mode

4. 0.175 mSv/mGy-cm for the trunk region

Similar factors (‘Ep; p’), which additionally distin-
guish between chest, abdomen and pelvis, but do not
account for differences in scan mode, are given in
report EUR 16262 (European Commission 1999b).

In order to apply Equation 4.13, the DLP or at
least the CTDI, and the (gross) scan length L,
from which the DLP can be calculated according to
Equation 4.8, mustbe available. If the scanner is not
equipped with a dose display, or if a more detailed
assessment of effective dose is desired (e.g., to be
more specific for the scanned region of the body, to
distinguish between males and females, to assess
pediatric doses, or to take differences between
scanners into account), dedicated CT dose calcu-
lation software should be used. These programs
make use of more detailed conversion factors and
also allow for calculation of organ doses. Currently,
five different programs are in general use. They are
available either commercially or as freeware and
differ significantly in specifications, performance,
and price.

Typical tolerances in effective dose assessment
with these programs are in the order of £20-30%.
Similar uncertainties also apply to effective dose
assessment with TLD measurements in Alderson
phantoms. This should always be borne in mind
when comparing doses from different scanners
in terms of effective dose. Care is also needed not
to mix up effective dose with organ doses, as both
are expressed in millisieverts. Nevertheless, effec-
tive dose is of great value, e.g., to answer questions
raised by patients. For this purpose, the annual nat-
ural background radiation, which is between 2 mSv
and 3 mSv in most countries, can be used as a scale.

A comprehensive compilation of dose-relevant
scanner data and other useful information required
for CT dose assessment can be found in a textbook
by NAGEL et al. (2002). The data given there apply to
most of the scanners currently in use, except the most
recent. However, data for these new scanners can be
found in the CT-Expo software package (STaMM and
NAGEL 2001), which is based on the data and formal-
ism outlined in this book and is updated regularly.

4.2
Equipment-Related Factors

4.2.1
Beam Filtration

In conventional projection radiography, beam filtra-
tion is a well-known means to reduce those portions
of the radiation spectrum with no or little contribu-
tion to image formation. In the early years of CT
history, beam filtration was comparatively large in
order to compensate for beam-hardening artifacts.
Filters made from 0.5 mm of copper, with filter-
ing properties equivalent to approximately 18 mm
of aluminum (quality equivalent filtration, NAGEL
1986), were not unusual at that time. The present
generation of scanners typically employs a beam
filtration for the X-ray tube assembly of between
1 mm and 3 mm aluminum and an additional filtra-
tion (flat filter) of 0.1 mm copper, giving a total beam
filtration of between 5 mm and 6 mm aluminum.

Apart from this, there are a number of older and
also newer scanners that operate with an added fil-
tration of approximately 0.2 mm copper, resulting
in a total beam filtration of between 8 mm and 9 mm
aluminum, and sometimes even more (currently up
to 12 mm aluminum quality-equivalent filtration).
Likewise, there are also scanners that employ less
filtration. Consequently, the normalized dose values
for these scanners (,CTDI in terms of mGy/mAs)
differ significantly. Very often these lower or higher
values are misunderstood as being an indicator that
the equipment is more or less dose efficient com-
pared with other scanners. This might not necessar-
ily be the case in reality.

Apart from dose, the consequences on image
quality arising from the beam hardening and beam
attenuating properties of filtration have also to be
considered (NAGEL 1989). The use of additional
filtration impairs primary contrast and increases
noise due to reduced beam intensity per mAs, as
experienced by the detectors. Without compensat-
ing for these adverse effects (e.g., by increasing tube
current-time product), the contrast-to-noise ratio
(CNR), which affects the detectability of small or
low-contrast details, is reduced. Unpublished stud-
ies by the author show that, in order to maintain the
CNR (i.e., for constant image quality), the net reduc-
tion in terms of effective dose achieved by increas-
ing the standard beam filtration (1 mm Al + 0.1 mm
Cu=4.5mm Al quality equivalent) by 0.2 mm Cu




CT Parameters that Influence the Radiation Dose

57

amounts to not more than 10%, even in favorable
situations (soft tissue imaging, Fig. 4.7). Converse-
ly, the same added filtration leads to higher patient
doses (up to 15%) in examinations with administra-
tion of contrast agents (iodine). At the same time,
tube loading must be increased by 20% in order to
compensate for reduced beam intensity.

Newer surveys on CT practice (GALANSKI et al.
2001) revealed that scanners of comparable age, but
with largely differing beam filtration, are operated at
almost similar dose levels. Similar results in terms
of dose efficiency have been found in comparative
tests on scanners with differing beam filtration con-
ducted by ImPACT (2004). Contrary to projection
radiography, which operates at comparatively lower
tube potentials, beam filtration plays only a minor
role in CT, where higher tube potentials are applied.
A return to increased beam filtration-as sometimes
recommended or practiced-is less advantageous
than expected and should only be made if sufficient
X-ray tube loading capacity is available or if other
important aspects exist (e.g., improved performance
of reconstruction filters).
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Fig. 4.7. Changes in patient dose due to increased beam filtra-
tion at constant contrast-to-noise ratio for different types of
detail. Standard filtration: 1 mm Al + 0.1 mm Cu (=4.5 mm
Al quality equivalent); added filtration: 0.2 mm Cu (=7 mm
Al quality equivalent)

4.2.2
Beam Shaper

Most scanners are equipped with a dedicated filter
device, named ‘beam shaper’ or ‘bow-tie filter’, that
modifies the spatial distribution of radiation emit-
ted within the fan beam. The purpose of this kind of

filter (which is characterized by increasing thickness
toward its outer edges) is to adapt the beam inten-
sity to match the reduced attenuation of objects in
the outer portions of the fan beam. Dynamic range
requirements for the detector system can thus be
reduced. Simultaneously, beam-hardening effects
are also less likely.

In order to provide attenuating properties thatare
almost tissue equivalent, beam shapers should be
made from materials containing only elements with
a low atomic number Z. However, this is not always
the case in practice. Beam shapers preferentially
affect the dose in the outer portions of an object,
thereby reducing the peripheral CTDI, values. But,
as the dose at the center is mainly caused by scat-
tered radiation from the periphery of the object, the
central CTDI, value is also somewhat reduced. The
ratio of dose at the periphery to that at the center
therefore decreases, making the dose distribution
inside an object more homogeneous and so improv-
ing the uniformity of noise in the image. Contrary
to the flat filter, the beam shaper has a much greater
impact on the dose properties of a scanner.

The beam shapers found in practice not only dif-
fer by the material from which they are made. They
also differ by their shape, thus producing more or
less compensation. A prominent example is the
beam shaper of the Elscint CT Twin, which was
modified in 1998 to produce more compensation.
In addition, different types of beam shapers can be
selected on some scanners, depending on the nature
and diameter of the object (e.g., for head and body
scanning mode).

4.2.3
Beam Collimation

The beam collimation for defining the thickness of
the slice to be imaged is made in the first instance
close to the X-ray source (primary collimation). The
shape of the dose profile is determined by the aper-
ture of the collimator, its distance from the focal
spot, and the size and shape (i.e., the intensity distri-
bution) of the focal spot. Due to the narrow width of
collimation, penumbral effects occur. These effects
become more and more pronounced as collimation
is further narrowed.

In addition, there is a secondary collimation close
to the detector (‘post-patient collimation’) that pri-
marily serves to remove scattered radiation. On some
single-slice and dual-slice scanners, this secondary
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collimation is further narrowed in order to improve
the shape of the slice profile (‘restrictive post-patient
collimation’, Fig.4.8a,b). For multi-slice scanners
with more than two detector rows, the primary col-
limation must necessarily be made wider than Ny,
the selected slice collimation in order to avoid (or at
least to reduce) penumbral effects in the outer por-
tions of the detector array (Fig. 4.8c). In both cases,
the dose profile is wider than the slice profile or the
nominal beam width, and the patient is exposed to
a larger extent (‘overbeaming’), as becomes obvi-
ous from normalized CTDI values that increase with
reduced beam width.

Overbeaming can be expressed by a single param-
eter, the ‘overbeaming parameter’ dz, which is equal
to the combined width of the portion of the dose pro-
file not used for detection (Fig. 4.8c). Overbeaming
itself, i.e., the percentage increase in CTDI due to the
unused portion of the dose profile, is then given by

acror, =—%

100 (4.14)
col

The overbeaming parameter dz typically amounts
to 1 mm for single- and dual-slice scanners that
employ restrictive post-patient collimation, and to
3 mm for multi-slice scanners with N=4 and more
slices that are acquired simultaneously, although this
may vary depending on the type of scanner. For nar-
row beam-width settings, the increase in dose that
results from overbeaming can be 100% and more.

In practice, overbeaming is no real issue for sin-
gle- and dual-slice scanners, as the limited cover-
age restricts the use of narrow beam width to a few
examinations with a short scan range (e.g., inner
ear). With multi-slice scanners, however, overbeam-
ing effects have to be taken seriously, as multi-slice
computed tomography (MSCT) technology aims to
provide improved resolution along the z-axis, which
requires reduced slice collimation. Overbeaming,
i.e., the increase in CTDI that results from beam-
width settings that are typical for each type of scan-
ner, is shown in Figure 4.9 for a number of scanners
from different manufacturers. As indicated by the
trend line, overbeaming is most pronounced with
quad-slice scanners and is diminished with an
increasing beam width N-h_; provided by scanners
with more slices (NAGEL 2005).

4.2.4
Detector Array

In contrast to single-slice scanners, multi-slice scan-
ners are equipped with a detector array that consists
of more than a single row of detectors. Gas detectors
or fourth-generation stationary detector rings are
no longer compatible with multi-slice requirements.
Consequently, only third-generation detector arcs
with solid-state detectors have remained. In general,
solid-state detectors are more dose efficient than gas

A
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Fig. 4.8a-c. Dose profiles free-in-air with umbra (dark gray) and penumbra (light gray) portions for a single-slice scanner (a),
a dual-slice scanner (b), and a quad-slice scanner (c). With single- and dual-slice scanners, the width of the active detector
rows is sufficient to capture the entire dose profile, penumbra included (except for some scanners that employ restrictive
post-patient collimation). For scanners with four and more slices acquired simultaneously, penumbra is excluded from
detection in order to serve all detector channels equally well. The combined width of the penumbra triangles at both sides

is characterized by the overbeaming parameter dz




CT Parameters that Influence the Radiation Dose

50%
N=4
hcol =2-2.5mm
o, N=2 —
g’ 40% hcol =5mm =
€ 0% H— . .
o q N=6-8 N=16 =
o NN heol =2-3mm ~ hcol =1-1.5mm N=24-32
o _ N hcol =1-1.25mm
= 20% +—— N =
0 —
o hcol =7mm \
> = = _
1 | H H H
0% T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
N GG g S YYY Q © 0 © © e 0w 2RI
o0 o w m S S © © NI S X I I
< <®oo SR8 3484 <404 I
<o da

Type of scanner

Fig. 4.9. Overbeaming, i.e., the percentage increase in the computed tomography dose index (CTDI), for single-slice (N=1),
dual-slice (N=2), quad-slice (N=4), 6 to 8-slice (N=6-8), 16-slice (N=16) and 32 to 40-slice (N=32-40) scanners from dif-
ferent manufacturers (A-F) for the slice collimations h_ typically employed. The red trend line indicates that overbeaming
is most pronounced with quad-slice scanners in practice and is diminished with an increasing beam width N-h_

detectors (vAN DER HaAR et al. 1998), but require
additional means to suppress scattered radiation
(anti-scatter-grids) that inevitably cause a certain
loss of primary radiation, too.

The single detectors in a multi-row, solid-state
detector array are separated by narrow strips (‘sep-
ta’) which are not sensitive to radiation and therefore
do not contribute to detector signal. Due to the large
number of additional strips, these inactive zones
result in minor or major geometrical losses, depend-
ing on the design of the detector array. In addition,
further losses occur due to a decrease in sensitivity
at the edges of each row that results from cutting the
scintillator crystal. In contrast to a single-row detec-
tor array, the width of which can be larger than the
maximum slice thickness (Fig. 4.10), the edges of the
rows in a multi-row detector array are located inside
the beam. Due to both these effects-separating strips
and decreased sensitivity—the net efficiency of a sol-
id-state detector array, which is typically 85% for
single-slice scanners, is further decreased, typically
to 70%.

When 4-slice scanners were introduced in 1998,
very different detector designs were used (Fig. 4.11),
with variations in the number of rows (between 8 and
34) and the smallest detector size (between 0.5 mm
and 1.25 mm). The large number of rows (much larg-
er than the number of slices that can be acquired
simultaneously) was necessary to enable the use of
different slice collimations (between 4x0.5 mm and
4x8 mm). Slice collimations wider than the detector
size were achieved by electronically combining sev-

Multi-slice
scanner (N=4)

Single-slice
scanner (N=1)

Fig. 4.10. A multi-slice computed tomography (MSCT) scan-
ner, with simultaneous scanning of four slices, compared
with a conventional single-slice scanner. Due to the addi-
tional septa between the detector rows, the geometric effi-
ciency of MSCT detector arrays is comparatively lower by
10-20%

eral adjacent detector rows [e.g., 4x1.25 mm =5 mm
(GE) or 1+41.542.5=5 mm (Philips/Siemens)]. Each
detector design had its specific advantages and
drawbacks: Toshiba’s hybrid arrangement offered
the largest coverage (32 mm) and the acquisition of
four sub-millimeter slices, but had the largest num-
ber of septa (1 per mm) and the smallest detector size
(0.5 mm). The progressive design, commonly used
by Philips and Siemens, had the smallest number of
septa (0.35 per mm), but was restricted to two sub-
millimeter slices only. GE’s matrix arrangement was
a compromise (0.75 per mm) that, however, facilitat-
ed the next technology step toward eight simultane-
ously acquired slices with the same detector array.
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All 16-slice scanners introduced in 2001 now
made use of the same hybrid design, with 16 small-
er central detectors, accompanied by a number
of larger detectors at both sides (Fig. 4.12). Apart
from the number of detector rows (between 24 and
40) and array width (between 20 mm and 32 mm),
there were differences in the size of the detectors
(between 0.5 mm and 1.5 mm), and each manufac-
turer claimed his solution to be the best. As in real
life, there are a number of conflicting needs (spa-
tial resolution, dose efficiency, coverage) that must
be met, especially with respect to cardiac imaging
where scan times below 20 s (one breathhold) are
mandatory. Consequently, any design that empha-
sized only one of these criteria was definitely not
the best compromise. Due to the increased number
of septa [from 0.6 per mm (4-slice) to 1.1 per mm
(16-slice) on average], the geometric efficiency of
16-slice detector arrays is somewhat lower.

Inthelatestgeneration of 64-slicescanners, matrix
arrangements that allow for simultaneous acquisi-
tion of 64 sub-millimeter slices are employed by the
majority of manufacturers (Fig. 4.13). By electroni-
cally combining several adjacent rows, thicker slices
can also be acquired, but this results in a reduced
number of slices (e.g., 32x1.25 mm, 16x2.5 mm, etc.).
Once again, the number of septa was increased (to
1.6 per mm on average), resulting in an additional
loss in geometric efficiency.

The hybrid detector design exclusively used by
Siemens for its Sensation 64 scanner is uncom-
mon, insofar as the number of simultaneous slices
claimed by the manufacturer (64) is much larger
than the number of rows (32x0.6 mm or 24x1.2 mm).
The claim is based on a special acquisition mode
that employs two alternating focal spot positions
to simultaneously produce 64 data sets per rotation
with 50% overlap in order to achieve a somewhat

General Electric (LightSpeed QX/i, matrix)

16 - 1.25 mm

Philips / Siemens (Mx8000 / Volume Zoom, progressive)
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5 e
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Fig.4.11. Detector arrangement of four-slice scanners with significant differences in design
(number of rows, detector size, array width). Most are optimized for simultaneous acquisition of

four slices
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Fig. 4.12. Detector arrangement of 16-slice scanners, all of which employ a hybrid design, but with
differences in the number of rows, detector size, and array width




CT Parameters that Influence the Radiation Dose

61

64 - 0.625 mm

Philips (Brilliance 64)
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Toshiba (Aquilion 64)
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General Electric (LightSpeed VCT)

T

Siemens (Sensation 64)

4-1.2mm 32-0.6 mm

4-1.2mm

Fig. 4.13. Detector arrangement of 64-slice scanners, most of which employ a matrix design with 64
rows of uniform size. The Siemens design refers to a 32-slice scanner that makes use of a particular
acquisition mode (alternating focal spot) with 64 overlapping (i.e. non-independent) slices

improved spatial resolution in the z-direction. With
respect to all other important features (collimation,
coverage, overbeaming effects, etc.), however, this
model behaves as a 32-slice scanner in submillime-
ter mode and a 24-slice scanner in all other modes at
maximum. In addition, the thickness of the smallest
slice that can be reconstructed (relevant for partial
volume effects) is at least equal to the smallest slice
collimation, i.e., 0.6 mm (FLOHR et al. 2004), not
lower.

4.2.5
Data Acquisition System

The data acquisition system (DAS) serves to collect the
detector signals, to convert them into digital informa-
tion and to transfer the data to the image reconstruc-
tion system. The number of DAS channels, not the
number of detector rows, is the decisive parameter
that limits the number of independent slices that
can be acquired simultaneously. Consequently, the
term ‘MDCT (multi-detector-row CT)’ is somewhat
misleading, as has recently happened to the term
‘MSCT (multi-slice CT)’, too. Thus, ‘multi-channel CT
(MCCT)’ would be the most unequivocal notation.
With the advent of 16-slice scanners at the lat-
est, the spatial requirements of an increased num-
ber of detector rows and the exorbitantly increased
data rate no longer allow use of traditional circuit

TECHNOLOGY

TRADITIONAL -
DETECTOR -

TECHNOLOGY L

Fig. 4.14. The spatial requirements of an increased number
of detector rows and the exorbitantly increased data rate
necessitated the development of data acquisition systems
with tiny application-specific integrated circuits (ASICs)
that replaced the traditional circuit boards (courtesy: Philips
Medical Systems)

boards. Instead, application-specific integrated cir-
cuits (ASICs) have been developed, with significant-
ly reduced dimensions (Fig.4.14) and drastically
increased data transfer capabilities. As these ASICs
operate with reduced electronic noise, they are
advantageous with respect to the dose efficiency of
the detector assembly. This is demonstrated in Fig-
ure 4.15 where the dose that is necessary to obtain
images of equal image noise at equal slice thickness
was reduced by 25% with the introduction of this
advanced DAS chip (VLASSENBROEK 2004).
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Fig. 4.15. As a side effect, the lower electronic noise of ASIC-
based data acquisition systems introduced with 16-slice
scanners allows for a 25% dose reduction at constant noise
(beam width for all scanners: N-h_ ;=10 mm)

4.2.6
Spiral Interpolation

Data acquisition in spiral scanning mode requires
an additional interpolation step to obtain axial
slices. The interpolation scheme of single-slice
scanners employs two data points for each projec-
tion angle only, thus producing a bell-shaped slice
profile. Depending on whether only true data (360°
linear interpolation (LI), Fig. 4.16a) or also virtual
data (180° LI, Fig. 4.16b) are used, the width of the
slice profile is significantly broadened with increas-
ing pitch (Fig. 4.18a). The relative noise, however,
remains independent from pitch and amounts to
83% (360° LI) and 117% (180° LI) compared with
sequential scanning.

Most multi-slice scanners make use of a differ-
ent interpolation scheme with more than two data
points (‘z-filtering’, TAGUCHI and ARADATE 1998).
Depending on the slice thickness h, . to be recon-
structed, interpolation is made using all data points
that are located inside the pre-selected filter width
(FW; =h,,, Fig. 4.17). Contrary to single-slice scan-
ners, the width of the slice profile thus remains
unaffected from changes in pitch settings of up to
p =2 (Fig. 4.18b).

However, as the number of data points inside FW
is reduced, the noise will increase with pitch unless
corrective actions are taken. This can be accom-
plished by adjusting the (electrical) tube current I
proportional to the change in pitch p. This adjust-
ment is automatically made for all MSCT scanners
from Elscint, Philips and Siemens, thereby using a
different mAs notation (Q,s) named ‘effective mAs’

or ‘mAs per slice’, which is different from the tradi-
tional electric mAs product Q,:
P P

As a result, pitch has no longer any influence on
slice profile width, image noise and average dose
(CTDI,,) if Q. is held constant. This does not hold
for MSCT scanners manufactured by General Elec-
tric and Toshiba, which do not automatically correct
the tube current for pitch and do not use effective
mAs notation.

(4.15)

4.2.7
Adaptive Filtration

Adaptive filtration (AF) is a dedicated data pro-
cessing technique for projections that are subject to
strong attenuation. Without AF, images, e.g., from
the pelvis region, often exhibit inhomogeneous
noise patterns due to ‘photon starvation’ (Fig. 4.19,
left). The noise statistics of these projections are
improved by making use of additional data close
to the position of the reconstructed slice, i.e., by
increasing the FW at the level of image reconstruc-
tion. However, as indicated in Figure 4.20, this is
made only for those projections that suffer from
excessive attenuation. Thus, the spatial resolution in
the z-direction is only slightly impaired. As a result,
images processed with AF show a reduced and more
homogeneous noise pattern (Fig. 4.19, right). This
can be used either to improve the image quality or
to lower the dose settings.

4.2.8
Overranging

‘Overranging’ is the increase in DLP due to the
additional rotations at the beginning and at the end
of a spiral scan required for data interpolation to
reconstruct the first and the last slice of the imaged
body region. With single-slice scanners, the theory
requires that An=1 additional rotation is usually
made in total (KALENDER 2000). For multi-slice
scanners, the situation is much less obvious, as will
be seen from the results presented below.
Overranging effects can be expressed in terms of
both the additional number An of rotations and the
increase AL in scan length. AL depends primarily on
two factors: the beam width N-h_; and the pitch fac-
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Fig. 4.16a,b. The most common interpolation schemes for single-slice scanners are either 360° LI (a) or
180° LI (b). Both schemes employ two data points closest to the position z, of the reconstructed slice
for each projection angle. Making use of the virtual (complementary) data (dashed lines), a shorter
interpolation distance is achieved with 180° LI, resulting in a narrower slice profile
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Fig. 4.17. Most multi-slice computed tomography (MSCT) makes use of a filtered multi-point data inter-
polation scheme (z-filtering). All data points (true and virtual) lying inside a pre-selected filter width
(FW) contribute to the slice reconstructed at position z,, with slice thickness h,..=FW. In this example,
the interpolation scheme for a 4-slice scanner at pitch 0.875 is shown (FW=2-h_)
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Fig. 4.18a,b. With single-slice scanner, two-point data interpolation results in a significant broadening of the effective slice
thickness with increasing pitch, depending on the selected interpolation scheme (a). The multi-point data interpolation used
for most multi-slice scanners ensures a constant effective slice thickness regardless of the pitch setting that depends only
on the selected filter width and holds up to p=2 (b)
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Fig. 4.19. Projections suffering from excessive attenuation result in images with unisotropic noise patterns (left); images
processed with adaptive filtration show a reduced and more homogeneous noise pattern (right)
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Fig. 4.20. Adaptive filtration affects only those projections
where the attenuation exceeds a pre-selected level

tor p. This can be fairly well described by a linear
relationship (NAGEL 2005):
AL=(my,-p+by)-N-h, (4.16)

While single-slice scanners behave as expected
from theory, the characteristics of typical MSCT scan-
ners differ markedly. The number An of additional
rotations (Fig. 4.21a) is strongly pitch dependent,
while the normalized elongation of the scan range,
AL/N‘h_, is almost independent of pitch (Fig. 4.21b)
and amounts to approximately 1.5,1i.e., AL is typically
1.5 times the total beam width N-h ;. For most single-
slice scanners, the overranging parameters mgp and
bor are equal to 2 and —1, respectively. For the major-
ity of MSCT scanners, typical values for mqy and by
are 1 and 0.5, respectively.

The implications of overranging effects for the
radiation exposure to the patient, i.e., the DLP,
depend not only on AL, but also on the length L_,,
of the imaged body region. The percentage increase
in DLP is given by

AL

ADLP , = L—-IOO (4.17)

rel
net

and will be largest if AL is large and L, is small.

The extent of overranging is shown in Figure 4.22
for a representative selection of single and multi-
slice scanners from different manufacturers for
typical scan parameter settings and a typical scan
length of 20 cm. Overranging effects are normally
almost negligible for single-slice and the major-
ity of dual- and quad-slice scanners. Contrary to
overbeaming, overranging becomes larger with an
increasing number of slices acquired simultane-
ously due to the enlarged beam width. Even greater
values might occur for beam widths larger than the
typical ones assumed here and scan ranges shorter
than 20 cm.

4.2.9
Devices for Automatic Dose Control

Newer scanners are equipped with means that auto-
matically adapt the mAs settings to the individual
size and shape of the patient. As this matter is dis-
cussed in detail in Chapter 6, only a brief overview
shall be given here.

Automatic dose control systems offer up to four
different functionalities, that can be used either
alone or in combination:
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Fig. 4.21. While single-slice computed tomography scanners (SSCTs) usually require only one additional rotation An in spiral
scanning mode, multi-slice computed tomography scanners (MSCTs) show a pronounced pitch dependence. Conversely,
the normalized elongation of the scan range, AL/N-h_,,, is almost constant for most MSCT scanners, but increases linearly
with pitch for SSCT scanners
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Fig. 4.22. Overranging, i.e., the percentage increase in dose-length product (DLP), for single-slice (n=1), dual-slice (n=2),
quad-slice (n=4), 6 to 8-slice (n=6-8), 16-slice (n=16) and 32 to 40-slice (n=32-40) scanners from different manufactur-
ers (A-F) for a scan length L of 20 cm and the slice collimations and pitch settings typically employed. The red trend line
indicates that overranging becomes more pronounced with scanners that allow for a wider beam width N-h_;

Automatic exposure control (AEC, Fig.4.23),
which accounts for the average attenuation of the
patient’s body region that is to be scanned. Infor-
mation on the patient’s attenuation properties is
derived from the scan projection radiogram (SPR)
usually recorded prior to the scan for planning
purposes.

Longitudinal dose modulation (LDM, Fig.4.24),
which is a refinement of AEC by adapting the
mAs settings locally, i.e., slice-by-slice or rotation
by rotation.

Angular dose modulation (ADM, Fig.4.25),
another refinement of AEC that adapts the tube

current to the varying attenuation at different
projection angles. Information on the patient’s
attenuation properties is derived either from two
SPR or in real-time from the preceding rotation.
Temporal dose modulation (TDM, Fig. 4.26),which
reduces the tube current in cardiac CT (or other
ECG-gated CT examinations) during those phases
of the cardiac cycle that are not suited for image
reconstruction due to excessive object motion.

The common denominator of these function-

alities is that the user no longer needs to select his
parameter settings with respect to the ‘worst case’,
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Fig. 4.23. Automatic exposure control (AEC) accounts for the
average attenuation of the patient’s body region that is to be
scanned. For slim patients, mAs is reduced to a level that

ensures constant image quality

Fig. 4.24. Longitudinal dose modulation (LDM) is a refine-
ment of AEC that adapts the mAs settings slice-by-slice or
rotation by rotation. Those parts of the scan range with

reduced attenuation will be less exposed
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Fig. 4.25. Angular dose modulation (ADM) is an other refinement of AEC that adapts the tube current to the
varying attenuation at different projection angles. Those projections with reduced attenuation will be less
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Fig. 4.26. In cardiac computed tomography (CT; or other ECG-gated CT examinations), temporal dose modu-
lation (TDM) reduces the tube current during those phases of the cardiac cycle that are not suited for image
reconstruction due to excessive object motion
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i.e., obese patients, the part of the scan range with the
highest attenuation (e.g., shoulder in chest exams),
the projection with the highest attenuation (lateral),
etc. Consequently, a significant dose reduction from
the application of these devices can be expected.

All major CT manufacturers now offer some or all
of these functionalities with their latest scanners. A
comprehensive report on the current status of auto-
matic dose control systems has been published by
ImPACT (2005). However, there are significant dif-
ferences in how these devices operate and perform.
At present, some of these systems are not sufficiently
user-friendly and make adjustments in a way that
seems to be theoretically sound, but does not comply
with other, more comprehensive aspects of image
quality. Some of these shortcomings will be dis-
cussed in the following section.
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4.2.10
Dose Display

Newer scanners must be equipped with a dose dis-
play. At present, only the display of CTDI,; is man-
datory (IEC 2001). However, many scanners already
also show the DLP, either just per scan series or
both per scan series and per exam. An example with
display of CTDI,; and DLP per scan series is shown

in Figure 4.27.

With the dose display, dose is not saved per se,
but feedback is provided that may help to achieve
this goal, e.g., by comparison of the displayed dose
values with dose recommendations. In addition,
changes in scan parameter settings and their impli-
cations for patient exposure are made immediately
obvious. Thus, the dose display can be used for pur-
poses of dose optimization. Finally, CTDI, can be
used as a fair estimate for the dose to organs that are
entirely located in the scan range.

The interpretation of the dose values displayed at
the scanner’s console needs special attention in the
following situations:
® Many dose recommendations are given in terms

of weighted CTDI (CTDI,,); in order to allow for

comparisons, the pitch correction involved in

CTDI,, must be reverted by multiplying CTDI,;

by the pitch factor.

@ Until now, the dose values for examinations car-
ried out in body scanning mode have always been
based on body-CTDI regardless of patient size. In
pediatric CT examinations, the displayed figures
should be multiplied by 2 for children and by 3
for infants in order to give a realistic estimate of
patient dose.

4.3
Application-Related Factors

Although the scanner design is of some importance,
surveys on CT practice have regularly shown that
the way that the scanner is used has the largest
impact on the doses applied in a CT examination.
The application-related factors on which patient
exposure depends can be grouped into:
® Scan parameters, i.e., those factors that directly
determine the local dose level (CTDI,) and that
are often pre-installed or recommended by the
manufacturer (e.g., in application guides)
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e Examination parameter, i.e., those factors that-in
combination with CTDI,_determine the integral
exposure (i.e., DLP) and depend on the prefer-
ences of the user

® Reconstruction and viewing parameters, which
implicitly influence the dose settings

First, however, the principal inter-dependence
between dose settings and image quality shall be
outlined

4.3.1
Brooks’ Formula

As in conventional projection radiography, aspects
of dose and image quality arelinked. For CT, BRoOKsS
and D1CHIRO (1976) have formulated the correlation
between these two opposed quantities:

B

2

with B = exp™*¢
o -ab-h P

(4.18)
where
D =patient dose
B =attenuation factor of the object
p=mean attenuation coefficient of the object
d=diameter of the object
o =standard deviation of CT numbers (noise)
a=sample increment
b =sample width
h=slice thickness

This fundamental equation-commonly known as
the ‘Brooks’ formula’-describes what happens with
respect to patient dose if one of the parameters is
changed while image noise remains constant:
® Dose must be doubled if slice thickness is cut by
half
® Dose must be doubled if object diameter increases
by 4 cm

® An eightfold increase in dose is required if spa-
tial resolution is doubled (by cutting sample width
and sample increment by half)

In this context, the term ‘dose’ is applicable to
each of the dose quantities that are appropriate for
CT. Dose and noise are inversely related to each oth-
er in such a way that a fourfold increase in dose is
required if noise is to be cut by half.

It should be noted, however, that the Brooks’ for-
mula is incomplete, in that image quality is only
considered in terms of quantum noise and spatial

resolution. Other important influences, such as con-
trast, electronic noise and artifacts, are not taken
into account and will therefore modify optimization
strategies under particular circumstances.

4.3.2
Scan Parameters

4.3.2.1
Tube Current-Time Product (Q)

As in conventional radiology, a linear relationship
exists between the tube current-time product and
dose; i.e., all dose quantities will change by the
same amount as the applied mAs. The mAs prod-
uct Q for a single sequential scan is obtained by
multiplying the tube current I and exposure time
t; in spiral scanning mode, Q is the product of the
tube current I and rotation time t,., .This should
not be mixed up with the total mAs product of the
scan which is the product of tube current I and
(total) scan time T.

The consequences on image quality resulting
from variations in the tube current-time product
are relatively simple to understand. The only aspect
of image quality so affected is image noise, which
is-as indicated in Equation 4.18-inversely propor-
tional to the square root of dose (i.e., mAs).

The tube current-time product is often used as
a surrogate for the patient dose (i.e., CTDI). How-
ever, this is highly misleading, as the normalized
CTDI values and thus the dose that results for the
same mAs setting can vary by up to a factor of six
between different scanners. So it makes absolutely
no sense to communicate dose information or rec-
ommendations on the basis of mAs. Instead, only
CTDI,,; (and DLP) should be used for this pur-
pose.

With the advent of multi-slice scanners, addi-
tional confusion arose due to the introduction of a
different, pitch-corrected mAs notation (‘effective
mAs’ or ‘mAs per slice’, Eq. 4.15) by Elscint, Phil-
ips and Siemens. As most multi-slice scanners make
use of a multi-point spiral interpolation scheme as
outlined in section 4.2.6, effective mAs is the most
appropriate notation for MSCT. Nevertheless, Gen-
eral Electric and Toshiba still prefer the traditional
electrical mAs notation, which further makes it
difficult to compare mAs settings among different
scanners. This particularly holds for cardiac CT
where very low pitch settings are used.
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Recommendation:

The settings for the tube current-time product
should be adapted to the characteristics of the scan-
ner, the size of the patient (see section 4.3.2.5), and
the dose requirements of each type of examination.
Examinations with high inherent contrast, such as
for chest or skeleton, that are characterized by view-
ing with wide window settings, can regularly be con-
ducted at significantly reduced mAs settings.

4.3.2.2
Tube Potential (U)

When the tube potential is increased, both the tube
output and the penetrating power of the beam are
improved, while image contrastis adversely affected.
In conventional projection radiography, increased
tube potentials are applied in order to ensure short
exposure times for obese patients, to equalize large
differences in object transmission (e.g., during chest
examinations) or to reduce patient dose. In the latter
case, automatic exposure control devices guarantees
that the improved penetrating power of the beam is
exclusively for the benefit of the patient.

In CT, increased tube voltages are used preferen-
tially for improvements in tube loading and image
quality. Contrary to the case for mAs, the conse-
quences of variations in kV cannot easily be assessed.
The relationship between dose and tube potential
U is not linear, but rather of an exponential nature
which varies according to the specific circumstances.
The intensity of the radiation beam at the detector
array, for example, varies with U to the power of 3.5.
If the tube potential is increased, e.g., from 120 kV to
140 kV, the electrical signal obtained from the detec-
tors therefore changes by a factor 1.7 (Fig. 4.28).

The decrease in primary contrast which normally
results from this action is largely overcompensated
by the associated decrease in noise, i.e., the higher
the tube potential, the better the CNR (except for
the application of iodine as contrast agent). The only
reason why this analysis generally holds true is the
absence of any kind of automatic exposure control
devices in the majority of scanners which might pre-
vent unnecessary increases in the detector signal.
This clearly demonstrates that dose is not reduced
by applying higher kilovolt settings, but merely
increased as long as mAs settings are not changed:
weighted CTDI and effective dose increase with U to
the power of 2.5 (Fig. 4.28), which means that both
are increased by approximately 50% if kilovolt set-
tings are changed from 120 kV to 140 kV.

Therefore the question of whether and when it
might be reasonable to deviate from the 120-kV set-
ting usually applied is justified. As can be seen from
Figure 4.29, this depends on the attenuation charac-
teristics of the detail that is diagnostically relevant.
The figures are given in terms of contrast-to-noise
ratio squared (CNR?) at constant patient dose; this
notation allows direct conversion of the percent-
age differences into dose differences. For soft tis-
sue contrast (e.g., differences in tissue density),
higher tube potentials perform slightly better than
lower ones, but the differences are quite small. The
opposite holds true for bone contrast (i.e., bone ver-
sus tissue). For iodine contrast, however, there is a
strong dependence on tube potential that is much in
favor of lower kilovolt settings. Thus, 80 kV instead
of 120 kV would allow reduction of the patient dose
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Fig. 4.28. Voltage dependence of patient dose (CTDI,,) and
detector signal (reference: 120 kV)
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Fig. 4.29. Voltage dependence of contrast-to noise ratio
squared (CNR?) at constant patient dose (CTDL,) for differ-
ent types of detail. While CNR? is almost constant for imag-
ing of soft tissue and bone, imaging performance is signifi-
cantly improved for iodine at lower voltages
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by almost a factor of two without sacrificing image
quality.

Recommendation:

Tube potentials other than 120 kV should be consid-

ered only in the case of:

® Obese patients in whom mAs cannot be further
increased: use higher kilovolt settings

@ Slim patients and pediatric CT, where mAs cannot
be further reduced: use lower kilovolt settings

® CT angiography with iodine: use lower kilovolt
settings

Variations in tube potential should not be con-
sidered for pure dose reduction purposes except in
the case of CT angiography. Due to the complex-
ity involved, adaptation of mAs settings should not
be left to AEC systems, as these do not account for
changes in contrast. Dose settings in CT angiogra-
phy should not be higher than in unenhanced scans
of the same body section and should be lowered if
performed at reduced kilovolt settings.

4.3.2.3
Slice Collimation (h_,) and Slice Thickness (h,)

With single-slice CT (SSCT), the slice collimation
h.,; used for data acquisition and the reconstruct-
ed slice thickness h,.. used for viewing purposes
were identical (except for slice profile broadening
in spiral scans with increased pitch, as discussed in
section 4.2.6). So there was no need to distinguish
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between them. With MSCT, the slice collimation
(e.g., 0.75 mm) and the reconstructed slice thickness
h... (e.g., 5mm) are usually different. Frequently,
the selection of the reconstructed slice thickness
is made with respect to multi-planar reformatting
(MPR) purposes (e.g., 1 mm), thus creating a so-
called ‘secondary raw data set’, i.e., a stack of thin
slices from which MPR slabs with larger thickness
(e.g., 5 mm) can be made for viewing purposes.

The ability to acquire longer body sections with
thin slices in order to achieve an almost isotropic
spatial resolution is the most important achieve-
ment of multi-slice technology. As reduced slice
thickness is associated with increased image noise,
this may have a significant impact on patient dose as
expressed by the Brooks’ formula (Eq. 4.18). There-
fore, it is worthwhile to treat this matter in a some-
what more detailed fashion.

A narrow slice collimation is a precondition for a
narrow slice thickness, butitsimpact on patient dose
is restricted to aspects of overbeaming and over-
ranging only. As these show opposed dependence on
beam width, as outlined in sections 4.2.3 and 4.2.8,
the question arises as to the optimized beam-width
settings. As demonstrated in Figure 4.30 for a typi-
cal MSCT scanner, dose performance is almost equal
with beam-width settings greater than 10 mm (a),
except at short scan ranges (spine, pediatrics) where
a beam width of between 10 mm and 20 mm is more
appropriate (b). Beam-width settings below 10 mm
should be avoided due to increased overbeaming
effects unless there are other important aspects to
justify overriding this recommendation.
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Fig. 4.30a,b. Increased dose-length product due to overbeaming (OB) and overranging (OR) effects for a typical multi-slice
computed tomography (MSCT) scanner. For average to long scan ranges (L=20 cm and more, a), all beam-width settings
above 10 mm perform almost equally well. For short scan ranges (L =10 cm, as in pediatric and spine exams, b), beam-width

settings between 10 mm and 20 mm are preferred
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The decisive determinant with respect to image
noise and its implications for patient dose, however,
is the slice thickness h . used for viewing purposes.
The relationship among slice thickness, noise and
dose expressed in the Brooks’ formula attempts to
correct any reduction in slice thickness by a corre-
spondingincrease in dose to ensure a constantimage
noise, and some AEC systems exactly do so. Howev-
er, any variation in slice thickness also affects image
contrast due to a modification in partial volume
effect, which is not taken into account by the Brooks’
formula. As shown in Figure 4.31, image noise and
image contrast of small details will react in a dif-
ferent fashion on reduction of the slice thickness:
while image quality in terms of noise is impaired
proportionally to the square root of the change in
slice thickness only, the contrast is improved in pro-
portion to the slice thickness. As a result, there is a
net gain in image quality in terms of CNR without
any increase in dose whenever partial volume effect
is of importance.

This is clearly demonstrated by the clinical exam-
ple given in Figure 4.32, where the visibility of a liv-
er lesion (approximately 3 mm in size) diminishes
continually with increasing slice thickness, despite
reduced image noise. In addition, a detailed analysis
of the results of the German survey on CT practice
in 1999 (GALANSKI et al. 2001) has revealed that slice
thickness has only minor or no influence on clinical
dose settings. This is shown in Figure 4.33 for liv-
er examinations with slice thicknesses of between
3 mm and 10 mm that were used in practice. There-
fore, it is essential to understand that the selection
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Fig. 4.31. Dependence of relative image quality on the slice
thickness h ... Improvements in image quality (better detail
contrast due to reduced partial volume effects) outweigh the
deterioration caused by increased noise. As a result there is
a net gain in contrast-to-noise ratio (CNR) at reduced slice
thickness without any increase in dose

of a narrow slice collimation is only a means to an
end: to enable MPR images without or with reduced
step artifacts, and, if necessary, to overcome partial
volume effects.

Recommendation:

The slice collimation should be selected as small
as compatible with aspects of overbeaming/over-
ranging, total scan time and tube power. Viewing
should preferentially be made with thicker slabs
(e.g., 3-8 mm), thereby reducing image noise and
other artifacts. Thinner slabs should only be used if
partial volume effect is of importance. This should
preferentially be done in conjunction with worksta-
tions that allow one to change the slab thickness
in real-time. Except for very narrow slices, there
should be no need for any increase in dose settings
on reduction of slice thickness.

4.3.2.4
Pitch (p)

With SSCT scanners, scanning at increased pitch set-
tings primarily serves to increase the speed of data
acquisition. As a side effect, however, patient dose
is reduced accordingly, at the expense of impaired
slice profile width, i.e., z-resolution. As already out-
lined in section 4.2.6, MSCT scanners make use of
a spiral interpolation scheme that is different from
SSCT. Thus, the slice profile width remains unaf-
fected from changes in pitch settings. Instead, image
noise changes with pitch (Fig. 4.34a) unless the tube
current is adapted accordingly.

Scanners that make use of the effective mAs (mAs
per slice) concept not only keep slice profile width,
but also image noise constant when pitch changes
(Fig. 4.34a). To achieve this goal, the electrical mAs
product supplied to the X-ray tube automatically
changes linearly with pitch (Fig. 4.34b). As a conse-
quence, patient dose (CTDI,) is no longer reduced
at increased pitch settings in contrast with SSCT
scanners; neither will dose increase at reduced pitch
settings. MSCT scanners without automatic adapta-
tion of mAs will still save dose at increased pitch set-
ting, but this will happen at impaired image quality
(more noise) as long as mAs is not adapted manu-
ally.

Frequently, image quality in terms of artifacts
depends on pitch settings. In general, spiral artifacts
are reduced at lower pitch settings. For similar rea-
sons, some scanners allow the setting of a limited
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Fig. 4.32a-d. Multi-slice computed tomography (MSCT) examination of the liver performed on a MSCT scanner (Siemens
Somatom Volume Zoom) at 120 kV, 4x2.5 mm slice collimation and 125 mAs,¢ (CTDI, ;= 11 mGy). From the same raw data
set, slices of different thickness [3 mm (a), 5 mm (b), 7 mm (c), and 10 mm (d)] were reconstructed at the same central posi-
tion z,. Despite the increased noise pertaining to thinner slices, the visibility of small lesions improves remarkably owing
to reduced partial volume effects. This is clearly demonstrated by a lesion approximately 3 mm in size (arrow) (courtesy Dr.
Wedegaertner, University Hospital Eppendorf, Hamburg, Germany)
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Fig. 4.33. The patient dose (CTDI,,) applied by the

0 participants of the German CT survey, 1999, for liver
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Fig. 4.34a,b. For multi-slice computed tomography (MSCT) systems that employ multi-point spiral data interpolation (z-
filtering), image noise changes with pitch unless the effective current-time product (mAs,y) is held constant (a). This
implies that the electrical current-time product (mAs,,) supplied to the tube changes with pitch (b). Contrary to single-slice
computed tomography (SSCT), changes in pitch settings therefore no longer have any influence on patient dose in terms

of CTDI,

number of ‘preferred’ pitches only. Reduced pitch
settings can also be applied to enhance the effec-
tive tube power, however, at the expense of reduced
scanning speed.

Recommendation:

Pitch settings with MSCT scanners should be made
exclusively with respect to scan speed, spiral arti-
facts and tube power. Dose considerations no longer
play a role if scanners that employ effective mAs
are used or if (electrical) mAs is adapted to pitch to
achieve constant image noise.

4.3.2.5
Object Diameter (d) or Patient Weight (m)

Patient size, although not a parameter to be selected at
the scanner’s console, represents an important influ-
encing parameter that needs to be considered in this
context. Considerable reductions in mAs settings are
appropriate whenever slim patients, and particularly
children, are examined. In order to avoid unneces-
sary over-exposure, the mAs must be intentionally
adapted by the operator unless AEC-like devices are
available. Due to the decreased attenuation for the
smaller object, image quality will not be impaired if
mAs is selected appropriately. This means that the
image quality will be at least as good as for patients of
normal size, although the dose has been reduced.
The two questions to be solved in this context
are:
® To which degree shall mAs settings be adapted in
dependence of the object diameter d?

® Which diameter is typical for a standard patient
to whom the standard protocol settings refer
to?

Fromtheoretical considerations (half-value thick-
ness for CT beam qualities), mAs should be altered by
a factor of two for each change in patient diameter of
4 cm tissue-equivalent thickness. However, dedicat-
ed studies (WILTING et al. 2001) have shown that this
algorithm does not work well in practice: although
objective (i.e., measured) noise was almost constant
for patient diameters of between 24 cm and 36 cm, it
was found that the subjective (i.e., perceived) image
quality continually decreased with the patient
diameter and vice versa. This is most likely due to
the circumstance that adipose patients have more
fatty tissue around their organs. Thus, the inherent
contrast is better, and more noise can be tolerated.
The opposite holds true with slim patients.

Consequently, a more gentle adaptation of mAs
with patient diameter (factor of two in mAs per
8-cm change in patient diameter) will better com-
ply with clinical needs. Among the AEC systems
currently in use, those from Philips and Siemens
already make use of this modified algorithm that
ensures a constant ‘adequate’ image quality, while
those implemented by General Electric and Toshi-
ba simply attempt to ensure a constant noise level.
As already outlined in sections 4.3.2.2 for tube
potential and 4.3.2.3 for slice thickness, strate-
gies for automatic dose control that do not account
for image contrast will fall short with respect to
clinical needs. Similar considerations apply to the
longitudinal dose modulation functionality: in
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examinations comprising several consecutive body
sections with differing attenuation properties (e.g.,
in tumor staging of chest, abdomen and pelvisin a
single spiral acquisition), mAs adjustment is often
made in a way that ensures constant image noise,
thus producing the highest settings in the pelvis
region. However, inherent contrast in the pelvis
region is much better than in the upper abdomen;
consequently, reduced mAs settings would be more
appropriate, as recommended in ICRP publication
88 (ICRP 2001).

Although not specified explicitly, standard pro-
tocol settings implemented by the manufacturers
are usually tailored to satisfy the vast majority of
clinical situations except for obese patients in whom
higher mAs or kilovolt settings must be applied. So,
there is good reason to refer these standard settings
to patients of about 80-85 kg body weight, which
is also the average weight of European males. This
corresponds to a lateral diameter of 33 cm, accord-
ing to a detailed analysis of patient data from a large
children’s hospital in Germany (SCHNEIDER 2003;
Fig. 4.35a.). The following formula can be used to
convert from lateral patient diameter d,,, (in cm) to
patient weight m (in kg) and vice versa:
d, =65+3/m (4.19)

In current literature, numerous differing recom-
mendations can be found on how to reduce mAs set-
tings with patient weight or diameter. In Fig. 4.35b,
three examples are shown, which are representative
of weak (DONELLY et al. 2001), moderate (ROGALLA
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2004) and strong (Hupa et al. 2000) adaptations of
mAs to patient weight. As indicated by the dashed
lines, mAs adaptation by a factor of two per 8-cm
change in patient diameter is almost perfectly met
by Rogalla’s recommendation, which follows a very
simple relationship:
Relative mAs o< body weight + 5 kg (4.20)
A similar relationship has been proposed by
another research group (HONNEF et al. 2004). This
formula can be used to create a set of standard
protocols for different weight classes (e.g., 0-5 kg,
6-10kg, 11-20kg, 21-40kg, 41-60kg, 61-80 kg,
etc.), which can easily be applied in daily practice.

Recommendation:

mAs settings should be adapted to patient size in a
more gentle way (factor of two per 8-cm change in
diameter) than predicted by theoretical consider-
ations that only account for image noise. In addition,
body regions with better inherent contrast should
be scanned at reduced mAs settings. Preferentially,
AEC systems that measure rather than estimate
patient absorption should be used, provided that
their algorithm makes use of this more gentle mAs
adjustment. Failing this, manual adjustment using
a set of patient-weight-adapted protocols based on
Rogalla’s formula (4.20) should be applied instead.
For head examinations, mAs adaptation should not
be made with respect to patient weight, but to patient
age.
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Fig. 4.35a,b. Relationship between patient weight and lateral diameter according to a detailed analysis of patient data from
a big children’s hospital (a) and dependence of patient weight on relative current-time product (mAs) settings, as recom-
mended by three representative authors (b). As indicated by the dashed lines, adaptation of the current-time product by a
factor of 2 per 8-cm change in patient diameter is almost perfectly met by Rogalla’s recommendation
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4.3.3
Examination Parameters

4.3.3.1
Scan Length (L)

As already pointed out in section 4.1, the local dose,
i.e., CTDI, is almost independent of the length of
the scanned body section. The same does not hold,
however, for the integral dose quantities, i.e., DLP
and effective dose. Both increase in proportion to
the length of the body section. Therefore, limiting
the scan length according to the clinical needs is
essential.

On most scanners, the scan length, L, is usually
not indicated explicitly. Instead, the positions of the
first and the last slice are stated only; the same holds
for the information that is documented on the imag-
es or in the DICOM data file. The net scan length,
L, i-e., the length of the imaged body section, is
calculated by:

L,., =|pos. first sl.— pos.last sl|+h,, (4.21)
while the gross scan length, L,
the irradiated body section, is:

, i.e., the length of

L, =L +AL (4.22)

gross
where AL is the increase in scan length due to over-
ranging as described in Equation 4.16. As a rule of
thumb that holds for the majority of MSCT scan-
ners, the actual scan range, overranging included, is
extended at each side of the planned scan range by
approximately 0.75-N-h_;+0.5 h,... This amounts to
approximately 2 cm for a 16-slice scanner with 20-
mm beam width and 5-mm slice thickness.

Recommendation:

For each patient, the scan length should be selected
individually, based on the scan projection radio-
graph that is generally made prior to scanning for
the purposes of localization, and should be kept as
short as necessary. Moreover, a reduction in the scan
range should be considered in multi-phase exami-
nations and follow-up studies. Whenever feasible,
critical organs, such as the eye lenses or the male
gonads, should be excluded from the scan range.
This may be difficult for MSCT scanners that allow
for large beam-width settings due to increased over-
ranging effects.

4.3.3.2
Number of Scan Series (ng,,)

In CT terminology, a scan series is usually referred
to as a series of consecutive sequential scans or one
complete spiral scan. With the limited tube power
available for many SSCT scanners, CT examinations
of long body sections (e.g., tumor staging of the
entire trunk) had to be separated into several con-
secutive subsections. If the same protocol settings
are applied to each series, the local dose will always
be the same, while the integral dose is the sum of
the DLP or effective dose values of each series. So
it would not make a difference whether the body
section is scanned as a whole or in several shorter
subsections, except for overranging effects that will
increase proportionally to the number of subjec-
tions. However, mAs settings can be adapted to the
particular needs of each subsection, e.g., lower set-
tings for the chest, higher settings for the upper
abdomen and reduced settings for the pelvis, as
indicated in section 4.3.2.5.

If the same body section (or parts of it) is scanned
more than once, this is usually denoted as ‘multi-
phasic’. However, this not only applies to examina-
tions with administration of contrast agents, but
also to examinations where the same body section is
scanned with different orientation (such as in facial
bone exams) or with different slice collimation set-
tings (e.g., chest standard plus high resolution).
Although more than one scan is made at the same
position, the length of each single scan of a multi-
phasic exam does not necessarily have to be the
same. While it is meaningful to sum up the integral
doses (DLP, effective dose) of each phase, this is not
true for the local doses (i.e., CTDI, ). Nevertheless,
multi-phasic exams result in an increase in integral
radiation exposure that is roughly proportional to
the number of phases.

Recommendation:

The number of scan series (phases) should be kept as
low as necessary. This holds true particularly for liver
examinations, where studies with up to six different
phases are sometimes recommended in literature.

4.3.3.3
Number of Rotations in Dynamic CT Studies (n)

In dynamic CT studies, e.g., in CT fluoroscopy or
in perfusion studies, a multiple number of scans is
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made at the same position. Therefore, it is meaning-
ful to sum up thelocal doses, also. For this particular
situation, the main issue is the avoidance of deter-
ministic radiation effects. Local doses can be quite
high if the scans are made with the standard dose
settings used for that body region. Integral doses are
normally comparable to the values encountered in
standard examinations of the same region. However,
with the advent of wider detector arrays, which may
become even larger in future, integral dose will also
be significantly increased.

The doses applied in dynamic CT studies depend
on two factors: the dose, i.e., the CTDI,, per rotation,
and the number of rotations. As perfusion studies
are regularly made with administration of contrast
agents, the benefits of reduced kilovolt settings as
described in section 4.3.2.2 should be used to reduce
the dose settings. The number of rotations can be
kept low by limiting the total length of the study, by
reducing the image acquisition rate or by intermit-
ting the procedure (in CT fluoroscopy) whenever
possible.

Recommendations:

Dynamic CT studies should be made with the low-
est dose settings, the most narrow beam width, the
shortest length and the smallest image rate that is
compatible with the clinical needs of the examina-
tion.

4.3.4
Reconstruction and Viewing Parameters

4.3.4.1
Filter Kernel (FK)

CT images are reconstructed from sets of attenua-
tion measurements using dedicated mathematical
procedures (algorithms) known as ‘reconstruction
filters’ or ‘filter kernels’. These algorithms are char-
acterized as having quite different properties with
regard to image quality: with highly resolving filter
kernels, spatial resolution is improved but noise is
increased. The opposite happens with smoothing
kernels, which reduce noise at the expense of spatial
resolution.

The properties of reconstruction filters are not
subject to standardization. Therefore, kernels of
equal or similar designation may vary consider-
ably from one brand of scanner to the next. Equally,
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Fig. 4.36. Typical noise characteristics of different filter ker-
nels. Relative figures are given in terms of noise squared,
so the percentage differences can be translated directly into
dose differences that would be necessary for constant image
noise

reconstruction filters used for head or body scans
carrying the same name are by no means identical.
Labels such as ‘smooth’ or ‘sharp’ can only be used
as coarse indicators of the balance between spatial
resolution and image noise.

The compromise between spatial resolution and
contrast resolution for a particular clinical indica-
tion must be found by appropriate selection of the
reconstruction filter. The better the spatial resolu-
tion, the higher the noise, as indicated in Figure 4.36.
Image noise, however, strongly affects contrast res-
olution. Due to the relationship between dose and
noise given by the Brooks’ formula (Eq. 4.18), the
decision to use a particular filter kernel may directly
affect the amount of dose required.

There are two practical sets of circumstances
in which dose can be saved by proper selection of
the reconstruction filter. The first is where spa-
tial resolution is more than sufficient for a given
clinical indication. Contrary to the manufacturer’s
recommendations, a smoother filter kernel can
therefore be selected. The improvements resulting
from this choice can then be used to reduce dose
instead of noise, as indicated in Figure 4.37. The sec-
ond is where the CNR for high-contrast structures
(e.g., lungs, skeleton) is more than sufficient, even
though a highly resolving filter kernel was used. In
this case, increased noise can be tolerated, even if
dose is reduced. So it turns out once again that the
Brooks’ formula is somewhat misleading as it does
not account for image contrast. Nevertheless, the
automatic exposure control system from one par-
ticular manufacturer also attempts to compensate
for changes in noise that result from the selection of
the filter kernel.
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Fig.4.37. Comparison of two
images that were scanned and
reconstructed with different
current-time product (mAs) and
filter kernel settings but result in
similar image noise

300 mAs / Standard

W /L=200/40
A

Fig.4.38. Comparison of two
images with different set-
tings of the window width W.
Wider window settings result in
smoother images, thus allowing
for reduced dose settings, pro-
vided that the inherent contrast
is sufficiently high

Recommendation:

The selection of the filter kernel should be made with
respect to the inherent contrast and as smooth as
compatible with the clinical needs, thereby reduc-
ing the dose to that noise level that is appropri-
ate. High-resolution kernels should only be used
for high-contrast structures without adaptation of
mAs settings.

100 mAs / Very smooth

4.3.4.2
Window Width (W)

The window width is often not regarded as a relevant
factor influencing dose, since it is assumed that the
width of the window is a parameter only related to
image presentation. However, the visual perception
of image noise strongly depends on the choice of
window width setting. Using a wide window set-
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ting, noise perception can be reduced, as shown in
Figure 4.38. The reduction is inversely correlated to
window width (PrRoxoP 1998). However, image con-
trast is also decreased, of course, because the num-
ber of gray scale values is simultaneously reduced.

Therefore, a prerequisite for dose reduction
using wider window settings is the sufficiency of
CNR. Due to the non-linear relationship between
dose and noise, even a relatively small increase in
window width is profitable: if a setting of 350 HU
is used instead of 300 HU, dose can be reduced by
26% while noise perception remains the same. It is
therefore worthwhile finding out whether wider set-
tings than those recommended by the manufacturer
might also be appropriate. This holds particularly
for high-contrast structures; by doubling the win-
dow width, the dose can be cut to one-quarter.

Recommendation:

The window width should be selected as wide as tol-
erable. With high-contrast structures, the improve-
ment in noise thus achieved should be used to reduce
the dose settings.
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5.1
Introduction

Over the years a lot of surveys have been carried
out trying to estimate not only the collective dose of
computed tomography (CT) examinations but also
the effective dose for specific scan regions. Only a few
surveys of large sample size have been carried out
[UK 1999, 2001 and 2003 (NATIONAL RADIOLOGICAL
PROTECTION BOARD 1999; HART and WaLL 2001;
SHRIMPTON et al. 2003); Germany 1992-1995, 1999,
2002 (BERNHARDT et al. 1995; GALANSKI et al. 2001;
Brix et al. 2003); Switzerland 1998 (ArRoua et al.
1998); and Austria 2000 (NowoTNY)] while a larger
number of surveys with smaller sample sizes can
be found in the literature. The later ones were often

G. StAMM, PhD

Medizinische Hochschule Hannover, Diagnostische Radiologie/
AB Exp. Radiologie, Carl-Neuberg-Strasse 1, 30625 Hannover,
Germany

focused on either a limited number of scanners or
a small number of scanner sites (e.g. Greece, Italy,
Wales, USA). These small surveys will always con-
tain biased data because they are not representa-
tive of all scanners and sites (SZENDRO et al. 1995;
OLERUD 1997, 2003; vaN UNNIK et al. 1997; SCHECK
et al. 1998; SHRIMPTON et al. 1998; GoppARD and
AL-FARSI 1999; EINARSSON and MAGNUSSON 2001;
HiLEs et al. 2001; OLERUD et al. 2001; TSAPAKI et al.
2001; HATZIIOANNOU et al. 2003; PAPADIMITRIOU et
al. 2003; OrI1GaGI et al. 2006).

Large-scale surveys are necessary to take into
account the considerable variations in patient size
and differences in scan parameters and settings
even within the various sites.

NEXT (Nationwide Evaluation of X-ray Trends)
surveys in the US (see for example CoNwAyY et al.
1992) are carried out nearly every year and are most-
ly focused on a defined body region. Although this
seems to be a very promising approach for obtaining
reliable data, the spectrum of typical examinations
is very limited; a broad overview will be available
only after several years, when the first surveys are
already out of date.

Surveys with small sample size, showing only
a snapshot of the current situation using scanners
of only one or two vendors, can be found more fre-
quently in medical journals. The larger surveys are
all carried out on behalf of national authorities such
as National Radiological Protection Board (NRPB)
in UK, Bundesamt fiir Strahlenschutz (BfS) in Ger-
many and Bundesministerium fiir soziale Sicherheit
und Gesundheit (BMSG) in Austria with a typical
time frame of 5-15 years between updates.

The aim of this chapter is to compare the results
of the different surveys to stress on local or national
specialities. It is a critical review of current trends
and will help interested readers to interpret the
results of those surveys more carefully.

The chapter focuses on European surveys and
compares methods, results, outcomes and conclu-
sions. Whenever possible a comparison of differ-
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ent national surveys will also be made. Publica-
tions from the United States and Australia will be
included as examples and do not necessarily meet
the requirements of completeness. Also the men-
tioned small-sized surveys may not show up as a
complete list.

The large-sized surveys were used as a reference
for establishing guidelines for scan techniques and
parameter settings; but what is more important for
future work is to introduce guidelines for optimiza-
tion. The German survey from 1999, for example, was
used to produce reliable data on patient dose from
CT examinations to set up national reference dose
levels for CT. However, it also guided and provided
hints on how to optimize scan protocols, which will
be discussed later on.

Another main aim for future tasks should be to
define acceptable image quality in relation to patient
dose. The manufacturers have already shown the
possibility for automatic exposure control (AEC) in
CT, but the procedures to achieve this aim vary. The
definition of acceptable image quality should be uni-
form and applicable to all different scanner models.
This is especially important because the relation-
ship between peak kilovoltage (kVp), image quality
and dose is very complex. Defining image quality
only in terms of image noise (standard deviation of
HU values) does not meet all requirements. A more
sophisticated approach in terms of contrast-to-noise
ratios (CNR) defined for the various body regions is
needed, in particular for low contrast examinations
such as liver and abdomen.

5.2
Reference Dose Levels (RDL)

Looking at the frequencies of CT examinations and
their contribution to the annual collective dose
(Tables 5.1-5.3, Figs. 5.1, 5.2) it is necessary to intro-
duce so-called reference dose levels (RDL) to clearly
define thresholds which can be exceeded in indi-
vidual cases but should not be exceeded in general.

A lot of surveys have been carried out in the
past either to establish national RDL according the

Table 5.1. Number of CT examination per year and 1000
people (values from UNSCEAR 2000 report if not mentioned
otherwise)

UNSCEAR Heath Level 1 57
UNSCEAR Heath Level 2 1.5
Germany 64
Germany (1990-92) 55
Germany (1999) 90
UK 21
USA 91
Sweden 39
Sweden (1991) 24
Australia (1994) 60
Austria (2000) 76
Switzerland (1998) 46

Table 5.2. Frequencies of different CT procedures in percent (%), total number of exams per year and scanner and number

of installed CT bases (see also Fig. 5.1)

Germany UK Austria Italy Switzerland Netherlands Sweden Australia

(1999)*  (1997/98)° (2000)¢ (2006)¢ (1998)¢ (1998)f (1991)¢  (1994)h
Brain 37 44.5 34.9 39 24 39 53 30.4
Chest 15 13.8 15.3 17 14.6 19 - 8.1
Abdomen 25 21.4 26.1 20 20.4 28 251 14.6
Lumbar spine - 4.5 - 10 11.5 10 9.6 12.4
Pelvis - 10 - 10 - 3 - 5.9
No. of exams per scanner and 3600 - 4560 - - - - -
Installed bases 2000 - 227 1328 - - 90 -

2 GALANSKI et al. (2001)

b NATIONAL RADIOLOGICAL PROTECTION BOARD (1999)

¢ NowoTNY R. (http://www.bmgf.gv.at/cms/site/detail.htm?
thema=CH0343&doc=CMS1065194276970)

4 Origar et al. (2006)

¢ Aroua et al. (1998)

f MEeuwseN and BRUGMANS (2003)
& SZENDRO et al. (1995)

b Tromson and TINGEY (1997)

I Sweden examination of the trunk
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Table 5.3. Comparison of percentage of total collective dose delivered by CT examination (see also Fig. 5.1)

Germany Germany UK Austria UNSCEAR UNSCEAR Switzerland Netherlands Iceland
(1990-92)* (1999)>  (1997/98)° (2000)* (2000) HL1® (2000) HL2® (1998)" (1998)8 (1998)"
% Collective dose 35 40 39.7 40.4 41 5 27.8 42 54
% No. of exams 4 6 3.3 4.2 6 1 3.4 5.8 13.6
No. of exams/year - 7.2-10° 1.39-10° 620,000 - - 328,000 494,000 25,762
2 BERNHARDT et al. (1995) ¢ UNSCEAR Report 2000 Annex D, Medical Radiation Exposure,
b GALANSKI et al. (2001) New York (2000)
¢ NATIONAL RADIOLOGICAL PROTECTION BOARD (1999) f Aroua et al. (1998)
4 NowoTNYR. (http://www.bmgf.gv.at/cms/site/detail. htm?thema & MEEUWSEN and BRUGMANS (2002)
=CH0343&doc=CMS1065194276970) b EINARSsON and MAGNUssON (2001)
60
[J Iceland (1998)
50
Netherlands (1998) Germany (1999)
O
M £ i T —————— o
4 UK (1997/98)
Austria (2000)
30 O % collective dose
[ Switzerland (1998) & %10, of ens
= = linear no. of exams
Fig.5.1. Contribution to total number of radio- ,, - - - -linear % coll. dose
graphic procedures and contribution to collective
effective dose as a function of the total number &
of CT examination per year. Independent of total
number of CT examinations the relative contribu- 10
tion to total number of radiographic procedures T T T T e e e e e e *
is about 6% while the relative contribution to col- . *
lective effective dose is about 40% (see Table 5.2 0? : : : : - : r
for detail) 0.0E+00 1,0E406 2,0E406 3.0E+406 4.0E+06 50E+06 6.0E406 7.0E406 B80E+06
50
45 _ O Brain
& Chest
40 — ——| @ Abdomen [—
35 H

% no. of exams

Fig. 5.2. Relative distribution of the CT pro-
cedures on the brain, chest and abdomen in
different countries
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EU quality criteria for CT (EUR16262, EUROPEAN
CoMMISSION 1999) or to check if CT procedures
in the different member states comply with the EU
RDL. RDL can and should be included in guidelines
for scanning techniques. While using projection
radiography the consistency between the actual
dose values and the RDL can only be checked after
the examination, whereas with CT it is possible to
check compliance beforehand. Although RDL do
not represent an individual patient’s exposure they
are an estimation of the mean collective dose to the
patient for the corresponding body regions.

ThreemajordosequantitiescanserveasRDL:first
we have the two local dose values, namely weight-
ed computed tomography dose index (CTDI,) and
volume CTDI (CTDI,). The latter can be regarded
as a measure of the mean dose within an examina-
tion region and is dependent on mAs product, kV
settings and the distance focus-to-axis-of-rota-
tion. The third quantity is the dose length product
(DLP), which is an integral dose value and depends
on the correct choice of scan length. A comparison
of the estimated RDL of several different surveys is
in Tables 5.4 and 5.5.

Table 5.4. Comparison of reference dose levels (RDL) in terms of weighted computed tomography dose index (CTDI,, mGy)
in different European countries compared with the EU directive EUR16262

Germany Germany UK 10)¢ Austria EUR 16262°¢
(1999)> (2002)° (2003) SSCT* (2003) MSCT® (2000)%8

Routine head (brain) 45 60 70 110 68.9 60

Face and sinuses 25 35 - - 35

Routine chest 13 22 13 18 18.9 30

Chest HR - - 22 50 28 35

Routine abdomen 15 24 20 20 19.8 35

Liver and spleen 15 25 - - 20.6 35

Lumbar spine 30 47 - - 40.7 -

Routine pelvis 18 28 17 20 23.5 35

2 GALANSKI et al. (2001)

b Brix et al. (2003)

¢ SHRIMPTON et al. (2003)

4 NowotnY R. (http://www.bmgf.gv.at/cms/site/detail.htm?
thema=CH0343&doc=CMS1065194276970)

¢ EUROPEAN CoMMISSION (1999)
f 15t quartile of the 1999 survey for comparison
8 374 quartile of the 2000 survey

Table 5.5. Comparison of reference dose levels (RDL) in terms of dose length product (DLP, mGy-cm) in different European

countries compared with the EU directive EUR16262

Germany Germany UK UK Austria EUR 16262
(1999)* (2002) (2003) SSCT (2003) MSCT (2000)®
Routine head (brain) 520 1175 760 930 1275 1050
Face and sinuses 190 - -
Routine chest 250 650 430 580 484 650
Chest HR - - 80 170 76 280
Routine abdomen 490 1500 510 560 1109 780
Liver and spleen 210 770 460 470 763 900
Lumbar spine 170 280 - - 495 800
Routine pelvis 300 750 - - 589 570

2 1% quartile of the 1999 survey for comparison

b 3t quartile of the 2000 survey
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5.3
Statistical Values and their Meanings

The surveys provide a lot of data on examination or
scan parameters. CTDI,, CTDI,; and DLP can be
interpreted and compared in different ways. Mean
values of common or often-used procedures may
serve to rank each scanner site in comparison with
the results of the survey. Median values can be used
to evaluate the distribution (for example the skew-
ness or asymmetry) of the data. The results of the
German 1999 (GALANSKI et al. 2001) survey showed
that there is not a big difference between mean and
median values. Of common interest in particular

are the 3rd quartile values, which can serve as a
threshold that should not be exceeded in general.
These values also provide a well established base
for defining RDL. The 3rd quartile value means
that 75% of the participating institutes and scanner
sites conform to these values while only 25% have
to change their protocols or procedures.

Some examples of mean dose values for the dif-
ferent surveys as well as 3rd quartile values are pre-
sented in Tables 5.6 and 5.7.

Interpreting the data from the German 1999 sur-
vey in more detail, we have found that the 1st quar-
tile values are a good measure for an optimization
process especially for new scanners. This has often
been neglected in the past. Surveys should not only

Table 5.6. Mean dose values. Comparison of different surveys [CTDI,, (mGy), DLP (mGy-cm) and effective dose E (mSv) for
whole examination; DLP and E are mean values for male and female]

Germany (1999)* Germany (2002)° Greece (2002)4 Italy (2002)4 Italy (2006)¢
Region CTDI, DLP E CTDI, DLP E  CTDI, DLP E  CTDI, DLP E CTDI, E
Brain 57 676 1.8 58.4 1016 2.8 68 919 2.1 59 707 1.6 59.6 1.7
Upper abdomen 21 - - - - - 23 493 74 23 632 83 243 7.8
Abdomen and pelvis 21 770 13 156 790 144 - - - - - - - -
Pelvis 23 480 8 17.1 398 72 27 540 10.3 24 434 8.2 249 8.9
Chest 18 420 6.5 14.8 350 5.7 21 430 7.3 21 480 6.2 19.7 8.0
Lumbar spine 39 230f 2.8 30.3 4458 8.1 39 4708 - 36 303" 4.7 34.1 4.5

Sample size (sites) 850 113 14 32 56

% of inst. bases 45 50 - - -
UK Austria
(2003)° (2000)
Region CTDI, DLP E CTDI, DLP
Brain 57 690 1.5 57.7 1036
Upper abdomen 16 350 5.3 17.5 877
Abdomen and pelvis 16 470 7.1 - -
Pelvis - - - 20.2 487
Chest 14 400 5.8 16.2 400
Lumbar spine - - - 35.5 407
Sample size (sites) 118 130 - 6 4
% of inst. bases 25 57 - - 80

Switzerland Oman  (FIET Australia
(1998)! (1999y (1998)c  (1994)!
E E E E E
2.25 2.4 2.4 1.3 2.4
14.7 10.3 9.5 13.2 -
- - - - 16.7
8.0 7.3 - 6.1. 11.2
6.7 9.0 3.4 8.5 10.4
6.2 94 - 12.4
182
55

GALANSKI et al. (2001)

Brix et al. (2003)

SHRIMPTON et al. (2003)
PAPADIMITRIOU et al. (2003)

ORrIGaGI et al. (2006)

Only one segment (= 6 cm scan length)
Multiple segments

Mean scan length 8.6 cm

o A 6 o o

-

EaC)

I Aroua et al. (1998)
J HiLEs et al. (2001)

m OQLERUD et al. (2001)
" OLerUD (1997)

° SzENDRO et al. (1995)

EiNaARrssoN and MAGNUsSsON (2001)
TaoMsoN and TINGEY (1997)

P Sweden examination of the trunk
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Table 5.6. Mean dose values (continued). Comparison of different surveys

Wales. Nordic Pilot survey Norway Sweden
(1999) (2001)™ (1993)" (1991)°
Region CTDI, DLP CTDI,DLP E E E
Brain 46 731 60 740 1.7 2.0 2.1
Upper abdomen 22 745 - - - 12.8
Abdomen and pelvis - - - - = = 10P
Pelvis 23 646 - - - 9.8 -
Chest 17 663 10.8 420 7.1 11.5 —
Lumbar spine - - 40 420 79 4.6 6
Sample size (sites) 18 25 49 90
% of inst. bases - - 50 100

i ARroua et al. (1998)

i HILEs et al. (2001)

k EiNaRssoN and MAGNUSSON (2001)
I THomsoN and TINGEY (1997)

™ OLERUD et al. (2001)

" OLERUD (1997)

° SzENDRO et al. (1995)

P Sweden examination of the trunk

Table 5.7. The 3rd quartile dose values. Comparison of different surveys (CTDI,, DLP and effective dose E for whole exa-
mination; DLP and E are mean values for male and female)

Germany Germany MSCT Italy Austria

(1999) (2002) (2006) (2000)
Region CTDI, DLP E  CTDI, DLP E  CTDI, DLP E  CTDI, DLP CTDI, DLP E
Brain 66 783 2.2 76 1149 3.3  68.7 915 2.1 66 784  57.7 1036 2.25
Upper abdomen - - - - - - 25.6 602 9.1 20 477 175 877 14.7
Abdomen and pelvis 24 941 157 18 1029 18.9 - - - 19 534 - - -

Pelvis 28 603 10.3 20 455 8.3 28.9 501 95 - - 20.2 487 8.0
Chest 22 540 8.2 20 442 7.2 25 627 10.7 15 488 16.2 400 6.7
Lumbar spine 47 319* 31 39 575 10.3 41.7 367 6.2 - = 35.5 407 6.2
Sample size (sites) 850 113 29 118 130

% of inst. bases 45 50 25 57

2 Only one segment (= 6 cm scan length)
b Multiple segments
¢ Values are for all scanners (SSCT and MSCT)

delineate the present state but also show possible
improvements and ameliorations.

Boxplots are an expressive and convincing rep-
resentation of data from surveys. Within only one
figure, they show not only the sometimes large vari-
ation between minimum and maximum values but
also the important statistical parameters such as
mean and median values and the two quartile values
(see Fig. 5.3). There can be a large variation between
minimum and maximum values: sometimes the

outliers in both directions are separated by a factor
of up to 30, as can be seen in Table 5.8, showing the
range and ratios of dose values found in different
surveys. This should not cause alarm because the
majority of data are distributed within a factor of 2
or 3 of the mean value; for example, Figure 5.4 shows
a histogram plot of the effective dose deduced for
the examination of the abdomen/pelvis in the Ger-
man 1999 survey.
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Fig. 5.3. Boxplot of estimated dose values for examination
“abdomen and pelvis”. Reported values show a range of 30.
Figure taken from the results of the German 1999 survey
(GALANSKI et al. 2001)

Table 5.8. Range and ratios of dose values found in serveral
dose reductions

Germany

(1999)*

CTDI, DLP E

(mGy) (mGy-cm) (mSv)

Min (Max) Min (Max) Min (Max)
Head 14 (199) 173 (2384) 0.4 (14.5) 36
Chest 5.5 (66) 100 (1766) 1.35 (26.4) 21
Abdomen 7.4 (66) 105 (2767) 2 (51.1) 26
and pelvis
Pelvis 6.9(56.2) 90 (1349) 1.6 (23) 14
Lumbar Spine 9.4 (94.1) 29 (821) 0.35 (10.4) 30

abdementpelvis (mean value per series: 9.0 mSv (m.) and 12.4 mSv ()}

250
Emale
@ female
200 1
5 150
2
E
=]
£
ﬁ 100
50 4
N | |-
145 152 23 34 46 68 B 1116 1623 2337 245 4554 64
effective Dosis (mSv)

Fig.5.4. Distribution of effective dose for examination
“abdomen and pelvis”. Mean values were 9.0 mSv for male
and 12.4 mSv for female. Figure taken from the results of the
German 1999 survey (GALANSKI et al. 2001)

surveys, which indicates that there are possibilities of remarquable

UK? 110 Norway Australia
(1998)P 2004 QC¢ (1994)¢
CTDI,,

(mGy) (mGy-cm) (mGy-cm)

Min Min (Max)

(Max)

21 (130) 231 (2087) 204 (2805) 11.7 8 29

4 (46.4) 72 (1304) 61 (1322) 14.4 19.5 64

6.8 (46.4) 115 (1874) 140 (1475) 10.6 13.3 25

6.8 (55.2) 68 (1324) - - 17.2 18

2 GALANSKI et al. (2001)

b NATIONAL RADIOLOGICAL PROTECTION BOARD (1999)
¢ CT QuaLITY CRITERIA (2004)

4 OLERUD (1997)

¢ TaomsoN and TINGEY (1997)

5.4
Interpretation of Data and Pitfalls

Most surveys are only local rather than nationwide
studies. Sometimes they are restricted also to only a
fewradiological centres; therefore, the collected data
may include an unbalanced bias which can lead to

f Values were used for the European EU16262EN quality
criteria

& Min/max ratio

h Head/cranium: acute stroke, chest: pulmonary embolism,
abdomen/pelvis: rule out abscess

misinterpretation. For example, using data just from
selected institutes with good radiological practice
will not produce the mean of all institutes. Includ-
ing only a few scanners will cause a bias based on
the specialties of those scanners, i.e. the focus-axis
distance, filtration and limited pitch values. Other
scanners which do not meet those technical param-
eters will show up as “dose slingshots”. Looking at
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the values of the normalized CTDI,, (,CTDI,) of the
example in Table 5.9, scanner A seems to deliver a
sixfold higher dose to the patient than scanner B.
After estimating the corresponding effective dose
we can conclude that they are nearly the same, which
can be explained by taking into account the mAs set-
tings for both scanners: scanner A needs only one-
sixth of the mAs settings compared with scanner B.
This is also a convincing example of the statement:
“mAs is not dose”.

Table 5.9. Comparison of normalized CTDI,,, resulting effec-
tive dose and corresponding mAs settings for a male patient
undergoing a CT examination of the abdomen

Scanner +CTDI (mGy/mAs) E (mSv) mAs
A 0.25 7.3 74
B 0.043 7.9 267

The surveyin 1999 was the first study in Germany
in which data for all scanners from all manufactur-
ers were collected. The quota for returned question-
naires was more than 50%, enabling a reasonable
analysis concerning the age of the scanners and the
distribution among university hospitals and private
practice; it was also possible to take into account the
features of the new scanners.

The German survey of multidetector CT (MDCT)
scanners in 2002 (Brix et al. 2003) resulted in a
snapshot of the present situation. It showed that the
change from single-detector CT (SDCT) to MDCT
was not smooth but resulted in an increase in dose.
The main reason was an inadequate use of the new
technique and a lack of intensive training of the
users. For the future an additional survey should be
carried out, with a broader base and including those
scanners with N>8 (aquiring more than 8 slices
simultaneously).

RDL are indicated in terms of weighted CTDI
(CTDI,,), which is a local dose value (dose per slice)
given in terms of DLP, which is an integral dose
value (dose to the patient). The 2003 UK survey
(SHRIMPTON et al. 2003) and the EU 2004 survey on
MDCT (CT QuALITY CRITERIA 2004; SHRIMPTON
2004) suggested specifying RDL in terms of volume
CTDI (CTDI,,) in order to take into account new
scanner technologies and the introduction and use
of so-called effective mAs settings. The main aim of
this concept, introduced by the vendors in the early
stages of MDCT starting with 4-slice scanners, is to
keep image quality constant and independent of the
chosen pitch or table feed.

This has caused some irritation among users,
who were accustomed to noticing a dose reduction
when using pitch values greater than 1. This was a
common and well known rule when dealing with
SDCT scanners but is not applicable to most MDCT
scanners. Thus the introduction of a direct dose
indicator to solve this problem was almost manda-
tory. More recent scanner models display the CTDI-
vo1 directly at the operator window according to
the IEC Standard 60601-2-44 (IEC INTERNATIONAL
ELECTROTECHNICAL CoMMISSION 2001). This would
allow a direct comparison to RDL prior to starting
the examination if the RDL were defined in terms
of CTDI,. Unfortunately RDL are defined in terms
of CTDI,, which means that the user has to multiply
the displayed value by the corresponding pitch. This
simple task will become complicated if this pitch
value is not displayed numerically but in descrip-
tive terms such as “high quality” or “high speed”.
This behaviour has been abandoned by the vendors,
as has calling the displayed CTDI,; weighted CTDI.
However, those scanners are still in operation and
the user must know about these possible pitfalls.

A revision of the EU RDL is necessary because
they were established before the introduction of
MDCT. The update should include the new dose val-
ue CTDI,,; to enable a direct comparison with the
displayed value at the operator console. First values
for RDL in terms of CTDI,; reported in the EU 2004
survey can be found in Tables 5.10 and 5.11.

A result of the Swiss 1998 survey (ARoUA et al. 1998)
was the suggestion of an update every 5 years in a so-
called mini survey covering only about 10% of the vol-
ume of a complete survey. This should be sufficient for
reliable data on examination frequencies and trends
in dosimetric values. When looking at the rapid evolu-
tion of scanner techniques this seems to be mandatory,
although it should be remembered that a mini survey
may produce only a snapshot of a rapidly changing
technique and usage which cannot be applied in gen-
eral. The Swiss survey proposed a complete re-evalu-
ation with the same sample size every 20 years, which
is a rather long time period. Only if the mini surveys
produce reliable data and are focused on rapid evolv-
ing techniques a re-evaluation can be successfull.

With regard to CT examinations, the characteris-
tic features of the CT scanners and the optimization
of examination protocols are important (number of
passages, scanned volume, thickness and spacing of
slices, etc.). They enable a significant reduction of
the doses given (see the proposals of the recent Ger-
man study; Sect. 5.8).
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Table 5.10. Median results of the 2004 survey on MSCT (CT QuaLITY CRITERIA 2004) compared with the initial EUR16262
values (EUROPEAN COMMISSION 1999)

CTDI,,, DLP E QC criterion CTDI- EUR16262 CTDI,, EUR16262 DLP
(mGy) (mGy-cm) (mSv)

Cranium? 53 746 1.7 60 60 1050

Chest, HR 3 117 2.5 10 15 280

Chest, pulmonary embolism 11 302 5.9 10 30 650

Abdomen, rule out abscess 11 551 9.3 15 35 780

Abdomen, liver metastases 13 643 9.5 25 35 900

2 Cranium: acute stroke

Table 5.11. 2004 Quality Criteria MSCT vs. SSCT (www.msct.info) (QUALITY CRITERIA 2004)

SSCT/CTDI, MSCT/CTDI,; Remarks

(mGy)

(mGy)

Cranium (acute stroke) 60 60 Pitch 1 or contiguous scan
Chest HR 35 10

Chest (pulmonary embolism and pulmonary metastases) 30 10 Pitch >1

Abdomen/pelvis (rule out abscess) 35 15

- Liver metastases 35 25

- Urolithiasis 35 10

5.5
Comparison of Different Surveys

The annual frequency of examinations, the contri-
bution to collective dose as well as the correspond-
ing relative numbers of examinations are presented
in Tables 5.1-5.3 and compared with the findings
of the UNSCEAR Report (2000).The different sur-
veys are listed in Tables 5.4-5.7, which compare the
findings concerning RDL in terms of CTDI,, and
DLP (Tables 5.4 and 5.5). In Table 5.6 the mean of
the different dose values including effective dose
is compared, while Table 5.7 shows the 3rd quartile
which is commonly used as a reference level.

The EUR16262 document introduced normal-
ized dose values with respect to dose length prod-
uct [conversion factor f=mSv/(mGyXcm)] to enable
a quick and robust estimate of effective dose values.
As can be seen from the figures in Table 5.12 these
conversion factors only differ by about 10%-20%
among the different surveys. These differences may
be caused by different scan lengths for the listed
procedures. As can be seen by looking for example

at the data from Shrimpton (whole trunk 0.015;
chest 0.014; abdomen and pelvis 0.015) normalized
values can be used for three anatomical regions:
head, neck and body. The conversion factors should
be based on the phantom values of DLP and not on
DLP free in air. With DLP on display at the operator
console, thisvalue can be used for a quick evaluation
of the effective dose and hence radiation exposure
of the patient. Although the listed values suggest
that these conversion factors may serve as a robust
estimate, one has always to bear in mind that they
were derived from mean values. This means that
they were averaged for all scanners and all different
scan parameter settings (such as kVp, mAs, scan
length, slice and section thickness, pitch). So these
values should and can be used whenever a quick
estimate of effective dose is necessary, but one has
to remember that this is only a rough estimate and
does not take into account the gonads. For the neck
region two values have to be considered, depending
on whether body or head mode is used during the
scan. They should never be used to compare differ-
ent scanners, because even if scan parameters are
nearly identical other dose-influencing factors may
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Table 5.12. Normalized values of effective dose per dose length product [f=E/DLP in mSv/(mGy-cm)] for various body
regions. Values from both German surveys based on mean values for E and DLP

SHRIMPTON® Italy (2006)® EUR16262¢ Germany (1999) Germany (2002)¢ EU 200458

Head and neck 0.0031 - - 0.0039 0.0038 -

Head 0.0021 0.0024 0.0023 0.0028 0.0028 0.0023
Neck 0.0059 0.0052 0.0054 0.0098 0.0061 =

Chest 0.014 0.0163 0.017 0.0154 0.0016 0.019
Abdomen and pelvis  0.015 0.0149 0.015 0.0174 0.0186 0.017
Lumbar spine - 0.0166 - 0.0125 0.0185 -

Pelvis = 0.0175 0.019 0.0171 0.0185 0.017
Trunk 0.015 = = = 0.0177 =

2 SHRIMPTON et al. (2003)

b Oricat et al. (2006)

¢ EUROPEAN COMMISSION (1999)
d GALANSKI et al. (2001)

differ. This includes focus-to-axis distance, beam
filtration and beam shaper.

The main limitation of surveys is the quality of the
reported data. It is necessary to check the returned
questionnaires for whether the scan parameters
seem to be reasonable or not. In case of any doubts
a validity check has to be made for the reported val-
ues of the scan parameters. The survey in Germany
showed that the more complex the task of the sur-
vey, the more difficulties arise with the data quality.
While the 1999 survey on single-slice scanners was
rather easy to set up and carry out, the MSCT survey
in 2002 was much more complex. Therefore, it was
necessary to distribute a manual on how to collect
the necessary data. The survey on paediatric exami-
nations that started in 2006 was once again very
complex for the user as well as conductors of the
survey. A lot of queries were necessary to improve
the reported data. In future these tasks will become
increasingly complex because scanning and scanner
techniques are rapidly changing and the user inter-
faces of the different scanners are becoming more
varied. This means that for large-scale surveys one
has to supply “translation tables” for each scanner
family in order to help the user to spot the relevant
and necessary data.

Some limitations and main findings of the differ-
ent surveys are summarized in the following short
quotations.

The survey in Iceland (IRPI) (van UNNIK et al.
1997) listed only five CT bases and found an approx-
imately 93% increase in the number of CT examina-
tions from 1993 until 1998. The main conclusion was

¢ Brix et al. (2003)

f CT QuaLITY CRITERIA (2004)

& Cranium: acute stroke, chest: pulmonary embolism,
abdomen/pelvis: rule out abscess

that “..efforts to reduce dose should include optimi-
zation of both how CT examinations are performed
and the criteria for requesting them”. This statement,
although deduced from a very small survey, holds
for every survey and are discussed in Section 5.8.

The Nordic survey (presented at the IAEA meet-
ing in Malaga, Spain) (OLERUD et al. 2001) included
only five sites from each of the five participating
countries (Denmark, Finland, Iceland, Norway,
Sweden) and found that “This Nordic pilot project
shows that the EC quality criteria can be used as a
collaborative inspection tool. However, the radiolo-
gists work within their own reference frames. That
introduces a bias, and the survey design is not suit-
able for ranking”. These findings show that small
surveys are often not suitable to represent the mean
values for a whole country.

The main difficulty when comparing differ-
ent surveys is the variation in their setup. In some
countries examination of the abdomen means the
whole abdomen; in others it means just the upper
abdomen. In addition, the definition of series var-
ies. In Germany, for example, examinations of the
abdomen are mostly carried out as biphasic exami-
nations, while for the NRPB surveys only one series
was taken into account.

Another difficulty is that in some surveys dose
values are calculated on the basis of axial exami-
nations while other surveys use spiral examina-
tions. In the German 1999 survey (GALANSKI et al.
2001) we tried to compare our data with data from
the 1999 NRPB survey (NATIONAL RADIOLOGICAL
PROTECTION BOARD 1999). The differences found
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could be accounted for by differences in scan ranges
and spiral technique.

5.6
Surveys Comparing MDCT and SDCT

When the first 4-slice scanners were established in
early 2000 the reported dose values increased by a
factor of 4 compared with those of single-slice scan-
ners. This behaviour and the dramatic increase in
dose to the patient were mainly the result of inad-
equate user experience with these new techniques.
New concepts introduced by the vendors, such as
effective mAs and its influence on dose values, were
not sufficiently communicated to the users. Com-
bined with the possibility of acquiring more and
thinner slices, this led to the reported increase in
dose. Now users are more experienced and know
how to deal with thin slices, and the post processing
technique of image processing has improved; hence,
modern MSCT scanners should deliver a patient
dose that is comparable to that given by modern
single-slice scanners.

One main point presented at the 2003 sympo-
sium on Radiation Protection of the North West
RP Societies in Utrecht was as follows: “It has to be
emphasized that the comparison of the dose data
collected from the three time periods, reflecting the
different CT scanner generations, is rough since the
medical indications were not identical. The huge
variation in doses for the same medical indications
indicates a potential for optimization of CT proto-
cols in Norwegian hospitals. The best parameters
to report for dose comparison would be CTDI,
and the total DLP” (OLERUD 2003). This statement
shows one of the main difficulties when comparing
dose values from SDCT and MDCT. With the intro-
duction of MDCT the indications for examination
change and sometimes the scan protocols are not
adapted accordingly. If indications change with
new scanner technology then patient exposures are
really hard to compare. For example, if combined
protocols are possible with MDCT, for example
chest and abdomen or abdomen and pelvis or even
chest and abdomen and pelvis, it is hard to compare
these results with SDCT examinations of only one
of the aforementioned regions. What is possible,
however, is to check whether the local dose values
in the specified regions are nearly the same. There-

fore, the introduction of the CTDI, as an average
dose within a CT slice was important. This dose
value reflects to some extent the scanner technology
(detector efficiency) and the selected scan param-
eters (kVp, mAs, pitch, etc.). The total dose for an
examination as represented by the DLP reflects the
scan length and number of series taken. Thus only
examinations for nearly the same combination of
scan regions can be compared. Nevertheless DLP is
good and quick estimate of patient dose.

Also the German 2002 survey on MDCT (BRIx et
al. 2003) showed that the introduction of new scanner
technologies first led to an increase in patient dose.
After users had realized the pitfalls and the potential
of the new technique, dose values could be reduced
to the same level as estimated in the 1999 survey of
SDCT. This was mainly caused by new display modal-
ities. Trading off the potential of MDCT means using
thin slices whenever possible and/or rapid scan-
ning of the selected region. Unfortunately thin slices
always cause increased noise in the resulting images
because fewer photons reach the detectors and hence
signal-to-noise ratios decrease. With the introduc-
tion of MDCT this led to a pronounced increase in
patient dose (a factor of 2 to 4 compared with reported
dose values for SDCT). The viewing technique or post
processing of the image data improved rapidly at the
same time as the MDCT technique started to be used.
This allowed new so-called display modalities for
diagnosis. The availability of the thin slab technique
allows for the combination of several adjacent slices,
either by simple averaging or by more sophisticated
processing such as MIP (maximum intensity pro-
jection). This processing reduces image noise while
keeping spatial resolution nearly constant. This was
the main improvement used to overcome the dose
trap of thin slices. Thus, both the scanning and the
image viewing techniques have been changed, and
the user trained to acquire thin slices at a patient dose
that is similar to that associated with SDCT. The ideal
procedure is to scan the anatomical region with thin
slices and to look at the resulting thin slice data set
as a so-called secondary raw data set which is used
for display.

Within the framework of the EU 2004 survey on
MDCT (CT QuALITY CRITERIA 2004; SHRIMPTON
2004) only 53 questionnaires were evaluated. For
examinations of the cranium the reported CTDI val-
ues and the 3rd quartile of the evaluated DLP were
of the same order of magnitude as the RDL from
EUR16242 (CTDI, = 60 mGy, DLP = 1050 mGy-cm,
see Tables 5.10, 5.11).
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For chest HR examinations the findings showed
that “the observed ratio of 5.6 for 75-percentile and
the 25-percentile of the effective dose indicates
substantial interdepartmental variations in tech-
nique and suggests the potential for optimization®
(SHRIMPTON 2004).

As a conclusion the survey suggested that evi-
dence for optimization can be deduced if “a high
ratio (>3) between 75-percentile and 25-percentile
indicates substantial variations in scan parameters
and technique among the departments and suggests
the need for protocol optimization” (SHRIMPTON
2004).

In the German 2002 MDCT survey the reported
increase in the local dose value CTDI,; was 17%-
60% compared with the single- and dual-slice sys-
tems.

The scan length increased in examinations of the
spine by up to 160%, mainly caused by scanning the
whole lumbar or cervical spine region instead of only
a few segments. “In general, however, the danger of
an uncontrolled increase of patient exposure due to
CT procedures has to be limited by a clear medical
justification in each individual case, independent
of whether a standard examination is carried out or
a new MDCT application such as coronary angiog-
raphy, coronary calcium scoring or virtual colonos-
copy” (BRix et al. 2003).

5.7
Paediatric Issues

Only few efforts have been made to estimate dose
values to paediatric patients and to establish sepa-
rate RDL. This is a very important task because the
dose children receive when using the same settings
as for adults results in a twofold to fourfold higher
dose and hence a higher risk for radiation-induced
cancer (BRENNER et al. 2001). The diameters of small
patients, especially children, are much smaller than
those of standard-sized adults. Also the dose-related
risk is 2-3 times higher than that of an adult. A
promising task would be to reduce dose (mAs set-
tings of a specific scanner) by a factor that is either
size or weight dependent. Some examples are giv-
en elsewhere (SANDSTEDE; SHRIMPTON and WALL
2000; BRENNER et al. 2001; DONNELLY et al. 2000;
PATERSON et al. 2001; CHAPPLE et al. 2002, Hupa
2002; KHURSHEED et al. 2002; SUEss and CHEN 2002;

BooNE et al. 2003; HOLLINGSWORTH et al. 2003;
LiNToN and METTLER 2003; PAGES et al. 2003; Copy
et al. 2004; VERDUN et al. 2004; Vock 2005).

Table 5.13. Paediatric reference dose levels from UK 2003
(SHRIMPTON et al. 2003) survey

CTDI, CIDI,, DLP E

(mGy) (mGy) (mGy-cm) (mSv)?
Head 0-1 year 35 35 270 2.5
Head 5 years 50 50 470 1.5
Head 10 years 65 65 620 1.6
Chest 0-1year 23 12 200 6.3
Chest 5 years 20 13 230 3.6
Chest 10 years 26 20 370 3.9

2 Mean values

While a lot of surveys have been carried out to
establish reference dose values for adults, little effort
has been made to determine RDL for children. The
first survey to cover values for children in particu-
lar was the UK 2003 review published as NRPB-W67
(SHRIMPTON et al. 2003) (results for RDL values are
presented in Table 5.13) and discussed at a national
conference on dose reduction CT with emphasis on
paediatric patients (LINTON and METTLER 2003).

The assessment of an effective dose for paediatric
CT is particularly complicated. The EU 2004 survey
introduced the concept of geometric scaling factors,
conversions factors and paediatric enhancement
factors to calculate effective dose from DLP values.
The 3rd quartile values for the estimated CTDI,,
DLP and effective dose in head and chest examina-
tions can be found in Table 5.14 together with the
corresponding values for adults. “Effective doses
are of the same order of magnitude when compared
to values for the adult CT head acquisition (acute
stroke). It seems feasible to restrict effective dose to
about 1 mSv. Chest: The observed variations in CTDI
and effective dose are substantial and they suggest a
realistic potential for dose reduction” (CT QUALITY
CRITERIA 2004; SHRIMPTON 2004).

The survey also showed that there is a good agree-
ment between effective dose and dose length prod-
uct: “The linear relationship is expressed as conver-
sion coefficients for the calculation of effective dose
from dose length product” (CT QUALITY CRITERIA
2004; SHRIMPTON 2004).

In Table 5.15 those normalized dose values are
presented and compared with the values for an adult
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Table 5.14. The 75th percentiles of dose values for children and adult; from

QUALITY CRITERIA (2004) at www.msct.info

Remarks

Children CTDI,,, DLP E
(mGy) (mGy-cm) (mSv)

Head 1-12 months 31 333 2.6
Head 4-6 years 47 374 1.8
Chest 1-12 months 5,8 78 5.9
Chest 4-6 years 6,2 76 3.4
Adult

Head 72 945 2.1
Chest 14 549 8.4

Acute stroke

Pulmonary embolism

Table 5.15. Normalized values of effective dose per dose length product [f=E/DLP in mSv/(mGy-cm)] for various body

regions and patient ages (see also Fig. 5.5)

a4  ®°

Age in years

Head and neck 0.013 - 0.0085 - 0.0057
Head 0.011  0.027 0.0067 0.008 0.004
Neck 0.017 - 0.012 - 0.011
Chest 0.039 0.034 0.026 0.022 0.018
Abdomen and pelvis 0.049 0.043 0.030 0.019 0.020
Pelvis - 0.037 - 0.027 -
Trunk 0.044 - 0.028 - 0.019

Germany
(1999)

- 0.0042 - - 0.0031 - 0.0039
0.004 0.0032 0.003 - 0.0021 - 0.0028
= 0.0079 - - 0.0059 0.0054 0.0098
0.014 0.013  0.011 0.01 0.014 0.017 0.0154
0.013 0.015 0.011 0.01 0.015 0.015 0.0174
0.018 - 0.017 0.01 - 0.019  0.0171
- 0.014 - - 0.015 - -

2 (A) Data from SHRIMPTON (2004), SHRIMPTON et al. (2003) and EU MDCT QuarLiTYy CRITERIA (2004)

b (B) Data from CHAPPLE et al. (2002)

(see also Table 5.12). To apply those values to dose
estimation is rather simple and robust but does not
include variations depending on scanner character-
istics. The error when estimating dose values can be
very large when the scanners have, for example, a
different focus-axis distance or different filtration.
Thus calculated values should serve only as a rough
estimate.

The values of SHRIMPTON and WALL (2000) and
QuaLITy CRITERIA (2004) seem to be higher than
those estimated by CHAPPLE et al. (2002) (with
the exception of values for the head for neonates).
Thus values from SurRiMPTON and WALL (2000)
can be regarded as conservative values to estimate
the radiation dose using conversion factors. Val-
ues from CHAPPLE et al. (2002) were derived from
measurements using paediatric anthropomorphic

phantoms (thermo-luminescent dosimeters, TLDs,
loaded inside and on the surface of the five phan-
toms). There may be a large uncertainty related to
the fact that there are only two scanners included in
this estimation. A graphical representation of those
normalized effective dose values [conversion factors
E/DLP in mSv/(mGy-cm)] can be found in Figure 5.5;
Figure 5.5a shows the values for head examination,
Figure 5.5b for examination of the abdomen, togeth-
er with the values for adults according the EUR16262
document and the results from the German 1999
survey.

In Germany the national authorities (BfS) initiated
asurvey at the end of 2005 to get reliable data on scan
protocols for children, helping to establish RDL for
children. This work started with a survey of age dis-
tribution and frequencies of paediatric CT examina-
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Fig. 5.5a,b. Normalized effective dose as a function of patient age for head (a) and abdomen/pelvis (b) region according
Table 5.15 with curve (A) representing data from UK 2003 (SHRIMPTON 2004), SHRIMPTON et al. (2003) and EU MDCT
QuaLIiTY CRITERIA (2004) and (B) data from CHAPPLE et al. (2002). Also included for reference are the values from the

EUR16262 document and the German 1999 survey

tions. After identifying those institutes with at least
100 paediatric CT examinations per year, these insti-
tutes were included in a second survey to gather data
for the scan protocols of the five most frequently car-
ried out types of examinations. The first results show
that the distribution of paediatric CT examinations
is about 1%-2% of all CT examinations. This may be
true only for Germany, so each country must check
their annual rate of paediatric CT examinations. It
also turned out that the main indications for paedi-
atric CT are examinations of the head/brain, chest,
abdomen, NHH (faces and sinuses) and spine.

A Nordic paediatric CT SURVEY is ongoing in
2005-2006, and the survey is focused on the follow-
ing scan regions, brain, chest, abdomen and whole
body; these are likely to be the main examinations
carried out in paediatric CT, as shown by the pre-
liminary results of the German paediatric survey.

Those surveys are absolutely necessary because
we have only few reliable data on patient dose for
paediatric CT examinations. There are a lot of sug-
gestions on minimizing the radiation dose to chil-
dren but those papers are not suitable for establish-
ing RDL for children. Some strategies should be
mentioned as follows:

DoNNELLY etal. (2001) suggestedadapting thetube
current for paediatric patients according the weight.
Other authors (BooNEetal.2003; VERDUN etal.2004)
recommended matching according the patient’s
circumference or diameter. HOLLINGSWORTH et al.
(2003) focus on the kVp settings, which should and
can be lowered to 100 kVp or even 80 kVp for small

children: “Kilo-voltage of 120 may not be the optimal
level for examining infants”.

Sukss and CHEN (2002) suggest an adaptation
of dose by changing the mAs settings in relation
to settings for adults. For examinations of the head
they propose a variation with age (<6 month=25%,
>6 years=100%), while for body protocols the
variation should be done according to patient
weight (<15 kg=15%, >54 kg=100%). Also defin-
ing a patient-equivalent diameter can be used to
set dose reduction factors (relative mAs-settings)
with respect to a 28-cm patient diameter. Accord-
ing to BOONE et al. (2003) this dose reduction fac-
tor may vary from 0.05=>5% for a diameter of 12 cm
(circumference =38 cm) to 3.5=350% for a diameter
of 35 cm.

The 16-cm CTDI phantom is not suitable for esti-
mating/measuring CTDI for newborns and chil-
dren. As the displayed CTDI,; and DLP values at
the operator console are based on phantom values
for a 16-cm and a 32-cm phantom, they are too high
and cannot serve as a dose constraint with regard
to RDL.

When looking at survey data from UK 2003
(SHRIMPTON et al. 2003) and the MDCT quality cri-
teria 2004 (CT QUALITY CRITERIA 2004; SHRIMPTON
2004) there seems to be at least a factor of 2 between
the RDL values for adults and children. Thus more
sophisticated surveys are necessary to define those
RDL and the corresponding image quality. Should
the noise level for adults and children be the same
when defining RDL, or do we have to deal with a lot
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of examinations where the detection of low-contrast
lesions is not of primary interest and importance?

5.8
Optimization Processes

The main question remaining is how to change scan-
ning protocols to meet the requirements of RDL.
As a result of the German 1999 survey the steps
for an optimization process have been defined and
reported (H.D. Nagel, Leitfaden zur Bewertung und
Optimierung der Strahlenexposition bei CT-Unter-
suchungen, private communication).

This more practical guideline can serve as a first
step to adjusting scan parameters.

CT is a radiological procedure that still has scope
for dosereduction despite the progress already made.
The 3rd quartile values deduced from the different
surveys can only serve as a first attempt of dose
optimization. Users of older single-slice scanners
should redeem these values, while users of modern
single-slice and multislice scanners should follow
the 1st quartile values for an optimization process.
So called ,achievable doses mentioned in the 1999
NRBP vol. 10 document (NATIONAL RADIOLOGICAL
PROTECTION BOARD 1999) are typically a factor of
2 or 3 lower than the RDL. Dose optimization with
respect to CTDI, will be mainly based on a reduc-
tion of the mAs settings. With respect to DLP, the
optimization has to be made on pitch factor and
scan length or even on the number of series.

The starting point for dose optimization should
be examination of the abdomen and pelvis. The first
reason for this is that this examination has a high
exposure, while requiring good image quality, in
particular low contrast resolution.

Examinations with almost the same require-
ments for image quality and /or absorption should
be done with the same values for CTDI,/CTDI,; for
example, liver and kidney or the abdominal aorta or
head and neck.

The lower absorption in the chest region allows
an obvious dose reduction compared to the values
for the abdomen especially when using a wide win-
dow for image display (“lung/chest window”). To
ensure adequate representation of the mediastinum
and tips of the lung, the adaptation should not be
lower than one-half of the values for the abdomen.
This also holds true for examinations of the tho-

racic aorta and the pulmonary vessels. For distinct
high-contrast examinations of the chest a reduction
to one-tenth of the CTDI,, value for the abdomen is
possible, but this should be created as a special scan-
ning protocol. Examinations of the pelvis also have
a higher inherent contrast and allow a dose reduc-
tion to two-thirds of the CTDI,, value of the abdo-
men. This also holds true for examinations of the
whole trunk.

5.9
Conclusion

Surveys are necessary to define RDLs. They should
be carried out on a large scale, because small-scale
surveys just result in a snapshot of the current situa-
tion in the participating institutes. Also bias related
to the limited number of scanners and manufactur-
ers included in a small-scale survey can adulter-
ate the findings. A comparison of different surveys
should be made very carefully, taking into account
different scanning techniques (number of series,
slice thickness, pitch) as well as the different defini-
tions of the region to be examined [upper and lower
limit of scan region, different protocols for example
in the head region (axial versus helical)].

Anupdate ofimportant surveys in order to define
RDL in terms of new dose quantities such as CTDI,;
seems to be necessary and has been reported in sev-
eral surveys carried out recently. Our own experi-
ence suggests that the setup, the procedure and the
evaluation of large-scale surveys will become more
difficult in future because gathering all the rele-
vant scan parameters will become an increasingly
complex and time-consuming task. This is par-
ticularly true for those scanners using AEC or any
other option for modulating the tube current. The
technical development is rapid. This will unburden
the users from having to carefully choose the scan
parameters and adapting them for each patient
more or less individually, but we are at the mercy of
the technical developments. Verification of the dose
estimates either displayed at the operator console
or calculated retrospectively will become more and
more difficult.

Special surveys have to be carried out to define
RDL for children. This task is even more complex to
accomplish. Those surveys have to take into account
several age groups (at least four; namely <I year,
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<5years <10years and <15 years) which means
that the number of institutes executing a sufficient
number of annual examination will be rather small
(for example the ongoing survey in Germany listed
only about 75 institutes carrying out at least 100 pro-
cedures each year).
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6.1

Introduction:

Should We Optimize/Minimize the Patient’s
Radiation Exposure?

The danger of ionizing radiation is related to the
potential long-term risk of carcinogenesis. In Chap-
ters. 1 and 2 of this book, Chadwick and Cohen have
detailed how this risk is evaluated and considered in
the field of low-level radiation in which diagnostic
imaging (including CT) in comprised. The linear no
threshold (LNT) theory of carcinogenesis is based
on the risk of hereditary mutations deriving from
cellular effects in germ cells. This theory consid-
ers that the cancer risk is linearly proportional to
the dose at high doses as well as at low doses, from
zero dose up. On the other hand, failure of the LNT
theory is based on series of investigations show-
ing that there is substantial evidence that low-level
radiation does not have any carcinogenic effect and
may even be protective against cancer, a view known
as “hormesis”.

Important here is the fact that the Recommenda-
tions of the International Commission on Radiolog-
ical Protection (ICRP), outlined in its Publication 60
(ICRP 1991), implicitly have adopted the LNT con-
cept, because of the precautionary principle. ICRP
considers that the risks estimated using the LNT
concept are probably conservative. The concept has
formed the basis for the development of a radiologi-
cal protection philosophy including the ALARA (as
lowasreadilyachievable) principle. In 1991, the ICRP
quantified the radiation risk by adopting a value of
5% for the nominal lifetime excess absolute risk per
Sievert (Sv) for fatal cancer for a general population
exposed to low-level radiations.

The radiation dose received by patients undergo-
ing diagnostic radiological examinations by CT are
generally in the order of 1-24 mSv per examination
for adults (UNSCEAR 2000) and 2-6.5 mSv for chil-
dren (SHRIMPTON et al. 2003). These effective doses
can be classified as low even though they are invari-
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ably larger than those from conventional diagnostic
radiography. Typically, a chest radiographic exami-
nation (including two views) delivers between 0.08
and 0.30 mSv whereas a standard dose multidetec-
tor-row CT (MDCT) represents a 100 times higher
risk, delivering 8 mSv. One fatal cancer should be
expected for every 250,000 chest X-rays whereas this
risk is 1/2,500 for a chest MDCT scan. More than
one-half of the collective dose delivered for diag-
nostic imaging procedures is due to CT (GOLDING
and SHRIMPTON 2002). Thus, particular attention
has to be paid to dose optimization and reduction
while using CT.

In this chapter, we will review the many faces of
limiting the radiation dose from CT and in particu-
lar from MDCT. We will comment on the alterna-
tives to using CT, on the CT parameters managed
by the radiology team that have an impact on the
radiation dose, and on how to minimize this dose
per acquisition, per examination, and per patient.
Finally, we will propose dose values suitable for an
optimized use of MDCT.

6.2
Guidelines for Appropriate Use of Imaging

CT and in particular MDCT is a fabulous technique
with regard to its liability, rapidity, and availabil-
ity. The spatial resolution provided by MDCT with
isotropic voxels makes radiologists and physicians
highly confident in the diagnosis yielded by these
examinations. As a practical result, the radiologists,
the clinicians, and even the patients probably prefer
dealing with CT than with other imaging methods
or medical tests that could be more difficult to inter-
pret. In addition, new indications of CT have been
validated (i.e., ureteric stone disease, virtual colo-
noscopy, CT angiography including the coronary
arteries, etc.). As modern MDCT scanners can now
process 60-70 patients a day, as compared to 30-40
patients in the 1990s, the increase in the number of
procedures can easily be overcome by modern radi-
ology departments. Most importantly, image-based
media now have a central role in our modern societ-
ies. CT scans, by showing directly “what is happen-
ing inside the patient”, seem easy to read and are
thus more attractive than conventional radiography,
which often suggests the diagnosis through indirect
signs. This evolution has already resulted in a huge

increase in CT examinations and subsequently in
collective dose.

To overcome some abuse in the use of CT, it should
be kept in mind that alternative imaging techniques
such as ultrasonography (US) and magnetic reso-
nance imaging (MRI) are also widely available.
Substitution of CT with US and MRI is an impor-
tant factor in collective radiation dose reduction.
As an example, a CT scan of the central nervous
system (brain and spine) can be replaced by MRI in
almost all patients except those with acute trauma.
However, this would need a number of MR units
approximately as high as that of CT units. There are
equal numbers of MR and CT units in some coun-
tries, such as Japan, but in others the number of MR
units is still three times lower than that of CT. This
relative shortfall of MR compared to CT equipment
contributes to the excess collective dose.

In order to define diagnostic strategies for cli-
nicians in their consideration of patient radiation
protection, guidelines for the prescription of imag-
ing tests have been proposed by the Royal College
of Radiology (RoyAL COLLEGE OF RADIOLOGISTS
2006). Ideally, such guidelines should be evidence
based.

As an example of an evidence-based study, diag-
nostic strategies including MDCT angiography of
pulmonary arteries (CTPA) have been investigated
by the group in Geneva (PERRIER et al. 2004). These
authors have documented the clinical potential
of a diagnostic strategy for ruling out pulmonary
embolism (PE) based on D-dimer dosage combined
with lower-limb US before performing CT pulmo-
nary angiography (CTPA) in outpatients. Such an
approach led to a recurrence rate of PE of only 1%
(95% confidence interval: 0.5%-2.1%), and CTPA
was performed in only 593 out of 965 outpatients
(61%). PERRIER et al. (2004) concluded thus that a
noninvasive diagnostic strategy combining clinical
assessment, D-dimer dosage, lower-limb US, and
helical CT scanning - necessary in approximately
two-thirds of patients only - yields an accurate
diagnosis in 99% of outpatients suspected of hav-
ing PE.

Nowadays, it appears in clinical practice that
CTPA is ordered for almost all patients suspected
of having a PE. Indeed, in emergency departments
of almost all community hospitals, MDCT has now
become as available as D-dimer dosage. In addition,
the results of CTPA are more rapidly obtained than
those of D-dimer dosage and MDCT can deliver
very important information on possible alternative
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diagnoses. As a consequence, it has been recently
reported that not more than 10% of CTPA ordered to
rule out PE were actually positive for PE (SCHAEFER-
Proxkop and ProkoP 2005) whereas this percentage
ranged from 20% to 40% 10 years ago.

Other evidence-based studies have been con-
ducted on patients presenting with acute abdomi-
nal pain. In such circumstance, the high diagnos-
tic performance of CT for the diagnosis of various
acute abdominal diseases - including trauma, small
bowel obstruction, acute appendicitis, acute colon
diverticulitis, pelvic inflammatory disease, and
pyelonephritis - has been reported. This is exten-
sively discussed in Chapter 10 by Keyzer et al. The
success of CT in diagnosing acute abdominal disor-

ders has resulted in the wide use of this technique
with a subsequent decrease - from 40% to 20%
- of the proportion of positive results (CHEN et al.
1999). In other words, the collective radiation dose
has been doubled for diagnosing a constant number
of acute abdominal diseases. The risk versus ben-
efit ratio of CT has thus been reduced. In addition,
promising results collected in studies dealing with
acute abdominal pain have been extended to sub-
acute abdominal pain without any robust evidence.
One possible reason for this extension is the ability
of CT to demonstrate unsuspected diseases, as illus-
trated in Figure 6.1. However, the risk versus ben-
efit ratio of CT in subacute abdominal pain remains
unknown.

Fig. 6.1a-d. A 42-year-old woman 1.62 m tall and weighing 67 kg referred for an abdomino-pelvic CT complaining of
chronic abdominal pain for 4 months. Unenhanced low-dose CT of the abdomen (a, ¢) and pelvis is obtained with a
dose-length product (DLP) of 115 mGy-cm, equivalent to one-quarter of the mean value from the UK 2003 survey (NRPB
2005). This acquisition shows a focal hepatic mass (a) and retroperitoneal lymphadenopathies (c). Enhanced standard-dose
CT confirms liver metastases and lymphadenopathies (b, d). Biopsy of the cervix confirmed adenocarcinoma. Enhanced
CT delivered 300 mGy-cm, corresponding to less than one-half of the mean values from the NRPB 2003 survey study. The
CT scanner was a Siemens Emotion 16° with 16x0.6 mm collimation, 130 kVp, an image quality index of 130 mAs (effec-

tive) and used an AEC device
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In summary, it is of utmost important to remem-
ber that the most efficient way to limit a patient’s
radiation dose is to avoid imaging by CT, and when-
ever possible to substitute CT with MRI and/or US.
If still needed, CT technique optimization is manda-
tory.

6.3
Optimization of the MDCT Technique

Once the clinical indication of CT is well established,
the appropriate CT technique is then required in
order to optimize the image quality with the low-
est possible radiation dose. The influences of the
numerous CT components and/or parameters on
radiation dose are detailed in the present edition
by Nagel (Chap. 4). We will therefore restrict our
discussion to those that can be easily modified and
adapted by the operator performing the examina-
tion. As a general rule, it should be noted that the use
of standardized and fixed acquisition parameters
leads to unnecessary overexposure of patients.

6.3.1
CT Parameters

6.3.1.1
Tube Potential (U)

The relationship between the dose and the tube
potential (U) is not a straight and linear one, but
rather exponential and varying according to the
specific circumstances. The intensity of the radia-
tion beam at the detector array, for example, varies
with U to the power of 3.5. If the tube potential is
increased, e.g., from 120 kVp to 140 kVp, the inten-
sity of the electrical signal obtained from the detec-
tors changes by a factor of 1.7.

Tube potential Uis usually modified only through
the kilovoltage (kVp) settings, which are restricted
to a small number of possible levels. These kVp val-
ues differ from one manufacturer to another, as well
as from one CT scanner to another, and vary from
80 kV to 140 kV. As the effect of increasing U has a
huge influence on radiation dose, a general rule for
selecting kVp could be the following:

e To avoid 140 kVp except for CT of the chest,
the abdomen, and the pelvis in extremely obese

patients [i.e., with a body mass index (BMI) great-
er than 35 kg/m?], and for CT of the lumbar spine
in obese patients (i.e., with BMI >30 kg/m?).

e To prefer 100-110 kVp for CT of the chest, the
abdomen, and the pelvis in thin patients (i.e.,
with a BMI <22 kg/m?), and in 10- to 15-year-old
children.

e To prefer 80-90 kVp for CT angiography and in
children younger than 10 years old.

e In all other circumstances, to select 120-130 kVp.

6.3.1.2
Tube Current-Time Product (Q) and
Adaptation to Patient’s Size

As in conventional radiography, a straight linear
relationship exists between the tube current-time
product (Q) and the dose; i.e., all dose quantities
will change by the same amount as the mAs setting
applied. The settings for Q should be adapted to the
characteristics of the scanner unit, the patient’s size
(see Chap. 4), and the dose requirements for each
type of examination.

Examinations with high intrinsic contrasts (as of
the chest and the skeleton), which are displayed with
wide window width, can most often be carried out
with strongly reduced mAs settings and no impair-
ment of image quality.

Appropriate use of Q also depends on the patient’s
size, which is an important parameter to consider
in dose optimization. Considerable reductions in Q
are appropriate for slim patients, and particularly
for children. In order to avoid unnecessary over-
exposure, Q should be intentionally adapted by the
operator unless automatic exposure control (AEC)
devices, or similar, are available. A detailed descrip-
tion of how AEC devices work and what they bring in
terms of dose optimization is given in Chap. 7.

As a general rule, one should remember that the
Q setting may be halved when the patient’s trunk
diameter - typically 30 cm - decreases by 4 cm with-
out loss of image quality. For a CT scan of the adult
trunk, if the CT unit is not equipped with an AEC
device, the following settings may be proposed (with
the effective mAs being defined as Q divided by the
pitch factor):

o 1.0 mAs/kg (effective) for chest CT scan
e 1.5 mAs/kg (effective) for abdominal and pelvic
CT scans.

In a patient weighting 70 kg and 1.70 m tall (i.e.,
representative of the typical Monte Carlo Model and
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Rando Anthropomorphic Phantom used for effec-
tive dose calculations by ICRP), the dose-length
product (DLP) delivered for a chest CT scan at
120 kVp and 70 mAs (effective) would be approxi-
mately 180 mGy-cm. Using 1.5 mAs/kg (effective),
an abdomino-pelvic CT scan would deliver approx-
imately 320 mGy-cm. These two DLP values corre-
spond to approximately one-half of the reference
values (i.e., the 75th percentile in survey studies)
used in the European Union in 1999 (EUR 1999).

If the CT unitis equipped with an AEC device, the
reference image quality has to be defined, according
to the scanned body region, and/or the clinical indi-
cation. Recommendations for the appropriate value
of Q in brain and neck CT studies as well as in CT
examination of sinonasal cavities are discussed by
Mulkens et al. in Chapter 8 of the present edition.
Recommendations for appropriate use of Q in CT
studies of the trunk are discussed below.

6.3.1.3
Slice Collimation

Detailed descriptions of the influence of slice collima-
tion, slice thickness, overbeaming, and overranging

on the radiation dose are given in Chapter 4. As mod-
ern MDCT scanners can provide isotropic voxel reso-
lution, thin-slice collimations are now widely used.
Radiologists have to keep in mind that the image
noise represented by the graininess or mottle aspect
of the images not only depends on the radiation dose
but also on the algorithm used for reconstruction
and on slice thickness. In order to reduce the image
noise due to thin collimation, it is not appropriate to
increase the dose (mainly by increasing Q). Indeed,
adapted reconstruction algorithms generating little
noise, slightly thickened sections, and multiplanar
reformations (MPR) designed to erase most image
noise from native images may be valuable alterna-
tives. An example is given in Figure 6.2.

6.3.1.4
Pitch Factor

With single detector row CT (SDCT) scanners,
increased pitch serves primarily to decrease the
duration of the acquisition, but it also decreases the
radiation dose proportionally. However, as a side-
effect, the slice profile width, i.e., z-resolution, is
impaired.

Fig. 6.2. Enhanced standard-dose MDCT of the abdomen showing a liver metastasis in a man with prostate carcinoma.
Left CT image is reconstructed in the coronal orientation with a thickness of 1.2 mm and shows quite an important mottle
aspect of the abdominal structures. Right CT images is reconstructed in an identical orientation but with a thickness of
5 mm. The mottle aspect seen in the thin-section coronal CT slice is no longer visible. The effect of image smoothing by
thickening the CT slice is seen when the noise is due to low-dose scanning and when the noise is related to high-frequency

reconstruction algorithms
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With MDCT scanners, the spiral interpolation
scheme is different than that on SDCT scanners.
With MDCT, the slice profile width is unaffected by
the pitch but the image noise is influenced by it (see
Fig. 4.34a) unless the tube current is adapted accord-
ingly. This adaptive process is named the “effective
mAs” concept.

Scanners based on the effective mAs concept not
only keep slice profile width constant, but also the
image noise when the pitch is modified. In order to
keep the slice profile width and image noise indepen-
dent of pitch, the electrical mAs product supplied to
the X-ray tube is automatically adapted through a
straight linear relationship with pitch. As a conse-
quence, the patient’s dose - expressed as CTDI,
- and the slice profile are no longer modified with
the pitch. On the other hand, MDCT scanners that
are not based on the effective mAs concept still limit
dose by increasing the pitch with, as a consequence,
impaired image quality (i.e., increased noise) if mAs
settings are not adapted manually by the operator.

With MDCT scanners, the pitch should be select-
ed exclusively with respect to the scan speed, spiral
artifacts, and tube power. Radiation dose consider-
ations no longer play a role if MDCT scanners are
based on the effective mAs concept or if the mAs
setting can be adapted to pitch in order to achieve a
constant image noise. Nevertheless, this simple rule
has limitations with scanners that have more than
32 detector rows, because they have a large beam
width such that the overranging effect generates
an additional exposure that depends on the pitch.
With such scanners, high pitch values can amount
to 30% of the dose as compared to low pitch values
(i.e., pitch of 1.75 with a 64-row MDCT scanner for
an acquisition on the upper abdomen).

6.3.1.5
CT Dose Index and Dose-Length Product

Definitions of the CT dose index (CTDI) and DLP
- the two most commonly used dose descriptors -
are in Chapter 4. Newer scanners must be equipped
with a dose display; at present, only display of the
volume computed tomography dose index (CTDI,;)
is mandatory (IEC 2001). However, many scanners
also show DLP, either just per scan series, or both
per scan series and per exam. Such a dose display
enables comparison with recommended values. In
addition, changes in scan parameter settings and
their effect on patient exposure are visible on the
CT screen. Thus, these displays are appropriate for

dose optimization. Finally, CTDI, can also be used

as a fair estimate of the dose delivered to the organs

located within the scan range. The interpretation of
dose values displayed on the scanner’s console needs
special attention in the following situations:

e Many dose recommendations are expressed in
weighted CTDI (CTDI,), in order to allow com-
parisons; therefore, the pitch correction involved
in CTDI,; should be reverted by multiplying
CTDI,, by the pitch factor.

e Until now, dose values used for body scanning
have been based on body-CTDI, regardless of the
patient's size. In pediatric examinations, the fig-
ures displayed should be multiplied by a factor of
2 for children and of 3 for infants in order to give
a realistic estimate of the patient's dose.

6.3.1.6
Number of Acquisitions per Examination

The radiation dose depends linearly on the num-

ber of CT acquisitions performed. As an example

of optimizing this parameter, one has to define the
following:

e The need for unenhanced acquisition prior to
enhanced acquisition (in many instances, unen-
hanced CT prior to enhanced CT is not manda-
tory).

o The number of acquisitions in dynamic CT scan-
ning:

— for the assessment of a pulmonary nodule,
determining the enhancement patterns of a
pulmonary nodule may require up to four
acquisitions (Swensen et al. 2000);

— for the detection of hepatocarcinoma, a
multiphasic examination may include four
acquisitions (Lim et al. 2002).

6.3.1.7
Z-coverage

Z-coverage is defined as the length of the acquisi-
tion and is expressed in centimeters. The radiation
dose is grossly proportional to Z. The Z-coverage is
included in DLP. In the daily practice, it is important
to limit Z-coverage to what is strictly necessary. The
risk of limiting Z-coverage is misdiagnosis.

An example of optimization of Z-coverage in
abdominal CT performed to rule out acute appen-
dicitis is given in Chapter 11. It has been proposed
to limit Z-coverage to a height of 12 cm. However,
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the proportion of alternative diagnoses that could
be missed in the upper abdomen has not yet been
quantified.

For the diagnosis of acute pulmonary embolism,
SSCT proved to have a 98% negative predictive
value (TILLIE-LEBLOND et al. 2002). This technique
included Z-coverage of approximately 15 cm, from
the aortic arch to the diaphragm. Using MDCT, one
has the possibility of extending Z-coverage to the
whole chest by using a thinner collimation but with
reduced duration of acquisition. With this MDCT
technique, Z-coverage has been grossly doubled but
the negative predictive value has not been modified
(98.5% vs. 98.0%). Regarding alternative diagnosis,
SSCT with 15 cm Z-coverage showed an alternative
diagnosis in up to 40% of patients whereas MDCT
is now reported to show an alternative diagnosis in
28% of patients (WEIss et al. 2006).

6.3.1.8
Patient Centering

CT users should be aware of the potential overex-
posure due to inadequate patient centering in the
Y-axis, due to bow tie filters. A detailed description
of this effect can be found in Chap. 8.

6.3.1.9
Automatic Exposure Control (AEC)

As explained in Section 6.3.1.2, dose requirements
are strongly dependent on the patient’s size, weight
or diameter, and absorption. Chapter 4 shows how
dose requirements can be expressed by Brook’s for-
mula. This formula has been studied on phantoms
by BooNE et al. (2003) and by SIEGEL et al. (2004).
A reduction of 12 cm (i.e., from 32 to 20 cm) of the
phantom diameter can be associated with a 71%
reduction in mAs without any decrease in image
quality. Newer CT scanners are equipped with AEC
that can automatically adapt the mAs settings to the
patient’s size and shape. AEC are described and dis-
cussed in detail in Chapter. 7. Using an AEC device,
the role of CT users is to define the expected image
quality - and the subsequent radiation dose - suit-
able for the acquisition.

6.3.1.10
Intravenous Injection of lodine Contrast Material

Compared to unenhanced CT, enhanced CT with
intravenous iodine contrast injection does not

require a higher tube current-time product. This
can be easily demonstrated by comparing the DLP
delivered by a CT scanner equipped with an AEC
device between two consecutive acquisitions, one
without and one with iodine injection. In such cir-
cumstances, the DLP delivered automatically - with
unchanged CT parameters — varies by less than
1%.

6.3.2
Determination of a Standard of Reference for
Image Quality

6.3.2.1
Definition and Methodology

Image noise, an important determinant of image
quality, is inversely proportional to the X-ray beam
energy. Although a decrease in tube current or
in tube voltage results in a dose reduction, such
a decrease is associated with an increase in image
noise, which may compromise the image quality to a
variable extent. Thus, while dose reduction is crucial
because of the possible risks of radiation exposure, it
is equally essential to realize the benefit of a “quality
CT examination” that adequately addresses perti-
nent clinical issues affecting patient care (REHANI
et al. 2000). Therefore, radiation dose reduction,
although prudent when appropriate (i.e., in pediatric
CT), must not compromise the diagnostic outcome
of clinically relevant examinations. It is worthwhile
remembering that, in most circumstances, strate-
gies should be directed toward radiation dose opti-
mization rather than dose reduction per se, so that
the image quality maintains a diagnostic standard.
For instance, a high radiation dose may not neces-
sarily provide substantially improved image qual-
ity and increased lesion conspicuity in comparison
with standard or even low-dose scanning.

As explained above, one of the most difficult
parameters to account for in dose optimization is
the patient’s mass, weight, or BMI. If an AEC device
is not available on the CT scanner used, one has to
adapt the mAs setting for each patient. We suggest
using 1.0 and 1.5 mAs (effective) per kg of weight,
respectively for the chest and the abdomen.

As modern scanners are now equipped with AEC
devices, they are thus able to deliver a homogeneous
image quality throughout the acquisition regardless
of the patient’s diameter, weight, absorption, and
shape. The parameters of such acquisitions are to be
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set by the users and are thus not dependent on the
patient’s weight, rather only on the desired level of
image quality. However, it remains extremely diffi-
cult to define the required image quality, as what is
acceptable to one radiologist may be unacceptable
to another, even with uncompromised diagnostic
performance.

In order to optimize the dose by determining a
“reasonable” image noise or a “reasonable” image
quality, robust references could be considered as a
starting point. Survey studies conducted through
the US and EU may serve as such starting points.
The reference levels elicited by theses surveys cor-
respond to the 75% percentile of the delivered dose
in participating CT departments. As these levels
reflect very heterogeneous scanning methods and
CT equipment, they are quite high. As a balance
between diagnostic performance, diagnostic confi-
dence, and radiation dose has not yet been critically
defined, it is mandatory to proceed step by step in
order to optimize the dose.

The aim of the following paragraphs is thus to
comment on and illustrate a possible approach to
achieving appropriate image quality and radiation
dose using modern scanners equipped with AEC
devices. This can be applied to adults only. Pediatric
CT scanning is discussed by in Chapter 15.

6.3.2.2
Optimization of Standard-Dose MDCT Acquisitions

In our approach to dose optimization, we considered
the results of clinical research conducted by our
group on low-dose CT (TAck et al. 2003a-c; KEYZER
et al. 2004; Tack et al. 2005a, b), and the mean or
median dose values (instead of reference dose val-
ues) from survey studies (BRrix et al. 2003; NRPB
2005) recently conducted in Germany and UK. Sur-
vey studies reflect the dose delivered in hospitals
using a wide range of CT scanners, including SDCT,
MDCT with two, four, and eight detector rows. In
general, the CT dose tends to decrease with a con-
stant image quality when using newer generations of
MDCT scanners. In addition, as the survey studies
cover a large variety of CT scanners, it should be
noted that dose optimization with MDCT should
aim to reach approximately the 25% percentile of
dose as reported in the surveys. This is detailed in
Chapter 5.

6.3.2.2.1
Brain CT Examination

Based on their personal experience and on published
data, Mulkens et al. (Chap. 9) recommend the use of
a CTDI,, of 30 mGy (equivalent to CTDI, , if the pitch
factor is set at 1), a 50% reduction as compared to
reference values obtained from a 1999 survey (EUR
1999). A comparison of two CT acquisitions of the
brain obtained with CTDI,; values of 40 mGy, and
31 mGy is shown in Figure 6.3. No clinically relevant
loss of image quality is detectable at 31 mGy as com-
pared to 40 mGy. It should be noted that there is no
need to apply AEC when scanning the brain, as the
differences in attenuation between orientations and/
or between slices are minimal. Therefore, modern
scanners equipped with AEC devices do not apply
them when in head mode.

6.3.2.2.2
Chest CT Examination

Unhenhanced CT of the Lung Parenchyma and
Mediastinum

Naturally high contrasts between thoracic struc-
tures, particularly in the lung parenchyma where air
is abundant, reduce the need for high doses to pro-
duce excellent image quality. Using MDCT equipped
with an AEC device, the user has to set the required
image quality. This image quality is expressed by
indexes varying from manufacturer to manufactur-
er. Siemens expresses this quality by a “reference
mAs value”. Figure 6.4 shows images acquired on
such an MDCT scanner at 120 kVp, with 32x0.6 mm
beam collimation, and 90 mAs (effective) as refer-
ence quality mAs. The AEC device automatically
reduced the tube current-time product to 61 mAs,
as the patient was thin (BMI=21 kg/m?).

CTDI,, and DLP were, respectively, 4.67 mGy and
176 mGy-cm, corresponding to 50% of the reference
dose (P75) reported in the German survey (BRIx et
al. 2003), and to less than 50% of the mean dose val-
ue reported in the UK survey (NRPB 2005).

How AEC devices react to obese patients is illus-
trated in Figure 6.5. The image quality of Figure 6.5a
was set to the same reference quality mAs as in
Figure 6.4 [90 mAs (effective)]. As this woman was
obese (BMI=35kg/m?), the automatically adjusted
CTDI,,; was 10.5 mGy, a value corresponding to the
mean dose reported in the UK survey (NRPB 2003)
and to 80% of that reported in the German survey
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Fig. 6.3a-d. CT of the brain
obtained with two acquisi-
tions at a CTDI,; of 40 mGy
(a in axial orientation and b
in coronal orientation) and
at a CTDI; of 31 mGy (c in
axial orientation and d in
coronal orientation). Scans
inaandc,andinband d
show comparable image
quality

Fig. 6.4. A 38-year-old man
1.79 m tall and weighing

67 kg complains of mild
fever and dyspnea. Multiple
irregular excavated pulmo-
nary nodular consolida-
tions are demonstrated by
MDCT and correspond to
infections due to Legio-
nella. MDCT parameters
are displayed at the bottom
of each coronal and sagittal
reconstruction. In this thin
patient, the AEC device
reduced the mAs from 90 to
61 mAs
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(Brix et al. 2003). On this particular woman, a sec-
ond acquisition was obtained with 60 mAs (effec-
tive) as the reference quality mAs (Fig. 6.5b). This
33% dose reduction did not affect the image qual-
ity, as illustrated by comparing Figure 6.5a with
Figure 6.5b, which appear very similar.

Another example comparing image quality index
at 90 and at 60 mAs is shown in Figure 6.6 in a thin
patient. In this example, the delivered dose resulted
in CTDI,,, values of respectively 4.4 and 2.9 mGy
only. In this patient with a tumor infiltrating the
carina, mediastinal images at 90 and 60 mAs (effec-
tive) as reference of image quality (Figs. 6.6a, b)
illustrate similar and clinically acceptable image
quality.

CT Angiography of Pulmonary Arteries

Dose optimization of CT angiography of pulmo-
nary arteries (CTPA) relies more on reduction of
U than on reduction of Q. As discussed in Chap-
ter 10, the use of low, or very low mAs settings is
associated with a huge amount of noise (TAck et
al. 2005b). Even if pulmonary emboli are still vis-
ible in noisy images, the effect of noise on overall
diagnosis of pulmonary embolism and alternative
diagnoses remains unknown. A low tube poten-
tial setting has been validated in clinical practice
(S1GAL-CINQUALBRE et al. 2004) at 80 kVp, at least
in patients weighing less than 75 kg. This study

was conducted with a CT scanner that was nei-
ther equipped with an AEC device nor able to scan
at 100 kVp. As shown in Chapter 4, the signal of
iodine at 80 kVp is much higher than that at the
standard kVp setting (120 kVp). Newer scanners are
now able to modulate the mAs setting at 100 kVp.
Figures 6.7 and 6.8 show CTPA acquisitions at
110 kVp (16x0.6 mm beam collimation scanner)
and 100 kVp (32x0.6 mm beam collimation scan-
ner), respectively, in a thin and in an obese patient
with acute and chronic pulmonary embolism.

The DLP values delivered by these CTPA acqui-
sitions were respectively 99 and 163 mGy-cm, a very
low dose as compared to the mean value from the
UK (400 Gy-cm) and German (331 mGy-cm) sur-
veys.

6.3.2.2.3
Abdominal CT

Standard dose abdominal MDCT scans require
a higher dose than standard dose chest MDCT
because the abdominal cavity contains solid organs
that absorb much more the X-rays than the lungs.
As explained above, if the MDCT scanner is not
equipped with an AEC device, the operator should
chose 120 kV and 1.5 mAs/kg weight. For patients of
a normal weight, an abdomino-pelvic MDCT scan
obtained with these parameters would deliver a DLP
of 320 mGy-cm, corresponding to one-third of the

Fig. 6.5a,b. A 45-year-old woman 1.68 m tall and weighing 95 kg (BMI =35 kg/m?) is referred for CT for follow-up of breast
carcinoma and opacity in the left bases at chest radiography. Two CT acquisitions were performed, both using AEC. The
first one (a) was obtained while the reference quality mAs was set at 90 mAs (effective). The second one (b) was obtained
with a reference mAs reduced to 60 mAs (effective). Dose descriptors (CTDI,; and DLP) are displayed. Compared to Fig. 6.4
obtained from a thin patient, the dose for a obtained in this obese patient was doubled automatically by the AEC device in

order to maintain the image quality constant
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Fig. 6.6a-d. A 67-year-old man 1.83 m tall and weighing 69 kg (BMI=20 kg/m?) is referred for CT for cough and fever. MDCT
chest acquisitions with parameters displayed at the bottom of the figure are obtained using an AEC device and a 32x0.6 mm
beam collimation, at 120 kVp. A nodule is seen in the right upper lobe, centrilobular ill-defined nodules are seen in the right
lower lobe and a tumor infiltrating the carina is seen in the mediastinal window. a, ¢ Obtained with a reference quality mAs
set at 90 mAs; b, d obtained with a reference quality mAs set at 60 mAs (effective). Delineation of mediastinal structures is
not modified by the 33% dose reduction applied between a and b, and cand d

European reference value (EUR 1999), and to two-
thirds of the mean dose reported by the UK survey
(NRPB 2005). With modern scanners equipped with
an AEC, the dose varies according to the patient’s
weight by a factor ranging from 2 to 5 as illustrated
in Figures 6.9 and 6.10.

Compared to the doses reported by survey stud-
ies, these examples illustrate that one can select
CT settings that enable one to perform standard
acquisitions with a dose not higher than one-fifth
to four-fifths of the European reference values
(EUR 1999).

6.3.2.2.4
Spine

Cervical Spine

Optimizing the dose for CT of the cervical spine
seems difficult to achieve as this segment of the
spine is very close to the skull base and to the shoul-
ders, two regions where dose requirements are high.
As a consequence, only well-designed AEC devices
are able to adapt the dose while maintaining the
image quality constant.




Fig. 6.7. An 84-year-old woman with dyspnea and a BMI of 21.6 kg/m?, referred for CTPA. CTPA shows patterns of acute and
chronic pulmonary embolism. Acquisition was obtained with a 16xX0.6 mm beam collimation, 110 kVp and an AEC device.
The reference effective mAs value reflecting the desired image quality is set at 100 mAs. The AEC device reduced this value
to 44 mAs. The DLP for the entire acquisition was 99 mGy-cm, and the corresponding effective dose was 1.5 mSv, a dose no

higher than that of a chest CT for screening for lung cancer

Lumbar Spine

As for the cervical spine, high image quality is
required for distinguishing a herniated disk from
nerve roots. Consequently, dose reduction obtained
by decreasing the mAs setting is limited as it results
in increased image noise. Similar finding have been
shown for CT of the lumbar spine. As shown by Bony
et al. (2007), if the CT radiation dose is adapted to

Fig.6.8. A 58-year-old man with dyspnea and a BMI of
38.8 kg/m?, referred for CTPA. CTPA shows patterns of acute
and chronic pulmonary embolism. Acquisition was obtained
with a 32x0.6 mm beam collimation, 100 kVp and an AEC
device. The reference effective mAs value reflecting the
desired image quality was set at 100 mAs. The AEC device
has added 44 mAs to the 100 mAs, which was suggested in
order to compensate for the noise generated by the patient’s
obesity. CTDI, values were however only 6.6 mGy and a
DLP of 163 mGy-cm

the patient’s weight (i.e., using AEC), the potential to
reduce the mAs setting was shown to be limited to a
35% reduction. Larger reductions in the mAs setting
have a significant effect on image analysis. Thus, the
most important determinants of limiting the radia-
tion-related risks induced by scanning the lumbar
spine are reducing the height of the scanned region
and modulating both Uand mAs settings according
to the patient’s weight, as illustrated in Figure 6.11.
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Fig. 6.9. A 44-year-old woman with known chronic pancreatitis due to alcohol abuse is referred to CT for pain and tender
mass in the left flank. Her BMI is 23.6 kg/m?. Enhanced MDCT of the abdomen with one phase was obtained during the
portal vein phase. Pancreatic calcifications, portal vein stenosis, and gastric varicose are demonstrated on a coronal VRT
reformation (left image) and an abscess is demonstrated in the left flank (right image). The acquisition was performed with
16x0.6 mm collimation, 110 kVp, and a reference effective mAs (representing the image quality index) of 90 mAs. This image
quality index is 30% lower than that recommended by the vendor for standard MDCT. For this acquisition, AEC has auto-
matically reduced the mean mAs setting to 53 mAs. The entire abdomen was scanned with a resulting DLP of 167 mGy-cm,
which corresponds to one-seventh the reference dose for CT for EUR 1999, and less than one-half of the mean dose from

the UK 2003 survey

The left image was obtained from an obese patient
(BMI> 35 kg/m?), and the right image was obtained
from a patient of normal weight (BMI =24 kg/m?).
The DLP delivered to the obese patient was three
times higher than that to the patient of normal
weight, but the image quality was higher in the right
image than in the left.

In terms of optimizing CR dose parameters, the
most significant factor is to avoid the use of a high
tube potential, and 120 kVp should be sufficient in
almost all patients unless they are obese.

6.3.2.3
Optimization of Low-Dose CT Scanning

The expression “low-dose CT” is not clearly defined.
Reducing the dose recommended by the manufac-
turer could be considered as achieving a low dose,
whatever the magnitude of reduction. In the litera-
ture, the concept of low dose is quite heterogeneous-
ly interpreted, and the same value can be considered
as low by some authors and as standard by others.
As a mater of fact, the so-called low-dose CT pro-

Fig. 6.10. A 64-year-old woman with left iliac fossa pain. This
extremely obese patient has a BMI of 46.1 kg/m?. Unenhanced
MDCT was obtained using 130 kVp (the maximum possible
for the MDCT), 16x0.6 mm collimation and a reference mAs
(index of image quality) set at 110 mAs. The AEC device auto-
matically elevated the mAs to 168 mAs. The resulting DLP for
this unenhanced acquisition was 757 mGy-cm, which is nearly
5 times the dose delivered to the patient in Figure 6.8. The
figure shows peritoneal fat infiltration around the descending
colon in the left iliac fossa indicating acute diverticulitis




Fig. 6.11. Sagittal reconstructions in an obese patient (right image) with a BMI of 54.2 kg/m?, and in a thin patient (left
image) with a BMI of 21.5 kg/m? are shown. Automatic exposure-controlled acquisitions were obtained with tube voltage
settings respectively of 140 and 120 kVp and with indexes of image quality expressed in effective mAs respectively of 350
and 280 mAs. The resultant CTDI,; values were 33.8 and 9.8 mGy. Despite a five times higher dose, the image noise seen in
the obese patient’s image on the right is greater than that obtained from the thin patient on the left. These dose levels are
lower than the mean reference values from surveys of CT scans of the lumbar spine

tocols still deliver a high dose, since they use high
kVp values.

A more appropriate use of the expression “low-
dose CT” may be based on the fact that low-dose
CT corresponds to a substantial dose reduction
as compared to an optimized standard-dose CT,
where optimized standard-dose CT corresponds to
the lowest possible dose for an image quality rang-
ing from good to excellent. Examples of optimized
standard-dose CT scans are given in Figures 6.3
6.11.

With such definition, the radiation dose related
to “low-dose CT” should be approximately at the
level of radiographic examinations of identical
body regions. As a general rule, low-dose CT should
produce images of reduced photographic quality
but with unchanged diagnostic quality. Low-dose
CT scans have been used increasingly and were
applied to early lung cancer screening programs
(see Chap. 17.1), and the detection of colon polyps
(see Chap. 17.2). Such low-dose CT protocols were
also proposed in clinical practice for the diagno-
sis of chronic sinusitis (see Chap. 9), parenchymal
lung diseases and CT pulmonary angiography (see
Chap. 10), and most importantly for abdominal dis-
eases as detailed in Chapter. 11.

6.3.2.3.1
The Sinonasal Cavities

As shown in Chapter 9, the radiation dose reached
by low-dose MDCT is at the same level or even lower
than that delivered by conventional radiographic
examinations. Low-dose CT should thus be recom-
mended in the clinical assessment of chronic sinus-
itis, with standard-dose CT, which delivers a dose
approximately five times higher than that given by
low-dose CT, only being recommended in cases of
facial trauma.

6.3.2.3.2
The Thorax

As detailed in Chapter 10, low-dose CT of the lung
parenchyma has been proposed since the early
1990s. However, low-dose CT is rarely applied in
routine chest CT examination. The major rea-
son for that is probably related to the low life
expectancy of most patients referred for chest CT
examinations, particularly in the case of thoracic
or extrathoracic malignancies. Low-dose MDCT
deliveringless than 1 mSv per examination is thus
almost always only used in screening of patients
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Fig. 6.12. Curved coronal reconstruction delineating the left
ureter and showing a left ureteral stone in the lower pelvis.
Low-dose CT acquisition with an AEC device, 110 kVp,
16x0.6 mm collimation and an image quality reference index
of 50 mAs (effective). As the patient has a normal BMI of
24.6 kg/m?, the AEC has reduced the current-time product
to 33 mAs (effective). DLP of the entire examination was of
112 mGy-cm. This dose represents 20%-25% of the mean ref-
erence values from recent CT surveys

Fig. 6.13. Two patients with suspected appendicitis have undergone a low-dose MDCT of the abdomen and pelvis using an
AEC device with the reference image quality effective mAs value set at 50 mAs. The patient on the left has a BMI of 24.4 kg/
m?, received a dose of 110 mGy-cm and has an acute appendicitis without abscess (A and arrow). The patient on the right has
a BMI of 22.1 kg/m? and weighed 70 kg. He received a dose of 73 mGy-cm and had a normal appendix (N and arrow). The
patient on the left has a BMI of 28 kg/m?, and weighed 85 kg. He had an acute appendicitis and received a radiation dose of
110 mGy-cm. As in Figure 6.12, the hereby delivered radiation dose represents 20%-25% of the mean reference values from
recent CT surveys. This dose is equivalent to the dose of a radiographic examination of the abdomen including three views
and is no higher than one-tenth of the reference values for abdomino-pelvic CT scanning
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at risk of lung carcinoma, as detailed in Chap-
ter 16.1.

6.3.2.3.3
The Abdomen

Low-dose CT has great potential in clinical investi-
gations of the abdomen. As detailed in Chapter 11,
low-dose abdominal CT should be used in young
patients complaining of acute or subacute abdomi-
nal pain, with suspected benign diseases that may
eventually recur, such as acute appendicitis, colon
diverticulitis, renal colic, and Crohn’s disease. An
example of a low-dose CT protocol is shown in Fig-
ures 6.12 and 6.13 showing low-dose MDCT scans
obtained while using an AEC device in patients
suspected of having renal colic and acute appendi-
citis. This example illustrates the fact that low-dose

MDCT of the abdomen can be achieved with a dose
not higher than a radiographic examination of the
abdomen with three views (1.9 and 1.2 mSv respec-
tively). These doses are less than one-tenth of the
references levels for abdomen-pelvis CT examina-
tions, and one-quarter of the mean dose observed in
the German survey study. For low-dose MDCT using
an AEC device, the index of image quality expressed
in effective mAs can be set at 50.

6.3.2.4
Optimized Radiation Doses for MDCT: In Summary

The most recent reference levels for MDCT of the
chest and the abdomen are listed in Table 6.1. The
optimized dose levels for imaging these two regions
by low-dose MDCT as well as the corresponding
validated dose levels are summarized in Table 6.2.

Table 6.1. Reference radiation doses for standard helical MDCT of the trunk (per scan series)

Body region Dose Survey 2003 Germany Survey 2003 UK
reference
CTDIvol DLP/series CTDIvol DLP/series
(mGy) (mGy-cm) (mGy) (mGy-cm)
Chest Mean 13.2 398 12 400
P75 14.7 442 14 580
Abdomen and pelvis Mean 10 395 11 470
P75 12.9 515 14 560

Table 6.2. Optimized radiation doses for helical MDCT of the trunk (per scan series)

Standard-dose Multidetector CT Low-dose Multidetector CT

(MDCT) (MDCT)
Body region Body weight
CTDIvol (mGy) :)nfgif::;s CTDIvol (mGy) ?nfGP;S::;S
Thin patient 4.5 135+20% 2 40-70
Chest Normal patient 7 210£20% 3 70-120
Obese patient 11 330+20% 5 140-180
Thin patient 4-6 150-270 3 80-120
Abdomen and pelvis Normal patient ~ 7-10 280-400 5 150-200
Obese patient 11-15 450-600 7-10 350-400

Note: Acquisitions obtained using an automatic exposure control device
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6.4
Comments

Images illustrating this chapter were selected from
our daily practice because they are a reflection of
optimized CT protocols based on data reported in
peer-reviewed journals. The subsequent dose deliv-
ered is lower than mean or median doses reported in
survey studies. The dose delivered by such acquisi-
tion protocols is indeed in the same range of magni-
tude as the 25th percentile reported in these survey
studies. As the image quality obtained with such a
reduced dose is still very high, further dose reduc-
tion should be investigated in terms of diagnostic
accuracy.

Dose optimization has some limitations. The dose
recommended by radiologists who can accept image
noise in CT images may not be tolerated by others,
despite the fact that several published reports have
demonstrated that the diagnostic performance was
not compromised by low-dose and even very low-
dose MDCT.

Radiologists play a very important role in dose
optimization. He or she indeed determines the
number of acquisitions, Z-coverage, mAs and kVp
settings, etc. As a matter of debate, should the CT
protocol used in a radiology department have to
satisfy radiologists and clinicians, as the use of CT
cannot be restricted to one single person but has to
be interpreted and managed by a multidisciplinary
team? Thus, CT protocols should provide an image
quality sufficient to address the patient’s clinical
issue through an accurate diagnosis obtained with
an appropriate radiation dose.

6.5
In Summary

Reducing the collective as well as the individual
radiation dose requires the following factors:
e Avoiding unnecessary examinations
e Substituting CT examinations with MRI or US
examinations
e Using an optimized CT technique including
- Z-coverage
- An appropriate number of acquisitions
- Appropriate CT settings adapted to the patient,
and to the clinical context.

When scanning the chest, the abdomen or the sino-
nasal cavities, once the image quality has been opti-
mized for the standard settings and results in mean
dose values no higher than one-quarter to one-half
of the reference values, further dose reductions
can be applied for really low-dose scanning, with
radiation doses no higher than those of a plain film
examination. These scanning conditions have been
validated in numerous indications, i.e., for the acute
abdomen, follow-up of chest diseases and chronic
sinusitis.
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“Confusion now hath made his masterpiece!”

William Shakespeare

“Confusion is a word we have invented for an order

which is not yet understood.”
Henry Miller

William Shakespeare might have accidentally
explained the premise for development of automatic
exposure control (AEC) techniques, although Henry
Miller might have summarized the issues related
to the heterogeneous nomenclature of these tech-
niques!

This chapter attempts to explore the rationale
behind development of AEC for multi-detector-row
CT scanners and to describe the mechanisms, clini-
cal evidence and pitfalls of AEC techniques for radi-
ation dose reduction or optimization.

M. K. KaLrRA, MD, DNB
Department of Radiology, Massachusetts General Hospital,
55 Fruit Street, Boston, MA 02114, USA

7.1
Definition

AEC techniques have been defined as automatic
adjustment of tube current in the x—y plane (angular
AEC), along the z-axis (z-axis AEC) or both (com-
bined AEC), according to the size and attenuation
characteristics of the body region being scanned
in order to achieve constant computed tomogra-
phy (CT) image quality with lower radiation dose
(KaLrA et al. 2004b,e). The temporal automatic
tube current modulation or the electrocardiogra-
phy (ECG)-controlled (pulsed) dose modulation is
also a type of AEC technique used for cardiac and
coronary CT angiography.

In simple terms, AEC techniques used for CT
scanning behave like photo-timing used in con-
ventional radiography (KALRA et al. 2005a,b). The
photo-timing technique terminates exposure once
it has been adequately achieved. In this way, photo-
timing attempts to limit dose while making sure
that adequate quality has been achieved, regardless
of patient size and body region assessed. Thus, it
allows longer exposure time for X-ray projection of
a larger, thicker and denser body part or patient,
and shorter exposure time for thinner, smaller and
less dense portion. However, CT scanning requires
continuous exposure to X-rays, so instead of ter-
minating exposure, the AEC techniques change
tube current (mA) for different X-ray projections to
maintain constant image quality (generally noise).
Thus, AEC will decrease tube current for projec-
tions through smaller, less dense body regions (such
as anterior—posterior projection at the level of the
shoulders or chest) and will increase it for projec-
tions through larger, denser regions (such as lateral
projection at the shoulder or abdomen). The ulti-
mate objective of both techniques, AEC and photo-
timing, is to ensure that no more and no less expo-
sure is given to patients in order to acquire images
with constant quality (KALRA et al. 2004e).
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7.2
Rationale

Until recently, most CT studies were performed using
a fixed tube current technique (KALRA et al. 2004b).
These fixed tube current values may be selected by
technologists based on their arbitrary judgment or
as per department protocols set by technologists,
radiologists and/or medical physicists based on
patient age and size, or study indication (KALRA
et al. 2002, 2003a). However, the fixed tube current
technique for multi-detector CT scanning may be
associated with the following limitations:

® Lower dose efficiency: tube potential determines
the photon energy, and tube current influences
the photon fluence or the number of photons.
The proportion of X-rays used for image creation
to the amount of incident X-rays determines dose
efficiency of the scanner. In contrast to the situ-
ation with a fixed tube current, AEC techniques
can improve dose efficiency while maintaining
constant image quality by modulating tube cur-
rent to apply required amount of photons during
a single X-ray rotation (for different X-ray beam
projections) and from one rotation to the next
(for different z-axis or section locations) (ALTHEN
2005; TERADA 2005).

@ Standardization issues: fixed tube current values
have to be adjusted for different generations of
multi-detector-row CT scanners. Given the fact
that on any given modern multi-detector-row
scanner there are several ways to perform scan-
ning, manual selection of fixed tube current may

be difficult. In such circumstances, AEC tech-
niques can automatically modulate mA to the
selected combination of scanning parameters to
obtain CT images of required quality. In this con-
text, the AEC techniques are being increasingly
used for dose optimization with multi-detector
CT (Mi1YAazAKI et al. 2005).

® ECG controlled dose modulation or ECG pulsing:
in contrast to fixed tube current, ECG pulsing can
reduce tube current during ventricular systole and
increase tube current during the relevant diastolic
phase.

7.3
Nomenclature and Types of AEC Techniques

There is some confusion over the most appropriate
nomenclature for the AEC technique (KALRA et al.
2004e). Both automatic exposure control and auto-
matic tube current modulation have been used to
describe the same technique. Although automatic
tube current modulation may actually represent the
technique more accurately, AEC may be the more
commonly accepted term for the technique.
Similarly, several terminologies have also been
used to describe different subtypes of AEC techniques
(KALRA et al. 2004e). In order to avoid confusion, the
most commonly used or described terminologies have
been specified and used in this chapter (Table 7.1).
Based onthe scanning plane or direction in which AEC
techniques are used for dose or tube current modula-

Table 7.1. Summary of mechanism of use of different automatic exposure control (AEC) techniques

AEC techniques Mechanism of use

Angular AEC Specify
Smart mA mA
DOM mAs/slice
CARE dose Effective mAs

Z-axis AEC (Auto mA)
rent modulation

Z-axis AEC (ZEC)

Z-axis AEC (Real EC)
Combined AEC (Auto mA 3D)
Combined AEC (CARE Dose 4D)

Specify noise index as well as minimum and maximum mA thresholds for tube cur-

Specify quality reference mAs value (rarely used without angular AEC also)
Choose from four levels of image noise based on diagnostic requirement
Specify noise index, minimum and maximum mA thresholds

Specify quality reference mAs value (modulation strength: weak, average, or strong,

for small and large patients can be preset)
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tion, AEC techniques may be classified as angular, z-
axis, or combined techniques (KaLRrA etal. 2004e). The
angular AEC techniques adapt tube current during
each gantry rotation around the patient (GREEss et al.
1999, 2001, 2002, 2004; KopPka et al. 1995). Thus, more
than one tube current (mA) may be used during each
gantry rotation. The angular AEC may estimate tube
current during the first 180 degree gantry rotation and
use this information for adapting tube current for the
subsequent 180 degree rotation. This has been labeled
as real-time or online angular AEC (CARE Dose, Sie-
mens Medical Solutions, Forchheim, Germany; DOM,
Philips Medical Systems, Netherlands) (KALRA et
al. 2004e). The other type of angular AEC technique
(Smart mA, GE Healthcare Technologies, Waukesha,
Wisconsin, USA) uses a single localizer radiograph
(the lateral projection) to obtain information for tube
current modulation during the entire 360 degree rota-
tion of X-ray tube around the patient.

Inz-axis AEC,thetube currentisadapted to main-
tain a constant specified image quality over the scan
length. Thus, z-axis AEC techniques [Auto mA, GE
Healthcare Technologies; z-exposure control (ZEC),
Siemens Medical Solutions; Real EC, Toshiba Medi-

cal Solutions] change tube current from one table
position to the other, based on information derived
from a single lateral localizer radiograph (KALRA et
al. 2005a).

Lastly, the combined AEC techniques (Auto mA
3D, GE Healthcare Technologies; CARE Dose 4D,
Siemens Medical Solutions) include tube current
modulation in both z-axis (z-axis AEC) and x-y
plane (angular AEC) (KALRA et al. 2005b).

The different types of available AEC techniques
on current multi-detector CT scanners are summa-
rized in Table 7.2 (KALRA et al. 2005a).

7.4
AEC Mechanisms

Before moving on to the mechanism of AEC, it
may be helpful to understand some basic physics
nomenclature regarding CT. The three axes of CT
scanner in relation to the patients are explained in
Figure 7.1. Within each section position, there are

Table 7.2. Different types of automatic exposure control (AEC) techniques available on
current multi-detector computed tomography (CT) scanners [Z-DOM is a combination
of Automatic Current Setting (ACS) and DOM techniques]

Technique GE Philips Siemens Toshiba
Angular AEC Smart mA DOM CARE Dose =
Z-axis AEC Auto mA - ZEC Real EC
Combined AEC Auto mA 3D Z-DOM* CARE Dose 4D -

Z-axis section positions

P= Projection angles at

f

11
12345678910 12

Fig.7.1. The three axes of com-
puted tomography (CT). The z-
axis section position implies slice | : b
location or slice position. The [

\ a given section position

x—y axes plane lies within each § Section pos

z-axis section position and rep- &%
resents the plane of X-ray beam
projections during each gantry
rotation
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several hundred projection angles from which X-ray
beams begin their journey from X-ray source to the
detectors through the patient body. These projection
angles lie in the x—y plane of the scanner. With table
feed, there is change in the z-axis section position
of the patient.

Image noise-mottle or graininess—an important
determinant of image quality, depends on applied
tube current and X-ray beam attenuation (KALRA
et al. 2004b). The latter depends on patient size,
shape and attenuation characteristics (profile) of
the body region being scanned. An increase in the
tube current results in lower noise, and a decrease
in the tube current causes greater image noise. In
general, an increase in attenuation profile results in
greater image noise and vice-versa. Thus, in order
to maintain constant image noise in the presence of
changing attenuation profile, a region or projection
with lower attenuation can be scanned with lower
tube current than one with a high attenuation region
or projection, which needs greater tube current.
Although fixed tube current can be selected based
on patient weight or size, use of fixed tube current
does not allow adjustment of tube currents within a
given study (Fig. 7.2) (KALRA et al. 2002, 2003a).

| Fixed mA

200 mA

YW 002
A
Y200 mA

200 mA

Angular AEC. The localizer radiograph-based angu-
lar AEC was the first AEC technique developed for
radiation dose optimization in the early 1990s for
single detector-row helical CT scanners (KopPka et
al. 1995; GiacomuzzI et al. 1996; LEHMANN et al.
1997). With the angular AEC technique, the tube
current is modulated to decrease X-rays in projec-
tion angles (or in the x—y plane), which will have less
beam attenuation and contribute less to the noise
in the overall image (KALRA et al. 2004e). This is
especially helpful in reducing radiation dose to the
non-circular or asymmetric body regions, such as
the shoulders, where “non-lateral” projections (such
as anterior—posterior projections) have less X-ray
beam attenuation than the lateral projection (which
is typically the projection with greatest attenuation
and noise contribution). Therefore, angular AEC
will reduce mA and dose in the “non-lateral” pro-
jections without affecting overall image noise.

The Smart mA technique is a localizer radio-
graph-based, angular AEC technique, which deter-
mines the mA values from estimation of patient
size, cross-sectional shape and regional attenuation
information obtained from a single localizer radio-
graph (Fig. 7.3) (Korka et al. 1995; Giacomuzzi et
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Fig.7.2. With a fixed tube current, the scanner employs a single, specified mA value for all
projections and section position for a given scan series acquisition. Although several computed
tomography centers adapt this value with a fixed tube current technique based on patient size
and study indication, this technique cannot take into account the variability of attenuation in
a section at different beam projections and at different z-axis section positions
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|Angu|ar AEC from Localizer Radiographl

146 mA

146 mA

146 mA

146 mA 54 ik

Fig. 7.3. Using a localizer radiograph-based angular automatic exposure control (AEC) tech-
nique, information about attenuation profile at different beam projections within each section
position is collected from localizer radiograph. This information is used to modulate mA values
at different beam projection angles during each X-ray tube revolution (the entire 360°). In an
elliptical or asymmetric body cross-section, the technique will decrease mA values for beam
projections in thinner portions or lower attenuation (such as in anterior-posterior or poste-
rior-anterior projections) and increase them for those projections passing through regions with
greater attenuation or thicker portion (such as lateral projections)

al. 1996; LEEHMANN et al. 1997). For this technique,
the technologists specify a mA value and the soft-
ware automatically adjusts tube current for different
X-ray beam projection angles for the entire 360° tube
rotation. The specified mA value provides informa-
tion about the desired image noise for lateral pro-
jections and this information is then used to reduce
mA for other “non-lateral” projections.

However, the CARE Dose technique is an on-line,
angular AEC technique that adapts mA in real time
or “on-the-fly” from projection data, which tails 180°
behind the initial projection angles of X-rays and
uses attenuation profile data from initial half rota-
tion (180°) to modulate mA values in real time for
the following half rotation (180°) (Fig. 7.4) (GREESS
etal. 1999, 2001, 2002, 2004; KALRA et al. 2004e). For
this technique, the technologist selects an effective
mAs value [product of tube current (mA) and gantry
rotation time (s) divided by the pitch], and the scan-
ner automatically adapts the tube current during
each tube rotation while using a specified effective
mAs value as a reference for desired image noise in
the lateral projections of the first 180° rotation.

Regardless of its type, if used alone, all angular
AEC techniques require specification of mA values
and thus introduce an element of arbitrary or inap-
propriate selection of this initial value. For exam-
ple, selection of a higher value for angular AEC will
result in a higher dose than when selecting a lower
value (KALRA et al. 2004e).

| On-line Angular AEC |

136 mA 136 mA

200 mA

Fig. 7.4. Using an on-line, real-time angular automatic expo-
sure control (AEC) technique, information about attenua-
tion profile at different beam projections within each section
position is collected during the first half rotation of X-ray
tube around the patient. This technique assumes that the
beam for subsequent half rotation is a mirror image of the
first half rotation and modulates mA values for the second
half according to attenuation data collected from the first
half rotation. As a result, the on-line angular AEC modulates
mA with a 180° lag. In an elliptical or asymmetrical body
cross-section, the technique will use the same prescribed
mA value (in present example 200 mA) in the first half rota-
tion, and adapt the values for beam projections in the second
half rotation based on beam attenuations
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Z-axis AEC. The z-axis AEC techniques modulate
mA for different z-axis section positions along the
scanning direction based on the attenuation pro-
file of the region being scanned (Fig. 7.5) (KALRA
et al. 2004c,d; CAMPBELL et al. 2005; CHAPMAN et
al. 2005; NAMASIVAYAM et al. in press). Contrary to
the angular AEC, the z-axis AEC techniques adjust
mA values to maintain image quality (noise index
for Auto mA and quality reference mAs value for
ZEC technique) specified by the user at all z-axis
section positions and do not change tube current for
different projections angles. Using a single localizer
radiograph (generally the lateral radiograph), the
software estimates mA values required to obtain
images with a specified noise level (KALRA et al.
2005a).

For the Auto mA technique, the technologist
selects a noise index (which approximates the image
noise desired for the study) and an acceptable tube
current range (minimum and maximum mA values,
within which the technique will modulate the tube
current) for the CT exam. Radiation dose with this

| Z-axis AEC |

200 mA

technique depends on the specified noise index and
patient size. A 5% decrease in noise index implies
an approximate 10% increase in dose, whereas a 5%
increment in noise index causes approximately 10%
dose reduction (KALRA et al. 2005a). The minimum
and maximum mA values also influence radiation
dose associated with Auto mA by limiting the extent
of decrease or increase in mA at any given noise
index.

Although z-axis AEC represents a step forward
from angular AEC techniques, as it requires tech-
nologists or radiologists to specify desired image
quality rather than a tube current value, appro-
priate image quality requirements have not been
completely defined. Furthermore, image quality
requirements may differ for different studies and
for different patients (small versus large). Thus,
selection of high image quality can result in better
image quality and higher dose exam that may not
necessarily provide higher diagnostic yield. Con-
versely, lower image quality selection with z-axis
AEC can cause inadvertently higher image noise

v 802

| { & 1:. ,
mA per section position

— 7 -axis AEC

Attenuation per section position

Fig. 7.5. Using a z-axis automatic exposure control (AEC) technique, attenuation for each z-axis
section position is estimated from a single localizer radiograph. These data are used to estimate
the mA value for each z-axis section position in order to generate images with specified image
quality at all sections positions (as selected by the user in terms of quality reference mAs value
or noise index). These values change from one section position to the other but not for different

projection angles as in angular AEC techniques
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and may compromise the diagnostic acceptability
of the CT exam.

Combined AEC. These techniques modulate tube
current for each z-axis section position (z-axis AEC
component) and for different projection angles in
each X-ray tube rotation (angular AEC compo-
nent) (Fig. 7.6) (KALRA et al. 2005b; Rizzo et al. in
press). The angular AEC component of the tech-
nique may be based on attenuation profile infor-
mation obtained from the localizer radiograph or
from online estimation of attenuation at different
projection angles.

The Auto mA 3D technique uses a single localizer
radiograph to derive information for modulating
mA at each slice position (Auto mA) and for differ-
ent projection angles (Smart mA). As required for
the Auto mA technique, for this technique also, the
user prescribes a noise index value with or without
minimum and maximum mA limits (KALRA et al.
2004e).

CARE Dose 4D combines the on-line angular
AEC (CARE Dose 4D) with the z-axis AEC tech-

(68 mA)

200 mA

Attenuation per section position

nique (ZEC) (R1zzo et al. in press). This technique
estimates size, shape and attenuation profile over
the scan length (z-axis) in the direction of projec-
tion as well as in the perpendicular direction (in the
x—y plane) using a mathematical algorithm. Axial
mA values are determined by estimation of these
attenuation profiles and are adapted, based on the
patient size and attenuation profile. This adaptation
is based on the user-specified quality reference mAs
value for the z-axis AEC. Subsequently, these mA
levels are used for on-line angular AEC according to
the attenuation profile at different projection angles.
The quality reference mAs values indicate the effec-
tive average for a “reference patient.” The reference
patient is defined as a “typical adult” weighing 70-
80 kg (for adult CT studies) or as a “typical child”
weighing 20 kg (for pediatric CT studies) (Rizzo et
al. in press).

The diagnostic requirements of studies and radi-
ologists’ preferences determine the quality refer-
ence mAs value. Although the quality reference mAs
value is not changed for patients of different size,
for adjusting image quality or dose, the users can

| Combined AEC |

(72 mA)
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Fig. 7.6. The combined automatic exposure control (AEC) techniques initially use z-axis AEC to
estimate mA values for each section position from a localizer radiograph. Subsequently, these
values for angular AEC are also estimated based on mA values estimated from z-axis AEC and
localizer radiograph (Auto mA 3D), or from z-axis AEC and on-line estimation of attenuation

(CARE Dose 4D)
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change the quality reference mAs value or strength
of AEC. The technique classifies the patient as “slim”
or “obese” from a single localizer radiograph and
adapts the mA according to the user-specified mod-
ulation strength for “slim” or “obese.” With CARE
Dose 4D, effective mAs value is decreased for “slim”
patients and increased for “obese” patients and the
extent of mA modulation can be controlled using
appropriate modulation strengths (weak, average or
strong).

ECG dose modulation. For coronary CT angiography
studies, most image data are reconstructed during
ventricular diastole so that the influence of cardiac
motion during systole can be reduced. The ECG
pulsing decreases the tube current substantially
during ventricular systole and increases it to the
specified level during the diastolic phase, which is
used for image reconstruction. This helps to reduce
the overall dose to the patients. Thus, there will
be no compromise in image quality in the diastolic
phase reconstructed image data; whereas, during
systole there will be more noise. With ECG puls-
ing, slower and regular heart rates allow greater and
more precise dose modulation and reduction during
ventricular systole, whereas faster and/or irregular
heart rates will be associated with greater radiation
dose to the patient.

7.5
Clinical Evidence for AEC Techniques

In the past 10 years, several clinical studies have
shown a benefit of AEC techniques in managing
radiation dose for single-detector row helical CT as
well as multi-detector-row CT scanners (KopPkA etal.
1995; Giacomuzzi et al. 1996; LEHMANN et al. 1997;
GREESS et al. 1999, 2004; TAcK et al. 2003; KALRA et
al. 2004c,d; MASTORA et al. 2004; CAMPBELL et al.
2005; CHAPMAN et al. 2005; MULKENS et al. 2005;
NaMasIvayAaM et al. in press; R1zzo et al. in press).
Compared with the fixed tube current technique,
these techniques have been shown to reduce radia-
tion dose for most patients without compromising
diagnostic acceptability of CT studies and increase
radiation dose in some large patients in order to
maintain image quality at specified levels (GREESS
etal. 1999, 2001, 2002, 2004; TAack et al. 2003; KALRA
etal. 2004c,d; MasTORA et al. 2004; CAMPBELL et al.

2005; CHAPMAN et al. 2005; MULKENS et al. 2005;
NaMasIvayaM et al. in press; R1zzo et al. in press).
The results of some clinical studies using AEC tech-
niques are summarized in Table 7.3.

Several studies have shown benefits of ECG puls-
ingfor cardiac CT studies (PoLL etal.2002). Phantom
studies have shown that up to 37-44% dose reduction
can be achieved using ECG pulsing, depending on
the heart rate. A patient study indicated that, when
compared with non-modulated coronary multi-
detector CT angiography, an average radiation dose
reduction of 48% for males and of 45% for females
can be achieved using ECG-controlled tube current
modulation (JAKOBS et al. 2002).

7.6
Trouble-shooting for AEC Techniques

@ For alllocalizer radiograph-based AEC techniques
(Smart mA, Auto mA, Auto mA 3D, Real EC, ZEC,
CARE Dose 4D), the localizer radiograph must
include the entire region being scanned with AEC.
Beyond the localizer radiograph, these techniques
will not adapt tube current appropriately.

® As some AEC techniques rely on localizer radio-
graphs, it is important to avoid patient movement
after acquisition of the first localizer radiograph
(generally a single lateral localizer is used for most
AEC techniques).

@ AEC techniques will adapt tube current, taking
into account all other relevant scanning param-
eters such as section profile, beam pitch, detec-
tor configuration, gantry rotation time and tube
potential.

@ Appropriate centering of patient in gantry iso-
center, particularly in reference to table height, is
extremely important in multi-detector CT scan-
ners, as surface dose to the patient and image
noise can increase with off-centering (Thomas L.
Toth, GE Healthcare Technologies, personal com-
munication).

® If arms are positioned by the side of the patient
undergoing body CT, AEC techniques can increase
the dose by as much as 30-35% (as they will com-
pensate for increase in attenuation from arms)
(KALRA et al. 2003). Thus, where possible, local-
izer radiographs must be acquired with appropri-
ate positioning of the arms.
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Table 7.3. Summary of reports on automatic exposure control techniques

Study Technique Region Dose reduction
GREESS et al. (1999) CARE Dose Shoulders 38%
GREESS et al. (2001) CARE Dose Chest (pulmonary nodules) 21%
GREESS et al. (2002) CARE Dose Neck 20%
Chest 23%
Abdomen 23%
TAck et al. (2003) CARE Dose Chest 17%
Abdomen 20%
MasTORA et al. (2004) CARE Dose Thoracic outlet 35%
KaLra et al. (2004c) Auto mA Abdomen 10-41%
KaLra et al. (2005b) Auto mA Chest 18-26%
KaLRraA et al. (2005a) Auto mA Abdomen (renal stones) 43-66%
MULKENS et al. (2005) CARE Dose 4D Chest 20%
Abdomen-pelvis 32%
Lumbar spine 37%
Cervical spine 68%
NAMASIVAYAM et al. (*) Auto mA Neck 36%
Rizzo et al. (¥) CARE Dose 4D Abdomen 41-43%

® Some AEC techniques ignore metallic implants

when estimating attenuation profile and tube cur-
rent (such as CARE Dose 4D) (DALAL et al. 2005),
while others increase tube current in the region
of metallic prosthesis as they cannot exclude the
contribution of high attenuation from metallic
prostheses (R1zzo et al. 2005). In the latter, a lower
desired image quality should be set or the fixed
tube current technique be used.

Pediatric and adult settings for desired image qual-
ity usually differ and must be set as such (KALRA
et al. 2004a,c).

For a large patient, an increase in tube current
with AEC techniques may be insufficient to obtain
the desired or specified image quality (KALRA et
al. 2004a,c). In such instances, the user must be
attentive to other scanning parameters such as
table feed, gantry rotation time and kVp.

For low dose examinations, such as CT colonogra-
phy and kidney stone CT, a lower “desired image
quality” requirement for AEC techniques than
with routine indications should be selected.

CT dose index volume-CTDI vol displayed on the
user interface of the scanner is the average CTDI
vol over the scan length. This is crucial to under-
stand as CTDI vol changes over the scan length
and can be higher or lower at different section

positions in the scan range. Thus, estimation of
local or organ-based effective doses using these
average values may not be accurate.

® Some AEC techniques may not be applicable or
appropriate in all body regions, such as in head
or extremities; therefore, user must inquire about
applicability and accuracy of AEC techniques
from their vendors.

® With ECG pulsing, image data during systolic
phase will be noisy and may impair the cardiac
cine or functional assessment as well as visualiza-
tion of incidental extra-cardiac thoracic findings.
In some cases, reconstructing these image data
sets at thicker sections and/or smoother recon-
struction kernel settings may help.

7.7
Pitfalls

Despite commendable advances and efforts of the
vendors to optimize radiation dose associated with
CT scanning, there are some issues associated with
use of AEC techniques in routine clinical practice.
Most importantly, there are substantial differences
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between nomenclature and dose modulation with
AECtechniques from different vendors. This implies
that the scanning method used with one AEC tech-
nique cannot be used on a similar technique using a
scanner from a different vendor. Furthermore, pres-
ently, mostvendorsrecommend use ofan “empirical”
desired image quality for scanning. It is important
to understand that AEC techniques will work only
as efficiently as the specified or desired image qual-
ity. If a higher image quality is specified (for exam-
ple, higher quality reference mAs value for CARE
Dose 4D or lower noise index for Auto mA), then
the system will use a higher dose. Likewise, differ-
ent desired image quality thresholds must be speci-
fied for different clinical indications; for example, a
lower quality reference mAs value must be used for
a kidney stone protocol than for routine abdominal
CT protocols. Selection of inadvertently low image
quality can lead to excessive dose reduction using
AEC techniques and compromise diagnostic accept-
ability of the study. To facilitate appropriate use of
AEC techniques, there is a need to define threshold
levels of “desired image quality” for different clini-
cal indications and patient ages.

Although AEC techniques can automatically
increase tube current and dose to large patients, it
is important to realize that, in a large patient, an
increase in applied peak kilovoltage, gantry rota-
tion time or scan field of view, or a decrease in beam
pitch may also be necessary to obtain desired diag-
nostic information.

Aswithanynewtechnique, thereisalearning curve
that radiologists and technologists must overcome in
order to use these AEC techniques appropriately.

7.8
Summary

® Most modern multi-detector-row CT scanners
allow use of AEC techniques

@ AEC techniques can aid in optimizing radiation
dose for different patient sizes and clinical indica-
tions

@ Constant image quality at lower radiation dose
can be achieved using AEC techniques in most
patients

® For different clinical indications, users must
modify the scanning parameters for AEC in order
to attain desired dose reduction or image quality
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I have expressed some ideas that point to the center;
I have saluted the dawn in my way, from my point
of view. He who knows the way should do the same,
in his way, and from his point of view.

Friedrich Von Schlegel

Although the contribution of CT scanning to radia-
tion dose was recognized prior to the introduction
of multidetector-row CT scanners, ever expanding
applications of multidetector-row CT scanning in
patient care and, of late, use of CT for screening
have heightened concerns and awareness of radia-
tion-induced cancer from CT radiation dose and
prompted the development of strategies and tech-
niques for dose reduction (FRusH 2003; KALRA et
al. 2004a; Tack and GEVENOIS 2004). Technological
innovations for dose reduction and optimization
include pre-patient beam collimation and beam-
shaping filters as well as automatic exposure control
techniques (KALRA et al. 2004b). To obtain appro-
priate benefits of these techniques in terms of dose
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reduction without compromising image quality, it is
important to appropriately center the patients in the
scanner gantry isocenter (KALRA et al. 2004b).

In this chapter, we will discuss the effects of and
reasons for off-centering patients in the gantry iso-
center, factors contributing to patient off-centering,
rationale for precise patient centering, and strate-
gies that can be adopted to obtain adequate patient
centering prior to their CT examinations.

8.1
Patient Positioning and Centering

For the sake of simplicity, we have arbitrarily
classified the process of patient placement on the
gantry table into positioning and centering. Posi-
tioning alludes to proper placement of the patient
on the gantry table in the z-axis or along the
length of patient for scanning a particular por-
tion or region of the body. Improper positioning
of the patient may necessitate the acquisition of a
localizer radiograph beyond the region of inter-
est and perhaps acquisition of a repeat localizer
radiograph (NAMASIVAYAM et al. 2006). A recent
study analyzing localizer radiographs for abdomi-
nal CT examinations performed in a single insti-
tution have reported that localizer radiographs
extended 13 cm (on average) beyond the defined
region of interest (NAMASIVAYAM et al. 2006). With
regards to patient positioning it is important to pay
special attention to the position of the patient’s
arms, particularly when automatic exposure con-
trol techniques are being used for scanning. Auto-
matic exposure control techniques employ tube
current based on beam attenuation data obtained
from the localizer radiographs and/or “on the fly”
during initial tube rotation around the patient.
Therefore, for body CT, if the arms are positioned
by the patient’s side, estimation of tube current
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with automatic exposure control techniques will be
erroneous and can lead to a substantial increment
in radiation dose (KALRA et al. 2003).

On the other hand, centering alludes to appropri-
ate placement of the patient with respect to the scan-
ner gantry, so that the patient’s center corresponds
to the scanner gantry isocenter in the x-y plane or
the transverse cross-section of the patient. A recent
study evaluating scanning practice in a single ter-
tiary health care center has reported that 95% of
patients undergoing chest and abdominal CT exam-
inations were off-centered relative to the superior-
inferior direction in the gantry (NAMASIVAYAM et
al. 2006).

8.2
Effects of Off-Centering

Image noise, mottle or graininess, a principle deter-
minant of image quality, affects the low-contrast
resolution of CT. A higher image noise may com-
promise low-contrast resolution and impair diag-
nostic confidence. Conversely, a lower image noise
may improve low-contrast resolution at the cost of
higher radiation dose.

As the X-ray tube revolves around the patient,
X-ray beams traverse through the body region being
scanned from several projections. Each image pixel
generated from CT scanning is contributed by the
attenuation of several X-ray projections. Image noise
in an image pixel is derived from the noise of all
X-ray projections responsible for the generation of
that pixel. In general, less X-ray beam attenuation
implies less image noise and vice versa. The beam
attenuation is also directly related to the length of
the path along which beams traverse through the
portions of the body region being scanned. There-
fore, a shorter beam path at the periphery will be
associated with less image noise, compared to a lon-
ger beam path centrally. Bow-tie filters take advan-
tage of the geometry of the patient’s cross-section
by reducing X-rays in projections with a short beam
paths and improving the radiation dose efficiency
of the scanner (Fig. 8.1) (ToTH et al. 2005). In other
words, these filters shape the X-ray beam to the body,
restricting X-rays for the peripheral, less attenuat-
ing, portions, and allowing most X-rays for the cen-
tral portions with greater attenuation and contribu-
tion to image noise.

Bow-tie filters presume that the center of the body
region being scanned coincides or approximates
with the gantry isocenter. However, with off-cen-
tering relative to the gantry isocenter, the bow-tie
filters miss their target. As a result portions of the
body region being scanned other than the periph-
eral portion receive fewer X-rays and contribute to
higher image noise (compromising image quality).
Conversely, peripheral portions receive more X-rays,
resulting in higher peripheral and central radiation
doses. These noise and dose effects assume impor-
tance in view of the availability and use of automatic
exposure control techniques on most modern multi-
detector row CT scanners. When using a fixed tube
current for scanning, there was a tendency to use
a higher tube current for small patients and a rela-
tively lower tube current for larger patients. With
precise dose adaptation using automatic exposure
control techniques, a substantial dose reduction
was reported for small patients and a dose incre-
ment was documented for larger patients (KALRA
et al. 2004c¢). Use of lower doses for smaller patients
with automatic exposure control techniques implies

Bow-tie filter

Fig. 8.1. a Without bow-tie filter, the homogeneous X-ray
beam will lead to images with lower noise in the periphery
and at the surface portions in the region being scanned (r). b
With a bow-tie filter, the X-rays are reduced in the periphery
(p) so that the peripheral and surface doses in the region
being scanned increase and noise in these regions becomes
similar to that in the central portions
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that the off-centering of these patients can lead to a
disproportionate increase in image noise as well as
the surface and peripheral radiation doses. Unfor-
tunately, compared to large patients, there is “more
room” to off-center a small patient in the scanner
gantry.

Prior phantom studies investigating causes of
suboptimal image quality in smaller patients under-
going abdominal-pelvic CT with the automatic
exposure control technique have shown that off-
centering in the superior-inferior direction (y-axis
of the gantry or table height related) with respect to
the gantry isocenter increases image noise (KALRA
et al. 2004d). Up to a 30% increase in image noise
was noted when the phantom was scanned at a posi-
tion that was 6 cm below the gantry isocenter. There-
fore, in this chapter, all references to centering and
off-centering are related to patient placement in the
superior-inferior direction of the gantry isocenter.

Subsequent studies have documented that up to
a 50% increase in surface and peripheral radiation
dose can occur with 6-cm off-centering of a phan-
tom (L1 et al. 2006). Patient studies show about a
2%-30% increase in surface and peripheral radia-
tion doses from chest and abdominal CT exami-
nations performed with off-centering of patients
relative to the gantry isocenter (L1 et al. 2006). This
increase in the surface radiation dose with off-cen-
tering can result in an increased radiation dose to
radiosensitive body parts such as the breasts, thy-
roid, eyes, and gonads.

8.3
Reasons for Off-Centering

Although no formal study has evaluated the reasons

for off-centering patients in the gantry isocenter,

these may not be difficult to understand. Possible
causes of off-centering patients undergoing CT
scanning include:

@ Awareness. Technologists and radiologists may
not be aware of the importance of centering the
patients appropriately in the gantry isocenter.

@ Attention to details of centering. Inadequate atten-
tion to centering may be related to the training
of the technologists and radiologists, suboptimal
use of laser-assisted centering or the increasing
workload of multidetector row CT scanners with
expanding applications. This practice may be

accentuated by the acquisition of two orthogonal
localizer radiographs for planning and the ability
to shift the display field of view (DFOV).

® Adjustment of DFOV. Modern scanners allow the
technologists to shift the DFOV in all three planes
(longitudinally or in the z-axis along scan length,
and transversely or in the x-y axis for the section
plane) on the localizer radiographs. Although this
ability helps when displaying selected regions that
are situated away from the gantry isocenter (for
example, coronary CT angiography), it may also
be responsible for the lack of attention to center-
ing, as the DFOV can be shifted to accommodate
off-centering without increasing the size of the
DFOV.

@ Patient-related factor. Patients seldom have a per-
fectly cylindrical shape. Thus, multi-region (such
as neck, chest and abdomen) scanning in the
same imaging session may make decisions related
to patient centering difficult. Likewise, patients
without a circular cross-section are also difficult
to center, as are patients who cannot lie flat, those
who cannot elevate their arms sufficiently above
their heads (such patients are more likely to be
centered below the gantry isocenter), and those
who have spinal curvature abnormalities, or need
to elevate their head or chest relative to caudal
portions of their body. Similarly, patients on life
support systems or those referred for emergent
clinical indications may also be difficult to center
optimally.

® Lack of automatic patient centering techniques.
Such techniques may guide the users to center
the patients correctly and inform them about off-
centering and the possible dose and noise penal-
ties associated with scanning patients who are not
adequately centered in the gantry.

8.4
Strategies for Ensuring Appropriate Patient
Centering

In view of the importance of optimal patient center-

ing in the gantry isocenter prior to their CT scan-

ning, it is important to devise strategies to minimize

patient off-centering. These may include:

® Education. Education of technologists, radiolo-
gists, and medical physicists about the importance
of patient centering and the implications of off-
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centering will facilitate attention to the details of
patient centering.

® Guidelines. Some guidelines can be given to the
technologists for patient centering in the gantry
isocenter. These may include the importance of
adjusting patient centering in the gantry rather
than adjustment of DFOV. Users must be instructed
to pay particular attention to the centering of chil-
dren and small adults, especially when automatic
exposure control techniques are being used for CT
scanning or a low-dose CT is being performed. For
patients who cannot rest their arms above their
heads, body CT can be performed in “feet first”
alignment so as to avoid inferior off-centering in
these patients.

@ Automatic patient-centering software. This tech-
nique has not been commercially released at the
time of writing this chapter. Initial assessment of
this software (GE Healthcare Technologies, Wauke-
sha, Wis.) has shown that this technique can help
the users to center the patients with respect to the
gantry (L1 et al. 2006). For body CT, this software
estimates the patient center from the mean projec-
tion area data obtained from the entire lateral local-
izer radiograph. It recommends a correction factor
(in mm) for the patient table position which can
be used to adjust table height in order to achieve
appropriate patient centering. In addition, the tech-
nique also describes the surface and peripheral
doses that can be saved with appropriate centering
based on the recommended correction factor.

In summary, perhaps the quotation from Fried-
rich Von Schlegel, a German philosopher, at the
beginning of this chapter aptly emphasizes the
importance of recognizing the necessity of center-
ing the patients for CT scanning, in light of find-
ings that indicate increased surface and peripheral
doses to patients who are off-centered relative to the
gantry isocenter as well as increased image noise. In

future, automatic centering techniques may help the
technologists and/or radiologists to achieve precise
patient centering for CT scanning.
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9.1
Dose Optimization and Reduction in CT of
the Head (Brain)

9.1.1
Introduction

Since its introduction in the 1970s, CT has played an
increasingly important role in the imaging diagno-
sis of a variety of disorders. This is especially true
in the field of neuroradiology, where CT made direct
visualization of neurological anatomy possible for
the first time, thereby revolutionizing diagnostic
imaging.
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However, it is well known that the CT-induced
radiation dose is considered high compared with
other (X-ray based) imaging techniques. For a CT
examination of the same region, various authors
have reported different dose values. This difference
isdue to variationsin applied scan protocols, and the
different choice of units of measurements in which
they expressed the dose. This hindered comparison
between studies and makes the correlation of CT
with other radiological procedures difficult. In rou-
tine practice, about 30%-40% of all CT studies are
studies of the head or brain, with a mean effective
dose ranging from 1 mSv to 5 mSv (VAN UNNIK et
al. 1997).

Although magnetic resonance imaging (MRI)
was expected to reduce the overall frequency of CT
(especially in neuroimaging), this has not been the
case (REHANT and BERRY 2000). Indeed, the advent
of helical and multidetector helical CT (MDCT)
with rapid acquisitions times and new diagnostic
fields (e.g. CT angiography, perfusion CT) has led
to a further increase in CT examinations: over the
last 10 years CT has more than doubled its contribu-
tion and is now responsible for 47% of the collec-
tive dose from medical X-rays in the UK (HART and
WALL 2004). This evolution has spurred a growing
interest in CT dose optimization and reduction in
recent years.

MRI has superseded CT for examining the head,
neck and spine, many parts of the musculoskeletal
system and it offers an alternative to CT in the abdo-
men and pelvis. Nevertheless, the higher costand the
lesser availability of MRI remain a problem. There-
fore, CT remains the method of choice for evaluation
of post-traumatic injuries of the head, spine, thorax,
abdomen and pelvis, for detection and characteriza-
tion of parenchymal lung disease and for staging of
almost all solid malignancies, including lympho-
mas. In the evaluation of cerebrovascular pathol-
ogy, recent developments with diffusion and perfu-
sion techniques have given MRI a higher sensitivity
and specificity, although CT still plays a major role




136

T. Mulkens, R. Salgado, and P. Bellinck

in the evaluation of these disorders, due to its high
sensitivity in the detection of intracranial haemor-
rhage, faster image acquisition, wider availability,
lower cost, ease of use and fewer contraindications
(REHANI and BERRY 2000).

In CT, the effect of changing dose (e.g. by chang-
ing tube current or mAs settings) on image quality is
sometimes difficult to assess, as CT is a digital tech-
nique in which image acquisition and display are
not related, i.e. the “uncoupling effect”. Thus, unlike
conventional plain-film radiography, excessive expo-
sure will not result in overexposure of images and
degradation of image quality. As a result, significant
variations have been observed between individual
scanners in the typical patient doses for common CT
examinations (VAN UNNIK et al. 1997; CLARK et al.
2000). Multiple studies concentrating on dose reduc-
tion showed that low-dose CT is possible in high-con-
trast imaging, e.g. imaging of the lungs, without loss
of diagnostic information (ZWIREWICH et al. 1991).
It remains however unclear if dose reduction is also
possible in areas with low contrast differences, such
as the intracranial brain structures.

This is nevertheless an important issue, since
patients who are examined or treated for complex or
chronic brain disease (e.g. malformation, tumours,
trauma and cerebrovascular disease) often undergo
multiple CT studies over time. This also applies, for
instance, to children with hydrocephalus with mal-
functioning ventricular shunts. Although initial CT
studies are oriented towards identification of subtle
changes of intracranial structures, the main pur-
pose of those control studies is to identify compli-
cations and gross morphological changes. As this
often involves structures with high contrast or large
structures (e.g. follow-up of haemorrhage or ven-
tricular size), a reduction of “standard” scan param-
eters to lower dose settings seems possible in these
CT studies (COHNEN et al. 2000).

9.1.2
Typical Dose Values in Head CT

Two large-scale surveys regarding the use of brain
CT were undertaken in the late 1980s and early
1990s in the USA (McCROHAN et al. 1987; CONwWAY
et al. 1992). These involved more than 250 CT scan-
ners of different models. The average radiation dose
in a standard CT brain examination in adults was
hereby investigated at that time. Results showed
that for brain CT examinations, the tube voltage

(kV) was consistent at 120-140 kV for a given manu-
facturer and model. Slice thickness, slice spacing
(increment) and total scan length and therefore the
number of slices were also quite consistent and con-
stant. However, tube current (mAs) was one of the
most variable parameters between different CT sys-
tems and even for systems of the same manufacturer
and model. For most systems, the minimum and
maximum mAs values used for CT brain examina-
tions differed by a factor of 3-4. This resulted in a
dose variation of a factor of 2 or more for a typical
(“standard”) head examination for a given model of
CT scanner. In these earlier surveys, the multiple-
scan average dose (MSAD) was used as the dose
descriptor. For most of the systems, the MSAD at the
midpoint on the central axis of a standard dosim-
etry phantom varied between 22 and 68 mGy, but
doses as high as 140 mGy were noted. Furthermore,
the registered dose sometimes varied by a factor of
2 or more between identical CT units. The MSAD
can be compared with the later introduced and now
more commonly used CT dose index (CTDI), since
both are based on the integral of a single-section
dose profile, whereby CTDI may differ from MSAD
with a variation of 10% up to 25%, depending on
the used slice thickness and spacing. Both mea-
surement units give a simple estimate of the dose
delivered during the entire CT procedure to the
region of the central section (CoNway et al. 1992).
The authors of these two large surveys concluded
that these wide dose ranges indicated that dose has
the potential to be reduced by careful selection of
standard CT techniques.

Overall, variations in dose can result from differ-
ences in the user’s choice of technique (desired image
quality) or from actual differences in scanner perfor-
mances (caused by differences in collimation, filtra-
tion or scan geometry). “Users of CT systems should
be aware of radiation dose delivered with CT, dose
ranges associated with different systems and doses
delivered by their particular unit. This requires that
dose performances of CT systems should be assessed
by means of a protocol that allows comparison of data
collected for identical and/or different units. To use
CT appropriately, a facility should consider dose as
well as image quality in selecting optimal techniques
for typical modes of operation” (MCCROHAN et al.
1987; CONWAY et al. 1992).

In 1990, The International Commission on
Radiological Protection introduced the dosimetric
quantity “effective dose” that provides a direct rela-
tionship to the radiation hazard (ICRP 1991, report
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60). In the context of regulations and radioprotec-
tion, this quantity of effective dose is probably the
most relevant way in which to express and compare
“the dose given to a patient” from different imag-
ing procedures. It takes account of the distribu-
tion of dose amongst the radiosensitive organs in
the body by summing the individual organ doses,
having weighted each one according to the relative
sensitivity of the organ to radiation-induced somat-
ic or genetic effects. Effective dose is expressed in
a special SI unit, Sievert (Sv). The risk for a given
effective dose decreases with increasing patient age
at exposure, since somatic effects, being delayed for
many years or even decades after the exposure, will
have a reduced opportunity for expression after X-
ray exposure on the elderly. Furthermore, genetic
effects are of no consequence for patients beyond
their reproductive years (WALL and HART 1997).
Although the main scan parameters, tube current
time product (mAs) and tube voltage (kV), are rela-
tively high in CT studies of the head in comparison
with other CT studies, the effective dose associated
with head CT scans is considerably less than that of
abdominal or chest CT examinations (VAN UNNIK
et al. 1997). Like the initial US surveys, similar sur-
veys were done in the UK (SHRIMPTON et al. 1991),
which showed that minimum and maximum doses
for brain CT examinations could vary by a factor of
up to 11-fold. Inherent differences in scanner design
have been shown to contribute to this dose varia-
tion between models by up to a factor of 3 at most.
Hence, much of the wider variation observed was
caused by difference in local scanning technique
and parameters employed. They conducted a sur-
vey in which the CTDI was measured in scanners
of a large number of English hospitals and effec-
tive doses of various standard examinations were
calculated using organ-dose conversion factors. A
Dutch survey showed similar findings (VAN UNNIK
et al. 1997) and confirmed that the greatest single
variable that determines the patient dose is the way
the scan is performed. They found mean effective
doses in a CT brain examination ranging from 0.8
to 5 mSv, whereby the large dose distribution can be
explained in part by the fact that a repeat scan with
administration of iodine contrast doubles the dose.
Although the reason for administration of contrast
generally depends on the clinical situation, a large
variation was shown, whereby in some hospitals
nearly all patients were scanned without contrast
and in others nearly all patients were scanned with
contrast. Despite the clinical introduction of MRI

more than 10 years ago, this Dutch survey showed
that CT of the brain still represented about 35%-
40% of all CT examinations in 1997.

This is comparable with a local survey in our
department which showed in 1997 that 37% of all
CT examinations were cranial ones. Nevertheless,
the number cranial CT exams in our department is
declining, comprising 41% and 39% of all CT exami-
nations in 1991 and 1995, respectively. This further
lowered to 31% and 30% in 2002 and 2003, after
introduction of an MR unit. This declining trend
in the use of CT of the head (in favour of MRI) is
also reflected by the fact that in the first US survey
of 1987, more than 50% of all CT examinations were
brain CT‘s (McCrohan et al. 1987).

In 1998, the European Commission (EC) pro-
posed reference dose quantities or levels for CT (EC
WORKING DocuMENT, EUR 16262, 1998), based on
the weighted CT dose index (CTDI,, mGy) and dose
length product (DLP, mGy-cm). These EC dose refer-
ence levels (DRL) for CT represent the third quartile
values of mean CT dose recorded for an adequate
sample of patients and have proved to be useful as
reference dose levels in previous surveys. For CT of
the head, these reference values are 60 mGy for the
CTDI,, and 1050 mGy-cm for the DLP. This corre-
sponds to a “reference” effective dose for CT of the
head of 2.2 mSv (CLARK et al. 2000). The EC working
document gives data thatallow the values of DLP to be
converted into effective dose by using conversion fac-
tors for broad regions of the body. For cranial CT this
conversion value is 0.0021 mSv/(mGy - cm). These ref-
erence doses are, in effect, investigation levels related
to average practice, since they are derived from mean
doses and are not applicable to individual patients.
It is accepted that the use of these levels should not
interfere with good clinical practice, but that they
can be useful for comparing samples of patients from
different centres. The goal or rationale behind these
reference levels is the following: by setting the ref-
erence level on the third quartile values, the 25% of
hospitals or departments contributing to the highest
dose would review their procedures and reduce their
patient doses accordingly. This philosophy is now
accepted in Europe. A local survey in Northern Ire-
land showed that comparison of effective dose was
more useful than usage of the proposed EC reference
levels for routine CT examinations of the head, chest,
abdomen and pelvis. They concluded that revision of
the mAs values will produce a significant reduction
in patient dose, without compromising image quality
(CLARK et al. 2000).
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9.1.3
Modalities for Dose Reduction in Cranial CT

Scan parameters of “standard” examination pro-
tocols in cranial CT are usually implemented by
manufacturers, and are oriented toward attaining
the best image quality in order to meet the highest
diagnostic criteria. For decades, neuroradiologists
have welcomed the advances in depicting neuro-
anatomy by new imaging techniques and accepted
physics theories and vendor advice that high signal-
to-noise ratio concerns justify using recommended
CT dose rates (Fox 2004). Indeed, image conspicuity
for brain structures such as grey and white matter
is in the category of “low contrast”. Nevertheless,
many neuroradiologists do not pay attention to the
doses used in their own CT suites. Their technolo-
gists usually receive training from the CT vendors,
which do not like to demonstrate routine work at
minimal dose, because images with more noise show
a vendor’s product to be inferior (Fox 2004).

Only a few studies have focused on the possibility
of lowering the dose for CT of the head.

In a study (COHNEN et al. 2000) to assess image
quality changes on CT scans of the head using a for-
malin-fixed cadaver, the radiation dose was reduced
by lowering both tube current and kilovoltage, and
this on two different CT machines, both in conven-
tional sequential mode and (single-slice) helical
scanning mode. Five experienced readers indepen-
dently evaluated subjective image quality, whereby
no observable differences in image quality between
scans obtained with doses from 100% (“standard
mode”) to 60% of standard settings were noted.

“Standard mode” for sequential mode was 135 kV-
270 mAs and 130 kV-315 mAs for two different scan-
ners, and 120 kV-185 mAs and 130 kV-157 mAs for
helical scanning, with these two machines, respec-
tively. Image noise was substantially higher in the
cerebellar parenchyma (posterior fossa) than at the
centrum semiovale (supratentorial level), suggest-
ing the influence of petrous and facial bones. This
was more obvious on low-dose images. In this study
a linear inverse relation between image noise and
dose was found. There was only a general assessment
of subjective image quality of a cadaver head and no
correlation with a clinical situation. Scans produced
with a dose that was more than 50% reduced in com-
parison with “standard” settings were judged unin-
terpretable.

Inarecentstudy (MULLINS etal. 2004) of 20 elderly
(> 65 years) patients with a 4-MDCT helical CT exam
of the head for routine indications, with settings of
140 kV, 170 mAs, 1 s scan time and pitch factor of
0.75 (CTDI,, of 65 mGy), the scan was repeated for a
limited volume by covering four 5-mm-thick images
at 90 mAs (CTDI,, of 34 mGy, other scan parameters
identical) at four levels: posterior fossa, middle cra-
nial fossa, corona radiata and centrum semiovale,
with a dose reduction of 47% (Fig. 9.1). The conspi-
cuity between grey matter (GM) and white matter
(WM) was not significantly different between the
two dose groups. Main GM contrast-to-noise ratio
(CNR) was 22% higher in the 170-mAs group, which
was statistically significant, but all 90-mAs images
(although somewhat noisier) were considered to be
of acceptable diagnostic image quality and sufficient
resolution, as rated by three experienced neurora-

Fig.9.1a, b. CT images of a 43-year-old
woman with persistent headache for

3 weeks show normal brain struc-tures
at the level of the basal ganglia. Stan-
dard brain CT after intravenous iodium
contrast with a 6-MDCT at 130 kV,

280 mAs, 1 s rotation, CTDI=61.2 mGy,
comparable to the “EC reference level”
and standard dose level of the study

of MULLINS et al. (2004). Calculated
effective dose of the “standard” CT
exam is 2.13 mSv; DLP=820 mGy-cm.

a A 5mm axial image with “standard”
dose at 280 mAs and b an additional

5 mm axial image at low dose at

140 mAs: with 50% dose reduction the
image is somewhat noisier but there is
a clear delineation of the anatomical
structures
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diologists. They indicate that in a hospital with an
active neurological intensive care unit and a stroke
unit, it is not unusual for some critically ill patients
to receive multiple (sometimes daily) CT exams of
the head for a period of some days or even weeks.
The indications for these scans are frequently gross
imaging findings, but which may change and affect
management decisions: traumatic or non-traumatic
haemorrhage (Fig. 9.2), aneurysm rupture, stroke
and hydrocephalus (Fig. 9.3). For younger patients
(and children) the difference between scans with a
CTDI,, of 65 mGy and of 34 mGy seems significant,
especially when this is repeated several times in a
short period. Recommendation of a low-dose tech-
nique for initial workup seems inappropriate (at
present), since there is no scientific backup from

Fig. 9.2a, b. Control brain CT study
with 50% dose reduction (CTDI

of 30.6 mGy) in comparison with
“standard” settings by halving tube
current in a 69-year-old woman
with right-sided thalamus haem-
orrhage, 1 day after admission to
the intensive stoke unit because of
progressive somnolentia (same scan
protocol as in Fig. 9.1b). a Axial

5 mm images show clear visualiza-
tion of haemorrhage (asterisk) and
b the presence of an intraventricular
extension with small blood-liquor
levels (arrows) in both occipital
horns. Calculated effective dose

of low-dose CT exam is 1.12 mSv;
DLP =432 mGy-cm

Fig. 9.3a, b. Follow-up brain

CT study at low dose (CTDI of
30.6 mGy) in a 79-year-old woman
with (normal pressure) hydroceph-
alus. Low-dose axial CT images
are of sufficient quality to compare
the dilatation of both lateral ven-
tricles (a and b) with previous CT
studies. Calculated effective dose
of low-dose CT exam is 1.05 mSv;
DLP =405 mGy-cm

otherlow-dose studies showingits potential to detect
subtle pathology (e.g. lacunar infarctions) accu-
rately. However, objective measurements showed no
statistically significant difference in GM-WM con-
spicuity between standard and low-dose (about 50%
less) images, which is a far more subtle distinction
in terms of Hounsfield units than the conspicuity of
most lesions (MULLINS et al. 2004).

Another recent study (BRITTEN et al. 2004)
reached similar results: they added spatially corre-
lated statistical noise to standard CT images of the
head to simulate exposure reduction of up to 50% in
23 elderly patients (> 69 years). In this way, at 120 kV,
starting from an initial scan at 420 mAs, they simu-
lated images at 300, 260 and 210 mAs. They used the
presence of periventricular low-density lesions as an
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example of the effect of simulated dose reduction on
diagnostic accuracy, which was not lowered signifi-
cantly even with 210-mAs images (50% dose reduc-
tion), and used visualization of the internal capsule
as a measurement of image quality, which was obvi-
ously lowered with low-dose images.

A drawback of these two low-dose cranial CT stud-
ies is the small number of patients that were studied:
the question remains as to whether the same would
be achieved in the total population. A reduction of
sensitivity can be expected in the total population,
given the extremely low number of patients (n= 22
and 23) studied.

A third recent study (GUNDOGDU et al. 2005) ana-
lysed the effect of various tube current settings in an
attempt to optimize the image quality and dose for
adult cranial CT in 60 patients. They examined three
reference levels (posterior fossa, basal ganglia and
centrum semiovale) and evaluated subjective image
and noise quality scores and quantitative noise mea-
surements. At 50% decreased dose protocol, starting
from a CTDI of 58.2 mGy for the posterior fossa and
48 mGy supratentorially, there was no poor quality
score at any level; at nearly 60% decreased dose pro-
tocol, poor quality scores were much higher, espe-
cially in the posterior fossa.

The importance of these three recent studies
(BRITTEN etal.2004; MULLINS et al. 2004; GENDOGDU
et al. 2005) is that they indicate that it is clinically
feasible to lower the dose for “standard” cranial CT
examinations and that a dose reduction up to 50%
seems to give no significant image quality loss. Their
limitation is that they evaluated only morphologi-
cally normal anatomical brain areas and the question
remains as to how much the resolution of low-con-
trast lesions will be affected by low-dose protocols.

In CT of the brain, the lens of the eye is of particular
concern as cataract formation is a well-documented
result of radiation damage. The use of a different scan
plane (different beam angulation by gantry angula-
tion) to avoid the orbits has been shown to reduce
the eye lens dose by 87% (YEOMAN et al. 1992), with-
out affecting the severity of posterior fossa artefacts
(beam hardening by the petrous bones). An inter-
national questionnaire survey in this study in more
than 180 hospitals in the UK, USA, Australia and
Europe showed that only 32% of the hospitals rou-
tinely avoided the eye lens during cranial CT.

In 2001, BRENNER et al. reported an estimated
lifetime cancer mortality risk of 0.18% for paediatric
abdominal CT and 0.07% for paediatrichead CT, both
of which were approximately 10 times higher than

the same risks for adults. These results are debatable
(they are estimations) and the authors stressed that
these numbers still represent only a small increase
in cancer mortality over the natural cancer back-
ground rate; nevertheless, their study indicates the
importance of adapting radiation exposure in CT to
a substantially lower level for children and not just
applying adult scan parameters to the paediatric
population, a method that was common practice
until that period (ROoGERs 2001). Image quality in CT
(e.g. CNR) depends primarily on the detected X-ray
fluency; consequently, the technique factors used in
paediatric CT can and should be reduced in compar-
ison with adult technique factors, because smaller
patients attenuate fewer X-rays. Thus, equivalent
image quality can (and must) be produced at lower
dose levels. Moreover, the values for energy impart-
ed at CT in paediatric patients are generally lower
than in adults, but the smaller mass of children (and
the longer expected lifetime) causes the correspond-
ing effective dose to be higher in children than in
adults undergoing similar CT examinations (Huba
et al. 1997).

Like in adults, cranial CT is the most common
CT examination in children. In neonates and young
children, about 25%-30% of the active bone mar-
row is present in the skull, whereby in adults this
is only 5%-10%. The marrow-absorbed dose in a
6-year-old phantom for a paediatric cranial CT is
reportedly higher than that for chest or abdominal
CT (FearoN and VucicH 1987). In 1999, a paediat-
ric brain CT study showed that a lower tube current
can be used for children with no difference in image
quality (CHAN et al. 1999). They compared cranial
CT at 120 kV with 250 or 200 mAs (age above or
under 5 years; n=>53) with that at 150 or 125 mAs
(according to age; n=47) and found no difference in
image quality scores at seven different anatomical
areas, whereby a dose reduction of 37.5% and 40%
was reached (Fig. 9.4). Similar results were shown
by comparing paediatric cranial CT at 140 kV and
180-240 mA (according to age) with a lower dose at
90-130 mA (SHAH et al. 2005): a 45%-50% tube cur-
rent reduction was possible without any significant
effect on image quality and reader confidence in the
level of detail available to reach a diagnosis.

WOoNG etal. proposed using the maximum antero-
posterior diameter (MAPD) of the child’s head, mea-
sured on a lateral scout view at the start of the exam-
ination, as a good criterion for tube current selection
(Wone et al. 2001). Another practical proposition is
the use of CT technique charts (BooNE et al. 2003)
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Fig. 9.4a-f. Male newborn with gradual soft-tissue swelling on the right side of the head after difficult delivery assisted with
vacuum extractor. Standard skull X-ray showed linear parietal fracture. A 6-MDCT helical brain exam was performed with
adapted paediatric protocol: 110 kV, 125 mAs, 1 s rotation, CTDI vol of 23.75 mGy;, pitch factor of 1. Calculated effective dose was
5.9 mSv. a, b Axial 5 mm images showing bilateral epidural haematomas (arrows), skull fracture (open arrow) and large (right)
and small (left) cephalhaematomas (asterisks). ¢, d A 5 mm coronal MPR image and 5 mm axial image showing communication
of the right epidural haematoma with right cephalhaematoma trough skull fracture (open arrow); there is no brain oedema
or important mass effect of the hematomas. e, f Volume rendering images with bone setting (e) show the extent of the linear,
angle-shaped right parietal bone fracture and with soft-tissue settings (f) show nicely the extent of the cephalhaematomas
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where, depending on the child’s (head or trunk)
diameter or circumference, a tube current reduction
factor is given, starting from the tube current used
in adults, reducing the radiation dose and preserv-
ing the contrast-to-noise ratio. These factors were
calculated based on physically measured data in
phantom cylinders of different diameter. Because of
the exponential relationship between patient thick-
ness and X-ray attenuation, very large dose reduc-
tions are proposed in the smallest children (BOONE
et al. 2003).

Since children have less thick and less dense (less
calcified) bones, it seems logical to use a lower tube
voltage to lower the dose; for example, lowering the
tube voltage from 120 to 80 kV gives a dose reduction
of 75%. Especially for young children and infants
the use of 100 kV as the tube voltage in cranial CT
seems sufficient (CHAN et al. 1999).

92.1.4
Conclusion

The goal of radiology is accurate, timely and clini-
cally relevant diagnosis. Reducing patient dose by
limiting X-ray exposure has the inevitable conse-
quence of increasing noise in CT images. The key
question is to identify the minimum X-ray expo-
sure, i.e. the “poorest” image quality, required for
a given examination and pathology (BRITTEN et al.
2004). Recent studies have shown the possibility of
reducing the radiation in adult cranial CT up to
50%, without significant loss of image quality, but
they mostly studied only normal anatomical brain
images. The question remains as to whether this
low-dose technique still holds for specific brain
pathologies, which frequently give a “low contrast”
difference in comparison with normal brain tissue.
The ability to add noise by computer simulation to
real CT studies offers the prospect of being able to
perform large-scale studies to evaluate diagnostic
accuracy as a function of reducing the dose: in this
time of picture archiving and communication sys-
tems (PACS), every radiological site has access to a
substantial archive of clinical pathological cases in
order to study the potential of reaching an objec-
tively judged minimum dose level.

In certain clinical circumstances and patient
populations, a trade-off between reduced radiation
dose and image quality may already be acceptable,
without sacrificing diagnostic accuracy. Low-dose
brain CT may be appropriate when routine follow-

up of initial high contrast findings is required (e.g.
hydrocephalus or haemorrhage). Also, hospitalized
patients who require frequent serial CT scans for
neurological or neurosurgical care may also benefit
from this low-dose scanning. Finally, it is important
to lower the dose parameters for paediatric head
CT, since children are more sensitive to radiation-
induced damage. Nowadays, all CT vendors offer
specific paediatric scan protocols with adapted low-
er dose settings.

9.2
Dose Optimization and Reduction in CT of
Head and Neck Region

9.2.1
Dose Optimization and Reduction in Sinus CT

9.2.1.1
Introduction

Sinusitis is a frequent disorder. The underlying
cause can be viral, bacterial, allergic, vasomotor
or reactive. It can occur as a complication of den-
tal infection or tooth extraction. In acute sinusitis
there is generally no need for imaging, except when
there is suspicion of complication with intra-orbital
or intracranial extension. About one-third of the
patients develop a chronic sinusitis. Chronic sinus-
itis is defined as persistent (acute) inflammation or
frequently recurrent episodes of (sub) acute sinus-
itis. In these patients imaging is indicated as follows:
to visualize the grade and extent of the inflamma-
tory sinus pathology, to identify an eventual under-
lying cause, to describe the site of pathology in the
complex anatomy of the maxillofacial region and
to guide endoscopic surgery. Better understanding
of the physiopathology of sinusitis and the develop-
ment of functional endoscopic sinus surgery (FESS)
have changed the role of imaging: CT has become
the “gold standard” in the evaluation of (chronic)
sinusitis, and has largely replaced conventional
radiography, as CT is excellent for studying key
regions of interest, such as the osteomeatal complex
and anterior ethmoid region (ZINREICH et al. 1996;
EGGESBO 2006).

Before the advent of helical CT, direct coronal CT
was the method of choice for visualizing sinuso-nasal
anatomy. Since the introduction of helical and multi-
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detector CT, axial imaging with fine (sub)millimetre
collimation and reformations in the axial, coronal
and sagittal plane with thin slices has become the
method of choice, due to the possibility of getting
an (nearly) isotropic volume data set. Coronal refor-
mations give equal or even better image quality, due
to the absence of dental filling artefacts, which were
frequently present in earlier direct coronal scanning
(EGGESBO 2006).

While CT is superior at demonstrating fine bony
anatomy, the extent and anatomic localization of
inflammatory lesions and complications such as
sclerotic bone thickening and bone destruction, it
has limitations in the differentiation of soft tissue
masses, such as distinguishing mucosal thicken-
ing from pus-filled areas and inflammatory lesions
(such as retention cysts, polyps and mucocoeles)
from neoplastic processes. MR is superior at soft tis-
sue characterization and has the advantage of using
no radiation: MR is useful when in advanced opaci-
fication of the sinuso-nasal cavities a distinction has
to be made between “simple” sinusitis, pyocele, fun-
gal sinusitis and neoplastic disease. It is also excel-
lent for visualizing invasion of the orbit or intracra-
nial compartments. If neoplasm or complications of
inflammatory processes are to be ruled out, addi-
tional imaging with intravenous administered gad-
olinium is mandatory (Rao and EL-NouEaM 1998).

9.2.1.2
Low-Dose CT of the Sinuses

Low-dose CT for sinuso-nasal imaging has been
available for a long time and together with low-dose
CT of the lung, introduced the application of low-
dose CT to radiology. In 1991, before the introduc-
tion of helical CT, two studies had already stressed
the ability to image the sinuses at a much lower
dose than was commonly used in clinical prac-
tice at that time. Scanning a head phantom with a
constant tube voltage at 120 kV, six successive sets
of axial and coronal examinations were obtained,
whereby the mAs setting was consistently reduced
by approximately 50% every time (MARMOLYA et
al. 1991): from 451 mAs to 16 mAs in the axial plane
and from 503 mAs to 23 mAs in the coronal plane
(dose reduction by a factor of 28). The same sys-
tematic dose reduction was used in a subsequent
prospective study of 60 patients in the same way:
divided into six groups of ten patients, each group
underwent scanning with one of the six combina-
tions of axial and coronal scanning as in the head

phantom study. Additionally, 30 patients received
the lowest mAs settings. In both the phantom and
the patient study the amount of visually perceived
noise increased, somewhat more in the axial than in
the coronal plane, but all images were considered as
of diagnostic image quality: “On the coronal imag-
es of the lowest setting of 23 mAs, the osteomeatal
complex was clearly identifiable and presence of air
versus soft tissue or fluid could be confidentially
diagnosed” (Fig.9.5). Another study of the same

Fig.9.5a, b. A 24-year-old woman with suspicion of chronic
sinusitis. Low-dose 16-MDCT at 120 kV and 25 mAs (CTDI,;
of 5.2 mGy) with 2 mm coronal (a) and axial (b) images show
clearly the normal anatomy of the osteomeatal units and
infundibulum with clear aeration of both maxillary, eth-
moidal and sphenoidal sinuses. Calculated effective dose of
CT exam is 0.10 mSv




144

T. Mulkens, R. Salgado, and P. Bellinck

year recommended a comparable dose reduction:
in 44 patients with inflammatory sinus disease, the
dose was reduced by lowering the tube current from
390 mAs to 180 mAs, and further to 90 mAs and
finally to 60 mAs (DuvoisiN et al. 1991). In all cases
the exact extent of the disease was correctly assessed
on each of the low dose settings, with no false nega-
tives: “although the less pleasant appearance to the
eyes, the increased noise in the low dose images
seemed not to induce errors of interpretation”. They
reported that in cases of extensive sinus disease the
thickness and integrity of the fine bony (ethmoid)
septa are sometimes difficult to evaluate on low-
dose CT images (Fig. 9.6).

Several more recent studies confirmed these
initial observations of the early 1990s: both with
conventional incremental CT (CzecHOwSKI et al.
2001) and single-detector helical CT (SUOJANEN
and REGAN 1995; KEARNY et al. 1997; SOHAIB et
al. 2001; HEIN et al. 2002). They all proposed scan
protocols with lower tube current settings of 40 or
50 mAs at 120 kV tube voltage as an alternative to
many existing protocols which employed high mAs
(up to 200 mAs - in the belief that this necessarily
improves scan image quality). However, modern CT
scanners are able to deliver excellent image quality
at much lower dose levels (KEARNY et al. 1997). Also
the natural high contrast between the structures of

interest (bone, air and soft tissue) in sinus CT enables
using lower mAs settings and gives a correspond-
ingly lower dose (SoHAIB et al. 2001). The problem
with these low-dose sinus CT studies is that they
did not deliver additional dose descriptors, such as
CTDI or effective dose, so that comparisons between
different scanners is difficult: mAs values can vary
by a factor of 2-3 for the same dose with different
scanners. Therefore, directly comparing mAs values
alone, across studies with different scanners, has
limitations (SHRIMPTON et al. 1991).

Tack et al. (2003) calculated the effective dose
of these previously reported low-dose CT studies of
the sinuses (both incremental and single-detector
helical CT studies), by using a commercially avail-
able software program on a PC (CT Expo, Hanover,
Germany). For a mean scanned region of 12 cm
length in their study they calculated a range of 0.11-
0.24 mSv (mean: 0.17 mSv) for men and a range of
0.12-0.26 mSv (mean: 0.18 mSv) for women. In their
own multidetector CT study, low-dose CT was com-
pared with standard-dose CT on a4-MDCT machine
in the same 50 patients, who underwent both pro-
tocols. For standard-dose CT the scan protocol was
120 kV, 150 mAs, 4 x 1 mm collimation, pitch factor
of 0.75, which gave a mean effective dose of 0.70 mSv
for men and 0.76 mSv for women. For low-dose CT,
120kV, 10 mAs, 4 x 1 mm collimation and a pitch

Fig. 9.6a, b. In cases of extensive sinus disease it is difficult to evaluate the integrity of the fine bony (ethmoid) septa (arrows),
especially at low-dose CT. This can be due to bony erosion, partial volume effect or lack of contrast at low dose. a Coronal
2 mm image of a low-dose 16-MDCT (same scan protocol as in Fig. 9.5) with effective dose of 0.12 mSv in a 56-year-old man;
b comparable extensive sinus pathology in a 36-year old man at standard-dose 16-MDCT with 120 kV, 100 mAs, (CTDIL,; of
21.4 mGy) and effective dose of 0.55 mSv, with bony erosion of the ethmoid septa (arrows)
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factor of 2 were used, which gave a mean effective
dose of 0.047 mSv in men and 0.051 mSv in women,
which is comparable with the radiation dose used
in a four-view standard radiographic examination
(Tack et al. 2003). They analysed mucosal abnor-
malities at eight different sinuso-nasal anatomic
landmarks and two bony abnormalities and found
greater variation in analysing cases of significant
discrepancies in observations between three review-
ers than between findings obtained at different dose
levels: “in other words, observational variations
associated with the decrease in radiation dose (by
use of the low dose protocol) were fewer than those
variations than can contributed to the reviewers
themselves”. They concluded that low-dose MDCT
should be considered the imaging method of choice
in the evaluation of chronic sinusitis.

A local DRL study in our department of low-
dose CT of the sinuses in 100 adult patients in 2005
gave a mean effective dose of 0.13 mSv and 0.15 mSv
on two different MDCT machines, a 6-MDCT and
16-MDCT, respectively (unpublished data). For 6-
MDCT (n=50), we used 80 kV, 60 mAs, 6 x 0.5 mm
collimation, pitch factor of 1, which gives a CTDI,,
of 5.04 mGy, and got a mean DLP of 54.8 mGy-cm.
For the 16-MDCT (n=50), we used 120 kV, 25 mAs,
16 x 0.75 mm collimation, which gives a CTDI,; of
5.22 mGy, and got a mean DLP of 60.2 mGy-cm. In
comparison with the scan protocols proposed by
the manufacturer for scanning of the sinuses, this
gives a dose reduction with a factor of 4: for the 6-
MDCT they recommend the use of 130 kV, 70 mAs,
6 x 1 mm collimation with a pitch of 0.83, which
gives a CTDI,; of 19.4 mGy; for the 16-MDCT they
propose 120 kV, 100 mAs, 16 x 0.75 mm collimation,
pitch of 0.55, which gives a CTDI,; of 21.3 mGy.

Arecent study with alimited scan protocol of a non-
contiguous incremental CT examination of the sinuses
with ten 1I-mm-thick coronal slices (interslice gap var-
ied from 5 to 15 mm) at 120 kV and 40 mAs reached a
very low mean effective dose of only 0.02 mSv, which is
lower than the effective dose of standard radiography
(HAGTVEDT et al. 2003). Since this is only a limited
exam in the coronal plane, small key anatomic land-
marks with clinical importance might not have been
able to be identified (TAcK et al. 2003). Multidetector
CT has the advantage of three-dimensional imaging,
whereby all structures are better visualized in one of
the three different anatomic planes: e.g. the spheno-
ethmoidal recess is better visualized in the axial plane
and the nasofrontal duct and periodontal spaces are
better visualized in the sagittal plane.

Infections of the upper respiratory system are by
far the most common cause of illness in infancy and
childhood, accounting for approximately 50 percent
of all illness in children younger than 5 years of age,
and 30 percent in children between the ages of 6 and
12 years: the large majority of these upper respiratory
infections are viral rhinitis or pharyngitis and are
self-limiting diseases, also known as ‘common cold’.
About 10% of these upper respiratory infections are
complicated by sinusitis, which a common problem
in the paediatric population (GEORGE and HUGEs
1990). According to the American College of Radiol-
ogy, acute sinusitis is a clinical diagnosis that may not
need imaging (MCALISTER et al. 2000). Although the
use of radiography is not indicated in these patients
and should be discouraged, it is still frequently used
for diagnosis: the physical examination alone can
give difficulties in the diagnosis of acute bacterial
sinusitis, because of the similarity of physical find-
ings in the patient with uncomplicated viral rhino-
sinusitis. Also the clinical findings of recurrent or
chronic sinusitis are often not specific, especially in
younger children (KRONEMER and MCALISTER 1997;
MCALISTER et al. 2000). Plain radiography of the
sinuses in children is technically demanding and dif-
ficult to perform, particularly in very young children,
since correct positioning may be difficult to achieve.
Therefore, the radiographic images may over- or
underestimate the presence of abnormalities within
the sinuses. Furthermore, the interpretation of sinus
radiographs in children is difficult: there is a lack
of accuracy (low specificity and sensitivity), largely
related to the small size of the sinuses, the angulation
of the X-ray beam and nasal secretions (KRONEMER
and MCALISTER 1997; MCALISTER et al. 2000).

The AMERICAN ACADEMY OF PEDIATRICS (2001)
therefore advises to reserve the use of imaging of
sinusitis for situations in which the patient does not
recover or worsens during the course of appropri-
ate antimicrobial therapy or in cases of recurrent
disease. The use of CT is restricted to children who
have very persistent or recurrent sinus infections,
who are not responsive to medical management
and whereby surgery is considered an option as a
management strategy and to those who present with
complications of acute sinusitis. CT scan images give
a much better detailed image of the sinus anatomy,
and, when taken in conjunction with the clinical
findings, remain a useful adjunct to guide (surgical)
treatment.

Previous studies have already shown the lack of
accuracy of sinus radiographs for the diagnosis of
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sinusitis in children in comparison with CT. In up to
75% of the patients the findings of theradiographsdid
not correlate with those on CT scans: in about 40%
of the patients with normal radiographs, there were
signs of pathology on CT scans and, vice versa, when
there was an abnormality suspected on radiographs
in 35% of the patients the CT scan showed normal
findings (MCALISTER 1989). Another disadvantage
of sinus radiographs is the great variability in their
interpretation between radiologists: there is a low
inter-observer agreement in the evaluation of these
radiographs. Thisinter-observer agreementbetween
radiologists is much better with CT (KRONEMER and
MCALISTER 1997; MCALISTER et al. 2000). However,
there used to be an important threshold for use of
CT in children for sinus evaluation: first of all, the
radiation dose of CT is much higher than that of
radiographs and, secondly, the use of sedation was
frequently necessary (in young children) to perform
a good CT exam. With the advent of spiral CT and
MDCT, CT became the imaging modality of choice
for the diagnosis of sinus disease in adults, whereby
it is possible not only to lower the radiation dose,
but also to shorten the examination time substan-
tially. A recent study in 125 children showed that
the effective dose of low-dose sinus MDCT can be
lowered to alevel of 0.05 mSv, which was comparable
with the level of effective dose measured from stan-
dard radiographs in 69 other children (MULKENS et
al. 2005a). In a scan protocol with 80 kV and with
a mAs range of 15-25 mAs (according to age) on a
6- and 16-MDCT, a CTDI,; of 1.28 to 2.1 mGy was
reached with preservation of diagnostic image qual-
ity (Fig. 9.7). Scan time was very short with a mean
of 2.1s and 9s (16-and 6-MDCT, respectively),
whereby there was no need for sedation for any CT
exam. Compared to the “default” examination pro-
tocols for sinus CT in children as proposed by the
manufacturer, the radiation using low-dose proto-
cols, expressed in CTDI,, was 5-7 times lower. The
large majority of the children (85%) were referred
for CT for evaluation of chronic or recurrent sinus
complaints (Fig. 9.8); only about 15% of the children
were referred to CT for evaluation of an acute his-
tory with fever, sinus discomfort or headache or for
evaluation of fever of unknown origin. This study
shows another advantage of the use of low-dose
CT in these children: CT permits the simultaneous
visualization of the pharyngeal tonsils (adenoids),
middle ear and mastoids, which are displayed in
the same scan volume as the sinuses. In this way,
CT displays the whole ear, nose and throat region in

Fig.9.7a, b. Normal findings in low-dose CT exam of the
sinuses in a 6-year-old girl (6-MDCT, CTDI,; of 1.68 mGy,
effective dose of 0.035 mSv). a Coronal 2 mm image shows
normal maxillary and ethmoidal sinuses with clear depiction
of infundibulum, medially bordered by the uncinate process
(arrows). b Sagittal 2 mm image shows normal frontal sinus
(open arrow), ethmoidal cells (small arrows), sphenoid sinus
(asterisk) and adenoids (double asterisks)

one examination, which is not possible with radio-
graphs. The presence of adenoid hypertrophy and
fluid in the middle ears (“glue ear”) and mastoids
(Fig. 9.8) is frequently seen in these children with
recurrent upper respiratory infections and this can
be accurately diagnosed at the same time with the
same low dose (MULKENS et al 2005a).

A disadvantage in imaging of sinusitis (both of
adults and children) is the high incidence of soft
tissue changes found in the sinus cavities in radio-
graphic, CT and MRI exams in patients who under-
go medical imaging for other reasons and who have
no clinical evidence of sinus disease. This incidence
is reported to be 33%-45% (GLASIER et al. 1989;
GORDTS et al. 1997). A common cold or other upper
airway infection acutely produces mucosal abnor-
malities in the sinuses in the majority of adults and
children, and this is reflected in imaging, especially
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in patients who had a “cold” in the 2 weeks preced-
ing imaging. Therefore, the diagnosis of acute and
chronic or recurrent sinusitis should not be made on
the imaging findings alone: the diagnosis of acute
or chronic sinusitis should be made clinically, with
confirmation with laboratory and imaging findings
(GorpTs et al. 1997; MCALISTER et al. 2000).

9.2.1.3
Conclusion

With modern multidetector CT, low-dose CT has
become the method of choice to evaluate inflamma-
tory pathology of the sinuses, especially in patients
with chronic or recurrent sinusitis complaints. In
patients with acute sinusitis, there is generally no
need for imaging. Both in adults and children low-
dose CT can be done with a mean effective dose that
approaches or is comparable with the range of effec-
tive doses of standard radiography: 0.05-0.15 mSv.
One has to keep in mind that with every imaging
technique mucosal abnormalities in the sinus cavi-
ties are frequently found in patients referred for oth-
er reasons and who do not have clinical signs of sinus

pathology. This lack of specificity, together with the
lack of soft-tissue contrast, of low-dose CT is a dis-
advantage: when there is suspicion of complications
of sinus disease with intra-orbital or intracranial
extension (Fig. 9.9) or of underlying tumour pathol-
ogy, the use of standard-dose CT with intravenous
iodine contrast with additional soft window settings
or MRI should be considered first.

9.2.2
Other Options for CT Dose Optimization in the
Head and Neck Region

Since almost all other anatomical structures of
interest in the head and neck region are soft tissues
(pharynx and larynx, tongue and salivary glands,
thyroid and parathyroid glands, muscles), the use of
low-dose CT for imaging is not possible, since suffi-
cient contrast (and dose) is necessary to distinguish
between sometimes low-contrast lesions and normal
soft tissue. Nevertheless, there are some options for
optimizing the patient’s dose and some specific indi-
cations whereby low-dose CT can be used.

Fig. 9.8a-c. A 3-year-old girl with persistent upper airway
infections, fever, cough and purulent nasal discharge. Low-
dose 16-MDCT with CTDI,; of 1.43 mGy and effective dose
of 0.036 mSv. a A 2 mm coronal image shows right maxil-
lary (arrow) and bilateral ethmoidal sinusitis (asterisks).
b Axial 2 mm image shows bilateral fluid (arrows) in the
middle ear cavities, additionally. ¢ Sagittal 2 mm image
shows additionally adenoid hypertrophy (double asterisks)
with narrowing of the nasal airway (arrowheads)
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The use of tube current modulation systems
in modern multidetector CT have been shown to
optimize and reduce a patient’s dose with different
ranges, depending on the body region examined
(McCoLLoUGH et al. 2006). Automatic tube cur-
rent modulation in CT is analogous to the automat-
ic exposure control or photo timing technique for
automatically terminating radiographic exposure in
conventional radiography, once the predetermined
radiographic density has been obtained. Automatic
tube current modulation in CT is based on the prin-
ciple that X-ray attenuation and quantum image
noise are determined by the size of the object and
its tissue density. The tube current can thereby be
adjusted (and reduced) with the changing regional
attenuation during the continuous scanning process
of helical CT, while maintaining image quality and

Fig.9.9a-c. A 10-year old boy with acute sinusitis develops
peri-orbital swelling (cellulitis) and epilepsy. a Axial 5 mm
image of standard-dose CT with intravenous iodine contrast
with 120 kV and 125 mAs (CTDI,; of 24 mGy) shows right-
sided frontal sinusitis (black arrow) and orbital cellulitis
(asterisk). b There is intracranial extension with epidural
(open black arrow) and subdural empyema collections (white
arrows), which is confirmed on a 5 mm sagittal MPR image
(c). Calculated effective dose of the CT exam was 1.4 mSv

increasing dose efficiency (KALRA et al. 2004). Mod-
ern modulation systems adjust tube current along
the three different scan planes (angularly around
the patient and along the long axis of the patient)
constantly during the time of the scan process, and
reach a substantial dose reduction with a range of
20% to more than 60%, depending on the anatomi-
calregion (KALRA et al. 2004; MULKENS et al. 2005b;
McCoLLouGH et al. 2006). In the head and neck
region, the use of tube current modulation has been
shown to reduce the dose with a mean of 20%, both
in adults (McCoLLOUGH et al. 2006) and in children
(GREESS et al. 2004).

In dental radiology, CT is used in the preopera-
tive planning of dental implant surgery, evaluating
the bony anatomy of the mandibular and/or max-
illa, measuring bone thickness and evaluating its
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integrity. Dedicated dental CT software packages
are available to visualize the bone in parasagittal
and “panoramic” reconstructions. Several studies
have reported the possibility of reducing the dose for
dental CT imaging, by reducing the tube current and
increasing the pitch, both on single detector helical
CT (RUSTEMEYER et al. 2004) and multidetector heli-
cal CT (LouBELE et al. 2005). The dose can thereby be
reduced by a factor of 8-9, with an effective dose in
the range of 0.10-0.20 mSv, without sacrificing diag-

Fig. 9.10a, b. Low-dose dental CT exam
for planning of dental implant surgery
ina38-year-old woman: 16-MDCT with
120 kV, 40 mAs and CTDI of 8.5 mGy. a
Parasagittal 1.5-mm-thick reconstruc-
tion images and b “panoramic” 2-mm-
thick reconstruction. Calculated effec-
tive dose of the CT exam was 0.11 mSv

Fig.9.11a, b. A 53-year-old
man with pain and swell-
ing of the right submandib-
ular region during eating.
Low-dose 6-MDCT with
110 kV, 50 mAs and CTDI,;
of 4 mGy. a The 4 mm thick
axial and b coronal images
show large lithiasis (open
arrowhead) at the junc-
tion of the gland with the
ductus of Wharton. Calcu-
lated effective dose of the
CT exam was 0.34 mSv

nostic image quality (Fig. 9.10): “the dose reduction
with acceptable image quality was possible because
only the bony anatomy is of interest for indications of
maxillofacial surgery and dental implant planning,
and not the contrast of the different soft tissues”
(LOUBELE et al. 2005).

In analogy with low-dose CT of the abdomen for
detection of urinarylithiasis,low-dose CT of thehead
and neck region can be used for detection of sialoli-
thiasis, i.e. lithiasis of the salivary glands (Fig. 9.11).
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In this way the effective dose range waslowered from
1.5-2 mSvin our “standard” head and neck protocol
to a range of 0.3-0.5 mSv by using both a lower kV
(100 or 110 kV) and lower mAs (50 mAs) on both our
6- and 16-MDCT machines (unpublished data). We
use the same low-dose MDCT protocol for preop-
erative planning of patients with thyroid surgery:
to evaluate the size of the thyroid goitre, its contour
and its relationship with the trachea, the great ves-
sels and its extension in the upper mediastinum.
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10.1
Introduction

Since the late 1980s, helical computed tomography
(CT) has revolutionized diagnostic imaging of the
chest. Single-detector CT scanners (SDCT) and,
more recently, multi-detector CT scanners (MDCT)
have markedly increased the number of indications
of CT. As a result, the number of CT examinations
performed has increased dramatically, as have the
average scanned volume per patient and the num-
ber of acquisitions per examination. The subse-
quent increase in collective radiation dose has been
of concern to radiologists, medical physicists and

P. A. GEVENoI1s, MD, PhD

Professor of Radiology, Clinic of Chest Imaging, Department
of Radiology, Hopital Erasme, Université libre de Bruxelles,
Route de Lennik 808, 1070 Brussels, Belgium

D. Tack, MD, PhD

Clinic of Cardiac Imaging, Department of Radiology, Hopital
Erasme, Université libre de Bruxelles, Route de Lennik 808,
1070 Brussels, Belgium

governmental regulatory authorities and it has been
suggested that the radiation dose used for CT was
excessive (ROGERS 2001a, b).

The radiation dose received by patients undergo-
ing diagnostic radiological examinations by CT is
generally in the order of 1-24 mSv per examination
for adults (UNSCEAR 2000) and 2-6.5 mSv for chil-
dren (SHRIMPTON et al. 2003). These effective doses
can be classified as low even though they are invari-
ably greater than those from conventional radiog-
raphy. Typically, a chest radiographic examination
with two views delivers a dose ranging from 0.08 to
0.30 mSv. In contrast, a standard-dose MDCT deliv-
ers 8 mSv, i.e. a 100-fold risk of death by cancer. In
other words, one death by cancer is expected every
250,000 chest X-rays and every 2,500 MDCT exami-
nations. Most importantly, more than one-half of
the collective radiation dose delivered for diagnos-
tic imaging procedures is due to CT examinations
(GoLpING and SHRIMPTON 2002). Consequently,
particular attention has to be paid to dose optimiza-
tion and dose reduction, and radiologists and medi-
cal physicists should be aware of their responsibility
in achieving the appropriate balance between the
image quality necessary for diagnostic purposes and
the amount of radiation dose delivered to patients
(GoLpING and SHRIMPTON 2002). In the rapidly
evolving field of MDCT, the quest for the highest
image quality supposed to lead to the greatest diag-
nostic efficacy has obscured possible issues regard-
ing the radiation dose. In this chapter we review the
interactions between image quality, diagnostic per-
formances and radiation dose. We specifically focus
on clinical advances in dose reduction in chest CT.

Although CT is an imaging technique that uses
relatively high radiation doses, it should be noted
that it has replaced other techniques - such as pul-
monary angiography and bronchography - that
delivered even higher doses. Nevertheless, a further
step in reducing the radiation dose is needed as CT
has become the main source of the radiation deliv-
ered by medical procedures.
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10.2
Routine Chest CT

The concept of reducing the radiation dose in chest
CT was first introduced by NaipicH et al. (1990),
who reduced the tube current on incremental
10-mm-collimation CT, and demonstrated that with
low tube current settings (i.e. 20 mAs), the image
quality is sufficient for assessing the lung paren-
chyma. While these images are sufficient for assess-
ing lung parenchyma, the increased noise results in
marked degradation of the quality of images photo-
graphed with mediastinal window settings. Because
of this, these authors recommended that such low-
dose techniques should be most suitable for children
and for screening. As such, these recommendations
have been implemented and further studied in lung
cancer screening programs (HENSCHKE et al. 1999;
IToH et al. 2000; SWENSEN et al. 2002).

Similar dose reduction strategies have been
applied to thin-section CT, in which no signifi-
cant difference in lung parenchyma structures was
detectable between low doses (i.e. 40 mAs) and high
doses (i.e. 400 mAs) (LEE et al. 1994; ZWIREWICH
et al. 1991). Although observed differences were
not statistically significant, changes in ground-
glass opacity were difficult to assess at low-dose CT
because of the increased noise. Therefore, it was rec-

ommended that 200 mAs should be used for initial
thin-section CT and lower doses (i.e. 40-100 mAs)
for follow-up examinations. An example of a tree-
in-bud patter demonstrated at 10 mGy (CTDI,;) and
1 mGy is shown in Figure 10.1.

The relationship between radiation exposure and
image quality at mediastinal and pulmonary window
settings has been evaluated on conventional 10-mm-
collimation CT images on a single model of CT scan-
ner with mAs settings ranging from 20 to 400 mAs
(Mayo etal. 1987). Although this study showed a con-
sistent increase in image quality with radiation dose,
no difference in detection of mediastinal and lung
abnormalities could be detected. These findings were
confirmed on MDCT by DINKEL et al. (2003), who
showed that a 90% reduction in dose compared with
standard-dose techniques was not associated with
impaired detection of suspicious lesions of malignant
lymphoma and extrapulmonary tumours.

In order to investigate the effect of dose reduc-
tion without scanning patients several times at sev-
eral dose levels, it is now possible to use computed
simulation of dose reduction by adding random
noise to the image obtained at standard dose. In a
validation trial, it has been shown that experienced
chest radiologists were unable to distinguish CT
images obtained with simulated reduced doses from
those obtained with really reduced doses (MaYo et
al. 1997). This technique of simulated reduced doses

Fig. 10.1a,b. High-resolution MDCT performed with a CTDI, at a 10 mGy and b at 1 mGy in a patient with a tuberculous
bronchiolitis. A tree-in-bud pattern (arrow) is identified in the right lower lobe at both radiation doses
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allows investigators to determine the impact of dose
reduction on the diagnostic performances without
exposing patients to additional radiations and/or
several injections of iodinated contrast material.

10.3
CT Pulmonary Angiography

The simulated low-dose technique has been used to
evaluate the effect of dose reduction on CT pulmo-
nary angiography. A group of 21 individuals that
showed atleast one filling defect within a pulmonary
artery were used to simulate CT pulmonary angiog-
raphy with reduced radiation doses, at 60, 40, 20 and
10 mAs. This study showed that frequencies of posi-
tive and inconclusive results of the branching order
of the most distal artery with a filling defect were
not changed when the tube current-time product
was reduced from 90 to 10 mAs. This is illustrated in
Figure 10.2. On the other hand, the quality of intra-
vascular contrast enhancement decreased when the
time current-time product setting was lower than
40 mAs. Thus, this study suggests that the reduction
of the tube-current time product setting to 40 mAs
to achieve areduced radiation dose at CT pulmonary
angiography appears acceptable (TACK et al. 2005).

S1GAL-CINQUALBRE et al. (2004) have assessed
the feasibility of low kilovoltage in CT pulmonary
angiography protocols and have evaluated the effect
of such protocols on image quality. These authors
have simultaneously reduced the tube potential and
increased the mAs settings. They have shown that in
patients weighing less than 75 kg, 80 kV (and 135 or
180 mAs respectively in patients weighing less than
60 or 75kg) is sufficient to obtain the same image
quality as in patients larger than 75 kg and scanned
at 120 kV and 90 mAs. These results need to be con-
firmed and verified in indications other than CT
pulmonary angiography, but this study has already
suggested that reducing the tube potential could be
avalid method, and an alternative to decreasing the
mAs settings, of reducing the radiation dose.

As shown by H.D. Nagel in Chapter 4 of the pres-
ent edition, the signal of iodine is higher at 80 kV
as compared to 120 or 100 kV (Fig. 4.29). This may
explain the good image quality as reported by S1GAL-
CINQUALBRE et al. (2004) during in CT pulmonary
angiography. CT pulmonary angiography images
acquired at 100 and 110kV are illustrated in Fig-

ures 6.7 and 6.8 of Chapter 6, in obese and small
patients respectively.

10.4
Air Trapping and Expiratory CT

By demonstrating air-trapping, expiratory thin-sec-
tion CT is able to detect a disease earlier than func-
tional tests. This makes this technique an essential
part of the diagnosis of bronchiolitis of various ori-
gins. As expiratory CT is most often obtained after
inspiratory CT, this additional acquisition exposes
patients to a supplementary radiation dose. This is
of concern in patients with bronchiolitis, because
they often can be young, and, despite their relative-
ly favourable prognosis, have a high risk of recur-
rence resulting in repeated follow-up examinations
and repeated exposure to CT radiation. In order to
investigate the possible effect of dose reduction on
the visual quantification of air trapping, we consid-
ered the “bronchiolitis obliterans syndrome” (BOS)
after lung transplantation as a model for bronchiolitis
(BANKIER et al. 2006). In this model, we applied the
simulated low-dose technique on expiratory thin-sec-
tion CT examinations in patients with possible BOS.
In 27 lung transplant recipients, expiratory thin-sec-
tion CT was performed at 140 kVp and 80 mAs eff.
Dose reduction corresponding to 60, 40, and 20 mAs
eff. was simulated. This study showed that a simu-
lated dose-equivalent to 25% of the standard dose,
i.e. 20 mAs, had no substantial effect on the visual
quantification of air trapping. Anillustrative example
is shown in Figure 10.3. Because its radiation dose
approximated that of incremental thin-section CT
with 10-mm section intervals performed with a stan-
dard dose, expiratory low-dose MDCT could thus be
used in the assessment of air trapping in patients
with suspected bronchiolitis. This model could be
extended to other origins of bronchiolitis.

10.5
CT Quantification of Pulmonary Emphysema

Pulmonary emphysema is a chronic obstructive pul-
monary disease (COPD) defined as a permanent dis-
tal airway enlargement with alveolar wall destruc-
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Fig. 10.2.aCT pulmonaryangiographyacquired with 120 kV
and 90 mAs eff. Simulated low mAs scans at b 60, c 40, d 20
and e 10 mAs eff. are shown. An intravascular filling defect
corresponding to a pulmonary embolus in a right lower lobe
segmental artery is identified. Images reproduced with per-
mission of Denis Tack and the Radiological Society of North
America [TAcK et al. (2005) Radiology 236:318-325]
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Fig. 10.3. Expiratory MDCT 140 kV and 80 mAs eff. Simulated low-mAs scans at 60, 40, and 20 mAs eff. Areas of air trapping
are equally detectable at each dose. Images are courtesy of Alexander A. Bankier, Vienna, Austria

tion but without fibrosis (SNIDER et al. 1985). In
the world, COPD is the 6th most common cause of
mortality and the 12th most common cause of mor-
bidity (RENNARD et al. 2002). The severity of COPD
can be, at least in part, assessed by pulmonary func-
tion tests (PFT). These tests are widely available but
are unspecific. As CT yields densitometric measure-
ments that are highly reproducible and highly corre-
lated with morphometric measurements of alveolar
wall destruction, it can be complementary to PFT
in order to assess the extent and/or the severity of
pulmonary emphysema. As a result, this technique
has been recommended in follow-up studies, par-
ticularly in the evaluation of therapeutic interven-
tions (BAE et al. 1997; DIRKSEN et al. 1999; GIERADA
et al. 2001; NEWELL et al. 2004). The recently intro-
duced multi-detector row CT (MDCT) is of inter-
est in the quantification of pulmonary emphysema
- a heterogeneously distributed disorder - because
MDCT is able to image the entire lung parenchyma.
On the other hand, as this technique increases the
radiation dose by an additional 300% per examina-
tion compared to incremental single-detector row
CT (STUDLER et al. 2005), it would be important
to reduce the radiation dose as patients with pul-
monary emphysema can be young and may have
a favourable prognosis. The level of radiation that
these patients are exposed to with these examina-
tions is compounded by repeated follow-up exami-
nations throughout their life.

As specific drugs able to stop lung parenchyma
destruction or even restore the lung growth have been
elaborated and tested in animal models, it is impor-
tant that individuals included in clinical trials can be
imaged with the lowest possible radiation dose that
provides valid measurements. We have investigated
the effect of radiation dose on quantitative indexes
of MDCT in pulmonary emphysema (MADANI et
al. 2006). In 70 patients referred for surgical resec-
tion of a lung tumour who underwent unenhanced

MDCT with 4x1 mm collimation, 120 kVp, and 20
and 120 mAs eff., we compared relative areas (RA)
of lung with attenuation coefficients lower than nine
thresholds and eight percentiles of the distribution
of attenuation coefficients with the pathological
extent of emphysema. This was measured macro-
scopically and microscopically. We observed that
radiation dose does not substantially influence the
strength of the correlation between RAs (or percen-
tiles) and pathologic references. This suggests that
reducing the dose to 20 mAs eff. is safe and should
be recommended in CT quantification of pulmonary
emphysema, especially in patients who face repeated
follow-up examinations. Nevertheless, comparisons
between examinations, such as in follow-up studies,
require that the dose should be kept constant.

10.6
Optimized MDCT Acquisitions
Using Automatic Exposure Control

Automatic modulation of the tube current as a func-
tion of the patient’s absorption is now available on all
modern CT scanners. Differences still exist between
manufacturers regarding the methods used for this
modulation, and the dose reductions subsequently
delivered. Detailed description, limitations and the
results of the different automatic exposure control
devices are presented and discussed by M. Kalra in
Chapter 7 of the present edition. The most impor-
tant feature of these devices is that the radiation
dose is adapted to the patient’s weight and absorp-
tion. Consequently, the role of the CT user is now
restricted to select an image quality appropriate
to the clinical indication of the CT examination.
A rational approach for selecting this image quality
is presented in Chapter 6 of the present edition.

|
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10.7
Recommendations and Proposals

Recommendations from regulatory authorities
such as the European Union are based on a bal-
ance between the theoretical radiation risk and the
medical benefit expected from the CT examination.
In addition, reference values for the upper limits of
dose are only based on surveys studies. In this book,
D. Tack has detailed these values in Tables 6.1 and
6.2 of Chapter 6. The reference value approximates
14 mGy for CTDI,; and ranges between 446 and
580 mGy-cm for dose-length product. However, low-
ering these dose values is still possible and, depend-
ing on the patient’s weight, CTDI,; may be lowered
down to 4-11 mGy (see Table 6.2 in Chap. 6). Using
modern MDCT scanners and automatic exposure
control devices, it is now possible to produce CT
images of very high standard quality with a dose
representing less than one-half of the reference
values derived from survey studies. Furthermore,
low-dose CT images (as for screening of lung nod-
ules) can be obtained with doses that are 5-10 times
lower than these doses considered as references (see
Chap. 16.1).

10.8
Conclusion

Even if the clinical benefit of MDCT of the chest is
expected to be much higher than the potential risks
from radiation, reduction and optimization of the
radiation dose delivered by MDCT are highly recom-
mended in accordance with the ALARA principle.
As the chest in composed of organs and structures
that are characterized by high differences in attenu-
ation values with a subsequently high spontaneous
contrast, it is expected that dose could be dramati-
cally reduced. It has indeed been documented that
in numerous clinical circumstances, radiation dose
cannot be higher than 10%-20% of the standard
doses recommended by the scanner manufactur-
ers (i.e. 0.6-2.5mSv as compared to 8-14 mSv).
This is of particular concern in patients with long
life expectancy and can be achieved by automatic
exposure control in conjunction with either reduced
tube current-time product or reduced tube poten-
tial. Further investigations should be conducted in

order to investigate the possible benefit of combined
reduction of both tube potential and current-time
product.
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Introduction

Computed tomography is nowadays widely used in
abdominal imagingin various circumstances includ-
ing acute abdominal pain. This use is explained by
the fact that this technique is highly reproducible,
very rapid, highly sensitive and specific, quite easy
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to perform, and it causes little discomfort to the
patient. With multi-detector row CT (MDCT) scan-
ners, rapid volume acquisition became possible and
examination of the whole abdomen is more and more
frequently performed as a screening test in patients
suspected of abdominal disorder. Such examinations
of the whole abdomen are justified by the ability to
detect alternative and/or additional diagnoses. How-
ever, since the abdomen contains sensitive organs,
the radiation dose delivered to patients becomes a
particular concern, especially in young patients and
in those with chronic diseases who undergo repeated
CT studies. Strategies to reduce the radiation dose
delivered by CT have been developed and clinical
investigations have shown that in several abdomi-
nal disorders the diagnostic performance of CT is
not decreased by dose reduction. Reducing the dose
was first investigated in conditions characterized by
intrinsic high contrast between structures, such as
ureteral stones, and later on in conditions character-
ized by intrinsic low contrast between structures,
such as acute appendicitis.

11.2
Usual Radiation Dose and Reference Levels

Ideally, the dose delivered to the patient should be
at the level below which the image quality would be
insufficient to yield an accurate diagnosis. Practical-
ly, the delivered dose should be adapted first to the
patient’s size and second to the clinical indication.
As evidence-based recommendations do not exist,
guidelines have been derived from survey studies
reporting the large-scale distribution of the deliv-
ered dose. The arbitrary fixed recommended dose
threshold corresponds to the third quartile of the
distribution observed in these surveys (SHRIMPTON
et al. 2005), doses higher than the upper third quar-
tile being considered as of unacceptable practice
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(EUROPEAN COMMISSION 1999). Detailed results
of these survey studies, conducted mainly in United
Kingdom and in Germany, are reported and dis-
cussed in Chapter 5.

The guidelines established by the Commission of
the European Union have proposed that reference
levels for routine abdominal CT examination (from
the top of the liver to the aortic bifurcation) should
be, respectively for the weighted CT dose index
(CTDIw) and dose-length product (DLP), 35 mGy
and 780 mGy-cm. For CT examinations of the liver
and the spleen, the corresponding values should
be 35mGy and 900 mGy-cm. For the pelvis, they
should be 35 mGy and 570 mGy-cm (EUROPEAN
COMMISSION 1999). More recently, the National
Radiological Protection Board (NRPB) has reported
a snapshot of doses delivered in United Kingdom in
2003 (SHRIMPTON et al. 2005). In this report, the third
quartile value of dose distribution, expressed in DLP,
was 559 mGy-cm for routine abdominal CT examina-
tion obtained with MDCT. The corresponding value
for liver examination in patients with possible metas-
tases was 472 mGy - cm. These doses are clearly lower
than those proposed in 1999 by the Commission of the
European Union. This lowering probably reflects the
increasing concern in reducing the dose as observed
recently as well as technological advances in CT tech-
nology (i.e. the introduction of solid-state detectors).

The indication of each examination is very impor-
tant to consider in order to select the required image
quality and subsequently the lowest acceptable radi-
ation dose. As an example, the dose delivered when
searching for metastases or for imaging trauma can
be higher than that for imaging acute abdominal
pain. Nevertheless, as the minimum radiation doses
needed for accurate diagnosis are unknown in most
abdominal disorders, many examinations are actu-
ally performed with unnecessarily elevated radia-
tion doses.

Furthermore, with MDCT scanners, the ability to
rapidly scan large volumes tempts the operator to
increase this volume along the z-axis, and/or to use
multiple-pass CT instead of single-pass CT. There-
fore z-coverage should be adapted to the clinical
indication and to the possible alternative diagnoses.
Unjustified screening the entire abdomen because of
a “you never know” policy should thus be banished.
Such policy is unacceptable in young patients who
are at a low risk of having an incidental associated
disease. Similarly, repeated acquisitions should not
be performed in circumstances where they do not
specifically yield additional information.

Automaticexposurecontrol (AEC) devicesthatare
nowadays available in modern equipment modulate
the tube current as a function of the table position
along the z-axis and of the image quality requested
by the radiologist. Such devices reduce the tube cur-
rent in thin patients and increase it in obese and
overweight patients, tending to maintain the image
quality constant. Therefore, radiologists using these
devices should think in terms of image quality and
not of tube current. MULKENS et al. (2005) showed
that systems based on both angular and z-axis mod-
ulation reduce the mean tube current by 20%-68%
when applied to standard MDCT protocols at con-
stant tube current. With such systems, these authors
also showed a good correlation between the mean
effective tube current and the patient’s body mass
index (BMI), with an adaptation in obese and over-
weight patients leading to the reference tube current
level being exceeded. These devices, which are only
a partial response to the issue of the radiation dose,
are extensively described in Chapter 7.

11.3
Dose Reduction in Acute Abdominal
Disorders

11.3.1
High Contrast Between Structures

Unenhanced CT has been validated for the diagnosis
of ureteral stones and it has been shown to be supe-
rior to intravenous urography (IVU) (SMITH et al.
1995; Katz et al. 2000; L1u et al. 2000; HaAMM et al.
2001). It also has the advantage of avoiding intrave-
nous administration of iodine contrast material and
may provide the basis for suggesting or establishing
alternative and/or additional diagnoses (SOURTZIS
etal. 1999). On the other hand, CT scanning exposes
the patient to radiation doses higher than that deliv-
ered by IVU and patients with ureteral stone may be
young, will have repeated control examinations, and
are at risk of recurrence.

With single detector row CT (SDCT), dose reduc-
tion can be achieved by increasing the pitch and by
increasing the X-ray beam width. Such modulation
provides thick transverse sections that could theo-
retically predispose smaller stones to be missed.
Nevertheless, it has been shown that the number of
ureteral stones missed by using such sections is not
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substantially higher than that detected by IVU. On
the other hand, ureteral stones smaller than 5 mm
in diameter are detected at CT but not at IVU (Liu et
al. 2000). DiEL et al. (2000) showed that increasing
the pitch up to 2.5 or 3.0 is an effective method of
reducing the radiation dose even if the image qual-
ity decreases with a pitch of 3.0. With these meth-
ods of reducing the dose, these authors delivered an
effective dose ranging from 2.8 to 5.7 mSv, which
is higher than doses delivered by IVU (Tack et al.
2003). Using the SDCT scanner, HAMM et al. (2002)
have both reduced the tube current and increased
the pitch on SDCT, resulting in a lower radiation
dose than IVU. These authors showed that, except
in obese patients, unenhanced SDCT has a sensitiv-
ity and specificity of 96% and 97%, respectively, for
the diagnosis of ureteral stone.

Dose reduction by increasing the pitch is possible
on SDCT and MDCT scanners constructed by GE
and Toshiba, but not on MDCT scanners by Philips
and Siemens. These two manufacturers have intro-
duced the concept of “effective mAs”; the scanner
automatically increases the tube current propor-
tionally with the table speed, i.e. the tube current is
doubled if the table speed or the pitch doubles. With
these scanners, the dose and the slice profile are thus
independent from the pitch. However, on the new-
est MDCT scanners with 16 or more detector rows,
increasing the pitch factor has a negative effect on

the radiation dose, because of overranging. Over-
ranging elongates the scan length and corresponds
to the dose delivered by additional rotations at the
beginning and the end of the helical scan that are
required for data interpolation. The amount of addi-
tional dose due to overranging depends on the pitch
and the beam width, and is higher on 64 MDCT
scanners than on 16 MDCT scanners. This is exten-
sively discussed in Chapter 4.

Since MDCT scanners have been equipped with
solid-state detectors, it has become possible to
reduce the tube current as compared to SDCT. Using
an MDCT scanner and acquisitions performed with
a beam collimation of 4x2.5mm, 120 kVp, and
30 mAs eff., Tack et al. (2003) have reported accu-
racy higher than 93% and excellent intra- and inter-
observer agreements in the detection of ureteral
stone. The higher agreement reported by Tack et al.
as compared to SDCT could be explained by thinner
collimation with higher z-resolution and by the use
of cine-viewing, multiplanar, and curved reforma-
tions as illustrated in Figure 11.1. The mean effective
dose delivered by these authors — 1.2 mSv in men,
and 1.9 mSv in woman - was approximately the
same as that delivered by a three-film IVU (approxi-
mately 1.5 mSv). However, in this study performed
without an AEC device, additional images obtained
at 60 mAs were required to complement those at
30 mAs. This requirement could be explained by

Fig. 11.1. a Ureteral stone (arrow). A 3 mm curved MPR from a low-dose acquisition performed with MDCT (4x2.5 mm,
120 kVp) at 30 mAs eff., without automatic exposure control (AEC). b Ureteral stone (arrow). A 3 mm curved MPR from a
low-dose acquisition performed with MDCT (4x2.5 mm, 120 kVp) at 30 mAs eff., without AEC
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greater image noise in the pelvis than in the abdo-
men at the same tube current due to the pelvic bones.
In such circumstances, the AEC technique, unlike
the fixed tube current technique, offers the oppor-
tunity to select the desired image quality in order
to automatically reduce or increase the tube cur-
rent according to the patient’s size (“light” versus
“heavy” patients) and body attenuation (abdomen
versus pelvis). KALRA et al. (2005) showed that AEC
along the z-axis can be used in patients suspected of
urinary stone with 43%-66% dose reduction without
compromising stone detectability. A recent report
mentioned that ultra-low-dose MDCT - 120 kVp,
6.9 mAs eff. - delivering an effective radiation dose
equivalent to one conventional abdominal X-ray
view (approximately 0.5 mSv) achieved a sensitivity
and specificity of, respectively, 97% and 95% for this
diagnosis (KLUNER et al. 2006).

Most importantly, it has been extensively demon-
strated that low-dose unenhanced CT can also pro-
vide alternative diagnoses (DIEL et al. 2000; L1u et al.
2000; TAcK et al. 2003; KEYZER et al. 2004; KLUNER
et al. 2006). This will be discussed in the following
paragraphs.

11.3.2
Low Contrast Between Structures

Reduction in radiation dose was first investigated in
diagnostic conditions characterized by high intrin-
sic contrast between structures, such as lung nodule
screening (RUSINEK et al. 1998), CT colonography
(VAN GELDER et al. 2002), and ureteral stones (DIEL
et al. 2000; L1vu et al. 2000; HaMM et al. 2002; TACK
etal. 2003; KALRA et al. 2005). In these early studies,
it was suggested that alternative diagnoses can be
made despite the reduced dose. Indeed, periureteric
and perinephric fat stranding is still visible at low-
dose CT (HENEGHAN et al. 2003), suggesting that any
intra-abdominal fat stranding, as in numerous acute
abdominal conditions, could also be detectable.
These low intrinsic contrast conditions - character-
ized by peritoneal and retroperitoneal fat stranding
- are visible in acute colon diverticulitis and acute
appendicitis.

11.3.2.1
Acute Colon Diverticulitis

CT is known to be the optimal method for diagnosis
and severity grading in patients suspected of hav-

ing acute colon diverticulitis (Rao et al. 1998). In
addition, CT is a fast technique and enables possible
alternative and/or additional diagnoses (BIRNBAUM
and BALTHAZAR 1994). With the recently introduced
MDCT technology, repeated acquisitions, extended
z-axis coverage and thin collimations contribute
to increase the radiation dose per examination as
compared with that delivered with SDCT. This is
especially of concern in patients with diverticulitis
as they can be young and have a high risk of recur-
rence (FERzoOCO et al. 1998).

Tack et al. (2005) compared unenhanced low-
dose MDCT (30 mAs, 120 kVp) and enhanced stan-
dard-dose MDCT (120 mAs, 120 kVp) in patients
suspected of acute diverticulitis. These authors
showed that sensitivity and specificity are similar
regardless of dose, and that CT has the potential
to depict alternative disease. For the diagnosis of
acute diverticulitis, the sensitivity and specificity
of low-dose unenhanced MDCT range respectively
from 85% to 100% and from 92% to 99%, depend-
ing on the reader, and are associated with good to
excellent reader agreements. In this study, the final
diagnosis was achieved without intravenous injec-
tion of iodinated contrast medium and with an
effective radiation dose corresponding to that of a
three-view conventional radiographic examination
of the abdomen (WALL and HART 1997). Indeed, the
effective dose of low-dose CT scans obtained with
the parameters used by Tack et al. was calculated at
1.6 mSv in women and 1.2 mSv in men. Fat strand-
ing, known as an excellent sign of acute colon diver-
ticulitis (KIRCHER et al. 2002), was demonstrated as
the most predictive sign of this diagnosis regardless
of the dose. In addition, this study revealed that
low-dose MDCT enables the correct assessment of
the presence of abscess and air collections distant
to the colon (Fig. 11.2). Subsequently, dose reduction
has no effect on the severity grading.

11.3.2.2
Acute Appendicitis

Because of its high sensitivity and specificity in
the diagnosis of acute appendicitis - even without
intravenous injection of iodinated contrast mate-
rial (LANE et al. 1999; EGE et al. 2002) - CT has
been used more and more frequently in the past
decade in order to increase the accuracy of clini-
cal diagnosis. CT, especially without any contrast
material, is rapid and causes little discomfort to the
patient. Nevertheless, as many individuals suspect-
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Fig. 11.2. a Acute sigmoid diverticulitis with a gaseous collection (arrow). Acquisition performed with MDCT (4x2.5 mm,
120 kVp) at 30 mAs eff., without AEC and without any contrast material. b Acute sigmoid diverticulitis with a gaseous col-
lection (arrow). Acquisition performed with MDCT (4x2.5 mm, 120 kVp) at 120 mAs eff., without AEC, with intravenous
iodine contrast material
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Fig. 11.3. a Acute appendicitis (arrow). Enlarged appendix with periappendiceal fat stranding. A 3 mm oblique reformation.
Acquisition performed with MDCT (4x2.5 mm, 120 kVp) at 30 mAs eff., without AEC and without any contrast material. b
Acute appendicitis (arrow). Enlarged appendix with periappendiceal fat stranding. A 3 mm-oblique reformation. Acquisi-
tion performed with MDCT (4x2.5 mm, 120 kVp) at 100 mAs eff., without AEC and without any contrast material

ed of acute appendicitis are young - with ameanage with suspected acute appendicitis. The frequency
of 30 years (FLUM et al. 2001) - the radiation dose of visualization of the appendix and the diagnostic
should be reduced. KEYZER et al. (2004) compared performance were similar regardless of the radia-
unenhanced low-dose (30 mAs, 120 kVp) and stan- tion dose (Fig. 11.3). Unenhanced MDCT achieves
dard-dose (100 mAs, 120 kVp) MDCT in patients sensitivity and negative predictive values of 98% or
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even more. These two characteristics are the most
important in patients suspected of acute appendici-
tis as this condition is potentially life-threatening
and can be easily treated by a very efficient surgical
procedure (KRIEG et al. 1975). Specificity and posi-
tive predictive values are lower than sensitivity and
negative predictive values but they are not differ-
ent between doses. These values range respectively
between 80%-94% and 69%-88%. As in acute colon
diverticulitis, fat stranding - i.e. periappendiceal
fat stranding - is the most predictive sign of acute

appendicitis whatever the dose. Finally, the ability to
propose a correct alternative diagnosis is not influ-
enced by the dose (Fig. 11.4a, b). Another example
of alternate diagnosis is illustrated in Figure 6.1 of
Chapter 6 by D. Tack in the present edition.

These results could not be extended to children.
Indeed, inastudy performed with a phantom-based
simulation technique, diagnostic performances of
simulated low-dose CT (20 mAs) were reported as
significantly lower than those of standard-dose CT
(median, 126 mAs) (FEFFERMAN et al. 2005). Sen-

Fig. 11.4. a Patient with suspected acute appendicitis. Definite diagnosis of acute cholecystitis (arrow) that was visible at
MDCT; 3 mm axial reconstructions. Acquisition performed with MDCT (4x2.5 mm, 120 kVp) at 30 mAs eff., without AEC
and without any contrast material. b Patient with suspected acute appendicitis. Definite diagnosis of acute cholecystitis
(arrow) that was visible at MDCT; 3 mm axial reconstructions. Acquisition performed at 100 mAs eff. (4x2.5 mm, 120 kVp),
without AEC and without any contrast material. ¢ Patient with suspected acute appendicitis. Definite diagnosis of acute
caecal diverticulitis (arrow) that was visible at MDCT; 3 mm axial reconstructions. Acquisition performed at 30 mAs eff.
(4x2.5 mm, 120 kVp), without AEC and without any contrast material. d Patient with suspected acute appendicitis. Definite
diagnosis of acute caecal diverticulitis (arrow) that was visible at MDCT; 3 mm axial reconstructions. Acquisition performed
at 100 mAs eff. (4x2.5 mm, 120 kVp), without AEC and without any contrast material
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sitivity, specificity and accuracy are 77% versus
91%, 94% versus 93%, and 86% versus 92%, respec-
tively, at low-dose and at standard-dose CT. It must
be noted that this study was performed on SDCT
and that these results have not been confirmed on
MDCT.

1.4
Dose Reduction in Chronic Abdominal
Disorders

In chronic disorders, repeated abdominal CT inves-
tigation are performed, even in young patients, in
various conditions such as inflammatory bowel dis-
ease, pancreatitis and postoperative complications.
Of course, in cases of cancer, dose reduction is of
minor importance for the patient as he or she is at
higher risk of dying of the existing cancer than of
developing 20 years later another cancer induced by
the radiation.

Most follow-up investigations need the use of
intravenous contrast enhancement but no pub-
lished study has evaluated the diagnostic per-
formance of enhanced low-dose CT in chronic
abdominal disorders. Studies have only compared
image quality between CT at standard tube current
and reduced tube current. KALRA et al. (2002) have
addressed the possibility of reducing CT radia-
tion dose in relatively thin patients (i.e. with small
abdominal dimensions) with an acceptable image
quality. This quality was achieved with a DLP of
550 mGy-cm (140 kVp, 120-150 mA). On the other
hand, Nakavama et al. (2005) have proposed to
reduce the tube voltage from 120 kVp to 90 kVp
with a constant tube current of 300 mAs. These
authors have shown that, despite increased noise
and streak artefacts, the image qualityis acceptable
and that these artefacts rarely affect the diagnostic.
Interestingly, with such reduction in tube voltage,
the amount of contrast material can be reduced by
at least 20% without degradation of image qual-
ity and organ enhancement, or sacrifice of low-
contrast detectability (FUNAMA et al. 2005). Such
tube voltage reduction results in a dose reduction
of 57% with CTDIw of 13.2 mGy and 5.7 mGy, at
respectively 120 and 90 kVp (with a high tube cur-
rent of 300 mAs). This is also of potential interest
in CT angiography, which is discussed separately
in Chapter 12.

11.5
Effect of Body Mass Index

Image noise increases with body size and the noise
can be of huge importance in obese patients, par-
ticularly in the pelvis. Early studies were first per-
formed on scanners that were not equipped with
AEC. In these studies, mAs presets were maintained
constant whatever the patient’s size. With 30 mAs
eff., KEYZER et al. (2004) showed that for the visu-
alization of the appendix and the diagnosis of acute
appendicitis, standard-dose and low-dose CT have
equivalent diagnostic performance in patients with
a BMI greater than 30 kg/m?. This observation can
be explained by the fact that the negative effect of
an increase in BMI could be, at least in part, bal-
anced by the accumulation of intra-abdominal fat
around the appendix. On the other hand, for scan-
ners not equipped with an AEC device, it has been
proposed that in patients with a BMI greater than
30 kg/m? who are suspected of having ureteral stone
or acute colon diverticulitis, the tube current should
beincreased up to 60 mAs eff., but maintained below
the usual standard dose (TAck et al. 2003, 2005).

As detailed by H.D. NaGeL in Chapter 4, the
Brooks formula enables us to predict that mAs set-
tings may be divided by a factor of 2 if the patient’s
diameter is reduced by 4 cm, with unchanged image
quality. Thus, 60 mAs eff. in obese patients provides
similar image quality to 30 mAs eff. in patients of
normal mass. As the effective dose is higher in thin
patients as compared to obese patients with con-
stant CT parameters, the radiation risk for an obese
patient scanned at 60 mAs eff. is similar to that of a
normal-mass patient at 30 mAs eff. Using modern
scanners equipped with AEC devices, the image
quality and radiation risks are thus both kept con-
stant regardless of the patient’s size.

With modern scanners equipped with AEC devic-
es, an image quality index corresponding to 50 mAs
eff. is grossly equivalent to the previously investi-
gated 30 mAs eff. (in normal-mass patients) and
60 mAs eff. (in obese patients) on 4-detector-row
scanners with no AEC. Examples of optimized stan-
dard-dose and low-dose acquisitions acquired with
AEC are shown in Figures 6.8-6.12 in Chapter 6 by
D. Tack in the present edition.

If the dose reduction is achieved by decreasing the
tube voltage from 120 to 90 kVp, the signal-to-noise
ratio is decreased, implying that noise has a greater
effect on images obtained at 90 kVp than on those
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at 120 kVp (Nakayama et al. 2005). Therefore, the
use of the low-voltage technique could be restricted
to normal and underweight patients or compensated
by a higher tube current. Simultaneous reduction of
tube voltage and tube current needs to be investi-
gated.

11.6
Proposals of Presets and Doses

In this paragraph, doses appropriate for abdominal
MDCT will be proposed. Such proposals are still a
matter of debate. They are based on published refer-
ences, if there are any; if there are none, we suggest
reasonable doses as used in our clinical routine.

The presets, z-axis coverage and repeated expo-
sure before and after intravenous administration of
iodinated contrast material should always be adapt-
ed to the suspected diagnosis.

The standard presets recommended by the man-
ufacturers with regard for the guidelines from the
Commission of the EU and the NRPB should only
be used in patients with suspected neoplasia and/or
metastasis, old patients and those with severe trau-
ma.

In suspected diagnoses such as ureteral stone,
acute appendicitis and acute diverticulitis, reducing
the dose is recommended by adapting the presets to
the patient’s size - i.e. patient’s BMI - especially in
those who are young and who could have repeated
follow-up CT examinations. When one of these
three diseases is clinically suspected, unenhanced
low-dose MDCT is recommended as a first-line
examination because it can confirm the clinical sus-
picion as well as demonstrate alternative diagnoses.
If unenhanced low-dose examination is insufficient,
one acquisition at standard dose after intravenous
injection of iodinated contrast material can be
focused on the abnormality detected at unenhanced
CT. Suggestions of presets and the effective resulting
dose are listed in Table 6.2 of Chapter 6 by D. Tack
in the present edition. If the equipment includes an
AEC device, the image quality can even be reduced
in order to ensure an additional dose reduction.

For all other suspected diagnoses for which there
are no published reports, we recommend the fol-
lowing general guidelines. First, a tube voltage of
120 kVp can be used in clinical routine and reduced
to 100 kVp in thin or underweighted patients (with-

Fig. 11.5. Ureteral stone (arrow) 5mm coronal MPR from
a low-dose acquisition performed with MDCT (4x2.5 mm,
120 kVp) at 30 mAs eff., without AEC, in an obese patient
with a BMI of 39.7 kg/m?

out any subsequent decrease in image quality). Sec-
ond, 140 kVp should not be used unless in extremely
obese patients, as an increase from 120 to 140 kV will
increase the radiation dose by 45% to 50%. Third,
an AEC device should be used. Fourth, if the recon-
structed images appear too noisy, multiplanar ref-
ormation with increased slice thickness can be used
(Fig. 11.5).

11.7
Perspectives

The “as low as reasonably achievable” principle
asserts that the radiation dose should be kept to
a minimum while giving an image of sufficient
quality to make a correct diagnosis possible. This
minimal dose should be evaluated for all specific
clinical circumstances. In order to investigate the
relationships between the radiation dose and the
diagnostic performance without repeated acquisi-
tions (with the subsequent increased dose delivered
to the patients included in such clinical investiga-
tions), noise simulation techniques could be used.
Such noise simulation techniques are obviously use-
ful in clinical trials but also in day to day routine,
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as they can be used to determine the mAs settings
needed to obtain the requested image quality. Such
functionality is already available with some recent
MDCT scanners.

In the near future, further studies are needed to
investigate simultaneous tuning of tube current and
tube voltage and should pay particular attention to
anthropometric measurements in order to minimize
the radiation dose without compromising diagnos-
tic performance.

From a technological point of view, noise-reduc-
ing filters should be developed as a tool for imaging
with very thin collimation. Indeed, thin sections
are acquired with higher radiation dose than thick
images, because of narrower beam collimation,
slower table feed, lower scanner dose efficiency and
higher tube current. KaLrA et al. (2004) and Rizzo
et al. (2005) have indeed demonstrated that such fil-
ters reduce the image noise quantitatively and visu-
ally, without affecting the attenuation values of both
normal and abnormal tissues.

11.8
Conclusion

Survey studies have shown that collective doses have
increased as MDCT has replaced SDCT. However,
the radiation dose has been optimized over the last
decade, mainly through AEC devices and reasonable
use of tube current and tube voltage presets. This
was achieved thanks to technological improvements
and the willpower of several study groups to inves-
tigate the effect of dose reduction in terms of image
quality and diagnostic performance. Nevertheless,
as both the number of examinations and the number
of clinical indications for CT increase, a major effort
should be made in order to optimize the radiation
dose. In addition, as survey studies have shown that
great variations in doses among institutions remain,
a supplementary effort should be made in order to
recommend standardized acquisition protocols.
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12.1
Optimization of Radiation Dose in Cardiac
Detector Row CT

12.1.1
Introduction

The radiation dose is becoming a major issue for
contrast-enhanced cardiac CT (coronary CT angiog-
raphy), because the radiation level associated with
ECG-gated acquisition is generally higher than that
with other CT acquisitions. However, multiphasic
acquisitions of other organs (for example liver) may
also be associated with a comparable or even higher
total radiation, so this large radiation dose is not
specific to cardiac CT.

The radiation dose delivered for coronary CT
angiography is necessarily high, because only part
of the total radiation delivered is used for the recon-
struction of the image. The “useful” radiation cor-
responds to a temporal window of one phase of the
cardiac cycle (for example mid-diastole). This tem-
poral window is determined by the rotation time of
the machine: its value is about half the rotation time
for a monophasic reconstruction. This temporal
window may be shortened in multisegment recon-
struction (by a factor of 2 if data are provided from
two different cycles). Nevertheless, on average, only
20% of the radiation burden is used to reconstruct
one phase of the cardiac cycle (Fig. 12.1).

This is the main reason for the high radiation
levels associated with coronary CT angiography.
CTDI for coronary CT angiography may reach
or pass 100 mGy, which is a very high radiation
dose, with a dose length product (DLP) of up to
2000 mGy-cm(100 mGy x 20 cm) if the entire tho-
rax is scanned. For a thoracic acquisition, a DLP
of 2000 corresponds to a radiation dose of 33 mSv
(male patients) to 40 mSv (female patients). This
may be required in cases of bypass patency evalu-
ation or ascending aorta evaluation associated with
coronary artery studies. Due to these high radiation
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BP

Fig. 12.1. ECG-gated acquisition: the temporal

window is represented by the grey area. This
window corresponds to the “useful” radiation
exposure time

7

Temporal window

levels, it seems essential to optimize radiation dose
as far as possible for cardiac CT examinations.

The various technical factors influencing radia-
tion dose will be reviewed in the first part of this
chapter. These factors vary according to the choices
of the equipment manufacturer. The second part of
the chapter addresses the different ways to reduce
radiation dose without substantial loss of image
quality, by the judicious use of the available tools
and adaptation to the patient’s individual anatomy.
Finally, the particular issues associated with paedi-
atric cardiac CT will be considered in the third part
of this chapter.

12.1.2
Parameters which Influence Radiation Dose in
CardiacCT

12.1.2.1
General Parameters

12.1.2.1.1
Tube Power

The latest generation of CT scanners has higher tube
power than earlier machines, due to the need to
deliver more energy in less time for cardiac acqui-
sitions. For example, a new dual-source CT system
using two tubes has recently become available from
Siemens. This new system allows delivery of a dose
of at least 20% more radiation than the previous
64-slice CT scanner from the same manufacturer.
The maximal CTDI of the earlier 64-slice machine
was 84 mGy (using 140kV and 700 mAs), whereas
the new dual-source system gives a maximal CTDI
above 100 mGy. The maximal power of machines
from other manufacturers is also generally above
100 mGy. This power is useful for scanning obese
patients, but on the other hand, it may be a source
of unnecessarily high radiation dose in thinner
patients if the settings are not modified. Conse-
quently, individual optimization according to the
patient’s morphology is essential.

M - 39 40 .40 - 40 -
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12.1.2.1.2
Detector Width

The efficiency of X-rays is lower at the periphery
of the detector. The larger the detector, the lower
the efficiency due to the wider angle of incidence of
X-rays on the detector. Thus, larger detectors tend
to give higher radiation doses, to provide enough
radiation at the periphery of the detectors.

12.1.2.1.3
Size of the Detector

Coronary arteries are small, making sub-millimetre
collimation essential for depiction of the coronaries.
Thinner detectors require higher dose due to noise,
growing exponentially with higher resolution. At
present, detector width currently ranges from 0.5
to 0.75 mm. Resolution on the z-axis may be as low
as 0.4 mm using flying spot technology (FLOHR et
al. 2005). This new technology has great potential
because it enhances spatial CT resolution without
increasing radiation dose.

12.1.2.1.4
X-Ray Filtration

“Soft X-rays” are X-rays which do notreach the detec-
tor and therefore do not contribute to the image, but
nevertheless contribute substantially to the amount
of radiation received by the patient. Filtration of
X-rays is necessary to minimize soft X-rays. Bow-tie
or beam-shaping filters are more effective than flat
filters for this type of reduction of radiation dose.
They are currently used in cardiac CT and are gener-
ally associated with a smaller field of view.

12.1.2.1.5
Automatic Modulation of Tube Current

This technique modulates the dose according to
the patient’s morphology in the x,y plane or in the
z-axis, or in both, allowing substantial reduction
in radiation exposure. However, this sparing-dose
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technique is not fully compatible with the ECG-
modulation technique used in priority in the ECG-
gated protocols. The modulation in the z-axis does
not work at present with ECG modulation. Although
combined modulation is feasible, making possible
the obtention of low-dose ECG-gated CT angiograms
of the chest in routine clinical practice, using 3-mm-
thick slices (D‘AGosTINO et al. 2006), this combined
modulation has not been evaluated yet for coronary
arteries. Thus, it is not possible to fully modulate
X-rays to the anatomical conditions automatically;
consequently, individual optimization by the radi-
ologist or CT technician is essential. This point will
be developed below.

12.1.2.1.6
Rotation Time

Gantry rotation time can be up to 0.33s. A faster
rotation time results in a lower radiation dose if
the current (mA) is constant. Thus, to maintain the
same image quality, the tube current may have to
increase, requiring much more tube power.

12.1.2.1.7
Scan Coverage

The scan coverage is set up visually on the topo-
gram. As the total radiation dose delivered is direct-
ly proportional to scan coverage, precise adjustment
of scan coverage is important for optimization of
dose length product (DLP). With the new capabili-
ties of Multidetector CT (MDCT) systems, there is
a general tendency to increase the area of coverage.
If the scan length is too long, for example if the
scan range includes the upper part of the abdomen,
unnecessary radiation will be delivered to abdomi-
nal organs. However, if the scan length is too short,
for example if a portion of the coronary tree is not
included in the scan range, the examination would
not be complete, such that repeat scans would be
required, resulting in additional radiation doses to
patients. For coronary artery imaging (except for
bypass imaging), starting scanning at the level of
the bifurcation of the trachea is often judicious.
However, the scanning start level can vary accord-
ing to individual anatomy. For example, if the left
ventricle is dilated, the left anterior descending
coronary artery may be positioned over the plane
of the bifurcation of the trachea. In contrast, in thin
patients with a small, vertically oriented heart, scan-
ning may start lower than the level of the bifurcation

of the trachea, without risk of missing the proximal
part of the coronary artery tree.

It is important to be able to stop the scan during
the acquisition, precisely adjusting heart scanning,
just after the base of the heart (if it is a cranio-caudal
acquisition), so as to avoid unnecessary irradiation
of the upper abdomen. However, not all machines
currently used allow manual interruption of CT
acquisition. Adjustment of scan length requires
careful attention by the CT technicians to optimize
radiation dose. Scan length optimization from the
topogram may be difficult because heart position
may vary with breathing.

12.1.2.1.8
Pitch

The pitch is defined by the ratio of table feed per
gantry rotation to the nominal width of the X-ray
beam. An increase in the pitch decreases radiation
exposure, as time of exposure is shorter. For car-
diac CT, pitch is usually fixed by the manufacturer,
for optimization of cardiac synchronization. Users
are generally not allowed to change this parameter.
With the latest CT system (Definition from Siemens),
pitch may vary automatically with the heart rate.
Using automated table speed adaptation, this new CT
increases pitch with higher heart rates, resulting in a
faster table speed and a corresponding reduction of
radiation exposure. This new feature makes it pos-
sible to decrease dose with higher heart rates, which
was not possible with previous systems. Thus, this
new generation machine allows two ways of reduc-
ing dose according to the patient’s heart rate: either
by ECG modulation at heart rates below 70 beats per
minute, or by increasing pitch at higher heart rates.

12.1.2.2
Specific Cardiac Parameters

12.1.2.2.1
Prospective or Retrospective Acquisition

The first cardiac CT system was the electron-beam
CT, available since the 1980s. Very fast acquisition
times (100 or even 50 ms) were already available in
the early 1980s, making it possible to obtain images
free from heart motion artefacts. These images are
scanned prospectively using electron-beam technol-
ogy. The ECG can trigger a sequential image. Howev-
er,images were acquired with a low spatial resolution
(3 mm thickness), and the total time of acquisition
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was long, depending on the heart rate. For example,
40 s was required to create 40 3-mm-thick images at
the heart rate of 60 beats per minutes.

In a prospective mode, one image is acquired
sequentially during the same phase of the cardiac
cycle. The whole exposure time is used for one image:
there is no unnecessary radiation exposure in any
other phase of the cardiac cycle. Consequently, pro-
spective acquisition requires a much shorter expo-
sure time than retrospective acquisition: radiation
exposure is about 4 times less (HuNOLD et al. 2003).
Note that with the recent Multidetector CT (MDCT)
system, it is still possible to obtain prospective gated
images. This modeis currently used for calcium scor-
ing, but not usually for contrast-enhanced coronary
imaging. Prospective acquisition with Multidetector
CT (MDCT) systems is associated with lower radia-
tion doses (2-3 mSv for a whole heart) (HUNOLD et
al. 2003).

12.1.2.2.2
ECG-dependant Dose Modulation

All recent coronary CT angiography studies are
acquired using retrospective acquisitions. The tube
current ECG-dependant modulation is currently
the most effective technical tool for radiation dose
reduction during retrospectively gated acquisitions,
without loss of image quality, if the cardiac rhythm is
regular. The irradiation may be reduced by up to 50%
by application of a simple principle: radiation dose
is decreased by up to 80% during the systolic phase,
and the full dose is delivered only during the diastolic
phase (Fig. 12.2). Thus, in principle, dose reduction is
applied only during the phases that are not necessary
for interpretation of coronary arteries (phases associ-

mA
100%

20%

ated with heart motion), and there is no loss for the
“useful” phases (phases when the heart is still).

ECG modulation is activated prospectively, based
on the previous cardiac beats. There is a major draw-
back with the ECG modulation technique: it is not
satisfactory in cases of arrhythmia or of premature
contraction of the heart, because the systolic or dia-
stolic phases are then not correctly predicted. In these
cases, there is a large risk of reconstruction during a
low radiation dose phase, with consequent substan-
tial loss of image quality (images being very noisy
due to insufficient current). Thus, in cases of cardiac
arrhythmia, it is not recommended to activate the
ECG-modulation tool because there is a high prob-
ability of reduction of tube current during the dia-
stolic phase. New algorithms will soon be provided by
the manufacturers to detect premature contraction of
the heart automatically and thereby stop ECG mod-
ulation in a real-time mode during the acquisition.
These technical advances in ECG modulation are to
be welcomed, because they may facilitate the general-
ization of the use of these tools in daily practice.

There is another important drawback of ECG
modulation: some end-systolic phases allow a bet-
ter analysis of the coronary arteries than any recon-
struction during the diastolic phase. This is common
when the heart rate is above 65 beats per minute, and
the diastolic phase is therefore too short to create
a reconstruction free of motion artefacts. For this
reason ECG modulation should not be used system-
atically for heart rates above 65 beats per minute; it
is nevertheless recommended for regular cardiac
rhythms below 65 beats per minute. It is important
that the users can themselves adjust the temporal
amplitude of the modulation. For example, if the
heart rate is above 70 beats per minute, it may be

Time

Fig. 12.2. Using ECG modulation, the
tube current may be lowered at 20% of
the nominal tube current value in the
systolic phase, responsible for a noisy
systolic image (left). However, full dose
is applied during the diastolic phase,
responsible for high-quality images
when the heart is still (right)
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valuable to have the mid-diastolic and end-systolic
images at full dose. In contrast, a regular low heart
rate may be scanned with a full dose period limited
to diastole, favouring overall dose reduction.

In clinical routine, authors report ECG modulation
use in 82% of cases (HAUSLEITER et al. 2006) without
substantial impairment of image quality. However, in
some rare cases, an unexpected premature heart beat
may occur, causing partial image degradation related
to dose modulation. In our experience, this is rare,
and should not prevent systematically attempting to
use this powerful dose-reducing tool.

It is important to underline that the efficiency of
the ECG modulation varies with the cardiac rhythm:
the lower rhythm, more efficient is the modulation,
because the full dose phase is proportionally shorter
within the cardiac cycle. Consequently, the use of
beta-blockers enhances radiation dose efficiency if
ECGmodulationisactive, bylowering cardiac rhythm
and thereby lengthening the diastolic phase.

12.1.3
Radiation Dose Strategies in Cardiac CT

12.1.3.1
Judicious Use of ECG Modulation

With 64-slice CT from some manufacturers (for
example the Lightspeed 64 from General Electric),
it is possible to set the period of dose modulation
and to adjust the current level at the full and the
reduced doses. These tools are very beneficial for
optimal use of ECG modulation; for example, if the
cardiac rthythm is regular, sinusal and below 65 beats
per minute, the best reconstruction will be round 75%
with a high probability. In such cases it is possible to
adjust the full dose to between 70% and 80% of the RR
interval. If the current is reduced to 20% of the tube
current during the modulation, the total reduction
of dose would be 64%. For a heart rate higher than
70 beats per minute, the correct time for reconstruc-
tion may vary from 30% to 80%. It is advisable to set
the full dose period from 30% to 80% for patients with
a high heart rate: in these cases the overall reduction
of dose over a cardiac cycle would be 40%.

12.1.3.2
Individual Optimization

Generally, standard CT protocols lead to higher
radiation doses for slim than for normal or over-

weight patients, because attenuation of X-rays is
lower in slim patients. This is particularly true for
coronary CT imaging, and adaptation of the param-
eters (mAs and kilovoltage) is essential for radia-
tion dose optimization. Many studies show that mAs
can be lowered without impairment of image quality
according to the patient’s body mass index (BMI) or
weight. For coronary CT angiography, individually
weight-adapted protocols have been successfully
applied, by adjusting mAs to the patient’s weight
(Juna et al. 2003). Reduction of dose was 17.9% for
men, and 26.3% for women, keeping noise constant.
More recently, use of a lower kilovotage setting has
been shown to be possible with an additional ben-
efit on iodine dose (S1GAL-CINQUALBRE et al. 2004),
because iodine attenuation is higher at lower kilo-
voltage settings. Settings of 100 kV and 80 kV have
been successfully used for thoracic and even cardiac
studies, especially in slim patients and children.
Because radiation dose is proportional to the square
of the kilovoltage, a reduction from 120 kV to 80 kV
at the same current setting allows a 65% decrease
in radiation dose.

12.1.3.2.1
A Simple Method: Small, Medium or Large

The simplest method for an individually adapted
approach to dose reduction is to divide patients into
three categories: slim, normal and over-weight. Each
category has its own set parameters. This method
allows a substantial reduction of the radiation dose
in slim patients, for example by using 100 kV settings
(HausLEITER etal.2006). However, this classification
is rather subjective unless using weight or BMI for
classification. For routine thoracic imaging, 80 kV
acquisitions have been successfully used for patients
weighing less than 75 kg (SIGAL-CINQUALBRE et al.
2004). There are obviously considerable differences
in chest attenuation, especially between men and
women, because of the breasts. Also, there are large
differences in fat distribution between individuals.
Consequently, the impact of this approach, with its
inaccuracies, is limited.

12.1.3.2.2
The Noise Approach

To improve individually adapted parameters, we are
developing a noise-based approach in our centre
using an image from the pre-control CT acquisition.
This concept is applicable for CT machines, but the
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values would be specific for each. With the Siemens
Sensation 64, the pre-control image is set at 120 kV
and 20 mAs. An image of the heart is acquired to
define the region of interest (ROI) over the aorta. The
principle is to calculate the noise on this image, and
thereby predict the sufficient and necessary radia-
tion level for each individual. Because there is a
substantial difference in attenuation between the
upper and the lower parts of the heart, we use the

Fig. 12.3. a Using the topogram, a slice is positioned on the
basis of the heart. b Slice is acquired at the level defined
in a, the noise is measured in the left ventricle as the stan-
dard deviation of the value of the pixels within the region
of interest (circle). Here the standard deviation was found to
be 35 HU, leading to set radiation dose parameters at 120 kV
and 900 mAS (see Table 12.1) for the subsequent contrast-
enhanced coronary CT

bottom part of the heart for the pre-control scan,
to find the region with maximal attenuation as the
reference.

We trace a ROI over the left ventricle and the
noise corresponds to the value of the standard devi-
ation within the ROI (Fig. 12.3). In women with large
breasts, causing substantial attenuation, we recom-
mend fixing the breast as high as possible using
adhesive tape. This has two advantages. First, the
mammary gland is not directly in the field of the
X-rays delivered during the acquisition, massively
decreasing breast radiation exposure - a major con-
cern during cardiac or thoracic CT. Second, due to
the reduced attenuation in the region of scanning
when the breast is up, a lower radiation dose may be
delivered without affecting image quality.

Table 12.1 indicates the values for kV and mAs
we use currently, according to noise on the pre-con-
trol scan. Eight different settings have been defined.
These values have been chosen step-by-step from
the results of hundreds of coronary CT examina-
tions. We calculate that the radiation dose using
this protocol varies from 2 to 30 mSv, depending
on whether or not ECG modulation is employed,
and depending on the scan length. Image quality,
based on signal-to-noise evaluation in the aorta and
coronary arteries, was found similar in all groups
(Fig. 12.4), resulting from an analysis of 120 con-
secutive patients. By attempting ECG modulation
whenever possible, the overall mean radiation level
was 9.3 mSv in this study.

Table 12.1. Adaptation of the mAs and kV settings depend-
ing on the noise measured on a pre-control image realized at
120 kV and 20 mAs, on a Sensation 64 CT. In our population,
this rule leads to a mean radiation dose of 9.3 mSv, by com-
bination with the ECG modulation technique. Image quality
was found to be similar in the eight different groups

Tube current-time Tube power  CTDI,

product

(mAs) (kVp) (mGy)
<15 700 80 14
15-19 700 100 32
20-24 500 120 39
25-29 700 120 54
30-34 800 120 62
35-39 900 120 70
40-44 600 140 72
>44 700 140 84
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Fig. 12.4a-d. Example of curved multiplanar reformatted images (b,c)and 3D coronary image (a) in a 36-year old heart trans-
plant patient obtained at 80 kV and 700 mAs, using a 64-slice CT. Patient was 60 kg with a noise measured at 12 Hounsfield
Units (HU) on the pre-control image. DLP of contrast-enhanced acquisition was 148 mGy-cm, accounting for an estimated
dose of 2.5 mSv. d Example of a 3D coronary image in a woman presenting with atypical chest pain: noise was found at
18 HU and images were acquired at 100 kV and 700 mAs, using a 64-slice CT. Patient was 55 kg. DLP was 246 mGy-cm cor-
responding to a radiation dose of 5 mSv. In both cases image quality was found satisfactory for diagnosis
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12.1.4
Literature Review

ECG modulation and individual adaptation are dif-
ferent approaches, and therefore they are compli-
mentary and have an additive effect on dose reduc-
tion. We have shown that it is possible to scan down
to 2 mSv in selected, slim patients, using this com-
bined approach (ABADA et al. 2006). Using 100 kV in
addition to ECG modulation, HAUSLEITER and col-
leagues (2006) report radiation dose levels of 5 mSv
for coronary CT angiograms. This has important
implications because this dose is equal to or even
lower than the mean radiation dose associated with
conventional angiography.

All published studies addressing radiation dose
during cardiac Multidetector CT (MDCT) were per-
formed on Siemens CT scanners. There might be,
however, substantial differences in radiation dose
between different makes of machine, but no specific
study has yet been published for the other manufac-
turers, to the best of our knowledge.

Using 4-slice coronary CT, the radiation dose
for coronary CT angiography was reported to be
7.7 mSv in men (PoLL et al. 2002): in this study,
ECG pulsing was responsible for a dose reduction
of between 37% and 44%. Another comparative
study from three protocols included the recom-
mended protocol from Siemens. The reported radi-
ation dose (without ECG modulation) varied from
6.7 to 10.9 mSv for male patients, and from 8.1 to
13 mSv for female patients respectively. The manu-
facturer-recommended protocol yielded the high-
est effective doses overall (HuNoLD et al. 2003).
Doses were found to be about 5 times higher than
those delivered with electron-beam CT or conven-
tional angiography.

More studies are available for the 16-slice CT.
For coronary CT angiography, radiation estimates
vary from 8.1 to 14.7 mSv without the use of ECG
modulation (CoLESs et al. 2006; GERBER et al. 2005;
TrABOLD et al. 2003). ECG pulsing reduces the dose
by 28% (GERBER et al. 2005) to 47% (TRABOLD et
al. 2003).

A larger number of detectors is associated with
higher radiation dose: CoLEs et al. (2006) found a
significantly higher dose with 16 (14.5%£2.2 mSv)
than with 12 (13.5£2 mSv) detectors on the same
machine. A recent study comparing 16-slice and 64-
slice CT in the same centre confirms this tendency.
The overall effective dose estimates of cardiac CT
angiography were 6.4£1.9 and 11+4.1 mSv with 16-

and 64-slice CT, respectively, using ECG modula-
tion for both in most cases (HAUSLEITER et al. 2006).
Thus, radiation exposure has nearly doubled from
16- to 64-slice CT. Radiologists should be increas-
ingly careful about radiation dose levels, and should
attempt to use dose-savings algorithms whenever
possible. Indeed, it is possible to reach up to 40 mSv
if ECG-gated acquisition using maximal settings is
used over the whole thorax (for example, in the case
of bypass imaging, without ECG modulation).

Recently, delayed enhancement imaging has
been proposed using cardiac CT (GERBER et al.
2006; LARDO et al. 2006; MAHNKEN et al. 2005;
PauL et al. 2005). These late enhancement pro-
tocols do not require high spatial resolution and
are best performed at low kilovoltage, to enhance
contrast uptake in the myocardium (PauL et al.
2005). The radiation dose at 80 kV is about 2—-4 mSyv,
roughly one-third of that required for coronary CT
imaging.

12.1.5
Specific Protocols in Cardiopaediatrics

12.1.5.1
Specific Issues in Cardiopaediatrics

Compared to earlier helical CT, Multidetector CT
(MDCT) allows more rapid acquisition, thinner slic-
es and eventually ECG-gated acquisition, making
it appropriate for congenital heart disease studies
(GILKESON et al. 2003; PAUL et al. 2002; WESTRA
et al. 1999a). Compared to MRI, Multidetector CT
(MDCT) provides much higher spatial resolution,
using much quicker and safer procedures. In par-
ticular anaesthesia is not required for Multidetector
CT (MDCT) examinations .

The first issue is to decide whether ECG-gated
acquisition should be used in congenital heart dis-
ease patients, and the second is which protocol is
best suited: the radiation dose delivered should be
estimated for each protocol to minimize radiation
exposure. In our centre, the first criterion we con-
sider for the choice of the protocol is whether or not
apnoea is possible during the acquisition. Generally,
it is only possible for children over the age of 6 or
7 years.

For infants between ages 6 and 12, we usually test
the breath-hold 2 or 3 times before the acquisition,
to ensure thoracic immobility is possible during the
scanning process. If apnoea is not possible, ECG-
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gated acquisitions are in principle not recommend-
ed, because these acquisitions are much longer than
non-gated acquisitions: longer scan time, larger
respiratory artefacts and lower image quality.

Itisnot possibleto make neonates or younginfants
hold their breath. The cardiac rhythm of babies with
cyanotic congenital heart disease is very high, gen-
erally between 140 and 180 beats per minute, mak-
ing total motion-free cardiac images impossible to
obtain. In addition, ECG-gated cardiac retrospective
acquisition requires a much higher radiation dose
than non-gated thoracic CT, because only a part of
the dose (the dose delivered during diastole) is used
for creating images. Organ sensitivity to radiation is
much higher in babies than in adults, and the risk
increases with radiation dose.

The second issue is clinical. Gated acquisitions
are generally not necessary for evaluation of pul-
monary arteries or the aorta, except the aortic
root, which is subject to substantial heart motion
artefacts. For example, patients with pulmonary
atresia with ventricular septal defect are evaluated
in our centre by fast, non-gated acquisition. Coro-
nary origins may be frequently clearly visualized
in babies using a non-gated protocol (80% of cases
in our experience, in agreement with reported val-
ues; Goo et al. 2005).

Despite all these reasons, in some specific cases
for some babies it may be beneficial to use ECG-
gated acquisitions to look for an anomalous origin
of the coronary arteries (Fig. 12.5). Even with heart
rates above 140 beats per minute, ECG-gated acqui-
sitions may improve visualization of coronary arter-
ies in our experience.

12.1.5.2
Protocols

The principle of “going as fast as possible” allows
good image quality in neonates with congenital
heart disease, and furthermore short acquisition
times minimize respiratory artefacts. Very short
acquisition times (2 s or less) allow apnoea in intu-
bated babies, and the images obtained are free of
respiratory artefacts. With the 64-slice CT, the tho-
rax of a baby can be scanned in about 1.5 s using
0.6 mm collimation.

The thorax is a low attenuation region, though
substantial dose reduction during chest CT is feasi-
ble because of the high inherent contrast. In August
2001, the ALARA Conference of the Society for
Paediatric Radiology considered the issue of dose

Fig. 12.5. Nine-month-old boy with dilatation of the left ven-
tricle and signs of anterior myocardial ischaemia on ECG: an
anomalous origin of the left coronary was suspected. ECG-
gated coronary angiography was performed for confirma-
tion of diagnosis. Despite a very fast heart rate (140 beats
per minute) a very low dose ECG-gated protocol was per-
formed, using 80 kV and 150 mAs, accounting for a DLP of
27. Estimated radiation dose for this baby, after correction
due to body size, was estimated close to 1 mSv. Note that the
coronary origins are well depicted, with a left main coronary
artery originating from the left side of the pulmonary artery.
(Ao Aorta, LCA left coronary artery, PA pulmonary artery,
RCA right coronary artery)

reduction by the reduction of kilovoltage. In our
centre, we decided to apply the ALARA principle as
far as possible to neonates and babies with congeni-
tal heart disease, and then apply some systematic
rules:

® Systematic use of 80 kV settings (PAUL et al. 2004)
@ Adaptation of the mAs to the child’s weight (start-

ing from 17 mAs)
@ Only one phase acquisition when possible
® Protection of non-scanned organs (shield)

80 kVp setting is sufficient for good quality imag-
es, as long as the mAs setting is adjusted according
to the child’s weight. The other advantage of using
only 80 kV is that the amount of contrast medium
injected can also be reduced, because iodinated con-
trast is more attenuated at low kilovoltage settings
(iodine has a high atomic number) than higher set-
tings.
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For thoracic imaging, current exposure is adapt-
ed to the body weight in neonates and babies, using
the following scale:

Weight (kg) kv mAs
3 80 25
4 80 30
5 80 35
6 80 40

Using this protocol, the radiation exposure for a
neonatewas estimated tobelessthan 1 mSv;thisdose
is equivalent to about 6 months of natural radiation.
Even lower doses may be used in premature babies
or when high-quality images are not required for
diagnosis. The minimum exposure setting allowed
with the 64-slice CT from Siemens (Sensation 64) is
80 kV and 17 mAs. A previous study compared radi-
ation dose with electron-beam CT and conventional
angiography in babies with pulmonary atresia: the
authors estimated that electron-beam CT was asso-
ciated with 25-50 times less skin exposure than con-
ventional angiography (WESTRA et al. 1999b). Ana-
tomical data acquired from CT may be judiciously
used to limit the number of views acquired with
angiography, and sometimes replace conventional
angiography altogether. Thus, CT can contribute to
reducing the overall radiation exposure in congeni-
tal heart disease patients.

12.1.6
Conclusion

Because the radiation exposure is high and tends
to increase for patients investigated with the lat-
est generation of cardiac CT, it is essential to use
radiation dose-reduction tools whenever possible.
These tools should be judiciously used to avoid
jeopardizing image quality. In addition, individu-
ally adapted protocols, including a low kilovoltage
approach for slim patients, are beneficial because
they have an independent impact on radiation dose
reduction without substantial loss of image quality.
New efforts from manufacturers are expected in the
near future, to further decrease radiation associated
with coronary CT angiography.

12.2
Radiation Dose Optimization in CTA for
Aorta and Peripheral Vessels

12.2.1
Introduction

Computed angiography (CTA) of aorta and periph-
eral vessels has gained widespread use for screen-
ing patients with peripheral aortic occlusive disease
(PAOD). Scanning patients with PAOD requires
taking into account two different regional body
anatomies that confer two levels of attenuation: the
abdomen, in order to image abdominal aorta and
renal arteries with high attenuation level, and the
extremities, in order to image run-off vessels with
low attenuation level. An important shift from a
region of high attenuation to a region of low attenu-
ation, as illustrated by the imaging of peripheral
vascular vessels, leads us to consider that a standard
protocol that maintains constant kV and mAs is
inappropriate regarding radiation dose exposure.
From the different approaches that contribute to
radiation saving, four appear crucial for imaging
the aorta and peripheral vessels:

® Automatic techniques

® Reduction of tube current

® Reduction of tube voltage (the kV approach)

® The pitch

12.2.2
Automatic Techniques

Continuous improvements in multislice technol-
ogy increased the need to obtain the lowest radia-
tion dose exposure possible. Different automatic
approaches are now available on various recent CT
scanners that challenge the concerns about unneces-
sary dose exposition. These techniques emerged on
the basis that current fixed-tube methods subject
patients to greater radiation dose exposure because
they do not differentiate, in their settings, shifts in
patients’ size and anatomy from one region to anoth-
er. Our concern when imaging the aorta and periph-
eral vessels is to optimize radiation dose exposure
in the abdomen, which represents a region of high
attenuation.

The concept of on-line, attenuation-adapted tube
current modulation was first introduced with single-
slice technology (KALENDER et al. 1999). This tech-
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nique is based on the principle that the tube current
is automatically adjusted regarding different X-ray
beam projection angles (in which only x- and y-axes
are considered). A pre-specified level of image noise
is determined according to the anatomical region
scanned, and each adjustment of the tube current is
then performed. The system provides a dose reduc-
tion of 23%.

This technique allowed an ever-growing set of
automatic technological advances.

Indeed, another automatic tube current modula-
tion technique considers the z-axis as well. z-axis
modulation considers a level of noise that is selected
by the operator regarding the desired image qual-
ity of the scanning region (KALRA et al. 2004). This
level of noise represents the reference at which the
system will regulate tube current values throughout
the scanning time. Actually, the modulation follows
information provided by scout scan projections
that draw the attenuation and shape of the patient
scanned. The system uses a noise index coefficient
that is estimated at the preselected kV initially per-
formed by the operator. The tube current modula-
tion technique using the z-axis technique is then
strongly linked to image noise.

Recently, a combination of both abovementioned
approaches to radiation saving has been proposed
in the system provided by Siemens (the CARE Dose
4D), which includes on-line tube current modula-
tion for each tube rotation and determines a tube
current value for each slice position. This system
takes into account simultaneously the z-axis as well
as the x- and y-axes (R1zzo et al. 2006). R1zzo et al.
(2006) demonstrated that using the CARE Dose 4D
to scan the abdomen and pelvis results in a reduc-
tion of radiation dose of 42%-44% when compared
to maintaining constant tube current settings. This
technique did not result in a dramatic impairment
inimage quality, as the concept of diagnostic accept-
ability stated by the authors fit the requirements for
such a diagnostic purpose. Overall, the great advan-
tage of these techniques is that they offer the opera-
tor the opportunity to reduce radiation dose expo-
sure automatically on daily, routine CT exams.

12.2.3
Reduction of Tube Current

Before the introduction of automatic techniques,
the primary approach to decreasing radiation was
restricted to the reduction of the tube current. One

reason for this is that it was more straightforward
to decrease radiation empirically, on a step-by-step
basis, because a wide range of settings was available.
Because any decrease in tube current should affect
image noise and image quality, one had to decrease
radiation cautiously to prevent obscuring diagnos-
tic demands. Several studies reported advantages of
tube current reduction for radiation saving in body
imaging for both adults and children (DIEDERICH et
al. 1999; FEFFERMAN et al. 2005; KaLRA et al. 2002;
SoHAIB et al. 2001; Tack et al. 2005). Only one study,
to our knowledge, has been made for PAOD (FRAIOLI
et al. 2006). Indeed, in order to achieve a substantial
reduction in X-ray exposition to evaluate peripheral
arterial disease, FrAIOLI et al. (2006) used differ-
ent tube current settings at 50 mAs, 100 mAs and
130 mAs. Data analysis showed absence of impair-
ment in diagnostic accuracy. The corresponding
approximation of radiation dose exposure was
3.7 mSv for 50 mAs, and, respectively, 8.2 mSv and
13.7 mSv for 100 mAs and 130 mAs. Image quality
was graded as excellent when weight did not exceed
85 kg. Thisapproach highlights that radiation saving
for imaging PAOD could be achieved with a decrease
in tube current settings at constant value during the
scan duration. However, because the performance
of the on-line automatic tube current modulation
technique achieved with CARE Dose 4D is better,
fixed lowering of tube current settings should be
addressed when automatic tools are lacking in some
non-upgraded CT scanners that are still in use.

12.2.4
The kV Approach

The relationship between tube voltage and radiation
exposure is not linear. Thus, reducing tube voltage
induces an exponential reduction of radiation expo-
sure. A magnitude of 65% of radiation saving could
be attempted if tube voltage is reduced from 120 kV
to 80 kV while tube current is maintained with the
same settings.

The drastic decrease of radiation dose obtained
with the kV approach is attractive; however, it
needs to be performed cautiously because of con-
cern about image quality. Signal-to-noise ratio,
contrast-to-noise ratio and vessel density are the
main factors of diagnostic relevance for CTA of
aorta and peripheral vessels. Low kV settings allow
anincrease in vessel density because the photoelec-
tric effect of X-ray attenuation is increased at lower
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tube voltages with structures of high atomic num-
ber, such as iodine. Our approach to lowering kV
for studies of aortic and renal arteries is a weighted,
adaptive protocol that uses a tube voltage of 100 kV.
A cut-off of 80 kg delineates the limit at which that
protocol should be applied on a routine CTA of the
aorta. The 100-kV protocol is of great value when
assessment of peripheral vessels is also attempted
with the same CT scan. Indeed, the higher scan
coverage, which increases the radiation dose expo-
sure, is counterbalanced by the saving attempt of
a low-kV protocol. Our experience shows that an
optimal enhancement of the aorta and femoro-pop-
liteal arteries is always met with a mean enhance-
ment of 380 HU when a biphasic iodine injection
protocol is performed (20 ml iodine at 5 ml/s and
100 ml iodine at 3.5ml/s and 50 ml saline at 2ml/s).
WINTERSPERGER et al. (2005) demonstrated the
effective use of a 100-kV protocol for aorto-iliac
arteries when compared to a 120-kV protocol, with
constanttubecurrentsettingsinbothprotocols. The
authors found that even though the noise increased
in the 100-kV group, the signal-to-noise ratio and
the contrast-to-noise ratio remained at the same
magnitude because of the abovementioned effect
of kV lowering, which increased the contrast. The
100-kV protocol allowed a reduction of radiation
dose exposure from 10 mSv to 6.1 mSv, correspond-
ing to a radiation saving of 37% (WINTERSPERGER
et al. 2005).

One consideration when imaging patients with
PAOD is that we need to image aorta, renal arter-
ies, iliac, arteries, femoral arteries, and run-off
vessels in a single CT examination. Imaging aor-
ta, renal and iliac arteries requires dealing with
abdominal tissue, which could result in high dif-
ferences of attenuation from one patient to anoth-
er. In addition, the abdomen represents an area of
low contrast and it contains important structures
such as the liver, which must not be misinterpreted
in a vascular CT study. Lowering tube voltage in
that region induces an increase in image noise as a
consequence of reduction in photon flux in an area
of low attenuation. Recent studies have shown that
we can perform kV lowering in the abdomen, tak-
ing into account the diagnostic capability of the
CT exam regarding the hepatic parenchyma. The
well-known concept of low contrast detectability
(BARON 1994) was used by one group of investi-
gators to show that the tumour-to-liver contrast
could be reached. They stressed that CT capa-
bilities with low kV could be clinically relevant

for screening hepatic parenchyma. Funama et
al. (2005) demonstrated in a phantom study that
the use of 90 kV in the abdomen instead of 120 kV
can reduce radiation dose as much as 35% with-
out obscuring low contrast detectability. Further-
more, NAKAYAMA et al. (2005) also stressed the
impact of kV lowering on a clinical study using
90 kV in the abdomen. This protocol allowed a
radiation saving of up to 57% compared to the 120-
kV protocol (Nakavama et al. 2005). In addition,
a reduction of contrast amount of 20% was real-
ized with images at 90 kV, which were enhanced
more highly than those at 120 kV. The reduction
of contrast volume with low kV in the chest was
also previously reported (Si1GaL-CINQUALBRE et
al. 2004) and remains applicable to the abdomen.
Because low-kV protocols yield images with bet-
ter enhancement, their use for vascular purposes
is recommended when patients’ size and morphol-
ogy requirements are met.

12.2.4.1

Combined Approach of Automatic Techniques
(x-, y-, and z-axis Tube Current Modulation)
and kV Lowering

Combined angular and z-axis modulation (CARE
Dose 4D), the ultimate automatic system for radia-
tion dose optimization, has been recently reported
regarding different tube voltage settings. Goo and
SuH (2006) studied phantoms of different levels of
attenuation to determine how the CARE Dose 4D
system is influenced when 80-kV, 100-kV and 120-
kV settings are applied. They found that on larg-
er attenuation regions, appropriate tube current
modulation is obtained at 120 kV and 100 kV, but
could not be achieved at 80 kV. Actually, at 80 kV,
in regions of high attenuation, tube current was not
modulated and was constant at 180 mAs. Authors
assume that 180 mAs might be the maximal tube
current setting in high attenuation regions using
80 kV with the Siemens CARE Dose 4D system
(Goo and SuH 2006). These findings show how a
good understanding of the system used is man-
datory in the prevention of miscalculation in the
selection of CT parameters.

While no clinical study has investigated the scope
of a combined 100-kV protocol and CARE Dose 4D
for CTA of aorta and peripheral vessels, the results
of Goo and SuH (2006) show that such a protocol
might be applicable. Further studies are needed to
attest to this statement.
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12.2.5
Pitch

Pitch is defined as the ratio of table feed to the
width of the X-ray beam per gantry rotation. Thus,
an increase of the pitch results in a decrease of the
time of exposure to the X-ray beam. Based on the
above definition of the pitch, any attempt to raise
the pitch should save radiation exposure. However,
this statement becomes non-applicable with manu-
facturers that use effective milliampere-second set-
tings. The milliampere-second, which is expressed
as milliampere-second divided by pitch, remains
constant even if the pitch is changed. In fact, any
modification of the pitch performed by the operator
makes the system adjust tube current proportionally
and automatically in order to maintain the same
value of noise. In this way, image quality cannot be
hampered by the operator and remains at the same
magnitude (MAHESH et al. 2001). Under such condi-
tions, decreasing the pitch has no effect on saving
radiation exposure because of the manufacturer’s
intervention.

The recent development of CT technology
enables us to shorten scan duration. Indeed, using
64 detectors allows an increase in z-axis coverage,
which might be interesting when performing CTA
of peripheral vessels. However, the use of such CT
scanners requires radiologists to readjust their pro-
tocols regarding time acquisition and their injec-
tion protocols. One issue to face is obtaining the
optimal balance between scan duration (slice thick-
ness and pitch) and the contrast medium bolus time
necessary to reach calf arteries. Consequently, one
option to overcome such requirements is to increase
the pitch in order to have a time of acquisition that
matches the bolus time of contrast medium in the
target area. CT scanners that use milliamperes-sec-
ond enable us to decrease the pitch but induce auto-
matic adjustments of mAs. Hence, eventually the
radiation exposure is maintained at the same value.
Using higher pitch in such circumstances, and with
scanners that use mAs, would enable us to cut down
the scan duration without decreasing radiation dose
exposure. Depending on the CT scanner used, one
must know whether variation of the pitch affects the
radiation dose; again we see the importance of radi-
ologists being aware of the capabilities and proper-
ties of their machine.

12.2.6
Conclusion

The introduction of multidetector CT technology,
along with improvements in workstations dedi-
cated to display 3D and multiplanar reconstruction
of vascular structures, has led to the widespread
use of CTA of aorta and peripheral vessels. The
large scan coverage represents a concern regarding
radiation dose exposure that requires optimization
techniques. The rapid development of automatic
techniques represents a robust approach to saving
radiation exposure.

Despite these automatic techniques, the role of
the radiologist is not undermined because a com-
prehensive knowledge of CT capabilities is of utmost
importance. Before each CT examination, the opera-
tor should keep in mind that any attempt to increase
radiation dose exposure would be undertaken in
order to improve diagnostic performance. Imaging
aorta and peripheral vessels leads to dealing with
abdomen regions, where low-contrast areas might
be deeply affected by increasing image noise. The
radiologist is the only one who can assess the clini-
cal purpose of the examination and determine the
best approach to be undertaken for achieving the
ALARA principle.
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13.1
Introduction

Since its introduction in the 1970s, computerized
tomography (CT) has played an important role in
the diagnosis of musculoskeletal disorders. It rap-
idly became the examination of choice for the diag-
nosis of disc herniation, fractures, bone tumours
and some developmental abnormalities. Although
the image quality was altered by streak artefact
associated with medical devices, CT was also indi-
cated in postoperative imaging (BLuM et al. 2000;
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IocHuM et al. 2001; COTTEN et al. 2002; FAYAD et
al. 2005a, 2005b).

However, the performance of CT was hampered
by its relatively low contrast resolution, which led
to poor soft tissue evaluation compared with mag-
netic resonance imaging (MRI). Intra-articular
lesions are almost impossible to detect without the
administration of intra-articular contrast medium,
and soft tissue masses are frequently misdiagnosed.
CT is also the largest single source of medical expo-
sure to radioactivity. For all these reasons, MRI
has superseded CT as the first-line investigation in
many situations.

Nevertheless, tremendous interest is now being
expressed in CT due to its increased availability,
low cost compared with MRI, and improved per-
formance thanks to the advent of multidetector
row CT (MDCT). With MDCT, images can be pro-
duced with submillimetre acquisition, thus pro-
viding true isotropic high-resolution volume data
sets. Multiplanar reconstructions and 3D imag-
ing improve the evaluation of bone and soft tissue
disorders. The short acquisition speed (a few sec-
onds) eliminates the need for sedation, minimizes
dependence on patient cooperation and fits the
technique perfectly for use in the complete evalua-
tion of polytraumatized patients. Finally, the pos-
sibility of retrospectively modifying reconstruc-
tion parameters improves the overall performance
withoutincreasing the dose exposure. For example,
large and small field of view reconstructions can be
obtained from a single acquisition, simultaneously
providing an overview and a detailed analysis of
different anatomical regions. The slice thickness
can be retrospectively increased, enhancing the
signal-to-noise ratio and improving the soft tissue
analysis (BLum 2002; WALTER et al. 2003; FAYAD et
al. 2005a, 2005b).

Assessing and reducing dose is an important
issue because some patients are very young and may
undergo repeated CT examinations; furthermore,
radiosensitive organs may be exposed to high doses.
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In most situations, CT examinations are performed
for the evaluation of high-contrast structures and
low doses can be recommended.

13.2
Typical Dose in Musculoskeletal CT
Examinations

THE INTERNATIONAL COMMISSION ON RADIOLOGI-
CAL PROTECTION (1991) recommends the establish-
ment of agreed levels for use in investigations; when
greater exposure is proposed, the need for it, and
the implications of its use, should be examined.
The Council Directive of June 30, 1997 requires
the member states of the European Community
to promote the establishment and use of diag-
nostic reference levels that are expected not to be
exceeded during standard procedures (EUROPEAN
CoMMUNITY 1997). The European Commission sug-
gests reference doses, defined by the weighted CT
doseindex (CTDI,) and dose-length product (DLP),
to be used in various CT examinations (EUROPEAN
COMMISSION 1999).

For the lumbar spine, the proposed reference lev-
elsare a CTDI, of 35 mGy and a DLP of 800 mGy-cm.
For the osseous pelvis, the proposed reference levels
are a CTDI,, of 25 mGy and a DLP of 520 mGy-cm
(EurROPEAN COMMISSION 1999). However, these dos-
es are based on survey data from the late 1980s and
early 1990s, prior to the widespread introduction of
spiral CT and MDCT (SHRiMPTON and EDYVEAN
1998; HIDAJAT et al. 2001). Since that time, MDCT
has changed practice dramatically, and guidelines
should be reviewed accordingly (HIDAJAT et al. 2001;
BONGARTZ et al. 2004).

Some surveys have been conducted recently, but
most focus on the chest and abdomen, and very few
dataareavailable concerning musculoskeletal exam-
inations (Tables 13.1-13.3) (GALANSKI et al. 2001;
HipajarT et al. 2001; Brix et al. 2003; HATZIIOANNOU
et al. 2003). New guidelines (March 2004) resulting
from the work of a European study group of radiolo-
gists and physicists involved in diagnostic CT rec-
ommend that the volume CT dose index (CTDI,)
should remain below 40 mGy for exploration of the
cervical spine, below 20 mGy for limb and periph-
eral joint examinations, and below 15 mGy for the
lumbar spine, pelvic skeleton and the shoulder
(BONGARTZ et al. 2004).

CT scanning plays an increasing role in the man-
agement of musculoskeletal disorders, particularly
with the advent of 16-section multidetector CT,
which has numerous advantages. First, most stud-
ies are completed in under 10 s, which helps mini-
mize the need for patient cooperation. The speed of
image acquisition with MDCT is particularly advan-
tageous compared with MRI. Second, isotropic vol-
ume image data are acquired, allowing retrospective
reconstruction of multiple high-resolution image
sets from the original raw data - thereby enabling
3D CT images to be produced in numerous planes
from only one acquisition. Third, the slice thickness
and reconstruction algorithm can be retrospective-
ly modified in order to improve the signal-to-noise
ratio, and thereby the soft tissue analysis, without
increasing the dose of radiation. Fourth, when used
correctly, 3D CT volume imaging can help minimize
the dose. Finally, although its high-contrast reso-
lution means that MRI is undoubtedly superior to
CT in detecting and defining soft tissue and bone
marrow abnormalities, MDCT is essential in several
settings, as follows. In postoperative cases, metal
artefact typically prohibits MRI evaluation, but vol-
ume rendering of a MDCT axial database virtually
eliminates streak artefact associated with hardware.
In the evaluation of masses, CT, unlike MRI, allows
for the detection and characterization of calcifica-
tion, cortical disruption, and periosteal reaction. In
the setting of trauma, fracture lines are exquisitely
defined, as is the extent of fracture. Large anatomi-
cal areas (such as in patients with congenital tho-
racic deformities or skeletal dysplasias), and areas
not easily evaluated by MRI (such as the ribs and
skull), are clearly delineated using MDCT (IocHUM
et al. 2001; WALTER et al. 2003; FavyaDp et al. 2005a,
2005b).

In our institution, CT is indicated in the follow-
ing situations: complex fracture, fracture with vas-
cular impairment, dislocation with fracture, occult
fracture (other than hip and scaphoid), skeletal and
soft tissue tumours, postoperative follow-up, bone
dysplasia, disc herniation, and joint evaluation.
CT arthrography of the shoulder, elbow, wrist, first
metacarpophalangeal joint, hip, knee and ankle may
be preferred to MRI or MR arthrography for preop-
erative evaluation.

We retrospectively evaluated the CTDI,, and
the DLP for the types of CT examination most
commonly carried out for musculoskeletal disor-
ders in our institution. CT was performed using
16-row MDCT (Sensation 16, Siemens, Erlangen).
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All images, plus dose values (CTDI,, and PDL)
as displayed on the scanner, were sent to the pic-
ture archiving and communications (PACS) sys-
tem (Impax V5, Agfa, Belgium). Five anatomical
regions were selected for the study: cervical spine,
lumbar spine, pelvic skeleton, shoulder and knee.
For the cervical spine and the pelvic skeleton,
acquisitions were performed with a collimation
of 16 x0.75 mm. The tube voltage was generally
equal to 120 kV and the mAs product was usu-
ally set to 250. For the lumbar spine, the acqui-
sitions were performed with a 16 x0.75 mm col-
limation, 120 kV and generally 350 or 400 mAs.
For the shoulder, the acquisitions were performed
with a 16 X0.75 mm collimation, 120 kV and gen-
erally 300 mAs. For the knee, collimations of

12x0.75 mm or of 2x 0.6 mm (for ultra-high res-
olution) were used. The tube voltage was 120 kV
and mAs values ranged from 150 to 350. In all
cases, the pitch factor was between 1 and 1.8. The
automatic exposure control (AEC) was not used.

Significant variations in CTDI,, and DLP were
observed for each type of examination (Tables 13.4,
13.5). This can be explained by the adjustment of
exposure parameters according to patient size.
Exposure parameters were also lower when the
examination was focused on bony structures,
whereas the mAs product was higher when a pre-
cise soft tissue evaluation was necessary. The major
influence on dose was probably the extent of the
target volume, which was increased when multiple
lesions were suspected.

Table 13.1. Weighted computed tomography dose index (CTDI,,) in CT examinations in some recent surveys. Data in paren-

theses are the minimum and maximum. (NA Not available)

Author, year of publication Type of CT scan

Cervical spine

Lumbar spine  Pelvis and pelvic skel- Extremities

CTDI,, (mGy)
GALANSKI et al. (2001) Single-slice CT 33.9
HipAjAT et al. (2001) Conventional NA
Spiral CT NA

Conventional and
spiral CT

HATZIIOANNOU et al. (2003)

Dual-slice and
quad-slice CT

Brix et al. (2003) 26.0

49.2 (14.9-103.2)

CTDI, (mGy) eton CTDI, (mGy)® CTDIL, (mGy)
37.1 26 NA
32.8 (12.7-62.7)* 32.7 (23.7-47.5) NA
24.8° 16.4 (12.6-25.3) NA
29.6 (10.6-53.3) 22.4 (8.7-43.7) NA
30.3 21.8° 14.8

2 CT scan performed for disk evaluation

b Only the survey reported by Galanski and Brix concerns CT scan performed specifically for the pelvic skeleton

Table 13.2. DLP in CT examinations in some recent surveys. Data in parentheses are the minimum and maximum. (NA Not

available)

Author, year of publication Type of CT scan

Cervical spine
DLP (mGy-cm) DLP (mGy-cm)

Lumbar spine  Pelvis and pelvic skel- Extremities

eton DLP (mGy-cm)® DLP (mGy-cm)

GALANSKI et al. (2001) Single-slice CT 129
HipajAT et al. (2001) Conventional NA
Spiral CT NA

Conventional and 295 (56-760)

spiral CT

HATZIIOANNOU et al. (2003)

Dual-slice and 277

quad-slice

Brix et al. (2003)

216 487 NA
391 (130-980)* 845 (504-2018) NA
270° 306 (168-488) NA
203 (63-508) 336 (131-676) NA
445 440 171

2 CT scan performed for disc evaluation

® Only the survey reported by Galanski and Brix concerns CT scan performed specifically for the pelvic skeleton
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Table 13.3. Effective dose in CT examinations in some recent surveys. Data in parentheses are the minimum and maximum.

(NA Not available)

Author, Type of CT scan Cervical spine

(mSv)

year of publication

GALANSKI et al. Single-slice CT 2.1

(2001)

HIDAJAT et al. Conventional NA

(2001) spiral CT

HatziioaNNou et al.  Conventional and  1.59 (0.30-4.10)
(2003) spiral CT

Brix et al. Dual-slice and 2.9

(2003) quad-slice

Lumbar spine  Pelvis and pelvic skeleton Extremities

(mSv) (mSv)? (mSv)
2.7 8.8 NA
NA NA NA
NA 6.38 (2.49-12.85) NA
8.1 8.2 NA

 Only the survey reported by Galanski and Brix concerns CT scan performed specifically for the pelvic skeleton

Table 13.4. CTDI,; in musculoskeletal examinations in the present authors’ institution

CTDI,; (mGy)

Cervical spine Lumbar spine

Mean 21 32 21

Range 18.5-45.2 23.4-56.4 15.6-33.4

3 quartile 21.4 35.0 23.4

Pelvis, skeleton Shoulder

Knee (ultra-high resolution)?

25 18 17
23.4-35.0 10.9-31.2 14.6-32.2
27.3 21.8 17.3

2 Acquisition with a collimation of 2x 0.6 mm

Table 13.5. Dose-length product (DLP) in musculoskeletal examinations in the present authors’ institution

DLP (mGy-cm)

Cervical spine Lumbar spine

Mean 411 782 602

Range 321-766 399-1527 366-1359

3 quartile 455.2 825.5 680.2

Pelvis, skeleton Shoulder

Knee (ultra-high resolution)?

332 425 263
253-688 195-757 174-539
349.2 555 287.5

2 Acquisition with a collimation of 2x 0.6 mm

With the advent of MDCT, and more specifically
16-section MDCT, the possible applications of CT
scanning in musculoskeletal disorders have dra-
matically increased, and major changes have been
made to scanning protocols. The entire spine can be
explored for fractures (Fig. 13.1). Whole-body CT
has been recommended for the diagnosis of multi-
ple myeloma (HORGER et al. 2005). Musculoskeletal
explorations can be combined with CT angiography

for the diagnosis of post-trauma vascular lesions,
evaluation of musculoskeletal tumours, and diag-
nosis of artery entrapment syndromes (Fig. 13.2)
(KARCAALTINCABA et al. 2004; FAYAD et al. 2005b).
CT of the lumbar spine may be combined with sacro-
iliac joint evaluation when a spondyloarthropathy
is suspected. All these new applications lead to an
extended target volume or to multiphasic explora-
tions.
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Fig. 13.1a, b. Vertebral fractures
in a 38-year-old man. a Sagittal
multiplanar reformation (MPR)
with low-dose MDCT of the tho-
raco-lumbar spine. b Follow-up
after kyphoplasty

13.3
Motion Studies

With improved temporal resolution, MDCT permits
cinematic evaluation of the joints. Due to the lim-
ited width of the detectors (no more than 4 cm),
only rotational motion can be explored at present.
However, this technique could help in kinesiology
studies and in the diagnosis of occult instabilities.
BATcH et al. (2004a) conducted a study involving a
rotational phantom and patients undergoing shoul-
der arthrography with 16-section MDCT. Using a
12x 1.5 mm collimation (18 mm), a partial scanning
technique and a rotation time of 0.5, a structure
located 3 cm away from the centre of rotation could
rotate at the speed of one revolution in 15.8 s without
significant artefact. With two motion acquisitions,
one each in the upper and lower portions of the
gleno-humeral joint, it is possible to evaluate the
most important parts of the joint. With low-dose
acquisitions (120 kV and 50 mAs) lasting 10's, the
total CTDI,;; and DLP are respectively 144.4 mGy
and 260 mGy-cm. Therefore, this technique could
replace acquisitions obtained in different positions.
The image quality obtained with such acquisitions
also suggests that low-dose protocols could be
applied to shoulder CT arthrography (BATcH et al.
2004b). Finally, it is probable that with the advent of
large detectors, CT motion studies will gain impor-
tance.

13.4
Modalities for Dose Reduction in
Musculoskeletal CT

CT scanner manufacturers have made significant
efforts to reduce radiation doses while maintaining
good image quality. All the technical approaches
to dose reduction are described in detail in the
literature (LINTON and METTLER 2003; KALRA et
al. 2004; ALTHEN 2005). Radiologists and radiog-
raphers are now aware of the need for ALARA (as
low as reasonably achievable) protocols, but they
sometimes appear reluctant to reduce the dose.
Another issue is that new CT applications lead to
an extended volume of exploration and multiphasic
acquisitions, again resulting in increased doses of
radiation.

Various investigators have focused on the possi-
bility of lowering the dose used for CT without alter-
ing its diagnostic capabilities. Their work concerns
pulmonary nodule detection, CT colonography,
renal colic, acute appendicitis, chronic sinusitis and
screening (RUSINEK et al. 1998; vAN GELDER et al.
2002; TAcCK et al. 2003a, 2003b; KEYZER et al. 2004).
A recent study by HORGER et al. (2005) showed that
whole-body low-dose MDCT is appropriate for the
diagnosis of lytic bone changes and for the assess-
ment of fracture risk in multiple myeloma patients
- among whom it represents a serious alternative to
current standards. A 16 x 1.5 mm collimation was
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Fig. 13.2a-h. Multiphasic exploration with CT in a case of Merkel cell tumour of the elbow. Four acquisitions were per-
formed with 80 kV and 230 mAs: before IV injection of contrast media and at the arterial, venous and equilibrium phases.
a Photography of the elbow showing a large hypervascularized tumour. b-e Axial slices obtained at the different phases
showing a large mass with a rapid initial enhancement followed by sustained late enhancement and some areas of necrosis
highly suggestive of a malignant tumour. f, g Volume rendering technique (VRT) and maximum intensity projection (MIP)
obtained from the arterial acquisition highlighting the three arteries feeding the tumour. h VRT obtained from the venous
phase demonstrating the vascular relationship of the tumour as well as rapid venous opacification. In such cases, multiphasic
MDCT provides a precise topographic and compartmental analysis of the tumour, a vascular map of the anatomical region
and a dynamic evaluation of the lesion
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used with a tube voltage of 120 kV and a tube current
time product ranging from 40 to 70 mAs. The effec-
tive radiation dose of MDCT calculated at a tube
current time product of 40 mAs was 1.7-fold higher
than the mean radiation dose associated with con-
ventional X-ray (4.1 mSv versus 2.4 mSv) (HORGER
et al. 2005).

Due to the high contrast of bony structures, low-
dose protocols should be enthusiastically recom-
mended for their evaluation. Such protocols are
particularly suited for the diagnosis and evaluation
of fractures or of bone tumours and lytic processes.
However, doses should not be reduced when explor-
ing the cervicothoracic junction as the noise from
the shoulder degrades the image quality. Low-dose
protocols are also well adapted to CT arthrogra-
phy (with the exception of the shoulders of large
patients), as the intra-articular contrast medium
produces a high contrast interface between intra-
articular structures. No study has yet determined
whether low-dose protocols would be of value when
soft tissue evaluation is also necessary. With regard
to disc evaluation, a good signal-to-noise ratio is
necessary in order to detect subtle changes, for
example in cases of disc sequestration or facet joint
synovial cyst.

One of the main advantages of MDCT in evalu-
ating musculoskeletal disorders is the possibility of
retrospectively modifying the slice thickness. The
acquisition can be performed with the thin slices
best suited for bony structure evaluation. Recon-
structing thicker slices with a standard convolu-
tion filter produces images with a better signal-to-
noise ratio, thus improving soft tissue evaluation
(Fig. 13.3). Thicker slices can also be obtained using
multiplanar reconstruction software.

Some authors recommend modulating tube
current in order to decrease the dose. When eval-
uating the cervicothoracic junction, SCHAEFER-
Prokopr et al. (2003) favours automatic current
modulation, and increasing the maximum mAs
setting by a factor of 1.5-2 to ensure sufficient
exposure during the lateral projection while sig-
nificantly reducing the dose on the AP projec-
tions. Automatic current modulation can also be
used for pelvic examinations. A dose reduction
of 23%-45% is possible with no significant dif-
ference in subjective assessments of image quality
(IBaLL et al. 2006). MAsTORA et al. (2001) found
that online tube current modulation resulted in
a 35% reduction in the product of mean tube cur-
rent and time with no loss in image quality when

exploring the thoracic outlet for suspected tho-
racic outlet syndrome.

Finally, the classic recommendations concern-
ing patient positioning remain crucial in order to
reduce the noise and streak artefacts and to mini-
mize exposure. The region of interest has to be
placed as close as possible to the centre of the gantry
in order to improve the spatial resolution and the
signal-to-noise ratio. The explored volume has to be
as thin as possible to limit scattered radiation and
beam hardening artefacts. That is why shoulder
girdles are placed on different levels when exploring
the shoulder.

With MDCT, the isotropic volume allows mul-
tiplanar reformation (MPR) to be performed in
any plane of interest, including traditional axial,
coronal, sagittal and oblique planes. The plane of
choice for the acquisition is the one which offers
a minimal width of the explored region, in order
to improve the signal-to-noise ratio and to limit
beam hardening artefacts. Therefore, the spine is
explored without tilting the gantry. Using a four-
row MDCT, LupiG et al. (2000) compared the
radiation dose between two protocols on the same
patients, using the same collimation (4 X 1 mm),
slice thickness (1.25 mm), MPR thickness, pitch
factor, tube voltage, tube current time product
and convolution filter. With the first protocol,
three helical acquisitions were obtained. They
were localized on L3-L4, L4-L5 and L5-S1 discs
from the level of the pedicle of the upper vertebra
to the level of the pedicle of the lower vertebra,
with gantry tilting in order to obtain slices par-
allel to the disc planes. In the second protocol,
one single acquisition was performed in the axial
plane from the level of L3 pedicles to S1 and sec-
ondary MPR were obtained in the disc planes.
Skin dose was compared for 12 patients. Thermo-
luminescent dosimeters were placed on the right
antero-superior iliac process, the omphalus, the
sternum and L4 spinous process. The average
skin dose with the first protocol was 101 mGy on
the right antero-superior iliac process, 82 mGy
on the omphalus, 129 mGy on the L4 spinous
process and less than 1 mGy on the sternum. The
average skin dose with the second protocol was
74 mGy on the right antero-superior iliac pro-
cess, 88 mGy on the omphalus, 83 mGy on the L4
spinous process and less than 1 mGy on the ster-
num. Although the target volume was about 40%
greater with the second protocol, the effective
dose was slightly reduced and the signal-to-noise
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Fig.13.3a-e. CT arthrography of the shoulder per-
formed with a 64x0.5mm collimation of recurrent
anterior dislocations. a A 0.5-mm-thick axial slice
with a “bone algorithm” for bone, cartilage and labral
evaluation. b Coronal multiplanar reformation (MPR)
obtained with the 0.5-mm-thick slices nicely delineat-
ing the long biceps tendon and a SLAP 2 (superior la-
brum from anterior to posterior) lesion. c-e Images of
0.5-, 1- and 2-mm-thick axial slices reconstructed with
a standard algorithm for soft tissue evaluation show-
ing a reduction of the noise when the slice thickness
is increased
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Fig. 13.4a-d. Comparison of oblique MPR obtained with an axial MDCT acquisition and oblique native slices from a tilted
MDCT acquisition for the evaluation of L5-S1 vertebrae. The collimation is 4 X 1 mm. The inclination of the gantry is 29.5°
for the tilted acquisition. MPR and native slices acquisition and reconstruction parameters are identical for soft tissue evalu-
ation and bony analysis. a,b A 2-mm-thick MPR and native slice with a soft tissue algorithm showing a significant reduction
of the noise of the MPR image with a better delineation of the disc compared to the native oblique slice. ¢,d A 1.5-mm-thick
MPR and native slice with a bone algorithm showing equivalent in-plane spatial resolution

ratio was improved (up to 25%, depending on the
gantry tilting) (Fig. 13.4).

13.5
Conclusion

MDCT is widely used in the diagnosis of musculosk-
eletal disorders. Few data are available on radiation
dose for musculoskeletal CT examinations. New CT
applications lead to extended volume exploration

and multiphasic acquisitions, resulting in increased
dose of radiation. However, most examinations
should be performed with low-dose protocols.
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Introduction

Computed tomography fluoroscopy (CTF) is a tech-
nique that provides the physician immediate feed-
back via the reconstruction and display of CT images
in real time and overcomes the classic limitations of
ultrasound imaging and conventional fluoroscopy.
It matches the advantages of CT quality images to
be matched with the speed of fluoroscopic guid-
ance. CTF images: (1) have a wide dynamic range for
imaging air, soft tissue and bone, (2) do not super-
impose anatomical structures in the same way as
conventional fluoroscopy does, and (3) they provide
acceptable image quality relatively unaffected by the
patient’s breathing and motion (KaTo et al. 1996;
FROELICH et al. 1998; NICKOLOFF et al. 2000). These
characteristics allow immediate correction for the
depth and direction of a needle during a percuta-
neous procedure. The obvious benefits of obtaining
CT images in real time has made CTF a popular
image guiding tool for various types of non-vascular
and therapeutic interventions. Reported procedures
using CTF guidance are, amongst others, precise
needle placement, core biopsies, fluid collection
aspirations, catheter insertion and drainage, local
drug injections, radiofrequency ablations, place-
ment of marking coils before stereotactic radio-
therapy, lumbar nerve root blocks, vertebroplasty,
jejunostomy tube insertion, arthrodesis of the spine
and arthrography. The term “fluoroscopy” in CTF is
only used by analogy with its conventional radiology
counterpart; the only common thing is that both
techniques are based on X-ray imaging to give the
impression of a real-time imaging display. In this
paper, the use of real-time CT is referred to as CT
fluoroscopy.

N. Buts, MSc
]J. bE MEY, MD, PhD
AZ-VUB, Laarbeeklaan 101, 1090 Brussels, Belgium




196

N. Buls and J. de Mey

14.1.1
Radiation Risk

A drawback of CTF is the potential for significantly
high patient and staff doses. This is reported by
several authors and also by competent bodies such
as UNSCEAR in their 2000 report and ICRP in their
report “Managing patient dose in computed tomog-
raphy” (ICRP 2000). The interventional nature of
CTF requires specific radiation protection consid-
erations compared to conventional CT.

First of all, the patient skin dose is of concern.
Since the scanning planeis kept constant during the
entire procedure, the same skin area is repeatedly
exposed and cumulative patient skin doses can be
substantial, which may reach deterministic thresh-
olds for radiation injuries. Maximum patient skin
dose is therefore the risk-related quantity of con-
cern, rather than the effective dose received by the
patient. Effective dose from CTF is usually in the
same order of magnitude as doses from diagnostic
CT scans due to the small patient volume irradi-
ated. With CTF, the user can select high exposure
settings in terms of high tube potentials (120 kVp)
and high tube currents (90 mA). These are high
values when compared to the exposure factors used
in, for example, vascular interventional radiologi-
cal (IR) procedures. This results in substantial skin
dose rates. Also, prolonged CT scanning times can
be necessary in cases of small lesions that are dif-
ficult to access.

In contrast to conventional CT where the opera-
tor is protected behind the lead screen of the con-
sole, CTF procedures require the presence of the
staff in the examination room during CT scanning
(Fig. 14.1). As aresult, the operator is exposed to an
intense scatter radiation field. For such IR proce-
dures it is standard practice for the medical staff to
protect themselves by wearing a lead apron. A lead
apron efficiently shields most important organs,
reducing the effective dose received by the individ-
ual. However, surface doses to the parts of the body
that are not shielded by the apron can be substan-
tial. These are in particular the doses to both hands
and the dose to the head (eyes). Also, information
about these doses is often unavailable, as they are
not monitored routinely. The dose to the hands is
of particular concern due to its proximity to the
scanning plane, and although it is unacceptable
and every effort must be made to keep the hands
out of the primary beam, the risk exists and it has
been reported (Fig.14.2). A CT room is usually

1 a
SOMATOM
Plus 4
Scanner Image Real time
Reconstruction processor
Monitor
Joystick
|
!
Foot pedals —_ b
Patient table VCR

Fig. 14.1a,b. The presence of staff in the examination room
during CT scanning can lead to their exposure to an intense
scatter radiation field, especially of body parts not protected
by the lead apron.

Fig. 14.2. The hand of the operator entering the primary
beam during a CTF procedure
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not as well equipped regarding radiation protec-
tion devices as compared to X-ray equipment that
is used in, for example, vascular IR, where mobile
lead shields or other barriers are often available.
Also, as in many IR procedures, physicians may
be involved of specialities other than radiology.
Although it is a requirement of the Euratom 97/43
directive (EURATOM 1997) that staff performing
practical aspects of a medical exposure should
have received adequate training in radiation pro-
tection, a non-radiologist (e.g., pneumonologist)
may not have had in-depth training in radiation
management using diverse forms of fluoroscopic
equipment such as CTF. Also the learning process
involved with a new technology such as CTF will
have a profound impact on both patient and staff
doses. It is clear that CTF is another advancement
in radiology with additional challenges in radia-
tion management (WAGNER 2000).

14.2
Technical Development

Since its introduction in radiology about 30 years
ago, CT has been used as a guidance tool for various
percutaneous interventions in both adults (Haaca
and ALFIDI 1976; MORAN et al. 1979) and children
(BARAN et al. 1984). Since 1980, CT technology has
made rapid progress with the development of slip
ring technology, X-ray tubes with improved heat
capacity, sub-second rotation times, fast array pro-
cessors, and the development of partial reconstruc-
tion algorithms. These advantages contributed to
the development of a real-time CT scanning system
or CTF system that was introduced by KaTapa
et al. (1994). They modified a third-generation CT
scanner by adding a high-speed array processor
(real-time reconstruction unit) to increase the
image reconstruction speed (KATADA et al. 1996)
of the CT images. The first image is created from
the initial 360° of raw data acquired during scan-
ning. Subsequently, the corresponding data of the
next 60° scanning are processed by the real-time
reconstruction unit and replace the first 60° data
set of the previous image. This technique of syn-
chronous addition of new, and subtraction of old,
60° data sets allows the image to be updated at
a rate of six frames per second and provides the
operator a nearly real-time display of CT images.

The system uses a reduced image matrix of 256x256
in order to achieve a higher response rate, which
results in a delay time of 0.17 s.

Figure 14.1 shows the configuration of a typical
CTF system (DE MEY et al. 2000). The physician can
operate the equipment entirely from in-room con-
trols. He or she can run the CT scanning from the
tableside during a procedure by pressing a foot ped-
al alongside the table, similar to in an angiography
suite. The obtained real-time images are displayed
on an in-room monitor located next to the table. A
joystick attached to the couch can be used to control
the patient’s position.

Recent multi-detector row CT scanners can
acquire multiple sections (usually three) that are
displayed simultaneously on multiple monitors at
increased frame rates (between 6 and 13 frames/s).
Multiple-image CTF has the potential to increase
the likelihood of localizing the tip of the needle in
the z-direction during a single shot exposure due
to the larger coverage (KaToAKA et al. 2006). This
could be especially helpful in angulated access
routes.

Today, CTF is available from most CT manufac-
turers. The CTF packages are usually sold as upgrade
options, usually consisting of an exposure foot ped-
al, tabletop control mechanism, in-room monitor(s),
and sometimes including hardware to enable rapid
image reconstruction (KEAT 2001).

14.3
Scanning Techniques: Real-Time Method
and Quick-Check Method

There are two common CT fluoroscopic guidance
methods: the initial real-time method and the
quick-check method developed by SILVERMAN et
al. (1999). Both are also often called the continu-
ous method and the intermittent method respec-
tively. The distinction between both is whether the
system is operated continuously in real-time dur-
ing needle manipulation or whether it is operated
intermittently between interventional actions. Real-
time CTF shows the exact needle trajectory dur-
ing advancement or manipulation and requires the
use of a standoff needle holder in order to increase
distance to the scanning plane. With the quick-
check method single fluoroscopic spot images are
acquired to check the needle location after manipu-
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lation and to confirm alignment with the puncture
tract. During these spot images, the physician can
retract his or her hands from the scanning plane.
This reduces scatter exposure to the hands due to
the increased distance to the scanning plane, and
also prevents entering the primary beam with the
hands (Fig. 14.2).

It is well acknowledged that the quick-check
method reduces CT scanning time, and thus both
patient and staff exposure. It is advocated to be used
whenever possible, reserving the use of the real-
time mode only in selected cases in which respira-
tory motion is a problem (SILVERMAN et al. 1999;
CARLSON et al. 2001; PAULSON et al. 2001).

14.4
Interventional Techniques:
Clinical Procedures

Non-vascular diagnostic and therapeutic inter-
ventions with CTF are becoming more and more
important in patient work up. This evolution is seen
in spite of the improving performance of diagnostic
imaging (CT, MR, ultrasound and nuclear medi-
cine) and the improvement of surgical techniques.
There are four main reasons for the shift to a more
invasive diagnostic and therapeutic approach in
radiology.

Due to the technical evolution, CT-fluoroscopy
proves to be an accurate, safe and fast technique
in guiding interventional procedures. Besides the
evolution in imaging techniques, the develop-
ment of new biopsy needles has made it possible to
obtain core biopsy samples under image guiding in
an accurate way. New drainage catheters and new
ablation techniques have opened a broad spectrum
of therapeutic options in non-vascular interven-
tional radiology. A second reason is the evolution
in oncology. A few decades ago major surgery was
often the only option in oncology and it was obvi-
ous that a percutaneous biopsy before surgery was
not useful in the patient work up. During the last
few decades a broad spectrum of new therapeu-
tic options have been developed in radiotherapy,
oncology and surgery. Optimal morphological
tumour staging (TNM classification) and anatomo-
pathological staging (cancer type) in combination
with biological tumour staging (receptors, etc.) are
indispensable in modern oncological treatment.

A third reason is the general trend towards a less
invasive treatment. Percutaneous abscess drain-
age, pleural fluid drainage and percutaneous hepa-
tobiliary interventions can sometimes be an alter-
native to open surgery. Percutaneous techniques
are also economically attractive. A percutaneous
biopsy of a suspected mass can often be done with-
out the need for hospitalization or general anaes-
thesia. It is the fastest way to get information about
the cancer type, without the need for complex and
time-consuming examinations to characterize the
primary tumour.

14.4.1
Diagnostic Percutaneous Biopsy

Image-guided biopsy can be performed with fine
needles or with cutting core biopsy needles. CT-
guided fine needle aspiration or core biopsy is gen-
erally regarded as a safe procedure with limited
morbidity and extremely rare mortality even in
difficult interventions (ZEcH et al. 2002). Even in
children it is reported as a safe and accurate pro-
cedure that obviates open surgical biopsy in most
patients (CAHILL et al. 2004). Fine needle aspira-
tion biopsy is sensitive to the detection of tumoral
lesions (90%) but often does not allow adequate
sub-typing of carcinoma and seldom yields spe-
cific pathologic diagnoses in cases of benign dis-
ease. The combined use of fine needle aspiration
and core biopsy can improve the diagnostic ability
of CTF-guided lung biopsy, even in small lesions
(YaMmAGAMI et al. 2003).

In the thorax, pneumothorax remains the most
frequent complication and tube thoracostomy is
sometimes required. Fatal complications after
thoracic fine needle aspiration due to systemic air
embolism, haemorrhage, or pericardial tampon-
ade have been reported but are rare. The use of fine
needles (> 19 G) reduces bleeding complications and
pneumothorax rate (GERAGHTY et al. 2003).

Passage through the caudal part of the costodia-
phragmatic sinus is accepted to be safe. In difficult
lesion localization, gantry tilt, angulated needle
placement or an alternative approach (trans-ster-
nal, through an iatrogenic pneumothorax, transca-
val or transaortic) can be valuable options. Salini-
zation is the injection of a saline solution through
a small needle and can open a window for a bigger
biopsy needle (KLOSE 1993). A coaxial biopsy tech-
nique is an extra manipulation, but has the advan-
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tage of more needle stability and gives the possibil-
ity of taking more additional biopsies without the
need for multiple skin passages. Even in lung biopsy
samples this coaxial technique is reported to be safe
(LAURENT et al. 1999).

The assistance of an in-room anatomopatholo-
gist can be an aid to ensure that the biopsy sample is
accurate for a correct diagnosis. However, this is still
time consuming, and would have a major impact on
workflow, since image-guided biopsy has become a
routine procedure with shortin-room times (around
15 min).

In most cases diagnostic interventional proce-
dures are performed under local anaesthesia with
lidocaine and require no sedation. In nearly all the
recent studies diagnostic biopsy is performed on an
outpatient basis.

14.4.2
Therapeutic Percutaneous Interventions

Percutaneous drainage (fluid collections, biliary
and urinary), tissue ablation, nerve block and lesion
marking before surgery with image guidance are
well-established methods developed during the last
three decades.

Percutaneous drainage of abscesses and fluid col-
lections have been performed with ultrasound and
CT guidance for more than 25 years. This technique
has proven to be highly effective, with low morbidity.
CTF on the other hand has been shown to be a prac-
tical clinical tool, in the more complex or difficult
procedures as well (MEYER et al. 1998). Percutane-
ous biliary drainage procedures are often performed
with fluoroscopic monitoring. The combination of
CTF and C-arm fluoroscopy can be advantageous
(LAUFER et al. 2001). Percutaneous catheter biliary
or abscess drainage may require substantial dilata-
tion through the abdominal and back musculature
and often results in placement of large catheters
(>10F), these interventions are more painful and
higher levels of sedation or even general anaesthe-
sia can be necessary. In guiding a peripheral nerve
block, CTF again offers major advantages, such as
real-time viewing during needle progression and
evaluating the diffusion of the injected solution if
contrast is added. Even a transaortic approach with
small 21-gauge needles has proven to be safe (LEE
2000).

There are a lot of possible strategies for obtaining
tissue ablation. Chemical ablation or tissue instil-

lation with agents such as ethanol has become less
popular since the development of thermal ablation
techniques. These latter techniques, such as radio-
frequency ablation, laser ablation, microwave abla-
tion, ultrasound ablation and cryoablation, use a
large number of potential energy sources. A lot of
different strategies are used for applications under
different image-guiding modalities. Radiofrequen-
cy ablation under CT or ultrasound guidance is the
technique most often used in the last 10 years and
has proved to be an effective method (ROSENTHAL
et al. 2003).

14.4.3
Typical CTF Procedure

The following section describes the course of a
typical CTF biopsy procedure (Fig.14.3). A CT
scan prior to the CTF procedure is usually not
required as most patients have a recently docu-
mented lesion. The CTF procedure starts with the
selection of the technical scan parameters by the
operator. The applied tube current depends on the
scan region and patient size (see Tables 14.2 and
14.7) and should be selected to be as low as possible
to allow adequate image quality. After scan param-
eter selection, the puncture tract is determined and
the skin is marked for the approach. In some cases
a contrast medium can be administered to opacify
vessels or to retrieve a better delineation of soft
tissue lesions (liver, kidneys, spleen and pancreas).
After sterile preparation of skin and draping, local
anaesthesia is applied. The anaesthetic’s syringe
needle can be bent to increase the radiologist’s
hand access to the scanning plane (Fig. 14.3a). CTF
can be performed to check the anaesthetic needle
tract. After local anaesthesia, a short guiding nee-
dle can be placed through the skin (Fig. 14.3b) and
its position is checked with CTF. A needle holder
is used to increase the distance to the scanning
plane. Finally, a biopsy needle is placed through
the guiding needle and is advanced towards the
lesion (Fig. 14.3¢c) by applying intermittent fluoros-
copy. Thanks to the presence of the guiding needle
through the skin, there is less resistance during the
needle’s introduction and the biopsy itself. It also
provides sufficient support for the biopsy needle,
allowing the hands to be removed from the scan
plane during fluoroscopy. When the biopsy needle
is positioned into the lesion, a control fluoroscopy
is necessary. Final CTF is applied after the techni-
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cal procedure to check for bleeding, pneumothorax
or other related complications.

Drainages of collections are performed following
the same general technique. In more difficult proce-
dures a short guiding needle can be applied. In a sec-
ond step a guide-wire can be slid into the collection,
followed by dilatation and placement of a drainage
catheter. For larger lesions, direct puncture can be
performed. Minimal table movements make it pos-
sible to follow the tip of the drainage catheter during
placement.

Fig. 14.3a-c. The course of a typical
CTF biopsy procedure

14.4.4
Some Clinical Cases

The main advantage of doing interventional proce-
dures under CTF is that the needle or catheter tract
can be monitored at any time. Some clinical pos-
sibilities in diagnostic and therapeutic procedures
are discussed in the following cases. The choice of
technical material and of the puncture can differ;
monitoring the needle during the intervention how-
ever is indispensable.
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1. To guaranty accurate lung nodule biopsy it is nec-

essary to view and follow the needle tip going into
the lesion. Figure 14.4 shows a lesion adjacent to
the anterior pleural wall. After performing a biopsy
the small lesion is pushed into the lung and with-
out CTF imaging during the procedure this would
result in a non-diagnostic biopsy (Fig. 14.4b).

. Access in a non-axial plane and changing the
patient’s position is one way to access lesions in
difficult locations such as a lung lesion adjacent
to the rib (Fig. 14.5).

. Every mediastinal mass or lymph node can be
accessed under CTF guidance. Paravertebral
access is possible in combination with salini-
zation of the paravertebral subpleural space
(Fig. 14.6a, b). Anterior access is possible paraster-
nally (Fig. 14.6¢) or even trans-sternally. Access to
a lymph node anterior to the trachea can be done
through an intentionally created pneumothorax
and with a transtracheal puncture (Fig. 14.6d).

. Vertebral biopsy can be done in a transpedicular
way (Fig. 14.7a) or a lateral way (Fig. 14.7b).

. Access to a surrenal mass is possible by liver pas-
sage (Fig. 14.8a) or costodiaphragmatic sinus pas-
sage (Fig.14.8b). Passage through the costodia-

Fig. 14.4a,b. Case 1: lung nodule pushed away during biopsy

phragmatic sinus of the lung is safe if lung passage
is limited to 2 cm.

. In this case drainage of an abdominal collection

was performed with a 10-gauge locked pigtail
(Fig. 14.9).

. Radiofrequency ablation is mostly used for liver

lesions and can be done under ultrasound or
CTF guidance. In cases of ablation of smaller
bone lesions, CTF is preferred (ablation of oste-
oid osteoma Fig. 14.10a, b). Ablation of small long
nodules is not always the first therapeutic choice
but can also easily be done under CTF guidance
(Fig.14.10c, ablation, and Fig.14.10d control
3 weeks after ablation).

. Coeliac block under CTF guidance, with an ante-

rior approach, is demonstrated in Figure 14.11a,b.
Another way to perform a coeliac block is poste-
riorly, shown in Figure 4.11c (paravertebral) and
Figure 14.11d (with passage through the aorta).
Aortic passage is safe with smaller needles, in this
case a 20-gauge needle.

. Lunglesions can be marked to optimize radiother-

apy. This is shown in Figure 14.12, where a small
vascular coil is placed in a lung nodule adjacent
to the mediastinum.
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Fig. 14.5a,b. Case 2: lung nodule biopsy in locations of difficult access

Fig. 14.6a-d. Case 3: biopsy of mediastinal mass by paravertebral access (a,b), anterior access (c) and transtracheal access
with intentionally created pneumothorax (d)
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Fig. 14.7a,b. Case 4: vertebral biopsy in a transpedicular (a) and lateral (b) way

Fig. 14.8a,b. Case 5: surrenal biopsy by liver passage (a) and costodiaphragmatic sinus passage (b)

Fig. 14.9. Case 6: drainage of abdominal collection
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‘d

Fig. 14.10a-d. Case 7: radiofrequency ablation of osteoid osteoma (a,b) and lung nodule (c) with a control image 3 weeks
after ablation (d)
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Fig. 14.11a-d. Case 8: coeliac block with anterior approach (a,b) and posterior approach paravertebrally (c) and with pas-
sage through the aorta (d)




206

N. Buls and J. de Mey

Fig. 14.12. Case 9: coil (marker) placement in lung lesions to optimize radiotherapy

14.5
Dose to the Patient

Since the scanning plane is mostly kept constant dur-
inga CTF procedure, the same skin area is repeated-
ly exposed and cumulative patient skin doses can be
substantial. Maximum patient skin dose is therefore
the risk-related quantity of concern in CTF, rather
than the effective dose as in conventional CT. Effec-
tive dose from CTF is usually in the same order of
magnitude as doses from diagnostic CT scans due
to the small patient volume irradiated.

14.5.1
Deterministic Effects - Skin Injuries

In the field of IR, specific concern exists about radi-
ation-induced skin injuries. Skin changes such as

erythema, ulcers, telangiectasia and dermal atro-
phy are potential deterministic effects (KOENIG et
al. 2001). Such effects occur only when the radiation
dose exceeds a certain threshold, and their sever-
ity increases rapidly with dose. The single-frac-
tion threshold dose for these deterministic effects
(transient erythema) is generally accepted to be
2 Gy (WAGNER et al. 1994). Table 14.1 summarizes
single-fraction threshold skin entrance doses for
various reported injuries (from KOENIG et al. 2001).
Fluoroscopy-induced injuries can be recognized by
thelocation of the injury as being congruent with the
entrance of the X-ray beam. The injury often shows
well-defined borders. Some patients may be at great-
er risk of injury because of pre-existing health con-
ditions such as collagen vascular disease, diabetes
mellitus, or telangiectasia, or because of a high radi-
ation dose from a previous procedure. During the
last 10 years, more than 70 cases of skin injuries have
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Table 14.1. Threshold skin entrance doses for various skin
injuries (from KoENIG et al. 2001)

Effect Dose (Gy) Onset
Early transient erythema 2 Hours
Main erythema 6 ~10 days
Temporary epilation 3 ~3 weeks
Permanent epilation 7 ~3 weeks
Dry desquamation 14 ~4 weeks
Moist desquamation 18 ~4 weeks
Secondary ulceration 24 >6 weeks
Late erythema 15 ~8-10 weeks
Ischemic dermal necrosis 18 >10 weeks
Dermal atrophy (1st phase) 10 >12 weeks
Dermal atrophy (2nd phase) 10 >1 year

been reported in the reference literature (KoENIG
et al. 2001). Most of the reported cases are involved
with cardiac interventions that use prolonged expo-
sure times with a high dose rate combination. None
of the reported cases are due to CTF. In 1994, the
United States Food and Drug Administration issued
a public health advisory concerning the avoidance
of skin injuries induced during fluoroscopically
guided procedures (US FDA 1994). Also, the United
Nations Scientific Committee on Effects of Atomic
Radiation specifically expresses their concern about
the potential for high patient and staff doses with
CTF in their 2000 report (UNSCEAR 2000).

14.5.2
Skin Dose Characteristics in CT

The main determinants of patient skin dose in CT
are not only the technical exposure factors (beam
width, tube potential and tube current), but also the
location of the patient inside the gantry.

14.5.2.1
Influence of Patient Size and Position Inside the
Gantry

AvILEs et al. (2001) studied extensively the relation
between skin dose in CT and both the position and
size of the patient. They found that, for phantoms
simulating adult patients, the skin dose is inde-
pendent of phantom size and varies mainly with
phantom position along the vertical axis of the CT
plane. The maximum surface dose is reached at the
isocentre of the scanner and decreases as the surface
moves vertically away. The design of the bow-tie
filter determines the shape of this variation. This
effect of patient position on skin dose is illustrated
by Figure 14.13, which shows the normalized peak
surface dose as a function of the vertical position
in the gantry for two phantom sizes. The data were
obtained by measuring the surface dose with ther-
moluminescent dosimeters (TLD) on the surface
of both 32-cm- and 16-cm-diameter phantoms for
various vertical positions in the gantry of a Siemens
Somatom Emotion Duo scanner (Siemens Medical
Systems, Erlangen, Germany). As can be observed,
surface doses areindependent of phantom size. How-
ever, patient size has an indirect effect on skin dose
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Fig. 14.13. Relative skin dose as a function of its distance to the isocentre, for two phantom sizes (after AVILEs et al. 2001)
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because it determines the location of the patient’s
surface in the gantry. As a consequence, skin doses
will be higher for smaller patients (smaller equiva-
lent diameter), for children, and also for patients
where the table is placed in the lowest position inside
the gantry. In this position, the shortest distance
between the isocentre and the anterior skin sur-
face is likely to be reached. The data of Figure 14.13
shows that, when both phantoms are placed in the
isocentre, the skin dose rate is almost double for the
16-cm phantom compared to the 32-cm phantom,
and that the skin dose rate at the isocentre is almost
3 times as high as the skin dose rate at a distance of
16 cm from the isocentre. The strong effect of patient
size and position warrants knowledge of both when
estimating patient skin dose in CT, especially when
using phantoms.

14.5.2.2
Influence of Technical Scan Settings -
Dose Optimization

With CTF, the operator can select tube potential
(kVp), tube current (mA), tube rotation time (s)
and slice thickness (mm). Scanner technique set-
tings play an important role in both patient and staff
dose since the relative X-ray tube output is roughly
proportional to the product of the tube current (mA)
with the power of 2.5 of the tube potential (kVp*°)
and the exposure time (s). A low kVp-mA-s tech-

nique will thus result in a significant decrease in
patient and staff dose. Reported scan parameters for
CTF vary depending on the scanner type and model
used. Tube potential can typically range between 80
and 130 kVp, but is often reported fixed at 120 kVp
for CTF as is the case in conventional CT. Reported
tube current settings usually vary between 20 and
90 mA. Slice thickness should be sufficiently wide
to monitor the puncture tract and is usually set
between 5 and 10 mm.

The most important adjustable parameter in CTF
that affects dose is the tube current. CTF does not
apply automatic tube current modulation as modern
systems do in conventional CT. Tube current has to
be intentionally adapted by the user according to the
size of the anatomical region of interest. As in con-
ventional CT, there is a linear relationship between
tube current (mA) or tube current-time product
(mAs) and dose, and an inverse proportional rela-
tionship between image noise and the square root
of dose. Within the ALARA concept, the lowest pos-
sible tube current values should be used that allow
an adequate image quality in the anatomical region
of interest. As CTF procedures require less diagnos-
tic image quality, tube currents can be drastically
reduced when compared to conventional CT. Also,
procedures in low attenuating regions such as the
thorax allow a tube current reduction in comparison
to higher attenuating regions such as the abdomen.
Table 14.2 shows technical CTF settings that are

Table 14.2. Technical CTF scan settings that are reported in the literature

Author Scanner model

BuLs et al. (2003) Siemens Somatom plus 4

BuLs et al. (2004) Siemens Emotion duo
KATAOKA et al. (2006) GE HiSpeed CT/I
KaTAOKA et al. (2006) Toshiba Aquilion 16
STOECKELHUBER et al. (2005) Toshiba Aquilion multi
MELEKA et al. (2005) Toshiba Aquilion 16
YamaGgawmr et al. (2003) Toshiba X Vigor Laudator
GIANEELICE et al. (2000) GE Prospeed
FROELICH et al. (1998) Siemens Somatom plus 4
PAULSON et al. (2001) GE HiSpeed CT/I

SILVERMAN et al. (1999) Siemens Somatom plus 4

Tube potential Tube current Slice thickness
(kvp) (mA) (mm)
120 90 8

120 38 5

120 30-80 7

120 30-80 8

120 50 n.a.
120 50 n.a.
120 30-50 3

120 50 10
120 50 n.a.
140 13 5

120 50-90 10
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reported in the literature. Tube currents normally
range from 10 to 90 mA, and are often set at 50 mA.

There are no real guidelines for tube current set-
tings as there are in conventional CT. A study by
CARLSON et al. (2001), from data on 203 consecutive
CTF procedures, reported following typical applied
tube current values: 10 mA for paediatric patients,
10-40 mA for chest cases, 40-50 mA for abdominal
cases and 30-50 mA for bone cases. A further reduc-
tion could be obtained by using even lower current
values when possible, particularly when lesions are
large, fluid or cystic (good inherent contrast), super-
ficial, or easily accessible. This encourages greater
radiologist involvement in setting up the scan so the
lowest current value is used.

It should be noted, however, that tube current set-
tings that are established with one specific CT scan-
ner model might notbe applied generally. Often, dose
in CT is characterized by tube current due to their
linear relationship, but tube output (mGy/mA) may
differ a lot depending on the CT scanner’s hardware
components such as the X-ray tube and beam shape
filtration. Selected dose values should be specified in
physical measurable dose quantities such as CTDIw,
rather than as mA values.

14.5.3
Reported Patient Doses from CTF

Comparing reported patient doses from CTF is not
straightforward, as several variables should be taken
into account such as the type of included procedures
(biopsies, aspirations, etc.), type of scanner, expo-
sure settings (kVp, mA and collimation), exposure
time, CTF technique (intermittent or real-time) and
patient’s position inside the gantry. Also, the applied
method of patient skin dose estimation might vary.
Some authors use the periphery CTDI of the stan-
dard 32-cm-diameter dosimetric body phantom as
a metric for patient surface dose (NICKOLOFF et al.
2000; TEEUWISSE et al. 2001), others apply a correc-
tion factor to convert peripheral CTDI to skin dose
(NAWEEL et al. 2000), and also, humanoid Alderson
phantoms (The Phantom Laboratory, New York) are
used to measure surface dose rate (PAULSON et al.
2001). With phantoms, patient size is standardized,
which allows investigation of the influence of param-
eters such as tube current and beam collimation
independently. Usually, the measured surface dose
rate data are extrapolated according to the length of
exposure to the CTF procedure. A drawback of such

amethod is that it may not include important factors
that influence skin dose, such as the movement of
the patient in relation to the thin beam slice, and the
influence of the patient’s position (and size) in the
gantry. These factors are included when in vivo skin
dose monitoring is applied (BuLs et al. 2003).

14.5.3.1
Reported Patient Skin Dose Rates

Reported patient surface dose rates that are mea-
sured by phantom are shown in Table 14.3. For com-
parison, the surface dose rate that is observed for
typical conventional angiography equipment is also
included. The last column estimates the exposure
time thatis required to reach the 2 Gy threshold dose
for deterministic radiation skin effects.

Depending on technical settings, reported sur-
face dose rates might vary from 10 cGy/min up to
about 60 cGy/min. For equal technical settings,
reported surface doses tend to be higher for smaller
phantom sizes (data expressed per mAs). This is
congruent with the fact that surface dose decreases
as the surface moves further away from the isocen-
tre, as discussed in Section 14.5.2.1. With a dose
rate of 62.4 cGy/min, the 2 Gy threshold skin dose
for transient erythema would be reached as quickly
as after 3.2 min of scanning. Such scanning times
could be reached for one patient when difficult pro-
cedures are involved. Mean reported exposure times
are usually below 1 min (Table 14.4), but maximum
CT scanning times for one case of 9.1 min (SILVER-
MAN et al. 1999) and 13.6 min (BuLs et al. 2003) are
also reported. Such exposure times could clearly
result in skin doses above 2 Gy when high exposure
settings are used.

As stated before, tube current has a nearly linear
relationship with dose under equal exposure condi-
tions. This is illustrated by the data of NAWFEL et
al. (2000) who reported a dose rate of 32.4 cGy/min
with 50 mA, compared to 62.4 cGy/min with 90 mA.
PauLsoN et al. (2001) intentionally applied a low
tube current of 10 mA, which resulted in a surface
dose rate of only 10.8 cGy/min.

Surface dose rates from CTF can also be com-
pared to the observed skin dose rates for conven-
tional fluoroscopy. For C-arm angiography X-ray
equipment the surface dose rate measured on a 20-
cm PMMA phantom is typically below 2 cGy/min
during fluoroscopy. This is roughly a factor of 30 less
than the surface dose rate observed during CTF with
maximal exposure settings of 120 kVp and 90 mA.
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Table 14.3. Reported patient skin dose rates in CTF, determined by phantom measurements

Method  Author

13%)

Periphery CTDI of 32-cm-diameter PMMA phantom

NICKOLOEFF et al. (2000) 120
TEEUWISSE et al. (2001) 120
TEEUWISSE et al. (2001) 140
NAWEEL et al. (2000) 80

NAwEEL et al. (2000) 120
NAWEFEL et al. (2000) 120

Periphery CTDI of 20-cm-diameter PMMA phantom
SILVERMAN et al. (1999) Varying

Periphery CTDI of 16-cm-diameter PMMA phantom

NICKOLOEFF et al. (2000) 120
TEEUWISSE et al. (2001) 120
TEEUWISSE et al. (2001) 140
TLD on Alderson Humanoid phantom
PauLsoN et al. (2001) 140

Typical conventional fluoroscopy: TLD on 20 cm PMMA

Angiography abd 80

Tube potential Tube current

(mA)

Dose rate
(cGy/min)

Exposure time (min)
required to reach 2 Gy

threshold

30 23.9 8.4

25 12.6 15.9

25 17.4 11.4

135 27.6 7.2

50 324 6.2

90 62.4 3.2
Varying 18.6-82.8 10.8-2.4
30 46.3 4.3

25 20.4 9.8

25 28.2 7.1

10 10.8 18.5

3 typ. .0-2.0  200-100

In consequence, patient skin doses accumulate very
rapidly in CTF compared to conventional fluoros-
copy. Whereas with conventional fluoroscopy the
2 Gy threshold dose is reached after 100-200 min
of fluoroscopy, it can be reached in CTF after only
3-10 min of scanning.

14.5.3.2
Reported Skin Doses

Table 14.4 shows reported patient skin doses from
CTF for various types of CTF procedures, together
with their respective scan settings and applied CTF
technique. Doses are expressed per procedure and
vary from about 30 mGy up to 800 mGy. For com-
parison, reported skin doses from typical conven-
tional fluoroscopy angiography and IR procedures
are also included.

The reported mean exposure times from CTF vary
from 15 to 150 s and are usually below 60 s. Some

authorsreported very shortexposure times that were
achieved for various types of procedures. PAULSON
et al. (2001) reported a mean exposure time of only
18 s for 189 various procedures. Also, CARLSON et al.
(2001, 2005) reported very short exposure times for
various types of procedures with median values in
the range of 16-22 s.

The combination of such short exposure times
with a low tube current technique results in strongly
reduced patient doses. PAuLsoN et al. (2001) and
CARLSON et al. (2001) and reported skin doses of
only 32 mGy and 43 mGy per procedure respective-
ly. The fact that these values were reported for vari-
ous types of CTF procedures shows that a technique
using a low tube current and short exposure time
can be achieved in clinical routine.
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Table 14.4. Reported patient entrance skin doses per procedure during CTF. (PTA Percutaneous transluminal angioplasty)

Procedures

CTF technique

SILVERMAN et al. (1999) Biopsies (61),
aspirations/drainages (34)

PAuLsoON et al. (2001) Biopsies (85),

Quick-check (19%)
Real-time (71%)

Quick-check (87%)

aspirations/drainages (78), Real-time (2%)

injections (57)

TEEUWISSE et al. (2001) Biopsies (35)

NICKOLOFF et al. (2000) Biopsies (78) n.a.

Buis et al. (2003) Biopsies (46),
aspirations/drainages (22),

ablations (14)
BuiLs et al. (2004) Biopsies (48)

CARLSON et al. (2001)  Biopsies (146),

aspirations/drainages (57)
CARLSON et al. (2005)  Biopsies (56) bellows
Biopsies (57)
NAWEEL et al. (2000) Biopsies
Typical IR conventional fluoroscopy
McPARLAND (1998) Hepatic angiography
McPARLAND (1998) Renal angiography
MILLER et al. (2003) Carotid stent

MILLER et al. (2003) Renal PTA with stent

Quick-check

Quick-check

Quick-check

Quick-check (97%)
Combination (3%)

Quick-check
Quick-check

Combination (11%)

Technical settings Exposure time Skin dose
(kVp)/(mA) (s) (mGy)
120/50-90 79 740
140/10 18 32
120-140/25 28 130
120/30 97 400
120/90 151 346
120/38 73 111
120/10-50 21 43
120/10-50 16 38
120/10-50 22 51
120/90 80 832
340
100
597
1812

14.6
Dose to the Staff

Unlike diagnostic CT, the physician enters the
room during CTF scanning and stands next to
the patient while manipulating the interventional
device (Fig. 14.1a). Also other staff members such as
nurses or anaesthetists can be present in the room
during scanning and are also subjected to scattered
radiation. The doses to the hands and the eyes are of
particular concern as they are usually unshielded.

14.6.1
Scattered Radiation

The main source of radiation to the radiologist is
the scattered radiation that exits the patient. For
all radiographic procedures except mammography,
most photon interactions in soft tissue produce scat-

tered X-ray photons. Scattered photons are detri-
mental in radiographic imaging because they vio-
late the basic geometric premise that photons travel
in straight lines (BUSHBERG et al. 2002). Compton
scattering (also called inelastic scattering) is the
predominant interaction of X-ray photons in the
diagnostic energy range. Compton scattering results
in the ionization of an atom and a division of the
incident photon energy between the scattered pho-
ton and an ejected electron. The Compton scattered
photon may traverse the medium (patient) without
interaction or may undergo subsequent interac-
tions. The majority of the incident photon energy
(120 keVP) is transferred to the scattered photon,
which results in scattered photons with relatively
high energies and about equal penetrability as the
primary beam.

The scatter interaction fraction is proportional to
the primary photon fraction and the probability of
interaction increases as the incident photon energy
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increases. In general, the scatter radiation field per
unit of time around a CT scanner is more intense
and energetic than the scatter field encountered in
conventional fluoroscopy (e.g. angiography room).
This is due to the use of both more intense (due to
increased mA and kVp) and higher energy (increased
kVp) beams in CTF. Interventional procedures with
conventional fluoroscopy usually operate with beam
energiesataround 80 kVp and tube currents between
1 and 10 mA, compared to 120 kVp and 30-90 mA
with CTF. These elevated scatter radiation fields
involved with CTF result in an elevated risk for the
operator and require adequate radiation protection
management.

Another concern in CTF is the direction of the
scattered radiation field. In radiography, the direc-
tion of scattered radiation is mainly directed back
towards the X-ray tube. This is a well-known effect
and has already been documented by several authors
(TrouT and KELLEY 1972) and reports (ICRP 2001).
For this reason, an under-table X-ray tube geometry
is generally applied in IR, which directs the scatter
radiation towards the floor, and prevents the upper
body of the worker (head and neck) from receiving a
large fraction of scattered radiation. With CTF, the
operator cannot control the scatter direction as in
IR due to the continuous rotation of the X-ray beam
around the patient. The scatter field in CT is nearly
symmetrical in both horizontal and vertical direc-
tions, apart from absorption of nearby components
such as the gantry or the table stand. Figure 14.14
shows the scatter radiation direction of a conven-
tional fluoroscopy C-arm X-ray system and a CT
scanner system. The under-table tube geometry of

the C-arm system causes the scattered radiation
to be directed towards the floor, reducing operator
exposure. Such a dose-reducing method is not pos-
sible with CTF.

14.6.2
Personal Protection - Radiation Dose
Monitoring

For CTF, it is standard practice for the medical staff
to protect themselves from scattered radiation by
wearing a lead apron. An apron with 0.5 mm lead
equivalent efficiently shields most radiosensitive
organs (lungs, red bone marrow, stomach, gonads,
colon, etc.), limiting the effective dose received by
the individual. For interventions where scattered
radiation is directed towards the upper part of the
body, such as with CTF, it is also recommended
to use additional lead collar protection. The use
of an additional collar results in high organ dose
reductions for all organs at risk in the neck region
(thyroid, oesophagus). In particular, the dose to
the thyroid is of interest as it presents a significant
contribution (5%) to the effective dose. Appropriate
personal protection limits the effective dose to the
worker; however, surface doses to unshielded parts
of the body can be substantial.

According to legislation, classified radiation
workers are subjected to annual dose limits and
they should be monitored by a radiation badge. For
workers that systematically wear a lead apron as
in CTF, the use of two radiation badges is recom-
mended (ICRP 1982). One dosimeter should be worn
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Fig. 14.14. Isoexposure contours of a conventional fluoroscopy C-arm equipment and a CT scanner (left image from Philips

Medical Systems, right image from BUSHBERG et al. 2002)
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under the apron (shielded) and a second one should
be worn outside (unshielded) the apron. A single
dosimeter worn under the apron will underestimate
the effective dose of the worker as it does not take
into account the dose to the unshielded parts of the
body, and neither does it provide information about
the dose to the eyes, which is of special interest in
CTF.

14.6.3
Reported Scattered Dose Rates from CTF

Several authors evaluated scattered exposure rates
from a phantom during CTF by measuring ambient
dose rates at various distances with dose monitor-

ing equipment. The dose to the operator during CTF
can be estimated from these data by multiplying the
dose rate that is observed at a specific distance by
the time the operator spends at that location during
scanning. Usually, the dose rates at two distances
to the scanning plane are considered: the level of
the hand (5-25 cm) and the level of the body/head
(~100 cm). Such data often provide useful informa-
tion concerning the influence of several parameters
(e.g. distance, tube current, etc.) on scatter dose rate
but they do not include the actual variation of the
position of the staff during the procedure. Table 14.5
shows reported scattered dose rates at two positions
from the scanning plane: the considered position
of the hand and the body of the operator. As with
patient dose rates, several phantom sizes are used.

Table 14.5. Reported scattered dose rates from CTF, determined by measuring ambient dose rates from phantoms

Method Author

Technical settings

Scattered dose rate at the level of the

(kVp)/(mA)

Scattered exposure from 32-cm-diameter PMMA phantom

NICKOLOFF et al. (2000) 120/30
Karo et al. (1996) 80/30
KATo et al. (1996) 80/30

Scattered exposure from 20-cm-diameter PMMA phantom
SILVERMAN et al. (1999) 120/50
NAWEEL et al. (2000) 120/50

Scattered exposure from Alderson humanoid phantom

STOECKELHUBER et al. (2005) 120/50

PAULSON et al. (2001) 140/10
Scattered exposure, not specified

GIANEELICE et al. (2000) 120/50

Hand Body-head

(pGy/s) @ (cm) (pGy/s) @ (cm)

from plane

from plane

Scattered exposure from Alderson humanoid phantom with a lead drape

STOECKELHUBER et al. (2005) 120/50

17 @ 20 cm 0.93 @ 100 cm
1140 @ 0 cm

19 @ 4 cm

29.5 @ 10 cm 0.97 @ 100 cm
23.6 @ 10 cm

39.5 @ 15cm

0.06 @ 25cm 0.03 @ 60 cm
18 @ 10 cm

3.2 @ 15cm

Scattered exposure from Alderson humanoid phantom with 30 cm needle holder

STOECKELHUBER et al. (2005) 120/50

13.2 @ 30 cm

Scattered exposure from 20-cm-diameter PMMA phantom with a lead drape

NAWEEL et al. (2000) 120/50

6.8 @ 10 cm
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The second part of the table shows reported scat-
tered dose rates when radiation protection methods
are applied, such as using a lead drape or prolonged
standoff needle devices.

Reported scatter dose rates at the level of the
hand of the operator usually vary between 20 and
40 pGy/s, depending on the scanner type, techni-
cal scan settings and the distance to the scanning
plane of the measurement. Lower dose rates can
be achieved by: (1) reducing exposure settings,
(2) increasing distance to the scanning plane with
the use of needle holders, or (3) by using a lead bar-
rier. The dose rate inside the primary beam itself
can be over 1000 uGy/s, even with reduced scan set-
tings. Entering the primary beam leads to unaccept-
ably high doses.

At the level of the head (eyes), dose rates are
reduced due to the increased distance to the area
where the primary beam enters the patient. For the
dose at the level of the head, two authors reported
a similar dose rate of about 1 uGy/s at a distance of
100 cm.

14.6.4
Reported Doses to the Staff from CTF

The actual dose to the operator will depend on the
time that he or she spends at specific distances from
the scatter source during the CTF procedure. Besides
estimated doses that are derived from ambient dose
rate data (indirect measurements), doses are also
reported from direct in vivo measurements that
are performed during CTF procedures. Direct mea-
surements tend to be more accurate as they include
the actual variation of individual staff positioning
during each CTF procedure. They are usually per-
formed with personalized ring badges containing
TLDs. Table 14.6 shows reported doses to the opera-
tor, both from indirect and direct measurements.
The first part of the table shows reported doses
from indirect measurements based on ambient dose
rates; the second part shows data from direct in
vivo measurements by using TLDs. Reported doses
to the hands from the literature are partly given as
radiation doses, expressed in Gy, and partly as the
superficial dose equivalent H (0.07) in soft tissue,
expressed in Sv. For exposures with X-rays of the
diagnostic energy range, both unities yield compa-
rable values. For CT X-ray energies, a conversion
factor of 1.1 can be applied to transfer dose (Gy)
to dose equivalent (Sv) in soft tissue. The data in

Table 14.6 are expressed as radiation doses (mGy)
unless stated otherwise.

When no specific radiation protection methods
are applied, reported doses to the dominant hand in
CTF vary between 0.46 mGy and 2.2 mGy per proce-
dure, depending on the technical settings, the expo-
sure time and the method of dose estimation.

14.6.5
Staff Effective Dose

When appropriate personal protection is used, the
effective dose to the worker remains limited in CTF.
TEEUWISSE et al. (2001) evaluated effective doses (E)
to both the physician and the assisting radiographer
by placing electronic personal dosimeters (EPD)
outside the lead apron (unshielded). They estimated
that the average dose per CTF procedure to the radi-
ologist was well below 10 uSv and the average dose to
the assisting radiographer was below 1 pSv. Actual
effective dose values would be even lower as the
attenuation of the lead apron is not included in the
above data. For a radiologist performing 70% of the
CTF procedures at their hospital, they estimated an
annual effective dose less than 0.1 mSv. Also, PAUL-
soN et al. (2001) measured a limited mean effective
dose to the physician of 25 pSv per procedure.

14.6.6
Reducing Dose to the Staff

14.6.6.1
By Reducing Patient Dose

The main source of radiation to the radiologist is the
scattered radiation that exits the patient. Decreasing
patient dose will decrease scatter radiation, as is true
with other radiological procedures. In radiology,
both tube current and exposure time have a linear
relationship with patient and staff dose. Reducing
the exposure to the patient by controlling the tube
current and exposure time results in an equal reduc-
tion of the dose to the staff. PAuLsoN et al. (2001)
reported a negligible dose to the operator by apply-
ing a low tube current - exposure time technique
(Tables 14.5, 14.6). Also slice thickness influences
scatter radiation. A reduction in slice thickness from
10 to 5 or 2 mm can result in personnel exposure
reductions of 50%-80% (NAWFEL et al. 2000).
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Table 14.6. Reported staff doses per procedure from CTF

Method of dose

Measurement Method

CTF technique

Technical Dose at the level

settings

Exposure
time

(kVp)/(mA)  (s)

NICKOLOEFF et al. (2000) Indirect (20-100 cm) 20 cm needle holder  120/30 100 1.70 0.09
2 KaTo et al. (1996) Indirect (4 cm) 4 cm needle holder 80/30 59 1.50
NAWEEL et al. (2000) Indirect (10-100 cm) 120/50 80 2.2 0.1
2 PAULSON et al. (2001) Indirect (25-60 cm) 140/13 18 0.001 0.0006
GIANFELICE et al. (2000) Indirect (10 cm) 10 cm needle holder  120/50 50 0.90
GIANFELICE et al. (2000) Indirect (10 cm) 10 cm needle holder  120/50 26 0.46
NAWEFEL et al. (2000) Direct by TLD 120/50 n.a 1.70
2 [RIE et al. (2001a) Direct by TLD 7 cm needle holder 120/30 38 0.76
2 IRrIE et al. (2001a) Direct by TLD 7 cm needle holder 120/30 50 0.41
and lead plate
2 [RIE et al. (2001a) Direct by TLD 15 cm needle holder  120/30 41 0.06
and lead plate
ButLs et al. (2003) Direct by TLD 120/90 151 0.70 0.21
ButLs et al. (2004) Direct by TLD Under-table tube 120/38 73 0.29 0.14
exposure
2 Data expressed as dose equivalent (mSv)
14.6.6.2 14.6.6.3
Distance Needle Holders - Robotically Driven Interventions

Distance is a very efficient and costless radiation
protection tool. The exposure rate from a point
source of radiation decreases by the square of the
distance to the source. For example, the dose rate
from a source would be 4 times lower when the
distance is doubled. This inverse square law is the
result of the geometric relationship between the
surface area and the radius of a sphere (BUSHBERG
etal. 2002). This relationship is only valid for point
sources (i.e. sources whose dimensions are small
with respect to the distance from the source). Thus,
the inverse square law would not be strictly valid
in CTF where the radiation source size (patient)
is large with respect to the distance between staff
member and patient. However, experimental data
from NAWEFEL et al. (2000) show that scatter expo-
sure rate is approximated by the inverse square law
at distances greater than 30 cm from the scanning
plane.

Since the introduction of CTF, standoff needle
devices have been developed to increase the dis-
tance of the physician’s hand to the scanning plane
(KaTo et al. 1996; DALY et al. 1998; IRIE et al. 2001b).
Figure 14.3b,c shows a picture of an abdominal
CTF procedure with a 15-cm needle holder. Besides
reducing the scatter radiation level to the hand due
to the larger distance, they also prevent the hand
from entering the primary beam directly. They
should always be used when the real-time scanning
method is applied. IRIE et al. (2001b) developed
three devices, 7 cm, 10 cm and 15 cm in length, that
yielded markedly reduced doses to the physician’s
hand (see Table 14.6). STOECKELHUBER et al. (2005)
reported a scatter dose rate reduction from 39.5 pGy/
s to 13.2 pGy/s by using a 35-cm needle holder com-
pared to a 15-cm needle holder (Table 14.5). Besides
dedicated tools, less expensive but sometimes also
less efficient objects such as sponge forceps or towel
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clamps are also applied (DALY et al. 1998; PAULSON
et al. 2001). Although it has been shown that needle
holders reduce the dose to the hand, there are some
reported drawbacks due to reduced tactile feedback.
Although KaTo et al. (1996) and IRIE et al. (2001a)
concluded that dedicated needle holders did not
cause any artefacts that interfered with the biopsy
procedure, CARLSON et al. (2001) did not advocate
the use of holders due to their decreased tactile feed-
back and difficulties when penetrating resistant tis-
sue planes. Also, SILVERMAN et al. (1999) reported
that there were times when the needle became dis-
lodged from the holder, and at other times it was
difficult to exert sufficient inward force. The use of
needle holders requires training in order to prevent
a prolonged exposure time due to reduced tactile
feedback.

The ultimate way of reducing staff exposure is
a CTF procedure that does not require the staff
members to be present in the CT room. SoLoMON
et al. (2002) developed a robot that could hold,
orient and advance a needle, with CTF guidance.
This robot could be either computer or joystick
controlled. In an evaluation with 23 biopsy inter-
ventions no complications were encountered and
dose to the physician was eliminated. Although
they do not report fluoroscopic screening times
in their study, they claim that patient exposure
could also be reduced since the computer can
advance the robot’s needle to the target without
the need for continuous imaging. The main draw-
backs of such system are the extra preparation
time to install the robot and the cost. SoLomoN et
al. (2002) estimated that a commercial unit might
cost in the range of $20,000.

14.6.6.4
Using a Lead Drape

An efficient and easy to use method of reducing
scatter exposure is to place a lead drape on the
patient caudal from the cutaneous access side,
adjacent to the scanning plane (Fig.14.15). This
lead barrier absorbs scattered photons that leave
the patient’s body directed towards the operator
and reduces scatter dose considerably (see also
Table 14.5). Several authors have reported the use
of a lead drape (SILVERMAN et al. 1999; IRIE et al.
2001b; NAWFEL et al. 2000; STOECKELHUBER et al.
2005). NAwEFEL et al. 2000 investigated scatter expo-
sure to the hand by measuring ambient dose rates at
specific distances to a phantom. According to their

Scanning
plane

Lead drape

U

Fig. 14.15. A lead drape placed caudal from the scanning
plane reduces scattered radiation towards the operator

results, a 0.5-mm lead drape reduced the scattered
exposure by approximately 70% at a distance of
10 cm from the scanning plane. IRIE et al. (2001b)
conducted a similar study by placing a small lead
plate directly under the hand of the physician. They
measured a hand dose of 0.41 mSv per case with the
lead plate compared to 0.76 mSv per case without
the lead plate (Table 14.6). The small lead plate was
easy to sterilize and caused little discomfort for the
patients. Also, scatter dose reductions up to 97% are
reported by using two lead drapes, one placed above
and one placed below the patient (STOECKELHUBER
et al. 2005).

14.6.6.5
Leaded Gloves

Using leaded gloves can also protect the hands
of the operator. However, the lead equivalent of
gloves that are thin enough to permit an adequate
sense of touch is often limited with high energy
X-rays beams that are used with CTF (120 kVp).
NICKOLOEF et al. (2000) evaluated the protection of
three different types of thin leaded gloves, which
permitted an adequate sense of touch to direct
biopsy needles. The leaded gloves provided only
a 15%-33% reduction in the radiation dose to the
hands at a tube potential of 120 kVp. This is low
compared to the protection of a lead drape (95%),
which has more lead content.
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14.6.6.6
Under-Table Tube Geometry

When performing interventions that require fluo-
roscopy it is common to use X-ray systems with the
tube positioned under thetable. Suchan under-table
setup reduces the amount of backscatter radiation
that is directed towards the upper body part of the
staff standing next to the patient (see Sect. 14.6.1).
In CTF, this principle is applied by one manufactur-
er (HandCARE™ option, Siemens, Erlangen, Ger-
many). The system reduces the scattered radiation
exposure to the physician by interrupting X-ray
exposure when the tube rotates above the patient
(between the 10:00 and 2:00 o’clock position), while
maintaining the integrated mAs per rotation. As a
result, the scatter radiation that leaves the anterior
part of the patient will be limited, thus reducing
the exposure that is directed towards the opera-
tor. A recent study demonstrated that the dose to
the operator’s hand could be halved by using such
system (BuLs et al. 2004).

However, while reducing exposure to the staff,
such systems can increase patient’s skin doses as
the same dose is delivered to a smaller skin area
in comparison to 360° CT scanning. Figure 14.16
shows the relative patient dose distribution with
and without a CTF system that interrupts expo-
sure. The data are obtained by measuring the nor-
malized periphery CTDI in a 32 cm phantom for

various angular positions with a 10° increment
(BuLs et al. 2004). With continuous scanning, the
surface dose is more or less equally distributed
around the patient whereas with the beam inter-
ruption device, the surface dose is concentrated in
the posterior part of the patient. As a result, the
peak skin dose rate is about 1.5 times increased in
that part compared to continuous scanning.

14.6.6.7
Learning Curve

With acquisition of any new image-guided inter-
ventional apparatus, there is inevitably a period of
time during which learning is necessary to acquire
expertise and perform the procedures efficiently
(GIANFELICE et al. 2000). This becomes more impor-
tant as the spectrum of CTF procedures expands to
complex types of interventions, which may require
longer exposure times due to the lack of expertise.
GIANFELICE et al. (2000) studied the effect of the
learning process for biopsy procedures on exposure
times. They observed a significant reduction from
50.3 to 25.8 s per patient after a 2-year period or
250 consecutive patients. The learning process asso-
ciated with CTF technology impacts on procedure
parameters by decreasing both mean procedure
and fluoroscopy times, thereby increasing patient
turnover and decreasing radiation exposure to the
patient and the operator.

—o— Without beam interruption

—&— \With beam interruption

Fig. 14.16. Patient surface dose distribution, with and without a beam interruption CTF device. Image shows relative

peripheral CTDI for different angular positions
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Also other methods could be used to decrease
exposure time. A study by CARLsON et al. (2005)
reported a mean exposure time reduction from 18.0
to 12.6 s by using a breath-hold monitoring and
feedback system with biopsies of the lung and the
upper abdomen.

14.7
Regulatory Dose Limits

Today, the annual regulatory dose limits for clas-
sified workers are: 20 mSv for the effective (total
body) dose, 500 mSv for the equivalent dose to the
skin, and 150 mSv for the equivalent dose to the eyes
(ICRP 1990). Dose limits to the eyes and skin are
both setin order to prevent deterministic effects. For
the staff in CTF, the dose to the hands or the eyes
will be the critical factor with regard to regulatory
dose limits, not the effective dose.

The number of CTF procedures before exceeding
regulatory dose limits can be estimated from the
datain Table 14.6. At a maximal permissible dose of
500 mSv to the hands per year, about 230 CTF pro-
cedures would be allowed when using the highest
reported dose of 2.2 mGy per procedure (NAWEEL
et al. 2000). This number increases rapidly when
more dose-saving CTF methods are applied by
either using reduced exposure settings, or by using
standoff needle devices or other methods to reduce
the scattered dose to the hands. For example, using
the reported data of GIANFELICE et al. (2000) with
120 kVp, 30 mA and 26 s exposure time, over 1000
CTF procedures could be performed before exceed-
ing dose limits. The combination with using a lead
drape could increase this number even further up
to over 8000 procedures.

For patients, no legal dose limits apply but it is
mandatory to respect Diagnostic Reference Levels
(DRLs). DRLs are dose levels in diagnostic prac-
tices for typical examinations that are expected
not to be exceeded for standard procedures when
good practice is applied (EURATOM 1997). In con-
trast to standard CT examinations where DRLs are
well established in terms of CTDI and DLP, they do
not yet exist for CTF. In a strict sense, CTF is not a
diagnostic investigation so DRLs would not apply.
However, typical dose levels for interventional pro-
cedures using conventional fluoroscopy do exist.
These are usually expressed as Dose Area Product

(DAP) values. DRLs for CTF could indicate whether
the levels of patient dose are unusually high for a
specific procedure. If so, a local review should be
initiated to determine whether protection has been
adequately optimized or whether corrective action
is required (ICRP 1996).

14.8
Conclusions

Non-vascular diagnostic and therapeutic interven-
tions are becoming more and more important in
patient work up. This shift to a more invasive diag-
nostic and therapeutic approach in radiology is seen
in spite of the improving performance of imaging
techniques and the improvement of surgical tech-
niques. CTF has proven to be an effective modality
for guiding diagnostic and therapeutic radiological
interventions. With CTF, the physician can follow
the exact trajectory of needle placement from the
skin surface to the targeted lesion due to the display
of CT images in real time, and it can be applied in
soft tissue, fluid- and air-filled cavities and bones.
CTF-guided procedures are particularly challenging
in uncooperative patients or in organs that are prone
to respiratory motion such as the lung or liver.

A drawback of CTF is the potential for signifi-
cantly high patient and staff doses. For the patient,
the same skin area is repeatedly exposed and the
physician is exposed to scattered radiation as he or
she enters the CT room while scanning. If CTF is
used improperly by a combination of a high current
and prolonged exposure times, it has a potential for
patient skin injuries. Whereas with conventional
fluoroscopy the 2-Gy threshold dose for determin-
istic skin effects is reached after 100-200 min of
fluoroscopy, it can be reached in CTF after only
3-10 min of scanning when a high tube current is
applied. For the physician, doses to the hand have
been reported up to 2.2 mGy per procedure and
dose rates at the level of the hand vary between 20
and 40 pGy/s when no radiation protection mea-
sures are applied. Operators need to be aware of
different methods of CTF guidance and the fac-
tors that determine radiation exposure for both
patient and staff. This becomes more important as
the spectrum of CTF procedures might expand to
more complex procedures that may require longer
fluoroscopy times.
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Table 14.7 summarizes the factors that affect patient
and staff doses in CTF and their risk potential, and
proposes measures to be taken for dose optimization.

Although CTF has the potential to deliver high
doses to both patients and staff, radiation doses can
be reduced to acceptable levels. This can be achieved

Table 14.7. Factors that affect both patient and staff doses in CTF

Parameter

Compared to conventional CT, the
position of the scan plane stays
constant with CTF

Compared to conventional fluor-
oscopy, CTF allows high exposure
settings in terms of tube current
(mA) and tube potential (kVp).
Automated tube current modula-
tion is not available with CTF

Exposure time or CT scanning time

(s)

CTF technique: real-time method
or quick-check method

Patient size and children

Position of the patient inside
gantry

In contrast to conventional CT, the
operator stands next to the patient
during CT scanning

The CT tube rotates continuously
around the patient during expo-
sure

Potential risk

The same patient skin area is repeat-
edly exposed, resulting in high accu-
mulated skin doses that may reach
2 Gy. Risk for radiation-induced skin
injuries

As a result, patient surface (skin) dose
rates are much higher in CTE. They can
vary from 10 cGy/min up to 60 cGy/
min. Also, scattered radiation dose
rates towards the operator are much
more intense and energetic

Prolonged exposure times canbe neces-
sary in cases of small and poorly acces-
sible lesions or cases with increased
patient motion. Both patient skin dose
rate and scatter dose rate increase lin-
early with exposure time

Real-time method increases exposure
time considerably and therefore also
patient and staff doses

Skin dose rate increases for smaller
patients due to the shorter distance
between skin and isocentre

Surface dose rate decreases when the
surface moves away from isocentre.
The maximal skin dose rate is reached
at the isocentre

The operator is exposed to scattered
radiation

The direction of the scattered radiation
field is nearly symmetrical and is not as
controllable as in conventional fluoros-
copy (e.g. angiography). It is also more
intense as in conventional fluoroscopy

by proper radiation management that uses a combi-
nation of manually selecting low tube currents and
by using the quick-check or intermittent CTF meth-
od that limits fluoroscopy time as much as possible.
Literature data indicate that such a method can be
easily applied in clinical routine.

Measures

Operators must be aware of the potential
for skin injuries and recognize the char-
acteristics of skin doses in CTF

The lowest possible tube current values
should be used that allow an adequate
image quality in the anatomical region
of interest. Reported values are typically
10-30 mA for chest cases, and 30-50 mA
for abdominal cases. Tube currents above
50 mA should be avoided

Limit exposure time as much as possible
by using the quick-check method. Typi-
cal reported exposure times are below
60s per procedure. Very short expo-
sure times, in the range of 20 s, are also
reported in clinical routine for various
types of procedures

Avoid real-time scanning. Use the stand-
ard quick-check method and reserve real-
time method only for limited cases with
increased patient motion

Give special attention to tube current
reduction for smaller patients. For paedi-
atric patients typical tube current values
of 10 mA are reported

Position the centre of the patient in the
isocentre, thus maximizing the distance
between skin surface and isocentre to
minimize skin dose. Avoid the patient
surface being positioned at isocentre

Staff members should always wear appro-
priate lead aprons complemented with a
thyroid collar. Simultaneous dose moni-
toring by two radiation badges (over and
under the apron) is recommended

See below
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Tablel4.7. Continued
Parameter Potential risk

Slice thickness (mm)

Standoff needle device

Lead drape placed on the patient
caudal from scanning plane

operator’s body

Thin leaded gloves

Interruption of CT exposure when
tube rotates above table

dose rate by 1.5

Physicians of various specialties
perform CTF procedures

Both patient skin dose and scattered
exposure increase with slice thickness

These usually have a length of 10-
30 cm. They prevent the hands enter-
ing the primary beam and reduce scat-
ter dose at the level of the hand due to
the larger distance to scanning plane

A 0.5-mm lead equivalent drape
reduces scattered exposure to the
hands (up to 95%) and upper part of

Reduces scattered exposure to hands

Reduces scattered exposure consider-
ably to hands and upper part of opera-
tor’s body, but increases patient’s skin

Non-radiologist operators may not
have had in-depth training in radiation

Measures

Select the smallest possible slice thickness
as a function of the puncture access route.
Usually 5-10 mm. Too small a selected
slice thickness may influence CTF effi-
ciency and may increase exposure time

Should be always used during real-time
scanning. Is not required when the quick-
check method is applied. Could result in
reduced tactile feedback and, hence, may
influence CTF efficiency and exposure
time

Lead drapes are reported to be very effi-
cient and very easy to use. They should
always be applied with CTF

Dose reduction not as significant as a lead
drape. May reduce tactile feedback

Should only be used with reduced tube
current settings to limit patient skin
dose

Provide dedicated training for all CTF
operators

management. Risk of using non-opti-
mized exposure settings or increased

exposure times

Several staff members can be

present in CT room scattered radiation

CTF is a relatively new technique
and its spectrum could expand to
more complex interventions

to learning curve

Several staff members are exposed to

Risk of prolonged exposure times due

Limit number of staff personnel in CT
room, provide dedicated training and
clear guidelines. Increase distance to
patient as much as possible

Provide dedicated training
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Radiation risks based on biology and physics have
been covered in previous chapters and are, of course,
also valid for children. In the same way, clinical
approaches to dose optimization and reduction are
similar in paediatric and adult CT examinations
(Hupa et al. 2000). This chapter will not repeat
what has been said but concentrate on the fact that
children are not just adults with smaller dimen-
sions, thus it will rather point out what is different
in children.
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15.1

Why Dose Optimization and Reduction
in CT is Even More Important

in Children than in Adults

Several independent arguments clearly justify an

even more careful use of the “as low as reasonably

achievable” (ALARA) principle in children than in

adults (FrRUsH et al. 2003; Vock 2002) (Table 15.1):

® Children are indeed - depending on their stage
of growth - smaller than adults, and this means
that the physical laws of radiation interaction
and absorption have to be respected during pro-
tocol definition (BooNE et al. 2003; CHAPPLE
et al. 2002; FrRusH 2002; Hupa 2002; Hupa and
GKANATSIOS 1997). Usually, a decreased number
of photons is required, which translates into
a lower tube output (mAs). Often the use of a
lower X-ray energy (kV) is appropriate as well in
children. These facts - though known for over
decades for radiography - were not realized for
computed tomography (CT) by many radiolo-
gists until the early years of the new millennium
(PATERSON et al. 2001).

@ At the same physical exposure to ionizing radia-
tion, the biological effects are more severe in
children than adults (BRENNER 2002; BRENNER
et al. 2001, 2003; FrusH et al. 2003; P1ERCE and
PRESTON 2000); the risk of lethal cancer is mul-
tiplied by a factor of 2.5 on average, as compared
to adult people, starting at around 10 in neonates
and approaching adult values during adoles-
cence. This is mostly explained by the fact that
proliferating tissues are more vulnerable to the
effects of radiation and that proliferation is much
more active during the growth period than later
in life. Furthermore the distribution of tissues
is different in childhood: e.g. red bone marrow
will hardly be irradiated during a CT extremity
exam in adults whereas it will partly be included
in the volume of primary radiation exposure in
a child.
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Table 15.1. Why children need specific CT planning

1. Smaller dimensions

2. Higher biologic sensitivity

3. Long life expectancy

4. Less fatty tissue

5. Cooperation may not be possible

6. Alternative imaging test equivalent

7. Different pathology in children

Difference Cause, consequence

Adapt protocol according to physics

Growth, cell proliferation, tissue distribution
Increased risk of tumor manifestation

Adapt protocol to maintain contrast

Prepare patient, immobilize, scan fast
Ultrasound, MRI more often equivalent

Requires different justification/approach

® Children have a longer life expectancy than the
average adult population studied by CT. Their
natural life time left at the moment of CT scan-
ning is in the range of 70 years whereas it is more
often 10-20 years than 30-40 years in the adult
CT population. Of course, since it is likely that the
risk of radiation-induced carcinogenesis persists
during the entire life span and since the delay of
cancer manifestation is more often decades than
years, more children than adults will be alive at
the end of the latency period of radiation-induced
cancers, and a significant percentage among them
will die from cancer.

® Children usually have less fatty tissue between
visceral organs than adults. To keep the contrast
needed to differentiate structures with only tiny
fatty layers in between, the signal-to-noise (S/N)
ratio, and thus the dose, has to be increased, or
the contrast has to be improved by other modifi-
cations of the protocol, such as by using a lower
X-ray energy (kV).

® Cooperation is not as easy for children as it is for
adults. This means that the combined contribu-
tions of trained personnel, patient preparation,
the atmosphere in the examination room and
sometimes the presence of a parent are all needed
to reach an optimal result using minimal radia-
tion exposure.

® Alternatives to CT exist in children - in contrast
to multiple applications in adults. Children are
excellent candidates for ultrasound imaging, and
- unlike in adults - many more details in more
regions of the body can be shown. Cerebral ultra-
sound in the neonate is just one prominent exam-
ple. Similarly, magnetic resonance imaging (MRI),
another alternative to CT without ionizing radia-
tion, has an excellent accuracy in children; most

contraindications to MRI, such as cardiac pace-
makers, neurostimulators, ferromagnetic foreign
bodies, or claustrophobia, are rarely a problem in
children.

® Pathology is different in children than in adults.
While congenital and inflammatory disorders
are more frequently seen, degenerative and neo-
plastic diseases are clearly less abundant dur-
ing the growth period. A different spectrum of
pathology means a different diagnostic approach.
Above all, justification follows the specific pathol-
ogy and does not just ask for the best technical
method for one organ but rather for weighing
the advantages and risks of all methods in the
specific situation.

15.2
Impact of New CT Scanners on Paediatric
Patients

As medical aspects and the biologic impact of CT
scanning are different in children than in adults,
the impact of the recent technical development of
CT scanners is special in children and requires some
consideration (Table 15.2). Many new options come
up, but these advantages have to be balanced with
the disadvantages that are often tightly combined.
In a phase of fast development there are of course
major differences between the scanners of different
manufacturers. Because these will level out, mostly
within a few years, we will concentrate on the issues
that all multi-row detector scanners have in com-
mon.
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Table 15.2. Impact of modern CT scanners on paediatric CT

Technical feature of modern CT Consequence

1. Faster scanning

Less cooperation/immobilization needed, new applications

(e.g. vascular, multi-phasic), larger volume covered per time

2. Better z-axis resolution

3. Slice thickness

4. Dose shaping (bow tie) filters
5. Dose modulation

6. Geometric detector efficiency

7. Additional rotation in spiral mode
needed for interpolation

Isotropic geometric resolution, noise

Correct slice profile, more noise on thin slices (or increased radiation exposure)
Useful for object with small dimensions

Constant S/N, dose reduction (if used appropriately)

z-axis overbeaming (collimation), non-detector area (element spacing)

Additional dose outside planned volume

® Faster scanning: this is obviously the single most
important factor for the growing number of appli-
cations of CT in paediatrics (METTLER et al. 2000;
NICKOLOFF 2002; NICKOLOFF and ALDERSON
2001). Children no longer need to stay immobile
for 10-15 min, and often CT scanning is possible
without sedation or with sedation instead of intu-
bation anaesthesia. Motion artefacts have mostly
disappeared, and the body volume studied during
one session is no longer limited by the maximal
period of cooperation of a child. Vascular applica-
tions of CT in children have only become available
with modern scanners, thanks to the fact that the
first or second pass of contrast agents can be used
to get a high intravascular contrast before diffu-
sion to the interstitial space occurs. Similarly,
multiphasic examinations essentially have only
been introduced with the arrival of the modern
generation of CT scanners. New medical applica-
tions indeed are the most important reason for an
important rise in the number of CT examinations
performed in children during the last 10 years.

® Better z-axis resolution: the smaller dimensions of
children basically require a high geometric reso-
lution, with ideally isotropic voxels. The z-axis
size of a voxel, a major problem with single detec-
tor rows, can be reduced to even submillimetric
dimensions on scanners with multiple detector
rows, without compromising the volume cover-
age of the scan. This is a major advantage, par-
ticularly for avoiding partial volume effects and
secondarily for multiplanar 2D reformations and
for 3D analysis of data.

® Slice thickness: thinner collimation in multi-row
detector CT scanners produces raw data of an

intrinsically high geometric resolution. However,
the smaller submillimetric voxel volume neces-
sarily causes a major signal drop and, thus, a
drop of the S/N unless the X-ray flux is increased
proportionally. This phenomenon has had an
impact on the clinical application of four-detec-
tor-row scanners, where radiation exposure has
risen in relation to single-row scanners. To handle
this physical fact, most experts now suggest scan-
ning at a thin collimation and a low dose but then
reconstructing thicker images of 3-6 mm with a
much better S/N for diagnosis. Thus, thin noisy
slices are just consulted in cases of partial volume
problems, and they are used for post-processing.
In conclusion, it is useful to have the submillimet-
ric slices available but to rely mostly on thicker
ones for routine work, even in children. Another
problem with slice thickness and single-row scan-
ners has occurred: using an elevated pitch (1.5-3),
as needed for faster scanning and for dose reduc-
tion, has caused a major widening of the slice pro-
file. With multi-row scanners - thanks to more
data available for interpolation - the slice profile
is close to the nominal value, and the pitch factor
has lost most of its critical influence.

® Dose shaping filters (bow tie filters): dose shaping
filters are used to adapt the X-ray profile. Obvi-
ously, objects with a diameter much less than the
diameter of the gantry do not require the same
X-ray flux in the periphery of the field of view
compared to thick objects. Specific filters are
used by most manufacturers to adapt the beam
profile to the smaller dimension of an adult head,
an extremity or a child, and they help to control
radiation exposure.
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® Dose modulation: the introduction of dose modu-
lation in CT corresponds practically to automatic
exposure control as used in fluoroscopy systems
to keep the S/N at the detector constant during
an examination. Body areas with smaller diam-
eters and moderate bony components do not
require the same X-ray flux as thick areas with
a lot of bony structures. Dose modulation in the
xy-plane and the z-axis is therefore a major step
forward that should be used generally. However,
let us keep in mind that it is not perfect at all.
Depending on the modulation rules used by the
manufacturer, modulation may even increase
exposure beyond the nominal value, e.g. when the
scan starts at a level with a thin body diameter,
or when local organ shielding is used for the thy-
roid or the breast gland. The degree of adaptation
of exposure to the local physical absorption (in
order to maintain a constant S/N at the detector)
also depends on the relation between the length
of the detector and the length of the scan. When a
scan covers only a small distance, as appropriate
in scanning one anatomical region of a child, and
when the detector - due to many rows (e.g. 64)
- becomes long in the z-axis, the best modula-
tion of tube output will fit the needs of the central
detector elements whereas the elements above and
below may receive too many or too few photons.
In other words, the efficacy of dose modulation
intrinsically decreases with an increasing number
of detector rows. This is true, independently of the
type of modulation, whether based on absorption
measurements from localizer scans or interactive-
ly on the data on the previous rotation.

® Geometric detector efficiency: geometric efficien-
cy of modern CT scanners is mostly determined
by two factors, the z-axis geometric efficiency
and the detector array geometric efficiency. To
avoid penumbral effects in the outer portions of
the detector array, collimation of the X-ray beam
is usually set wider than the length of the detec-
tor array in multi-row scanners; this means a
decreased z-axis geometric efficiency and, consec-
utively, an increase in exposure due to X-rays that
will not hit the detector. The effect is most severe
with four-row scanners and with narrow submil-
limetric slices; in this extreme condition, dose
may be doubled (Chap. 4 by H.D Nagel) whereas
the increase is rather in the range of 5%-20% with
8- to 64-row scanners (impact scan). As for dose
modulation, this phenomenon is physically the
same in children and in adults but again - due

to the small dimension of a child’s body - the
effects beyond the planned and properly detected
proportion of X-rays may easily extend to critical
organs not to be studied in children, such as the
thyroid in chest exams or the testes in abdominal
exams.
Detector array geometric efficiency is defined
by the proportion of the overall detector area
that contains active detector material. The pro-
portional area of septa between active elements
generally increases with the number of detector
elements in the xy-plane and as well as with the
number of rows in the z-axis. Again this effect is
not unique in children but has to be considered
in paediatric CT.

® Additional rotations for interpolation in spiral
mode: projections outside the reconstructed z-
axis range are needed in spiral (helical) mode at
each end of the scan. Since spiral scanning has
become the standard in most CT applications, this
phenomenon must not be forgotten. The relative
contribution to radiation exposure is more impor-
tant the shorter the scan length. It also increases
with multi-slice scanners since these usually have
a larger total collimation (i.e. the sum of all detec-
tor elements in the z-axis). Again, in paediatric
CT we have to be aware of radiation exposure
beyond the planned scan range, e.g. with 64 rows
of 0.6 mm detector length, half an additional rota-
tion at pitch 1 will cover nearly 2 cm more both at
the top and the bottom, whereas with a pitch of 2,
nearly 4 cm of the body will be scanned outside
the volume of interest. As for z-axis geometric
efficiency, important organs outside our scanning
volume might be exposed to direct instead of scat-
tered radiation and receive a significant dose.

15.3
Justification

The “as low as reasonably achievable” (ALARA)
principle may mean that an imaging study using
ionizing radiation has to be cancelled when there
is an equivalent test available that does not need
radiation exposure: the global sum of its advantages
has to be greater than the sum of its disadvantages
in order to justify a specific test. Indeed, justifica-
tion is the single most effective step in radiation
protection. No other step discussed later will reduce
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exposure by 100%, and even when a CT exam is
replaced by another X-ray study, this usually means
a major reduction of exposure since most other X-
ray examinations cause a much smaller effective
dose than CT studies (SHRIMPTON et al. 2005; WARE
et al. 1999). However, justification is also the most
difficult step since the risk of immediately not doing
the examination cannot be directly compared with
the long-time risk of inducing cancer (Vock 2005).
What may be good for an elderly patient in internal
medicine may not be an appropriate approach for a
paediatric patient. Imaging studies not only involve
ionizing radiation but also a number of other risks
and chances, and they are often quite expensive.
Depending on the specific medical infrastructure
of a country, there is still a lack of high-tech equip-
ment, and doing the study on the wrong patient
may exclude another patient from getting the same
CT examination that may be critical for his or her
treatment or even the survival.

SLovis (2002) estimated around 40% of all paedi-
atric CT examinations as not clearly indicated. All
these reasons together underscore the importance
of justification. Several countries have developed
guidelines in using imaging procedures: in the US,
the appropriateness criteria defined by a panel of
experts (using a score of 1-9) have been introduced
by the AMERICAN COLLEGE OF ROENTGENOLOGY
(2006). For instance, appropriateness of CT of the
brain in suspected physical child abuse will be low
(2, mostlyinappropriate) or veryhigh (9, mostappro-
priate), depending on the age, the results of physical
examination and laboratory exams. The European
Union (EUROPEAN CoMMISSION 2000b) has issued
referral criteria for imaging that have been translat-
ed into many languages. In the referral criteria, pae-
diatrics makes up an entire section that is further
classified by anatomical areas and, within each area,
by important clinical entities. Except for trauma, CT
is rarely mentioned and the conditions for its use are
further commented. It is obvious that major efforts
are still needed to differentiate the diagnostic deci-
sion trees in specific clinical situations, including
the age, the pathology, the body region as well as the
urgency and the availability of alternative diagnos-
tic tools.

Head trauma is also an example for clinical crite-
riahelping to decide about the individual need for CT
evaluation (OMAN et al. 2006). Hardly ever is medi-
cal diagnostic imaging justified just for demonstrat-
ing morphology; as is true for any other diagnostic
tests it is expected to detect disease, to differentiate

between different pathologies, to stage disease or to
provide information about the effects of treatment.
However, all this information is not helpful unless it
helps in the further management of the patient and
is obtained with an appropriate “cost”. Cost clearly
includes both the financial cost of the examination
and its medical risk. In paediatric CT, although there
are risks with anaesthesia and intravenous contrast
medium injection, the main two risks usually are the
inaccuracy of the test (false-negative, false-positive
findings) and the risk of radiation exposure, which
is more important than in adult patients, even at the
same nominal effective dose.

Before any imaging examination with x-rays is
considered, alternatives must therefore be evalu-
ated: ultrasound is the first-line imaging test in chil-
dren since the slim body usually favours the access
even to deep organs without any radiation exposure,
combining morphological with real-time motional
and even flow information. In experienced hands,
it can provide a lot of essential information, thus
avoiding CT. When ultrasound and radiography are
unlikely to answer - or have not answered - the spe-
cific medical question, the choice is often between
MRI and CT. In this situation severity of suspected
disease, study duration, radiation exposure, side-
effects of contrast agents and anaesthesia, volume
of interest and the specific information required
have to be considered in addition to the availabil-
ity of the method. While there is no general answer,
a disease concentrated in one organ or one limited
region of the body, and situations requiring detailed
information about soft tissues, the nervous system,
the cardiovascular system or the bone marrow are
often best approached by MRI. On the other hand,
a large volume of the body, time and anaesthetic
restrictions and emergency conditions, such as
multiple trauma, as well as the need for information
about cortical bone and calcification, or the combi-
nation with image-guided intervention all favour
CT. Malignant disease with a poor prognosis will
decrease the weight of radiation exposure; howev-
er, with an increasing chance of curative treatment
- e.g. in malignant lymphoma - the added risk of
many follow-up studies under and after treatment
must be considered.

Follow-up CT scans are often performed too ear-
ly, e.g. at a moment when the biology of the disease
does not yet allow any treatment effects to be visible.
Justification has to be as restrictive as for the first
examination, and alternatives may be adequate for
observing known manifestations of disease. Justifi-
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cation as the first step of diagnostic imaging means a
close cooperation between the referring doctor and
the radiologist since it cannot be done by the clini-
cian alone or by the radiologist alone. Both need edu-
cation to adequately perform this important task; it
is obvious that subspecialized paediatric radiolo-
gists will have a significant advantage of knowledge
and experience in the pathology of a child and/or a
specific diseased organ.

15.4
Patient Preparation

Patient preparation for CT of adult patients usually
means obtaining informed consent, checking renal
function and, for the gastrointestinal tract, instruct-
ing the patient about oral bowel contrast application
or contrast enema. In children, preparation is usu-
ally more complex and is an important prerequi-
site for a successful examination (Table 15.3). Older
children often want to be considered as individuals
whereas in young children the preparation - beyond
the patient herself/himself - often involves the phy-
sician, the nurse and the parents. They usually have
a better approach to the child and are essential in
convincing the child about the need for the examina-
tion, in informing about the procedure and its pos-
sible discomfort but also in staying with the child
during the examination, or in calming by hand con-
tact or conversation. Specially trained staff will site
the intravenous line well in advance, will address the
children properly and make them feel comfortable;
an environment without machines and noise may
meet the child’s perceptions of the world and trigger
trust. All actions avoiding pain and excitement and,
thus, motion artefacts or even repeated scans should

Table 15.3. Patient preparation for paediatric CT

be considered to improve the quality of the examina-
tion and to control radiation exposure. Depending
on the individual, medication, fixation for painless
positioning, sedation, anaesthetic supervision or
general anaesthesia may be appropriate. Many spe-
cialized centres, ours included, prefer propofol as
medication; to avoid local pain at the injection site,
it has to be preceded by injection of another local
anaesthetic drug. General anaesthesia, while still
used for young, retarded or handicapped children,
is nowadays tolerated well, but it is increasingly
possible to avoid it thanks to the speed of modern
scanners. Exercising cooperation and respiratory
apnoea within the scanner but without radiation is
a useful, risk-free procedure that avoids repeated
scans. Apnoea can mostly be achieved at the age of
5-7 years, and elder children can even cooperate
with inspiratory apnoea. Below 5 years it is often
wise to accept superficial continuous respiration.
The test before the use of radiation will allow for
individual adaptation of these age limits. And even
in the same patient, depending on the mood and the
atmosphere, cooperation may be possible one time
and no longer achievable the next time.

Local, superficial, protective absorbing devices
deserve special mention. They are available for
the lenses of the eyes, the thyroid gland, the breast
glands and the testes, and they are an efficient shield
against external scatter radiation when the organ
is outside the scanned area of the body (BEACONS-
FIELD et al. 1998; BrRNIC et al. 2003; HIDAJAT et al.
1996; HoHL et al. 2005; PRICE et al. 1999); of course,
internal scatter will hardly be affected. Protecting
organs located superficially within the area scanned
is an alternative approach and must be used care-
fully since it might cause artefacts and lower the
diagnostic quality (FRICKE et al. 2003; HOPPER et al.
1997). In our own experience, breast protection in
adult women has not been as effective as suggested

1. Decrease anxiety

- Inform where appropriate

- Have an accompanying person in room
- Provide calm environment

2. Avoid pain
- Immobilize

- Site intravenous line well in advance

- Sedate/anaesthetize/(intubate)

3. Exercise cooperation

4. Apply local protection device

In scanner, without radiation, exercise respiration, any specific cooperation expected

- Outside scanned volume (thyroid, breast, testes, lenses)

- Organ protection within scanned volume (lenses, thyroid, breast, testes)
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initially by HOPPER, and it is rarely used in clinical
routine. FRICKE’s group has reported better success
in girls, keeping the absorbing material at a distance
ofaround 2-3 cm from the skin by interposing alayer
of foam, thus avoiding severe degradation of image
quality. Testicular capsules are highly appropriate
in shielding from indirect and direct exposure, and
usually important information is not lost at the level
of the testes. In contrast, the deep location of the
ovaries basically excludes any local protection by an
absorbing material.

15.5
Protocol Definition

15.5.1
Accept Noise as Long as the Scan is Diagnostic

The referring doctor and the radiologist basically
want the best for the patient. Images at higher dose
look nicer than those obtained atlow dose, and if one
equates nice to good one tends to prefer the beautiful
higher dose images. This mechanism has favoured
higher-dose practice over many years. Nowadays,
radiologists and clinicians have to realize that image
quality cannot be the only criterion when biologi-
cal facts tell us that ionizing radiation may indeed
induce cancer at a dose very close to the dose of
one CT scan (in around 1%o of small children).
Unfortunately, it is not easy to balance an actual
medical need with a rare statistical (stochastic) risk
evident only within decades. Since we cannot easily
quantify the risk, we should at least try to dimin-
ish it. Bringing the dose down to 50% mostly will
not affect the diagnosis although the images will be
slightly inhomogeneous. Often - of course depend-
ing on the organ and the medical question - a greater
dose reduction will be tolerable. It is the radiologist’s
important task to go to the limits, i.e. to accept as
much noise as the specific medical task allows (Copy
et al. 2004; RAVENEL et al. 2001; SHAH et al. 2005;
Vock 2005). The practical ways of simultaneously
achieving dose reduction and controlling the noise
level are discussed under points 2 and 3 (Table 15.4).
The acceptable noise level can be defined by guide-
lines on quality criteria for specific medical imag-
ing tasks, as initiated by the European Commission
(EuroPEAN ComMISSION 2000a). Whether post-
processing using noise-reducing filters can be used

in this situation without loss of sensitivity is still an
open question (KALRA et al. 2004).

There is another way of reducing the dose and still
maintaining the S/N ratio by post-processing. With
modern scanners, while one usually does not want
to lose z-axis resolution by prospectively scanning
thicker slices, one can easily acquire noisy thin slices
of 0.5-1.5 mm but simultaneously calculate thicker
images of 2-6 mm, used primarily for interpreta-
tion. The thicker images have a good S/N ratio; the
thin images still are used to look at critical details
and to get 2D reformation and 3D analysis.

15.5.2
Optimize Scan Parameters
Within the Axial Plane

Different scanners have different geometry and
tube filtration, and slightly differing efficiencies of
the detectors and data acquisition system, factors
that usually cannot be influenced by the radiologist
or technician. It is likely that the market competi-
tion will minimize these differences soon. It is also
probable that additional filtration will be available
for thin patients, decreasing the range of photon
energies and therefore reducing the proportion of
low-energy photons absorbed almost completely in
the body, similar to the current experience in radi-
ography and fluoroscopy. We are free to choose the
kVp, the rotation time and mA settings. The kVp
value needed goes with the diameter of the patient
(FrusH et al. 2002), and paediatric protocols provid-
ed by the manufacturer may suggest the appropri-
ate kVp, mostly following the arguments discussed
in Section 15.1 above. Figure 15.1 demonstrates that
a lower tube voltage often allows improved image
quality at the same or a lower dose. The shortest
rotation time is mostly appropriate in paediatric CT;
since with small objects the capacity of the tube and
the acquisition system are not critical, this serves
to minimize motion artefacts. Exceptions requir-
ing slower rotation are the same as in adult patients
but should be used restrictively. Defining the tube
current (mA) needed is clearly the most critical
and difficult choice. Again, general physical rules
apply, and scanner-specific suggestions for different
regions and ages have been proposed (Table 15.5).
In practical work it may be important to realize
that for every reduction of the patient diameter by
3.5 cm there is roughly 50% less absorption, and
the current can be reduced accordingly in children.
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Table 15.4. Protocol definition for dose reduction in CT of children

1 Accept noise as long as the scan is diagnostic

- realize that in digital X-ray imaging noise reduction requires higher exposure
- reduce mAs (and possibly kV)
- reconstruct additional thick noise-reduced slices without increase of exposure

2 Optimize scan parameters within the axial plane

- increase tube filtration (if available)

- use maximal slice thickness appropriate for specific diagnosis

- decrease kVp for thin objects

- use shortest rotation time available (only few exceptions in children)

- decrease baseline mA (CTDI) according to body diameter and composition
- use xy-plane dose modulation to minimize CTDI

3  Optimize scan parameters for volume coverage

- use representative volume sample when entire volume is not needed (by sequential scans with gaps) to reduce DLP
- use spiral scan with pitch >1 (e.g. 1.5) to reduce DLP

- use thicker collimation with overlapping reconstruction when thin slices are not needed

- use z-axis dose modulation to decrease DLP

- in the near future, use noise-defined automatic exposure control

4  Scan minimal length

- be restrictive in defining uppermost and lowermost limits to keep DLP low
- use localizing projection scan extending just minimally beyond scan limits

5 Minimize repeated scanning of identical area

- avoid major overlap when scanning adjacent areas with different protocols

- avoid non-enhanced scans unless specifically justified (e.g. for densitometry)

- optimize the protocol to obtain all the information requested during one scan (e.g. contiguous 5-mm images
and 1-mm HRCT images every 10 mm)

- minimize number of scans in multiphase scanning to decrease DLP

- in case of multiphase scanning, use shorter scan length for additional scans

- use lower CTDI for non-enhanced or repeat scans unless high quality is needed

- use minimal number of additional sequential functional scans to keep DLP low

- minimize length of scans and fluoroscopy time in interventional applications

- replace test bolus / bolus triggering by standard scan delay unless timing is very critical

b

Fig. 15.1a, b. Influence of decreasing the voltage on the quality of a brain CT in a 1-year-old child with subdural haematomas
of variable age. a Scan at 120 kV, 250 mAs, CTDIy,; of 45 mGy, DLP of 688 mGy-cm, estimated effective dose of 4.8 mSv. b
Scan 2 days later at 100 kV, 330 mAs, CTDIy,,; of 43 mGy, DLP of 613 mGy-cm, estimated effective dose of 4.3 mSv. Note the
markedly improved contrast in this follow-up scan despite a slightly lower effective dose
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Table 15.5. Suggested paediatric CT protocols

Weight (kg) CTDIy, kv mAs
4.5-<9/9-<18 40/50
18-<27/27-<36 60/70
36-45 80
>45-69 100-120
>70 -140
2.5-5 (<2 years) 6.7 (5.6) 80 72
5-15 (26 years) 9.4 (12) 100 56
15-30 (6-14 years) 15.9 (14) 120 64
30-50 (14-18 years) 24.5(23.5) 120 9
<15 120° 14/25
15-24 23/41
25-34 32/66
35-44 45/99
45-54 68/132
>54 90/165
<15 1202 17
15-24 20-40
25-34 30-50
35-44 50-80
45-54 70-100
<15 30-40
15-24 50-65
25-34 65-80
35-44 90-110
45-54 120-140
CTDI, DLP eff. dose
<1 40/20 300/200  2.7/6.4°
5 60/30 600/400  2.4/7.2°
10 70/30 750/600  2.3/7.8P
<1 20/20 330/170  12.5/5.4°
5 25/25 360/250  7.2/4°
10 30/30 800/500  12/7°

Rows Comment Reference
4 chest DONNELLY et al. (2001)
FruUsH et al. (2002)
abdomen
4x2.5 abdomen VERDUN et al. (2004)
pitch 0.75
4 chest/abdomen Suess and CHEN (2002)
16 chest FisHMAN (2006)
abdomen
DRL brain/chest SHRIMPTON and WALL
(2000)
upper/lower
abdomen

Dimensions - CTDIy,;, CTDI,: mGy; DLP: mGy-cm; eff. Dose: mSv.

2At 80 kV same S/N ratio at 50% mAs.

Furthermore, based on the minimal risk of modern
contrast agents, it might be appropriate in children
to replace a native scan by a contrast-enhanced scan,
using a lower mAs setting in view of the improved
contrast. Unfortunately, no standards of acceptable
noise with a specific reconstruction algorithm need-
ed in different medical indications have yet been
described. Definition of the desired noise level will
facilitate scan protocol selection in the near future

Y Eff.dose: SHRIMPTON et al. (2005).

thanks to interactive dose modulation mechanisms
that are currently being used in their first genera-
tion; since these options for automatic dose reduc-
tion are mostly effective in spiral volumetric scan-
ning they will be discussed below with the approach
to volume coverage.

CTDI,, the CT dose index (CTDI) weighted for
central and peripheral locations, is the entity that
reflects the selection of parameters during one rota-
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tion, such as used in sequential axial scanning, but
also one of the most important parameters in spiral
scanning. It is most helpful for comparing the rela-
tive exposure due to different protocols. However,
it is clearly based on a round phantom and neither
respects the diameter, the shape or the composition
of the individual patient.

15.5.3
Optimize Scan Parameters for Volume Coverage

The way we scan the volume to be studied is the
single most important determinant of radiation
exposure in CT protocol definition. The term used
to characterize volume exposure is the dose-length
product (DLP), a parameter directly derived from
the product of the CTDI,, and the length of the scan.
DLP has the same restrictions as CTDI, in being
a physical parameter not adapted to the individ-
ual patient’s body. But DLP and CTDI,, have the
important advantage of being measurable and, thus,
offered by the scanner at the end of a study or even
earlier for prospective planning. Since the literature
gives factors to translate DLP values into effective
dose (CHAPPLE et al. 2002; SHRIMPTON et al. 2005),
DLP as the only practical risk parameter must be
checked regularly by both the radiologist and the
technician; CT doses can therefore be estimated
both for the individual patient (Table 15.6) and the
population (PAGES et al. 2003).

Historically, with sequential CT contiguous slices
were usually measured, giving a more or less homo-

Table 15.6. Effective dose estimated from dose-length
product

Age Head Neck (0, TN Abdomen/
(years) Pelvis

0 0.011/0.027  0.017/- 0.039/0.034 0.049/0.040
1 0.007/0.008 0.012/- 0.026/0.021 0.030/0.024
5 0.004/0.004 0.011/- 0.018/0.014 0.020/0.016
10 0.003/0.003  0.008/- 0.013/0.011 0.015/0.014
15 -/0.015 0.015/0.009
Adult  0.002/0.003 0.006/- 0.014/0.009 0.015/-

Numbers give normalized effective dose per dose-length
product (mSv per mGy-cm).

First number from SHRIMPTON et al. (2005)/second number
from CHAPPLE et al. (2002).

geneous dose distribution that we define as 100%.
To improve z-axis resolution, one had to use some
overlap; an overlap of 20% (e.g. slice 5 mm, distance
between slices 4 mm) increased exposure to 120%.
On the other hand, for HRCT in diffuse interstitial
disease of the lung, scanning a sample of 10% of the
organ (1 mm slice, distance between slices 10 mm),
often considered adequate, reduces exposure to
10%. The introduction of spiral CT scanning with
a single row of detectors avoided overlapping scan-
ning, leaving exposure at 100% in the example cited,
even when images were reconstructed at smaller dis-
tances of 1-4 mm; of course, this was only true with
identical parameters and when table movement dur-
ing one rotation was exactly the value of the slice
collimation; this basic condition was defined as a
pitch of 1 and, in consequence, a movement of twice
the collimation was called a pitch of 2. For this type
of scanner, it was therefore attractive to increase
the pitch in order to reduce radiation exposure
(DoNNELLY et al. 2001), with the only restriction
that high pitch values caused a major thickening of
the resulting slice above the collimation. Although
not important for long z-axis volume scans, spiral
scanning means a small additional exposure outside
the defined volume during the first and the last rota-
tion of the gantry since data are incomplete and have
to be discarded partially.

Current multirow detector scanners have
increased the options for protocols enormously but
also share a disadvantage in performing the HRCT
protocol of the lung and other applications where
partial sampling of a volume would be medically
adequate. They may have to scan two or four slices
instead of the single one needed, and collimation at
the detector may cause a loss of signal. Aside from
this restriction, however, they are mostly used
in the spiral mode and have enhanced the speed
and the resolution of CT scanning, avoiding the
problem of tube heating and offering real isotropic
data for 3D analysis. The new scan geometry needs
more complex image calculation to correct for the
diverging beam of the outer detectors but the oper-
ator does not have to take care of this modifica-
tion. Also, the pitch factor has become less impor-
tant since the increased speed offers other ways to
cover a large volume and still to control exposure;
similarly, combining the information of different
detector rows for the reconstruction of one image
has overcome the problem of slice thickening, as
seen with early spiral scanners and higher pitch
factors.
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The increased power of modern scanners has
mostly eliminated hardware restrictions of older
generations and made it easy to define protocols
with a high radiation exposure, reaching the range
of complex angiographic or fluoroscopic studies.
This has increased the pressure of using any solu-
tion available to reduce radiation exposure. Current
CT scanners offer one or several of the following
options:

XY-plane dose modulation: this option was intro-
duced to overcome the physical problem that the
human body is neither round nor of homogeneous
density (GREESS et al. 2004). To achieve the same
S/N ratio, less radiation is required in the direc-
tion of the smaller diameter (anteroposterior at
the level of the shoulders, y-axis) than in the direc-
tion of the larger diameter (left to right at the same
level, x-axis), and this difference is exaggerated
by the presence of more bony mass in the x-axis.
Modulation of the tube current according to the
angle of the tube position around the patient is the
logical solution; it is achieved either by estimating
the global absorption at all z-axis positions from
an anteroposterior and a lateral localizing projec-
tional view, or by using the information obtained
during one rotation to interactively adapt the tube
current for the same angle during the next rotation
(Suess and CHEN 2002). xy-plane dose modulation
reduces the nominal mAs by around 20%-40%,
depending on the body region, and it is generally
appropriate to use it. Specific new applications of
xy-dose modulation are appropriate for the heart
and, maybe, the breast gland. This means prospec-
tively ECG-triggered lower mA values during the
phases of the heart that are not used for reconstruc-
tion and higher mA values during important phas-
es, such as mid- to late diastole. A similar approach
might be used to decrease the radiation exposure
of the breast gland in chest CT of young women by
decreasing mA when the tube is located in front of
the patient and - for compensation - by increasing
mA when the tube is at their back.

z-axis dose modulation: as for the axial plane,
physically in the longitudinal axis of the body
(z-axis) the radiation needed for an adequate S/N
ratio will vary with the diameter and density of the
patient. For example, in cervicothoracic scanning,
the cervical area and the lower chest require much
less of a dose for a given image quality than the
thoracic inlet and shoulder area. Similarly, until
recently, one had to interrupt scanning at a level
between physically different adjacent body areas;

e.g. to use a lower radiation exposure for the upper
than the lower abdomen, one had to stop the upper
scan at the pelvic rim and to start another scan
with modified parameters for the pelvis, often
with a significant technical delay. Modern scan-
ners allow for adapting the tube output during one
single scan in this and other clinical applications.
The option of z-axis-dependent dose modulation
is steered again either from the localizing view or
interactively; it is clearly welcome to reduce radia-
tion exposure and should be used generally (Tack
et al. 2003).

It must be mentioned that dose modulation is
an important step towards the final goal of noise-
defined automatic exposure control, and that the
solutions implemented in current scanners may
have rules for adaptation not easily understood by
the user; one therefore has to be careful not to run
into dose augmentation, e.g. by starting the scan
at a level with low dose requirement at a nominal
mAs value selected for the thickest scan level to be
covered. Software tools will simplify the choice in
the near future, e.g. by offering a selection of images
with different noise.

Control of noise in the image is one approach
whereas observation of the DLP per examination is
another practical approach. Since in CT examina-
tions the DLP is a good representative of effective
dose to a specific area of the body, diagnostic refer-
ence levels (DRL) indicating an upper DLP not to be
exceeded in typical clinical tasks are the practical
solution (SHRIMPTON and WALL 2000; WALL 2001).
DRLs correspond to the third quartile (75% lower
values obtained from a population with the same
examination). They do not represent an absolute
barrier; however, they should be defined for specific
body areas, according to the weight and the medical
task. Since the DLP is available immediately during
the study, each radiologist can prospectively plan the
DLP to stay within the specific DRL or, exceptionally
and with an appropriate justification, to exceed it for
a concrete reason.

15.5.4
Scan Minimal Length

This rule applies both for the scout view and the
rotational scan since there is really no value in
going beyond the tissue volume where pathology
is suspected. It has to be followed at two levels: the
referring physician and the radiologist have to find
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a compromise about the minimal body areas to be
investigated; the radiologist and the technician have
to fine-tune the upper and lower end of the examina-
tion (DONNELLY et al. 2001). In a lung scan, there is
no reason to include the entire thoracic inlet with the
thyroid gland as well as the upper half of the abdo-
men with multiple radiosensitive organs (CAMPBELL
et al. 2005). In a pelvic scan of a boy, there is hardly
ever a medical reason to include the testes. Inde-
pendent of the organs included, any increase in scan
length will proportionally increase energy deposi-
tion and the biological effects of ionizing radiation.
While other rules are the primary responsibility of
the radiologist, the technician and her/his experi-
ence are most critical for this rule. In routine scan-
ning, it is simply not justified to extend the length
beyond the minimum required. For example, a chest
scan has to cover the lowest part of the costophren-
ic sulcus and - in neoplastic disease - the adrenal
glands; any inclusion of more abdominal structures
will induce non-justified radiation exposure to sen-
sitive organs.

For two reasons, the rule should be used less
strictly for the localizing than for the sectional scan.
First, radiation exposure - although often neglected
in dose estimation - is small during a localizing pro-
jectional view, usually contributing a very low per-
centage to the global exposure. Second, the localizer
has to include the starting and ending levels of the
spiral scan and is a prerequisite for properly limit-
ing the scan length to the minimum needed in the
specific medical situation.

15.5.5
Avoid Non-Justified Multiple Scans
of the Same Area

Numerous opportunities exist with the current
powerful scanners to scan the same volume of the
body twice or even several times. Since there is
no longer a technical restriction, multiphase stud-
ies can be performed without tube heating or data
overflow.

Perhaps the most frequent neglect of this rule hap-
pens when two adjacent body areas are scanned with
different protocols and a large overlap. The obvious
example for this may be cervicothoracic scanning
in malignant lymphoma; while the head and neck
scan is planned on a lateral localizer, the scan of the
trunk is planned on an anteroposterior localizer,
and large overlaps at the thoracic inlet often cause

multiple scanning of sensitive organs, such as the

thyroid gland.

A number of medical reasons may require differ-
ent types of repeat scans of the same area:

@ correct timing of scans, using a test bolus or
repetitive scanning of one plane at low dose for
bolus triggering of the proper diagnostic scan

@ dynamic enhancement studies including arterial,
parenchymal, venous and/or excretion phases of
organs, such as the kidney or liver

@ functional lung scans to detect air trapping in
inspiration and expiration (in young children
unable to cooperate this may also be achieved by
scanning in right and left lateral decubitus posi-
tion)

@ supine and prone scans for demonstrating posi-
tional gravitational effects

® CT-guided intervention, with or without fluoros-
copy

® screening with thick slices and subsequent
detailed analysis with thin slices

@ exceptionally in childhood: native and contrast-
enhanced scan after intravenous bolus injection.

Some but by no means all of these technical possi-
bilities are justified in medical problem solving, and
it is probably the most difficult task of the resident in
radiology to think of all these potential options and
not to overuse them in view of radiation exposure.
For example, renal CT may often be adequately per-
formed with a single scan after a two-phase injection
of the contrast agent, showing both the parenchyma
and the pelvicalyceal systems. It is quite clear that
double scanning means twice the radiation exposure
as long as the same parameters are used, and even
more scans will increase exposure proportionally.
Aside from medical experience, a few general guide-
lines may help to appropriately select the number of
scans. First of all, and again, the individual situation
of the current patient must be checked. Will any of
the repeat scans help this patient? Will it influence
the management or even the outcome? Is it cost-effi-
cient when we add radiation exposure to the finan-
cial cost? Second, repeat scans can often be limited
to a smaller volume or performed at lower dose that
will not hide the additional information expected.
Third, fixed standard scan timing can often replace
individual triggering or a test bolus unless cardio-
vascular disease is present and timing very critical.
Fourth, while CT fluoroscopy is a very helpful tool
in cases of difficult access, other biopsy methods or
drainages can often be done under CT image control
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or even under ultrasound guidance. Fifth, in the
lung one single scan can usually be used to obtain
all the information needed: using thin detector rows
of around 1 mm will allow one to calculate both thin
HRCT sections at any z-axis level and thick 5-mm
scans, as needed for tumour search or mediastinal
analysis; for reformations and 3D post-processing,
continuous and overlapping images can be prepared
from the same raw data.

In conclusion, CT is characterized by a signifi-
cantly higher radiation exposure than radiogra-
phy. Based on its excellent diagnostic potential in a
range of medical situations its use has significantly
increased in children. However, due to the increased
biological impact of radiation exposure in children,
paediatric CT examinations should follow a strict
justification and optimization by careful selection of
protocol parameters as well as the range. The steps
discussed above help the radiologist to apply the
ALARA principle when scanning children (SLovis
2003).
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Lung Cancer Screening Including Pulmonary Nodule Management

16.1.1
Introduction

Lung cancer is the leading cause of cancer-related
mortality in the world, with almost one million
deaths annually (PARKIN et al. 1999). There are
more deaths from lung cancer in the United States
(US) than from the three next most common can-
cer-related causes of death (colorectal, breast, and
prostate). It was estimated that in 2005, in the US
alone, there would be more than 170,000 new cases
of lung cancer, with approximately 163,000 related
deaths (JEMAL et al. 2005). Given these discouraging
statistics, it is paramount to try to find the means of
decreasing the mortality from this disease.

The reason why lung cancer is so frequently
lethal is that most of the patients are diagnosed in
the later stages of the disease, when their malig-
nancy has grown beyond cure. By contrast, out-
come is significantly improved in patients diag-
nosed at an earlier, resectable stage, with 5-year
survival rates for stage I disease approaching 70%
(WiLL1aMs et al. 1981; MOUNTAIN 1986; MOUNTAIN
et al. 1987; MARTINI 1990; SHAH et al. 1996). Thus,
earlier detection of the disease would enhance the
chances of a curative resection and thereby reduce
lung cancer mortality.

The possibility of producing non-superimposed,
cross-sectional images with low-dose computed
tomography (CT) places this technique and mul-
tidetector CT (MDCT) in strong positions as ideal
tools for lung cancer screening. However, the radia-
tion dose delivered to the patient due to baseline CT
screening, repeated CT and lung nodule manage-
ment represents one of the most important issues of
this type of screening.
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16.1.2
Imaging Techniques Used for Early Lung
Cancer Detection

16.1.2.1
Chest Radiography and Sputum Cytology

The first screening test for lung cancer used to be
chest radiography. In the 1960s and 1970s there
were large randomized trials conducted both in
the US and Europe in which volunteers under-
went either periodic chest radiography or a simple
clinical follow-up as baseline examination (BRETT
1969; FoNTANA et al. 1986). Although these studies
found a higher incidence of resectable disease in the
screened population, none of them showed a lung
cancer mortality reduction with screening.

Large randomized trials conducted mainly in the
US over recent decades have addressed the role of
chest radiography and sputum cytology examina-
tion in screening for lung cancer. The Memorial-
Sloan Kettering and John Hopkins University studies
compared lung cancer detection rates using annual
chest radiography alone (control arm) and annual
radiography plus sputum cytology analysis every
4 months (intervention arm) (FLEHINGER et al. 1984;
FrosT et al. 1984). The Memorial-Sloan Kettering
study enrolled 4,968 men to chest radiography and
5,072 to dual (chest radiography and sputum cytol-
ogy) screen. There were 144 lung cancers detected in
each group. The investigators found no significant
difference in stage distribution, resectability, sur-
vival or disease-specific mortality between groups
and concluded that the addition of sputum cytol-
ogy examination offered no advantage over annual
screening with chest radiography (MELAMED et al.
1984). In the Johns Hopkins study, 5,161 men were
randomized to chest radiography and 5,226 to dual
screening. Screening resulted in the detection of 202
cases of lung cancer in the chest radiography group
and 194 cases in the dual screening group (TocKMAN
1986).

The Mayo Lung Project (FONTANA et al. 1984)
enrolled over 10,900 subjects. Participants were
offered chest radiography and sputum cytology
at enrolment. They were then randomly assigned
to a close-surveillance group, which underwent 4-
monthly chest radiography and sputum cytology, or
to a control group, which was advised to have the
standard surveillance of yearly chest radiography
and sputum analysis. There were no statistically sig-

nificant differences in either survival or lung can-
cer-related mortality between the two groups.

Since those disappointing results, lung cancer
screening with chest radiography has been aban-
doned.

16.1.2.2
Spiral CT and MDCT

16.1.2.2.1
Past Trials

Recent advances in technology have prompted new
trials for early detection of lung cancer using spiral
CT. The first trials were non-randomized screening
studies performed in Japan, using a combination
of chest radiography and CT (KANEKoO et al. 1996;
SOoNE et al. 1998). The authors demonstrated that
low-dose CT was very effective in detecting early-
stage lung cancer.

In 1993, the Early Lung Cancer Action Project
(ELCAP) was started at Cornell Medical Center
(HENSCHKE et al. 1999). In that study, the base-
line screening of 1,000 persons (smokers, over the
age of 60years) produced 27 screen-diagnosed
(HENSCHKE et al. 1999) lung cancers. Among the
discovered lung cancers with low-dose CT, 23 out of
27 were stage I. The authors concluded that low-dose
CT may increase the chances of detecting lung can-
cer at an earlier and potentially more curable stage.
The authors demonstrated also that low-dose CT
was superior to chest radiography at detecting early
lung cancer (Fig. 16.1.1).

The results of other similar studies performed in
Europeandin North America (HENSCHKE et al. 1999;
DIEDERICH et al. 2002; SOBUE et al. 2002; SWENSEN
et al. 2002; MAHADEVIA et al. 2003; PASTORINO et
al. 2003; SWENSEN et al. 2003b; BASTARRIKA et al.
2005, GOHAGAN et al. 2005, MACREDMOND et al.
2006) have demonstrated that the vast majority of
lung cancers detected by screening, both at baseline
and annual review, are stage I at diagnosis (LEONG et
al. 1999). The study by SWENSEN et al. (2002, 2003b)
enrolled 1520 subjects, aged 50 years or more, who
underwent annual sputum cytology and also DNA
analysis. A total of 26 lung cancers were diagnosed
at baseline CT, of which 2 were detected by sputum
cytology only. StageI disease was reported in 19
patients and the lung cancer detection rate was 1.7%.
Then 2 years after baseline low-dose CT scanning,
a further 588 non-calcified nodules were identified
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Fig. 16.1.1a-d. MDCT is more sensitive than chest radiography at detecting early lung cancer. '8F-Deoxyglucose positron
emission tomography (FDG-PET) can be used as an additional tool for lung nodule characterization. A 70-year old man,
heavy smoker, underwent a chest radiograph and MDCT for lung cancer screening. a Postero-anterior chest radiography did
not reveal any suspicious lung nodule. b A close-up of the right upper lobe did not show any lung lesion even retrospectively.
¢ Frontal reformatted chest CT revealed a spiculated lung nodule (arrow) consistent with lung cancer. No mediastinal
enlarged lymph node was present. d FDG-PET demonstrated an intense uptake in the right upper mass consistent with a
lung tumour. The TNM staging was T;NM, at the time of diagnosis

(incidence), of which 10 were lung cancer (9 stage I)
(SWENSEN et al. 2002, 2003b).

DiEDERICH et al. (2002) screened 817 smokers
above 40 years of age using annual low-dose CT.
The team detected 858 non-calcified nodules, of
which 12 were lung cancers (12 at stageI) in 43%
(350 of 817) of individuals. Follow-up of non-calci-
fied nodules present at baseline low-dose CT demon-
strated growth in 11 cases and 7 were lung cancers.
Following re-screening, a further 174 new nodules
were found of which 3 were lung cancers. Of the ten
screen-detected lung cancers, six were at stage I.

MACREDMOND et al. (2006) reported data con-
cerning 449 smokers above 50 years of age. Screen-

ing with low-dose CT resulted in the finding of 155
non-calcified nodules, among which 2 were lung
cancers with a prevalence of 0.46%.

Table 16.1.1 summarizes the main low-dose CT
screening trials for lung cancer.

16.1.2.2.2
Current Trials

Some prospective randomized controlled trials
comparing lung cancer mortality in a screening
arm (with low-dose CT screening) and a control arm
(without CT screening) have been initiated. At the
end of those large studies, scientists hope to be able
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Table 16.1.1. Summary of the main clinical trials using low-dose CT for early lung cancer detection

Author/modality No. of cases  Age (years) % of cancer % of stagel
HENSCHKE et al. 1999; Rx-CT 1,000 >60 2.7 83
DIEDERICH et al. 2002; CT 817 40-78 1.3 63
SOBUE et al. 2002; CT 1,611 40-79 0.87 78
SWENSEN et al. 2002; CT 1,520 50-85 1.7 73
PAasTORINO et al. 2003; CT + PET 1,035 >50 1.1 100
BASTARRIKA et al. 2005; CT +PET 911 >40 1.5 84
GOHAGAN et al. 2005; Rx or CT 1660 55-74 1.8 (CT) 53 (CT)
1658 55-74 0.4 (X-ray) 85 (X-ray)
MACREDMOND et al. 2006; CT 449 50-74 0.46 NA

to see if low-dose CT screening is able to reduce lung
cancer mortality. The US National Lung Screening
Trial has recently randomized nearly 50,000 cur-
rent or former smokers to undergo either an annual
screening with low-dose CT or a chest radiograph for
3 years. The trial should be completed in 2009. It is
designed to have a 90% power to detect a mortality
reduction of 20% (National Lung Cancer Screening
Trial, available online at: http://www.cancernet.nci.
nih.gov/nlst). Other studies, currently underway,
will assess the value of low-dose CT as a screening
tool. In the Netherlands, the “Dutch Lung Cancer
Screening Trial” plans to include 24,000 subjects
and the French “Depiscan” project is hoping to study
21,000 subjects.

16.1.2.2.3
CT Scanning Protocols for Lung Nodule Detection
and Lung Cancer Screening

The use of CT for lung cancer screening is based on
the fact that low-dose CT can be used for reliable
identification of anatomy and pathology when there
is a large contrast between a structure (nodule) and
its surroundings (lungs). The detectability of pul-
monary nodules was studied by DIEDERICH et al.
(1996). The authors compared the performance of
low-dose CT versus standard-dose CT to detect lung
nodules. Low-dose CT was performed with a spiral
technique using 120 kVp, 50 mAs per rotation, a slice
thickness of 10 mm and pitch of 1.0. Standard-dose
CT was generally conducted at 120 kVp, 250 mAs
per rotation, a slice thickness of 10 mm and a pitch
of 1.0. The authors were able to demonstrate that all
soft-tissue nodules greater than 5 mm in diameter

were clearly detectable with low-dose CT, regardless
of dose reductions by a factor 5-10 (Fig. 16.1.2). Even
nodules between 3 and 4 mm in diameter could be
found in the vast majority of cases. Similar results
were obtained by N1TTA etal. (1998). They performed
scans at 120 kVp, 10 mm slice thickness, pitch of 2.0
and a 5-mm reconstruction increment, with tube
current-time product settings of 50, 6 and 3 mAs.
Even at 6 mAs, no statistically significant difference
was found in the detectability of artificial soft-tissue
lesions of 5and 10 mm in size, except for those in
the upper fields of the lungs. These results confirm
early findings on low-dose applications for chest CT
that were previously reported in 1990 (NAIDICH et
al. 1990).

The first studies (KANEKO et al. 1996) performed
for the purpose of lung cancer screening used sin-
gle-detector CT at 120 kVp, 50 mA, 10 mm collima-
tion and pitch of 2.0. The International Early Lung
Cancer Action program (I-ELCAP) (HENSCHKE et al.
1999) performed baseline CT using 140 kVp, 40 mA,
10 mm collimation and a pitch of 2.0. Thereafter,
modifications have been made in the framework of
the international conferences (International Collab-
oration to Screen for Lung Cancer; http://ICScreen.
med.cornell.edu) organized by this group and in
their resultant international consortium on screen-
ing for lung cancer (I-ELCAP, see online at: www.
IELCAP.org). I-ELCAP has adopted a common
protocol (HENSCHKE et al. 2002). In this regimen
(HENSCHKE et al. 2003), the initial low-dose test is
identical at both baseline and repeated screenings.
A multi-slice helical CT scanner [General Electric
(GE) Lightspeed, Milwaukee, Wis., USA; Siemens
Volume Zoom, Erlangen, Germany; or equivalent]
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is preferably used, at a low-dose setting (120 kVp,
40 mA with 1.5:1 pitch, 1.25 mm slice thickness and
0.5 s rotation; Siemens: 120 kVp, 20 mA with a 1.75:1
pitch at 1 mm slice thickness and 0.5 s rotation).
In a single breath-hold, contiguous slices from the
thoracic inlet to the adrenal glands are obtained. A
consensus statement of the Society of Thoracic Radi-
ology (ABERLE et al. 2001) recommends screening
with a multi-detector row CT so that high-resolution

scans can be performed retrospectively, without the
need to use additional radiation. The use of contrast
material is not involved. The general trend is to per-
form annual CT scanning in a high-risk population
(at least 10- or 20-pack years of cigarette smoking)
aged between 50 and 80 years.

The screening protocols will vary with the avail-
able imaging technology. The different CT scanning
protocols used for lung cancer screening in main

a B

‘L

"= b

Fig. 16.1.2a,b. Lung nodule (arrow) assessed with CT performed at 120 kV, 130 mA (a) and at 120 kV, 15 mA per rotation
(b). There is increased noise in the CT image performed with lower parameters but the nodule detection (arrows) remains

unchanged

Table 16.1.2. Scan parameters and effective dose per CT scan for various lung cancer screening studies

Author/modality

Type of CT

CT parameters

Effective dose (in mSv)

In women

HENSCHKE et al. 1999;
CT

DIEDERICH et al. 2002;
CT

SOBUE et al. 2002;
CT

SWENSEN et al. 2002;
CT

PASTORINA et al. 2003;
CT + PET

BASTARRIKA et al. 2005;
CT +PET

High-speed advantage,
GE

SR 7000, Philips

TCT-900S Superhelix,
Toshiba

Lightspeed model Qx/i,
GE

Single-slice CT
Hispeed model, GE

Single-slice CT, Somatom
plus 4, Siemens

4-row multislice CT,
Somatom Volum Zoom,
Siemens

140 kVp, 40 mA, 10-mm collimation

120 kVp, 50 mAs, 5-mm collimation,
5-mm recon interval, pitch: 2

120 kVp, 50 mA, 10-mm collimation,
10-mm recon interval, pitch: 2

120 kVp, 40 mA, 5-mm collimation,
3.75-mm recon interval

140 kVp, 40 mA, 10-mm collimation,
5-mm recon interval, pitch: 2

140 kVp, 43 mAs, 8-mm collimation,
recon interval NA, pitch: 1.5

120 kVp, 20 mAs, 1.25-mm collima-
tion

0.8

0.6

0.6

0.6

0.6 for CT
NA for PET

1.0

0.9

0.9

1.1

0.7

0.8

0.8 for CT
NA for PET

1.3

1.1




242

E. Coche

clinical trials are displayed in Table 16.1.2 and the
related radiation doses calculated with CT Expo
software (Dr Stamm, Hannover, Germany).

16.1.3
Imaging Techniques for Lung Nodule
Management

16.1.3.1
Background

With the improved quality of CT examinations and
increasing use of MDCT, small pulmonary nodules
are frequently detected on CT scans. This is not
an insignificant problem since such nodules are
small and thus difficult to biopsy using minimally
invasive techniques. In the near future, diagnostic
and therapeutic issues with small pulmonary nod-
ules are likely to increase quantitatively because of
sub-millimetre slice acquisition in routine MDCT
examinations.

Screening projects using CT for early detection
of lung cancers found pulmonary nodules in 23%-
74% of populations at risk (HENSCHKE et al. 1999;
SWENSEN 2003a, SWENSEN et al. 2003b, 2005). In the
Mayo Clinic study, almost 70% of the volunteers had
non-calcified pulmonary nodules. Only a fraction of
these required further invasive follow-up, includ-
ing resection of benign lesions in eight patients
(SWENSEN 2003a, SWENSEN et al. 2003b). The false-
positive rates in that study ranged from 92.9% for
nodules larger than 4 mm in diameter to 96% for
all nodules (SWENSEN et al. 2005). By contrast, only
23% of the volunteers at baseline screening in the I-
ELCAP study had non-calcified nodules that needed
further evaluation (HENSCHKE et al. 1999). In order
to try to minimize the number of invasive proce-
dures required to confirm (or exclude) malignancy
and the inherent risk for complications, L1BBY et al.
(2004) created an algorithm based on the ELCAP
data and the medical literature from 1993-2003 for
nodules discovered incidentally on CT. They based it
upon the size, number and density of the nodule(s),
as well as patient characteristics such as age, gen-
der, smoking history, occupational history, and any
antecedent granulomatous disease. An additional
advantage of this approach is that it can be used for
a wider population than that typically enrolled in
CT screening programs.

Lung nodule management remains difficult
and highly variable among clinicians. A sur-
vey conducted in Austria revealed a large varia-
tion of nodule management among radiologists,
pneumologists and thoracic surgeons (PROSCH et
al. 2006). In order to help radiologists and clini-
cians to assess lung nodules, guidelines for man-
agement of small pulmonary nodules have been
published by the Fleischner Society (MACMAHON
et al. 2005).

16.1.3.2
Characterization of Lung Nodule on Baseline CT

In evaluating a solitary pulmonary lung nodule
detected by chest radiography or chest CT, it is
helpful to review old chest radiographs or CT scans
to determine if the lesion was present before. If the
lesion remains stable for 2 years or more, it is clas-
sified as benign and does not require any further
evaluation. If the nodule remains undetermined,
the next step is to perform thin-section spiral CT
using 1- to 3-mm collimation. The length coverage
is greater than the nodule size to compensate for
slight differences in patient inspiratory volumes
and thus ensure inclusion of the entire region
of interest within the scanning volume (LEUNG
1997).

If the thin-section CT identifies fat in a nodule,
calcification in a benign pattern, no further work-
up is needed (ErRasmUs et al. 2000). Eccentric cal-
cifications may occur in malignant nodules and
require further evaluation. Recently, small adeno-
carcinomas of the lung showing ground-glass opac-
ity (GGO) on CT have been reported (NAMBU et al.
2005; SHIMIZU et al. 2006).

16.1.3.3
CT Follow-Up

Small nodules are usually monitored by means of
serial CT examinations, with the aim of detect-
ing an increase in size suggestive of malignancy.
The ELCAP group (HENSCHKE et al. 1999) recom-
mends that follow-up CT be performed 3 months
after initial identification of nodules between 5
and 10 mm in diameter. If no growth is detected,
CT should be repeated 6, 12, and 24 months later.
Biopsy is indicated if growth is detected. Recent
review of nodules measuring less than 5 mm on
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baseline CT screening in the ELCAP study (HEN-
SCHKE et al. 2004) demonstrated that non-calcified
nodules smaller than 5.0 mm in diameter do not
justify immediate work-up but only annual repeat
CT screening to determine whether interim growth
has occurred.

For nodules detected incidentally on CT scans
performed outside alung cancer screening program,
the Fleishner Society has edited new guidelines
(MACMAHON et al. 2005) (Table 16.1.3).

Researchers (REVEL et al. 2004a) have demon-
strated that two-dimensional (2D) CT measure-
ments were not reliable in the evaluation of small
non-calcified pulmonary nodules. They found that
both intra- and inter-reader agreement for 2D mea-
surement of nodule size on CT scans were poor. The
same team of researchers (REVEL et al. 2004b) dem-
onstrated that 3D volumetric evaluation of nodule
growth was more accurate than 2D diameter mea-
surement. Furthermore, YANKELEVITZ et al. (2000),
in a study of segmentation techniques for assess-
ing the growth rate of pulmonary nodules in three
dimensions, found that some malignant nodules
showed asymmetric growth that was not detect-
ed by using 2D techniques. The doubling time for
most malignant nodules is between 30 and 400 days
(HARTMAN 2005). At present, many manufacturers
have developed computer-assisted detection (CAD)
and 3D measurement tools that allow easy com-
parison of nodule size on routine CT examinations
(Fig. 16.1.3).

16.1.3.4
Nodule Enhancement at Dynamic CT

Over the past decade, there has been considerable
research interest in the enhancement of indetermi-
nate lung nodules with spiral CT. The hypothesis
in most studies was that malignant lung nodules
enhance substantially more than benign nodules
(SWENSEN et al. 1995, 1996). SWENSEN et al. (1995)
initially evaluated patterns of contrast uptake in a
total of 163 patients with solitary nodules measur-
ing less than 4 cm in size using a single detector
CT scanner. Following a bolus of 100 ml of intra-
venous contrast medium injection, injected at a
rate of 2 ml/s, six serial thin-section 3-mm images
were obtained through the nodules at 30-s intervals
up to 2 min, beginning 60 s after the onset of the
injection. In each case, a representative CT number
was then obtained for user-determined regions of
interest (ROI) in order to derive a measurement
of peak nodule enhancement (Fig. 16.1.3). Using
this technique, the authors found that malignant
neoplasms (median, 40 HU) enhanced to a greater
extent than benign lesions (median, 12 HU). Fur-
thermore, using 20 HU as a threshold for identify-
ing a malignant nodule, sensitivity reached 100%,
specificity 77%, positive predictive value 90%,
negative predictive value 100% and accuracy 93%.
More recently, this same approach has been vali-
dated in a larger multi-institutional trial (SWENSEN
etal. 2000). Using 15 HU as a threshold, CT reached

Table 16.1.3. Recommendations for follow-up and management of nodules smaller than 8 mm detected incidentally at non-

screening (MACMAHON et al. 2005)
Nodule size (mm)? Low-risk patientb
<4 No follow-up needed?

>4-6
no further follow-up®

Follow-up CT at 12 months; if unchanged,

High-risk patient®

Follow-up CT at 12 months;
if unchanged, no further follow-up®

Initial follow-up CT at 6-12 months
then at 18-24 months if no change®

>6-8 Initial follow-up CT at 6-12 months then at Initial follow-up CT at 3-6 months then
18-24 months if no change at 9-12 and 24 months if no change
>8 Follow-up CT at around 3, 9, and 24 months, Same as for low-risk patient

dynamic contrast-enhanced CT, PET, and/or biopsy

Note: newly detected indeterminate nodule in persons 35 years of age or older.

2 Average of length and width.

® Minimal or absent history of smoking and of other known risk factors.

¢ History of smoking or of other known risk factors.

4 The risk of malignancy in this category (< 1%) is substantially less than that in a baseline CT scan of an asymptomatic

smoker.

¢ Nonsolid (ground-glass) or partly solid nodules may require longer follow-up to exclude indolent adenocarcinoma.
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Fig. 16.1.3. Many manufacturers propose computer-assisted detection (CAD) and nodule segmentation for nodule growth
and comparison on serial CT scanners. At baseline CT, the nodule volume was measured at 57 mm?3. Then 8 months after,
the nodule volume was measured at 180 mm?>. The nodule growth was consistent with malignancy

a sensitivity of 98%, a specificity of 58%, a posi-
tive predictive value of 68%, a negative predictive
value of 96% and an accuracy of 77%. Another team
of researchers (Y1 et al. 2004; JEONG et al. 2005)
has proposed evaluating dynamic enhancement of
lung nodules with multi-detector row CT (4-and
16-detector row CT). With 30 HU or more of net
enhancement as a cut-off value in differentiation
of malignant from benign nodules, Y1 et al. (2004)
found a sensitivity for malignant nodules of 99%,
a specificity of 54%, a positive predictive value of
71%, a negative predictive value of 97%, and an
accuracy of 78%.

16.1.3.5
PET and Integrated PET-CT

Positron emission tomography (PET) can generate
functional images of tumour tissues based on the
increased glucose metabolism by cancerous cells.
Numerous studies have shown that PET is effec-
tive for differentiating between benign and malig-
nant pulmonary nodules (PaTz et al. 1993; GuprTa
et al. 1996, 1998). Since its clinical introduction in
2001, integrated PET-CT has allowed the fusion of
the morphological CT and functional PET images,
enabling a better localization of the fluorodeoxyglu-
cose- (FDG-) avid lesions. These integrated systems
offer improved image quality, shorter imaging times
(by about 30%) and increased patient convenience.
In one study (Y1 et al. 2006) PET-CT was shown to be
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Fig. 16.1.4a-c. A 64-year old man with previous tuberculosis and indeterminate nodule in the right lung. a Frontal reformat-
ted MIP showed an irregular non-calcified nodule measuring 18 mm x 16 mm in the right upper lobe (arrow). b Serial CT
acquisitions performed at 120 kV, 145 mAs before and after injection of 100 ml of contrast medium at 60, 120, 180, 240 s. The
maximal contrast enhancement was reached after 120 s (113 HU). The difference between maximal enhancement (113 HU)
and baseline density (41 HU) of the nodule (72 HU) was suggestive of malignancy. ¢ Surgical resection specimen. Well
differentiated adenocarcinoma made of numerous atypical glandular structures (white arrows) in a fibrotic background
containing abundant black pigment (H and E staining, objective: 10x)

more sensitive and accurate in the characterization
of single pulmonary nodules than helical CT, even
when using state-of-the-art dynamic CT acquisition
protocols.

The current limited availability and cost of PET
make it an unsuitable screening investigation tool.
However, PET has shown promising results in the
differentiation between benign and malignant nod-
ules and may therefore have a role in the investiga-
tion of indeterminate nodules discovered on low-
dose CT (Fig. 16.1.1) avoiding unnecessary surgical
biopsy (PaTz et al. 1993; ScoTT et al. 1994; GupTA
et al. 1996, 1998; GAMBHIR et al. 1998). However,
false positives due to granulomas or pneumonia
(Fig. 16.1.5) (MORTENSEN et al. 2000; JEMAL et al.
2005) are reported, and nodules less than 1 cm iden-

tified on low-dose CT may be below the resolving
power of PET.

Researchers (PASTORINO et al. 2003; BASTAR-
RIKA et al. 2005) have shown that low-dose spiral
CT combined with selective use of PET can effec-
tively detect early lung cancer. The addition of
FDG-PET to the decision algorithm for nodules of
10 mm and more or for smaller (>7 mm), growing
nodules may reduce unnecessary invasive proce-
dures to a minimum without resulting in missed
cancers.
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16.1.3.6
Lung Biopsy

For nodules that have clinical and imaging features
suspicious of malignancy, atissue sampleisrequired.
There are many methods of obtaining tissue from a
solitary pulmonary nodule, such as video-assisted
thoracoscopic or open surgical biopsy. Three main
imaging modalities, CT, fluoroscopy and CT-fluo-
roscopy-guided needle biopsies, can be used for this
procedure. CT allows better planning of the needle
path and safe biopsy (Fig. 16.1.5) of lesions located
next to vascular or mediastinal structures. Fluo-
roscopy allows real-time monitoring of the needle
course and is often easier in patients who are less
cooperative with respect to breath-holding, since
the needle can be directed into the lesion even if
the patient is breathing. Real-time fluoroscopy-CT-
guided fine needle aspiration combines the advan-

Fig.16.1.5a-c. A 64-year woman, heavy smoker (36 pack-
years) involved in a lung cancer screening program. a A
low-dose CT was performed with the following parameters:
120 kVp, 30 mA, 4 x 2.5 mm collimation. An elongated non-
calcified nodule (arrow) is present in the right lower lobe.
b FDG-PET demonstrated a moderate uptake within the
suspicious lung nodule (arrow). ¢ CT-guided percutaneous
biopsy was performed with the patient placed in prone posi-
tion. Pathology revealed giant inflammatory cells consistent
with tuberculous granulomatosis

tages of CT and fluoroscopy. This new technique
provides high diagnostic accuracy comparable to
that of conventional CT-guided procedures, with a
low rate of complications, even for small tumours
(HEeck et al. 2006).

16.1.4
Delivered Radiation Dose

An important issue related to lung cancer screening
with MDCT is the risk of radiation exposure (cumu-
lative doses) received during the whole screening
procedure including baseline CT, repeated CT
examinations and during the different assessments
performed for lung nodule management. Lung
cancer screening and lung nodule management
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will increasingly play a major role in the dramatic
increase in patient radiation. In the UK, radiation
associated with CT scanning contributed 40% of
the total radiation exposure in 1999 (CRAWLEY et
al. 2001).

16.1.4.1
During Baseline CT Examination

CT scanning is associated with significantly higher
radiation exposure compared to other radiation-
based medical examinations such as conventional
radiography (BIER 1990). In the literature, the effec-
tive dose equivalent from a single CT examination
of the chest is reported to range from 2 to 25 mSyv,
depending on the CT scanner and the examination
protocol used (N1sHIZAWA et al. 1991; GELEIJNS et al.
1994; POLETTI 1996; KAUL et al. 1997; VAN UNNIK et
al. 1997; WADE et al. 1997; WALL and HART 1997).

A substantial reduction at chest CT is possible
because of its high intrinsic contrast and because of
the low radiation absorption of the lungs (Na1picH
et al. 1990; ZWIREWICH et al. 1991; AMBROSINO et
al. 1994; LEE et al. 1994; Mayo et al. 1995, 1997).
Modern low-dose protocols of CT expose the patient
to a significantly lower radiation dose (0.65 mSv)
than the traditional standard-dose protocols (2-
25 mSv), with only a minimal reduction in sensitiv-
ity (Fig. 16.1.2.).

The radiation dose to the lungs from a low-dose
CT lung examination depends strongly on the pro-
tocol used for the examination, and primarily on the
product of the current and exposure time (the mAs
setting) (Table 16.1.2). BRENNER (2004) calculated
the lung radiation doses to be expected from the
various techniques reported in the literature from
low-dose CT. They estimated the doses to vary from
approximately 2.5 to 9.0 mGy.

16.1.4.2
During CT Follow-Up

The delivered radiation dose during serial CT fol-
low-up is highly variable from subject to subject and
related to the selected CT parameters and the total
number of CT acquisitions. Follow-up CT examina-
tion is usually performed at standard dose with thin
sections (1-3 mm). Ko et al. (2003) demonstrated in
an experimental study that simulated lung nodules
in a phantom were more accurately measured with

a high-frequency algorithm, 1-mm sections and
120 mAs compared to low-dose CT. Dose estima-
tion of nodule follow-up has been performed in a
lung cancer screening program in Italy (Italung-CT
trial) (MAscALcHI et al. 2006). The delivered radia-
tion dose for nodule work-up performed on single-
slice CT at 140 kVp and 171 mAs with a scan length
of 20 mm ranged from1.2 to 2.2 mGy. The delivered
radiation dose decreased between 0.5 to 1 mGy when
CT acquisition was performed at 4-MDCT with 1-
mm collimation, 120 kVp, 80 mAs, scan length of
20 mm.

16.1.4.3
During Nodule Uptake Study at CT

Different protocols concerning nodule uptake at
CT exist in the literature. In the study performed
by SWENSEN et al. (2005), a spiral series of scans
through the chest is obtained after a delay of 20s
from the onset of injection. Then, at 1 min after the
onset of injection, 3-mm-collimation spiral imag-
ing through the nodule with a 1-mm reconstruction
interval is performed for 5 s. Finally, spiral sections
through the nodule are obtained at 2, 3, and 4 min.
In the paper published by Y1 et al. (2004), a series
of 13 images was obtained throughout the nodule
for 30 mm along the z-axis with 2.5-mm collima-
tion, 120 kVp, 170 mA, 0.8-s gantry rotation time,
and a table speed of 3.75 mm/s over 8 s. Thereafter,
an additional nine series of images were obtained at
20-s intervals for 3 min after contrast medium injec-
tion with a power injector with the same parameters
used for the initial pre-enhancement series (10 total
series of images obtained at 0, 20, 40, 60, 80, 100,
120, 140, 160, and 180s). The delivered radiation
doses during the above-mentioned protocols were
not reported.

The delivered radiation dose during dynamic
nodule uptake at CT was detailed in the paper
written by JEONG et al. (2005). The authors evalu-
ated dynamic enhancement of pulmonary nodules
at 4- and 16-detector row CT in 130 patients. The
researchers first studied thin-section helical CT. The
measured total organ dose at thin-section, dynamic,
and staging CT ranged from 98 to 115 mGy at the
nodule site and ranged from 35 to 40 mGy elsewhere
in the lungs. This dose at nodule location is about
five times larger than that used for single-detector
row CT (18-19 mGy with 1- to 10-mm collimation,
120 kVp, 300 mAs; McNITT-GRAY 2002). However
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this organ dose applies only to the band-like area
(approximately 3 cm in length in the z-axis) of the
nodule location. For this reason, this technique is
not appropriate in young women because of breast
interposition with a low pretest probability of malig-
nancy or TN, lung cancer.

16.1.4.4
During PET and Integrated PET-CT

The injection of radioactive substances during PET
or PET-CT exposes the patient and the nuclear
technicians to radiation. It has been shown that
the radiation exposure of PET technologists was
higher than that of technologists performing gen-
eral nuclear medicine studies (ROBERTS et al. 2005).
The estimated dose per PET procedure was 4.1 pSv
(11 nSv/MBq). Injection of '®F-FDG contributed to
the highest radiation exposure.

Brix et al. (2005) investigated radiation exposure
of patients undergoing whole-body '8FDG PET-CT
examinations at four hospitals equipped with dif-
ferent tomographs. The effective radiation dose for
patients undergoing whole-body ¥ FDG PET-CT has
been estimated at 25 mSv (Brix et al. 2005). The
delivered radiation dose is increased in comparison
with an individual CT or PET examination (WU et
al. 2004).

16.1.4.5
During Lung Biopsy

CT fluoroscopy provides real-time guidance of
the biopsy specimens from pulmonary masses or
nodules. This technique decreases procedure time
and requires fewer needle passes than CT-guided
biopsies without fluoroscopic guidance (DaLy and
TEMPLETON 1999;SILVERMAN etal. 1999; GIANFELICE
et al. 2000; FROELICH et al. 2002; KIRCHNER et al.
2002).

CT has furthermore been shown to significantly
reduce radiation doses to the patient, but it exposes
the radiologist to radiation, as the operator is in the
room at the time (CARLSON et al. 2001; FROELICH
and WAGNER 2001). CARLSON et al. (2001) have cal-
culated the patient’s absorbed dose per procedure
and the median procedure time with CT fluoroscopy
in 203 consecutive percutaneous intervention pro-
cedures with use of CT fluoroscopic guidance and
99 consecutive procedures with conventional CT

guidance. The estimated maximum skin dose was
significantly lower for all CT-fluoroscopy-guided
biopsies, with a median of 41 mGy versus a median
of 772 mGy for conventional CT (p <0.05).

16.1.5
Risk Induced from Lung Cancer Screening
Programs

The radiation risk may be not negligible in a general
screening population. The risk from CT screening
is generally high when compared to the risk from
screening with imaging modalities, since the latter
use lower doses such as chest radiography. The risk
from CT cancer screening strongly depends on age,
sex, organ system, dose per examination, number
of examinations and time interval between exam-
inations (BEIR 2005; ProkoP 2005). For example,
screening from the age of 40 years with annual chest
radiographs yields an excess lifetime risk of only
0.003% in comparison to 0.79% with CT (BuLs et al.
2005). The lifetime risk of fatal cancer for a screened
population can be estimated by integrating the prod-
uct of the effective dose and the corresponding age-
dependent lifetime cancer mortality risk factor for
all scans during the screening program (LE HERON
2003; BuLs et al. 2005).

Previously published reports have suggested radi-
ation risks even with a low-dose CT scan as a part of
a regular screening program (BRENNER 2004) and
also a possible synergistic interaction between the
risk from smoking and radiation exposure (NEUGUT
et al. 1994; TOKARSKAYA et al. 2002; GILBERT et al.
2003; P1ERCE et al. 2003). We have also to take into
consideration that the lung doses delivered during
low-dose CT are within the range for which there is
evidence of increased carcinogenic risk in atomic
bomb survivors (LITTLE 1999). The risk of very low
doses is based on radiobiological models as well as
on fitting curves to existing risk data (BEIr 2005).
Detailed information concerning methods used
for risk evaluation are given in Chapter 2 by K.H.
CHADWICK and H.P. LEENHOUTS, and in Chapter 3
by L. CoHEN of the present edition.

In a recent analysis, BRENNER (2004) suggested
that if half of the high-risk population in the US was
screened with low-dose CT scans annually for 20-
25 years, there would be an estimated 36,000 new
lung cancers solely as a result of radiation exposure
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over that 20-year period, an increase of 1.8%. The
International Commission on Radiological Protec-
tion predicts that the CT scanning techniques used
in 2001 would induce 5 cancers per 100,000 exami-
nations (DIEDERICH et al. 2001). However, LENZEN et
al. (1996) suggested that, with helical CT, it was pos-
sible to reduce the equivalent dose of radiation close
to that of a conventional chest radiograph in two
projections, thereby further decreasing the risk of
malignancy. Notwithstanding this lower exposure,
therisk forlung cancer in the tobacco-exposed, older
individual is significantly higher than the theoreti-
cal risk of radiation-induced lung cancer. Although
every effort must be taken to minimize exposure to
radiation, the lethal effects of tobacco are substan-
tial. Also, the lethality of lung cancer in individuals
being followed with annual spiral CT scans is likely
to be considerably less than diagnosis in the absence
of screening, so this is a dynamic issue that must be
seen in perspective (GooDMAN 2002).

16.1.6
Reduction of Dose in CT Screening
Programs

The radiologist has the responsibility to limit the
patient dose by applying strict and systematic medi-
cal indications for each examination and by select-
ing lower dose settings whenever appropriate from
the diagnostic point of view. A decrease in radia-
tion dose through changes in technique would be
expected to result in a corresponding decrease in
risk. However, the lowest settings possible in CT
screening programs have yet to be definitively estab-
lished. IToH et al. (2000) have evaluated the lowest
tube current required for lung cancer screening with
helical CT in normal volunteers. The detectability of
nodules was not significantly degraded by reducing
the tube current to 20 mA in the upper zone of the
lung, to 12 mA in the middle zone, or to 18 mA in the
lower zone. They concluded that the minimum tube
current required for screening helical CT differs for
different locations in the lung and an ideal CT pro-
tocol for the lung should permit the tube current
to be changed during helical scanning. Among all
major technical developments for radiation reduc-
tion, automatic exposure control represents the most
promising technique, which significantly reduces
the radiation dose from CT scanning (KALRA et al.

2003). Doses as low as 0.12 mSv have been suggested
(GERGELY et al. 2005), which would reduce cancer
risks by a factor of more than 10. IToH et al. (2001)
designed a new filter made of aluminium with a
concave shape with a thickness of 5.8 mm at the
centre and evaluated radiation dose and lung nodule
detection in 35 patients. The authors demonstrated
that very-low-dose helical CT performed at a tube
current of 30 mA with the new filter was able to
depict all the pathological lesions greater than 5 mm
in diameter detected by standard helical CT.

Scout view of the chest can be avoided in lung
cancer screening programs in order to decrease the
radiation dose. However, the delivered radiation
dose during a scout view of the chest is minimal.
CocHE et al. (2006) measured the delivered radia-
tion dose during a scout view of the chest on a 4-slice
CT and anthropomorphic phantom. The investiga-
tors obtained a mean radiation dose of 0.17 mGy.
MascaLcHI et al. (2006) estimated the effective dose
of 0.05 mSv for a scout view performed during the
Italung-CT trial.

MDCT may help reduce the radiation dose in such
a way that, compared to conventional or single-slice
helical CT, comparable image quality is achieved
albeit with a lower radiation dose (VLASSENBROEK et
al. 2005). This fact is mainly due to a better dose uti-
lization and reduced penumbra overlap with MDCT.
Italian researchers demonstrated that the cumula-
tive effective doses per 1,000 subjects were 3.3 Sv
using an MDCT and 5.8 or 7.1 Sv using a single-
detector CT scanner (MASCALCHI et al. 2006). The
advantages of MDCT include both improved nodule
detection and nodule characterization on lung can-
cer screening programs, because the entire lung can
be scanned with thin slices in a single breath-hold
without an intersection gap.

16.1.7
Conclusions

Lung cancer screening with low-dose CT appears to
be aninteresting technique for detecting lung cancer
at an early stage. However, its benefits in terms of
reduction of specific lung cancer-related mortality
remain to be proven in large, well-designed multi-
centre prospective trials. The main limitations for
CT reside in the high numbers of incidental nodules
which necessitate multiple serial CT control or a
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minimally invasive technique for nodule work-up.
The delivered radiation dose during CT screening
and nodule management is highly variable depend-
ing on the parameters selected, the interval of CT
controls and the duration of screening. The potential
of radiation to induce neoplasia during lung cancer
screening remains hypothetical but has to be taken
into account when screening programs and follow-
up strategies are instituted on a large scale.
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16.2.1
Colorectal Cancer Screening

16.2.1.1
Disease Prevalence

In Western countries colorectal cancer is one of
the leading causes of cancer-related mortality. In
the European Union in 2002, 142,505 individuals
died of this disease and in the USA 59,345 indi-
viduals (GLoBOSCAN 2002). Most colorectal cancers
are thought to develop from adenomas through the
so-called adenoma-carcinoma sequence. Despite
improvements in the treatment of colorectal can-
cer, mortality is not decreasing noticeably. The most
important reason for this is the presence of exten-
sive disease at the time of diagnosis. Prevention
and early detection of colorectal cancer and pre-
cursors of colorectal cancer (adenomatous polyps)
by screening is possible and at this moment seems
to be the only way to substantially reduce the inci-
dence and mortality of colorectal cancer (PIGNONE
et al. 2002).

16.2.1.2
Screening Tests

Currently, screening for colorectal cancer is per-
formed in several countries and considered in other
countries. Several screening techniques are avail-
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able, including the fecal occult blood test, sigmoid-
oscopy, barium enema and colonoscopy. However,
the fecal occult blood test has limited sensitivity
and specificity for colorectal cancer and even more
for adenomatous polyps. Sigmoidoscopy is not a full
colon examination, although the results for detec-
tion of colorectal cancer and polyps are consider-
ably better than those of the fecal occult blood test.
Barium enema has been studied as a screening test,
but it has considerable limitations in sensitivity and
specificity. Colonoscopy has the highest sensitivity
and specificity, but this is a burdensome procedure,
as an extensive bowel preparation is required and
the colonoscopy procedure is arduous as well, with
limited acceptance by participants and not without
complications. Computed tomography (CT) colo-
nography (also named virtual colonoscopy) using
the multi-slice CT technique is considered as a
valuable alternative. CT colonography is a dedicat-
ed colorectal multi-slice CT examination in which
the distended colon is evaluated for the presence of
colorectal cancer and/or polyps.

16.2.2
CT Colonography Procedure

CT colonography is performed after bowel prepara-
tion as otherwise colorectal cancer and polyps will
be obscured by stool. Distension is required to dif-
ferentiate between collapsed bowel and colorectal
cancer as well as to visualize the bowel surface.

16.2.2.1
Bowel Preparation

Until recently, CT colonography examinations
were performed after extensive bowel preparation
as is used in colonoscopy. This bowel preparation
cleanses the colon although often some fluid or fecal
residue will remain. The amount of fluid/residue will
be influenced by the cathartic regimen used and
individual factors. As polyps beneath the fluid level
will not be detected because there are usually no
attenuation differences between lesions of the bowel
wall and the fluid, the use of fluid tagging has been
introduced. This concerns the addition of an iodine
or barium contrast agent to the bowel preparation.
Tagging facilitates the identification of cancer or pol-

yps covered by fluid or stool, because it results in
an increase in the CT value of the fluid or stool. In
general no intravenous contrast medium is admin-
istered for polyp detection as the beneficial effect is
limited, certainly as tagging has become routine. In
symptomatic individuals often intravenous contrast
medium will be used to detect possible metastatic
disease.

The disadvantage of extensive bowel preparation
is that it is burdensome. Therefore, research has
been performed into alternative approaches and has
led to the combination of limited bowel preparation
schemes and an oral tagging agent. The optimal lim-
ited bowel preparation scheme has not been deter-
mined yet, but in general alow fiber diet is combined
with an iodine and/or barium contrast agent, while
stool softeners can be used for better homogeneity
of the tagged stool. This limited bowel preparation
leads to improved acceptance, while the sensitivity
of CT colonography does not seem to be negatively
influenced (LEFERE et al. 2002; IANNACCONE et al.
2004).

16.2.2.2
CT Colonography Procedure

CT colonography is performed in both the supine
and the prone position, as some bowel segments
may be collapsed in one position and distended in
the other position. Thereby, movement of residual
fluid and stool between both positions facilitates the
evaluation of an otherwise obscured bowel surface
and polyps submerged in untagged fluid and stool.
Although not a firm criterion, it might also help to
differentiate between a polyp (in general no signifi-
cant change in position) and stool (LAKs et al. 2004).
Room air or carbon dioxide (better patient accep-
tance than room air) are used for distension.

CT scan parameters are discussed in Section
16.2.4.

16.2.2.3
CT Colonography Evaluation and
Computer-Aided Detection

CT colonography examinations are read using a
combination of two-dimensional (2D) reading,
including multiplanar reformatting (MPR), and
three-dimensional (3D) reading. There is no consen-
sus whether a primary 2D reading method (3D only
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used for problem solving) or primary 3D reading
method (2D only used for problem solving) should
be used, but it is clear that a combination of 2D and
3D is mandatory.

When limited bowel preparation is used in com-
bination with fecal tagging, and the images are
evaluated with 3D reading, it is necessary to remove
the tagged substances from the image beforehand.
Otherwise polyps that are covered by fluid or stool
remain invisible while stool might be read as a polyp
or cancer. The removal of tagged material is done by
a procedure usually known as electronic cleansing
(Zav1s et al. 2004; FRANASZEK 2006).

Colorectal cancer can present as an obstructing
mass or as a polypoid or flat lesion. Sessile polyps
arerecognized as focal elevations of the colonic wall.
Some polyps have another morphology: peduncu-
lated or flat. Flat lesions are more difficult to identify
than sessile or pedunculated polyps as flat lesions
concern slight elevations or (less frequently) depres-
sions of the colonic surface. Rarely flat lesions do
not have an elevated or depressed morphology and
are in plane with the colonic mucosa. These latter
lesions cannot be identified at CT colonography and
are often even hard to identify at colonoscopy with-
out specific measures (e.g., dye spray facilitating
identification of a disturbance of the normal colonic
surface pattern by a flat lesion).

Differentiation between polyp and untagged stool
is done primarily by evaluating the internal structure
of the lesion: polyps have a homogeneous morphology
while stool is heterogeneous and can have air inside
the lesion. In tagged examinations the main discrim-
inating factor is the contrast between tagged material
and colorectal cancer and polyps. Helpful but a less
reliable feature is the lack of change of relative posi-
tion of a potential lesion between the two scans. This
feature is indicative of a polyp, although bowel seg-
ments are mobile and especially pedunculated polyps
can change position. The opposite may occur as well,
as sticky stool can be adherent to the colonic wall
without being influenced by the effect of gravity.

Computer-aided detection hasbeen introduced in
CT colonography. Based on shape features and inter-
nal characteristics colorectal cancer and polyps are
identified. Computer-aided detection schemes have
been designed for application in situations where
extensive bowel preparation hasbeen applied, as well
as for tagged examinations (SUMMERS et al. 2005a,
2005b). For tagged examinations usually electronic
cleansing is used before the computer-aided detec-
tion scheme is used.

16.2.3
CT Colonography Performance

CT colonography can identify colorectal cancer and
polyps. However, adenomatous polyps - precursors
of colorectal cancer - cannot be differentiated from
other polypoid lesions at CT colonography (e.g.,
hyperplastic polyps). Polyp size (diameter) is for
this reason an important criterion for the differen-
tiation between types of polyps. Large polyps other
than adenomas are rare. Malignancy in adenoma-
tous polyps is present in over 10% of polyps with
a diameter 210 mm and in approximately 1% of
the polyps <10 mm. Polyps 6-9 mm and especially
polyps 210 mm are therefore considered relevant
lesions. Many lesions <6 mm are not adenomas and
thereby in adenomatous polyps <6 mm the chance
of malignancy is approximately 0.1%. Therefore,
small polyps can be disregarded irrespective of his-
topathology.

CT colonography should have a good performance
for the detection of colorectal cancer and for polyps
with a diameter 210 mm. Polyps in the intermediate
size range 6-9 mm cannot be neglected although rel-
evance is less than for larger polyps. As CT colonog-
raphy will be used to select patients for colonoscopy,
the test characteristics (i.e., sensitivity, specificity
and predictive values) per patient are of primary
importance. This is because patients will be selected
for colonoscopy based on the presence of at least one
relevant lesion and therefore the number of lesions
is less important. Colonoscopy will be performed
for polyp removal by biopsy with subsequent histo-
pathology of the lesion. In colorectal cancer biopsy
is performed for histopathology. The per-polyp test
characteristics are, for this reason, less relevant than
the per-patient characteristics.

16.2.3.1
Detection of Colorectal Cancer and Polyps

In three systematic reviews of the literature CT
colonography has been shown to have good test
characteristics for the findings important at
colorectal cancer screening: detection of partici-
pants with colorectal cancer and large (often adeno-
matous) polyps (diameter >10 mm) (SosNa et al.
2003; HALLIGAN et al. 2005; MULHALL et al. 2005).
These systematic reviews primarily concern studies
in symptomatic populations. For colorectal cancer
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the sensitivity is high, namely 95.9%, and specificity
is >99%. For larger polyps (diameter > 10 mm) sen-
sitivity is 85%-92.5% and specificity 95%-97.4%.
For polyps 26 mm the per-patient sensitivity is
reported as 70%, 84% and 86.4%, with a specificity
of 86.1% and 93%.

At the moment of writing (May, 2006) three
multi-center studies have been published concern-
ing larger series with participants with average risk
or increased risk (PICKHARDT et al. 2003; COTTON
et al. 2004; RockEY et al. 2005). The largest series
(1233 participants) concerns a study in an average
risk population aged 50 years or older (PICKHARDT
et al. 2003). In this study in a screening population
a state of the art CT colonography technique was
used leading to a sensitivity of CT colonography for
screening participants with one or more adenoma-
tous polyps > 10 mm of 94% and a specificity of 96%.
The other studies report inferior results, with dif-
ferences in several study characteristics such as CT
colonography technique, use of tagging, evaluation
method and reader experience. Disease spectrum
with differences in polyp number, polyp size and
polyp morphology will also influence results. For
example, the presence of primarily large lesions in a
large number of participants will lead to more favor-
able results while on the other hand flat lesions can
be more difficult to detect than polypoid and pedun-
culated lesions (VAN GELDER et al. 2004b).

More research in larger screening populations
is necessary to determine the test characteristics of
CT colonography, the cost-effectiveness of CT colo-
nography as a screening technique and the effect on
mortality.

Initial studies on computer-aided detection in
small numbers are promising: approximately 80%-
90% per-polyp sensitivity for polyps 210 mm and a
limited number of false positives (SUMMERS et al.
2005a). These results were confirmed in the first
study with alarger number of individuals (SUMMERS
et al. 2005b). This concerned a study population of
792 screening participants originating from the CT
colonography screening study of 1233 participants
described before (PICKHARDT et al. 2003). The per-
polyp and per-patient sensitivity of computer-assist-
ed detection for adenomas were good: both 89.3%
with 2.1 false positive per patient.

16.2.3.2
Extracolonic Findings

Apartfrom colorectal lesions, also extracolonic find-
ings may be present. The frequency and relevance
will depend on the population studied (GLUECKER
et al. 2003; PICKHARDT et al. 2003). In populations
with symptoms of colorectal cancer the chance of
extracolonic findings will be highest. In a recent sys-
tematic review of the literature extracolonic findings
were observed in almost 40% of individuals with
symptoms of colorectal cancer (X10NG et al. 2005).
In one-quarter of the patients these concerned rel-
evant findings, although many were already known
prior to the CT colonography examination. The
prevalence of new, relevant findings was relatively
low.

In a screening setting the number of extracolonic
findings most likely will be lower than in symptom-
atic individuals. In the previously cited CT colonog-
raphy study with 1233 asymptomatic people being
screened a finding of potentially high clinical impor-
tance was found in 56 persons (4.5%) (PICKHARDT
et al. 2003). Unsuspected extracolonic cancer was in
the end proven in only five persons (0.4%). It is note-
worthy that more extracolonic cancers (n=>5) than
colon cancers (n=2) were detected in this study. Two
patients underwent successful repair of unsuspect-
ed abdominal aortic aneurysms. A higher number
of extracolonic findings of moderate clinical impor-
tance were found, including nephrolithiasis in 98
patients (7.9%) and gallstones in 69 patients (5.6%).
The proportions of patients that required follow-up
for extracolonic and intracolonic findings (polyps of
10 mm and larger) were approximately similar: 4.5%
and 7.5%, respectively. These facts emphasize that
extracolonic information resulting from CT colo-
nography screening will have considerable conse-
quences.

The frequency of extracolonic findings depends
also on the dose level of the CT colonography exami-
nation, as will be discussed later.

The encouraging results make CT colonography
a potential valuable screening method for colorectal
cancer. However, while further studies are under-
taken to more extensively study CT colonography as
a screening method, an important drawback of CT
should be considered. The use of ionizing radiation
- with the risk of induction of cancer and genetic
damage - has to be weighed against the potential
benefits of screening with CT colonography.




Dose Reduction in Screening Programs: Colon Cancer Screening

259

16.2.4
Possibilities for Dose Reduction in
CT Colonography

The choice of CT colonography scan parameters
has a direct effect on radiation exposure. First an
overview is given on the factors influencing radia-
tion dose and image quality at CT colonography.
This is followed by a discussion on the possibili-
ties of the adjustment of the dose to the posture of
the patient and dose modulation, possibilities for
noise reduction by smoothing of the raw data and
by the use of noise reduction filters, a recent sur-
vey on the CT colonography scan parameters that
are used by different groups, a section on experi-
mental studies in dose reduction using simulation
methods and phantoms, and finally the results of
some clinical studies using reduced radiation dose
CT protocols.

16.2.4.1
Scan Parameters and CT Colonography

CT colonography scan parameters were initially
based on clinical abdominal CT protocols, and
later on were adjusted to lower dose settings. This
lowering of the dose was possible because essen-
tial differences exist between the two examina-
tions with regard to the kind of details that have
to be visualized. In clinical abdominal CT subtle
contrasts between the different soft tissues are
important that may be obscured when the images
are too noisy. Therefore, a relatively high dose
is required in order to reduce the noise. In CT
colonography examinations, on the other hand,
the large difference in attenuation between bowel
wall and the intraluminal air leads to a much
higher contrast, which remains visible in much
noisier images. This made it possible to reduce
the radiation exposure.

It is obvious that the introduction of tagging in
CT colonography examinations which has taken
place recently will necessitate a higher dose than
that required for examinations where the colon
is perfectly clean, at least when one requires that
a high percentage of the polyps immersed in the
tagged material are detected as well. After all, in
this last situation the contrast between polyps and
surroundings may be considerably reduced. More
on this topic in Section 16.2.4.3.

16.2.4.2
Factors Influencing CT Radiation Dose

The effective dose of a CT examination is a measure
of the radiation risk associated with the examina-
tion. It depends in the first place on the amount of
radiation used in the examination, which is directly
related to the effective mAs level: the tube current
(in mA) times the rotation time (in s) divided by
the pitch, and the tube voltage (kV) of the examina-
tion. It also depends on the construction of the CT
scanner (geometry, amount of filtration of the X-ray
beam, presence or absence of a shaped filter), the
number of detector arrays and the collimation, as
discussed hereafter.

Reduction of radiation exposure at CT can be
achieved in several ways. The most simple approach
is to reduce the effective mAs level - by reducing the
tube current or the rotation time or by increasing
the pitch - which leads to a proportional decrease
in radiation dose. The choice of the tube voltage is
also an important factor. A tube voltage of 120 kV
is generally used, although the use of higher tube
voltages (140 kV), or lower ones (80 or 100 kV), can
be considered in specific situations. The choice of
the tube voltage has a marked effect on the effective
dose: compared with the 120 kV situation, the use
of 140 kV leads to an increase in effective dose by a
factor in the order of 1.3-1.6, the use of 100 kV to a
reduction in dose by a factor 1.5-1.7, and the use of
80 kV even to reduction in the order of a factor 3-4.
All these figures depend somewhat on the type of
CT scanner used in the examination. The reduction
of radiation dose leads to a reduction of the radia-
tion used in the imaging process, and therefore to
an increase in noise and a decrease in image quality
(see Sect. 16.2.4.3).

The introduction of multidetector-row scanners
initially produced a slight increase in effective dose,
because of a reduced efficiency of the use of ionizing
radiation compared with single-slice scanners, due
to the penumbra effect. This is especially the case
in four-slice scanners, for which typical increases of
10%-30% in effective dose have been reported for the
same protocols (KALENDER 2005). For scanners with
more detector arrays this effect is of less importance
(KurLAaMA 2004; KALENDER 2005). Another source
of dose inefficiency is the fact that in spiral CT an
additional layer of tissue is irradiated adjacent to the
volume to be depicted, because the reconstruction
of the first and last slices requires data beyond the
boundaries of this volume (PrRokoP 2005; TZEDAKIS
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et al. 2005). This effect of z-overscanning is most
pronounced for CT scanners with a large beam col-
limation, notably in 64-slice CT scanners, where the
total beam width can be up to 40 mm.

In the near future the introduction of CT scanners
with more detector rows, for example 256 or 512, can
be expected in clinical practice. At the time of writ-
ing a prototype 256-slice CT scanner is being evalu-
ated (MortI et al. 2005, 2006). With these scanners
theloss of dose efficiency due to the penumbra effect
will be low (MogriI et al. 2004). The above-mentioned
loss of dose efficiency due to z-overscanning, how-
ever, will be substantial, at least when these scanners
are operated in the spiral mode. At present these
scanners are operated for a number of applications
in the axial mode, where z-overscanning is not pres-
ent. However, for CT colonography the z-coverage of
100 mm, which is available in this mode at present
(Mort1 et al. 2005), will not be sufficient.

16.2.4.3
Image Quality of CT Colonography:
Noise, Contrast, Sharpness

The image quality of a CT colonography examina-
tion is determined by noise, contrast and sharp-
ness.

16.2.4.3.1
Image Quality of CT Colonography: Noise

The noise in a CT colonography examination is pri-
marily dependent on the amount of radiation, or the
number and energy of the photons, used in the CT
scan. As discussed in Section 16.2.4.2, the number
of photons depends on the effective mAs setting
and the kV of the scan. Reducing the effective mAs
level by a factor 4 will double the noise in the CT
images.

At a lower tube voltage fewer photons are pro-
duced, and these photons will have less penetrating
power due to their decreased energy. Therefore, the
noise will increase with decreasing kV. However, the
detrimental effect of an increase in noise is counter-
acted by an increase in contrast, as discussed below.
An increase in kV leads to the opposite effect.

The number of photons that reach the detectors
of the CT scanner is the decisive factor for the noise
levelin CT colonography images; therefore, it is clear
that, other things being equal, the size of the patient
is a very important factor as well, and the noise level

may become extremely high in scans of very obese
persons. This point is addressed in Section 16.2.4.4.

16.2.4.3.2
Image Quality of CT Colonography: Contrast

The important contrastin a CT colonography exam-
ination is the contrast between the lesions in the
colon wall and their surroundings. In a perfectly
cleansed colon the lumen is filled with air, but when
limited bowel preparation is used in combination
with oral tagging, the lesions may be immersed in
tagged material (Fig.16.2.1). In this situation the
contrast may be reduced considerably; in the exam-
ple shown in Figure 16.2.1 by a factor of nearly 3.

Thisreduction of contrast willimpair the visibility
of these polyps when the lowest mAs values are used.
Consider, for example, the polyp in Figure 6.2.1 with
a CT number of 30 HU, surrounded by tagged mate-
rial with a CT number of 400 HU. When we compare
this situation with the same polyp surrounded by air
(-1000 HU), the mAs value has to be increased by
a factor of nearly 8 (1030%/370%) to obtain the same
image quality. This example stresses the importance
of using a bowel preparation scheme that produces
tagging with sufficient contrast.

Fig. 16.2.1. Example of a polyp (arrow) shown by CT colo-
nography (level -100, window 1200) submerged in tagged
fluid. The CT value of soft tissue is in the order of 30 HU;
in the tagged fluid the CT value is in the order of 400 HU.
Therefore, the contrast is only 370 HU, considerably less
than when the polyp is surrounded by air or carbon diox-
ide. In that case the contrast is 1030 HU, or nearly a factor

of 3 higher




Dose Reduction in Screening Programs: Colon Cancer Screening

261

Fig. 16.2.2a-c. Simulated CT images (level 0, window 1600) of a mathematical phantom mimicking an abdominal cross-sec-
tion (diameter 34 cm) containing five cross-sections of the colon, each one containing a 6-mm polyp, and a stylized vertebra
in the lower part of the image. The colon is filled with iodine-tagged water. The simulation on the left (a) was made with
120 kV, 25 mAs; in the middle (b) with 80 kV, 25 mAs; on the right (c) with 80 kV, 75 mAs. The slice thickness for all images
is 2.5 mm. This simulation shows the effect of reduction of tube voltage from 120 to 80 kV on the contrast and the noise
level. The dose of the simulated CT scan on the right (c) is slightly lower than that of the simulated CT scan on the left (a),
yet the signal-to-noise ratio (and the visibility of the polyps) is better

When tagging is used the contrast between a
lesion and its surrounding will depend on the tube
voltage that is used in the CT colonography exami-
nation. For lower tube voltages, the contrast between
tissue and the materials with high atomic numbers
that are used in the tagging, such as iodine (Z=53)
and barium (Z=56), willincrease. This phenomenon
counteracts the increase in noise that also occurs at
lower tube voltages. Thus for the same dose, a reduc-
tion in kV may give a better contrast-to-noise ratio
(Fig. 16.2.2). This potential for dose reduction by
using lower tube voltages needs further investiga-
tion.

16.2.4.3.3
Image Quality of CT Colonography: Sharpness

Irrespectively of whether a primary 3D or a primary
2D reading method is used (Sect. 16.2.2.3), it is clear
that optimal visualization of the lesions in 3D is of
utmost importance. This optimal visualization is
achieved when the images that are used have an
isotropic resolution, i.e., the same resolution in all
directions, and preferentially, of course, the same
high resolution in all directions. This was not the
case in the early years of CT colonography. The in-
plane resolution for the CT colonography images,
by which we mean the full width at half maximum
(FWHM) of the point spread function (PSF), is cus-
tomary in the order of 1 mm or slightly less, depend-
ing on the scanner mode and the kernel used in the

reconstruction, whereas in the early years values
of the FWHM of the PSF in the longitudinal direc-
tion (equivalent to the slice thickness) of 5 or 3 mm
were used, due to limitations of the CT scanners at
that time. With the widespread use of multi-slice
CT scanners the slice thickness has dropped, and
reconstructions can be made now of sub-millimeter
slices. An important point is that the noise in the
images increases with the reciprocal of the square
root of the slice thickness. This can be counteracted
by reconstructing (somewhat noisy) images with a
thin slice thickness, so that an isotropic resolution
is obtained, and by viewing multiplanar recon-
struction (MPR) images with a somewhat increased
thickness in the viewing direction, where the lack of
sharpness matters least. Also for 3D viewing isotro-
pic resolution is advantageous.

16.2.4.4
Dose Adjustment to Posture; Dose Modulation

Until recently nearly always the same CT protocols
were applied to all patients and care was taken that
a good image quality was obtained in (almost) all
these patients. Although this is well understandable
from a pragmatic point of view, this may lead to
more than necessary radiation exposure in slim or
average posture individuals. Moreover in very obese
patients the CT settings might be insufficient for an
adequate diagnostic quality because of the very high
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noise level. A more individualized protocol prevents
this problem (WILTING et al. 2001). Use of posture-
linked CT scan protocols (e.g., slim, average, obese) is
a simple approach and selection of the technique fac-
tors can be based on visual impression of the posture
of the patient as well as measurement of the girth (van
GELDER et al. 2004b). In a study where the circum-
ference of the waist was measured in 50 consecutive
persons undergoing CT colonography, it was shown
that a simple relationship exists between the waist
circumference and the mean standard deviation (SD)
of the noise at the colon surface (Fig. 16.2.3) (VENEMA
et al. 2002). This relationship could be used to adjust
the mAs level to the size of the patient in order to
obtain a more uniform image quality.

More recently, automatic mAs selection based on
measurements of the body size has become avail-
able, as has dose modulation. In this last option the
tube current is modulated during the rotation of the
X-ray tube, reducing the tube current in areas where
the patient is relatively transparent for the X-rays,
while retaining higher mA values, for instance in
lateral views of the pelvis, in order to reduce the
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Fig. 16.2.3. For 50 consecutive persons undergoing CT colo-
nography, the waist circumference was measured, and the
mean standard deviation (SD) at the colon surface. The waist
circumference is on the horizontal axis, the logarithm of the
SD on the vertical axis. The level of the SD is taken to be
arbitrary. Higher SD values correspond with a lower image
quality. The logarithm of the SD is approximately linearly
related to the waist circumference. At 120 cm waist circum-
ference the mean SD is 2.6 times higher than at 70 cm

noise. In this way a substantial dose reduction can
be obtained, while retaining (or even improving) the
image quality. Readers are referred to Chapter 6 for
more information on tube modulation.

16.2.4.5
Noise Reduction by Smoothing of the Raw Data

The effectiveness of noise reduction by tube cur-
rent modulation (see above) is caused by the fact
that the noise in the measurements (the raw data)
in the direction of the largest dimension of a cross-
section contributes disproportionately to the noise
in the reconstructed images. Therefore, an increase
of the tube current for these measurements and
a decrease of the tube current for measurements
where the patient shows less attenuation is a very
effective method to reduce the noise, for the same
or even a reduced effective dose.

Another way to reduce the noise in the measure-
ments where the X-ray beam is highly attenuated is
to apply slight smoothing to these measurements.
As these measurements usually make up only a
small fraction of the total raw data set, this smooth-
ing leads only to a minimal reduction of the sharp-
ness of the images, while the noise can be reduced
substantially (HsieH 1998; KACHELRIESS et al. 2001;
La RIVIERE 2005). In a study in which multi-slice
CT scans were made of the pelvis of 50 patients with
rectal or bladder cancer, the image quality improved
considerably by use of this technique (BAuM et al.
2003). Unfortunately this raw data smoothing tech-
nique is not available on all CT scanners.

16.2.4.6
Noise Reduction Filters

All other things being the same, the lowering of the
dose of a CT examination inevitably does lead to an
increase in the noise of the images, irrespectively of
whether the dose reduction is obtained by reducing
the mAs setting or the tube voltage. This noise can
be reduced by different filtering procedures, and a
number of studies have been executed to determine
the effectiveness of such procedures.

Noise reduction can be obtained by linear and
non-linear procedures. When linear procedures are
used, the noise is reduced by smoothing, but the edg-
es in the image, that may have clinical significance,
are smoothed as well. Therefore, non-linear proce-
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dures have been the most popular ones, as these pro-
cedures attempt to leave the relevant features of the
images intact, while reducing the noise level.

Non-linear noise reduction filters were assessed
in low-dose CT of the abdomen in a general setting,
and not in the context of a CT colonography study
(KALRA et al. 2003, 2004). In the original and the
processed images the noise was measured, and the
subjective image quality was assessed in observer
studies. Although the noise was decreased in the
processed images, it appeared that in some cases
slight artifacts were present, and that the conspicui-
ty of the lesions was compromised. The authors note
that the procedure might be more successful in high-
contrast settings, such as present in CT colonogra-
phy. Another non-linear filter was recently tested in
CT images of the abdomen and pelvis (R1zzo et al.
2005). Again the noise was reduced, and in this case
the conspicuity of the lesions was not affected. It is
doubtful, however, whether the image quality was
improved, which of course is the ultimate goal of the
application of these filters.

It thus appears that the effectiveness of the appli-
cation of noise reduction filters for the improvement
of image quality of 2D CT images has not yet been
shown convincingly. We now consider the situation
of 3D visualization, in which it has been shown that
the use of filters is advantageous (VAN GELDER et al.
2004a). Apparently, the influence of noise is more
detrimental in 3D viewing than it is in 2D viewing,
especially for the very low (simulated) dose settings
that were used in this study. In this case Gaussian
(linear) filtering was applied.

Non-linear filtering techniques were applied
in a CT colonography study in which 115 patients
were examined at 10 mAs and presumably 120 kV
(CoHNEN et al. 2004; VogGT et al. 2004). They con-
cluded that with this technique the sensitivity and
specificity for the detection of polyps 5 mm or greater
in size were excellent (94% and 84%, respectively).

16.2.4.7
Survey of CT Colonography Scan Parameters

For CT colonography different scan protocols have
been used leading to a wide variation in dose. In
2006 a paper was published reporting on the spec-
trum of scan parameters based on an international
literature search (literature 1996-2004) and a survey
(2004) (JenscH et al. 2006). In this paper also an
estimate was made of the associated risks for cancer
induction. Effective radiation doses resulting from
these different scan protocols were calculated by
means of the ImPACT CT Patient Dosimetry Cal-
culator (JoNEs and SHRIMPTON 1991). The relative
accuracy of these figures is in the order of 10%-20%.
As the effective dose values were determined using
a mathematical androgynous phantom, these are
mean values for men and women.

This inventory showed that the median effec-
tive dose in 2004 for a CT colonography examina-
tion was 5.1 mSv (range 1.2-11.7 mSv) per position
(see Table 16.2.1). Most institutions (93%) scanned
in both supine and prone positions, and for these
institutions the median effective dose was 10.2 mSv
for two positions. All institutions except one used a
tube voltage of 120 kV. The median mAs value was
67 mAs (range 20-200 mAs), median collimation
was 2.5mm (range 0.75-5mm). In concordance
with the so-called linear non threshold model, a
complete CT colonography examination with an
effective dose of 10.2 mSv applied to a population
aged 50 may result in a risk in the order of 1 fatal
cancer in 4000 individuals (ICRP 1991). A recent
study indicates that this estimate probably is too
low; more on this in the discussion (BRENNER and
GEORGSSON 2005). A radiation-induced cancer may
become manifest only after a long latent period,
possibly tens of years. When individuals are to be
examined more than once the risk will increase
proportionally.

Table 16.2.1. Results of an international questionnaire on radiation exposure at CT colonography (JENSCH et al.

2006)

Number of simultaneously acquired slices

Number of institutions 28

Effective dose (mSv) 5.1 (1.2-11.7)
Effective tube charge (mAs) 66.8 (20-200)
Collimation per slice (mm) 2.5 (0.75-5.0)

1 18 4 5
2.6 5.1 (1.2-11.7) 6.7 (2.7-9.9) 3.3 (2.6-5.8)
70 65.3 (20-200) 83.6 (40-114) 55 (34-100)

5 2.5 (1.0-3.0) 1.9 (1.25-2.5) 1.1 (0.75-2.5)
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When comparing the CT settings to the earlier
used settings in these institutions published in the
literature (1996 until 2004), a significant decrease in
tube current and collimation (P=0.006, P<0.0001,
respectively) was observed while the proportion of
institutions that used a multislice scanner increased
(P<0.0001) (JEnscH et al. 2006). The effective dose
had remained constant (P=0.76).

16.2.4.8
Experimental Studies in Dose Reduction:
Simulation

Experimental dose reduction studies have demon-
strated that dose reduction is possible beyond the
median radiation exposure used in 2004. The mAs
setting is the major factor influencing radiation

ULDS 100 mAs :

ULD'S 6.3 mhs

exposure at fixed spatial resolution settings as long
as the tube voltage is fixed at 120 kV.

Initially, tube current reduction from 100 mAs to
30 mAs was shown to be possible without a detri-
mental effect on polyp detection (vAN GELDER et al.
2002). This study concerned 50 individuals exam-
ined with 100 mAs CT colonography where 50- and
30-mAs CT colonographic examinations were simu-
lated with controlled addition of noise to raw trans-
mission measurements. It was demonstrated that,
although image quality decreased, sensitivity and
specificity were not affected. A further experimental
study showed that dose reduction might be possible
beyond the present-day lowest CT settings (VAN
GELDER et al. 2004a). In CT colonography, exami-
nations of 15 patients at 100 mAs were simulated to
25, 6.3, 1.6, and 0.4 mAs with controlled addition
of noise to raw transmission measurements, cor-

91.3 men 5 -96.1 mm

Fig. 16.2.4a-f. Images of a 15-mm polyp in a 60-year-old male patient at colonoscopy and at CT colonography with five
doses. In the top row: a colonoscopic image shows 15-mm polyp in the ascending colon (arrow). b CT colonographic image
obtained at 100 mAs. ¢ CT colonographic image simulated at 25 mAs. In the bottom row: d CT colonographic image simulated
at 6.3 mAs. e CT colonographic image simulated at 1.6 mAs. f CT colonographic image simulated at 0.4 mAs. Although the
image quality decreases, polyp visibility is unimpaired. (Permission for reprint provided by the RSNA; vAN GELDER et al.
(2004) CT colonography: feasibility of substantial dose reduction - comparison of medium to very low doses in identical
patients. Radiology 232:611-620)




Dose Reduction in Screening Programs: Colon Cancer Screening

265

uLD

Fig. 16.2.5a-f. Images of a 5-mm polyp in a 57-year-old male patient at colonoscopy and at CT colonography with five doses.
In the top row: a colonoscopic image shows 5-mm polyp (arrow) in the transverse colon. b CT colonographic image obtained
at 100 mAs. ¢ CT colonographic image at simulated 25 mAs. In the bottom row: d CT colonographic image simulated at
6.3 mAs. e CT colonographic image simulated at 1.6 mAs. f CT colonographic image simulated at 0.4 mAs. The image
quality decreases and polyp visibility is affected at the lowest doses as a result of increased image noise and smoothing.
(Permission for reprint provided by the RSNA; VAN GELDER et al. (2004) CT colonography: feasibility of substantial dose
reduction-comparison of medium to very low doses in identical patients. Radiology 232:611-620)

responding to an effective dose of 3, 0.8, 0.2, and
0.05mSv for two positions. For the lowest three
simulations a Gaussian kernel was used to reduce
the noise, which was mandatory at the lowest dose
settings for the primary 3D visualization that was
used in this study. Detection of polyps =5 mm was
undisturbed to 1.6 mAs (0.2 mSv for two positions)
(Figs. 16.2.4, 16.2.5).

The same simulation method was used in a study
on the effect of the use of low mAs values on comput-
er-assisted detection (DE VRIES et al. 2005). In all, 20
CT colonography examinations after extensive bow-
el preparation, made with 120 kV and 25 to 100 mAs
(on average 70 mAs, with the mAs value dependent
on waist circumference), were used. These patients
had at least one colonoscopically proven polyp larg-
er than 5 mm. Simulated ultra low dose scans were
made at 6.3 mAs. The computer-assisted detection
algorithm was identical for both dose levels, but

the system was trained on data of the correspond-
ing dose level only. Computer-assisted detection
on the simulated ultra low dose data was feasible at
the cost of only a slight increase in the number of
false positives or a small drop in sensitivity as com-
pared to the normal dose. At a sensitivity of 90% a
median number of six false positives was detected at
the normal dose and nine false positives at ultra low
dose. When the operating point of the algorithm was
moved to obtain six false positives at the ultra low
dose setting the sensitivity dropped to 87%.

16.2.4.9
Experimental Dose Reduction Studies:
Phantoms and Specimens

Phantom and specimen studies have been per-
formed to study optimal CT settings including tube
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current. A study of a colectomy specimen with 177
polyps demonstrated that tube current (50, 100 and
150 mA; effective dose 1.4-10.0 mSv per position,
also depending on pitch and collimation) had no
effect on polyp detection except for polyps <5 mm
(TAYLOR et al. 2003). A study using an anthropo-
morphic colon phantom showed that in the range
of 10-140 mAs (effective dose for one position 0.7-
11.6 mSv), tube current had no effect on the detec-
tion of polyps =8 mm irrespective of slice thickness
and detector collimation studied (WESSLING et al.
2003). Depiction of smaller polyps (6 and 2 mm)
was less, but results improved with a collimation
of 1 mm instead of 2.5 mm, and was only slightly
influenced by the reduction in tube current.

A study with a borosilicate colon phantom con-
taining 140 polyps (size 5-12mm), which was
scanned at a large range of mAs values (5-308 mAs)
and a collimation of 1.25, 2.5 and 5 mm, showed that
all polyps could be identified, except for 5 of the pre-
sumably 35 polyps of 5 mm in the 5-mAs scan with a
collimation of 1.25 mm (JOHNSON et al. 2004).

A number of other phantom studies have been
published (LaGgHI et al. 2003; SUNDARAM et al. 2003;
Luz et al. 2004) that provide approximately compa-
rable findings on the influence of dose on polyp vis-
ibility. Most studies agree on the fact that the use
of thinner collimation helps in the visualization,
especially for smaller polyps. Also noticeable is that
polyp visibility appears to be better in the longitu-
dinal than in the transverse direction of the colon
(JounsoN et al. 2004; Luz et al. 2004).

Unfortunately all these phantom studies provide
data that are difficult to generalize, because of dif-
ferences in methodology, and differences in basic
scanning conditions such as the size and shape of
the container in which the phantoms were scanned.

16.2.4.10
Clinical Decreased Radiation Dose Studies

Several clinical studies have reported on the use of
low-dose scanning. In an initial study with exten-
sive bowel preparation, 105 patients were studied
using 120 kV, 50 mAs (effective dose for two posi-
tions 5.0 mSv for men and 7.8 mSv for women)
(MAcCARTI et al. 2002) using 4x1 mm section col-
limation. Per-polyp sensitivity for polyps >10 mm
was 93% (13/14), for 6-9 mm polyps it was 70%.
Another study reported on 27 patients using supine
and prone 10-mAs CT colonography (effective dose

for two positions 1.7 mSv for men and 2.3 mSv for
women) (IANNACCONE et al. 2003). In this study all
colorectal cancers (9/9) and all polyps =6 mm (6/6)
were detected. Recently, studies have reported on
low-dose CT colonography in children (ANUPINDI
et al. 2005; CAPUNAY et al. 2005).

In a series of 137 patients with extensive bow-
el cleansing CT colonography was performed at
120 kV, 10 mAs (supine position only; effective doses
0.7 mSv for men and 1.2 mSv for women), 1.25 mm
slice width; non-linear Gaussian filters were used for
noise reduction (COHNEN et al. 2004). Combined 2D
MPR and 3D endoluminal views were used. CT colo-
nography detected 23 (82%) of 28 polyps =5 mm: 11
(78.6%) of 14 large polyps (> 10 mm), 12 (85.7%) of 14
medium polyps (9.9-5 mm). On a patient-by-patient
basis, overall sensitivity was 70.3% and specificity
80.8%. These results are in the range of previous
studies using higher tube current settings.

With the introduction of limited bowel prepara-
tion with tagging, the contrast between polyp and
bowel content is reduced in case the polyp is sur-
rounded by the tagged material instead of air. This
impairs the visibility of these polyps when the
lowest mAs settings are used, as discussed above
(Sect. 16.2.4.3).

The use of limited bowel preparation and tagging
(diatrizoate meglumine and diatrizoate sodium)
at low dose (140 kV, 10 mAs; effective dose for two
positions 1.8 mSv for men and 2.4 mSv for women)
has been studied in 203 patients (IANNACCONE et
al. 2004). Using 3 mm slice thickness with primary
2D reading, computed tomographic colonography
(CTC) had an average sensitivity of 95.5% for the
identification of colorectal polyps >8 mm. The per-
patient average sensitivity for all polyps was high:
89.9% and average specificity 0of 92.2% and for lesions
>10 mm sensitivity and specificity were 100%. This
study shows that good results are achievable with
low- dose scanning in limited bowel prepped CTC
examinations.

The fact that the results of this low-dose study are
quite good, notwithstanding the problems pointed
out earlier (Sect. 16.2.4.3.2), may have several expla-
nations. In the first place it appears from the studies
quoted earlier that, in the cleansed situation, virtu-
ally all polyps are seen, even at very low effective
dose levels so that the polyps remain visible even if
the image quality is somewhat more deteriorated.
Secondly, only part of the polyps is surrounded by
tagged material, so that an eventual reduced visibil-
ity for these polyps will lead to a much lower overall
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reduction in visibility. The use of both supine and
prone positions further increases the likelihood that
alesion in at least one position will not be covered by
tagged material.

16.2.5
Discussion

The need to reduce the radiation dose of CT colo-
nography examinations, especially when used in a
screening setting, is dictated by the possible detri-
mental effects of X-rays on the human body. Unfor-
tunately there is still controversy on the magnitude
of the risks involved, and it is not very probable
that these controversies will soon be resolved. Still,
reduction of dose remains important; however, this
must not be at the expense of the effectiveness of
CT colonography as a screening tool. An adjunct of
the reduction of radiation dose will be that the visu-
alization of extracolonic findings will be affected.
These issues will be discussed in this section. Most
important is the effect on the detection of colorectal
cancer and polyps, not only by human observers,
but also by algorithms that are used in computer-
assisted detection schemes.

16.2.5.1
Detection of Colorectal Cancer and Polyps

Both experimental and clinical studies (see above)
have shown that radiation exposure can be reduced
substantially without detrimental effect on the
detection of colorectal cancer and polyps. We first
discuss the situation of extensive bowel preparation.
Present protocols often use settings of approximate-
ly 50 mAs at 120kV (JENscH et al. 2006). Reduc-
tion seems to be possible to approximately 10 mAs,
which is the lowest mAs setting for a number of CT
scanners at present. Experimental studies have dem-
onstrated the feasibility of CT colonography with
even much lower radiation exposure. With simu-
lated ultra low dose CT colonography detection of
larger polyps (=10 mm) was unimpaired at settings
of 0.4-1.6 mAs, corresponding to effective doses of
0.05-0.2 mSv for two positions (VAN GELDER et al.
2004a). However, these settings are an order of mag-
nitude lower than what can be realized with pres-
ent-day scanners, and it is doubtful whether these

extreme, low mAs settings will become available
in the near future. When these low mAs settings
eventually do become available, attempts should be
made to determine whether the above-mentioned
promising results of experimental ultra low radia-
tion CT colonography can be reproduced in a clini-
cal setting.

A substantial lower dose can be obtained with
present-day scanners by using a lower tube voltage.
Most CT scanners nowadays have a lowest setting
of 80 kV, and, in comparison with the tube voltage
that is customarily used of 120 kV, the choice of this
lower tube voltage results in a dose reduction by a
factor 3 or 4 (see Sect. 16.2.4.2). Again, the perfor-
mance of ultra low dose CT achieved with this low
tube voltage in combination with a low mAs setting
should be verified in clinical practice.

The situation is more complicated when we con-
sider CT colonography without extensive bowel
preparation. In general one should realize that the
possibilities of ultra low dose CT in the situation of
limited bowel preparation and fecal tagging may be
limited, because of the reduced contrast of the polyps
relative to their surroundings (see Sect. 16.2.4.3.2).
Therefore, it is important that a bowel preparation
scheme is used that produces tagging with sufficient
contrast. The choice of a lower tube voltage than the
customary setting of 120 kV could be advantageous
for CT colonography examinations with limited
bowel preparation and fecal tagging. In these exam-
inations one might choose a tube voltage of 80 kV
(or 90 kV), as at these lower tube voltages the con-
trast-to-noise ratio for polyps embedded in mate-
rial of higher atomic numbers, such as the tagging
agents iodine and barium, may be increased. The
magnitude of this effect will also depend on the size
of the patient. As mentioned earlier, even in a situa-
tion of limited bowel preparation not all polyps will
be covered by tagging material, and it is conceiv-
able that one should be prepared to accept a slightly
decreased visibility of these polyps, as long as the
overall performance is not impaired to a significant
degree. Clearly, further study is needed with respect
to this point.

The use of thinner collimation (slice thickness
less than 1 mm), which has become available with
the newest generation of multi-slice CT-scanners, is
advantageous for the visualization of polyps, espe-
ciallyofsmall polyps. Although theclinicalrelevance
of detecting these small polyps (5 mm or less) is low,
the increased spatial resolution might be important
for detection of flat lesions. Whether sub-millimeter
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collimation leads to substantial benefits for sensi-
tivity and specificity has yet to be determined, but
some beneficial effects can be expected. The truly
isotropic resolution is advantageous for reconstruc-
tions and for computer-assisted detection because
of the inherent 3D nature of the depicted volume of
interest.

Of course, when the slice thickness is reduced
without adjusting the other scan parameters, the
noise in each slice will increase. This needs not be
a problem, as this increase can be counteracted by
viewing MPR images with a slightly increased thick-
ness. For computer-assisted detection truly isotro-
pic resolution will be advantageous as well, both for
electronic cleansing of tagged examinations (see
Sect. 16.2.2.3) and the detection of the polyps.

It is clear that all available means to obtain an
optimal image quality for a given dose should be uti-
lized. Thus, dose adaptation to the body size and/or
dose modulation should be used, as the posture of a
patient and the shape of their cross-section (e.g., of
the pelvis) influence image noise to alarge extent. By
using these measures the differences in noise level in
different parts of the patient, and between different
patients, will be considerably reduced. Application
of smoothing of the raw data (see Sect. 16.2.4.5) to
reduce noise should be tried as well in low-dose CT
colonography, when possible, as this is an effective
means to reduce image noise, especially in eccentric
cross-sections of the human body such as the pel-
vis. The value of the use of noise-reduction filters for
CT colonography is still unclear with respect to its

Fig. 16.2.6a-d. CT colonography in the supine position after extensive bowel preparation and tagging with
iodine in a 76-year old man. a CT colonographic image obtained at 50 mAs; b CT colonographic image
simulated at 25 mAs; ¢ CT colonographic image simulated at 6.3 mAs; d CT colonographic image simulated
at 1.6 mAs. The examination was performed for surveillance for colorectal cancer. As an incidental finding
a 4.7-cm aneurysm of the distal abdominal aorta (arrow) was found, which was however already known
prior to the examination. The aneurysm is still identifiable at the lowest dose
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C

Fig. 16.2.7a-d. CT colonography in the supine position after extensive bowel preparation and tagging with iodine contrast
medium in a 57-year old woman. a CT colonographic image obtained at 70 mAs; b CT colonographic image simulated at
25 mAs; ¢ CT colonographic image simulated at 6.3 mAs; d CT colonographic image simulated at 1.6 mAs. The examination
was performed for surveillance for colorectal cancer. As an incidental finding an enlarged right adrenal is visible (arrow)
with CT features (size, density) suggestive of a metastasis. This finding was not known prior to the CT colonography and
prompted further work up. The patient proved to have lung cancer with a metastasis in the right adrenal gland. The enlarged
right adrenal is identifiable at 25 mAs and 6.3 mAs, but hardly identifiable at the lowest simulated dose of 1.6 mAs

potential to improve the image quality in 2D images.
The use of noise reduction filters is important, how-
ever, for 3D visualization (see Sect. 16.2.4.6).

16.2.5.2
Extracolonic Findings

Extracolonic findings are relatively common at regu-
lar-dose CT colonography in symptomatic patients.
Almost40% of individuals with symptoms of colorec-
tal cancer have extracolonic findings, although the
prevalence of new, relevant findings is relatively low
(X10NG et al. 2005). In a screening setting the number
seems to be lower (PICKHARDT et al. 2003).

Although some consider extracolonic findings
a beneficial part of CT colonography - total body
screening - this potentially is not the case. Many
extracolonic findings are not relevant or are already
known and some that may be relevant and new may
concern untreatable disease (Figs.16.2.6, 16.2.7).
The anxiety of participants, additional diagnostic
work up and possible treatment and use of resources
are major disadvantages. Extracolonic findings may
be an important factor determining whether CT
colonography is a cost-effective screening method.
Therefore, low radiation dose CT colonography may
also be considered a boon in this respect as this
will impair the detection of extra-colonic findings
(Figs. 16.2.6, 16.2.7).
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16.2.5.3
Risk Versus Benefit

The risks of a CT colonography examination (apart
from rare complications such as perforation) are dif-
ficult to assess with certainty, as already mentioned
in the introduction to this discussion. In a recent
survey it was found that the effective dose of a CTC
examination at present is in the order of 10 mSv, and
that this corresponds with a risk of fatal cancer for a
50-year-old person in the order of 1 in 4000 (JENSCH
et al. 2006). This is in all probability an underesti-
mate, as in a paper on the risks of screening with
CT colonography a risk in the order of 1 in 700
was found for the risk of cancer (not fatal cancer),
using a more involved, and probably more accurate,
method (BRENNER and GEORGSSON 2005). The risk
for cancer mortality is of course considerably less
than the risk for cancer itself, but this can explain
only part of the discrepancy between these two risk
estimates. More important than these differences is
the fact that there is no direct statistically signifi-
cant evidence for these risks, as these calculations
are based on extrapolations from higher dose levels,
and the estimates depend heavily on the assump-
tions that are made (BRENNER and GEORGSSON 2005;
ProkoP 2005; BRENNER and SAcHS 2006; FRIEDL
and RUHM 2006; TUBIANA et al. 2006). Nevertheless,
it is prudent to assume that exposure to the amount
of radiation used in a CT colonography examination
is accompanied by a small risk of induction of (fatal)
cancer, and that this risk becomes smaller when the
dose is reduced.

The benefit of CT colonography as a screening
technique is not known yet. CT colonography has
been shown to have potential as a screening tech-
nique (PICKHARDT et al. 2003), although more stud-
ies are necessary to further study the performance
of the technique and - with adequate performance
- its cost-effectiveness (influenced amongst others
by extracolonic findings) and effect on mortality.
Low radiation dose CT colonography with tagging
and an optimal dose-performance balance seems
to be the optimal method for this research on the
role of CT colonography in screening for colorectal
cancer.

16.2.6
Conclusions

For CT colonography to be considered as a screening
tool the benefit of its use must outweigh the risks/
disadvantages. The benefit of CT colonography for
reducing the mortality and morbidity of colorec-
tal cancer has not been determined yet, although
present data are encouraging. The risks and disad-
vantages include the possibility of the induction of
cancer, as well as other factors such as false posi-
tives, extracolonic findings and costs. With regard
to the induction of cancer, with the scan parameters
used until now the risk seems to be relatively small,
but cannot be completely neglected. Moreover, the
risk will increase with the number of examinations
performed. Although the frequency of screening for
colon cancer with CT colonography most likely will
be less than that for lung cancer or breast cancer, for
instance, further reduction in radiation exposure
associated with CT colonography is desirable. Apart
from reducing the risk of cancer induction, reduc-
tion in radiation exposure also may be valuable for
patient acceptance and adherence, for instance by
reducing the fear of radiation exposure. Decreased
radiation exposure will result in noisier images
that at a certain level will preclude the evaluation
of extracolonic findings. This might be an advantage
when extracolonic findings might prove to be det-
rimental for cost-effective screening for colorectal
cancer with CT colonography.

Low radiation dose CT colonography with accept-
able to good sensitivity and specificity is feasible,
even in combination with limited bowel preparation
and tagging. Efforts should be made to further study
the limits and pros and cons of low radiation dose
CT colonography.
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(o)

Overbeaming 58, 64,71,103,225
Overlapping 7,52,61,230,232,235
Overranging 55,62, 64,65,70,71,75,104, 163

P

Paediatric dose issues  6,92,140,172,178,219,223-236

Patient Weight see Body Mass Index

Phantom 53-56,93, 94,105,124, 131,136, 140, 143, 207, 232,
259,265

Pitch or pitch factor 7, 52-55,62-65,67,70-71, 87; 89, 95,
103,104, 106,121, 124,126, 138,163,173, 183,187,191, 225,
230

Pitch 73

PMMA phantoms 53,209,213

Pulmonary embolism 2, 87, 89, 90, 93, 100, 105, 108, 110

Rando phantoms see Anthropomorphic phantoms

Recommendations 69, 70,71-78,99, 158,161, 243

Reconstruction Algorithm (and Filter Kernel) 76,77, 103,
123,174,186, 197,247,261, 165

Reference dose levels 82-84,92,106,137,186-188

Renal colic see urolithiasis

S

Scan Length 4,54-55,75,119,123,129,163, 173,230, 243

Scan Series or of scan acquisitions 75,104, 115,153

Scialolithiasis 149

Shoulders 109,117,120, 125, 186, 191, 233

Sinusitis 2,112,115,142-147,189

Slice Collimation 57-59, 61, 70, 103, 106,

Slice Thickness 70

Spiral interpolation 62, 68,71,104,

Stroke 2,87-93,139

Survey in paediatrics 92-94

Survey 4,6,57,67,71,81-91, 103,106, 109, 114, 136, 137, 158,
161,169, 186-188, 259, 263,270

T

Temporal window 66,171,172

Thermo-luminescent dosimeters (TLD)
214,215

Tube current-time product see also milliampere-second 68,
102, 105-106, 155, 158, 176, 240

Tube Potential (or voltage, or kilovoltage) 69,82, 94,103,
105, 126, 136, 138, 142, 155,167, 169, 175-179, 182,187, 191,
229,251,259-261, 267

55,56, 93,207,210,

u

UNSCEAR (United Nations Scientific Committee on the
Effects of Atomic Radiation) 4,11,12, 35, 82; 83,99, 153,
196, 207

Urolithiasis 3, 89,258,114, 189

w
Window Width 77,102, 147, 154

Y4

Z-coverage 104,115,162,260
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