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UPDATE

RADIATION DOSE OPTIMIZATION IN THORACIC IMAGING

D. Tack

Guidelines for reduction of CT radiation dose were introduced in 1997 and are now more than 12 years old. The
process initiated by the European Regulatory authorities to reduce the excess of radiation from CT has however not
produced the expected results. Reference diagnostic levels (DRL) from surveys are still twice as high as needed in
most European countries and were not significantly reduced as compared to the initial European ones. Many factors
may at least explain partially the lack of dose reduction. One of them is the complexity of the dose optimization
process while maintaining image quality at a diagnostically acceptable level. Chest is an anatomical region where
radiation dose could be substantially reduced because of high natural contrasts between structures, such as air in
the lungs and fat in the mediastinum. In this article, the concept of CT radiation dose optimization and the factors
that contribute to maintain global excess in radiation dose are reviewed and a brief summary of results from research
in the field of chest CT radiation dose is given.
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The overall increase in patient
irradiation caused by the growing
use of spiral- and multidetector-row
CT (MDCT) is of particular relevance
for thoracic imaging. The number of
clinical indications for thoracic CT
has steadily increased, and CT has
become a first line imaging tool for
diseases previously imaged with
chest radiography, ventilation/perfu-
sion scintigraphy, and pulmonary
angiography (1). Moreover, the use
of CT for screening purposes has
raised the number of CT examina-
tions performed in clinically asymp-
tomatic patients (2). Finally, the rela-
tively higher number of CT examina-
tions performed in younger patients
increases cumulative radiation in a
population vulnerable to its potential
long-term effects (3).

Although recent publications
have addressed radiation-related
topics in CT imaging of specific tho-
racic diseases (4-10), the approach of
thoracic radiologists to the general
issue of patient radiation and their
strategies for dose reduction are not
known. Such information, however,
might help to focus and further
enhance already ongoing efforts in
this field (9, 11, 12). The aim of this
article is to list and discuss the avail-
able solutions to optimize and
reduce radiation dose in adult tho-
racic MDCT examinations.

Methods for dose reduction

Definitions

The term “standard dose” refers
to the dose usually recommended

by CT manufacturers and often used
in routine practice but that could be
substantially reduced - to an opti-
mized dose level — without deleteri-
ous effect on image quality.

The term “optimized dose” should
refer to a dose that provides ade-
quate image quality but not with
excessive radiation, and is the prac-
tical application of ALARA (As Low
As Reasonably Achievable) principle.

The term “low dose” should be
restricted to a CT delivered dose not
higher than that delivered by a set of
plain films investigating the consid-
ered condition. At low-dose, image
quality is lower but diagnostic accu-
racy is preserved.

Optimization process is per defini-
tion a process that eliminates the
excess of radiation that does not
provide significant increase in image
quality. Optimized dose level for a
given examination is not known. It
has to be defined for a standard
human body that may de defined as
weighting 70 to 74 kg. This optimized
dose level depends on many factors
and in particular on the CT technolo-
gy. The more recent the CT is, the
lower will be the required dose to
provide adequate image quality.
Because there is no large consensus
on optimized dose levels the
European Regulatory Authorities
have developed an approach for
dose reduction that is based on sur-
vey studies.

Survey studies

The unique strategy for reducing
the collective radiation dose from
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diagnostic CT examinations pro-
posed by the European Union in
1997 is based on surveys that intend
to define a diagnostic reference level
(DRL) corresponding to the 75" per-
centile of the observed doses for a
given CT examination. The first his-
torical survey was conducted in the
United Kingdom on single detector-
row scanners in the mid 1990ies and
served as the European DRL in the
entire European Union. The DRL is
expressed either in weighted
Computed Tomography Dose Index
(CTDIw) serving as index of image
quality or in dose-length product
(DLP) expressed in mGy.cm serving
as the indicator of the exposure per
acquisition and or per examination
in case of multiphasic procedure.
The historical European DRL for
chest CT was as high as 650 mGy.cm
for one single acquisition. Several
more recent s are listed inTable . The
corresponding effective dose (esti-
mating the cancer risk) is calculated
by multiplying the DLP by a conver-
sion factor (0.0177 mSv/mGy.cm) and
is of 11 mSv. The lifetime risk of
dying from a radiation induced can-
cer if exposed to 11 mSv is calculat-
ed by multiplying the effective dose
expressed in Sievert (Sv) by 5%. For
the European for Chest helical CT,
DRL, this lifetime risk is of 1/1820 but
could be substantially reduced (13,
14).

According to the European rules,
any radiology department perform-
ing CT examinations with a dose
higher than the DRL is expected to
reduce this dose (13-15). Thus, after
publication of a national survey, the
collective dose from CT should
decrease because the 25% highest
dose values should be reduced. A
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renewed survey should thus rede-
fine a DRL lower than the original
one and the process of dose reduc-
tion being repeated. First surveys
conducted in the EU typically
showed that a factor of 2 to 6 was
observed between the dose level of
a P75 and the one of a P25 (13). If a
second survey is conducted within a
reasonable short time interval after
the first one, it is actually believed
that the reference dose levels could
decrease significantly and that the
interval between DLP respectively
corresponding to the P75 and the
P25 could be reduced. Unfortunately,
to the best of our knowledge, no EU
member has yet performed such
repeated surveys and all published
national DRL are still very high, rang-
ing from 430 mGy.cm in United
Kingdom to 627 mGy.cm in ltaly (13).
In 2010, 12 years after publication of
the EU 97/43 directive had been pub-
lished, thus the goal of the survey
strategy from the EU directive is by
far not achieved.

Automatic exposure control systems

It is to note that most DRLDRL
were obtained from surveys per-
formed in the late 1990ies or in the
early 2000. At that time, CT scanners
were not equipped with automatic
exposure control systems (AEC),
also called tube current modulation
device, because these systems were
introduced only by 2002 (16). AEC
are able to provide equalized image
quality throughout the helical acqui-
sition for all patients. Technical
approach for AEC varies between
manufacturers but all AEC systems
are able to automatically adapt the
dose to the patient’s size, weight
and/or absorption. Thus, AEC can
reduce the dose in small patients but
also increase the dose in obese
patients. Before AEC were intro-
duced, the concern about radiation
dose was not as high as it is now. As
a matter of fact, standard CT with the
same very high dose was applied to
all patients while providing satisfac-
tory image quality. This means that
standard CT delivered a radiation
dose suited for obese patients and a
significant excess in dose in all non
obese patients. One can estimate
that the mean amount of excess in
radiation dose was at least 50% of
the delivered one.

Since AEC systems are now
widely used, there are two major
problems concerning surveys: first,
in order to take into account that
AEC systems are widely used, sur-
veys have to be focused on standard
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patients in order to get rid of the
effect of distortion in weight distribu-
tion among participants. Second,
new surveys suitable for modern
MDCT scanners equipped with AEC
should be urgently conducted in the
entire Union in order to definitely
abandon the historical DRLDRL that
are approximately twice as high for
standard patients and that suited
obese patients only.

New reference values

Because of this urgent need in
new DRLDRL, an electronic survey
has been recently conducted among
chest radiologists, members of tho-
racic scientific societies, around the
world (14). This survey revealed that
60% of respondents acquire chest
MDCT with DLP lower than
250 mGy.cm in a standard patient,
more than 80% of them using the
AEC device that equip their 8 to
64 MDCT (14). This DLP value may
serve as new reference for thoracic
MDCT scanning powered by AEC.
Assuming that a chest MDCT covers
a longitudinal (caudocranial) dis-
tance of 30 cm in a standard patient,
the reference value (75" percentile)
of a chest MDCT expressed in vol-
ume computed tomography dose
index (CTDIlvol) would be lower than
7.8 mGy (Table 1). The median
CTDIlvol value would be around
6 mGy and the 25" percentile, usual-
ly presented as the goal for MDCT
optimization, would be around
45 mGy (13). In addition, as
explained hereafter, CT pulmonary
angiography can be obtained with a
higher vessel enhancement while
using a lowered tube potential at
100 KV. With 100 KV, the CDTlvol is
reduced by 30% as compared to
120 KV. The goal to achieve in terms
of CTDIvol in a standard patient
undergoing CT pulmonary angiogra-
phy is thus equal or below 4 mGy.
No doubt that the newest scanner
generation with technical advances

in dose reduction (new filters, new
detectors, new reconstruction algo-
rithms such as iterative reconstruc-
tion) will enable to reduce these val-
ues by 30 to 70% with equal or even
higher image quality (Fig. 1).

Optimization

Optimization of a CT radiation
dose consists of reducing the dose
to the lowest possible level while
maintaining image quality at an
acceptable and comfortable level.
Good competence in CT technique
and in particular in the AEC system
that is available is required. The key
parameter to optimize is the index of
image quality. This index is scanner
(manufacturer) specific and usually
difficult to manage. Additional
parameters to manage may be the
minimum and maximum tube cur-
rent, the slice thickness, the rotation
time, the pitch, and the reconstruc-
tion kernel. Very important parame-
ter to set up as well is the tube
potential. Optimization process may
be facilitated by a simulator of the
image that would be obtained with
the preselected parameters (Toshiba
Medical Systems). Optimization is
part of the ALARA (As Low As
Reasonably Achievable) concept and
could be considered as part of nor-
mal daily practice in CT. On the other
hand, optimization that consists in
testing on patients could be consid-
ered as clinical research and may
require authorization of a local ethi-
cal committee in addition to written
patient informed consent. Up to now
neither guideline nor rule is avail-
able regarding the appropriate meth-
ods for dose optimization and
ALARA “behavior” In addition, as
AEC systems are complex and usual-
ly not well known by CT users, the
optimization process is practically
very complex.

Many factors contribute to the
absence of significant dose opti-
mization in daily practice. First, as

Table I. — Reference diagnostic levels for helical CT of the chest in a

standard patient

Source

DLP (mGy.cm)

CTDIvol (mGy)

EU 16262 1999 (SDCT)

Italy 2006: (MDCT)

France 2004 (MDCT)

Germany 2002 (SDCT-MDCT)
United Kingdom 2003 (MDCT)
Chest Radiologists (P60) — ref 14
Optimized RDL(P75)

Optimized median (P50)

CTPA (100 KV)

650 22.0
627 21.0
500 16.0
480 15.5
442 14.7
250 8.0
210 70
180 6.0
150 4.0
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Fig.1. — Optimized MDCT pulmonary angiography with newest MDCT generation.
38 year-old female patient weighting 65 Kg, suspected of acute pulmonary embolism. 128 MDCT pulmonary acquisition performed
at 100 KV and with tube current modulation (Care dose 4D® — Siemens Medical Systems, Forchheim, Germany). CTDI vol automati-
cally reduced the mean mAs from 100 to 62. Mean CTDIvol for this acquisition was 2,46 mGy. Total DLP for this examination was
85 mGy.cm and the corresponding effective dose was 1,45 mSv. A. CTPA window showing excellent image quality and high vascu-
lar enhancement. B. Lung window settings showing excellent image quality as well.

explained here above, the regularity
authorities do not provide radiolo-
gists with freshly renewed survey
data. So DRL are high. Second, the
European recommendation is to
focus the attention on the third quar-
tile of surveys (P75), but the concept
of the 75" percentile is probably
insufficient to significantly reduce
collective dose. It has been advised
(13) to focus on the first quartile
(P25). The P25 could be used by CT
centers as the goal to be reached,
particularly with modern MDCT
scanners. Third, there is no penalty
for any CT center that would not
reduce an excess in dose. Fourth,
AEC are so complex and not suffi-
ciently explained to CT users by
manufacturers that radiologists may
not feel confident or even may be
completely unable to modifying the
AEC parameters installed by the ven-
dor on their CT (16). Fifth, radiolo-
gists fear to reduce the dose for
many reasons, one of those being
the absence of training in the use of
optimized dose and in the setup of
AEC systems. Sixth, hospital physi-
cists who are familiar with dose
measurements are not able to pro-
pose clinically relevant noise index
levels that fit with all CT scanners,
indications, and AEC systems.
Seventh, the standard setups pro-
posed by manufacturers are almost
systematically too high by 40 to 50 %
mainly because the manufacturers
want to satisfy clients and because
these clients (radiologists) usually

want excellent image quality without
any compromise. Finally, the way
radiologists are educated in their
universities could have a significant
impact on what they are going to
promote and use for their entire
career. German radiologists are
much friendlier with dose justifica-
tion as are French and Belgian radi-
ologists who usually give a much
higher importance to the highest
possible detection rate whatever the
radiation risks, and to the most per-
fect image quality. This is at least
what | have personally observed in a
recent optimization process conduct-
ed in Luxemburg, a country where
radiologists work who have been
educated in France, Belgium and
Germany.

Low-dose chest MIDCT

Routine chest CT

The concept of reducing the radi-
ation dose in chest CT was first intro-
duced in by Naidich et al. (1990) who
reduced the tube current on incre-
mental 10-mm collimation CT, and
demonstrated that with low tube
current settings (i.e. 20 mAs), the
image quality is sufficient for assess-
ing the lung parenchyma. While
these images are sufficient for
assessing lung parenchyma, the
increased noise results in marked
degradation of the quality of images
photographed with mediastinal win-
dow settings. Because of this, these

authors recommended that such
low-dose technique should be most
suitable for children and for screen-
ing. As such, these recommenda-
tions have been implemented and
further studied in lung cancer
screening programs (17).

Similar dose reduction strategies
have been applied to thin-section CT,
in which no significant difference in
lung parenchyma structures was
detectable between low-dose (i.e.
40 mAs) and high-dose (i.e.
400 mAs) (18). Although the
observed differences were not
statistically significant, changes in
ground-glass opacity were difficult
to be assessed at low-dose CT
because of the increased noise.
Therefore, it was recommended that
200 mAs should be used for initial
thin-section CT and lower doses (i.e.,
40-100 mAs) for follow-up examina-
tions.

The relationship between radia-
tion exposure and image quality at
mediastinal and pulmonary window
settings has been evaluated on con-
ventional 10-mm collimation CT
images on a single model of CT
scanner with mAs settings ranging
from 20 to 400 mAs (19). Although
this study showed a consistent
increase in image quality with radia-
tion dose, no difference in detection
of mediastinal and lung abnormali-
ties could be detected. These find-
ings were confirmed on MDCT by
Dinkel et al. (20) who showed that
90% reduction in dose compared



18

with standard-dose techniques was
not associated with impaired detec-
tion of suspicious lesions of malig-
nant lymphoma and extrapulmonary
tumours.

In order to investigate the effect of
dose reduction without scanning
patients several times at several
dose levels, it is now possible to use
computed simulation of dose reduc-
tion 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. This tech-
nique of simulated reduced doses
allows investigators to determine
the impact of dose reduction on
diagnostic performances without
exposing patients to additional radi-
ations and/or several injections of
iodinated contrast material.

CT pulmonary angiography

The simulated low-dose tech-
nique has been used to evaluate the
effect of dose reduction on CT
pulmonary angiography. A group of
21 individuals that showed at least
one filling defect within a pulmonary
artery were used to simulate CT pul-
monary angiography with reduced
radiation doses, at 60, 40, 20, and
10 mAs. This study showed that
frequencies of positive and inconclu-
sive results, branching order of the
most distal artery with a filling defect
were not changed when tube
current-time product was reduced
from 90 to 10 mAs. On the other
hand, the quality of intravascular
contrast enhancement decreased
when the tube current-time product
setting was lower than 40 mAs. This
study suggests that the reduction of
the tube-current time product setting
to 40 mAs to achieve a reduced
radiation dose at CT pulmonary
angiography appears to be accept-
able (21).

Sigal-Cinqualbre et al. have
assessed the feasibility of low-kilo
voltage in CT pulmonary angiogra-
phy protocols and have evaluated
the effect of such protocols on image
quality (22). These authors have
simultaneously reduced the tube
potential and increased the mAs set-
tings. They have shown that in
patients weighting less than 75 kg,
80 kV (and 135 or 180 mAs respec-
tively in patients weighting less than
60 or 75 kg) are sufficient to obtain
the same image quality than in
patients larger than 75kg and
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scanned at 120 kV and 90 mAs.
These results need to be confirmed
and verified in other indications than
CT pulmonary angiography, but this
study has already suggested that
reducing the tube potential could be
a valid method, an alternative to
decrease the mAs settings, to reduce
the radiation dose. Since 2004, sev-
eral studies have validated the used
tube potential at 100 KV in patients
up to 100 Kg (23).The dose reduction
of 100 Kv acquisition is of 30% as
compared to 120 KV. The recom-
mended CTDIvol for standard
patients undergoing CT pulmonary
angiography is thus 30% lower than
the one for a routine chest MDCT
and should be as low as 4 mGy.

Air trapping and expiratory CT

By demonstrating air-trapping,
expiratory thin-section CT is able to
detect a disease before the function-
al tests. This makes this technique an
essential part of the diagnosis of
bronchiolitis of various origins. As
expiratory CT is most often obtained
after inspiratory CT, this additional
acquisition exposes patients to sup-
plementary radiation dose. This is of
concern in patients with bronchioli-
tis, because they can often be young,
and, despite their relatively favor-
able prognosis, have a high risk of
recurrence resulting in repeated fol-
low-up examinations and repeated
exposure to CT radiation. In order to
investigate the possible effect of
dose reduction on the visual quan-
tification of air trapping, we consid-
ered the “bronchiolitis obliterans
syndrome” (BOS) after lung trans-
plantation as a model for bronchioli-
tis (24). In this model, we applied the
simulated low-dose technique on
expiratory thin-section CT examina-
tions in patients with possible BOS.
In 27 lung transplant recipients, expi-
ratory thin-section CT was per-
formed at 140 kVp and 80 effective
mAs. Dose reduction corresponding
to 60, 40, and 20 effective mAs was
simulated. This study showed that a
simulated dose-equivalent of 25% of
the standard dose, i.e. 20 mAs, had
no substantial effect on the visual
quantification of air trapping.
Because its radiation dose approxi-
mated that of incremental thin-sec-
tion CT with 10 mm section intervals
performed with a standard dose,
expiratory low-dose MDCT could be
used in the assessment of air trap-
ping in patients with suspected
bronchiolitis. This model could be
extended to other origins of bronchi-
olitis.

Conclusion

CT radiation dose optimization
and reduction is a complex process
that seems to stay motionless since
years. Optimization behavior
requires strong efforts and close
cooperation between radiologists,
manufacturers and regularity
authorities for obtaining the signifi-
cant results that have been original-
ly expected from the European
Directive 97/43. Chest is an appropri-
ate body region for dose reduction
and optimization because of its natu-
ral contrasts. Actual recommended
CDTlIvol for a standard patients
undergoing helical chest CT is at
6 mGy whereas the corresponding
DLP is at 180 mGy.cm. CTPA benefits
from lowering tube potential from
120 to 100 KV and the corresponding
typical CTDlvol is at 4 mGy whereby
the DLP can be reduced to
120 mGy.cm in a standard patient.
Newest MDCT generation should
enable further dose reduction of 30
to 70%.
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