
COMPUTED TOMOGRAPHY

Multidetector CT radiation dose optimisation in adults:
short- and long-term effects of a clinical audit

Denis Tack & Andreas Jahnen & Sarah Kohler &

Nico Harpes & Viviane De Maertelaer & Carlo Back &

Pierre Alain Gevenois

Received: 28 April 2013 /Revised: 11 July 2013 /Accepted: 13 July 2013 /Published online: 29 August 2013
# European Society of Radiology 2013

Abstract
Objective To report short- and long-term effects of an audit
process intended to optimise the radiation dose from multi-
detector row computed tomography (MDCT).
Methods A survey of radiation dose from all eight MDCT
departments in the state of Luxembourg performed in 2007
served as baseline, and involved the most frequently imaged
regions (head, sinus, cervical spine, thorax, abdomen, and
lumbar spine). CT dose index volume (CTDIvol), dose–length
product per acquisition (DLP/acq), and DLP per examination
(DLP/exa) were recorded, and their mean, median, 25th and
75th percentiles compared. In 2008, an audit conducted in
each department helped to optimise doses. In 2009 and 2010,
two further surveys evaluated the audit’s impact on the dose
delivered.
Results Between 2007 and 2009, DLP/exa significantly de-
creased by 32–69 % for all regions (P <0.001) except the
lumbar spine (5 %, P=0.455). Between 2009 and 2010,

DLP/exa significantly decreased by 13–18 % for sinus, cervi-
cal and lumbar spine (P ranging from 0.016 to less than
0.001). Between 2007 and 2010, DLP/exa significantly de-
creased for all regions (18–75 %, P <0.001). Collective dose
decreased by 30 % and the 75th percentile (diagnostic refer-
ence level, DRL) by 20–78 %.
Conclusions The audit process resulted in long-lasting dose
reduction, with DRLs reduced by 20–78 %, mean DLP/
examination by 18–75 %, and collective dose by 30 %.
Key points
• External support through clinical audit may optimise de-

fault parameters of routine CT.
• Reduction of 75th percentiles used as reference diagnostic

levels is 18–75%.
• The effect of this audit is sustainable over time .
• Dose savings through optimisation can be added to those

achievable through CT.

Keywords CT . Radiation dose . Head CT . Quality
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Introduction

The risk of radiation exposure from computed tomography
(CT) is known to be high owing to the large number of
examinations performed each year (67 million in the USA in
2008) and the high doses delivered per examination [1–4].
Moreover, a direct link has recently been established between
radiation delivered by CT in childhood and cancer incidence in
adults [5]. To address this risk, scientific societies and regula-
tory authorities have attempted to reduce the number of exam-
inations by introducing stricter usage criteria, including reduc-
ing the dose per examination and per CT acquisition [6–8].
Despite these initiatives, the use of CT—and consequently
radiation exposure—has been increasing worldwide [4].
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In particular, one attempt to reduce dose is a directive pro-
duced by the European Union (EU) in 1997, which introduced
the concept of surveying radiation dose from diagnostic exam-
inations for both conventional and CT imaging procedures [8].
The EU defined the upper limit of the range of acceptable doses
(diagnostic reference level, DRL) as the 75th percentile of the
dose distribution [9, 10]. Surveys subsequent to this initiative
revealed very wide ranges of doses delivered for identical ex-
aminations between radiology departments, suggesting a need to
further improve processes in order to achieve a more consistent
optimisation of dose [10]. According to the as low as reasonably
achievable (ALARA) principle, dose optimisation aims to elim-
inate the amount of radiation not contributing to the image
quality that still yields confident diagnoses [10]. By establishing
these DRLs the expectation was a decrease in dose, but in actual
fact an increase in dose was observed between the era of single
detector row CT and that of multiple detector row CT (MDCT)
[11, 12]. Given the supposedly increased efficiency of the newer
generation CT machines, this observation was somewhat coun-
terintuitive. Although some decrease has been reported on a
local scale [13] from these machines, no decrease has been
observed on a larger and nationwide scale [14–16]. In order to
further reduce the dose across all departments, regardless of the
machine used, the Ministry of Health in Luxembourg recently
hypothesised that an audit process aimed at promoting dose
reduction but which included for the first time a direct interac-
tion with individual radiology departments tailored to the par-
ticular machine used in that department to ensure correct imple-
mentation of dose-optimised CT acquisition procedures might
lead to a decreased dose delivered across all locations. This
article describes this department-specific audit implementation
process and reports its short- and long-terms effects.

Materials and methods

According to Luxembourg and EU legislation (i.e. Directive
95/46/EC regarding the protection of data of individuals) a
purely observational study with complete anonymisation of
the data at the source that removes any possibility of identi-
fying the individual patients is not subject to mandatory
ethical review [17].

From February to June 2007, the Department of Radiation
Safety in the Ministry of Health in the state of Luxembourg
(500,000 inhabitants) conducted a nationwide survey on the
dose of radiation delivered by CT and included all eight
radiology departments equipped with MDCT in the country.
According to EU guidelines, data of at least 20 consecutive
patients who underwent standard examinations of each of the
six most frequently imaged regions (head, sinus, cervical
spine, thorax, abdomen including the pelvis, and lumbar
spine) were collected [18, 19]. Using printed data sheets, the
following information was collected: patient’s gender and age,

acquisition parameters including mean tube current–time
product, tube potential, pitch factor, and slice collimation, as
well as dose descriptors expressed as both CT dose index
volume (CTDIvol) and dose–length product per acquisition
(DLP/acq). Sum of DLP/acq from consecutive acquisitions
was also obtained and named DLP per examination (DLP/
exa). CT parameters were computed using commercially
available software (CT Expo V 1.6, University of Hannover,
Germany) in order to cross verify the dose descriptors given
by the CT machines [20]. For each of the eight MDCT
departments, mean CTDIvol, mean DLP/acq, mean DLP/exa
and mean E were calculated.

MDCT devices were equipped with 4–40 detector rows. Five
devices were from Siemens (Siemens Healthcare, Forchheim,
Germany) and three from General Electric (GE Healthcare,
Milwaukee, WI, USA). As required by national and EU recom-
mendations, all MDCT devices underwent yearly quality control
processes by certified radiophysicists in order to ensure that they
were working properly [9]. None of the devices were equipped
with newly developed iterative reconstruction functionalities but
all were equipped with automatic exposure control systems
(AEC). The 75th, 50th and 25th percentiles of each type of
examination and dose descriptor (CTDIvol, DLP/acq and DLP/
exa) were calculated. Data of this first survey, summarised in
Table 1, were analysed by two independent experts (a physicist
and a radiologist) who both considered the 2007 dosimetric
results to be high, some of them being even higher than the very
first EUDRLs published in 1999 [12, 19]. After the review of the
first survey, these experts discussed optimisation strategies with
the heads of all radiology departments during a meeting held in
November 2007. They recommended first optimising CTDIvol
values and second considering reducing z-coverage, and in par-
ticular the number of acquisitions. On the basis of their observa-
tions and the potential reduction in radiation dose, theMinistry of
Health initiated an audit process and funded the support of one of
the experts—the radiologist who had clinical experience in the
field—with the aim of helping radiology departments achieve
MDCT dose optimisation. The audit process was in agreement
with the Quality Assurance Audit for Diagnostic Radiology
Improvement and Learning (QUAADRIL) recommendation
from the International Atomic Energy Agency (IAEA) [21].
The main objective of the audit was to check all acquisition
parameters, activate AEC systems if disabled, propose reduced
CTDIvol, by adjusting tube potential and tube current values, and
to invite local radiologists to consider z-coverage reduction as a
complementary means of reducing radiation dose. The methods
used for dose optimisation and the possible achievable objectives
have been previously described in a book chapter [22].

All radiology departments accepted this audit process,
which was then conducted between April 2008 and January
2009 (audit coverage being 100 % of MDCT devices in
Luxembourg). During the audit, the expert radiologist
checked all CT parameters, proposed reduced dose acquisition
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protocols named optimised protocols, and tested them togeth-
er with the on-site radiologists during a 1-day visit. If ap-
proved, optimised protocols were archived in each MDCT
unit with a specific optimised dose (OD) label. On-site radi-
ologists collaborated with the expert in setting up optimised
parameters, which they used thereafter rather than the default
parameters. Mean CTDIvol values applied to a standard size
patient weighing 75 kg, observed before and after optimised
protocols, as stored in each unit, are listed in Table 2. An open
line of communication with the auditing expert was offered to
all departments enabling any radiologist to ask for further
technical support after optimisation.

One year later, a second survey was conducted between
April and June 2009. None of the MDCT devices had been
replaced or upgraded. The only variable that had changed was
the form of data collection, whereby paper sheets had been
replaced by electronic extraction of CT parameters from

DICOM headers of anonymised CTseries stored in the picture
archive communication system (PACS) [23]. Between 20 and
40 examinations were considered for each region. CTDIvol,
DLP/acq and DLP/exa were calculated as in the 2007 survey.

The number of CT examinations performed during the
2009 survey was obtained from radiology information sys-
tems (RIS) in each department. Collective dose savings were
calculated for each type of examination in each department by
multiplying the difference in mean DLP/exa values between
2007 and 2009 by the corresponding conversion factors and
by the number of examinations performed in 2009 [24].

Delegates from theMinistry of Health made an annual visit
to all radiology departments in 2009 and 2010 in order to
encourage radiologists and radiographers to use the optimised
dose protocols rather than the previous standard ones, which
were still available, and to consider reductions in z-coverage
for further optimisation.

In 2010, a third survey was conducted using the same
methods as in 2009.

Table 1 First quartiles (P25), medians (P50), and third quartiles
(P75)—referred to as diagnostic reference levels (DRLs)—of dose–
length products (DLP) observed in 2007 for the six most frequent MDCT
examinations

DLP (mGy cm) P25 P50 P75 (DRL) EU DRLb

Head 729 1,064 1,270 1,050

Sinus 71 196 229 450

Cervical spine 318 874 1,400 350

Thorax 289 381 480 650

Abdomena 379 500 580 1,100b

Lumbar spine 425 673 830 650

EU European Union, DLP dose–length product, DRL diagnostic refer-
ence level (75th percentile of observed doses)
a In a local survey of MDCT devices DLP for the abdomen represents
acquisitions of both the upper and the lower abdomen
bDRL from EU for the abdomen is the sum of DRLs for the upper
abdomen and pelvis [11]

Table 2 Mean CTDIvol observed before (2007) and after optimisation
(2008) as stored in MDCT units during the audit

CTDIvol (mGy)a Default protocol
2007

Optimised protocol
(2008)

Dose
reduction

Head 67 45 −33 %

Sinus 15.9 5.3 −68 %

Cervical spine 41 21 −41 %

Thorax 9.0 5.6 −38 %

Abdomen 14.0 8.0 −45 %

Lumbar spine 50 25 −43 %

a Volume computed tomography dose index (CTDIvol) displayed on CT
screens before acquisitions are default parameters suitable for a standard
patient of weighing approximately 75 kg

Fig. 1 75th percentile, median and 25th percentile of DLP/exa ofMDCT
of the head. Dose–length products (DLPs) are expressed in mGy cm. CT
dose index (CTDI) phantom for the head was 16 cm in diameter. 75th
percentile is used as a diagnostic reference level (DRL) whereas the 25th
percentile is indicative of appropriate optimisation [14, 16]

Fig. 2 75th percentile, median and 25th percentile of DLP/exa ofMDCT
of the sinus. DLPs are expressed in mGy cm. CTDI phantom for the sinus
was 16 cm in diameter. 75th percentile is used as a DRL whereas the 25th
percentile is indicative of appropriate optimisation [14, 16]
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Statistical analysis

Data were summarized as mean and standard error on the
mean (SEM), as well as 75th, 50th and 25th percentiles.
ANOVA tests at two levels of between-group factors (hospital
and year) were performed for mean CTDIvol, mean DLP/acq,
mean DLP/exa and for each of the eight MDCT departments.
The number of levels of hospitals and year factors are respec-
tively eight and three. Statistical significance for all tests was
set at P <0.05. The statistical software used was IBM-SPSS
V20.0.

Results

In 2008, according to the data provided by the RIS of each
department, 95,376 examinations were performed in
Luxembourg: 19,192 (20.1 %) on the head, 7,311 (7.7 %) on

the sinus, 6,818 (7.1%) on the cervical spine, 14,838 (15.6%) on
the thorax, 24,956 (26.2%) on the abdomen and 15,093 (15.8%)
on the lumbar spine. The six selected examinations represented
92.5 % of all CT examinations performed in the country. The
results of three surveys are summarised in Table 3 and illustrated
in Figs. 1, 2, 3, 4, 5 and 6. Depending on the region, reduction in
CTDIvol ranged from 11 to 71 % between 2007 and 2009 and
was statistically significant (P ranging from less than 0.001 to
0.013). Expressed in DLP/exa, dose reduction was also statisti-
cally significant in all anatomical regions (P<0.001) except the
lumbar spine (P=0.917). At follow-up between 2009 and 2010,
CTDIvol significantly increased in the head and abdomen
(P ranging from less than 0.001 to 0.046), significantly decreased
in sinus, cervical and lumbar spine (P ranging from less than
0.001 to 0.016), but did not significantly change in the thorax
(P=0.693). Expressed in DLP/exa, radiation dose did not signif-
icantly change in the head and abdomen (P=0.836 and 0.259,
respectively).

Fig. 3 75th percentile, median and 25th percentile of DLP/exa of
MDCT of the cervical spine. DLPs are expressed in mGy cm. CTDI
phantom for the cervical spine was 32 cm in diameter. 75th percentile
is used as a DRL whereas the 25th percentile is indicative of appro-
priate optimisation [14, 16]

Fig. 4 75th percentile, median and 25th percentile of DLP/exa ofMDCT
of the thorax. DLPs are expressed in mGy cm. CTDI phantom for the
thorax was 32 cm in diameter. 75th percentile is used as a DRL whereas
the 25th percentile is indicative of appropriate optimisation [14, 16]

Fig. 5 75th percentile, median and 25th percentile of DLP/exa of
MDCT of the abdomen. DLPs are expressed in mGy cm. CTDI
phantom for the abdomen was 32 cm in diameter. 75th percentile is
used as a DRL whereas the 25th percentile is indicative of appropriate
optimisation [14, 16]

Fig. 6 75th percentile, median and 25th percentile of DLP/exa of
MDCT of the lumbar spine. DLPs are expressed in mGy cm. CTDI
phantom for the lumbar spine was 32 cm in diameter. 75th percentile
is used as a DRL whereas the 25th percentile is indicative of appro-
priate optimisation [14, 16]
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Independent of statistically significant differences between
mean values collected in 2007 and 2010, reductions in the 75th
percentile of radiation doses (i.e. DRL) ranged from 20 to 78%.
On the basis of the assumption that the number of examinations
performed each year in the country remained constant, the
collective dose was reduced by 30 % between 2007 and 2009.

Discussion

This study has three findings:

1. A single external audit that installs optimised dose proto-
cols in each CT unit, specific to the machine of that unit,
can substantially reduce the radiation dose delivered by CT.

2. The dose reduction achieved is sustainable over time.
3. Once personally involved in a dose reduction process,

radiology departments tend to maintain the lower dose
and to attempt further decreases through reductions in z-
coverage. But most noteworthy is the fact that this study
shows that, after implementing the whole optimisation

process, radiation doses are among the lowest ever report-
ed for MDCT [14–16].

After a single on-site auditing visit, we did indeed observe a
reduction in both the radiation doses delivered and the ampli-
tude of their differences between departments. To our knowl-
edge, such decreases in dose and variation of two consecutive
nationwide surveys applied to MDCT have never been report-
ed. Although we did not have a control arm to capture the
theoretical possibility of dose reduction happening in the ab-
sence of an audit, our result suggests that an audit, which
includes an interactive, hands-on phase to help implement
optimisation protocols, might be the key process for obtaining
important dose reductions that are consistently maintained over
time. Our observation supports the recommendation proposed
by Samara et al. to conduct audits that support local depart-
ments in their dose management [14]. Their recommendation
was based on the lack of decrease in dose levels recorded
between two consecutive surveys conducted without any ex-
ternal support to radiology departments [14, 15].

As this process resulted in an efficient radiation dose re-
duction, it merits some additional comments. Firstly, we

Table 3 Mean CTDIvol and DLP/acq of MDCT examinations observed in 2007, 2009 and 2010

Mean values Year of survey Trends between surveys

2007 2009 2010 2007 to 2009 2009 to 2010 2007 to 2010

Dose SD Dose SD Dose SD % P % P % P

Head CTDIvol 72.9 24.0 46.3 7.2 52.2 15.2 −46 <0.001 13 <0.001 −29 <0.001

DLP_acq 850 310 747 127 813 187 −12 <0.001 9 0.101 −4 <0.001

DLP_exa 1,457 690 964 398 946 363 −34 <0.001 −2 0.836 −35 <0.001

Sinus CTDIvol 17.2 14.6 5.1 2.2 4.4 3.0 −71 <0.001 −14 0.016 −74 <0.001

DLP_acq 210 172 65 27 53 50 −69 <0.001 −18 0.016 −75 <0.001
DLP_exa

Cervical spine CTDIvol 38.3 13.6 24.2 9.0 20.5 9.0 −37 <0.001 −16 <0.001 −47 <0.001

DLP_acq 618 241 391 169 341 175 −37 <0.001 −13 <0.001 −45 <0.001
DLP_exa

Thorax CTDIvol 9.9 3.3 6.6 2.9 6.8 2.8 −33 <0.001 3 0.693 −31 <0.001

DLP_acq 349 122 234 128 233 96 −33 <0.001 0 0.990 −33 <0.001

DLP_exa 371 132 251 137 248 115 −32 <0.001 −1 0.969 −33 <0.001

Abdomen CTDIvol 11.8 4.9 8.8 3.1 9.6 4.7 −26 <0.001 9 0.046 −19 <0.001

DLP_acq 511 176 382 155 431 234 −25 <0.001 13 0.023 −16 <0.001

DLP_exa 931 505 622 348 568 389 −33 <0.001 −9 0.259 −39 <0.001

Lumbar spine CTDIvol 33.4 17.2 29.8 14.6 26.5 10.7 −11 0.013 −12 0.008 −21 <0.001

DLP_acq 574 150 544 163 473 219 −5 0.455 −14 0.004 −18 <0.001
DLP_exa

CTDIvol values are in mGy, using a 16-cm phantom for head and sinus, and a 32-cm phantom for all other examinations

For CTof the sinus, the cervical spine and the lumbar spine exclusively acquired in one single acquisition, DLP/exa was equal to DLP/acq. Both are thus
displayed together. For MDCT examinations with multiple acquisitions, CTDIvol and DLP/acq are the average of the multiple values. The reduction in
scan length between 2007 and 2010 can be estimated by subtracting the reduction in CTDIvol from that of the DLP/acq. Scan length reduction is
estimated at 6 % for head and 20 % for abdomen
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considered the 25th percentile of surveys and not DRLs as
reasonably achievable objectives, as the 75th percentile rep-
resents the upper limit of acceptable practice in Europe [25].
The 25th percentile used as an objective for optimisation was
within the reported ranges of optimised doses for CT [25–28].
Secondly, in order to ensure consistent and accurate imple-
mentation of the protocols, as well as the acceptance of the
image quality in their clinical practice, we spent all the time
necessary with on-site radiologists to achieve each step of the
optimisation process. It is important to say that both standard
and optimised protocols were available throughout the audit,
which meant that there was no guarantee that optimised pro-
tocols would be used. Nevertheless, analysis of DICOM
headers in the second and third surveys showed that optimised
protocols were indeed preferred to standard ones, suggesting
that they provided sufficient diagnostic confidence. Thirdly, in
order to ensure that we were as close as possible to clinical
conditions, we introduced optimised protocols during clinical
practice, as opposed to ‘phantom’ experiments. Fourthly,
whenever possible, we used smoother reconstruction algo-
rithms among those provided by the manufacturers to reduce
the noise associated with the dose reduction. Fifthly, we
considered that, among all the CT units involved, we would
deliver a comparable dose regardless of manufacturer, number
of detector rows and type of AEC system [29].

One could speculate that the 30% collective dose reduction
observed after the single audit visit could be explained by the
absence of any previous dose management in the radiology
departments involved in this trial. Indeed, all of these depart-
ments were still working with original protocols that had been
installed and proposed by the manufacturers. However, we
observed that once involved in a dose reduction process,
radiology departments tended to decrease the dose further
over time. This further dose reduction may also be related to
the radiologist’s engagement in managing the dose through z-
coverage and number of multiphasic examinations, or to the
repeated dose monitoring itself. Unfortunately, this was ac-
companied by slightly increased CTDIvol values for the head
and abdomen. Despite these encouraging results in DLP/exa
values, we do believe that audits need to be repeated in order
to maintain the individual efforts in achieving the lowest
possible dose levels. In the near future, continuous dose
monitoring with specific software will probably be useful in
tracking radiation dose, detecting and preventing abnormal
events, identifying inadequate protocol choice by CT
radiographers, and in producing more reliable data for dose
monitoring and surveys [30].

This study has several limitations. Firstly, the sample size in
the state of Luxembourg is rather small and represents approx-
imately the size of a European city, such as Gothenburg,
Sweden. Extrapolating our results to larger countries would
require a much large number of experts involved in such an
audit process. However, as MDCT devices are similar all

around the world, there is no reason to believe that the process
could not be successful everywhere.

Secondly, we had no control group with which to compare
the specific impact of our audit and were only able to compare
our data with those reported in other European countries, such
as Switzerland [14–16]. However, it would have been
unethical and indeed unfeasible to randomly offer the audit
support to only one-half of the departments involved.

Thirdly, the size of an individual patient was not taken into
account. Recommended surveymethods make the assumption
that on a sufficiently large sample of consecutive patients, the
average body weight would be similar to that of a so-called
standard patient weighing 70–75 kg [26]. Consequently, small
differences in CT dose between surveys may be due to differ-
ences in body size. This factor may have influenced the data
for body regions where AEC systems were switched on (i.e.
some head, all spine, chest and abdomen examinations), but
not those where AEC systems were switched off (i.e. some
head and all sinus examinations).

Fourthly, the observed dose reduction is expressed as a
percentage of the initial 2007 value. It was indeed not possible
to make completely sure that the initial protocol corresponded
to default parameters proposed by the manufacturer, or had
been adapted by the manufacturer at the time of installation.
Therefore, the percentage of dose reduction might not be
consistently achievable with any machine in any country,
and could be lower or even higher.

Lastly, image quality and CT diagnosis performance were
not investigated. That said, it is probably quite fair to say that
an optimised protocol providing insufficient image quality
would not have been used given the choice over a ‘standard’
protocol that did provide sufficient image quality. As radiolo-
gy departments had this choice and consistently chose to use
the optimised protocol, we feel safe in assuming that the
image quality was indeed sufficient.

In conclusion, a clinical audit on radiation dose, which
includes an interactive, hands-on phase to help implement
optimisation protocols, can result in enduring reduction of
diagnostic reference levels by 20 to 78 %, mean DLP/
examination by 18 to 75 % and the collective dose delivered
by MDCT by 30 %.
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