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Abstract

Objectives The European Society of Radiology identified 10 common indications for computed tomography (CT) as part
of the European Study on Clinical Diagnostic Reference Levels (DRLs, EUCLID), to help standardize radiation doses. The
objective of this study is to generate DRLs and median doses for these indications using data from the UCSF CT Interna-
tional Dose Registry.

Methods Standardized data on 3.7 million CTs in adults were collected between 2016 and 2019 from 161 institutions
across seven countries (United States of America (US), Switzerland, Netherlands, Germany, UK, Israel, Japan). DRLs (75th
percentile) and median doses for volumetric CT-dose index (CTDI,;) and dose-length product (DLP) were assessed for
each EUCLID category (chronic sinusitis, stroke, cervical spine trauma, coronary calcium scoring, lung cancer, pulmonary
embolism, coronary CT angiography, hepatocellular carcinoma (HCC), colic/abdominal pain, appendicitis), and US radia-
tion doses were compared with European.

Results The number of CT scans within EUCLID categories ranged from 8,933 (HCC) to over 1.2 million (stroke). There
was greater variation in dose between categories than within categories (p < .001), and doses were significantly different
between categories within anatomic areas. DRLs and median doses were assessed for all categories. DRLs were higher in the
US for 9 of the 10 indications (except chronic sinusitis) than in Europe but with a significantly higher sample size in the US.
Conclusions DRLs for CTDI,; and DLP for EUCLID clinical indications from diverse organizations were established and
can contribute to dose optimization. These values were usually significantly higher in the US than in Europe.

Key Points

® Registry data were used to create benchmarks for 10 common indications for CT identified by the European Society of Radiology.
o Observed US radiation doses were higher than European for 9 of 10 indications (except chronic sinusitis).

o The presented diagnostic reference levels and median doses highlight potentially unnecessary variation in radiation dose.

Keywords Tomography, X-ray computed - Adult - Diagnostic reference levels - United States - Registries

Abbreviations DRL Diagnostic reference level

AD Achievable dose EUCLID European Study on Clinical Diagnostic Refer-

CI Confidence interval ence Levels for X-ray Medical Imaging
Introduction

D. Bos began this work while a visiting scientist with the
Department of Epidemiology and Biostatistics at the University of
California San Francisco, San Francisco, CA, USA. Radiation doses for Computed tomography (CT) are

highly variable across patients, institutions, and coun-
tries [1-5]. Because of the rising use of CT [6-8], the
carcinogenic risk of ionizing radiation [9-14], and the

< Denise Bos
denise.bos@uk-essen.de

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0002-9585-9787
http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-021-08266-1&domain=pdf

1972

European Radiology (2022) 32:1971-1982

relatively high radiation doses associated with CT, greater
standardization is needed across institutions and countries
for CT dose [4, 15]. Variation in radiation doses at CT is
primarily attributable to how the scans are conducted and
the setting of technical parameters, rather than patient,
institutional, or machine characteristics, all of which have
a smaller contribution to variation in observed doses [4].
Thus, dose optimization can be achieved across most
machine types through optimization of technical param-
eters. The establishment of diagnostic reference levels
(DRLs) was first implemented by the International Com-
mission on Radiological Protection (ICRP) in 1996 to
aid in optimization of medical radiation exposures [16].
The DRLs were identified as doses that should not be
exceeded on a patient of routine size unless there was a
particular need to do so. Some organizations require the
documentation of medical necessity if these values are
exceeded. The European Council Directive 2013/59/EUR-
ATOM requires the establishment, regular review, and use
of DRLs for member states [15]. The US National Coun-
cil on Radiation Protection and Measurements (NCRP)
implemented an additional concept of achievable doses
(ADs) in 1999 reflecting the median. These doses were
identified as doses that should help improve further dose
optimization and encourage faculties to achieve lower
doses than the DRL [17, 18].

DRLs and achievable doses are commonly used in clini-
cal practice to guide radiology facilities and practitioners
in efforts to optimize CT doses. Most commonly, the DRL
is set at the 75th percentile of the dose distribution and
the achievable dose at the 50th percentile for a geographi-
cal area [2, 17-19]. These are often created broadly within
anatomic areas, and yet even within anatomical regions,
different clinical indications have different image quality
requirements.

The European study on clinical diagnostic reference lev-
els for X-ray medical imaging (EUCLID), funded by the
European Commission and led by the European Society of
Radiology, has established clinical indication-based DRLs
for ten common clinical indications to provide better guid-
ance to radiologists and technologists. In this large-scale
survey, dose data of 4299 adult patients with standard size
were collected across 14 European countries via an online
survey [20, 21]. Since the EUCLID categories provide a
useful approach for setting dose targets and thresholds, we
would expect to see greater variation between the EUCLID
categories than within the EUCLID categories because of
the different image quality requirements of different CT
indications. In this study, we used data from the University
of California San Francisco (UCSF) CT International Dose
Registry to describe DRLs and median doses for EUCLID
clinical indications and compare radiation doses between
facilities of the United States of America (US) and Europe
(EU).

Materials and methods
UCSF CT International Dose Registry

Details regarding the UCSF CT International Dose Registry
have been previously described [4]. In short, the registry
includes imaging data from 161 imaging facilities and hos-
pitals associated with 27 healthcare institutions from seven
countries (United States of America (US), Switzerland,
Netherlands, Germany, UK, Israel, and Japan) that use Radi-
metrics dose management software (Radimetrics ™ Enter-
prise Platform, Bayer AG, Leverkusen, Germany). Radimet-
rics was selected as the only one of several available dose
management software because it was already being used by

Table 1 The number of

. . Body region EUCLID category n CT models CT machines Facilities
CT scans included for each
EUCLID category, and All combined 3718217 74 383 161
the number of CT models, Head Chronic sinusitis® 72,838 64 317 144
individual CT machines,
and imaging facilities that Stroke” 1,270,008 74 372 161
contributed to the category. Neck Cervical spine trauma 250,781 64 319 137
Chest Coronary calcium scoring 18,828 30 135 73
Lung cancer® 639,884 74 368 159
Pulmonary embolism 143,736 55 230 98
Coronary CT angiography 32,550 27 135 66
Abdomen Hepatocellular carcinoma 8,933 15 42 19
Colic/abdominal pain 107,816 55 277 105
Appendicitis? 1,172,843 74 374 161

*Mapped to sinus CT in the dose registry

®Mapped to routine head CT in the dose registry

“Mapped to routine chest CT and imaging for known or suspected lung cancer in the dose registry

dMapped to routine abdomen CT in the dose registry
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Fig. 1 Distribution in dose metrics for CTDI,; (a) and DLP (b) for CTDI,,, (in mGy) for each EUCLID indication. b Distribution of
each EUCLID category, showing median doses (50th, gray) and DLP (in mGy cm) for each EUCLID indication.
diagnostic reference levels (DRLs) (75th, black). a Distribution of
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Table 3 Observed diagnostic reference levels (DRLs) and median
doses for CTDI,; (in mGy) in the United States (US) and Europe
(EU), and relative DRLs and median doses in the US compared with

Europe (and 95% CI) for EUCLID indications. Doses were adjusted
for patient size and age.

Body region = EUCLID category [N EU Relative median US/  Relative DRL US/
- - EU [95% CI] EU [95% CI]
Median  DRL (75th) Median = DRL (75th)

Head Chronic sinusitis 18.6 26.9 17.6 37.5 1.06  [1,05;1.06] 0.72 [0.71;0.72]
Stroke 49.7 56.2 37.8 42.6 .32 [1,32;1.32]  1.32  [1.32;1.32]

Neck Cervical spine trauma 18.8 24.1 11.3 13.6 1.67  [1,66; 1.68] 1.77  [1.76; 1.79]

Chest Coronary calcium scoring 6.1 8.0 1.6 1.9 3.92  [3,85;4.00] 4.25 [4.15; 4.38]
Lung cancer 8.8 11.9 3.5 5.3 251 [2,50;2.52] 222 [2.20;2.24]
Pulmonary embolism 11.1 14.9 3.7 5.5 296  [2,92;3.00] 2.73 [2.70; 2.76]
Coronary CT angiography  13.7 26.5 55 9.6 249  [2,41;2.62] 276 [2.66;2.85]

Abdomen Hepatocellular carcinoma 9.8 12.5 6.9 7.7 1.42  [1,40; 1.45] 1.62  [1.58; 1.66]
Colic/abdominal pain 10.0 12.6 6.9 9.5 144  [1,43;146] 132 [1.29;1.35]
Appendicitis 11.6 14.5 8.9 11.9 1.31  [1,30;1.31] 1.22  [1.22;1.23]

CT performed to exclude hemorrhage, so brain perfusion
scans and cerebrovascular CT angiograms were excluded.

Dose metrics

Results are provided for complete CT examinations includ-
ing all scans performed as part of the examination (e.g., a
complete examination would include all imaging acquisitions
and might include one scan with and one without intrave-
nous contrast). Bolus scans were identified and the dose was
included in the total exam dose, but these scans were not
considered when determining examination phase. Results
are reported for volumetric CT-dose index (CTDI,)) reflect-
ing the average radiation exposure per section and the dose-
length product (DLP) reflecting the total radiation output for
the examination. Patient diameter was defined as the average
of the water equivalent diameter from each CT acquisition

Table4 Observed diagnostic reference levels (DRLs) and median
doses for DLP (in mGy cm) in the United States (US) and Europe
(EU), and relative DRLs and median doses (and 95% CI) in the US

over the entire imaging range and used to adjust radiation
doses by size [4, 22].

Statistical analysis

For each clinical indication, the median dose was defined
as the 50th percentile in dose distribution and the DRL was
defined as the 75th percentile in dose distribution. The 95%
confidence intervals (CI) of the DRLs and median doses
were calculated by bootstrapping using random sampling
with replacement [23].

Analysis of variance was used to determine if there was
greater variation between categories, as compared to within
categories. The distribution of DRLs and median doses were
assessed for the United States (US) and Europe (EU) after
adjusting for patient size and age. For the international com-
parison, only US and European CT exams were investigated

compared with Europe for EUCLID indications. Doses were adjusted
for patient size and age.

Body region = EUCLID category usS EU Relative median Relative DRL
- - US/EU [95% CI] US/EU [95% CI]
Median  DRL (75th) Median = DRL (75th)

Head Chronic sinusitis 311 446 265 707 1.17  [1.15;1.20] 0.63  [0.63;0.64]
Stroke 899 1,072 691 829 1.30  [1.30;1.30] 1.29  [1.29;1.30]

Neck Cervical spine trauma 421 609 256 358 1.65 [1.63; 1.66] 1.70 [1.67; 1.73]

Chest Coronary calcium scoring 94 125 34 43 2.72 [2.65;2.77] 2.92 [2.85;3.01]
Lung cancer 336 478 130 215 2.59  [2.58;2.60] 223  [2.20;2.25]
Pulmonary embolism 420 594 138 206 3.05 [2.99;3.10] 2.89 [2.84;2.94]
Coronary CT angiography 430 914 180 435 239 [2.25;2.55]  2.10 [2.01;2.18]

Abdomen Hepatocellular carcinoma 1,380 1,773 683 769 2.02  [197;2.06] 230 [2.23;2.35]
Colic/abdominal pain 513 645 325 495 1.58 [1.56;1.60] 1.30 [1.28;1.33]
Appendicitis 645 880 433 625 149  [1.48;1.50] 141 [1.40;1.41]
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«Fig. 2 Distribution of dose metrics (a CTDI,, b DLP) for each
EUCLID category with comparison between the United States (US)
and Europe (EU), showing median doses (50th percentile, black
open circle for US and gray open box for EU), and diagnostic refer-
ence levels (DRLs) (75th percentile, black circle for US and gray box
for EU). Doses were adjusted for patient size and age. a Comparison
of DRLs and median doses for CTDI,; (in mGy) between US and
Europe for each EUCLID indication. b Comparison of DRLs and
median doses for DLP (in mGy cm) between US and Europe for each
EUCLID indication.

further because the registry includes sufficient sample sizes
for each EUCLID category; sample sizes for facilities in
Japan and Israel were insufficient. The adjusted doses were
estimated via log-linear regression estimating the dose for
patients with average age and size. Bootstrapping within each
country was used to determine if the DRLs and median doses
varied by country when stratified by anatomic area. The rela-
tive DRLs and relative median doses (and 95% CI) between
the US and Europe were calculated. Analysis was done using
R version 3.6.3.

Results

A total of 3,718,217 CT scans performed between January
1, 2016, and December 31, 2019, across the 10 EUCLID
clinical indications are included (Table 1). The number of
CT scans for each indication ranged from 8,933 for hepa-
tocellular carcinoma to over 1.2 million for stroke. The
examinations were performed on 383 CT scanners across
74 machine models from the four largest CT manufacturers.
Most of the 161 participating facilities contributed to most
of the clinical indications with some notable exceptions, e.g.,
coronary calcium scoring was recorded at only 73 facilities,
coronary angiography at 66 facilities, and HCC at 19 facili-
ties. Overall 84 % of all CT examinations were performed at
the US facilities (n = 141) and 8 % at the European facilities
(n=11).

DRLs and median doses

There was greater variation for CTDI,; and DLP between
categories, as compared to within categories (p < .001)
(Table 2 and Fig. 1). Within each anatomic area, the DRLs
and median doses were significantly different across the
EUCLID categories (Table 2, Fig. 1, p < .05). For example,
in the chest the median doses for CTDI,, increased from
5.7 mGy for coronary calcium scoring to 8.0 mGy for lung
cancer, to 10.4 mGy for pulmonary embolism, to 13.3 mGy
for coronary CT angiography, reflecting more than a 2-fold
difference among the four chest categories (Table 2, Fig. 1a).
The corresponding DRLs for CTDI,; varied more than
3-fold ranging from 7.0 mGy for coronary calcium scoring

to 25.4 mGy for coronary CT angiography. Even larger dif-
ferences across these chest categories were observed for the
DRLs and median values of DLP (Table 2 and Fig. 1b). For
chest imaging, a 9-fold difference in the DRLs for DLP was
observed, ranging from 106 mGy cm [95% CI 106, 107]
for coronary calcium scoring to 935 mGy cm [95% CI 920,
949] for coronary CT angiography. The CI were narrow due
to large sample size. Within each anatomic area, the dif-
ferences between the EUCLID categories for median doses
and DRLs were significantly different (all p-values < .05).
The corresponding values adjusted for patient size changed
relatively little (supplement 1).

Comparison between US and Europe

For most (9 of the 10) EUCLID categories, after adjusting
for patient size and age, the DRLs and median doses were
significantly higher in the US (all p < .05, Tables 3 and 4,
Fig. 2a and b). The largest differences were seen for chest
CT. Using CTDI,;, pulmonary embolism had an approxi-
mately 3-fold higher dose in the US (relative median dose
2.96 [95% CI 2.92, 3.00], relative DRL 2.73 [95% CI 2.70,
2.76]), and coronary calcium scoring had an approximately
4-fold higher dose in the US (relative median dose 3.92 [95%
CI 3.85, 4.00], relative DRL 4.25 [95% CI 4.15, 4.38]). Lung
cancer had an approximately 2-fold higher dose in the US
(relative median dose 2.51 [95% CI2.50, 2.52], relative DRL
2.22 [95% C12.20, 2.24]). Coronary CT angiography had a
2-fold higher dose in the US. In the US for other categories,
the doses were modestly higher, i.e., approximately 22 to
77% higher (range in the relative median dose 1.31 to 1.67
and relative DRLs 1.22 to 1.77). US doses were comparable
or lower only for chronic sinusitis (relative median dose 1.06
[95% CI 1.05, 1.06], relative DRL 0.72 [95% C1 0.71, 0.72]).
Similar results were seen for DLP (Table 4 and Fig. 2b). For
example, pulmonary embolism had an approximately 3-fold
higher dose in the US (relative median dose 3.05 [95% CI
2.99, 3.10], relative DRL 2.89 [95% CI1 2.84, 2.94]).

The use of multiphase scanning was similar for some
indications between the US and Europe. For example, 99%
of examinations performed for hepatocellular carcinoma
use multiphase scanning in both the US and Europe. How-
ever, for other indications there were substantial differences
between US and Europe in multiphase scanning: coronary
CT angiography (66% vs 46%), colic/abdominal pain (6% vs
29%), and stroke (11% vs 18%).

Comparison with published literature
Most publications describing benchmark doses focus on the
DRLs (75th percentile). The DRLs for DLP of the EUCLID

indications of stroke, cervical spine trauma, coronary cal-
cium scoring, coronary CT angiography, and lung cancer

@ Springer
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were within the range of values reported in the literature
(Fig. 3b, supplement 2). The reported values are based on
the literature review from the EUCID study of the European
Society of Radiology and additional database research in
PubMed [24]. For several EUCLID indications, including
chronic sinusitis, pulmonary embolism, and the abdominal
imaging categories (colic/abdominal pain, appendicitis,
and HCC), the observed DRLs for DLP were higher than
reported in the literature. For CTDI, the observed values
were within published values for most EUCLID indications
(Fig. 3a, supplement 2). Only DRLs for chronic sinusitis,
pulmonary embolism, and colic/abdominal pain were higher.

Adjusted for patient age and size, US DRLs exceeded
published DRLs for 6 of 10 indications (chronic sinusitis,
cervical spine trauma, pulmonary embolism, all abdominal
indications) in terms of DLP and twice in terms of CTDI,,
(chronic sinusitis and colic/abdominal pain). European
DRLs exceeded published DRLs for DLP only for sinusitis
and colic/abdominal pain, and DRLs for CTDI,; exceeded
only for sinusitis. For 4 of 10 indications for DLP (coronary
calcium scoring, lung cancer, pulmonary embolism, HCC)
and 6 of 10 indications for CTDI,; (cervical spine trauma,
all chest indications, HCC), European doses were lower than
published DRLs.

Compared with recently published results from the
large-scale, survey-based EUCLID study on standard-sized
patients, most DRLs from the UCSF CT International Dose
Registry, which includes all patient sizes, were higher than
DRLs from the EUCLID study, except for stroke and lung
cancer [21].

Discussion

The DRLs and median doses for EUCLID indications
included in this report can be used as a starting point for
dose optimization. Because the observed large differences
across the EUCLID categories greatly exceeded the dose
differences within categories, our results support the use of
the EUCLID clinical indication-specific CT protocols, rather
than combining all indications within anatomic areas.

The advantage of these data is their large size, inclusion
of all examinations as opposed to sampled examination,
inclusion of a large number of different machine makes
and models, and representation of data from 161 imaging
facilities who participate in the UCSF CT International
Dose Registry. These data primarily reflect US practice,
and all were assembled from facilities that invested in dose
management software, which should also be mentioned as
limitations of the study. Because fewer European countries
are represented, it is impossible to know if these reflect

@ Springer

European practice more broadly or just the practice of a
small number of imaging facilities in the small number of
included countries.

The European Union has asked that member nations
locally set DRLs for CT [15]. This is based on the presump-
tion that doses vary by machine manufacturer and model
and therefore must be set in a way that takes into consid-
eration the type of equipment. We have shown previously
that within our registry, machine make and model are rela-
tively small contributors to dose variability, whereas how
machines are used and the choice of technical parameters are
the largest contributors of dose variability [4]. Thus, these
benchmarks should be relevant for most imaging centers.

The large differences in doses between the US and Europe
persisted after accounting for patient size and age. Inter-
country variability results from the way the machines are
used, the choice of technical parameters, and the decisions
that clinical staff make to alter dose levels and hence contrib-
ute to dose variation [4]. The reasons for these differences
are likely multifactorial including greater awareness of the
need to optimize dose in Europe, which is reflected by the
creation of EUCLID categories in the first place. Differences
in the usage of multiphase scanning, e.g., coronary CT angi-
ography, could reflect different practice cultures between
Europe and the US. Reducing the number of acquired series
is the easiest strategy to reduce radiation dose.

We present both DRLs and median doses for ten com-
mon clinical indications for CT, which represent the current
status quo of the used radiation doses from the participating
facilities. ICRP Publication 135 describes that DRLs are not
intended to be used as a trigger or alarm level for individual
patients and that DRLs are not limits. They can be used as
benchmarks for further investigations when a representa-
tive sample of examinations exceed the local, national, or
regional DRL value. Median doses are an additional tool
for dose optimization activities. However, if local practices
result in radiation doses far below median dose values, ade-
quate image quality should be ensured [17].

Previously published DRLs for clinical indications were
mainly from survey-based methods or from selective submis-
sion to established registries. These are likely not as accu-
rate as doses based on a comprehensive assessment such
as included in this report. Larger surveys are necessary to
account for variations based on size and variations that may
result from inclusion of a single or small number of scanners
[25]. The recently published EUCLID study is also based on
a large-scale survey that collected at least 20 CT examina-
tions of standard-sized patients from each hospital for each
EUCLID indication [21]. The differences in the DRLs of the
UCSF CT International Dose Registry and this study may
be mainly attributable to the inclusion of all patients and all
CT scans in the registry rather than only selected patients.
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The primary limitation in these data is that assignment
to the EUCLID categories may be inaccurate. We assessed
the CT doses for the EUCLID clinical indications using
data stored within the DICOM data and if these data were

non-specific (e.g., the indication was coded only as a routine
CT), we would have not been able to correctly assign the
CT to the appropriate category. The observation that all of
the facilities did not contribute to all EUCLID categories
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Fig.3 Comparison between published diagnostic reference levels
(DRLs) (a CTDI,; and b DLP) and observed DRLs in this report for
each EUCLID indication. The maximum published value is shown
with a triangle, the minimum published value with a circle (each in

gray). The observed values are shown in black circles (EUCLID).
a Comparison between published and observed DRLs for CTDI,;
of each EUCLID indication. b Comparison between published and
observed DRLs for DLP of each EUCLID indication.
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likely reflects our inability to assign some CT scans to the
appropriate category, rather than reflecting that the facility
did not performing certain types of scans. However, this
likely would have added random noise to our estimates and
thus diminished differences. Hence, differences between cat-
egories may be even greater than reported. Other limitations
include the relatively small size of the European studies, the
use of only one dose-monitoring software as data source,
and that we did not include a measure of imaging quality, as
no agreed upon measure exists.

In conclusion, dose metrics from large multi-center stud-
ies can help create representative DRLs. These DRLs can
be used for dose optimization and institutional evaluation to
examine whether institutions routinely exceed these bench-
marks. This analysis supports that the clinical indication-
specific categories provide more nuanced and accurate
reflections of dose requirements that categories based on
anatomic area alone. The provided DRLs and median doses
for the EUCLID indications can be used as a tool for defin-
ing these benchmarks. These benchmarks exceed previously
published DRLSs for some indications, perhaps providing evi-
dence that practice can be improved, and a greater standardi-
zation is needed. Similarly, the higher values for US institu-
tions also might suggest the opportunity for additional dose
reduction in the US.
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