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(Z, 2). While CT plays a crucial role in modern healthcare,
its widespread use continues to raise questions about the
magnitude of doses received and associated health risks (3—
5). CT technology has evolved considerably since its
introduction in the 1970s, resulting in faster data acquisition
and better image quality for diagnostic medical purposes.
CT doses, particularly to pediatric and adolescent patients,
have been reduced, mostly since the early 2000s when
attention was drawn to the inappropriate use of adult scan
settings (6-8), particularly with the introduction of multi-
slice CT scanners (9, 10).

Radiation protection standards continue to rely primarily
on the analyses of the Life Span Study (LSS) cohort of
atomic bomb (A-bomb) survivors (//—-13), which includes
subjects of all ages at time of exposure, who experienced
full-body, near-instantaneous exposures to high-energy
gamma rays and neutrons. This exposure situation is very
different from the much-lower-energy partial-body fraction-
ated exposures commonly received from medical diagnostic
procedures (/4-16). To elucidate the magnitude of the
actual health risk associated with CT examinations in
pediatric and adolescent patients, epidemiological and
modeling investigations have been conducted (7, 17-29).

The European Epidemiological Study to Quantify Risks
for Paediatric Computerized Tomography (EPI-CT study)
(see http://epi-ct.iarc.fr/) was designed to overcome limita-
tions of previously reported studies and increase the
statistical power of direct estimates of the cancer risks from
radiation doses associated with CT scanning in childhood
and adolescence (30).

A major aspect of the study was the improvement of dose
reconstruction. For this, we developed a comprehensive
dose reconstruction strategy and a means to estimate
uncertainty on an individual basis. This effort included
collection of relevant dose-related data, recognizing the
major difficulties arising from the very large scale and
international nature of the data (30, 3/), with an intent to
provide the best basis for retrospective evaluation of the
dose-response relationship. Data collected in the study are
also a source of key information concerning past and current
radiological practices and evolution of doses associated with
pediatric CT scanning over time (32, 33).

Within EPI-CT, CT data were collected for a total of
948,174 pediatric patients’ from Belgium, Denmark,
France, Germany, the Netherlands, Norway, Spain, Sweden
and UK. By definition, all patients have had at least one CT
scan before the age of 22 between the late 1970s, when CT
first became available, and 2014, the end of the study (37).
The aim of this work is to present the methods used to
estimate individual organ doses® and associated uncertain-
ties for the entire cohort, as well as to summarize estimated

2 The EPI-CT study assembled data on patients below 22 years of
age. They are referred to as pediatric patients throughout this article.
The mean age at first scan for the full cohort is 10 years (37).

3 Throughout this article, mean absorbed dose to specific organs is
referred to as organ doses.

doses for this cohort, which, to our knowledge, represents
the largest such dataset currently available.

MATERIALS AND METHODS
Data Collection

The EPI-CT cohort of 948,174 was constructed by extraction of
archived patient information from the Radiology Information System
(RIS) of radiology departments of the 276 participating hospitals from
the nine participating countries (3/). All personal data were de-
identified to protect patient privacy and a unique pseudo-anonymized
identification number was used at the international level. Data
collection for dosimetry consisted primarily of the following: 1.
Analyzing published national surveys; 2. Acquiring data on imaging
protocols by questionnaire (see Supplementary Material; https://doi.
org/10.1667/RADE-20-00231.1.S1); and 3. Data extraction from the
RIS and Picture Archiving and Communication System (PACS).

Data on 1,430,454 examinations were extracted from the RIS of the
participating hospitals. The RIS is devoted to administrative recording
of the radiology department activities and includes personal
identifiers, date of birth, date and type of CT examination (i.e., body
region examined). Technical parameters, including scanner model,
bowtie filter, tube potential, pitch and scan range, along with exposure
indicators such as computed tomography dose index (CTDI) and dose
length product (DLP), were not generally recorded in the RIS data.
Other sources were used for these details (see below). Recording
practices in the RIS differed substantially between time periods and
departments. For example, a CT scan with and without the use of
contrast media might be represented by one or two entries in the RIS,
depending on institutional practices and time period. We describe
methods to account for this and other uncertainties as an integral part
of our dose assessment. We used a number of sources of data on
technical scan parameters used for clinical CT scans. Wherever
possible, information was obtained for specific scan types and sub-
types (e.g., both routine head scans and head sub-regions such as
pituitary fossa or internal auditory meatus) and patient age.

The primary source of technical information was metadata from a
sample of images stored on PACS. PACS was introduced gradually in
hospitals after the mid 1990s and is now widely employed in
radiology departments. PACS allows systematic recording and
archiving of all images together with associated machine settings
recorded in the Digital Imaging and Communications in Medicine
(DICOM) header of each image. The specialized PACS data
extraction software packages, PerMoS (34) and Gladys (35), were
used to extract technical parameters from data stored in these DICOM
headers. For each CT image recorded in PACS, the software retrieved
and extracted information on CT machine model, identification and
characteristics of the patient (sex, date of birth), as well as data on the
examination itself, including scan date, protocol name indicating body
region scanned, and the machine settings selected for the examination
(e.g., kV, mA, exposure time, etc.). We did, in the extraction
algorithm, account for some missing parameters (e.g., calculation of a
missing pitch based on table feed and total collimation) and vendor-
specific information (e.g., specific code for exposure depending on
manufacturer). To respect patient privacy/data governance require-
ments, the images themselves could not be gathered, only exposure
metadata. Therefore, it was not possible to obtain patient measure-
ments, e.g., torso thickness, etc. or determine scan range in
relationship to patient anatomy. Information on height and weight of
patients was not available in either RIS and PACS datasets. Our dose
reconstruction is, therefore, based on patient age.

Data extracted from PACS for the same examinations could not be
easily linked on a one-to-one basis with data recorded in RIS because of
incompatibilities between the systems, as well as due to the mandatory
anonymization process. Links between the systems for individuals were,
unfortunately, often not kept at the hospital level. Consequently, the
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FIG. 1. Scheme of data availability and strategy for dose reconstruction. Sources of data are indicated in
dotted boxes. Arrows indicate the link between data and provide the grouping strategy to derive PDFs of the
main parameters of the protocols. For the 948,174 members of the EPI-CT cohort, a total of 1,430,454 CT
examinations were extracted for the Radiology Information System (RIS). In parallel, technical information
could be extracted from the Picture Archiving and Communication System (PACS) for 437,249 individual scans,
of which only 30,000 could be identified in the RIS dataset.

PACS dataset was not used at the individual patient level but was the
primary data source to generate the imaging protocols for a range of
patient ages, CT machines, and associated time periods and types of
examination. Linkage between PACS and RIS data was only possible
for a relatively small subset of CT scans (30,000).

PACS data were only available for scans performed after 1995. For
earlier scans, we obtained information on scan parameters from national
surveys of CT practice in the UK (36) and Norway in the 1980s and
early 1990s (32, 37). In addition, a questionnaire was sent to each
participating radiology department to collect information required for
dose reconstruction, in particular, machine type and associated imaging
protocols used within defined time periods for common pediatric
examinations (head, chest, abdomen/pelvis*) (See Appendix 1 in
Supplementary Material; https://doi.org/10.1667/RADE-20-00231.1.
S1). The parameters of primary interest were those necessary for dose
calculation: peak tube potential (kV), the tube current-time product
(mAs), choice of field of view (FoV) associated to bowtie filter, (head
or body), and scanner pitch. The questionnaire requested the historical
imaging protocols used for 5-year-old children, although detailed
protocols for other age groups (or for different body weight groups)
could also be included by the participating hospital.

Protocols derived from national surveys, questionnaire and PACS
data were the initial steps to the dose-estimation strategy implemented
in EPI-CT. The strategy and process to generate imaging protocols and
estimate doses based on collected information is shown in Fig. 1.

NCICT Organ Dose Calculator

The National Cancer Institute Dosimetry System for CT (NCICT, a
CT organ dose calculator), version 1.0 (38—40) (https://ncidose.cancer.

4 The body region exposed in abdominal CTs included the pelvic
region to be representative of the practice. However, pelvic
examinations are still considered separately as they might be
performed in specific conditions without any interest to the upper
abdominal region.

gov/#ncict), was selected as the most appropriate CT organ dose
calculator (47). NCICT provides estimated organ doses from lookup
tables of CTDI,, -to-organ dose conversion coefficients derived from
Monte Carlo radiation transport calculations combined with a library
of hybrid phantom models developed by the University of Florida/
National Cancer Institute and the International Commission on
Radiological Protection (ICRP) (42, 43). The use of these anatomi-
cally realistic phantom models gives NCICT an advantage over other
lookup table-based dose calculators such as CT Expo (44) and
ImPACT (45), which use simpler, mathematical phantoms based on
the Oak Ridge National Laboratory (ORNL, Oak Ridge, TN) model
(46). The validity of NCICT was determined by experimental
measurements reported by Dabin et al. (47) using a physical phantom
representing the body size of a 5-year-old child and five different
scanner models [Siemens Somatom Emotion 6 and 128 row Definition
Flash (Malvern, PA), Philips Brilliance 64 (Andover, MA), 80-slice
Toshiba Aquilion Prime (Tustin, CA) and 64-slice GE LightSpeed
VCT (Waukesha, WI). Variation in dose estimates between NCICT
and experimental measurements were within +20% for most organs.

If CTDI,, was not available, which was the case for the vast
majority of examinations, NCICT estimated this figure based on the
combination of kV and mAs using a scanner manufacturer and model-
specific library of conversion coefficients (39). While the simulation
library of NCICT was derived for one reference scanner (Siemens
SOMATOM Sensation 16), the software takes advantage of the well-
benchmarked assumption that organ doses estimated for one CT
scanner can be converted into organ doses for another CT scanner
using the ratio of the CTDI,,, between the scanners (38, 47—49).

In the NCICT version available at the time of the project, the organ
dose calculation was possible for 12 phantoms (females and males,
each for six ages: newborn, 1-, 5-, 10-, 15-year-old and adult).
Interpolations of phantoms based on typical height for a given age and
sex (from O through 20 years, male and female) was performed to
allow matching (to the nearest rounded year of age) between each

5 CTDIlvol: volume Computed Tomography Dose Index.
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FIG. 2. Definition of scanned body regions with start and stop landmarks for the main examination types in
two representative age groups: 1 year (left panel) and 15 years (right panel). Measurements are in cm, from the

top of the head.

subject in EPI-CT cohort and the most representative phantom (age-
specific phantom). Based on the 12 existing phantoms (six ages and
two sexes), interpolation was made so that each 1-cm slice of the
reference phantom has a corresponding slice in younger and older
phantoms. Since information on patient height and weight was not
usually recorded in the RIS or PACS databases, the selection of a
specific phantom, based on patient age, was a surrogate of expected
body size (where height and weight are recorded, these figures are
often based simply on values stated by parents and are thus not
particularly reliable). Potential error in dose estimation due to
variations in human morphometry from the assumed body size
(including variation in fat distribution and organ shape) was not
included in the uncertainty analysis at this stage.

NCICT provides dose estimates as a function of the following input
parameters: age and sex of the patient; body region scanned (identified
by the scan start and stop landmarks measured in cm from the top of
the head); scanner manufacturer and model; imaging protocol
parameters with separate entries for kV, mAs, choice of field of view
(FoV) associated to bowtie filter (head or body), and scanner pitch.
NCICT does not incorporate gantry tilt; zero gantry tilt is, therefore,
assumed for all scans.

Doses were estimated in this study using the NCICT for 33 organs
and tissues. For space considerations, organs of high relevance in the
context of childhood exposure are presented in the main text. Because
children are generally more radiosensitive to induction of leukemia,
thyroid, breast and brain cancer and frequently at higher risk of
developing cognitive effects, thyroid nodules and cataracts (50, 51),
we present dose estimates for active bone marrow, brain, eye lens,
thyroid and female breasts. Doses to other organs are provided in the

Supplementary Material (Appendix 2; https://doi.org/10.1667/RADE-
20-00231.1.S1).

In the NCICT, the arms and hands of phantoms are removed (Fig.
2) to realistically simulate the arms-raised posture in body CT scans.
This does not appreciably affect estimation of doses to bone marrow
since only a small fraction of active marrow in pediatric patients is
found in the forearms or distal humerus and thus exposed in CT
examinations of the elbow, wrist or hand. For completeness, however,
we calculated bone marrow doses in upper limbs by substitution (for
example, ankle doses were used to estimate marrow doses to the
wrist), using the fractions of active marrow in the two anatomical
zones under comparison. Complementary to Fig. 2 is Table 1, which
presents the proportion of the total-body active marrow within the scan
region specified by start and end points and by age (42). Note that the
proportions of active marrow in the specified body regions sum to
more than 100% because some of the scan ranges overlap.

Two-dimensional Monte Carlo (2DMC) Method for Dose
Reconstruction, Error Propagation and Uncertainty Estimation

In this study, dose estimation and uncertainty estimation were
intimately connected steps which are described in detail below. Here,
we define uncertainty to be the lack of knowledge about the true dose
though, as explained here, we evaluated uncertainty for the entire
distribution of doses for the cohort as well as on the individual patient
level.

Numerous parameters necessary for organ dose reconstruction (e.g.,
machine used, machine settings, the number of scans per examination,
etc.) were missing for most patients. Our approach to dose estimation,

TABLE 1
Proportion (%) of Active Bone Marrow by Scanned Body Region and Six Age Categories (42)

Head Neck Chest Abdomen and pelvis
Scan Scan Scan Scan Scan Scan Scan Scan
Age category  Start (cm)  Stop (cm) %  Start (cm)  Stop (cm) %  Start (cm)  Stop (cm) %  Start (cm)  Stop (cm) %
Newborn 1 12 28 8 14 16 11 25 31 18 35 27
1 year 1 17 34 9 20 15 17 35 32 27 49 32
5 year 1 20 35 9 23 14 20 43 27 33 62 33
10 year 1 20 19 9 24 9 22 49 36 38 76 47
15 year 1 21 12 11 28 7 24 58 35 45 87 60
Adult 1 23 5 11 28 5 24 60 40 46 93 64
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FIG. 3. Diagram illustrating selection of parameter values by the 2DMC method. The PDFs represent the
machine settings for Toshiba Aquilion 4/group 2 (multislice CTs with 2—4 slices) for chest examination of 5-
year-old subjects (body FoV) after 2000. Row A: PDF for the tube voltage (kV). Row B: PDF for mAs. Row C:

PDF for the pitch.

which inherently accounts for uncertainties due to missing and
uncertain data, is the two-dimensional Monte Carlo (2DMC)
simulation method (47, 52), accommodating varying degrees of
availability and uncertainty of data, by country and time period.

The 2DMC method was designed to manage shared and unshared
uncertainties and to produce sets of doses, each set called a realization
and having a single estimate of dose to each organ for all cohort
members. In the 2DMC method, uncertainty is represented not by
deriving possible alternative doses on an individual subject basis but
rather, by deriving alternative sets of doses for the entire cohort. This
strategy correctly maintains inter-individual correlations because of
exposure attributes shared among subgroups of patients (e.g., having
been scanned in the same hospital). All realizations can be considered
as a surrogate of true doses for the cohort, to evaluate and find the
most significant dose-response relationship.

As noted, emphasis was on sampling parameters for the entire
cohort, which maintains proper correlations among persons within
subgroups who shared similar attributes. Each missing dosimetric
parameter was derived from a probability density function (PDF)
representative of the state of knowledge for the appropriate time
period. The PDF for each missing parameter was built from the
available data (obtained from PACS, surveys and questionnaire),
based on thorough analysis of the data and appropriate grouping, as
described in the sections below. A PDF provides the relative
likelihood for any sampled value to equal the true value of the
variable. For example, the distribution in each national cohort was
used to derive the PDF to be used in case of missing information on
sex. A typical PDF for sex is 0.56 male and 0.44 female (3/).
Following the PDF, a patient with unknown sex has a probability of
0.56 to be male and 0.44 to be female. Figure 3 provides another
example of derived PDFs for parameters associated with the use of a
given machine (Toshiba Aquilion), for chest CT on a 5-year-old child.

For each realization, a complete set of parameters was produced for
all members of the entire cohort: Values of parameters shared among
members of a subgroup (for example, the CT machine in use in a
given hospital for a given time period) were sampled once from the
appropriate PDFs for the entire subgroup, while unshared dosimetric

parameters (for example, anatomical area explored) were sampled
from the relevant PDFs on an individual basis for each CT scan. This
sampling scheme maintains proper inter-individual correlations (Table
2) and is the basis of the 2DMC method.

The implementation of the 2DMC method in the EPI-CT study
generated 200 realizations of the input parameters to be used to
estimate 200 realizations of doses using NCICT. Each realization
contains a single set of parameters for each of the 1.4 million
examinations under investigation in EPI-CT, as well as the doses
estimated for 33 organs using on NCICT (38) based on that set of
parameters. The sections below provide a description of the sources of
uncertainty and the methodology for producing PDFs for the various
parameters sampled in the 2DMC modeling process (52).

Examination Type and Exposed Body Region

Examination names referring to body regions recorded in RIS and
PACS were assigned using a hierarchical classification system of
common CT radiological procedures and scanned body regions, as
defined by the EU ““Dose Datamed’” projects (53, 54) (see Table 3),
with head CTs, for example, divided into ‘‘skull and facial bones’,
“brain”’ and ‘“‘head soft tissues’”, with finer descriptions in each
category (orbits and petrous bones belonging to “‘skull and facial
bones’”). A PDF of exposed body regions was generated for each
hospital for sampling by the 2DMC in each realization. This was used
when data on examination type were missing or not classifiable.

For each body region in the classification (scan type and sub-type),
scan start and end positions were assigned to the phantoms in the
NCICT dose calculator. A correct assignment is important because the
defined body region directly affects the portion of a given organ, and
sometimes an entire organ, that is assumed to have been exposed. To
assist in this determination, a panel of eight pediatric radiologists and
radiographers from six European countries individually assessed
typically used anatomical landmarks as start and end points to
determine the body regions of interest for each of the 91 anatomical
zones considered and the six reference ages. Anatomical regions from
these six ages were then manually rescaled onto each of the age-
specific male and female phantoms.
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TABLE 2
Characteristics of Main Sources of Uncertainties and Methodology Applied within the 2DMC

Missing parameter Strategy Shared/unshared
Patient data
Sex PDF derived from National distribution Unshared
Examination type PDF derived from distribution at the level of hospital Unshared
Exposed body region Typical start and stop landmarks by examination type/body region and age (expert Shared + individual
judgement) £1 cm variability
CT machine
No. of CT rooms in a  PDF derived from international distribution of number of rooms per hospital for two time  Shared
given hospital periods (pre- and post-2001)
Machine (manufacturer PDF derived from national (or international) distribution of machine used in any given Shared
and model) year
Remaining years of use PDF derived from international distribution of number of remaining years of usage for two  Shared
time periods (pre- and post-2001)
Protocols
kV PDF derived by group of machine, examination type/body region (and age in later years) Shared
mAs PDF derived by group of machine, examination type/body region, age (in later years) and  Shared
kV
Pitch PDF derived by group of machine, examination type/body region, age (in later years) and  Shared
kV
FoV (bowtie filter) 16-cm head filter assigned to all head scans and 32-cm body filter assigned to all body Shared
scans except for newborns, where a 50% chance of use of the 16-cm considered for all
body regions and 100% considered for head and neck
No. of scans PDF of “‘number of scans per examination”, specified by body region: 60 to 90% for Unshared

single scan, 15 to 25% for two scans and 2 to 15% for more than two. If one or two
entries in RIS for the same patient, body part and day, a maximum of four scans per
examination allowed. If more than two entries in RIS, up to 10 scans per examination

From the review with two medical physicists,® the scan start and end
anatomical landmarks were refined to account for the following: 1.
The fact that CT radiographers tend to increase the scan length to
ensure that the radiologists are provided with the image they need for
appropriate diagnosis; and 2. Over-scanning in helical CT (one
additional helix performed automatically for image reconstruction).
We therefore assumed a typical scanned region of the body to be equal
to the maximum length derived by the panel of radiologists and
radiographers (i.e., from the minimum start to the maximum end
position), allowing for random variation of a maximum of =1 cm
(with equal probability of values) on both ends of the scan (start and
end) to account for the variability among patients, examinations and
radiographers. Figure 2 shows, as examples, the typical start and end
landmarks for head, neck, chest, abdominal/pelvic examinations for a
1-year-old child and a 15-year-old adolescent.

Machine Types and Associated Protocols

CT machines. The manufacturer and model of the CT machine used
to perform each specific examination is well documented in the PACS
dataset. This information was used to complement the information
collected from hospital questionnaires or national surveys. When
several machines were reported for a given hospital and time period, it
was assumed that several CT rooms were available. We then
considered that patients with examinations reported in the RIS could
be scanned with equal probability with any of the available machines.

When no information on machine type used in a specific hospital
for a given time period was available in either the questionnaire/
surveys or PACS data, the distribution of machine types used in other

6 Regular meetings and discussions between Isabelle Thierry-Chef,
Steven L. Simon and the medical physicists (Carlo Maccia and
Francoise Malchair) were organized to review both the set of
collected data and derived PDFs for interpretation based on their
long-standing experience in quality control and calibration of
diagnostic imaging modalities in many different hospitals in Europe.

hospitals in the same country (or in the absence of national data, the
international distribution) and in the same time period was used to
construct a PDF from which the machine type was sampled.

In the case of missing information on machine type, the number of
CT machines available in the hospital, equivalent to the number of CT
rooms, was also unknown. For smaller hospitals, scanning less than
400 pediatric patients in a single year, we assumed that only a single
CT machine was available. For larger hospitals scanning more than
400 patients in any given year, we sampled the number of CT rooms,
allowing for up to three CT rooms per hospital prior to 2001 and up to
six CT rooms in subsequent years. The selection of the number of
rooms was based on a PDF of the number of CT rooms per hospital
derived from PACS and questionnaire data.

When the duration of usage of a CT machine in a particular hospital
was unknown, we estimated a period of use for that machine based on
available data on duration of use of machines in all participating
hospitals and countries. Prior to 2001, the remaining time of use of a
CT machine could vary in the Monte Carlo sampling from one year to
15 years (at very low probability for these two extreme cases) with a
maximum probability for usage time of 10 years. After 2001, the
remaining time of use had a maximum of 11 years and a high
probability around four years.

To generate PDFs for imaging protocols, we grouped the CT
machines reported to have been used in participating hospitals into
eight categories based on the number of slices imaged per rotation.
The number of slices increased with time and represents the evolution
in CT imaging technology. The first category included specific models
of single-slice CT scanners which were used exclusively prior to 2001
and for which we found no evidence of use after 2001 in the PACS
dataset (i.e., no protocol data for those models were available in the
PACS dataset). Other models of single-slice CT scanners (used before
and/or after 2001 with some data represented in the PACS dataset)
were grouped together and the subsequent generations of CT machines
were grouped as follows: 2—4 slices; 8-10, 16, 32, 64 and >64. The
strategy we implemented for dose estimation, as discussed in the next
section, was based on the assumption of a continuous introduction of
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TABLE 3
Classification of CT Examinations based on EU Report RP154 (53)
Region of body Part of Body Specific exams and organs
Code Name Code Name Code Name
1 Head 11 Skull and facial bones 111 Skull
112 Orbits
113 Temporal bone/petrous bone
114 Temporal-mandibular joint
115 Sella turcica
116 Face
117 Dental
12 Brain 121 Brain
122 Cerebrum
123 Posterior fossa
124 Brain vascular
125 Pituitary gland
13 Head soft tissues 131 Sinus
132 Internal auditory meatus
133 Nasal cavity
134 Mouth
2 Neck 21 Cervical spine 211 Cervical spine
22 Neck 221 Larynx
222 Pharynx
223 Neck vascular
3 Chest 31 Thoracic spine 311 Thoracic spine
32 Chest/thorax 321 Mediastinum
322 Heart
323 Thoracic aorta
324 Lungs standard
325 Lungs high resolution
326 Lungs low dose
327 Lungs vascular
4 Abdomen 41 Lumbar spine 411 Lumbar spine
42 Abdomen 421 Full abdomen
422 Upper abdomen
43 Liver, pancreas and kidneys 431 Liver/pancreas
432 Kidneys/Supra-renal glands
5 Pelvis 51 Pelvic bones 511 Hip/pelvic bone
512 Sacrum/coccyx
513 Sacro-iliac joint
52 Pelvimetry 521 Pelvimetry (obstetric)
53 Pelvis 531 Pelvis (soft tissues/vascular)
6 Limbs 61 Limbs 611 Shoulder
612 Arm
613 Elbow
614 Wrist
615 Hand
616 Leg
617 Thigh
618 Knee
619 Lower leg
620 Calcaneum
621 Ankle
622 Foot
623 Several limbs
7 Multiple regions 71 Head + neck 711 Supra-aortic trunks
72 Neck + chest 721 Clavicle/collarbone

73 Neck + chest + abdomen 731 Whole spine
74 Neck to pelvis

75 Chest + abdomen 751 Thoracic lumbar spine
76 Chest + abdomen + pelvis

77 Abdomen + pelvis 771 Uroscan

78 Whole body 781 Head to thorax

782 Head to abdomen
783 Head to pelvis
79 Other combinations
8 Not classifiable
9 Missing values
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TABLE 4
Summary Information on Data Collected for Dose Reconstruction (in Numbers)
RIS data PACS data
Country Hospitals ~ Patients  Examinations®  Questionnaire type data” Period Hospitals  Individual scans Period
Belgium 2 10,074 14,204 7¢ 2001-2012 2 9,708 2001-2014
Denmark 6 17,696 33,006 0 1999-2013 1 3,755 2006-2012
France 23 119,399 171,696 23 2000-2011 10 12,143 2004-2014
Germany 20 47,096 71,559 3 1983-2010 19 73,584 1996-2013
Netherlands 43 148,135 217,799 3 1979-2014 22 104,594 1995-2010
Norway 27 77,252 139,563 453 1980-2012 15 93,227 2001-2014
Spain 35 84,592 121,113 12 1991-2013 9 115,264 2000-2015
Sweden 28 121,805 185,460 20 1977-2013 1 16,835 1999-2011
UK 91 322,125 476,054 72 1985-2013 3 8,139 2000-2013
Total 276 948,174 1,430,454 185 1977-2014 63 437,249 1995-2014

“ It should be noted that an examination may consist of one or more scans.
» Number of hospitals providing ‘‘questionnaire’” type data (i.e., any type of information provided for a given hospital, mainly information on

the machine type used was available).
¢ Includes data from non-participating hospitals.

new technology over time rather than on specific time periods for each
type of machine with explicit cut-off dates for their use.

Imaging protocols and CT machine settings. An imaging protocol is
a set of machine exposure settings selected by the radiographers
performing each CT examination. The PDFs of machine settings from
which values are sampled in the 2DMC process were derived using
data collected through the national surveys and from the 437,249
individual scans recorded in the PACS (Table 4). The PDFs for each
machine setting were generated based on: 1. the category of machine
types, as discussed above; 2. the categories of examination: Head and
neck, chest, abdomen/pelvis, pelvis, limbs and scans of multiple body
parts; and 3. six age groups: Newborn (0-3 months), 1 year (4-30
months), 5 years (31-90 months), 10 years (91-150 months), 15 years
(151-210 months), and adult (>210 months).

Imaging protocols obtained from pre-existing national surveys were
used to generate PDFs of machine settings for the first category of
machines (used exclusively prior to 2001). Norwegian protocols based
on data collected in 1993 (32, 37) were combined with information
obtained in the UK in 1989 (36). For the more recent time periods,
imaging protocols were derived from the PACS dataset.

Imaging protocols were generated, by examination type, for the
machine used in a given hospital/CT room with an additional
distinction made by time period: 1. years when identical values of kV,
mAs and pitch were used for all patients being scanned (i.e., similar
protocols were used for adults and children); and 2. years when
identical values of kV, mAs and pitch were used for all patients within
each age category, effectively representing the introduction of age-
specific protocols. Based on expertise and a recently published
evaluation by Lee et al. (55), the introduction of pediatric (age-
specific) protocols was simulated in our analysis by a step-wise
increase in the proportion of hospitals having begun using pediatric
protocols and automatic exposure control (56, 57). The step-wise
increase was assumed to become effective after 1995 and was modeled
as a 5% increase in 1996, 10% in 1997, then increasing by 10% per
year to 90% in 2005, and tapering to 95% in 2006 and afterward. In
this process, 2001 was the year we assumed that one half of the
hospitals had introduced pediatric protocols (58).

Imaging protocols were applied to individuals according to
examination type and age (after a given date, as described above),
for the machine used in the corresponding hospital room at a specific
time period. For each of the 200 realizations of the dose, the
parameters of kV, mAs, pitch and choice of one of the two types of
bowtie filter (head or body) were sampled from the appropriate PDF,
according to machine category (Fig. 3). In the sampling process of the
2DMC, the value of kV was selected first and values for mAs and
pitch were selected as a function of the kV to ensure that appropriate

correlations were maintained. In the absence of any information on the
dimension of the bowtie filter used to shape the X-ray beam, we
assigned the filter matching a 16-cm-head phantom for all head
examinations and the filter matching a 32-cm-body phantom for body
examinations. For newborns, recommendations were to use the 16-cm-
filter irrespective of the examined body region. However, this practice
was not always followed at the participating hospitals and a 50%
chance of use of the 16-cm filter was, therefore, assumed for all body
regions except head and neck (where 100% was assumed).

Scan vs. Examination of A Given Body Region

This study differentiated between scans and examinations: a scan is
defined as a single pass through the CT machine. In contrast, an
examination may consist of one or more scans, e.g., when images are
needed before and after contrast media injection.

For the vast majority (94%) of data recorded in RIS, there was only
one entry in RIS for the same patient, the same body region and the
same examination date. However, approximately 5.5% of the records
included two entries, with the same body region examined on the same
day and 0.5% had more than two identical entries. The latter situation
with more than two entries could be due to several possible scenarios:
1. CT examinations comprising multiple scan phases, e.g., pre- and
post-contrast agent administration; 2. recording of additional post-CT
reconstructions with no additional dose; 3. Non-radiation events such
as administration of sedation or contrast media; or 4. Recording errors.
The percentage of multiple entries for a given body region per day
varied widely by hospital and year. Contact was made with local
radiographers to investigate whether the recorded scans were real or
artefactual, with particular attention on hospitals with much higher
average number of multiple entries per day than elsewhere. The
information obtained was discussed by a task group of dosimetrists
and medical physicists and led to the implementation of a strategy to
account for the possibility of multiple scans per examination within
the uncertainty component of the dose estimation. Identified duplicates
were removed from the dataset and remaining entries in the RIS were
all assumed to be performed as a single scan. Total dose for each
examination (dose per examination) was estimated as the dose for one
single scan (dose per scan) multiplied by a factor to account for
uncertainties on both: 1. multiple scans per examination (for example
use of contrast media in a second scan); and 2. multiple examinations
on the same day [Eq. (1)].

(Drg), = (Drs), *xi, (1)

where: (Drr); is the absorbed dose (mGy) to a tissue or organ per
examination in a given realization; (D; ), is the absorbed dose (mGy)
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to a tissue or organ per scan per realization; and x; is a random variable
representing the number of scans (per examination or in total for
multiple examinations on the same day).

For each realization of dose calculation [see Eq. (1)], the number of
scans per examination was sampled from the related PDF. The PDFs
of “‘number of scans per examination” were specified, by body
region, as reported by Olerud et al. (32) for the early years and derived
from the PACS dataset for more recent time periods (noting that the
number of scans per examination in the Norwegian PACS dataset is
comparable to the number in the international PACS dataset). In both
time periods, 60 to 90% of the examinations were performed with a
single scan, depending on the body part under investigation. Two
scans per examination represented 15-25% of the examinations in the
PACS dataset, and the remaining examinations with more than two
scans represented between 2% to 15% of the examinations. When
there were either one or two entries in RIS for the same patient, body
part and day, a maximum of four scans was allowed in the sampling.
In contrast, when there were more than two entries in RIS for the same
body part performed in one day, up to 10 scans were allowed in the
simulation, for the more recent time periods, as found in the PACS
dataset (PDFs of the number of scans per examination for main
examination types are provided in Appendix 3, Supplementary
Material; https://doi.org/10.1667/RADE-20-00231.1.S1).

A useful dose metric for presentation purposes is the mean dose in
organ T per scan averaged over all realizations, i.e., the arithmetic
average of the n alternative values of dose (n = 200 realizations) for a
single scan [Eq. (2)] produced using the 2DMC methodology (52).

Drs = %i(Dr,s),-7 (2)

i=1

where Dr, g is the arithmetic average over n realizations of absorbed
dose (mGy) to a tissue or organ per scan, and (Dy); is the absorbed
dose (mGy) to a tissue or organ per scan for each realization (7).
The mean organ dose per examination for each subject was also
determined [see Eq. (3)], accounting for multiple scans per
examination by sampling from the time-specific x; distributions.

— 1 &
Dre = - Z (Drs); * xi, (3)

i=1

where Dy is the arithmetic average over n realizations of absorbed
dose (mGy) to a tissue or organ per examination, and (D), is the
absorbed dose (mGy) to a tissue or organ per examination for each
realization (i) with x; being the random variable representing the
number of scans (per examination or in total for multiple
examinations).

Validation of the Method and Doses

A number of important validation methods were designed and
implemented to ensure reliability of dose estimation in the EPI-CT
study. As noted, PDFs of protocols were derived from data abstracted
mainly from the PACS database and national surveys. The process of
combining the range of abstracted X-ray machine settings to define
protocols could sometimes lead to combinations of parameters that are
unsuitable or unlikely. A thorough review of all the X-ray machine
parameter combinations that were part of defined protocols was
conducted. This process led to the removal of some combinations of
parameters that were unlikely to ever be used together and might,
therefore, result in unrealistically small or large doses. In addition, we
also performed dose range checking (i.e., a manual or automatic
search of doses less than, or greater than established norms), with
assistance from graphical analysis of simulation results. These were
useful to identify unrealistic calculation results which were removed
by prohibiting the code from allowing those imaging parameters to be
combined together into a protocol.

Dose estimates were also validated through the following: 1. An
internal comparison between doses estimated using the 2DMC
methods described above and those estimated using detailed
procedure-specific exposure data recorded in PACS; and 2. External
comparison with previously published figures.

RESULTS

Table 4 provides a summary of data collected and used
for dose reconstruction. The participation rate to the
questionnaire survey was low (21%), mainly providing
information on CT manufacturer and models used (94% of
the completed questionnaires), referring to recent time
periods even though the main objective was to obtain
information on past practice. Only 23% of the participating
hospitals provided information on machine settings, which
were mostly limited to protocol for one of the main
examination types (head, chest, abdomen/pelvis or others)
and one age group. More informative than information
collected via questionnaire, were the published results from
national surveys and the detailed individual PACS data for
437,249 individual scans which were used to generate
imaging protocols for CT examinations.

Distribution by Age and Exposed Body Region

A detailed description of the cohort has been published
elsewhere (3/) and Fig. 4 provides complementary data on
the distribution of the number of patients by age at first
examination. Subjects exposed in mid-teen years (~15-year
age group) and pre-teen years (5—10-year age groups)
constituted the largest proportion of the cohort. As can be
deduced by comparison of Figs. 4 and 5, some study
subjects received more than one CT examination, with an
overall average of approximately 1.5 CTs per subject.
Details on the number of CT exams by body region are
shown in Fig. 5. The predominant body part scanned was
the head, representing, together with neck examinations,
approximately 81% of all examinations. CT scans of the
chest (13%) and abdomen/pelvis (9%) were the next most
frequent examinations.

Primary Dose Findings

In this work, three summaries of estimated CT doses are
presented, 1. organ dose per scan; 2. organ dose per
examination; and 3. the overall distribution of individual
cumulative organ doses, in the EPI-CT cohort subjects.
Estimates of dose per scan are presented in the tables and
are useful for describing the temporal pattern of typical
organ doses to pediatric patients in the participating
hospitals of nine European countries from single CT scans,
beginning in the late 1970s until 2014. A summary of
estimates of dose per examination, accounting for multiple
scans per examination as explained above, are presented in
the figures. Finally, a summary of the distribution of
cumulative doses among the EPI-CT study subjects is
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FIG. 4. Number of study subjects by age group [newborn (0 to 3 months of age), 1 year (4-30 months), 5
years (31-90 months), 10 years (91-150 months), 15 years (151-210 months) and adult (>210 months)] and

examination year.

provided in the form of histograms and cumulative
probability plots.

Whereas our dose reconstruction strategy is based on
continuous introduction of new technology over time rather
than on specific time periods, our findings are presented, for
clarity, for three time periods (prior to 1991, from 1991
through 2000 and from 2001). The year 2001 should also
not be viewed as an explicit beginning date for the use of
pediatric protocols since the introduction of pediatric
protocols in participating hospitals was simulated, as
discussed above, in a smooth fashion with increasing
proportion of hospitals using pediatric protocols over the
period 1996 to 2006.

Tables 5-12 summarize estimated organ/tissue doses
from scans of individuals for five target tissues (active bone
marrow, brain, eye lens, thyroid and female breasts) by scan
type (i.e., body region: head scan, chest scan, abdominal/
pelvic scan). Since doses vary by body region scanned,
there are three tables on dose for active bone marrow (head
scan, chest scan, abdominal/pelvis scan) and two tables for
dose to the thyroid gland (head scan and chest scan). Within
each table, doses are summarized for the combination of the

six age groups and the three time periods defined earlier so
that both age-related and temporal changes can be observed.

The dose data presented in the tables on individual scans
(as opposed to examinations) should be understood to
represent statistical summaries of average organ-absorbed
doses per scan for the number of persons in the subgroup
described (e.g., newborn prior to 1991, newborn 1991-
2000, newborn after 2001); i.e., they are the arithmetic
average of the mean dose (5775) for each individual
determined from 200 realizations. The variability of the
estimated doses per scan among members of the defined
group is represented by the 2.5 and 97.5 percentile values,
standard deviation and coefficient of variation (CV)
whereas the average individual uncertainty is presented as
the group (age category and time period) average of the
individual geometric standard deviation values (GSD)’
where each GSD is determined for each subject from their

7 Geometric standard deviation is used as a measure of dispersion
of data in which logarithms are normally distributed (log-normal
dispersion). The geometric standard deviation is calculated as the
exponentiated value of the standard deviation of the log-transformed
values.
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TABLE 5
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Summary Statistics on Mean Active Marrow Dose (mGy) from Single Head Scans to Six Age Groups [Newborn = 0-3
Months; 1 Year = 4-30 Months; 5 Years = 31-90 Months; 10 Years = 91-150 Months; 15 Years = 151-210 Months;
Adults = >210 Months, for Three Time Periods (<1991, 1991-2000, and >2001)]

<1991 1991-2000 >2001

<1991 1991-2000 >2001

<1991

1991-2000 >2001

Newborn 1 Year 5 Years
N 3,160 12,448 31,551 7,896 35,049 101,124 8,911 43,372 124,962

Variation of arithmetic mean dose among sub-cohort members

2.5-97.5% 9.7-20  10-25 59-20 94-20 79-25 5321 6.1-17 5.4-21 4.4-19

Median 16 16 12 16 16 13 13 13 12

Mean 15 16 12 15 16 13 12 13 12

Standard deviation 2.6 4.0 4.0 2.8 4.2 4.1 3.0 4.0 4.0

Coefficient of variation (%) 17 25 32 18 26 32 25 32 34
Individual uncertainty from the 200 realizations

Sub-cohort mean geometric standard deviation 1.9 2.0 23 1.9 2.0 2.3 2.0 2.0 24

10 Years 15 Years Adults
N 8,984 47,085 113,738 9,994 49,767 151,585 3,840 33,743 88,904

Variation of arithmetic mean dose among sub-cohort members

2.5-97.5% 3.6-11 3.0-12 22-13 2.0-6.6 20-75 12-7.1 09140 1.1-44 0.71-43

Median 7.3 7.3 7.4 4.3 4.5 44 2.5 2.5 2.6

Mean 7.3 7.5 7.4 4.3 4.6 4.4 2.6 2.6 2.6

Standard deviation 2.0 2.5 2.8 1.2 1.4 1.5 0.7 0.8 0.9

Coefficient of variation (%) 28 34 38 28 31 35 27 32 35
Individual uncertainty from the 200 realizations

Sub-cohort mean geometric standard deviation 1.9 1.9 2.4 1.9 1.9 2.2 1.9 2.0 2.2
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TABLE 6
Summary Statistics on Mean Brain Dose (mGy) from Single Head Scans to Six Age Groups in Three Time Periods
(<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001

<1991 1991-2000 >2001 <1991 1991-2000 >2001

Newborn 1 Year 5 Years
N 3,160 12,448 31,551 7,896 35,049 101,124 8911 43,372 124,962

Variation of arithmetic mean dose among sub-cohort members

2.5-97.5% 24-57 22-66 13-57 22-48 18-59 12-50 21-46 18-58 16-52

Median 46 44 34 39 38 32 37 37 35

Mean 45 44 35 37 39 32 36 37 35

Standard deviation 9.0 12 12 7.4 10 10 6.8 10 9.6

Coefficient of variation (%) 20 27 34 20 27 32 19 27 28
Individual uncertainty from the 200 realizations

Sub-cohort mean geometric standard deviation 2.0 2.0 24 2.0 2.0 23 1.9 1.9 24

10 Years 15 Years Adults
N 8,984 47,085 113,738 9,994 49,767 151,585 3,840 33,743 88,904

Variation of arithmetic mean dose among sub-cohort members

2.5-97.5% 21-44 19-56 11-54  19-42 18-52 9.8-47 19-39 16-52 11-47

Median 37 37 37 34 36 35 33 34 33

Mean 35 36 36 33 35 33 32 34 32

Standard deviation 6.5 9.3 10 6.6 8.3 9.3 5.3 7.9 8.3

Coefficient of variation (%) 19 25 28 20 24 28 16 23 26
Individual uncertainty from the 200 realizations

Sub-cohort mean geometric standard deviation 1.9 1.8 2.3 1.9 1.9 2.2 1.9 2.0 2.2

200 realizations. All doses in the tables are presented to two
significant digits to represent the limits of the state of
knowledge of the dose reconstruction.

Organ doses per scans. Organ dose data are presented in
descending order of position in the body (from head to
abdomen/pelvis). Here, “‘mean dose’ refers to the arithme-
tic average of 200 realizations for an individual while *‘sub-
cohort mean’’ refers to the arithmetic average of the mean
doses for all subjects within the group described.

Table 5 presents summary data on active bone marrow
dose from head scans. The mean active marrow dose per
head scan ranged from 0.91 to 20 mGy before 1991
depending on the age, from 1.1 to 25 mGy for 1991-2000,
and from 0.71 to 21 mGy after 2001. The sub-cohort mean
dose per scan decreased over time by approximately 25%
for the youngest ages and remained generally constant over
time for adults. The variability, expressed by coefficient of
variation, of the active marrow doses per head scan within a

TABLE 7
Summary Statistics on Mean Eye Lens Dose (mGy) from Single Head Scans to Six Age Groups in Three Time Periods
(<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001

<1991 1991-2000 >2001 <1991 1991-2000 >2001

Newborn 1 Year 5 Years
N 3,160 12,448 31,551 7,896 35,049 101,124 8911 43,372 124,962

Variation of arithmetic mean dose among sub-cohort members

2.5-97.5% 28-59 32-79 22-62  25-52 28-70 22-57  25-53 28-71 24-63

Median 53 53 38 47 47 37 47 48 43

Mean 51 52 40 45 47 38 45 48 44

Standard deviation 8.1 12 12 6.9 11 9.9 7.0 11 9.9

Coefficient of variation (%) 16 23 29 15 23 26 15 24 22
Individual uncertainty from the 200 realizations

Sub-cohort mean geometric standard deviation 1.9 1.9 2.3 1.9 1.9 2.3 1.9 1.9 2.3

10 Years 15 Years Adults
N 8,984 47,085 113,738 9,994 49,767 151,585 3,840 33,743 88,904

Variation of arithmetic mean dose among sub-cohort members

2.5-97.5% 24-51 27-66 16-64  25-52 29-70 15-62  25-49 22-67 18-64

Median 45 46 45 45 47 46 43 45 43

Mean 42 45 44 43 47 44 42 45 42

Standard deviation 7.1 10 10 7.2 9.8 11 5.6 9.8 9.9

Coefficient of variation (%) 17 23 24 17 21 24 14 22 24
Individual uncertainty from the 200 realizations

Sub-cohort mean geometric standard deviation 1.9 1.8 2.3 1.9 1.9 2.1 1.9 1.9 2.1
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TABLE 8
Summary Statistics on Mean Thyroid Dose (mGy) from Single Head Scans to Six Age Groups in Three Time Periods
(<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001 <1991 1991-2000 >2001 <1991 1991-2000 >2001
Newborn 1 Year 5 Years
N 3,160 12,448 31,551 7,896 35,049 101,124 8911 43,372 124,962
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 6.9-42 7.6-50 4.1-42 3816 3420 2.1-17 2.0-14 1.7-15 1.4-12
Median 22 23 20 9.1 9.2 7.2 7.6 7.5 6.7
Mean 22 24 20 9.4 10 8.3 7.7 7.8 6.6
Standard deviation 11 13 11 39 5.6 5.8 2.9 32 2.7
Coefficient of variation (%) 48 54 58 41 56 69 28 41 41
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.4 2.4 2.7 22 22 2.5 22 22 2.6
10 Years 15 Years Adults
N 8984 47,085 113,738 9,994 49,767 151,585 3,840 33,743 88,904
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 1.5-8.2 1.2-9.7 1.1-10 0.66-4.6 0.82-5.2 0.63-5.4 0.44-6.6 0.80-7.5 0.49-6.7
Median 6.2 6.1 6.5 3.1 32 33 3.1 3 2.8
Mean 5.8 59 59 3.0 3.1 32 34 33 3.1
Standard deviation 1.7 2.2 2.5 0.96 1.1 1.2 1.6 1.7 1.6
Coefficient of variation (%) 30 37 42 32 34 39 46 53 52
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.1 2.0 2.5 2.1 2.0 2.3 2.2 2.2 2.4

specific age group and time period was typically 20 to 40%.
The same trend is seen for other organs in the head with the
sub-cohort mean dose to the brain and lens of the eye
decreasing over time by approximately 20% for the
youngest ages (Tables 6 and 7, respectively).

Mean value of doses to the brain per head scan ranged
from 19 to 57 mGy before 1991, depending on the age,
from 16 to 66 mGy for 1991-2000, and from 9.8 to 57 mGy

after 2001, with variability (CV) of mean brain doses per
head scan, typically 20 to 30% (Table 6). As noted,
variability was modest, particularly in the early years,
reflecting relatively low adaptability of imaging protocols in
head scans.

Doses to the eye lens (Table 7) were relatively high
because of the shallow location of the eye lens and because
the lens was assumed to be within the primary exposed

TABLE 9
Summary Statistics on Mean Thyroid Dose (mGy) from Single Chest Scans to Six Age Groups in Three Time Periods
(<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001 <1991 1991-2000 >2001 <1991 1991-2000 >2001
Newborn 1 Year 5 Years
N 73 1,698 9,074 220 4,176 21,510 294 5,036 30,189
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 30-59 9.7-64  7.2-45 30-62 10-63 5.9-42 29-60 11-70  7.547
Median 49 30 13 50 30 11 49 40 14
Mean 48 34 18 49 34 16 45 40 19
Standard deviation 6.8 20 14 7.3 19 12 9.8 20 14
Coefficient of variation (%) 14 57 76 15 54 76 21 49 74
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.3 2.4 2.7 2.2 2.3 2.5 2.2 2.3 2.6
10 Years 15 Years Adults
N 290 4,557 19,680 530 5,248 27,573 221 3,323 15,226
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 24-53 1862  9.2-44 14-56 1.9-62  0.47-44 23-48 15-50 8.3-39
Median 41 36 18 36 34 21 39 32 22
Mean 38 37 21 35 34 22 37 31 22
Standard deviation 9.2 17 13 12 16 11 7.3 10 7.5
Coefficient of variation (%) 24 46 60 33 48 51 20 32 34
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.2 23 2.5 2.7 3.0 3.7 2.1 22 24
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TABLE 10
Summary Statistics on Mean Female Breast Dose (mGy) from Single Chest Scans to Six Age Groups in Three Time
Periods (<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001 <1991 1991-2000 >2001 <1991 1991-2000 >2001
Newborn 1 Year 5 Years
N 34 671 3,763 95 1,699 8,889 133 2,208 13,711
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 25-52 8.6-58  6.1-39 21-43 7.644  4.1-30 1840 7.3-45  4.8-30
Median 42 26 11 36 22 8.1 32 26 8.9
Mean 42 30 16 35 24 11 29 26 12
Standard deviation 5.6 18 13 5.1 12 8.4 6.6 13 8.8
Coefficient of variation (%) 13 60 80 14 49 75 22 50 72
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.2 23 2.7 2.2 23 2.5 22 23 2.6
10 Years 15 Years Adults
N 140 2,119 9,134 251 2411 12,230 81 1,330 6,765
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 15-34 1141 6.1-28 14-31 10-36 7.6-26 16-33 12-39 11-28
Median 26 24 11 24 22 13 29 24 17
Mean 25 24 14 23 22 15 28 24 17
Standard deviation 5.6 11 8.4 5.2 7.7 5.5 4.1 7.6 4.7
Coefficient of variation (%) 22 46 60 23 35 37 15 32 27
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.1 2.3 2.5 2.1 2.2 2.4 2.1 2.2 2.3

region for all head scans (i.e., the exclusion of the eyes
through gantry angulation was not simulated). Mean value
of doses to the eye lens per head scan varied from 24 to 59
mGy before 1991, depending on the age, from 22 to 79
mGy for 1991-2000, and from 15 to 64 mGy after 2001.
The variability (CV) of the mean eye lens doses per head
scan was typically 15 to 30%.

Dose to the thyroid gland represents a more complex
situation than for some other organs since it can potentially
be exposed in head scans or in chest scans. The degree of
exposure varies, depending on whether the scan slices
include part or all of the thyroid gland or whether it is in
close proximity to the scanned region. In the case of head
scans, the thyroid gland is sometimes close to the inferior

TABLE 11
Summary Statistics on Mean Active Marrow Dose (mGy) from Single Chest Scans to Six Age Groups in Three Time
Periods (<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001 <1991 1991-2000 >2001 <1991 1991-2000 >2001
Newborn 1 Year 5 Years
N 73 1,698 9,074 220 4,176 21,510 294 5,036 30,189
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 12-23 3.7-25 2.6-17 9.5-19  3.5-20 1.7-14 57-14  2.5-15 1.4-10
Median 19 12 4.8 16 9.7 35 9.6 8.3 29
Mean 18 13 6.9 15 11 4.9 9.4 8.3 39
Standard deviation 2.6 7.6 5.3 2.4 6.0 3.9 2.4 4.2 3.0
Coefficient of variation (%) 14 57 77 15 55 78 25 50 76
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.2 24 2.7 22 24 2.5 2.2 23 2.6
10 Years 15 Years Adults
N 290 4,557 19,680 530 5,248 27,573 221 3,323 15,226
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 5.3-11 39-13  1.9-95 4.9-11 3.7-13  22-9.1 48-12 35-12 3.1-95
Median 8.8 7.9 3.9 7.8 7.5 4.6 8.5 7.3 5.1
Mean 8.3 8.1 4.6 7.7 7.6 5.0 8.5 7.4 5.4
Standard deviation 1.9 3.7 2.8 2.0 3.0 2.0 1.9 2.5 1.6
Coefficient of variation (%) 23 46 61 25 40 41 22 34 30
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.1 2.3 2.5 2.1 2.2 2.5 2.1 2.2 23
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TABLE 12
Summary Statistics on Mean Active Marrow Dose (mGy) from Single Abdominal/Pelvic Scans to Six Age Groups in
Three Time Periods (<1991, 1991-2000 and >2001)

<1991 1991-2000 >2001 <1991 1991-2000 >2001 <1991 1991-2000 >2001
Newborn 1 Year 5 Years
N 147 727 2,025 430 2,684 8,118 673 4,646 13,571
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 4.1-18  29-14  1.1-11 43-15 3.6-14 1.0-11 38-13 35-12 1497
Median 9.8 8.6 43 11 6.2 3.8 7.9 7.4 39
Mean 9.7 8.1 5.1 10 7.5 4.2 8.2 7.4 4.5
Standard deviation 3.6 34 3.0 32 35 2.5 2.5 2.5 2.3
Coefficient of variation (%) 37 42 59 31 47 60 30 34 52
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.1 22 2.7 2.1 22 2.6 2.1 22 2.6
10 Years 15 Years Adults
N 805 6,866 19,890 1,505 9,771 40,741 842 8,163 29,340
Variation of arithmetic mean dose among sub-cohort members
2.5-97.5% 4.5-15 4.1-13 24-11 43-14 43-13 34-12 54-14 4.2-12 2.9-11
Median 8.3 8.4 5.6 8.5 7.9 6.8 7.8 7 5.8
Mean 8.7 8.5 6.1 8.6 8.2 7.1 8.6 7.5 6.2
Standard deviation 2.6 2.5 2.6 2.4 2.3 2.3 24 2.3 2.2
Coefficient of variation (%) 30 29 44 28 29 32 28 31 36
Individual uncertainty from the 200 realizations
Sub-cohort mean geometric standard deviation 2.1 2.2 2.5 2.0 2.2 2.4 2.1 2.1 2.3

boundary of the scan field. Table 8 summarizes doses to the
thyroid gland per head scan. The mean value ranged from
0.44 to 42 mGy before 1991, depending on the age, from
0.80 to 50 mGy for 1991-2000, and from 0.49 to 42 mGy
after 2001, with a decrease over time by 15% or less. The
variability (CV) of mean thyroid doses per head scan was
typically 40-70% with larger CVs reflecting the fact that the
gland is usually outside the field for head scans.

The thyroid gland is almost always within the field for
chest scans, thus, thyroid doses tended to be higher for chest
scans compared to head scans in which the organ was rarely
within the scan range (Table 9). Mean value of doses to the
thyroid per chest scan ranged over all age groups from 14 to
62 mGy before 1991, from 1.9 to 70 mGy for 1991-2000,
and from 0.47 to 47 mGy after 2001. Mean value of doses
to the female breast per chest scan (Table 10) were generally
slightly lower than doses to the thyroid. Doses vary over all
age groups from 14 to 52 mGy before 1991, from 7.3 to 58
mGy for 1991-2000, and from 4.1 to 39 mGy after 2001.

Mean value of doses per scan to the active marrow from
chest scans (Table 11) ranged from 4.8 mGy to 23 mGy
before 1991, depending on the age, from 2.5 to 25 for
1991-2000, and from 1.4 to 17 mGy after 2001. In chest
scans, the mean dose per scan for the three organs presented
here decreased over time by more than 60% for the
youngest ages and by approximately 40% for adults. The
variability (CV) was typically 15 to 30% in the earliest time
period but substantially increased (to approximately 70—
80%) in later years for the youngest ages.

Mean value of doses per scan to active marrow from
abdominal/pelvic scans ranged over all age groups from 3.8
to 18 mGy before 1991, from 2.9 to 14 mGy for 1991-

2000, and from 1.0 to 12 mGy after 2001 (Table 12). The
mean dose decreased over time by approximately 50% for
the youngest ages and approximately 30% for adults. The
variability (CV) of mean active marrow doses per
abdominal/pelvic scan was typically 30-60%.

Also shown in Tables 5 to 12 are sub-cohort mean values
of the geometric standard deviation (GSD), each reflecting
the uncertainty in individual doses. Whereas the sub-cohort
mean GSD was typically of the order of 2, the upper mean
GSD reached a value of 3.7 for thyroid doses in chest scans,
which reflects higher uncertainty in dose for organs at the
edge of the radiation field.

Organ doses per examinations. In contrast to estimates of
doses per scan (Tables 5-12), Figs. 6 and 7 show data on
doses per examination (Eq. 3), which account for multiple
scans per examination. While most examinations were only
a single scan, approximately 30% included more than one
scan. As described earlier, the information on the number of
scans per exam was unknown and, therefore, was treated as
a stochastic variable in EPI-CT (Appendix 3; https://doi.org/
10.1667/RADE-20-00231.1.S1). Figure 6 represents a
summary of mean active marrow dose per examination
after accounting for the uncertainty in the number of scans.
Doses are presented by age category, by S5-year time
periods, and by scanned body region. Analysis by 5-year
time periods revealed a general trend with increasing doses
between the 1980s and the 1990s. In general, the mean
doses to active marrow from head examinations appeared to
decrease afterward for the youngest two age categories, but
there was little change at older ages. This pattern was also
true for neck examinations. Compared to other organs, the
decrease in dose to active marrow from chest scans was
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FIG. 6. Estimated mean active marrow doses (mGy) per examination by calendar year, body part (head, neck,
chest and abdomen/pelvis) and age group. Panels A—F: Newborn (0—3 months age), 1 year (4-30 months age), 5
years (31-90 months age), 10 years (91-150 months age), 15 years (151-210 months age) and adult (>210
months age), respectively. Error bars are 95% ranges of individual mean dose estimates (average over 200

realizations). Y-axes differ according to panel.

larger at all ages. The magnitude of active marrow doses
relative to each other within each age group reflects, in part,
the evolution of the distribution of bone marrow in each part
of the body with increasing age (Table 4). In all panels of
Fig. 6, the first graphed point (1980s) had few data and,
therefore, may not be completely representative for that
year. Large error bars, reflecting variability of doses

between examinations, are seen in the pediatric population
for all body parts scanned; the variability is much less for
head and neck scans in the adult population.

Figure 7 presents the brain, eye lens and thyroid dose
from head examinations and thyroid dose from chest
examinations by age category and time period. As shown,
after the increase in doses in the 1980s—1990s, there was a
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FIG. 7. Estimated sub-cohort mean doses (mGy) to the brain from head examinations (panel A), eye lens from
head examinations (panel B), thyroid from head examinations (panel C), and thyroid from chest examinations
(panel D) for a newborn (0-3 months age), a 5-year-old (31-90 months age) and 15-year-old (151-210 months
age) subject. Error bars are 95% ranges of individual mean dose estimates (average over 200 realizations).

reduction by a factor of 2 of mean dose over time for brain
and eye lens in younger patients (newborn) with the mean
dose remaining nearly constant over time for older age
groups. For all ages, brain and eye lens doses were
comparable. Thyroid dose from chest scans was approxi-
mately twofold larger than thyroid dose from head
examinations, almost exclusively because of the larger
proportion of the thyroid gland that would be in the
radiation field. Thyroid doses from head scans for the
youngest age groups were larger in all time periods due to
the closer proximity to the exposed region. Thyroid doses
for head examinations decreased for younger patients and
remained stable over time in older patients, whereas for
chest examinations, a decrease was observed in all age
groups.

Cumulative distribution functions of total doses per study
subject. The final descriptive analysis to be presented in this
work is a graphical summary of the total dose to the brain
and to the active bone marrow for all members of the cohort
from all scans each subject received, regardless of the body
region scanned, based on the mean dose which describes the

200 realizations [Eq. (3)] for an individual. Figure 8A
shows the cumulative distribution functions (CDFs) of the
total doses received by the brain and active bone marrow of
members of the cohort, by time period. The CDFs simply
present the fraction of the cohort at any dose x that had
doses less than or equal to that value. Figure 8B and C are
two conventional frequency histograms of the data shown in
the CDFs in Fig. 8A. Different information is conveyed by
CDFs compared to frequency histograms; the combination
of both methods demonstrates the range and frequency of
doses received as well as the shapes of the distributions.
Figure 8 shows a decrease with time in the median brain
dose, from about 58 mGy to 39 mGy, as well as a decrease
in dose in all quantiles of the distribution. The figure also
indicates that approximately 20% of the subjects received
cumulative (total) doses to bone marrow of approximately 5
mGy or less, regardless of the time period. Another
interesting feature is the multi-modal behavior of the brain
dose. The CDFs (<1991, 1991-2000 and >2001) include
all subjects in the cohort. This would, therefore, include
scans to all body regions. The lowest doses are a result of
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brain and active bone marrow. Panels B and C: Frequency histograms of individual cumulative (total) brain dose and active marrow dose,

respectively, for years >2001.

scans to body regions other than those at the edge of the
head.

Internal Comparison

A direct comparison of the 2DMC doses was made with
doses calculated from complete exposure parameters
derived from PACS, using reliable one-to-one links between
scans recorded in RIS and PACS (=30,000 scans). For each
single scan in this comparison, the median of the 200
simulated doses was divided by the point estimate dose

calculated from PACS data. The ratios ranged typically
from about 0.1 to 10. Figure 9 shows histograms of the
ratios for six groups selected by age, organ and examination
type. The central tendency of the ratios is reasonably close
to 1, giving confidence, on average, in the dose estimation
of this study. The median of the ratios within each of these
six groups ranges from 0.94 to 1.85. The mean of the ratios
ranges from 1.45 to 3.29. These examples are typical, and
highest values are based on a relatively low number of
examinations. The comparison, as explained, supports the
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FIG. 9. Histograms of ratios between median dose from the 2DMC realizations and corresponding point
doses (dotted lines) estimated using scan-specific PACS data. Panels A—C: Comparisons for CTs performed in
the youngest patients (newborn and 1 year old), of brain doses for 2,902 head CTs (panel A), active bone
marrow doses for the same 2,902 head CTs (panel B), and active marrow doses for 382 chest CTs (panel C).
Panels D-F: Comparisons for CTs performed in patients in age groups 10 and 15 years, of brain doses for 4,495
head CTs (panel D), active bone marrow doses for the same 4,495 head CTs (panel E), and active marrow doses

for 659 chest CTs (panel F).

validity of the dose reconstruction and the uncertainty
assessment using the 2DMC method. On average within
groups (by age, organ, examination type), the 2DMC doses
were consistent with doses calculated when all exposure
parameters were known.

Complementary comparison at the individual scan level
was possible with the Dutch data, where a predictive model
for dose was independently developed. As presented in
Table 13, this subsequent analysis confirmed that doses
from head scans, which represent the vast majority of
examinations, derived in the Netherlands (28), and doses
derived in EPI-CT, are on average very comparable (with
slightly higher estimates in the Dutch study compared with
our results) (Fig. 10). For other examination types, doses
tended to be higher in our estimation compared to the
national estimation. It should be noted that the number of
examinations on which the comparison is based is
sometimes limited (e.g., 77 lung high-resolution CTs in
the Dutch data). Some of the difference may be due to the
different anatomical landmarks considered in the two dose
reconstruction systems, as the Dutch estimation of the
exposed anatomical region tended to be systematically
lower than our estimation. These comparisons, of course, do
not confirm either dataset but, simply, point out some

differences which may be due to under- or overestimation
by one or both methods.

DISCUSSION

The objective of the current work is to report on the
methods used to reconstruct doses for 1,430,454 CT
examinations performed over the years on a cohort of
948,174 children recruited in nine European countRies. The
methods and tool were developed for the specific purpose of
retrospective dose reconstruction and are not suitable for
clinical predictions of doses to individual patients. Together
with the description of the methods, the reader is provided
with summary dose data which were reconstructed for the
purpose of epidemiological investigation. Although the true
organ dose to each study subject in the EPI-CT cohort
cannot be precisely determined because of data limitations,
we believe that significant advances and improvements over
previously reported studies have been achieved, particularly
in the area of estimation of uncertainty.

Individual Dose Estimates and Uncertainties

The dose reconstruction strategy implemented in the EPI-
CT study is not intended to provide a single best estimate of



DOSE RECONSTRUCTION FOR THE EPI-CT STUDY

93

TABLE 13
Comparison of Sub-cohort Mean Doses per Scan from the Current Work and Previous Analyses
EPI-CT UK Study Dutch Study U.S. Study
Age Dose Dose Kim et al. Lee et al. Lee et al. Meulepas Miglioretti
Time period* group per scan” per exam” 67) 55 (68) et al. (28) et al. (20)
Head CT: Active marrow doses (mGy)
<1990 All ages 2.6-15 3.5-21 1.3-16 16 11 17
1990-2000 All ages 2.6-16 3.6-22 1.3-16 13 7 13
>2001 04 12-13 15-16 8-8.6 10 8 9 11
5-10 7.4-12 10-15 6-8.6 9 6 8 6.5
10-14 4.4-74 6.1-10 4.7-6 7 4 6 4.2
15-19 2.6-4.4 3.6-6.1 2.1-4.4 5 2 5
Head CT: Brain doses (mGy)
<1990 All ages 32-45 44-62 32-56 62 52 52
1990-2000 All ages 3444 46-60 32-56 50 38 44
>2001 0-4 32-35 40-43 23-27 31 24 30 29
5-10 35-36 44-47 28-35 33 24 30 25
10-14 33-36 4547 35-41 38 26 31 30
15-19 32-33 44-45 3742 33 29 31
Abdomen/pelvis (or abdomen): Active marrow doses (mGy)
<1990 All ages 8.2-10 12-15 4.3-7.6 9 6
1990-2000 All ages 7.4-8.5 11-14 4.3-7.6 7 4
>2001 04 4.2-5.1 7.3-8.0 1.8-2.8 1 3 5.1
5-10 4.5-6.1 6.8-9.4 1.6-2.8 5 3 5.6
10-14 6.1-7.1 9.4-11 2.8 5 2 9.2
15-19 6.2-7.1 9.8-11 2.8 4 2

Note. Sub-cohort mean doses per examination from the current work are also provided for information.

It should be noted that year 2000 was included in the latest period in the UK study.

» EPI-CT doses are reported as range of cohort mean organ doses (per scan or per examination) for the corresponding age groups: “All ages”
includes the six age groups from our analysis; “0—4’ includes newborn and 1-year age groups; ‘‘5-10"" includes 5- and 10-year age groups; 10—
15 includes 10- and 15-year age groups; and 15-19 includes 15-year and adult age groups.

¢ Data are provided for each year of age elsewhere [see (67)]. The range of doses provided here reflects the variability within each age category.

the organ dose for each individual scan, but rather, to
provide a range of possible values of the dose for each scan.
For the majority of examination types, organs, age groups
and time periods, the uncertainty in individual doses was
estimated by a geometric standard deviation of around 2 to
2.5, with a general trend of greater uncertainty in the later
time period, which could be explained by the increased
adaptability of CT protocols to individual patients in recent
years. In fact, after an increase in doses between the 1980s
and the 1990s resulting from the introduction of multi-slice
CT scanners, concerns about CT exposures in the pediatric
population have prompted scanner manufacturers to devel-
op and implement options to appropriately manage and
reduce the radiation dose (58, 59). The advances in
technology include the following (60, 61):

1. Choice of a reference dose for a given image quality
(effective mAs or noise index, for example).
Automatic tube current (mA) modulation (56, 57),
which adapts tube current to thickness and density of
scanned part of patient (for example, less mA for lungs,
more mA for shoulders or pelvis). In our study, the use
of PerMoS as software to extract data from the PACS
allowed us to account for automatic exposure control as
the value of mAs recorded is the average mAs value
delivered.

2.

3. Variation of tube potential (kV) based on body part
thickness and density (some manufacturers). Tube
current modulation (TCM) could not be considered in
our analysis and the effect will be larger on superficial
organs. The relative difference in organ dose conversion
coefficients with and without TCM is for many organs
and examinations less than 10%, but can in some cases
amount up to 30%, e.g., for the thyroid in the chest CT
(62).

4. Spectral CT, which is rarely used for children.

A further technological improvement is the replacement
of filtered back projection (FBP) with iterative reconstruc-
tion, or model-based iterative reconstruction, which allows
one to obtain the same image quality with less dose. This
cannot be tuned to each individual patient, but the level of
iterative reconstruction and the associated optional decrease
in dose is embedded in the protocols (63).

Complementary to technological improvements, imple-
mentation of specific dose reduction techniques could have
had a major impact on the actual doses received (64). In
head scans, for example, if the eyes were fully excluded
from the primary exposed region, e.g., due to gantry
angulation, lens doses will have been substantially reduced.
However, neither the individual use nor the frequency of
use of such techniques could be evaluated in the framework
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FIG. 10. Active marrow and brain doses per scans derived by body region with the EPI-CT dose
reconstruction strategy (in white) compared with doses derived following the method implemented in the

Netherlands (in black) (28).

of our study. A recently published study from the UK
reported that more than one half of head scans included the
lens within the primary exposed region (65). In Norway,
64% of the CT rooms participating in the 1991 survey
reported tilted gantry parallel to the cranial vault, which
reduced the lens doses considerably to give a mean dose of
3.9 (1.1-9.4) mGy (37). Gantry tilting could reduce dose to
the eyes by up to 90% (65, 66).

More generally, the relative exposure of each organ is
primarily determined by its location with respect to the body
region that was scanned. The thyroid gland, for example, is
almost always within the field for chest scans; therefore,
thyroid doses tended to be higher for chest scans compared
to head scans in which the organ is at the edge of the scan
range (Fig. 7). Differences in doses to active bone marrow
in each body region scanned are explained primarily by the
differences in the proportion of active marrow in that region
and secondarily by the photon fluence required to produce
good diagnostic images. In general, for older patients, doses
to active marrow from chest scans exceeded doses to active
marrow from head scans because a larger proportion of the
bone marrow is exposed in the chest, whereas the fraction of

bone marrow exposed in head and chest scans is
comparable for younger patients (Table 4).

Comparison with Previously Published Dose Estimates

Our estimation of dose per scan compared well with
organ doses published in the UK (55, 67, 68) (Table 13).
These dose estimates utilize NCICT, although they are
based on different data on exposure parameters. The
agreement between doses estimated in the UK study and
doses estimated in the EPI-CT study was confirmed when
CTDI,,, values were compared by examination type, time
period and age (not shown) suggesting that the selection of
machines and imaging protocols by the 2DMC agrees well
with assumptions made in the UK study, especially in the
early years. Comparison with doses published by others (20,
28) for recent years shows that our cohort mean doses per
head scan (active marrow and brain doses) tend to be lower
in early years whereas they tend to be higher in recent time
periods. It should be noted that active marrow doses, as
reported by Meulepas et al. (28), from abdominal/pelvic
scans are also lower than our estimates in all time periods
but they are in general lower than doses reported by others
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(20, 55, 67, 68). Doses published for the French cohort of
young children are also in good agreement with doses
reported by others: mean brain and bone marrow dose for all
examination types together are 23.1 and 8.9 mGy,
respectively (217).

Strengths and Weaknesses

One of the most important attributes of dose estimation in
the EPI-CT study is the derivation and application of a large
number of imaging protocols (i.e., the combination of CT
machine settings including kV, mAs, pitch, and choice of
bowtie filter specific to age and body region scanned at a
specific hospital), taking into account the renewal of CT
machines with, in some hospitals, more than one CT room
available at the same time period. The number of protocols
employed in our study reached several tens of thousands.
For comparison purposes, the UK study derived, from
national surveys, a single typical protocol per body region
prior to 2001, and four age group-related protocols for later
years (67). The French study was based on 941 different
protocols implemented in 23 pediatric hospitals between
2000 and 2010 (217). Dose estimations for the Dutch and
Spanish cohorts were derived from the national PACS
datasets, also included in our dataset (25, 28). Whereas in
the Netherlands, a predictive model was derived from
approximately 40,000 scans recorded in the PACS of 21
participating hospitals (28), in Spain, 17,000 CTs recorded
in the PACS of nine Spanish hospitals were used to derive a
lookup table of median and interquartile range of organ
doses per examination type and 5-year age band (25).

An additional unique attribute of the EPI-CT cohort study
is the integrated strategy for assessing and managing
dosimetric uncertainty due to both uncertain but, also,
missing parameters. Only in the UK has this been done to
date (68). In the case of the EPI-CT study, with
approximately 1 million patients and about 1.4 million
scans, multiple realizations increased the data management
requirements by 200-fold, making both management and
quality assurance extremely challenging. Various graphical
solutions for comparing realizations, e.g., the use of
overlaid cumulative distribution function (52, 69), assisted
considerably in determining whether the calculations were
completed without data corruption or other obvious
departures from reliable estimation.

We note that the sampling of the number of scans per
examination, simulating possible unrecorded scans, is a
unique feature of the EPI-CT dose reconstruction strategy
as, to our knowledge, it has not been implemented
elsewhere for the estimation of doses in epidemiological
studies. Our dose per scan estimation compares well with
previously published doses. We recommend, however, the
use of dose per examination for subsequent risk analyses to
account for scans which are not necessarily recorded in RIS.

While our dose estimations are based on the most
comprehensive dataset available to date, numerous as-

sumptions were required and, for that reason, our findings
should be used with caution when evaluating doses in
specific years in individual countries. We are aware that
the main limitations in our assessment are associated with
the observed variability in detailed information available
for dose reconstruction by time period and by country.
Whereas our dose estimation is based on a very large set of
empirical data available for recent years, it is based on a
relatively reduced number of protocol data to reflect the
practice in the early years. Clearly, available data to
reconstruct doses was less detailed for the early years and,
therefore, for the cohorts with longer follow-up. Also, the
main contributor to the study is the UK cohort for which
only limited PACS data could be collected. As explained,
our strategy aimed to overcome this limitation. Since there
is no reason to anticipate major differences in practice
among European countries, we believe that the use of the
international dataset should provide reasonably good
estimation overall.

An additional weakness is associated with the lack of
data on body shape (height and weight) at the individual
level combined with the use of the first version of the
organ dose calculator (NCICT), which did not allow
modification of the physical characteristics of the phan-
toms. A potential alternative approach, using the latest
version of NCICT, which now allows height and weight to
be selected, would be to sample these values for individual
patients using national growth curves as PDFs. This
approach would require obtaining historical growth curves
to account for the two to three generations of patients in
the cohort. This is considered to be a priority in anticipated
further research.

Using the second version of NCICT, we were able to
perform a sensitivity analysis to account for height and
weight variability. We considered a 5-year-old male and a
5-year-old female with increasing height from 105 to 115
cm and increasing weight from 15 to 25 kg. Similarly, we
considered two 15-year-old male and female, with height
and weight varying from 155 cm and 40 kg to 185 (or 175)
cm and 85 (or 75) kg, respectively, for male and female.
Overall, for chest examination, dose to the lung varies by
less than 20%, whereas dose to the colon in an abdominal
CT could vary by 40% in older patients.

In addition to assessing the impact of body size and shape
with potential for increased shielding by adipose tissue for
larger patients (70), use of the upcoming version of the
software will also allow for accounting of tube current
modulation which can have substantial impact on organ
doses with potential reduction by up to 40% (71-74).

Another limitation of our study is directly associated
with the requirement to maintain confidentiality of patient
data, preventing the collection of patient images. There-
fore, we were unable to estimate, on an individual basis,
the precise exposed body region and had to rely on expert
judgement, which did not necessarily reflect the actual
patient exposure conditions and could have introduced
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uncertainty, particularly with respect to estimating the dose
to organs at the edge of the field. Our strategy simulated
random variation with respect to scan length among
patients. Further analyses could potentially improve our
estimation of exposed body region, assuming we had
access to images on, at least, a sample of individual data
undersigned informed consent. This is typically the
information which should be available in a case-control
study, such as the one implemented within the MEDIRAD
project (http://www.medirad-project.eu/).

CONCLUDING REMARKS

In this EPI-CT study, organ doses from CT examinations
were estimated in the largest cohort of CT-exposed
individuals to date, comprised of approximately one million
patients examined in nine European countries since the
introduction of computed tomography in the late 1970s. Our
dose reconstruction was designed for epidemiological
evaluation and thus, the collected data do not necessarily
represent full national coverage. For that reason, our doses
are of limited use for national dose monitoring and are not
presented by country. However, the temporal trends derived
from our analysis reflect what we believe are real trends of
CT doses over the years, with distinction between doses per
scan, doses per examination and cumulative doses per
individuals, especially when attention is given to the
estimated uncertainties.

In addition to the size of the cohort, EPI-CT dosimetry is
unique because of the calculation methodology implement-
ed from PACS data for 437,249 individual scans used to
derive PDFs of imaging protocols specific to patient age,
body region examined, and time period, increasing the
reliability and precision of the dose estimates to patients
with known age, sex, and scanned body region over the
conventional use of national survey data. The sex and age-
resolution of phantoms (from newborn to adult) used for
radiation dose estimates and the design of an integrated
error propagation strategy are further important compo-
nents. The dosimetry component of the EPI-CT study adds
considerably to the knowledge on radiation exposures
received by pediatric patients from CT examinations. We
believe this study provides not just the largest set of
reconstructed doses from CT to date, but the most detailed
CT dose estimation for an epidemiological study conducted
to date.

SUPPLEMENTARY INFORMATION

Appendix 1. EPI-CT dosimetry questionnaire.

Appendix 2. Doses to other organs. Summary statistics on
mean doses (mGy) to various organs from head, chest,
abdominal/pelvic or pelvic CT scans for the six age groups
[i.e., newborn (0—3 months), 1 year (4-30 months), 5 years
(31-90 months), 10 years (91-150 months), 15 years (151—

210 months), adults (>210 months)] and three time periods
(<1991, 1991-2000, >2001):

Table Al. Mean salivary gland dose (mGy) from single
head CT scans.

Table A2. Mean lung dose (mGy) from single chest CT
scans.

Table A3. Mean esophageal dose (mGy) from single chest
scans.

Table A4. Mean bladder dose (mGy) from single
abdominal/pelvic CT scans.

Table A5. Mean colon dose (mGy) from single
abdominal/pelvic CT scans.

Table A6. Mean kidney dose (mGy) from single
abdominal/pelvic CT scans.

Table A7. Mean liver dose (mGy) from single abdominal/
pelvic CT scans.

Table A8. Mean stomach dose (mGy) from single
abdominal/pelvic CT scans.

Table A9. Mean ovarian dose (mGy) from single pelvic
CT scans.

Table A10. Mean testes dose (mGy) from single pelvic
CT scans.

Table A11. Mean skin dose (mGy) from single head CT
scans.

Table A12. Mean skin dose (mGy) from single chest CT
scans.

Table A13. Mean skin dose (mGy) from single abdom-
inal/pelvic CT scans.

Appendix 3. PDFs of number of scans per examination
for main examination types.
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