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Abstract
The HARMONIC project (Health Effects of Cardiac Fluoroscopy and Mod-
ern Radiotherapy in Paediatrics) is a European study aiming to improve our
understanding of the long-term health risks from radiation exposures in child-
hood and early adulthood. Here, we present the study design for the cardiac
fluoroscopy component of HARMONIC. A pooled cohort of approximately
100 000 patients who underwent cardiac fluoroscopy procedures in Belgium,
France, Germany, Italy, Norway, Spain or the UK, while aged under 22 years,
will be established from hospital records and/or insurance claims data. Doses
to individual organs will be estimated from dose indicators recorded at the time
of examination, using a lookup-table-based dosimetry system produced using
Monte Carlo radiation transport simulations and anatomically realistic com-
putational phantom models. Information on beam geometry and x-ray energy
spectra will be obtained from a representative sample of radiation dose struc-
tured reports. Uncertainties in dose estimates will be modelled using 2DMonte
Carlo methods. The cohort will be followed up using national registries and
insurance records to determine vital status and cancer incidence. Information
on organ transplantation (a major risk factor for cancer development in this
patient group) and/or other conditions predisposing to cancer will be obtained
from national or local registries and health insurance data, depending on coun-
try. The relationship between estimated radiation dose and cancer risk will be
investigated using regression modelling. Results will improve information for
patients and parents and aid clinicians in managing and implementing changes
to reduce radiation risks without compromising medical benefits.

Keywords: cardiac fluoroscopy, cancer risks, epidemiology, Monte Carlo

(Some figures may appear in colour only in the online journal)

1. Introduction

Survival rates for congenital heart disease have improved markedly in recent decades [1–3],
leading to increased focus on the long-term complications of treatment. Cardiology relies
extensively on the use of ionising radiation, in the form of general radiography, computed
tomography (CT) and x-ray guided trans-catheter interventions [3–6]. Radiation exposure is
associated with a number of adverse effects including an increase in the lifetime risk of devel-
oping cancer (e.g. [7]) and, at high doses, impairment of tissue function through the effects
of excessive cell killing [8]. These risks may be justified, if outweighed by the diagnostic or
therapeutic advantage of the exposure.When risks are uncertain, justification becomes difficult
and confusion among clinicians, patients and parents becomes inevitable.

Epidemiology has played an important role in assessing the long-term health effects
of radiation exposure [9], and will continue to do so while research investigating specific
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biomarkers of radiation induced disease is ongoing. However, substantial uncertainties remain
for doses below 100 mGy, non-photon exposures (including protons and neutrons) and for
exposures occurring very early in life [10]. The HARMONIC project (Health Effects of Car-
diac Fluoroscopy and Modern Radiotherapy in Paediatrics) (https://harmonicproject.eu/) is a
five-year European Commission funded study aiming to improve understanding of the long-
term health risks from ionising radiation exposure in children and young adults, helping to
further improve quality of life of these patients. The project addresses exposures not covered
by existing or recently completed European paediatric radiation research programs including
MEDIRAD (childhood CT and radioiodine and breast radiotherapy in adults) and EPI-CT
(childhood CT). The cardiac and radiotherapy components of HARMONIC are bridged by a
biological component, which will investigate biomarkers of radiation exposure and predictors
of adverse effects.

Here, we describe the cardiac fluoroscopy component of HARMONIC, including the study
rationale, cohort establishment, the methods used to estimate organ doses and epidemiological
analysis. Along the way, wewill highlight a number of challenges faced by the study (and other
similar studies) and the proposed methods for addressing them.

1.1. Background

The term ‘cardiac fluoroscopy’ encompasses a range of x-ray guided procedures used to dia-
gnose, monitor and treat a variety of heart conditions, including cardiac catheterisations, elec-
trophysiology studies and pacemaker insertions. These procedures play an important role in
themanagement of various forms of congenital and acquired heart disease [3], including anom-
alous ducts and septal defects, narrowed arteries, veins and valves, electrophysiological dis-
orders and monitoring transplant allografts. In the UK, around 5000 such procedures are per-
formed each year in children <16 years [11].

Cardiac fluoroscopy often involves prolonged exposure to x-rays, however. Reported estim-
ated bonemarrow doses frequently exceeded 10mGy per procedure before 2000 [12], although
have fallen to 1 or 2 mGy in recent years [12–15]. Lung and heart doses are typically in the
regions of 5–20 mGy, though often exceed 100 mGy [13–16]. Breast dose varies strongly with
beam angle and field size, ranging from<1 to over 100mGy [12]. Cumulative organ doses from
multiple procedures may occasionally exceed 1000 mGy [12, 17]

The risks from these doses are unclear. Only a small handful of studies have attempted a
direct epidemiological analysis of cancer risks from cardiac fluoroscopy in childhood [18–22].
Two studies of a Canadian cohort (n= 4891, reduced to 3915 in the second analysis) found no
evidence of raised incidence or mortality for cancer [18, 20], while a study of 674 Israeli chil-
dren reported significantly raised incidence, based on 11 observed cases versus 4.75 expected
[21]. A recent study of 11 270 children who received cardiac catheterisations in the UK [22]
found an increased incidence of cancer, although this appeared to be largely associated with
transplantation, rather than radiation exposure. Another recent study [19] reported 16 incid-
ent cases versus 3.64 expected among a cohort of 2770 German children exposed below age
one year. All the above studies featured relatively small sample sizes, limiting power to detect
excess risks at low doses. Other studies have reported increased cancer incidence among adults
with congenital heart disease [23] or individuals with congenital heart disease irrespective of
radiation exposure (e.g. [24, 25, 62]).

1.2. Rationale for study

Currently, the cancer risks from cardiac fluoroscopy can only be estimated using models
based on other exposures (namely cohorts of atomic bombing survivors and nuclear workers)
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(e.g. [26]). These risk projections rely on an assumed, though unproven, linear no-threshold
(LNT) relationship between dose and excess cancer risk [27]. Multiple simplifying assump-
tions regarding the impact of age-at-exposure and attained age since exposure are made [26].
Risk estimates are subject to large uncertainties (e.g. as represented by wide confidence inter-
vals) and do not consider individual radiosensitivity. There is a possibility, therefore, that these
projected risks significantly under- or overestimate true risks. This lack of information may
ultimately limit the quality of patient care.

The cardiac fluoroscopy component of HARMONIC is designed to complement ongo-
ing studies of the cancer risks following CT scans in childhood, including EPI-CT [28] and
MEDIRAD (www.medirad-project.eu/). Although far fewer cardiac fluoroscopy procedures
are performed each year, compared to CT scans, the epidemiological analysis of cancer risks
following these exposures has certain advantages over CT studies. Firstly, cardiac fluoroscopy
is not directly used in the diagnosis, treatment and follow-up of cancer, thus the potential for
reverse causality is, in theory, reduced. This is in contrast to CT which is used extensively
in cancer diagnosis and management. Secondly, cardiac fluoroscopy is used in the manage-
ment of very young patients (<5 years) for which current information on the risks from radi-
ation exposure is limited [10]. Thirdly, records of cardiac fluoroscopy usually include dose
indicators recorded at the time of examination (typically kerma area product, air kerma at
a reference point, and/or total fluoroscopy time), which may be used to inform the exposure
assessment to derive procedure specific dose estimates. This is significant given the large inter-
procedure dose variation, with in-field organ doses ranging from close to zero (e.g. due to pro-
cedure abandonment at an early stage) to several hundred mGy for more complex procedures
[12]. Procedure-specific dose indicators also allow us to distinguish between genuine x-ray
guided procedures and non-radiological procedures (e.g. sedation) also recorded in examin-
ation records. In CT cohorts, these non-radiological procedures were often listed simply as
‘unknown’ in the radiology information system (RIS), making them difficult to distinguish
from actual CT scans, especially as dose indicators such as computed tomography dose index
(CTDI) are not usually recorded in the RIS. Furthermore, a single RIS entry for a CT scan may,
in reality, represent a multi-phase examination with two or more scans, with or without con-
trast media enhancement. Such issues are largely avoided with cardiac fluoroscopy, provided
procedure specific dose indicators are recorded.

2. Study methodology

The HARMONIC study will use a common methodology similar to that used in the EPI-CT
study [28], though with a number of modifications.

2.1. Cohort establishment

National cohorts have previously been established in France [29] and the UK [22]. HAR-
MONIC will involve further expansion and increased follow-up of these two cohorts, while
also establishing new cohorts in Belgium, Italy, Germany, Norway and Spain. These seven
national cohorts will then be pooled, giving a combined cohort of up to 100 000 individuals
(table 1).

Inclusion criteria. (a) Underwent at least one cardiac fluoroscopy procedure (catheterisation
of heart and surrounding vessels, including electrophysiology studies, and pacemaker inser-
tion/revision) in participating country.
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(b)Age under 22 years at the time of procedure (<17 years in France due to cancer registry
coverage).

(c)Resident of participating country, to facilitate follow-up.

Exclusion criteria. (a) Patients diagnosed with a benign or malignant tumour before the first
cardiac fluoroscopy procedure.

(b)Patients undergoing Hickman or peripherally inserted central catheter (PICC) insertions
or fluoroscopically guided pericardial effusion drainage only, with no other cardiac fluoroscopy
procedures (these procedures are used extensively in cancer treatment).

Data will be collected as far back as examination records exist and cancer registry linkage
is possible (table 1) and up to 2021. For all countries except Germany, cohorts will primar-
ily be established through a download of the RIS at participating hospitals. In some cases,
informationmay be stored in a dedicated dose management system (DMS). If sufficient patient
identifiers are recorded, DMS data may be sufficient alone, without RIS linkage. Older data
may be recorded in paper log book form and will be manually transcribed. The German cohort
will be established from insurance claims records and hospital records, with dosimetric data
sampled from two university medical centres in Germany and used to estimate national fig-
ures (methodologies for handling the inevitable uncertainties inherent in this approach are
discussed later).

As a minimum, the following data will be obtained: (1) patient identifiers (name, date of
birth, hospital number, health service ID number), (2) examination type, (3) date of proced-
ure, and (4) dose indicators (described below). Cohort members will be assigned a pseudo-
anonymous ID number and analysis will be performed using these ID numbers, with identifi-
able data being used only for registry linkage at the local/national level.

2.2. Dose estimation

The estimation of absorbed dose to individual organs is an essential component of HAR-
MONIC. Given the large inter-procedure variability in radiation exposures [12], patient- and
procedure-specific dose estimates are essential. Kerma area product (PKA) is recorded for the
majority of procedures recorded in hospital RIS records, and has been so for the last 20 years
or more. PKA is a dose indicator, equal to the collision air kerma, as measured by a large area
ionisation chamber attached to the x-ray tube, multiplied by beam area. In some fluoroscopy
equipment, PKA is estimated based on exposure factors. If only fluoroscopic screening time
(FT) is recorded for a procedure, we will estimate PKA based on the relationship between FT
and PKA for the same equipment type and patient size, for procedures for which both figures
are recorded. If neither PKA nor FT are available, doses will be imputed based on procedure-
specific average doses for the same time period. This latter approach has been used in studies
investigating cancer risks from CT scans (e.g. [30, 31, 63]).

Challenge 1. The study requires the rapid estimation of organ doses for a large number of
examinations (100 000+). Performing individual physical measurements or Monte Carlo sim-
ulations for each procedure would not be practical.

Proposed solution. We will use a ‘lookup-table’ (LUT) approach, in which patient doses are
estimated using pre-calculated conversion factors relating dose indicators to different organ
doses.
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Conceptually, the LUT approach is relatively simple. Doses can be estimated using phys-
ical measurements or Monte Carlo simulations for a given set of conditions (e.g. particular
beam angle, patient size, x-ray energy spectrum) and the results used to estimate doses for any
exposures in which conditions are similar. In its simplest form, the approach may involve a
single conversion factor relating PKA to patient dose for a single combination of conditions.
This can be expanded to produce a table of conversion factors for a range of different condi-
tions, e.g. different beam angles. All that remains is to pick the most appropriate conversion
factor from the table for a given exposure. Examples of LUT-based dosimetry systems include
NCICT [32] and CalDoseX [33]. Dose estimates for the first UK cardiac catheterisation study
[22] were obtained using an earlier version of the ‘CD16′ LUT-based dosimetry system [34].
HARMONIC will involve a similar approach to CD16, updating LUTs using more realistic
computational anatomical models.

The LUT approach has the advantage of vastly increased speed, relative to performing indi-
vidual physical measurements or Monte Carlo simulations for each examination. Doses for
thousands of examinations can be estimated in a matter of minutes. The major disadvantage
of the LUT approach is that doses can only be estimated for conditions for which appropriate
conversion factors have been calculated. Larger LUTs covering a wider range of parameters
can be created, but require a longer initial setup time. This limitation will be overcome with
the use of high-performance computer servers with ≈104 processors.

For HARMONIC, we will construct LUTs of conversion factors relating organ dose to PKA

(mGy/Gy cm2) for 851 beam angles, ranging from 90◦ right anterior oblique (right lateral)
to 90◦ left anterior oblique (left lateral) and 55◦ cranial to 55◦ caudal in 5◦ intervals), each
for male and female versions of six different phantom sizes (new born, 1-, 5-, 10-, 15-years
and adult), at least two different field sizes, and for at least ten different x-ray energy spectra.
Conversion factors will be calculated using the general purpose Monte Carlo radiation trans-
port code MCNPX v2.7 (Los Alamos Laboratories, NM, USA) [35]. We will use anatomically
realistic paediatric and adult voxel phantoms published by the International Commission on
Radiological Protection (ICRP) [36]. Doses will be calculated for 58 organs and tissue struc-
tures including active bone marrow, breasts, oesophagus, thyroid, heart and associated sub-
structures, and lungs. For bilateral organs (the lungs and breasts) separate left and right doses
will be reported as there is likely to be significant heterogeneity in the dose distribution. Doses
will be estimated based on patient age. We will use linear interpolation to estimate doses for
patient ages in between the two closest phantom sizes. Height and weight are often recorded
in the RIS and DMS and can, in theory, allow better matching between patients and appropri-
ate phantoms, and allow for potential modelling of the impact of BMI on organ doses. Height
and weight may be less reliable, however, as they are often simply obtained by asking the
parents.

Doses will be adjusted for beam energy as represented by half value layer (HVL). This
simplifies calculations as multiple factors influencing energy spectra, including tube potential,
added and inherent filtration and anode angle are combined into a single figure. For the CD16
dosimetry system [34], doses were first estimated for a single ‘reference’ 1st HVL, then adjus-
ted to the desired energy using a correction factor calculated by fitting a polynomial to the
relationship between HVL and dose relative to the reference HVL. A similar approach will be
used for HARMONIC. Although convenient, the HVL approach introduces errors as the same
HVL may be produced by different combinations of parameters, each of which may yield a
different organ dose per unit PKA. This could be remedied by using both 1st and 2nd HVL in
energy corrections.

A graphical user interface (GUI), similar to that used for NCICT [32], will be developed
to pick the appropriate conversion factor from the lookup tables for specified conditions. This
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GUI will be made freely available for use in research and audit programs. A batch mode will
be included, enabling automated calculations for a multiple procedures and patients.

Challenge 2. Producing a dosimetry system capable of estimating organ doses for a given
set of input conditions is only half the problem. A second major challenge is knowing which
of these input conditions to use for a given clinical procedure. Which beam angles, field size
or beam energy spectrum should be selected? These parameters typically vary during a single
procedure, which may involve tens or even hundreds of individual exposures.

Proposed solution. Exposure parameters will be estimated based on procedure type, patient
age and equipment type using various sources of information, including a sample of radiation
dose structured reports.

Each specific cardiac fluoroscopy procedure type is associated with a particular set of beam
angles, designed to best visualise the anatomy under investigation. Many procedures, includ-
ing aortic and pulmonary valvuloplasty, utilise posterior-anterior (PA) and left lateral projec-
tions only. Other procedures, such as coronary angiography, utilise complex combinations of
oblique beam angles. The procedure type, therefore, defines the beam angles likely to have
been used, though there is still considerable scope for variation.

The main source of information on beam angles will be a sample of radiation dose struc-
tured reports (RDSR) [37]. These contain information on the beam angle, tube potential, added
filtration and table position for each individual exposure during a procedure. RDSRs are stored
as image metadata in the DICOM header format in the hospitals’ PACS network. DMSs have
been introduced recently and can be used to access RDSR data. Several existing free and/or
open source software tools such as OpenREM [38] are available to extract RDSR data. We are
planning to develop our own easily installable software, specifically tailored to the needs of the
study. Firstly, the software will determine the examinations to include in the study. Secondly,
all DICOM metadata (RDSR and alternatively DICOM image headers) needed for the dose
reconstruction will be retrieved and collected. The software will only export pseudonymised
data records containing the required information for the dose reconstruction. We plan to obtain
a sample of RDSRs representing the most common procedure types, from at least one hospital
from each participating country. We aim to obtain at least 100 RDSRs for each procedure type
at each centre. Ideally, we will obtain RDSRs representing different fluoroscopy equipment
manufacturers (Philips, Siemens etc).

HARMONIC will involve dose estimation for procedures performed as far back as the
1990s, i.e. well before the introduction of RDSRs in 2005. It is not clear if the typical
beam angles used for cardiac fluoroscopy have changed over time and, consequently, whether
RDSRs are an appropriate source of information for pre-RDSR era examinations. Other
information on beam angles will also be obtained from questionnaires, logbook records of
beam angles, simplified dose reports (for digital acquisitions only) and biplane PKA records.

The sample of RDSRs will also be used to estimate beam energy spectra for recent exam-
inations. All RDSR-capable fluoroscopy equipment has the ability to automatically vary tube
potential (kV) and added filtration, depending on attenuator thickness. If the equipment type,
exam type and patient size are known, it is possible to estimate kV and filtration. For examin-
ations performed using pre-RDSR era equipment (for which automatic variation of filtration
thickness was not always implemented), beam energy will be estimated from values quoted in
previous publications, manufacturer specifications, and quality assurance reports.
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Doses reconstructed using estimated beam angles and x-ray energy spectra will be validated
through comparison with dose reconstructions using procedure-specific beam angle/energy
information obtained from RDSRs.

2.3. Other radiological procedures

As part of diseasemanagement, cohort members are exposed to othermedical radiation sources
in addition to cardiac fluoroscopy, including CT scans, nuclear medicine, non-cardiac fluoro-
scopy and general radiography. Not accounting for these exposures may confound or bias the
apparent dose response relationship. The available evidence suggests CT and fluoroscopy rep-
resent the dominant medical radiation exposures among children with heart disease, account-
ing for around 80%–95% of cumulative effective dose [4–6]. Some patients, most notably
those with dilated cardiomyopathy and heart failure, may undergo dozens of general radio-
graphy procedures, with estimated cumulative effective doses reaching several mSv [5]. It is
therefore preferable to gather data on such procedures.

Where possible, information on CT scans can be obtained from the EPI-CT database for all
countries except Italy (which did not take part in EPI-CT). This linkage may not be possible
for the whole study period. Primary data collection for EPI-CT ended in 2014, though the
MEDIRAD project will involve collection of data on additional scans received by a subset of
EPI-CT cohort members beyond this date. For countries with information available from health
insurance databases, i.e. in France and Germany, information on all radiological procedures
can be retrieved. Based on this information and on data collection periods with the most com-
plete information on non-cardiac-fluoroscopy will be used to impute missing dose for periods
and countries with incomplete information using 2DMonte Carlo methods (described below).
It is anticipated that doses for CT scans will be obtained from the EPI-CT database or directly
using NCICT [32]. Doses from nuclear medicine will be estimates using NCINM, a new tool
developed by the National Cancer Institute [39].

Challenge 3. Uncertainties in dose estimates are potentially large. These uncertainties are
due to (1) errors in the Monte Carlo simulations used to calculate conversion factors and (2)
lack of knowledge of which conversion factor to use. The former can be minimised by using a
well benchmarked code such as MCNP and running a sufficient number of particles to reduce
simulation errors to <1%. The latter are more difficult to control. Breast dose, for example,
is especially sensitive to small changes in beam angle [12], while dose to all organs vary by
a factor of two or more with beam energy. A list of uncertainty sources is given in table 2.
Shared uncertainties occur when a variable is fixed for the whole cohort, or for a sub-cohort.
For example, uncertainty in inherent filtration is shared between all cohort members exposed
using the same equipment. Data will be collected over a long time period, during which the
availability of exposure metadata ranges from almost nothing to highly detailed structured
reports.

Proposed solution. We will assess uncertainties using a 2D Monte Carlo (2DMC) method-
ology [40, 41]. Rather than produce a single ‘best guess’ dose estimate, the 2DMC approach
produces multiple ‘realisations’ of potentially true doses using probability density functions
(PDFs) of input parameters, e.g. beam angle, x-ray energy etc. An example is shown in figure
1. The 2DMC method ensures the correct relationship between individual uncertainty sources
is maintained while correlation of doses for persons with similar attributes is also maintained.
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Table 2. Sources of uncertainty in dose estimates.

Uncertainty source Can be incorpor-
ated in 2DMC?

Shared or unshared

Beam angle Yes Unshareda

Tube potential (kV) Yes Unshareda

Added filtration (mm Cu) Yes Unshareda

Organ shape/size Not currently Unshared
Major

Fat distribution Not currently Unshared
X-ray field centring point Yes (2 or more

centres)
Unshareda

X-ray field size Yes (2 or more
sizes)

Unshareda

Use of lung shuttering Potentially Unshareda

Level of inspiration No Unshared
Moderate

Contrast agent use Potentially Unshareda

Field rotation No Unshared
Inherent filtration (mm Al) No Sharedb

Anode angle (degrees) No Sharedb

Voltage ripple No Sharedb

Table/mattress attenuation Yes Sharedb

Minor

Presence of ultrasound probe y/n No Unshared
Monte Carlo errorsc No Shared

aSome element of shared uncertainty, e.g. beam angles are relatively standardised for same
procedure type.
bShared for same equipment.
cArising from errors in interaction cross section and finite number of simulated particles. Shared
for same Monte Carlo code with the same cross section library.

PDFs for input parameters will be based on the sample of radiation dose structured reports dis-
cussed above. For pre-RDSR era examinations, for which detailed exposure data are not avail-
able, PDFs will be wider, reflecting greater uncertainty. 2DMC methods have been applied
to studies of radiation doses from CT [42] occupational exposures [43] and environmental
exposures [44, 45] but not paediatric cardiac fluoroscopy, where information on uncertainties
in dose estimates is currently very limited.

2.4. Physical verification

We will verify the results of Monte Carlo simulations using measurements in physical anthro-
pomorphic phantoms for a limited range of conditions. Measurements will be performed using
LiF:Mg, Ti thermoluminescent dosimeters placed in RANDO-Alderson type anthropomorphic
phantoms representing paediatric patients of a range of ages (new born, 1 year, 5 years and 15
years) [46] and adults. All phantoms include artificial skeletons, soft and lung tissues. Holes for
TLDs are drilled in positions representing 19 internal organs. We will irradiate these phantoms
using fluoroscopy equipment representative of the study period. In the event of discrepancy
between physical and Monte Carlo results, we will perform Monte Carlo simulations using
computational versions of the respective physical phantoms, voxelised from CT images. This
will allow us to determine if discrepancies between physical and Monte Carlo methods are
related to differences in phantom anatomy or the real/simulated x-ray beam.
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Figure 1. Histogram of the proportion of kerma area product in the posterior-anterior
(PA) projection for 154 pulmonary valvuloplasty procedures at a UK hospital [12]. In
the 2DMC method, where the true beam angles are unknown, dose would be estimated
multiple times (usually 200). For each of these ‘realisations’ the proportion of total PKA

in the PA projection would be sampled from a probability distribution based on these
data. In this case, a PA proportion of around 0.5 would be sampled more often than other
proportions.

Figure 2. Relationship between heart disease, radiation exposure, transplantation and
cancer.

2.5. Epidemiological analysis

Cohort members will be followed-up using respective regional or national registries of vital
status and cancer. The insurance data used to create the German cohort will also be used
to obtain cancer diagnoses, except where data are obtained directly from hospitals, in which
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national childhood cancer registry data will be used. In Italy, the cohort will be followed up dir-
ectly using clinical records. Study entry will be the date of first cardiac fluoroscopy procedure.
Doses will be lagged by two years for haematological malignancies and five years for all other
malignancies. This takes the apparent minimum latency period for radiation induced cancer
into account. The end point will be end of follow-up period, date of cancer diagnosis or date of
death, whichever is sooner. Assuming national cohorts are evenly distributed throughout the
respective data collection period, with a mean age at entry of 3 years, we expect approxim-
ately 50 cases of leukaemia and 37 lymphomas developing after the 2 year lag period, based
on UK background rates [47, 48]. In reality, there are likely to be many more cases, due to
the relatively high prevalence of predisposing factors to cancer in this population (discussed
below).

We will perform a dose response analysis using appropriate regression modelling (either
Cox or Poisson, to be decided), with dose treated as a time dependent variable. Methods to
fully utilise 2DMC dose estimates are being developed [45] though with currently limited
application to medical exposures. As a starting point, dose response analysis will be performed
using the mean of the 2DMC realisations, followed by a sensitivity analysis using median and
other percentiles. More advanced methods of incorporating 2DMC results will be adopted,
where appropriate.

Evidence suggests radiation induced cancer tends to occur at the ages at which it normally
occurs in the general population (e.g. [49]). While the lungs, breasts and oesophagus receive
the highest organ doses in cardiac fluoroscopy [12, 13, 17], the follow-up during the HAR-
MONIC study period (up to 2024) will be too short to allow sufficient cancers of these sites
to accrue. Instead, we will initially focus on leukaemia and lymphoma, which are relatively
common malignancies in early life [50]. Analysis for other sites, including thyroid and breast
cancer will be considered as follow-up increases.

Challenge 4. Patients with congenital heart disease (CHD) are known to be at increased risk
of cancer [23–25, 51]. Explanations include shared genetic and environmental risk factors,
altered blood flow and hypoxia resulting from the disease itself or surgery such as Fontan’s
procedure [52, 53], as well as radiation exposure. If the underlying disease is associated with
both increased risk of cancer and increased radiation exposure, the dose/risk relationship may
be confounded (Figure 2). Down syndrome, for example, is associated with both heart disease
and an increased risk of developing leukaemia [54].

A small proportion of individuals with congenital or acquired heart disease require a trans-
plant, usually the heart itself, though occasionally heart and lungs. Transplantation, with asso-
ciated immunosuppression, is a major risk factor for development of several cancer types [55],
creating the potential for confounding of results.

Proposed solution. Wherever possible, each national cohort will be linked to a respect-
ive regional transplant registry to identify who has received a transplanted organ, the organ
involved and date of transplant.

The impact of transplantation on apparent cancer risks in this patient group is potentially
severe. In the previous UK cardiac catheterisation study [22], around 5% of cohort members
were identified as transplant recipients. All lymphoma cases (n= 22) developed in this group,
post-transplant. Efforts to identify transplant recipients in the HARMONIC cohort are there-
fore essential. Transplant registries will be the primary source of information in the UK, Bel-
gium and Spain. Information on transplant status will be obtained from the Patient Discharge
Registry in Norway and from the Health Insurance records in France and Germany.
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The relationship between radiation, transplant and cancer risk in this patient group is com-
plex [56]. Individuals with the most severe forms of heart disease may require more x-ray
procedures as part of their management, and have an increased need for transplant. In addition
to drug-induced immunosuppression, transplant recipients also undergo regular radiological
procedures to monitor the allograft for signs of rejection or vasculopathy, including coronary
angiography and endomyocardial heart biopsy. Simply censoring transplant recipients, post-
transplant, may also censor much of the dose received by these individuals [56]. In the case for
the previous UK cardiac catheterisation study [22], the bulk of the radiation dose received by
transplant patients did indeed appear to be post-transplant. The complex relationship between
pre- and post-transplant radiation dose, immunosuppression and cancer risk must be analysed
in detail, especially if the results are to be generalised, i.e. to all individuals exposed to radi-
ation. As with dose, transplantation status will be included as a time-dependent variable in
regression models.

3. Discussion

The sample size needed to precisely estimate the excess cancer risk from exposure to ion-
ising radiation is inversely proportional to the square of the dose [57]. As doses approach
the levels typical of diagnostic x-ray examinations or occupational exposures (< ≈10 mGy),
the required sample sizes become so large that national and multinational pooled cohorts
are generally required (e.g. [28, 58, 59]). The HARMONIC project is the latest of such
efforts, potentially involving a combined cohort size ten times larger than any previous
epidemiological analysis of radiation risks in this patient group. Clinicians, patients, parents
and carers will benefit from improved information on the potential radiation related risks
from cardiac fluoroscopy. This will aid the process of justification, balancing the benefits of
the procedure with potential risks and comparing with alternatives such as surgery. Results
will also aid optimisation of procedures through analysis of factors influencing dose such as
frame rate, exposure factors and antiscatter grid usage. Reference dose levels can play an
important role in radiation protection for cardiac fluoroscopy [60, 61, 64, 65]. Our data will
allow the setting of reference doses, based on kerma area product or air kerma at the reference
point. These will be set for individual procedure types defined in consultation with
cardiologists.

The study has some important limitations. Firstly, even a combined cohort size of 100 000
may be insufficient to detect small cancer risks from cardiac fluoroscopy, especially from rare
cancers. We should, however, be in the position to set an upper limit on potential risks and
address concerns that risks may be especially high (e.g. [19]). Secondly, cancers of the organs
receiving the highest doses from cardiac fluoroscopy (lungs, breasts, oesophagus) are predom-
inantly diseases of middle and old age [50]. Incidence of these cancers is likely to be too small
to allow meaningful analysis, even for countries with relatively long follow-up. Instead, risk
projection methodologies could be used to estimate cancer risks in these organs, based on
dose/risk relationships derived from other exposures (e.g. [26]). Uncertainties in dose estim-
ates are likely to be large for early examinations (pre-2000) in which information on exposure
parameters is limited. Uncertainties for examinations without associated dose indicators (PKA

or FT) will be especially large.
In spite of these limitations, the cardiac component of HARMONIC will provide unpreced-

ented information on the radiation doses, past and present, from cardiac fluoroscopy in young
people and provide important information to stakeholders on the potential associated cancer
risks.
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