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Abstract

Background The European-funded Health Effects of Cardiac Fluoroscopy and Modern Radiotherapy in Pediat-

rics (HARMONIC) project aims to improve knowledge on the effects of medical exposure to ionizing radiation (IR)
received during childhood. One of its objectives is to build a consolidated European cohort of pediatric patients who
have undergone cardiac catheterization (Cath) procedures, with the goal of enhancing the assessment of long-term
radiation-associated cancer risk.

The purpose of our study is to provide a detailed description of the Italian cohort contributing to the HARMONIC pro-
ject, including an analysis of cumulative IR exposure, reduction trend over the years and an overview of the prospec-
tive collection of biological samples for research in this vulnerable population.

Methods In a single-center retrospective cohort study, a total of 584 patients (323 males) with a median age of 6
(2-13) years, referred at the Pediatric Cardiology in Niguarda Hospital from January 2015 to October 2023, were
included. Biological specimens from a subset of 60 patients were prospectively collected for biobanking at baseline,
immediately post-procedure and after 12 months.

Results Two hundred fifty-nine (44%) patients were under 1 year old at their first procedure. The median KAP/
weight was 0.09 Gy-cm?/kg (IQR: 0.03-0.20), and the median fluoroscopy time was 8.10 min (IQR: 4.00-16.25). KAP/
weight ratio showed a positive correlation with the fluoroscopy time (Spearman’s rho=0.679, p<0.001). Significant
dose reduction was observed either after implementation of an upgraded technology system and a radiation training
among staff. The Italian cohort includes 1858 different types of specimens for Harmonic biobank, including blood,
plasma, serum, clot, cell pellet/lymphocytes, saliva.

Conclusions In the Italian Harmonic cohort, radiation dose in cardiac catheterization varies by age and procedure
type. An institution’s radiological protection strategy has contributed to a reduction in radiation dose over time.
Biological samples provide a valuable resource for future research, offering an opportunity to identify potential early
biomarkers for health surveillance and personalized risk assessment.
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Background

Congenital heart disease (CHD) is one of the most
prevalent birth defects among humans, Impacting
roughly 1% of all births [1]

Epidemiological studies reveal a notably heightened
susceptibility to various types of cancer, including leu-
kemia, tumors of the central nervous system, tumors of
the sympathetic nervous system, and soft tissue sarco-
mas among individuals diagnosed with CHD compared
to the general population [2].

The origins and the risk factors contributing to the
acquired cancer risk in CHD remain largely elusive,
and exposure to ionizing radiation (IR) from X-ray
examinations and fluoroscopically guided cardiac cath-
eterization (cath) procedures is considered a poten-
tially relevant factor [3-9], particularly in patients
receiving repetitive and cumulative radiation doses
during early life [10].

However, large and well-designed epidemiological
studies with an interdisciplinary and global approach
are imperative to establish the connection between
radiation exposure from cardiac procedures and the
onset of cancer [11].

A recent five-year multicenter project, entitled "The
Health Effects of Cardiac Fluoroscopy and Modern
Radiotherapy in Pediatrics (HARMONIC)" (2019-
2024), was funded by the European Commission. One
of its main objectives is to build a consolidated Euro-
pean cohort comprising patients who underwent cath
procedures across seven countries (Belgium, France,
Italy, Germany, Norway, Spain, and the UK). This ini-
tiative aims to provide substantial insights into the risk
of cancer associated with childhood IR exposure, with
statistical power strengthened by the collaboration
of multiple nations, a feat unattainable through single
national studies [12].

Another potent strategy is the establishment of a
biobank to provide a mechanistic understanding of
radiation-induced adverse biological effects and iden-
tify potential early biomarkers that could facilitate
health surveillance and personalized risk assessment
[2, 13].

The aim of this study is to provide a comprehensive
description of the Italian cohort of CHD patients con-
tributing to the HARMONIC project. This description
includes a detailed analysis of cumulative IR exposure,
trend over the years, and an overview of the collected
prospective biobank designed for research purposes
within this vulnerable population.

Methods
Study population
As part of the ongoing HARMONIC project [12], we
presented an Italian national cohort comprising patients
with CHD who had not been diagnosed with cancer and
had undergone at least one cardiac catheterization. In
this single-center, observational, retrospective study, all
patients referred for a cath procedure at the Pediatric Car-
diology in Niguarda Hospital between 1 January 2015 and
30 October 2023 were screened for inclusion. Hospital
medical records for 993 patients were obtained from the
pediatric cardiology department. Patients were consid-
ered eligible for inclusion if they underwent at least one
cardiac cath procedure at an age <22 years. Based on the
criteria set by HARMONIC [12], patients were excluded
if they lacked follow-up data, or had received a cancer
diagnosis before the first cath procedure. The flowchart
in Fig. 1 shows the exclusion and inclusion of patients in
this study. A total of 584 patients (261 females, 323 males)
with 1181 cath procedures were included in the cohort.
The study was approved by the Institutional Ethical
Committee (Study Protocol n. 605-112019).

Data collection

We retrieved clinical, demographics and procedural
information for each patient from the electronic hospi-
tal’s archive.

Dose cath indicators, including Kerma Area Product
(KAP, Gy'cm?) and Fluoroscopic time (FT, min) were
recorded for each patient during the procedure by the
system’s radiation dosimeter coupled to the angiogra-
phy imaging system.

Until August 2010, cath procedures were performed
using a Philips Integris H5000 system (Philips Health-
care). Subsequently, the hospital upgraded its equip-
ment with a GE Innova 2100-IQ system (General
Electric Healthcare) for diagnostic and interventional
procedures and Philips Integris Allura, specifically for
electrophysiology procedures.

In September 2012, a radiation dose-reduction pro-
gram was also implemented in the catheterization labo-
ratory. All medical and technical staff participated in a
training course focused on optimizing doses in fluoros-
copy-guided procedures, covering aspect such as fluor-
oscopy levels, frame rates and geometrical parameters.

Additionally, hospital medical records were also used
to retrive information on other high dose procedures,
including computed tomography (CT), nuclear medicine
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Between 1 January 2015 and 30 October 2023
993 patients (530 M, 463 F)
underwent 1300 Cath procedures

A

First cath > 22 years
347 subjects
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No followed over time <
58 subjects

l

[

588 subjects }

A

Cancer pre first cath
4 subjects

l

584 CHD patients (323 M, 261 F)
enrolled in the study

Fig. 1 Flowchart of patients’selection and enrollment

(NM) scans and whole body or cardiac positron emis-
sion tomography-computed tomography (PET-CT).

Radiation exposure was extracted from imaging reports
by collecting Dose-Length Product (DLP, mGy“cm) for
CT and PET-CT, and administered activity (MBq, Meg-
abecquerel) of the tracer for NM scans.

Biologic sample processing

Biological samples were collected in a subgroup of these
patients who underwent diagnostic and/or therapeutic
cardiac catheterization procedures, at three-time points:
immediately before, immediately after the procedure and
approximately 1 year afterward. Informed consent was
obtained from all subjects or their parents.

Briefly, a maximum of 5 mL of blood sample was col-
lected in a vacutainer tube containing EDTA K2, one clot
activator serum separation tube, and one BD Vacutainer®
CPT" tube for isolation of lymphocytes. Within two hours
post collection, blood samples were centrifuged according
to standard operating procedures to obtain plasma, serum,

and lymphocytes. Aliquots of each fraction were prepared
and immediately stored at—80 °C for future biomarker
analysis, as previously reported [13]. Saliva samples were
also acquired and divided into aliquots.

Statistical analysis

Categorical variables are expressed as frequencies and
percentages, while continuous variables as median and
interquartile range (IQR): 25th and 75th percentiles.
Nonparametric tests were chosen due to the skewed
distribution. The comparison between two groups was
assessed using the Mann—Whitney U test and correla-
tions between continuous variables were tested by using
Spearman’s rho value.

Patients were stratified into age categories at the pro-
cedures: newborn (0-30 days), infants (1-12 months),
1-5 years, 6-10 years, 11-15 years; and > 15 years.

According to a training course, we compared radia-
tion measures obtained using GE Innova 2100-IQ
between the pre-course period (before training) and the
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post-course period (after training). Statistical analyses
were performed using SPSS ver. 24.0 software package
(IBM SPSS, New York, USA). P-value <0.05 was consid-
ered as statistically significant.

Results

Patients’ cohort

The baseline and clinical characteristics of patients
are detailed in Table 1. Among CHD patients, 1181

Table 1 Baseline and clinical characteristics of the Italian cohort

Characteristics Patient Cohort (N=584)

Age at the enrollment, median (IQR) 6 (2-13) years
Genetic/syndromic CHD, N.(%) 67 (12)
Gender
Fermale (N.) 261 (45)
Male (N.) 323 (55)
Age at the first cath exposure, median (IQR) 1 (0-8) years
N. of diagnostic procedures (%) 664 (56)
N. of interventional procedures (%) 517 (44)
N. of cath procedures/patient
N. (%) 354 (61)
2,N. (%) 94 (16)
3,N. (%) 61(10)
>3,N. (%) 75(13)
Total number of other high dose examina- 300
tions

CHD Congenital heart diseases, QR Interquartile range

Page 4 of 10

diagnostic and/or therapeutic cardiac catheterization pro-
cedures were conducted, averaging 2.02 procedures per
person.

The median age at first exposure was 1 year (IQR: 0-8).
Two hundred fifty-nine (44%) patients underwent their
first procedure before reaching 1 year of age, and 109
patients (19%) underwent catheterization within hours or
days after birth.

Additionally, 300 other high dose procedures (CT,
PET-CT, and NM scan) were also performed in 148 CHD
patients.

Radiation exposure data
Dosimetric data were adequately collected for 94% of the
total catheterization procedures.

The median KAP/weight was 0.09 Gy'cm?/kg (IQR:
0.03-0.20), and the median FT was 8.10 min (IQR: 4.00—
16.25). KAP/weight showed a positive correlation with
FT (Spearman’s rho=0.679, p <0.001).

Significant differences were observed in the KAP/
weight and FT between diagnostic and therapeutic pro-
cedures (median KAP/weight 0.08 Gy“cm?/kg IQR: 0.03—
0.17 versus 0.10 Gy "cm?/kg IQR: 0.05-0.25, p <0.001, and
median FT 6.00 min, IQR: 3.00-13.02 versus 11.22 min
IQR: 6.32-23.09, p<0.001, respectively).

Dosimetric parameters based on the individual proce-
dure type are presented in Table 2.

When patients were categorized into age subgroups,
a statistically significant difference (P<0.001) was
observed in the distribution between diagnostic and

Table 2 KAP/weight and fluoroscopy time in different types of procedures

Procedure type KAP/weight FT
Gy.cm?/kg min

Diagnostic (N=664)
Cardiac diagnostic catheterism (N=505) 0.08 (0.03-0.18) 7.00 (3.32-15.00)
Coronary angiography (N=55) 0.09 (0.05-0.20) 5.50 (3.04-10.00)
Endomyocardial heart biopsy (N=67) 01 (0.01-0.02) 2. 36( 1-4.26)
Other diagnostic procedures (N=37) 0.06 (0.01-0.46) 2 (1.03-8.06)

Interventional (N=517)
Atrial septal defect occlusion (N=55) 0.05 (0.02-0.12) 7.00 (4.19-11.00)
Ventricular septal defect occlusion (N=10) 0.42 (0.09-0.73) 23.82(7.33-39.33)
PDA occlusion (N=75) 0.05 (0.02-0.13) 7.55(5.07-11.15)
Atrial septostomy (N=57) 0.08 (0.03-0.16) 752 (448-1741)
Balloon pulmonary valvuloplasty (N=72) 0.09 (0.06-0.21) 14.56 (9.60-26.20)
Balloon aortic valvuloplasty (N=9) 0.10 (0.06-0.63) 17.37 (9.65-34.50)
Pulmonary artery balloon/stent (N=101) 0.29 (0.11-0.74) 32.50 (13.00-49.01)
Coarctation of aorta repair balloon/stent (N=74) 0.13(0.07-0.24) 11.00 (7.45-16.52)
Electrophysiology procedures (N=35) 0.05 (0.01-0.26) 7.50 (1.88-20.00)
Other interventional procedures (N=29) 0.14 (0.09-0.36) 13.00 (1.10-34.70)

KAP Kerma area product, FT Fluoroscopic time, PDA Patent ductus arterious
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therapeutic procedures. The proportion of interven-
tional cases decreased progressively with advancing years
(Fig. 2). The radiation dose, expressed as KAP/weight,
was significantly higher in therapeutic procedures com-
pared to diagnostic ones in the age group>15 years
(P<0.05 adjusted by multiple comparisons). Conversely,
FT displayed significant differences between procedures
in all age groups, except in the newborn group (Fig. 3).

Changes in radiation exposure by different equipment

and training course

The comparison of exposure data reveals a significant
dose reduction with the upgraded technology sys-
tem, transitioning from Philips Integris H5000 (N. of
procedures=86) to GE Innova 2100-IQ (N. of proce-
dures=1008) or Philips Integris ALLURA (N=20).
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The KAP/weight exhibited a significant decrease in the
upgraded equipment compared to the previous sys-
tem (Fig. 4). In contrast, no significant difference was
observed for FT parameters between equipments.

Moreover, we compared dose parameters before and
after the training course carried out in September 2012.
The analysis highlighted statistically significant differ-
ences in KAP/weight and FT between the two periods, as
depicted in Fig. 5.

Other imaging radiation procedures

In our cohort, 148 patients underwent a total of 300
other high dose imaging procedures (272 CT and 28
NM scans), averaging 2.03 procedures per patient. DLP
data for CT scans were available for only 219 exams,
with a median exposure of 239 mGy“cm (IQR: 56-570).

P<0.001

Procedures

H Interventional

H Diagnostic

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -

0% -

0-30

days
Fig. 2 Proportion of diagnostic and therapeutic procedures in the CHD cohort categorized by age groups. P refers to the Chi-square test
between procedures type and age category group
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11-15 >15
years years
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Fig. 3 Differences in KAP/weight and FT values between diagnostic and interventional procedure at each age group. P refers to the Mann-Whitney
U test for KAP/Weight and FT between procedures type in each age category group. *P<0.05 adjusted by multiple comparisons
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T
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Fig.5 Comparison of KAP/weight and FT before and after the training course. P refers to the Mann-Whitney U test for KAP/Weight and FT

between training group

Data for NM scans were available for 25 patients, with
a median of administered activity of 185 MBq (IQR:
119-217). The different types of CT and NM, with their
median DLP or MBq values, are presented in Table 3. CT
and NM scans accounted for only 21% of all high-dose
procedures. The distribution of diagnostic cardiac cath-
eterizations, interventional cardiac catheterizations, CTs
and NM scans in the whole cohort is shown in Fig. 6.

Biological samples
A total of 60 patients were enrolled in the prospective
study, comprising 38 males with a median age of 7 years
(IQR: 5-12). Among them, 27 patients had no previous
catheterization procedures, while 33 patients had at least
one previous cardiac catheterization procedure. Twenty-
six patients (20 males; median age 5 years, IQR: 5-11)
underwent diagnostic procedures while 34 (19 males;
median age 7 years, IQR: 8—12) therapeutic ones.

The median KAP/kg value was 0.07 Gy cm?/kg (IQR:
0.03-0.16).

The Italian cohort collected a total of 1858 samples,
including six different types of specimens: blood, plasma,
serum, clot, cell pellet/lymphocytes and saliva. Figure 7

Table 3 Median exposure and IQR in different types of CT and

NM scans

Computed tomography N. Procedures DLP, mGy-cm
Chest 136 113 (41-342)
Head 29 512 (374-1027)
Heart 17 429 (75— 666)
Abdomen 12 645 (481-1196)
Whole body 8 296 (93- 886)
Massive facial bones 2 1361 (202-2519)
Supra-aorticangiography 1 4853
Intracranial angiography 1 3435
Shoulder/arm 1 41

Femur 1 3138
Lumbosacral spine 1 399
Whole-body PET-CT 6 473 (202-540)
Cardiac PET-CT 4 89 (58-218)
Nuclear medicine N. Procedures Injected MBq
Cardiac scintigraphy 6 217 (174-472)
Angiocardio scintigraphy 3 370 (370-370)
Pulmonary scintigraphy 2 185 (185-185)
Renal scintigraphy 6 41 (17-111)
Whole-body scintigraphy 8 185 (185-198)

DLP Dose-length product, MBq Megabecquerel, PET-CT Positron emission
tomography- computed tomography
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Fig. 6 Distribution of ionizing radiation examination in the Italian CHD cohort
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Fig. 7 Collection of biological samples at TO (pre-procedure), T1 (post-procedure) and T2 (after 1 year) in the prospective study

illustrates the study design for the collection of biological
samples.

Discussion

This study provides a comprehensive analysis of proce-
dure-specific radiation data for specific interventional
catheterizations in the Italian cohort of patients with
CHD, contributing to the HARMONIC project. The
results highlight significant variation in radiation expo-
sure across different procedure types and age groups.

Furthermore, the study clearly shows that advance-
ments in technology and increased operator awareness
over time can effectively reduce radiation exposure in
this vulnerable population. Similarly, previous studies
have reported a significant reduction in radiation expo-
sure in pediatric catheterization labs following the adop-
tion of new X-ray technology and the implementation of
optimized radiation protocols, with a focus on reducing
technical changes [14—18].

As previously shown, an educational program for phy-
sicians and technicians also contributed to a significant
decrease in radiation doses across various case types,
particularly among infants and young children [19].

Our findings strongly emphasize that enhancing
awareness and providing training to operators are

crucial strategies for ensuring radiation safety not
only for patients but also for staff and physicians in
the catheterization laboratory, as highlighted through
the Image Gently and Step Lightly campaigns [20].
Indeed, dose reduction is a collaborative effort, involv-
ing physicians, staff, medical or health physicists, and
every team member plays an important role and must
actively participate in managing radiation dose to opti-
mize patient safety [10, 20].

We observed different proportions of diagnostic and
therapeutic procedures across age subgroups. The higher
prevalence of interventional cases observed in neonates
can be attributed to the life-saving nature of these pro-
cedures, which also serve as a bridging treatment before
surgery to enhance the patient’s clinical status. Con-
versely, diagnostic tests are predominant in children aged
over 15 years, serving as one of the clinical monitoring
methods used in CHD patients. Additionally, apart from
catheterization, we have shown that CT is the primary
high-exposure examination conducted in our cohort.
This observation aligns with findings from previous stud-
ies [21-23], including the recent study in the Norwegian
HARMONIC cohort which showed that the CT made
the most significant contribution to the radiation dose
from imaging, excluding cardiac intervention [24].
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Furthermore, the use of hybrid imaging through
combined PET-CT examinations in our population is
noteworthy.

In recent years, diagnostic PET-CT imaging has seen
a substantial increase, offering both functional and ana-
tomical details for clinical management in a single scan-
ning session [25].

However, the use of PET-CT procedures requires
special consideration regarding radiation exposure due
to the combination of administered activity and X-rays
from the CT, as compared to individual CT or PET
examinations [26].

As a result, PET-CT studies should be employed judi-
ciously in pediatric patients with CHD, with awareness of
cumulative radiation exposure and an assessment of the
overall diagnostic benefit of the scan.

Another crucial outcome of our study is the collec-
tion of large number of biological samples contributing
to the Harmonic biobank, with the goal of enhancing our
understanding on radiation-related biological changes
following pediatric exposure to ionizing radiation [13].

Previous biological studies from our group demon-
strated that cardiac catheterization procedures lead to
increased short-term and long-term chromosomal DNA
damage [21, 26, 27], as well as the shortening of leuko-
cyte telomere length, reduction of mitochondrial DNA
copy number (mtDNAcn) and dysregulation of onco-
genic microRNAs [28, 29].

Nowadays, Harmonic biobank will enhance the epi-
demiological approach of the project, offering a unique
opportunity to achieve a more comprehensive under-
standing of the underlying biological and cellular mecha-
nisms related to pediatric radiation exposure [13].

Doses to individual organs will be estimated using dose
indicators recorded at the time of examination through
Monte Carlo simulations and an anatomically realistic
computational phantom model [12]. This approach will
allow the analysis of the dose—response relationship with
biomarkers and the evaluation of an individual’s physio-
logical response. Additionally, the longitudinal design will
permit the assessment of the early biological response to
IR exposure, the persistence of biological changes over
time, and their predictive ability for long-term damage
before the onset of overt clinical disease or the develop-
ment of cancer. Since contrast media may increase DNA
damage by 50%, we will also assess the combined effect of
the concentration of iodinated contrast and IR exposure
(30, 31].

However, we acknowledge several limitations in our
Italian cohort that warrant consideration. First, conven-
tional radiography examinations were not included con-
sidering that the dose contribution per examination was
low and sometimes the exam was not recorded. Second,
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we cannot completely exclude the possibility that expo-
sure to medical radiation may have occurred at outside
healthcare facilities. Third, this is a cohort study con-
ducted at a single large children’s Italian hospital, with a
strong emphasis on employing radiation dose-reduction
protocols, and thus these radiation exposure data may
not necessarily be generalizable to other pediatric care
hospitals in Italy.

Conclusions

In conclusion, the Italian Harmonic cohort provides
comprehensive information on typical levels of doses
for pediatric catheterization procedures. The institu-
tion’s radiological protection strategy has contributed
to a reduction in radiation dose over time, emphasizing
the importance of the radiological awareness within the
clinical community as an effective strategy for enhanc-
ing the safety of patients and staff [32]. Biological samples
provide a valuable resource for future research, offering
the opportunity to identify potential early biomarkers for
health surveillance and personalized risk assessment.

Abbreviations

Cath Cardiac catheterization
CHD Congenital heart disease
cT Computed tomography
DLP Dose-length product

FT Fluoroscopic time

IQR Interquartile range

IR lonizing radiation

KAP Kerma area product
MBq Megabecquerel

NM Nuclear medicine
PET-CT  Positron emission tomography- computed tomography
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