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l. Introduction

The use of ionizing radiation for diagnostic imaging, interventional procedures and radiation
therapy has largely increased in the past decades, raising concerns about risks associated
with radiation. Children, pregnant women, and patients with chronic conditions who may
require frequent radiologic imaging represent a sensitive patient group more prone to the
untoward effects of radiation exposure. On the other hand, the use of ionizing radiation for
screening examinations requires a very careful justification, as these studies are performed in
apparently healthy subjects.

In this context, Task 3.4 was in charge of a series of tasks:

¢ to identify the needs of research in radiation application and corresponding protection
in relevant clinical scenarios not covered in the tasks 3.1 to 3.3, in particular in
paediatric patients, pregnant women, chronic diseases, screening programmes, by
identifying gaps and possibilities.

e to create a panel for this task including experts from the identified scenarios to ensure
that the relevant medical and scientific communities were involved in the definition of
the research needs and related priorities.

o to perform a literature research on typical exposures and the state of the art in
radiation protection analysed as regards both the technical and procedural aspects.

The composition of partners performing task 3.4 was IBG as task leader and UP, UoC,
COCIR, EUC, EMC, and EURAMED as Partners.

. Methodology

In order to cover in the best way all the main issues, Task Force 3.4 was implemented with a
panel of experts and external members according to the clinical scenarios we were requested
to consider.

In particular, the following experts were involved:

Task 3.4 Panel composition

Claudio Granata
Amanda Antonelli

Université Paris (UP) Guy Frija
COCIR Riccardo Corridori

John Damilakis
Eleftherios Tzanis

IRCCS Burlo Garofolo (IBG)

University of Crete (UoC)

University Hospital Vall d'Hebron (VHIO) Jordi Giralt
Nemzeti Népegészségligyi Kbzpont (NNK) Katalin Lumniczky
European University of Cyprus (EUC) Christina losif (EuC)
Erasmus Universitair Medisch Centrum Rotterdam (EMC) Mark Konijnenberg (EMC)
European Alliance for Medical Radiation Protection Klaus Bacher (EURAMED,
Research (EURAMED) UGENT)
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Task 3.4 External Members

In addition, task 3.4 nominated additional external experts which accepted their
nomination:

e Pierpaolo Alongi, Fondazione Istituto G. Giglio, Cefalu (I)

e Owen Arthurs, Great Ormond Street Hospital, London (UK)

e Erich Sorantin, Medical University of Graz, (A)

o Kimberly Applegate, Emory University, Atlanta GA (USA)

e Sergio Salerno, University of Palermo, (1)

e Massimo Calabrese, Ospedale San Martino, Genova (1)

e Simone Schiaffino, IRCCS Policlinico San Donato, San Donato Milanese (1)
e Paolo De Marco, IRCCS Istituto Europeo di Oncologia, Milano (1)

Online meetings were held with the panel and external members in order to define clinical
subspecialties needed (M3-M6). An open web-based survey proposed by the leadership of
WP3 was filled in by task 3.4 members in order to compile a list of clinical scenarios relevant
to the aims of the task (M6). A final list of relevant clinical scenarios was defined by consensus
by task 3.4 members. After a comprehensive review of the literature available, a shortlist of
relevant clinical scenarios with related gaps of knowledge and needs of research and
possibilities was included in a draft document circulated among Task 3.4 members and a final
consensus was obtained (M12)

Different clinical scenarios and the related gaps in knowledge and need of research were
presented to other relevant stakeholders at the European Radiation Protection Week
Conference, held online in November 2021, for further discussion and feedback (M14) and
sent for input to WP6. A preliminary deliverable reporting the results of the task was drafted in
August 2022 (M23).

1. Results

Paediatric patients

We decided to focus on children with solid tumors as these are disease entities where ionising
radiation is used for treatment and diagnosis regularly. In this context, neuroblastoma
represents an excellent scenario for describing the potential research options for improving
patient care because it is a relatively frequent paediatric solid tumour and the use of ionizing
radiation can be extensive for diagnosis and follow up, as well as for radiation therapy.

Neuroblastoma

Neuroblastoma (NB) is the most common extracranial solid tumour in children and is regarded
as the most common malignant tumour in infants [1]. Treatment outcomes vary significantly
among patients with NB. Patients with low risk of NB fare well with little or no treatment,
whereas high-risk children with metastatic disease have a 5-year-survival of approximately 30-
40% despite multimodality therapeutic schedule, including chemotherapy, radiation therapy,
stem cell transplantation and immunotherapy that may give rise to significant long-term side-
effects [2]. With such heterogeneous clinical scenarios, patient outcome as well as patient
radiation exposure may vary greatly during the therapeutic path.

Diagnostic Imaging:

Diagnostic imaging is a core part of the diagnosis, treatment planning as well as staging and
follow up of NB patients. The number of radiologic studies can greatly vary according to the
stage of the NB disease at diagnosis, being higher in children with a higher stage. Furthermore,
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imaging protocols varies widely depending on local preferences and experience. For 30
children treated for NB, Ahmed et al reported an estimated median cumulative effective dose
(CED) due to CT studies of 133 mSv (range, 20 to 209 mSv) [3]. Owens et al recently also
reported that the mean CED prerelapse for NB was 125.2 mSv, 64% of which was from CT
scans (i.e. 80 mSv). [4]

Morel et al. reported a CED of 30.5 mSv for 66 patients treated in 6 different institutions. The
mean CED were twice as high when comparing the centre with the lowest mean CED and the
centre with the highest mean CED. Among a similar cohort of patients, the difference could be
explained by a lower mean number of CT scans associated with more adapted acquisition [5].

Ozyoruk et al reported median CED of 20 mSv and 11.1 mSv for CT examinations and nuclear
medicine examination respectively. However, the study showed great variability in the number
of examinations performed: the number of CT scans were in the range of 0-23, while the
number of nuclear medicine examinations in the range between 1-5 [6].

Although computed tomography (CT) is an excellent modality largely used in neuroblastoma,
magnetic resonance imaging (MRI) should be preferred for diagnosis and staging, if available,
due to its intrinsic high contrast and radiation-free images and its capability to provide
additional functional information about the tumour. Furthermore, MRI is superior to CT in
assessing bone marrow disease and chest wall invasion and should be the default imaging in
cases of spinal canal involvement [7]. On the other hand, contrast CT scans should be still
preferred for surgical planning in patients who had pre-operative chemotherapy, as MRI can
often underestimate disease extent due to the treatment-induced changes: in fact, fibrosis and
calcifications result in low T1 and T2 signals in MRI, which renders them less noticeable than
at diagnosis [8]. This means ionizing radiation based imaging remains important and needs to
be optimized to generate even better diagnostic or treatment planning information with as low
as reasonable achievable exposures.

Knowledge about appropriateness and effectiveness of diagnostic imaging - with related dose
exposure - during follow-up of survivors is limited. The cumulative exposure can be high,
especially in high-risk neuroblastomas.

The lack of evidence for routine surveillance imaging in high-risk patients after remission was
highlighted by Morgan et al: the risk of relapse was high and few patients with relapse survived,
regardless of the method of detection. [9]. Owens et al, showed that relapsed disease is often
detected by symptoms or modality that involve less or no radiation exposure (radiography,
ultrasound, MRI) with respect to CT [10]. These findings suggest that surveillance regimens
should be reconsidered to avoid long-term sequelae, especially in patients with more
favourable outcomes, because surveillance programs that incorporate cross-sectional imaging
or ionizing radiation modalities may result in more harm than benefit [11]. Therefore, the
justification of routine surveillance imaging — especially with the use ionizing radiation —
requires a better validation, possibly through randomised controlled trials.

Nuclear Medical Imaging:

Regarding nuclear imaging for disease diagnosis and staging, 123I-mIBG is currently preferred
over 1311-mIBG. On the one hand, it has better physical characteristics: its low gamma energy
(159 vs 364 keV) is more suited to conventional gamma-cameras with a better target-to
background ratio and a better image resolution. On the other hand, it presents a better
dosimetric profile, particularly in the paediatric population, thanks to its shorter half-life (13
hours vs 8 days) and no beta emission which locally deposits substantial amounts of energy
but does not contribute to image formation [12].

Ben-Sellem et al showed the additional value of SPECT/CT in terms of the certainty of lesion
detection and anatomic localization if compared to planar imaging: in 88% (49 out of 56) of the
examinations, SPECT/CT provided additional information which was crucial for the therapeutic
decision in 20% of the cases. It allowed a better characterization of the lesion and its
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locoregional extension in 44 cases, a better lymph node staging in 28 cases, the detection of
33 new lesions, and the elimination of 9 false positives. Authors concluded that additional
information may justify the slight increment in radiation dose (CT dose contributes, on average,
with 12% of the total dose) [13]. Other studies showed the additional value of SPECT/CT
images, even if with lower rates of 29% [14], 39% [15] and 41% [16] in terms of additional
information provided.

In the evaluation of neuroblastomas, PET tracers have also proven their usefulness: Shahrokhi
et al. analysed and prospectively compared 68 Ga-DOTATATE and 131I-mIBG SPECT/CT
imaging in a small group of 15 neuroblastomas. 68 Ga-DOTATATE detected more lesions than
131I-mIBG, especially bone metastases [17]. Piccardo et al. objectified that the sensitivity of
18F-DOPA PET/ CT, in staging and in therapeutic assessment of patients with neuroblastoma,
was greater than that of 123I-mIBG SPECT/CT [18]. Melzer et al. have shown that 18F-FDG
PET/CT is useful in the event of a discrepancy between morphological imaging and 123I-mIBG
SPECT [19].

Non-ionizing radiation modalities such as MRI can be effectively used in the management of
the disease [20] and it is recommended by current SIOPEN protocols for evaluation of local
disease, although more costly and often requiring sedation in younger children. However, care
should be taken when using MRI with whole-body diffusion weighted imaging with background
body suppression (DWIBS) for detecting bone metastasis, as such MR based imaging shows
high false positive rates especially in the skeleton when compared to radioisotopic techniques
[21]: In this context, large prospective multicentre cohort studies are needed to validate the
role of whole-body MRI with DWIBS sequences as an alternative radiation-free technique to
radioisotopic imaging.

Radiation therapy: photon beam therapy

Currently, different international organizations provide their own treatment protocols. For
example, the International Society of Pediatric Oncology-Pediatric Oncology in Developing
Countries (SIOP-PODC) recommends 21.6 Gy of radiotherapy to the primary tumour bed and
residual bone metastases (<6 sites) at the end of the consolidation therapy [22].

The Children’s Oncology Group (COG) recommends the application of radiotherapy at a dose
of 21.6 Gy after induction chemotherapy and before resection, increasing the dose to 36 Gy
for patients with residual lesions after surgery. [23]

The SIOP Europe Neuroblastoma Group (SIOPEN) recommends a dose of 21.6 Gy for the
primary tumour completely resected and a randomised study — presently ongoing - of the
standard 21.6 Gy dose vs 36 Gy for incompletely resected without systemic radiotherapy for
metastases [24].

Therefore, while the current guidelines of most organizations are similar for radiotherapy
regimens at the primary site, the exact dose required for postoperative residual disease has
not been finally determined, although more aggressive radiotherapy for patients who do not
achieve complete macroscopic resection is generally advocated.

Although there are abundant data showing good local control (LC) with 21.6 Gy directed at the
primary site, there are few data describing the feasibility and efficacy of RT directed at
metastatic sites of the disease as part of the consolidation therapy. Casey et al [25] reported
the results of 21.6 Gy of hyperfractionated RT to treat not only the persistent sites of the
disease but also previous sites of measurable or bulky disease in complete response,
especially those in critical locations such as the skull or weight-bearing bones: the rationale for
the latter approach stems from prior experiences showing that the majority of failures occur at
previous sites of involvement, even those in complete response to induction therapy. To this
regard, randomized controlled trials could be considered.
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Radiation therapy: particle beam therapy

Proton therapy has a significant appeal for the treatment of tumours in young or very young
children, especially those tumours occurring in close proximity to vital normal tissues.
Because of the peculiar properties of dose deposition, leading to a reduction of the dose
proximal to the target and a lack of an exit dose compared with photons, proton therapy
delivers less low-dose radiation to surrounding normal tissues around and beyond the target.
Despite the potential dose savings, previous studies have shown that, for some patients,
intensity modulated photon therapy could be preferable over passive-scattered proton therapy,
with the possibility of applying a mixed approach [26, 27, 28]

Recent studies reported promising results for local control rate of patients suffering from NB
NB: Hill-Kayser et al [29] reports a 5-year control rate of 97% with a median follow-up of 48.7
months for 45 patients. Dose prescription was of 21.6 Gy (relative biological effectiveness) -
RBE to primary tumour bed and persistent metastatic sites, with 36 Gy (RBE) to gross residual
disease.

Bagley et al [30] published a 5-year local control rate of 87% after a median follow-up of 60.2
months in 8 patients. Primary sites (n = 18) were treated to 21-36 Gy (RBE), and metastatic
sites (n = 16) were treated to 21-24 Gy (RBE). The five-year progression-free survival (PFS)
was 64%, and the five-year overall survival (OS) was 94%.

Danny Jazmati et al. [31] performed a retrospective analysis of children with high- or
intermediate-risk NB who had proton beam theraphy of the primary tumour site performed
during the first-line therapy. Doses ranged from 21.0 to 39.6 Gy (RBE). Although the patients
received total doses above 30 Gy, in line with the previously mentioned studies, they did not
observe relevant toxicity and tumour control rates were high, both for the primary site and the
metastases. The authors point out that the excellent disease-related outcomes and absence
of late toxicity support the use of this treatment approach for future populations and in future
studies.

In summary, these preliminary studies suggest that proton beam therapy is feasible in children
with NB with very little acute and early late toxicity and with good control of both primary
disease and metastases. However, randomised controlled trials are needed to definie the role
of this modality in children with NB.

Nuclear medicine therapy:

Most NBs express the noradrenaline transporter molecule and take up
metaiodobenzylguanidine (MIBG), which can be radiolabelled with either 2% or 3. The
therapeutic role of *I-MIBG as molecular radiotheraphy for NB remains unclear despite
extensive clinical experience. A recent systematic review by Wilson et al yelded 30 studies. In
27 of them, the role of 3!|-MIBG was assessed in relapsed and refractory disease, whereas in
two studies *!I-MIBG was used as induction therapy and in one as consolidation therapy. No
randomised controlled trials were available. The objective tumour response rate reported
ranged from 0% to 75%, mean 32%. The authors concluded that many studies have
demonstrated the activity of 31I-mIBG therapy in neuroblastoma, although the response rates
varied widely. In the absence of randomized controlled studies its true effectiveness compared
with other treatments remains unknown. Currently, the best available evidence on the efficacy
is derived from several single-arm phase Il clinical trials as described in the above mentioned
meta-analysis [32]. Therefore prospective randomized trials are essential to improve the
evidence of the role of *}I-mIBG as therapeutic agent in NB.

Peptide receptor radionuclide therapy (PRRT) which targets the somatostatin receptor SSTR2
using [Y’Lu]Lu-DOTATATE (LuDO), is widely used in the treatment of somatostatin positive
neuroendocrine tumours (NET) in adults with low or moderate proliferation index, established
on the immunohistochemical detection of the proliferation related protein Ki-67. PRRT either
alone or in combination with additional anticancer agents has shown efficacy in a range of
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other somatostatin-positive cancers, including NB. However, experiences with this kind of
therapy for NB have been controversial. A phase lla trial showed absence of any objective
responses, and authors concluded that the use of LuDO, as a single agent at the dose
schedule used in this study is not recommended for the treatment of neuroblastoma [33]. Given
that other pilot studies showed positive results with possible long-lasting remission [34, 35],
the prospective “A phase Il trial of 177Lutetium-DOTATATE in children with primary refractory
or relapsed high-risk neuroblastoma - LuDO-N” (EudraCTNo: 2020-004445-36,
ClinicalTrials.gov Identifier: NCT04903899) tried to evaluate a new dosing schedule of 2 high-
activity administration of single agent 177Lu-DOTATATE given 2 weeks apart, prescribed as
a personalised whole body radiation absorbed dose, rather than a fixed administered activity.
The authors suggest that the failure of other studies might be because the administered activity
was too low, and the courses were spread over an excessively long period of time, for a rapidly
proliferating tumour. The authors hope that the results from the LuDO-N trial and similar trials
on radiopharmaceutical therapy for high-risk neuroblastoma, will generate valuable
knowledge, leading to effective therapeutic options that can significantly improve survival in
the future [36].

In conclusion, the role of nuclear medicine therapy in NB is still to be defined. New randomised
controlled trials should be considered in order to provide a better evidence about its role.

Secondary Neoplasms:

It is known that survivors of high-risk NB are at higher risk of developing secondary malignant
neoplasms [37, 38]. High-risk patients receive drugs capable to increase the risk of
myelodysplatic syndrome and leukaemia. Radiation therapy plays a pivotal role in high-risk NB
treatment, and a dose-response relationship between therapeutic levels of radiation and
secondary cancers in adult survivors of childhood cancers is well established [39, 40].
However, an extensive study by Zhen el al [41] on 4338 patients with NB registered in the
Surveillance, Epidemiology and End Results (SEER) database could not prove that
radiotherapy was an independent risk factors for developing secondary malignant neoplasms.
Further epidemiologic research is needed in this regard, based on the creation of larger
dedicated international registries and longer follow up . Furthermore, it is unclear whether the
combination of radiation therapy with chemotherapy and/or immunotherapy in high-risk NB
patients may worsen the unwanted effects of overlapping toxicity profiles.

KEYPOINTS

e There is a persisting lack of standardization in the choice of imaging modality and
acquisition protocols among different centres. This issue should be addressed with
the creation of specific guidelines as results of close cooperation between of
multidisciplinary teams and stakeholders involved in NB management.

¢ MRl is an effective radiation-free modality for the evaluation of local disease.

¢ The knowledge on cumulative exposure dose due to diagnostic imaging from
diagnosis to end of treatment is limited. Cumulative dose can be very high especially
in high-risk neuroblastomas. Dedicated registries and prospective cohort studies
should be created, in which dosimetric data and technical parameters of the studies
performed should be recorded for later analysis.

e The knowledge on appropriateness and effectiveness of diagnostic imaging - with
related dose exposure - during follow up is limited. This needs to be evaluated based
on clinical guidelines of necessary information in future studies.

e SPECT/CT may allow additional information which could be crucial for treatment.
More research is needed in this regard determining which parameters should be used
and what would be the benefit of the additional information.
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¢ Radiotherapy is an integral part of the multimodality treatment of high-risk
neuroblastoma. However, the dose to be delivered to the tumoral bed is still unclear.
Hypothesis driven research based on mechanistical evaluations is needed.

e The role of radiotherapy in metastatic disease is controversial and needs further
studies based on randomised controlled trials.

e The possible role of proton beam therapy as an alternative technique to conventional
photon-based radiotherapy appears promising. Further research about disease-
related outcome and late toxicity is needed, based on randomised controlled trials.

o Further research on the opportunities offered by new radioisotopes for nuclear
medicine therapy is needed.

o Knowledge on the onset of second malignancies as a consequence of radiation
therapy in patients with high-risk NB is limited. Further research is needed based on
dedicated international registries and a longer follow-up.

Pregnant women

According to the International Commission on Radiological Protection (ICRP), “prenatal doses
from most correctly performed diagnostic procedures present no measurably increased risk of
prenatal or postnatal death, developmental damage including malformation, or impairment of
mental development over the background incidence of these entities; life-time cancer risk
following in utero exposure is assumed to be similar to that following irradiation in early
childhood” [42].

The American College of Radiology established the rule that fetal doses below 100 mGy should
not be considered a reason for terminating a pregnancy [43]. The American College of
Obstetricians and Gynecologists [44] published the following policy statement: “Women should
be counselled that X-ray exposure from a single diagnostic procedure does not result in
harmful fetal effects. Specifically, exposure to < 5 rad (50 mGy) has not been associated with
an increase in fetal anomalies or pregnancy loss.”

The natural risk for malformations at birth is 4%, According to McCoullough et al. [45], 100
mGy of conceptus dose will only slightly reduce the proportion of children without a
malformation from 96% to 95.8%, and similarly, the natural rate of 99.93% of children without
cancer during childhood will just marginally decrease to 99.07%; together, 95.93% of children
will have neither a malformation nor childhood cancer after 0 mGy, and 94.91% after 100 mGy.
This on the other hand means, that instead of 4 children out of 100 (unexposed), 5 children
out of 100 (exposed with 100 mGy) will suffer from malformation or childhood cancer meaning
an increase of approximately 25% in the number of diseased children. This needs to be
discussed by society whether this is seen as acceptable and under which circumstances.

Diagnostic Imaging:

Diagnostic imaging typically delivers doses to the conceptus well below 100 mSv. The imaging
of female patients with known pregnancy using ionizing radiation must be justified. Justification
is based on the specific benefits and risks for both the mother and the child. The stronger the
arguments for a critical situation of one of them the easier is the justification; in contrast, a
vague suspicion would not justify an important exposure. When feasible, techniques not
involving ionizing radiation should be used (MRI, ultrasound), if they provide the required
information without loss of diagnostic information.

The radiation dose absorbed by the fetus cannot be measured directly. The most popular fetal
dose estimation methods are based on phantom measurements and/or geometric phantom
simulation methods. Fetal radiation dose appears to be related with mother size and is
independent of gestational age [46].
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CT examinations are the main source of exposure to the conceptus. Most common conditions
that may require CT examinations during pregnancy are pulmonary embolism, trauma, and
acute abdomen (abdominal pain, appendicitis).

Recently published data reported a significant increase in the use of CT during pregnancies
over the past 21 years (1996—-2016) in North America, with approximately 0.8% of pregnancies
subjected to examinations, with a four-fold increase in the last 20 years. [47]

Even if CT radiation exposure is significantly higher than conventional x-ray radiography,
doses used during routine CT examinations, including abdomino-pelvic scans (single-phase),
do not exceed exposures of 100 mGy to the conceptus. In a recent study, the mean in utero
doses at different stages of pregnancy were estimated with the use of a suitable
anthropomorphic phantom and were calibrated with volumetric CT dose index measurements
and Monte Carlo simulation; they varied from 0.04 to 1.04 mGy, from 4.8 to 5.8 mGy, and from
9.81t0 12.6 mGy for CT examinations for pulmonary angiography, abdomino-pelvic and trauma
investigations performed with 64-slice CT scanner. Again, all doses were substantially lower
than 100 mGy [48].

In addition, ultra-low-dose (ULD) CT protocols may potentially be used for the investigations
of pregnant women, with dose levels close to those of conventional radiographs (i.e., effective
dose lower than 1 mSv); currently, several technical improvements are being developed to
optimise diagnostic performance with ULD CT [49-52]. Here, further research should be
performed to try to establish criteria for required image quality and ways to measure such
criteria to allow guidelines when ULD CT could be used.

Nuclear Imaging:

Nuclear medicine examinations are usually avoided during pregnancy and their effect depends
on the physical properties of the radioisotope, including maternal uptake and excretion,
passage of the agent across the blood-placenta barrier, and uptake by the conceptus.
Technetium 99m is commonly used in ventilation-perfusion (V/Q) lung scans, when pulmonary
embolism is suspected; the absorbed fetal dose in such a case is lower than 5 mGy, which is
within the acceptable dose constraints. Conversely, iodine 131 is contraindicated during
pregnancy due to its deleterious effects on the fetal thyroid gland; if a thyroid scan is
considered necessary, technetium 99 m should be used instead [44]. Nuclear medicine
examinations other than V/Q scans are seldomly indicated in pregnancy. Dose estimation
coefficients for the most common radiopharmaceuticals are reported in the ICRP Publication
128 [53].

The absorbed dose to the uterus, which is included in the dose tabulations, may be used as a
substitute for the absorbed dose to the embryo if the woman is in the first 2-3 months of
pregnancy. Similarly, the absorbed dose to the fetus from radioactive substances without
placental transfer is expected to be in the same range as the dose to the uterus. For radioactive
substances with placental transfer, the absorbed dose to organs and tissues of the mother
may, as a first approximation, be taken as representative of the absorbed dose to the
corresponding organs and tissues of the fetus [53].

More detailed radiation dose estimates for the fetus from administration of a number of
radiopharmaceuticals to women at various stages of pregnancy are given by Russell et al. [54].
Their data illustrate that the majority of studies will probably involve fetal doses of 10 mGy,
according to present knowledge. Therapeutic administrations are routinely contra-indicated in
the case of pregnancy as this may result in very high fetal doses as well as for breast-feeding
women. In addition, beyond 10-13 weeks of gestation, the fetal thyroid may receive extremely
high doses in cases of applying a therapy using 131l-iodine [55].
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Radiation Therapy:

Cancer during pregnancy is rare and the knowledge of this special population of patients is
pretty limited. Approximately 1 per 1,000 pregnant women will be diagnosed with cancer. The
most common one is breast cancer accounting for 30% of all neoplasms. These women will
frequently need radiation therapy as well as imaging for staging, including nuclear medicine.
Cancer incidence is increasing in pregnant women, which is thought to be due to increasing
maternal age. Other common cancers are cervical, lymphoma, melanoma, and thyroid, and
most of these would include considering management with radiation therapy during pregnancy.
Since the 1970s, radiation therapy of the pelvic region during pregnancy has not been
considered an option, due to dose levels in excess of 100 mGy to the embryo/fetus.

The pelvic treatment fields employed for the management of cervical cancer, for example,
typically deliver a radiation dose to the tumour site of more than 45 Gy. For such a treatment,
the fetus would be partly or entirely included within the treatment volume, and thus receive a
radiation dose far in excess of the threshold of 100 mGy. This implies that pelvic radiation
therapy during pregnancy may result in severe harmful effects or even lethal consequences
for the developing fetus and, therefore, cannot be applied in clinical practice [56].

Thus, the role of radiation therapy during pregnancy is limited to tumours outside the pelvic
region. Radiation therapy has been used for the management of several supradiaphragmatic
malignancies in preghant patients such as brain tumours [16-18], head and neck cancer [60-
61], breast tumours [62-63] and Hodgkin lymphoma [64-65].

The fetus is always completely excluded from the above treatment fields and therefore receives
only an out-of-field dose which is much lower than the dose to the tumour site. The fetal
exposure from radiation therapy is due to scattered radiation and leakage through the head of
the treatment machine. The fetal dose can be above or below the threshold of 100 mGy,
depending on the tumour site and the gestational age at the time of irradiation [66]. The
radiation dose to the fetus should always be estimated prior to the start of radition therapy.
This dose assessment allows the radiation oncologist and the medical physicist to examine
the need and technical possibilities for fetal dose reduction either by using special shielding
equipment or by modifying the irradiation parameters.

The accurate knowledge of the fetal dose before the patient’s treatment is a prerequisite for
deciding whether the radiation therapy can be applied during pregnancy.

Fetal doses from previous reports [56] are shown in figure 1.
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Figure 1 [15]
11

This project has received funding from the Euratom research and training

‘ programme 2019-2020 under grant agreement No. 899995.




D3.4 Medical application of ionising radiation and radiation protection needs and E U R:‘ \ M E D

opportunities in other relevant clinical scenarios ROCC.N.ROLL

Depending on tumour site and period of gestation, doses to the conceptus may or may not
exceed the 100 mGy threshold. The fetal dose due to irradiation for a head and neck cancer,
breast carcinoma and mediastinal lymphoma can be kept below the threshold value at the first
trimester of gestation. However, the fetal dose from radiation therapy for these malignancies
may exceed the critical value of 100 mGy at more advanced stages of the pregnancy. Fetal
radiation doses of up to 171.0 mGy, 248.0 mGy and 411.3 mGy have been reported for
radiation therapy for head and neck cancer, breast cancer, and Hodgkin lymphoma in the
mediastinum respectively, during the last three months of pregnancy [56].

Fetal shielding during external photon beam radiotherapy is not only feasible but
recommended by the AAPM TG-36 [67]. The Task Group recommended the use of 5-7 cm of
lead, subsequent studies found small dose reduction when passing from 5 to 7-8 cm, showing
that the fetus can be effectively protected using a lead thickness of 5 cm [68-69].

Several devices have been implemented, allowing protection of the fetus from different
directions [70-71], while Podgorask et al demonstrated that many different beam orientations
may lead to a fetus dose reduction up to 50% [72].

Other than shielding, it is possible to reduce the dose to the fetus with the appropriate choice
of treatment technigque and parameters. An increase in field dimension, for instance, leads to
a considerable dose elevation, regardless of tumour site and age of gestation [73].

The use of beams with a peak energy higher than 10 MV should be avoided during pregnancy
because of the production of neutrons that need to be shielded with appropriate materials other
than lead (i.e. borated polyethylene) [74].

Radiation therapy with charged particles could, in principle, reduce the amount of scattered
radiation. However, the main contributors to the dose outside the field of treatment are
secondary neutrons. For these the biological effectiveness is much higher than secondary
photons (RBE for neutrons is energy-dependent and up to 20). Secondary neutrons produced
by pencil beam scanning are fewer than those produced by passive scanning techniques, but,
because of the high RBE, they still can deliver a significant amount of dose to the fetus, from
2-t0-9 times higher than the fetal dose caused by the planning CT [75-77].

The advent of international and national registries for pregnant patients with cancer and a
greater commitment to research on this special population has recently shown fewer
terminations, fewer caesarean sections, and better maternal-fetal outcomes [78]. A larger
implementation of these registries will allow to collect more information in terms of dose
exposure to the conceptus and untowards effects.

KEYPOINTS

e Further research is needed to improve estimation of the radiation exposure of the fetus
during radiologic imaging, nuclear imaging and maternal radiation therapy.

o Future research on alternative radiation therapy approaches like hadron therapy could
be investigated regarding the special effect on pregnant women and the conceptus.

e The creation of national and international registries for pregnant patients with cancer is
very much needed in order to gain a better knowledge of this special population, to
optimise treatment and to improve maternal and fetal outcomes.
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Screening programs

Justification and optimization are the mainstays of radiation protection. Both of them are
especially important in screening programs using ionizing radiation, as a large group of the
population is examined regularly, usually to detect cancers in a small proportion of the
examined group. We decided to consider lung cancer screening and breast cancer screening
because of their large impact on the population.

Lung cancer screening

Lung cancer is the leading cause of death from cancer worldwide and causes more deaths
than breast, colorectal, and cervical cancers combined [79]. Only 15% of patients with lung
cancer are still alive 5 years after diagnosis, because approximately 70% of patients suffer
from advanced disease status at the time of diagnosis [80].

Two large sufficiently powered randomised controlled trials have shown a significant reduction
in lung cancer mortality in heavy current or former smokers who were screened with low-dose
CT (LDCT), in comparison to chest radiography (NLST) [81] or no-screening (NELSON) [82].
These results were further confirmed by a meta-analysis that included 9 randomised LDCT
screening trials enrolling over 96,000 persons, with an estimated mortality reduction of 16%
[83].

However, an optimized setup of selection criteria is needed in order to justify the screening
inclusion and thus avoid unnecessary imaging in low-risk individuals with related non-justified
dose exposure and risk possibly outweighing the benefits. For this reason, two major
approaches have been selected for high-risk ever-smokers for LDCT screening. The first is
categorical age (age 50/55 to 74/77/80 years), 15/18.8/30 pack-years and time since quitting
(10/15 years for former smokers) which is state of the art, as it has been used by NELSON,
NLST, US Medicare and Medicaid Services and the US Preventive Services Task Force
(USPSTF) as screening criteria, [81,82,84,85]. A second approach is to use risk prediction
models that are based on incidence lung cancer risk or risk of lung cancer death. Accurate
lung cancer risk prediction models use additional predictors in quantifying risk. Several models
have been proposed [86] and identified as being accurate and possibly suitable for guiding
selection of individuals for lung cancer screening [87-88], such as the Bach Lung Cancer Death
Risk Assessment Tool and the Prostate, Lung, Colorectal, and Ovarian (PLCO) M2012 model
[89-91].

To date, the PLCOmM2012 is the lung cancer risk prediction model that has been most validated
by different research teams in multiple countries around the world, including the US, Germany,
Australia, the UK, Canada, and Brazil [86-88, 90-98].

A new prospective study will try to evaluate the comparative accuracy and effectiveness of two
promising multivariable risk models for subject selection and nodule management in lung
cancer screening [99]: first interim results indicate that the classification accuracy of lung
cancer screening outcomes supports the PLCOmM2012 criteria over the USPSTF criteria, since
the PLCOmM2012 criteria detected significantly more lung cancers [100].

Another randomised trial, the Yorkshire Clinical Trial, will compare the performance of
PLCOmM2012 and USPSTF2013 eligibility criteria, with the additional comparative assessment
of a third model, the Liverpool Lung Project (LLPv2) [101].

In general, for all approaches mentioned above, further investigations as well as further
optimizations are needed.

What to do when a lung nodule is detected is a key point in terms of patient management.
Different approaches have been proposed in order to minimise harm from radiation exposure
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related to imaging studies, invasive procedures, and clinically significant distress [102-103]. A
practical approach is to assign patients with lung nodules into one of three categories: routine
screening, early recall surveillance at a certain time or referral for a diagnostic workup.
Significant variations exist in guidelines for management of lung nodules detected at the
baseline and, currently, no protocol can accurately identify all malignant lung nodules while
avoiding unnecessary diagnostic workup for benign nodules [104]. Since such nodule
management depends on dimension measurements, it is worth noticing that volume estimation
via software is software-dependent and can lead to different recall rates [105]. Thus, different
recall rates, derived from nodule measurements and management, may lead to a different
number of examinations, and, consequently, to different levels of exposure [106].

The PanCan Pulmonary Nodule Malignancy Probability model is the first attempt to
personalise nodule management from baseline screening LDCT, using clinical-epidemiological
information and nodule information [107]. The prediction tool has been validated by several
studies [108-114] and one of its strengths is the identification of low-risk individuals who can
undergo the next screening LDCT after 2 years instead of annually [98, 115-116]. In addition,
risk-tailored approaches and automatic nodules management with deep learning algorithms
may lead to a reduction in unnecessary examinations [117-118].

First results of LDCT in combination with the so-called “liquid-biopsy” have been published,
showing the possibilities of personalization in screening intervals [119].

Guidelines on CT requirements for lung cancer screening have been published [120-123].

The American College of Radiology (ACR) recommends using at least 16-slice multi-detector
CT scanners (MDCT), whereas the European Society of Thoracic Imaging (ESTI) sets the
lower limit at 32-slice and recommends 64-slice MDCT. The total scan time is recommended
to be below 10 seconds to cover the total chest within a single breath hold. A tube voltage of
100-120 kVp is acceptable for standard sized patients, whereas a tube voltage of 140 kVp
may be used in obese patients. The tube current should be set in conjunction with the tube
voltage and pitch to meet certain CTDlyo requirements. The CTDlyq to be met has decreased
over the years: in 2014 the ACR reports a level of <3 mGy for standard patient size, while in
2019 ESTI reports levels of <1.6 mGy for patient size up to 80 kg, resulting in an effective
radiation dose of approximately 0.7 mSv. The pitch factor is inherent to the system settings
since it is based on the rotation time, table feed and output (beam width) of a CT system. The
guidelines discourage the use of fixed tube currents, but highly recommend the use of
automated tube current modulation based on a patient’'s habitus. Moreover, the use of
automated tube voltage selection and organ dose modulation is advised. The ACR
recommends a pitch between 0.7-1.5, but states that this parameter should be set with the
other acquisition parameters mentioned before and the CTDlyq.

In contrast to former studies, the current guidelines describe in detail the reconstruction
parameters to be used. For a better lung nodule detectability, reconstruction of the CT images
is recommended at slice thickness <1.0 mm with a slice increment smaller than the slice
thickness (<0.7 mm), but overlapping reconstructions are not mandatory. The field-of-view may
be optimised for every patient to include the entire lungs up to 1 cm beyond the rib cage.
Standard body or mediastinum/soft tissue and lung kernels should be used and, in addition to
this, a medium-sharp (lung) kernel without edge enhancement may be used.

In addition to the radiological societies, a working group of the American Association of
Physicists in Medicine (AAPM) developed a set of detailed acquisition protocols for over 30 CT
systems of six major vendors for lung cancer screening purposes [124]. These protocols are
based on the experience gained with the NLST study and other screening studies by the
working group. Similar to the ACR guideline, these protocols should result in radiation dose
(CTDIlva =<3 mGy corresponding to effective doses <1.0 mSv) for a standardised patient of 70
kg. However, radiation dose may vary from 0.25 to 5.6 mGy for patients from 50 to 120 kg.
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Recommended acquisition protocols for low dose CT in screening programmes include
different values to be chosen in all technical parameters, leading to great variability across
institutions [123, 125], in which doses may exceed the recommended CTDl,o value of 3 mGy
for a standard patient.

Effective doses are reported to be in the range 0.8-1.5 mSv for medium size participants in the
trials initiated between 2001 and 2011.

Regarding cumulative exposure, the COSMOS study reported a median effective dose of 9.3
mSv and 13 mSv at the 10™ year of screening for men and women, respectively [126], while
the ITALUNG randomised clinical trial reported mean effective doses of 6.2 and 6.8 mSv over
4 years, according to the craniocaudal length of the LDCT examination [127].

Since many lung cancer screening programmes begun in the early 2000s, the CT technology
used dates back to 20 years ago.

More recent developments, especially iterative reconstruction algorithms, have allowed for
ultralow-dose CT (ULDCT), well below 1 mSyv, but the overall diagnostic performance might
be affected by such dose decrease [128-131].

Deep learning image reconstruction, however, seems to be able to eliminate all pitfalls in
ULDCT, increasing nodule detection rate and improving measurement accuracy [132-133].
However, further research is needed to elaborate the limits of such methods and to evaluate
performance more carefully.

Lung cancer screening is a powerful tool to reduce mortality in high-risk human beings. In order
to minimise radiation exposure, population selection, nodule management and recall rates,
and CT acquisition protocols should be taken into account.

Current CT protocol guidelines set a desirable value of 3 mGy which should not be exceeded
for a standard size patient. Development in CT technology may lead to a ULDCT protocol with
a ten-fold dose reduction; however, its clinical performance needs to be evaluated thoroughly.

Deep learning reconstruction algorithms might be promising tools to reduce noise without
losing nodule detection accuracy. However, potential limitations has to be evaluated very
carefully as imgaes might always look nice but data might contain insufficient or wrong
information.

KEYPOINTS

e Optimisation of screening selection criteria is needed to improve justification of
radiological studies. This point should be addressed with the creation of specific
guidelines based on update and refinement of risk models.

¢ Management of nodule detected on LDCT is a topic of research in order to better justify
repeated imaging studies and invasive procedure, and to avoid significant distress. This
needs to be further evaluated.

¢ Combination of liquid biopsy with LDCT is a topic of research, as it could change the
management of patients and should be investigated further as hypothesis driven
research.

e Guidelines on CT requirements for lung cancer screening are available and need to be
periodically updated to reflect the improvements in available technologies. It would be
helpful to define image quality requirements as well as requirements on exposure.

e Some data concerning the cumulative exposure during the years of screening for single
exposure are available.

15

This project has received funding from the Euratom research and training

‘ programme 2019-2020 under grant agreement No. 899995.




D3.4 Medical application of ionising radiation and radiation protection needs and E U R:‘ \ M E D

opportunities in other relevant clinical scenarios ROCC.N.ROLL

¢ The possible role of ultra-low dose CT in combination with artificial intelligence-based
reconstruction algorithms is a matter of research. Further evaluation as well as
research on limitations seems to be mandatory.

Breast cancer screening

Breast cancer (BC) it is the leading cause of cancer related death in women, with 15.5% of all
cancer deaths in women and 24.5% of all female cancers worldwide attributed to breast
cancer. It is also now the most commonly diagnosed cancer in both sexes with 11.7%
incidence, surpassing lung cancer at 11.4%. Globo Cancer Statistics (GLOBOCAN) 2020
ranked breast cancer as the 5th leading cause of cancer death overall, with 685000 deaths
[134] worldwide in 2020.

The net increase in breast cancer detection over the past few decades, for both invasive and
in-situ cases, has been attributed to longer life expectancy and the introduction of
mammography screening. This is especially evident in women > 50 years, which is the starting
age for active invitation by most screening programs [135]. Breast screening programs have
played an important role in the past three decades by increasing survival rates and reducing
mortality rates through early breast cancer detection. The number of benign or small in-situ
and invasive cancers are diagnosed 1-3 years earlier with, as opposed to without, breast
screening programs [136-137].

Screening mammography is the best method of early detection, and the evidence thus far
claims it is most effective in breast cancer mortality reduction for women aged 50-69 years
[138]. Upon randomised controlled trials, the reduction in BC mortality due to screening
mammography is confirmed for women between 50 and 69 years of age. In 2015, the
International Agency for Research on Cancer (IARC) conducted a review of 20 cohort studies
and 20 case-control studies: the estimated reduction in BC mortality was 40% for women aged
50—69 years who take up the invitation and 23% when also including those who do not accept
the invitation, as a societal effect of the screening policy. From cohort studies, a mortality
reduction has also been estimated for women aged 40—-49 years and 70-74 years, though the
evidence from published studies was considered to be “limited”. Available data did not allow
the IARC working group to define an optimal screening interval [138].

Screening programmes differ in both range of population and recall rates: UK screens
triennially in the 50-70 years range [139], the U.S. screens biennially for women = 55 years
[140], Canada screens every 2-3 years in the 50-74 range [141] and Australia screens
biennially in the 50-74 years range [142].

In their position statement, the European Society of Breast Imaging (EUSOBI) and 30 national
breast radiology bodies, strongly support screening mammography of the female population
at average breast cancer risk, typically from 50 to 69 years of age.

They consider the extension up to 73 years as a second priority. Screening of younger women,
starting as early as 40 years of age, should be evaluated, as a third priority, country by country
[142].

The benefit to risk ratio of mammography screening is frequently debated: on the one hand we
have a demonstrated reduction in mortality, on the other hand we have risks due to ionizing
radiation. To date, there has been no direct evidence that single or cumulative exposures result
in radio-induced cancer, but cancers due to exposure to low doses may have long latency
period and it may be difficult to discriminate between cancers that are radiation-induced from
those that occur naturally [143-144].
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Hooshmand et al [145] estimated a 15:1 benefit-to-risk ratio for annual screening in range 40-
49 years and a 62:1 ratio for annual screening in range 40-55, then biennially until 74 years.

Authors assumed an average mean glandular dose of 2.78 mGy for examination (4 projections:
2 craniocaudal and 2 mediolateral oblique). Obviously, those estimates rely on the underlying
assumptions made by the authors: if the design of the screening programmes was different,
cumulative dose would be different (for example with examinations every 2 or 3 years starting
from 50 years).

Warren et al, assuming a mean glandular dose (MGD) of 3 mGy across all thicknesses,
reported that the number of deaths caused by radiation-induced cancers is estimated to be
around 150 times smaller than the number of lives saved through screening [146].

Loveland et al, in collecting doses of the UK breast-screening programme, showed an MGD
of 1.57 mGy for cranio-caudal and 1.75 mGy for medio-lateral oblique views [147].

The work of Ali et al focuses on the estimation of radiation induced breast cancer for different
screening programmes: they found a wide range of effective risk, from 42 cases to 1099, over
a million people. These differences depend on how the screening programmes are designed
but most of all on the commencement age of screening. For instance the highest incidence
risk of radiation induced cancer is that of the U.S. screening programme for high-risk women,
whereby women may undergo their first examination as early as 30 years of age [148].

Digital breast tomosynthesis (DBT) has been introduced to overcome the intrinsic limitation of
tissue superposition in digital mammography (DM), allowing a 3-dimensional localization of a
lesion in the breast.

Evidence on clinical performance of DBT is growing as it is known to reduce recall rates in
screening and improve detection of abnormalities in women with dense breast tissue, improve
diagnosis of benign findings, reduce the number of negative biopsies and assess therapeutic
efficacy [149-150]. The study of Gilbert et al, for example, found that DBT increased the
sensitivity of 2D mammography in women with dense breasts and the specificity of 2D
mammography for all subgroups [151].

DBT tomosynthesis, however, may deliver higher doses to women, due to its intrinsic imaging
technique. In DBT, in fact, the X-ray tube rotates over a limited angular range and a low dose
exposure of the compressed breast is acquired every few degrees. The average absorbed
dose to the glandular tissues is the summation of absorbed doses in the fibro-glandular tissue
of the breast from all the multiple low-dose projection images. Tomosynthesis imaging includes
multiple parameters that may influence the resulting breast dose. The angular range and
number of exposures acquired during a scan are specific to the design of a system and thus
these parameters are the same across acquisitions for a particular unit. Different
manufacturers of DBT units have adopted quite different settings for these parameters, which
are also associated with the detector type used and its design, and whether it is stationary or
movable [152].

Artificial Intelligence (Al) in breast screening has been explored in the recent years. A review
of the literature performed by Freeman et al, reported results from 12 studies (all retrospective,
years of publication 2019-2021), concluding that the role for of Al cannot be evaluated currently
with sufficient evidence. The authors show that Al systems are not accurate enough to replace
the double reading by radiologists, and underline that, in general, it is unclear which aspects
of the breast-screening pathway could benefit from Al. Therefore, they advocate the need for
prospective studies with robust designs and large samples to properly evaluate the impact of
Al in improving the accuracy for the detection of breast cancer in mammography screening
practice. [153]
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In a study by Shoshan et al, Al proved to be effective in excluding true negative DBT images,
thus reducing the radiologists’ workload by 39%, but these promising results should be
readdressed in further prospective studies [154].

In their review, Sechopolous et al concluded that Al performance in real clinical settings could
only be evaluated through large-scale screening trials [155].

Breast ultrasound (US) is typically used as a complementary modality, its main advantage
being the lack of ionizing radiation. However, as a stand-alone screening technique it lacks
specificity, leading to unnecessary recalls and biopsies of benign findings. Thus, improvement
in specificity is needed to increase its value as a screening method [156-157].

Colour Doppler, is a well-known technique to improve specificity of US. However, it is usually
performed in large vessels that are not present in breast lesion, but with proper image
processing and a low flow velocity scale the visualization of smaller vessels appears to be
possible. With a better view of the internal microvascular distribution it may be possible to
improve specificity: Zhou et al, for example, reported an increase in specificity from 0.70 to
0.85 in Breast Imaging-Reporting and Data System (BIRADS, ACR) 4 categorization [158].

Breast MRI is the imaging technique with the highest sensitivity for cancer detection, even in
very dense breasts [159-162]. However, its high costs, the long duration of the examination
and the lack of availability could be obstacles to the routine use of breast MRI as a screening
tool. Abbreviated MRI, on the other hand, has shorter image acquisition and interpretation
times, and this could increase the availability of breast MRI and reduce the costs. The
abbreviated protocol includes a pre-contrast examination and one postcontrast T1-weighted
examination, along with subtraction images and maximum intensity projection images, halving
the number of acquisitions requested by the American College of radiology for accreditation
(T2-weighted sequence and pre-contrast, early postcontrast, and delayed postcontrast T1-
weighted images) [163]. Studies from Kuhl et al and Leithner et al showed that abbreviated
MRI has a comparable diagnostic accuracy to the full protocol but with greatly reduced
acquisition and interpretation times [164-165]. A multicentre randomised trial comparing the
screening performance of abbreviated breast MRI and DBT in women with dense breasts
found the invasive cancer detection rate to be 11.8 per 1000 women with abbreviated breast
MRI versus 4.8 per 1000 women using DBT, a difference of seven per 1000 women. Pathology
of core or surgical biopsy was the reference standard for cancer detection [166].

Diffusion weighted images could be an added value, as breast cancers show decreased water
diffusion due to increased cell density, leading to higher signal intensity on diffusion-weighted
images. Several studies show that diffusion-weighted imaging can improve the differentiation
between benign and malignant lesions [167-168].

Preliminary studies suggest unenhanced MRI with diffusion weighted MRI may have higher
sensitivity than screening mammography for the detection of breast malignancies [169-170].
However, current diffusion-weighted imaging techniques are not sensitive enough to replace
contrast-enhanced breast MR, particularly because the sensitivity for subcentimeter and non-
mass lesions is limited. [171-172].

Although breast cancer is one of the few cancers with a well-established screening test using
mammography, several authors have investigated whether liquid biopsy can also play a role.
Potential applications of liquid biopsy in breast cancer span the entire course of the disease
from (early) diagnosis to treatment for metastases. Actually, the ability of liquid biopsy to pick
up patients with early-stage disease or even in situ carcinoma remains uncertain. Although
highly sensitive assays can detect trace amounts of ctDNA, not all breast cancers will present
the same genetic mutations, and the same genetic mutation may be seen in many different
cancer types, which may pose challenges to localizing the cancer [173]. In breast cancer, liquid
biopsy may play a greater role in monitoring response, determining whether a patient has a
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minimal residual and highlighting the acquisition of mutations that confer resistance to
endocrine therapies [173]. However, at present, liquid biopsy is at best an ancillary
investigation that complements and builds on results from conventional tissue biopsies. Liquid
biopsies in breast cancer have yielded cautiously promising results thus far and the outlook
remains optimistic. With time, it is certainly possible that liquid biopsies may play an even
greater role in the breast cancer clinic [173] and may reduce the use of radiological screening.
An optimal screening setup including all realistic and feasible options shall be developed.

KEYPOINTS

e Justification of screening mammography in woman aged 40-49 and 70-74 years is still
matter of debate. Randomised controlled trials should be considered to assess the
effectiveness of breast cancer screening in these two age ranges.

¢ In the age range 50-69, as mortality reduction with screening is no longer matter of
debate, an optimal screening interval with mammography has still to be defined.
Randomised controlled trials should be considered to define screening intervals that
are more efficient.

e The risk of radiation induced breast cancer, albeit low, varies widely according to the
design of the screening programme.

e According to current evidence, artificial intelligence in breast cancer screening has not
been proven to play a significant role. However, prospective studies with robust designs
are needed to properly evaluate its role. First applications as computer aided diagnosis
systems to replace the second reader are coming to the market and needs to be
evaluated further.

¢ MRI has the highest sensitivity for cancer detection and could become a game changer,
although costs, lack of availability and duration of examination presently hinder its
routine use as a screening tool. New, abbreviated protocols could increase the use of
MRI as a screening tool. Further controlled studies are needed, But will be out of scope
for the EURAMED rocc-n-roll strategic agenda. Evaluations are needed how the
society and the health care systems can best benefit from combined approaches.

e An optimal screening setup including all realistic and feasible options that could
contribute to the best possible information gathered in a realistic and feasible way shall
be developed.

Chronic conditions

Cystic fibrosis represents an excellent example of chronic disease, as it requires frequent
radiological studies during its course. Justification and optimization of radiological imaging,
frequency, and duration of follow up with radiological imaging, cumulative doses during the
course of the disease and alternate radiation-free techniques appear to be the main topics that
need to be addressed.

Research is needed to investigate new imaging approaches and corresponding modalities that
might help to understand e.g. immunological or inflammatory diseases. Potential examples
could be improved nuclear medicine imaging modalities or X-ray fluorescence based imaging
using for example nanoparticles as markers. In addition, also new methods for evaluating
structural information based on X-ray imaging like dark-field imaging, phase-contrats-imaging
or other new approaches will be worse to look at. Such methods could be coupled to Al based
evaluations to work with low radiation doses and or elaborate on disease progress.
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Cystic fibrosis

Cystic fibrosis (CF) is a multisystemic life-limiting disease. CF is caused by an autosomal
recessive disorder, and it is characterised by viscid exocrine gland and acinar secretions
causing tubular obstruction and bronchiectasis. Irreversible airway disease and lung
destruction caused by chronic bacterial infections and inflammation are the most relevant
sources of disease-related mortality and morbidity and are responsible for more than 80% of
deaths [174]. Modern treatments continue to extend the life expectancy of patients with CF:
data from the Cystic Fibrosis Foundation 2019 Patient Registry Annual Data Report shows that
the median predicted survival for CF patients in the United States improved from 38 years for
those born in 2008 to 48.4 years for those born in 2019 [175]. This significant improvement
has been largely achieved by the introduction of prevention and yearly monitoring
programmes, which aim to detect disease at an early phase and closely monitor disease
progression [176]. The progression of lung disease has been routinely assessed by pulmonary
function tests [177], although chest imaging has proven to be more sensitive than pulmonary
function tests in the detection of structural lung damage [178]. However, several issues related
to the use of chest imaging modalities in CF remain unaddressed. For example, it is unclear
when and how different modalities such as chest radiograph, CT and MRI should be used and
this variability in practice among centers is the reason of different radiation exposures in
patients [179].

Recently, a group of experts in CF imaging founded the iIMAging managEment of cySTic
fibROsis (MAESTRO) committee, with the aim of outlining the challenges and issues of the
practice of imaging in CF through a systematic literature research and producing a series of
recommendations [180]. Three different scenarios were considered in this review: first
diagnosis, follow-up, and pulmonary exacerbation.

Concerning first diagnosis, the MAESTRO consortium emphasises that CT shows higher
sensitivity in detecting early abnormalities than chest radiography, with the main limitation for
CT being the absence of protocol harmonization. Furthermore, there is no consensus on what
dose level may be considered low and on the optimal timing of the first CT examination. The
lower yielding of MRI and the frequent need for sedation in children limit its role at the time of
first diagnosis [180].

Concerning follow-up, the MAESTRO consortium advises against the use of chest
radiography, as it is often unable to efficiently monitor CF lung disease progression, being less
sensitive than CT. To this regard, in view of the progressive increase in life expectancy of the
CF population, the risk of radiation exposure could be minimised by an optimised use of CT
and an increased utilisation of MRI. The authors emphasise that the lack of guidelines
regarding the optimal timing of imaging follow up contributes to the great heterogeneity of
imaging protocols among CF centres. In future, imaging follow-up should be patient-tailored
and include stratification for risk factors for disease progression, such as chronic bacterial
infection and pulmonary exacerbation rate. Such a patient-tailored approach could further
reduce the risk of radiation exposure by modifying the imaging interval according to disease
status, with longer CT scan intervals in more stable CF patients [180]. Artificial intelligence
could play a role in improving the diagnostic performance of chest radiography, thus
contributing to limit the cumulative dose due to diagnostic imaging [181]. Artificial intelligence
can play a role also in CT imaging, providing automated scoring systems [182].

The MAESTRO consortium emphasises that MRl may become a "one-stop-shop" for CF
imaging, thanks to its ability to provide information on lung ventilation, inflammation, perfusion,
and structure in a single examination, but is limited by its higher cost compared to CT, and by
the need for sedation in uncooperative patients. The benefit afforded by the absence of
radiation in MRI technology is particularly important with respect to the potential need for
frequent follow-up and the increasing life span of CF patients. More importantly, MRI has a
uniqgue advantage over CT, which is the ability to provide information on ventilation,
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inflammation, perfusion, and structure in a single examination. Future studies should focus on
MRI protocol harmonisation to foster the development of comparable image quality between
CF centres and MRI vendors [180].

Concerning lung ultrasound in patients with CF, the MAESTRO consortium does not support
its use for lung disease monitoring as the available evidence is insufficient. Further multi-centre
validation studies are needed to assess its potential role [180].

Pulmonary exacerbation is a major determinant of lung function decline and mortality in the CF
population. However, the absence of a consensus on the definition of pulmonary exacerbation
compromises its optimal clinical management, including the use of imaging for diagnosis and
follow-up [183]. The most frequently used imaging modality during exacerbation is chest
radiography, despite its poor sensitivity and specificity, especially in patients with severe
disease [184]. In this context, CT offers a higher yield but at the cost of a higher dose exposure,
and this limits its routine use. With regards to this, the MAESTRO consortium suggests the
use of low dose CT protocols in patients with persistent respiratory symptoms despite therapy
[180]. Conversely, MRI could offer a valuable alternative thanks to its ability to detect
morphological changes related to pulmonary exacerbation with adequate sensitivity and to
assess response to treatment [185-187].

Several studies have focused on dose exposure from diagnostic imaging in patients with CF.
The study of O’Connell et al. first evaluated the cumulative radiation exposure for 230 CF
patients over a long time period (1992-2009). They found that cumulative effective dose (CED)
was mainly due to thoracic imaging and abdominal imaging, and that there was an increase of
exposure over time which was related to a 5.9-fold increase in the number of CT scans. In
particular, in the 10% of patients with the highest CED, 62% of exposure was related to CT
scans [188].

O’Reilly et al reported in a retrospective study in 77 children a mean CED of 6.2 mSv [189],
while Donadieu et al found a mean CED of 19.5 mSv in their retrospective study on over 80
patients [190].

However, up-to-date scanner and optimised CT protocols may greatly reduce exposure, and
a typical 18-year-old patient with CF may receive a CED of approximately 3.5 mSv [191].

Not surprisingly, the average age of the first thoracic CT has decreased dramatically, passing
from 20 years for patients born before 1980, to 1.9 years for patients born after 1997 [190],
while the median age of death increased by over 0.5 life year per year across US, England
and Wales between 1972 and 2009. Given these premises, there is an ongoing requirement
for strategies aiming to reduce radiation exposure without affecting diagnostic capabilities.

Iterative reconstruction (IR) has the potential for dose optimisation: when reconstructed with
IR, thoracic volumetric images can be diagnostically satisfactory with 40 mAs and a CTDIvol
of 3.5 mGy [192].

Several other studies demonstrated that the subjective image quality of low-dose chest CT
with IR was similar or improved compared to standard-dose CT [193-194].

Lin et al found that ultra-low dose (ULD) chest CT delivered 94% less dose than LD-CT, but
was superior to chest radiography in CF disease quantification, thus being an effective imaging
technique for CF surveillance [195-197].

Ernst et al [197] found that the diagnostic quality of a dedicated ULD chest CT was similar to
their standard reference CT protocol: median effective dose was 0.05 mSv for adults and 0.04
mSyv for children, values which are very close to a chest radiography [197]. Unfortunately,
literature addressing CT technical parameters in LD or ULD chest CT is not extensive. Joyce
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et al report the following parameters: 80 kVp, 20 mA, 0.4 s of rotation time, 1.375 as pitch
factor, scanning FOV of 32 cm (mean effective dose 0.08 mSv). Images are reconstructed at
3 mm with model-based IR in axial, coronal and sagittal planes, while Willemink et al. [193]
report 80 kVp and 28 mAs for a whole chest exams with 0.38 mSv of effective dose. In the
study of Ernst et al [197] the ULD protocol presented 80 kVp, 0.4 s rotation time, minimum
tube current of 10 mA and images were reconstructed at 0.625 mm slice thickness with model
based iterative reconstruction.

The European Cystic Fibrosis Society Clinical Trial Network (ECFS-CTN) developed the
Standardised Chest Imaging Framework for Interventions and Personalised Medicine in CF
(SCIFI CF) initiative with the purpose of establishing guidelines and recommendations for
future chest CT protocols [198]. 16 European centres participated to this initiative with their
clinical protocols used over 3 age-specific phantoms. Data were evaluated in terms of dose
(CTDIvol) and image quality. The SCIFI CF initiative recommendations for age-dependent CT
protocols are reported in Table 1.

TABLE 1 Summary of the recommended guidelines for computed tomography protocols based
on this SCIFI CF initiative’s findings

Data acquisition mode Volumetric, helical scan technique
Patient position Supine with arms above the head
CTDl,," for inspiratory scan mGy
1 year old 0.6
5 years old 1.0
Young adult 22
Field of view As close as possible to the entirety of the lungs
without cutting off the lung borders
CTDlI,, for expiratory scan 50% lower than inspiratory scan
Tube voltage Low enough such that the recommended CTDI, can be
reached (e.g. 80 kV]
Tube current Adapt to recommended CTDl,,,
Pitch <1, lower limit determined by maximum scan time allowed
Slice thickness Thinnest slice thickness [e.g. 1 mm]
Reconstruction increment 50% overlap (e.g. 0.5 mm with 1-mm slice thickness]
Kernel for automated analysis Sharp reconstruction filter without under-

or overshoot at edges, preferably a dedicated
kernel for quantitative image analysis
Iterative reconstruction technique If available, iterative reconstruction techniques
can be applied in addition to the requested filtered
back-projection techniques
Shielding Breast shielding by bismuth, for example, is discouraged

SCIFI CF: Standardised Chest Imaging Framework for Interventions and Personalised Medicine in Cystic
Fibrosis; CTDlyq: volumetric computed tomography dose index. *: in 32-cm body phantom.

Table 1

An additional tool for chest imaging could be represented by dark field chest radiography
(DFCXR). DFCXR is an emerging imaging technique that exploits the wave character of x-
rays by measuring their multiple refractions at material interfaces and allows for an overlay-
free, quantitative assessment of the lung’s alveolar structure [199]. A normal lung with its many
tissue-air interfaces in the alveoli presents a strong, uniform dark-field signal [200]. Any
impairment of the alveolar structure that leads to fewer interfaces reduces the dark-field signal.
Very recently, DFCXR has been introduced to initial clinical application for the qualitative and
guantitative assessment of emphysema in patients with chronic obstructive pulmonary disease
[201-202]. These preliminary studies demonstrated a high sensitivity of DFCXR in the
detection of structural changes associated with pulmonary emphysema, with an effective dose
of 0.035 mSv (lower by about 100 times than chest CT) [202]. Therefore, although at the
moment there are no commercial systems available, it is foreseeable that DFCXR could play
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a role in the detection, diagnosis and management of patients with CF. Further research is
needed to this regard.

In patients with CF, chronic inflammation plays a fundamental role in causing impairment of
lung function. Presently, conventional imaging techniques, neither those using ionizing
radiation (CT, PET/CT and PET/MRI) nor those not using ionizing radiation (MRI and US),
have progressed to routine clinical use of molecular imaging of inflammation, which could
improve disease diagnosis, individualized therapeutic approaches and monitoring of treatment.
To this regard, optimized high resolution nuclear medicine approaches or X-ray fluorescence
imaging could be promising techniques. Fluorescence imaging is based on the detection of the
emission spectrum of a fluorescent molecule that can be activated at a particular site within
the body. It is possible to evaluate if the molecule is present, and the intensity of the
fluorescence signal can be used to determine the state of the disease [203]. Today, most
approaches are based on molecules that are activated by light and also emit light in the visible
spectrum or in a similar energy range. Many Fluorescence imaging approaches use near-
infrared wavelengths (650-1000 nm), and the near-infrared fluorescence (NIRF) has a number
of advantages including good spatial resolution and sensitivity, relative low cost, lack of ionizing
radiation and the ability to discriminate multiple fluorescent signals. NIRF imaging can be
performed ex vivo on tissue sections and in vivo, either non-invasively or more commonly via
intravital microscopy (IVM) or through the use of catheter/probe systems [203]. So far, NIRF
fluorescence has been investigated mostly in pre-clinical studies on cardiovascular
inflammation disease [203], but its use might be extended to management of other
inflammatory conditions, not excluding CF as well. X-ray based fluorescence imaging might be
able to combine advantages from optical fluorescence imaging to image the distribution of
inflammation with the advantages of X-ray imaging to be able to visualize information from
inside the body. Also with X-ray fluorescence imaging the spatial and temporal resolution can
be increased compared to nuclear medical imaging techniques.

KEYPOINTS

e International guidelines on CF imaging are very much needed. Clear indications
concerning timing and selection of the most appropriate imaging modality should be
provided, taking into account the clinical scenario and patient's conditions.

e There is wide variability among the imaging protocols used in patients with CF. As a
consequence, dose exposure greatly varies, and the cumulative dose for a single
patient can be high. A standardization of technical protocols is very much needed.

e Low-dose and ultra-low-dose CT protocols are an interesting opportunity. However, a
clear definition of these protocols is still missing and data concerning the technical
parameters are still scarce. Further research based on controlled studies is needed to
optimize and harmonize such approaches.

o Artificial intelligence is a relevant aspect of research, as it may play an important role
in the diagnosis and scoring of the disease.

¢ MRI could be a game changer as it may become a "one-stop-shop" for CF imaging:
further research is needed to improve and harmonise imaging protocols.

e An additional aspect for CF management and corresponding imaging approaches
could be given by dark-field imaging which should be further developed, implemented
and evaluated.

e Similarly, in the future new nuclear medicine and X-ray fluorescence imaging might
possibly represent a further tool in the management of cystic fibrosis.
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V. Conclusions & recommendations

In this deliverable, we have reported a series of gaps in knowledge and open issues suggesting
the needs of research on the use of medical radiation applications in a series of relevant clinical
scenarios concerning children, pregnant women, human beings undergoing screening
programmes, and patients with chronic conditions. An evaluation on the related typical
exposures and state of the art in radiation protection was also performed.

Finally, we would like to report a series of techniques/new developments which could become
game changers in the above clinical scenarios:

o Photon Counting CT: Studies on the clinical use of photon counting CT are still very
scarce or totally missing in the clinical scenarios we considered, due to its very recent
commercial availability. Nevertheless, its capability to create extremely high-quality
images with a lower dose, spectral separation and material decomposition could
significantly change imaging practices in the years to come, also in the scenarios we
considered.

o Artificial Intelligence: Artificial intelligence can play an important role in every step of
the workflow of radiologic practice, being an excellent tool for its optimization. Al can
also improve the detection of areas of pathology in various organs and help in making
diagnosis. In the future, we can expect an ever-increasing role in all the scenarios we
considered.

¢ New ionizing radiation based imaging methods like X-ray fluorescence imaging or dark
field imaging might allow the generation of new relevant diagnostic information in the
future. Corresponding research needs to be set-up as well.
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