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Abstract 

Partial body exposure and inhomogeneous dose delivery are features of the majority of medical and occupational 

exposure situations. However, mounting evidence indicates that the effects of partial body exposure are not 

limited to the irradiated area but also have systemic effects that are propagated outside the irradiated field. It 

was the aim of the “Partial body exposure” session within the MELODI workshop 2020 to discuss recent 

developments and insights into this field by covering clinical, epidemiological, dosimetric as well as mechanistic 

aspects. Especially the impact of out-of-field effects on dysfunctions of immune cells, cardiovascular diseases 

and effects on the brain were debated. The presentations at the workshop acknowledged the relevance of out-

of-field effects as components of the cellular and organismal radiation response. Furthermore, their importance 

for the understanding of radiation-induced pathologies, for the discovery of early disease biomarkers and for the 

identification of high-risk organs after inhomogeneous exposure was emphasized. With the rapid advancement 

of clinical treatment modalities, including new dose rates and distributions a better understanding of individual 

health risk is urgently needed. To achieve this, a deeper mechanistic understanding of out-of-field effects in close 

connection to improved modelling was suggested as priorities for future research. This will support the 

amelioration of risk models and the personalization of risk assessments for cancer and non-cancer effects after 

partial body irradiation. 

 

1 Introduction 

Partial body exposure and inhomogeneous dose delivery are features of the majority of medical and occupational 

exposure situations. In the medical field partial body irradiation is the mainstay for therapeutic as well as for 

diagnostic applications. Even in accidental exposure scenarios the initial dose deposition may be distributed in-

homogenously due to partial shielding. However, in the meantime there is substantial evidence that the response 

to partial body irradiation pertains to the whole organism.  Radiation effects are not restricted to the irradiated 

area, but also occur in lower exposed surrounding tissue and in non-irradiated neighboring or distant tissues 

which considerably extends the radiation response (summarized as out-of-field effects) (Pouget et al. 2018). 

Therefore, the exact quantification of dose distribution patterns and the understanding of radiation-induced 

biological mechanisms in out-of-field areas is required for the identification of potential health consequences. 

This knowledge is critical for both, the evaluation of radiation effectiveness in radiotherapy and diagnostic 

application as well as for radiation risk assessment.  



To acknowledge the relevance of this topic and to foster research in clinical/epidemiological/dosimetric and 

biological/mechanistic aspects in the field of out-of-field effects, the MELODI (Multidisciplinary European Low 

Dose Initiative) and EURAMED (European Alliance for Medical Radiation Protection Research platform) platforms 

included this topic into its strategic research agendas. Furthermore, projects, concerning the effects of partial 

body irradiation, particularly out-of-field effects, and how they may affect health risk following exposure, were 

recently funded from the Euratom Research and training programme 2014-2018, in the framework of the 

CONCERT EJP [grant agreement No 662287]. LEU-TRACK (https://concert-

h2020.eu/sites/concert_h2020/files/uploads/Deliverables/D9/Leu-

Track/_Lists_Deliverables_Attachments_215_D9.99_Final-report-of-the-LEU_TRACK-

project_approved29052020.pdf) investigated the role of micro-vesicles and their ‘cargo’ in radiation 

leukemogenesis and SEPARATE (https://sites.google.com/view/separate-project/home) that explore the 

systemic effects of partial-body exposure through a multiomic approach, and how they may affect health risk 

following exposure.  

The classical model in radiation biology in which cells need to be traversed by radiation to be affected (targeted 

radiation effects) has been challenged by numerous studies, in which cells that were not directly hit displayed 

radiation-triggered response patterns (non-targeted radiation effects) (Pouget et al. 2018; Morgan and Sowa 

2013). Such non-targeted effects include short range interactions between neighbouring cells as well as long 

range interactions between distant tissues.  In vitro as well as animal studies evidenced communication between 

irradiated and non-irradiated cells, involving the exchange of molecular signals through soluble secreted factors 

(Wang et al 2018). Small proteins, lipids, second messengers and also DNA and RNA molecules are among the 

clastogenic factors secreted from irradiated cells that in turn affect bystander cells. These factors can be 

individually released from irradiated cells, carried in extracellular vesicles or transported via intercellular 

channels (Hei et al. 2008; Sowa and Morgan 2013; Szatmári et al. 2017). Commonly, components of the immune 

system were recognized as important mediators of systemic radiation effects (Formenti et al. 2009). 

Determining the contribution of out-of-field effects in the clinics or generally in vivo is highly challenging and the 

current knowledge is very limited. Acute effects of local radiotherapy are fatigue, diarrhea and weight loss 

(Berkey 2010). Secondary cancer and cardiovascular diseases are important long-term out-of-field effects 

(Mazonakis and Damilakis 2021; Belzile-Dugas and Eisenberg 2021). As the long-term survival of RT patients 

constantly improves, the understanding of these effects is getting more and more important.  

The MELODI Workshop 2020 on the “Spatial and temporal variation in dose delivery” brought together experts 

in clinical/epidemiological/dosimetric and biological/mechanistic aspects of research. It was organized in four 

https://sites.google.com/view/separate-project/home


sessions, addressing (1) dose-rate effects, (2) radiation quality, (3) internal exposure and (4) partial body 

exposure, each generating at least one thematic manuscript (Lowe et al. 2022; Baiocco et al. 2022; Boei et al. 

2022; Li et al. 2022, submitted).  Due to COVID19 outbreak, the workshop was successfully held on-line. Based 

on their recent work and specific expertise on the topic, the speakers of the partial body exposure sessions were 

invited, to specifically present in this manuscript the current knowledge on the effects of partial body radiation 

exposure from the clinical, epidemiological and biological point of view not covered by the other manuscripts. 

The current paper does not intend to represent a summary of the available literature, but rather aims at 

summarizing the results of the workshop, updated with results of research published since then. 

 

2 Out-of-field effects: clinical context 

2.1 Radiation dosimetry for radioepidemiological studies in external beam radiotherapy  

Studies of dose-response relationship on radiotherapy patient cohorts may potentially help in a limitation of 

unnecessary healthy tissue exposures, and optimization of treatment techniques. Moreover, as discussed by 

Harrison (Harrison 2017), radiotherapy patient cohorts, characterized by large population size and dose range 

covering most of the dose-risk curve, are important in general studies of radiation effects on humans. Such 

studies are aided by the fact that doses received by patients undergoing radiotherapeutic procedures are well 

documented and records are typically available years after treatment. One of the most important concerns with 

respect to non-target doses delivered to healthy tissues surrounding a planning target volume (PTV) is the risk 

of second primary cancer (SPC) development (Kry et al. 2017). Second primary cancer as defined by Cahan et al. 

(1948) and adopted by Xu et al. (2008) is the cancer that occurs in locations irradiated in radiotherapeutic 

procedures, with histology different from that of the original tumour, so it cannot be a metastasis. It appears 

after typically several years of latency. The second primary cancer should not be present during radiation 

treatment and the patient should not have a cancer-prone syndrome. NCRP Report 170 (2011) reviews 

epidemiologic data on SPCs after radiotherapy of the growing number of cancer survivors worldwide. The report 

proves a clear increase in the risk of SPCs following non-target doses both from primary beam and secondary 

and scattered radiation. Furthermore, NCRP Report 170 highlights the importance of quantitative estimates of 

SPC risk. This requires estimation of doses to organs outside the PTV as uncertainties in dose reconstruction may 

lead to a misunderstanding of the risk of radiation-induced late effects, including SPC risk (Vu et al. 2017). The 

increasing knowledge about both target and non-target radiation distributions in patients undergoing 

radiotherapy is an advantage that should be used especially in radioepidemiologial studies with thousands of 

patients (Howell et al. 2012). 



The main sources of radiation during radiotherapy are therapeutic beams and secondary and scattered radiation. 

Additionally, before and during the course of treatment, the patient may undergo a number of procedures using 

ionising radiation. Amongst diagnostic procedures, the most common are computed tomography (CT), positron 

emission tomography (PET) and single-photon emission computerized tomography (SPECT). Nowadays, each 

patient receives at least one CT scan for dose planning. Finally, all currently used treatment procedures require 

on-board imaging during patient positioning, which can be performed with 2D kV and MV imaging systems, CT 

on rails or cone-beam CT scanning (CBCT) (Ding et al. 2018). The number of image-guided verification procedures 

depends on the particular clinical case as well as the clinical protocol and treatment technique used and can vary 

considerably (Ding et al. 2018). Furthermore, treatment may be a combination of external beam radiotherapy, 

brachytherapy and radionuclide-based nuclear medicine procedures (Harrison 2017). In current clinical practice, 

radiation doses from diagnostic and radiotherapeutic procedures are recorded separately. Moreover, there is a 

lack of scientific publications reporting the combination of doses from diagnostic, imaging and radiotherapy 

procedures (Harrison 2017). In general, non-target doses from radiotherapy decrease with the distance from the 

PTV over a range of tens of Gy to less than 1 mGy (Xu et al. 2008), whilst concomitant doses from diagnostic and 

imaging procedures fairly uniformly cover the PTV and surrounding tissues with effective doses up to about 30 

mSv for multi-slice CT (4DCT) and up about to 130 mSv for pelvis daily kV CBCT for 30 fractions (Halg et al. 2012). 

In this chapter, we focus on the dosimetry of non-target doses from primary and secondary radiation for 

radioepidemiologial studies in external radiotherapy. 

The primary therapeutic beam covers the target area with uniform and conformal doses at the level of 40 to 62 

Gy delivered in 15 to 32 fractions (https://www.rcr.ac.uk/publication/radiotherapy-dose-fractionation-third-

edition). At the same time, the dose distribution from primary radiation at the border between the PTV and 

healthy tissues is characterised by strong gradients changing from tens of Gy to a few Gy over a few centimeters. 

In general, dose distributions from the primary beam depend on the treatment protocol, radiation quality 

(photons, electrons, protons and heavy ions), effective energy, treatment technique [3-Dimensional Conformal 

Radiation Therapy (3D CRT), Intensity-Modulated Radiation Therapy (IMRT), Volumetric Arc Therapy (VMAT), 

Tomotherapy, Stereotactic radiosurgery/stereotactic body radiotherapy (SRS/SBRT), Flattening Filter-Free IMRT, 

passive scattering or active scanning ion therapy] and treatment planning protocol. Modern radiation techniques 

such as VMAT can achieve highly conformal dose distributions and improved target volume coverage compared 

with conventional RT techniques because of continuous rotation of the radiation source and beam intensity 

modulation. With the additional rotational degrees of freedom, high dose peaks in healthy tissue can be reduced. 

At the same time, the resulting organ dose distributions in healthy tissue can differ from traditional techniques 



like 3D-CRT, and mean organ doses can increase due to potential increased body traversal of multiple beams (Xu 

et al. 2008; Kry et al.  2017).  

Secondary and scattered radiation is produced in the interactions of the primary beam with the treatment nozzle 

and patient body and creates a low dose envelope outside the treatment field. Depending on the quality of 

primary radiation, scattered and secondary radiation is a mixture of scattered X-rays, secondary γ radiation, 

neutrons, charged particles, characteristic X-rays, bremsstrahlung radiation and residual radiation from 

radioactivation (Xu et al. 2008; Kry et al.  2017).  

For photon beams, the contribution to out-of-field doses arises from scattered radiation generated within the 

patient’s body, leakage from the linear accelerator head and scattered radiation produced by the collimators and 

beam modifiers on the path of the primary beam (Mazonakis and Damiliakis 2021). Non-target doses depend on: 

field size, number of Monitor Units (MU) which increases collimator scatter (Ruben et al. 2011), accelerator type, 

beam energy (Brody et al. 2013), treatment technique and finally patient specific beam modifiers (Kry et al.  

2017). The radiation spectrum is dominated by scattered photons which undergo single or multiple Compton 

interactions (Knežević et al.  2013). For primary beam energies higher than a threshold for photo-neutron 

interactions [6–13 MeV for most materials (Xu et al. 2008)], secondary neutrons are created with a fast neutron 

peak between 0.1 and 1 MeV and low-energy tail from neutrons being elastically scattered (Kry et al.  2017).  In 

conventional photon therapy, the out-of-field dose decreases rapidly as the distance from the field edge 

increases (Miljanić et al. 2013; Di Fulvio et al. 2013). 

In proton radiotherapy, the main sources of out-of-field doses are the beam forming elements, both inside the 

nozzle and close to a patient (collimator, range shifter, energy modulator, compensator), and the patient body. 

The secondary radiation field is dominated by secondary neutrons with two high-energy peaks in their energy 

spectrum: first from evaporation and neutron scattering and second from direct (nucleon–nucleon) reactions 

(Stolarczyk et al. 2018). Secondary neutrons together with secondary photons and scattered and secondary 

protons create a complex mixed radiation field, which depends strongly on delivery technique (active or passive) 

(Halg and Schneider 2020), individual patient beam modifiers (Wochnik et al. 2021) and treatment field 

parameters such as energy and field size or modulation (Mojzeszek et al. 2017). In passive proton therapy, the 

primary proton beam interacts mostly with components in the nozzle, such as the scatterers and collimators, 

whilst in active scanning the beam interacts mostly with the patient’s body. Therefore, the neutron out-of-field 

dose from passively scattered proton radiotherapy is substantially (the order of magnitudes) higher compared 

with the Pencil Beam Scanning (PBS) technique (Halg and Schneider 2020). For both passive and active proton 



radiotherapy techniques the out-of-field doses are the highest close to PTV and decrease with increasing distance 

from PTV (Stolarczyk et al. 2018; Halg and Schneider 2020). 

Comprehensive reviews of doses from secondary and scattered radiation were published by Xu et al. (2008); Kry 

et al. (2017); Halg and Schneider (2020); Mazonakis and Damiliakis (2021). All showing that comparison of out-

of-field doses estimations from different studies is a demanding task. Large discrepancies between reported 

values are among others due to the differences in delivery systems, set-ups and used dosimetry techniques. 

EURADOS Working Group 9 (Radiation Dosimetry in Radiotherapy) performed a systematic investigation on out-

of-field doses in photon and proton radiotherapy for paediatric patients. In all cases investigated by WG9 out-

of-field organ doses were assessed inside anthropomorphic phantoms for the same target (6 cm diameter 

spherical PTV with the center on the left anterior side of the head). This work was recently summarized by 

Knezevic et al. (2022). Table 2 presents example data for out-of-field dose levels estimated by EURADOS WG9 

for 3D-CRT, IMRT (Majer et al. 2017) and Intensity Modulated Proton Therapy (IMPT) with PBS technique 

(Knežević et al. 2018). They are compared with organ out-of-field doses simulated for proton passive scattering 

technique for a spherical 5.6 cm diameter tumour located at the centre of the brain (Sayah et al. 2014). Out-of-

field doses for proton PBS therapy are lower when compared 3D-CRT, IMRT and proton passive scattering 

techniques. The difference is at the level of one order of magnitude close to the brain and more than two orders 

of magnitude for distal organs. As summarized by Kry et al., (2017) when comparing 3D-CRT with IMRT, IMRT 

usually offers better conformity (lower doses) near the edge of the PTV but higher doses in distal organs (due to 

the increased collimator scattering and head leakage). However, it depends strongly on plan parameters, 

optimization routine, target size and location. As a result out-of-field doses for the same technique can vary up 

to two orders of magnitude between different studies (Kry et al.2017). 

Table 1 Total organ out-of-field doses (mSv/Gy) for a brain target in a 10-year-old phantom. For 3D-CRT, IMRT 
and proton active scanning radiotherapy data are adapted from Knezevic et al. (2022). For passive scattering 
proton radiotherapy data are adapted from Sayah et al. (2014) assuming 10% contribution from secondary 
photons to total organ equivalent dose.  

 Thyroid Liver Testes 

3D-CRT (6 MV photon) 3.26 0.58 0.17 

IMRT (6 MV photon) 2.7 0.58 0.19 

Proton passive scattering technique  1.97 0.63 0.30 

Proton active scanning technique 0.42 0.03 0.01 

 



The estimation of doses from secondary and scattered radiation for radioepidemiological studies can be 

performed with treatment planning systems (TPS), Monte Carlo (MC) modelling, analytical models of dose 

distribution outside PTV and finally in-phantom measurements.  

The method most commonly used for organ dose assessment is dose calculation with a Treatment Planning 

System (TPS) (Zhang et al. 2015). TPSs give precise dose information for a target and its proximity, typically in the 

dose range between 0.1 Gy and 60 Gy. Both organ average doses and dose-volume information are available. 

However, calculations are possible only in the area covered by a planning CT. Older versions of the calculation 

algorithms give less precise results and in general the calculation accuracy outside the treatment field is reduced. 

The underestimation of out-of-filed doses by TPS increase with distance from the PTV and can reach up to 70% 

in distal organs (Majer et al. 2017). Howell et al. (2010) proposed to use TPS for out-of-field organ dose 

calculation only within 5% isodose. In TPS out-of-field doses from scattered and secondary radiation and doses 

from imaging and diagnostic procedures are not taken into account. Moreover, the relative biological 

effectiveness (RBE) of a radiation, important especially for charged particles and neutrons, is not fully considered 

(Kry et al. 2017).  

Monte Carlo modelling is considered the most flexible method of simulating particle interactions within a 

medium. It allows, for example, for scoring the dose from different particles or interactions separately, and 

calculations in whole-body computational phantoms (Park et al. 2021). Long computation times and lack of 

precise information needed to build a proper model of a treatment machine very often prevent wider use of this 

method (Kry et al. 2017). Moreover, De Saint-Hubert el al. (2022) reported a significant dependence of calculated 

the neutron fluence spectra on the codes used. It has an important implication on both the calculated neutron 

out-of-field dose and calibration of neutron detectors used for out-of-field dose measurements. Finally, 

experimental validation of the MC model not only for primary radiation but also for secondary and scattered 

radiation calculation is required (De Saint-Hubert et al. 2022).  

Analytical models, validated by experimental data, may successfully describe both primary beam and out-of-field 

scattered and secondary radiation, also in a wide range of irradiation conditions. Accuracy of the models is within 

30% although much larger errors are possible (Kry et al. 2017). Newhauser et al. (2018) in his review of analytical 

models of secondary radiation in photon and proton radiotherapy, not only summarised and compared existing 

models, but also highlighted the need for their further development using precise experimental data.  

In-phantom measurements are a gold standard for secondary and scattered radiation dosimetry in radiotherapy. 

However, providing high quality experimental data in a mixed field of primary, secondary and scattered radiation 

is challenging. This is mostly due to difficulties in measurements in the dose gradient (averaging effect of detector 



size and precision of detector positioning), and sensitivity of detectors to different radiation types and different 

radiation LET (Stolarczyk et al. 2018). Moreover, experiments should be performed in a well-defined and well-

described standardised condition (phantom size, target location, target size) to allow comparison between 

different delivery techniques and connection with clinical cases (Majer et al. 2017; Hauri and Schneider 2019). 

Robust calibration of detectors and correction of their readouts depending on the radiation quality is essential 

(Knezevic et al. 2013).  

Even though a number of experimental and computational studies on out-of-field doses both for photon and 

proton radiotherapy is available in the literature, generalisation of the results, which would allow the prediction 

of out-of-field doses for individual patients, remains a challenge (Kry et al. 2017). Another challenge lies in the 

estimation of total dose including not only dose from radiotherapy (primary and secondary radiation) but also 

imaging procedures (Ruhm and Harrison, 2020). Different components of total dose received by a patient are 

characterized by different radiation quality, different energy spectra and different LET distributions (Stolarczyk 

et al. 2018). Currently, quantities such as effective dose, dose equivalent or ambient dose equivalent typically 

used for radioprotection are used to sum up contributions from radiotherapy beams, out-of-field radiation and 

imaging procedures (Kry et al. 2017). However, radioprotection quantities do not take into account fractionation, 

and simultaneous irradiation of with high doses in a restricted PTV volume and with low doses covering the rest 

of the patient body. Moreover, dose equivalent and effective dose use radiation and tissue weighting factors 

which are concepts developed for radioprotection, where a person is exposed to low doses. Diallo et al. (2009) 

has shown that 66% of second primary malignant cancer develops in the proximity of the PTV in the area of the 

primary beam edge dose gradient where also out-of-field doses are the highest. Moreover, this area is typically 

irradiated during diagnostic and positioning procedures, which also contribute to the total dose (Harrison, 2017). 

Only 22% of second primary malignant cancer is developed at a distance greater than 5 cm from the edge of the 

irradiated volume in the low dose area from scattered radiation and imaging procedures (Diallo et al. 2009). 

Therefore, from the radioepidemiological point of view, it is crucial to estimate dose comprehensively in the 

proximity of PTV. Another important issue in this area is the presence of dose gradients where radiation is not 

uniformly distributed. As a consequence, reporting only average organ dose may be misleading (Schneider and 

Walsh 2017). Part of the organ may be irradiated with a high dose while part may be exposed to lower doses in 

the primary beam penumbra. Schneider et al. (2005) proposed the concept of an organ equivalent dose (OED) 

for radiation-induced cancer. It assumes that different dose distributions within an organ are equivalent and 

correspond to the same OED if they cause the same radiation-induced cancer incidence. For low doses distant 

from the PTV, the OED is equal to the mean organ dose, while for high doses in the proximity of PTV, it is different 

from the mean organ dose, because of cell sterilisation effects at high doses.  



In summary, development of modern dosimetry tools which would allow for dose estimation in organs covered 

with inhomogeneous mixed radiation fields is needed to minimise uncertainties in radioepidemiologial studies. 

Currently available dosimetry methods should be used with consideration of their limitations. As a minimum, a 

detailed description of assumptions and quantities used should be provided. 

 

2.2  Risk of radiation-induced second primary cancer and heart disease after breast cancer radiotherapy  

While radiotherapy plays an important part in the treatment of cancer by reducing the risk of recurrence and 

improving survival, it also induces unavoidable radiation exposure in the surrounding tissues. Epidemiological 

studies demonstrated that radiotherapy, despite its tumor killing prosurvival functions, increases the risk of 

second primary cancer and non-cancer diseases later in life due to the radiation exposure. These health risks 

become increasingly relevant with improved cure rates of the primary malignancy and prolonged survival. For 

example, for breast cancer the 10-year relative survival rate in Germany is above 80%, and can even be 

substantially higher for patients with good tumor status (RKI 2022). 

Characteristic of radiotherapy exposures are the huge dose ranges and extreme dose gradients. For breast 

cancer RT, in organs close to the treatment area, the doses can range from 50 Gy or more down to a few Gy or 

even below 1 Gy. As discussed in the previous section, modern techniques such as VMAT can lead to different 

dose distributions than conventional 3D-CRT techniques with unknown consequences for late health risks. 

Furthermore, the new techniques can increase mean organ doses (Corradini et al. 2018) while also the more 

distant organs can substantially contribute to secondary cancer risk (Simonetto et al. 2019a). 

The strong inhomogeneity and variability of the exposures make assessments of long-term risks difficult. While 

modern techniques offer the flexibility to adapt the radiation fields, it is often not possible to select among 

different treatment options regarding long-term risks because of the difficulties to assess the risks. In the high 

dose region1 above about 4 Gy, long-term risks after radiotherapy were assessed by several studies (NCRP 2011). 

For some cancer sites, such as lung and breast cancer, a dose-response relationship consistent with a linear dose 

dependence was observed.  

However, in the presence of high dose gradients a small variation in the location where the tumor originated can 

lead to significant changes in dose. It was shown by Schneider et al. (2018) that already the uncertainty of exact 

tumor location could result in inference of a linear dose-response relationship in epidemiological studies even if 

the actual dose-response relationship was non-linear. For other cancers, such as leukaemia or thyroid cancer, 

                                                           
1 With regard to dose ranges in radiotherapy, we refer to doses above about 4 Gy as high doses, and to doses below about 4 

Gy as low- and medium doses. 



the data indicated a flattening or downturn at higher doses. However, these high-dose studies usually have 

limited statistical power at doses below 1-4 Gy. Since parts of the organs close to the treatment area are in the 

low- and medium dose range, as well as the more distant organs, additional information from other studies is 

needed. The most informative study is the cohort of the atomic bomb survivors of Hiroshima and Nagasaki (LSS, 

Life Span Study) which provides robust organ-specific estimates of radiation risk including age dependencies 

(Preston et al. 2007; Grant et al. 2017). While risk estimates from RT studies are usually derived from treatments 

using fractionation, the cohort members of the LSS had a single unfractionated exposure. Although no 

epidemiological data exist that could estimate the influence of fractionation on late health risk, it can be expected 

that fractionation has less relevance for risk in the low- and medium dose range (Simonetto et al. 2021). 

Moreover, similar to RT, the atomic bomb survivors were exposed dominantly by high-energy photons at high 

dose rates. 

Comparing the risk coefficients from radiotherapy studies and the LSS, large differences were found for some 

cancers, in particular for cancers of the lung, breast, and for leukaemia (NCRP 2011; Berrington de Gonzalez et 

al. 2013). In breast cancer radiotherapy, even for organs close to the treated breast, large organ parts are 

exposed to low- and medium doses (Joosten et al. 2013). This raises the question whether risk coefficients from 

radiotherapy studies based on conventional 3D-CRT or older electron techniques can be directly transferred to 

modern applications like VMAT that may deliver substantially different dose distributions. 

It is plausible that risk coefficients from low- and medium doses and from high doses may be different since the 

radiation-induced biological mechanisms are different. At high doses, the processes of cell killing and 

repopulation between different fractions become increasingly relevant (Sachs and Brenner 2005). Shuryak and 

collaborators (2009a, 2009b) developed a mathematical model that considers initiation, inactivation and 

repopulation of normal and premalignant stem cells during and after radiotherapy. The processes of cell killing 

and repopulation were also implemented in the model by Schneider (2009) to estimate the dose response and 

cancer risk for fractionated radiotherapy. 

To construct a dose-response relationship for the full relevant dose range based on radiation-epidemiological 

data, Simonetto et al. (2021) used information both from high dose studies and from the LSS. For lung cancer, 

breast cancer and leukaemia an intermediate dose range was defined where the excess relative risk was 

interpolated between the low- and high dose regime. This resulted in a combined, in general non-linear dose 

response. Organ cancer risks were then estimated by integration of the dose-response relationship over the 

organ dose distribution. These models were also implemented into the PASSOS software tool to estimate age-

integrated risks together with associated uncertainties for various radiotherapy techniques (Eidemüller et al. 

2019; PASSOS 2022). 



Besides second primary cancer, the risk of late heart disease is a major concern in breast cancer radiotherapy 

applications. A highly relevant study is the work by Darby et al. (2013) that analysed the risk of ischemic heart 

disease. It was found that the rates of major coronary events increased linearly with the mean dose to the heart 

by 0.074 per Gy. These results were based on a case-control study including 2168 women who underwent 

radiotherapy for breast cancer between 1958 and 2001 in Sweden and Denmark. Recently, Laugaard Lorenzen 

et al. (2020) re-analysed the Danish part of this data set with an extended follow-up and refined dose estimates. 

Focussing on the group with tangential photon techniques and precise dose estimation, and neglecting older 

electron techniques with uncertain doses, the risk estimates doubled compared to previous analyses to an excess 

odds ratio of 0.19 per Gy. Further scientific discussion is needed to clarify the consequences of this work on the 

assessment of radiation-induced risk of heart diseases. Additional insight might be gained by re-analyzing the 

Swedish part of the data set as well. 

Radiation risk from radiotherapy applications can vary substantially between individuals. First, the doses do not 

only depend on the technique, but also vary with individual anatomy. For tangential breast cancer techniques, 

anatomic parameters have been identified that correlate with the doses and, consequently, the risks. It was 

shown that maximum heart distance, central lung distance, and minimum breast distance can explain the major 

part of individual variability in doses to the heart, lung and breast, respectively (Kong et al. 2002; Kundrát et al. 

2019; Kundrát et al. 2022). Second, personal risk factors play an important role for long-term risk. Besides the 

high relevance of smoking for lung cancer risk (Cahoon et al. 2017), it was recently shown for women exposed at 

infancy for hemangioma that familial breast cancer history increases the risk of radiation-induced breast cancer 

almost threefold compared to women without familial breast cancer history (Eidemüller et al. 2021). Heart 

disease risk depends strongly on several risk factors, including a high cholesterol level, smoking or hypertension. 

In Darby et al. (2013) it was shown that radiation exposure seems to act multiplicatively with cardiac baseline 

risk. Thus, radiation risk can be substantially higher for patients with cardiac risk factors (Brenner et al. 2014; 

Simonetto et al. 2019b). 

In summary, despite large efforts to estimate long-term health risks after breast cancer radiotherapy, risk 

assessment for modern techniques remains a big challenge. An important reason is the inhomogeneous exposure 

of organs close to the treatment area. To construct a dose-response relationship for the whole relevant dose 

range, a better mechanistic understanding of the biological processes underlying cell killing and repopulation 

and its consequences for radiation risk is needed. Furthermore, individual variability from doses and personal 

risk factors must be taken into account. This will reduce the current uncertainties related to risk assessment of 

second primary cancer and heart disease, and will help to optimize treatment regarding minimization of long-

term risks. 



 

3 The immune system as main player in systemic radiation effects 

Ionizing radiation induced effects on the immune system are largely dependent on the delivered dose and 

exposure scenario.  

High dose total body exposure is a rare exposure scenario, which occurs as a result of an accidental overexposure 

(eg. nuclear accidents such as Chernobyl) or as a deliberate action (eg. A-bomb survivors). The major immune 

outcome is immune system failure, manifested as lymphocytopenia and granulocytopenia, which along with 

thrombocytopenia are the main causes of the hematopoietic syndrome in acute radiation sickness (DiCarlo et al. 

2011).  

High dose local exposure is typical in cancer treatment, where high doses of several tens of Gy are applied in a 

fractionated manner strictly to the tumor mass with a great care to spare surrounding healthy tissues as much 

as possible. Immune consequences of high dose irradiation within the tumor and its microenvironment are 

more complex and develop along different mechanisms compared to total body irradiation. Clinical 

observations and in vivo animal experiments show that local radiotherapy induces a selective rearrangement of 

tumor infiltrating lymphocytes by depleting radiosensitive immune cells such as CD8+ cytotoxic T cells and 

increasing the fraction of regulatory T cells and tumor infiltrating macrophages with an immune suppressive 

phenotype or by inhibiting CD8+ T cell responses in the tumor microenvironment through tumor infiltrating 

myeloid suppressor cells (Zhang et al. 2021; Shi et al. 2018).  

In parallel, local radiotherapy, by inducing immunogenic cell death accompanied by increased release of danger 

signals activates pro-inflammatory mechanisms as well with immune stimulating outcome (Zhou et al. 2021; Frey 

et al. 2015; Baxevanis et al. 2022; Brandmaier and Formenti 2020; Zhu et al. 2021). Danger signals can activate 

professional antigen presenting cells, such as dendritic cells (DCs) (Lumniczky and Sáfrány 2015). It has been 

shown that in vivo irradiation of mice with 2 Gy leads to DC activation and a preference for DC interaction with 

effector CD4+ cells rather than Tregs, which again favors immune stimulation (Persa et al. 2018). Thus, local 

tumor irradiation leads to the activation of both immune stimulating and immune suppressing processes with a 

delicate balance between them (Lin et al. 2021). So far, no clear understanding exists of the factors which actually 

are able to shift this balance towards immune stimulation. Radiotherapy-induced abscopal effects, when local 

irradiation of a tumor leads to the regression of a distant metastasis can be considered as distant out-of-field 

effects indicating that local radiotherapy has systemic consequences. Very little is known on how radiation-

induced local immune activation becomes systemic. Recent data have proven that abscopal effects are mostly 

immune-mediated (Walle et al. 2018). Increasing evidence indicates a direct link between radiation-induced 



direct DNA damage, activation of the DNA damage response pathway and immune activation (Taffoni et al. 2021; 

Craig et al. 2021; Storozynsky et al. 2020). A better understanding of these interactions is needed to be able to 

quantify radiation-induced immune reactions and to characterize dose-response of complex immune reactions 

after radiation exposure. Based on local and systemic immune modulatory effects of radiotherapy currently great 

efforts are invested in developing immunotherapies which synergize with radiotherapy, clearly by enhancing 

irradiation-induced immune activation acting both locally on the primary tumor and systemically on distant 

metastasis (Haikerwal et al. 2015; Gandhi et al. 2015).  

High dose irradiation of the tumors is inevitably accompanied by radiation exposure of the surrounding healthy 

tissues, the so-called out-of-field effects, detailed above, which can lead to radiotherapy-induced toxic side 

effects. Immune and inflammatory mechanisms are major drivers in the development of several of these toxic 

effects. Radiotherapy-induced pneumonitis and lung fibrosis is a much-feared side effect of radiotherapy 

delivered to tumors situated in the thorax region, where the pathological events are initiated by radiation-

induced oxidative damage and tissue hypoxia and evolve in multiple waves. Induction of genes involved in 

inflammatory pathways, oxidative stress response, proliferation and angiogenesis lead to blood vessel dilatation, 

endothelial cell activation, infiltration of immune cells, release of inflammatory cytokines and development of 

an acute inflammation. If this is not resolved in time, oxidative stress persists and due to a positive feed-back a 

vicious circle develops, which maintains a chronic inflammatory status leading to progressive and irreversible 

fibrosis (Sprung et al. 2015; Guo et al. 2020; Käsmann et al. 2020). The mechanisms of radiotherapy-induced lung 

damage are extensively studied with the aim of finding reliable markers predicting individual sensitivity to 

radiotherapy-induced late tissue toxicity and with the scope of developing targeted therapies to mitigate 

radiation effects.  

In contrast to high doses low dose local exposures of below 1 Gy have anti-inflammatory effects in individuals 

with local inflammatory conditions. This is used for treating patients with rheumatoid diseases with multiple 

fractions of low dose radiotherapy with the aim of reducing local inflammation and relieving pain. Moreover, 

similar anti-inflammatory effects are attributed to radon spa treatments as well, where patients are treated with 

radon doses mimicking a low dose total-body exposure equivalent with annual average background radon levels 

delivered in short treatment sessions. While the exact immune mechanisms responsible for this anti-

inflammatory effect are by far not elucidated, it seems that changes in the balance of pro- and anti-inflammatory 

cytokines (most importantly transforming growth factor beta or TGF- and tumor necrosis factor alpha or TNF-

α) as well as enrichment of immune suppressive Tregs along with a reduction in effector T cell activation play 

important roles in this process (Rödel et al. 2012; Maier et al. 2020).  

https://dx.doi.org/10.3389%2Ffonc.2012.00120


Immunological changes after acute or chronic low dose exposures can be the result of targeted effects, 

developing in cells directly hit by radiation or non-targeted effects manifesting in cells not directly hit by 

radiation. Based on epidemiological observations and experimental studies immunological effects developing 

after low dose exposure have certain characteristics: a) effects are mild, and show high inter-individual 

variability; often changes are only evident compared to pre-exposure values in the same individual; b) functional 

alterations prevail; c) changes are persistent with slow and often incomplete regeneration; d) low dose-induced 

effects mirror natural immune aging; e) immune alterations indicate rather a perturbation of immune 

homeostasis or altered immune fitness and can rarely be directly related to certain diseases but data point to an 

increased predisposition to age-related chronic diseases of degenerative nature or cancer (Lumniczky et al. 

2021).  

 

4  Out-of-field effects: model systems and mechanisms 

Soluble factors, such as cytokines, chemokines and extracellular vesicles have been identified as systemic 

mediators of communication between immune cells and various other irradiated and non-irradiated tissues.  

4.1  Out-of-field radiation effects in the brain: proof of principle in rodent models 

The contribution of systemic “out-of-field” effects to the risks of a long-term health detriment of radiation, 

especially in the brain, is still largely unknown. Indeed, both protective and damaging effects have been described 

(Mancuso et al. 2012), and no information on a dose-response relationship exists.  

Pioneer work with the Patched1 heterozygous knock out mice (Ptch1+/-), a well-characterized tumor mouse 

model in which ionizing radiation exposure dramatically accelerates tumor development in the brain and skin 

(Pazzaglia et al. 2002; Mancuso et al. 2004), has provided examples of in vivo out-of-field oncogenic radiation 

responses in the mouse brain. Cancer development in cerebellum of Ptch1+/- mice was increased by radiation 

exposure of distant tissues, indicating that there is a level of communication between irradiated and non-

irradiated tissues and organs (Mancuso et al. 2008). Noteworthy, decrease of tissue communication by ablation 

of one copy of Connexin 43 (Cx43) gene, reduced the bystander tumor response in the cerebellum of Ptch1+/- 

mice (Mancuso et al. 2011).  

The effects of partial body exposure to ionizing radiation on brain cognitive functions are not clearly established 

in humans, and experimental data are scarce. However, several studies, reported hereafter provide in vivo 

examples of the existence of radiation-induced bystander non-cancer effects in the brain using rodent models. 



Investigations in rats showed that 6 hours after partial-body exposure (head-protected) with 15 Gy of 60Co γ-

rays, the brains had increased IL‐1β levels in the hypothalamus, thalamus and hippocampus, and increased levels 

of TNFα and IL-6 in the hypothalamus, suggesting that even body-only exposure, partial irradiation sparing the 

head, may produce oxidative stress and neuroinflammation in the brain (Marquette et al. 2003). Noteworthy, 

these responses were mediated by the vagus nerve and, were in fact, prevented by vagotomy before irradiation. 

In another study, examining the impact on the brain of non-brain directed radiation therapy, in which the mice 

were irradiated with 16 Gy of X-rays using a lead shield leaving only the right hind limb exposed, a global brain 

glucose hypometabolism, as well as acute and persistent multifocal microglial and astrocytic neuroinflammation, 

were reported in exposed mice (Feiock et al. 2016). Brain bystander effects after low-dose liver irradiation with 

24.5 cGy of X-rays, manifested as altered gene and protein expression and DNA damage associated with 

neuroanatomical and behavioral changes, have also been reported in rats (Kovalchuk et al. 2016; Kovalchuk et 

al. 2017). Finally, altered brain morphology after focal irradiation of infant mice with X-rays (8 Gy), specifically 

targeting white matter (anterior commissure), neuronal (olfactory bulbs), or neurogenic (subventricular zone) 

regions, revealed that radiation damage locally can have important off-target consequences for brain 

development (Beera et al. 2018).  

Results of a series of experiments involving exposure with heavy particles which vary linear energy transfer (LET), 

related to space travel, sometimes produced differing results. Changes in neuronal function and cognitive 

performance could be observed following both head-only (body shielded with overlapping tungsten bricks of 

10cm) and whole-body exposures to 4He particles (1000 MeV/n, LET ≈ 0.9 keV/m, 0.01–0.50cGy) in rats at doses 

as low as 0.01–0.025 cGy (Rabin et al. 2019). However, results from another study using 16O particles reported 

that whole-body exposure was more effective in disrupting cognitive performance than head-only exposure, in 

that whole-body exposure affected performance at a lower dose than head-only exposure (25 compared to 50 

cGy) in the initial test of performance 3 months following exposure (Rabin et al. 2014), suggesting that body 

exposure affect cognition. In addition, recent investigations on the effects that body irradiation might have on 

neuronal function and cognitive performance, in which rats were given head-only, body-only or whole-body 

exposures to 25 or 50 cGy of 56Fe particles (600 MeV/n), showed that body-only exposure is capable of affecting 

cognitive performance, suggesting that disruption of neuronal function and cognitive performance after 

exposure to HZE particles is not dependent upon the direct effect on neurons (Cahoon et al. 2020) and that hits 

from HZE particles anywhere on the body concur to risk to the central nervous system (CNS). However, despite 

these reports demonstrating physiological consequences of ionizing radiation bystander effects on the CNS, a 

global understanding of the out-of-field brain radiation-induced effects, especially within the context of an intact 

mammalian organism, is still lacking.  



Recently, in the EURATOM funded project “SEPARATE” (Systemic Effect of Partial-body Exposure to Low 

Radiation Doses, 2018-2020), a multiomic approach was adopted to investigate in vivo out-of-field non-cancer 

responses in several organs, including the hippocampus, following partial irradiation. Mice irradiated with 

low/moderate radiation doses (0.1 Gy/2 Gy) in the lower third of the body with the upper two third shielded, 

displayed changes in non-coding RNAs, proteins and metabolic levels in the hippocampus, as well as defects in 

neurogenesis very similar to those induced by whole-body exposures, providing a proof of principle of the 

existence of out-of-field radiation response in the hippocampus (Pazzaglia et al. 2021). In vivo investigations on 

radiation responses in mice, allow to unravel the mechanistic features of targeted and non-targeted radiation 

responses in the hippocampus, also providing a greater understanding of radiation-induced bystander effect and 

of its clinical implications in the pathogenesis of radiation-induced neurocognitive dysfunction. Since this might 

have important implications, including radiation therapy, further investigations to disentangle direct and out-of-

field effects deriving from radiation exposure are recommended. 

4.2 Ionizing radiation induced cardiovascular effects  

Adjuvant radiotherapy is an effective treatment for thoracic malignancies, however, incidental radiation 

exposure to the heart and large arteries during treatment is unavoidable, potentially resulting in secondary 

cardiovascular disease (CVD), especially atherosclerosis, in cancer survivors (Stewart et al. 2012; Darby et al. 

2013; Little et al. 2016; Darby et al. 2010). Atherosclerosis is a progressive inflammatory disease and the 

pathogenesis involves a complex interplay of local inflammation which is associated with increased expression 

of pro-inflammatory cytokines, chemokines and adhesion molecules, oxidative stress, cell death, lipid 

accumulation, and smooth muscle cell proliferation, resulting in the formation of atherosclerotic plaques. The 

underlying pathophysiology of radiation-induced CVD atherosclerosis is complex and the mechanisms remain 

incompletely understood, possibly resulting in improper radiation protection. 

The initiating step of atherosclerosis is the damage to the vascular endothelial cells, therefore, endothelial cells 

are reasonable in vitro model to study the effect of radiation exposure on the cardiovascular system, especially 

in terms of defining early initiating events. It was hypothesized that radiation exposure may cause macrovascular 

as well as microvascular damage, which may act together to produce coronary artery disease after radiotherapy 

(Darby et al. 2010). This macrovascular and microvascular damage could be triggered during thoracic 

radiotherapy by the scattered radiation doses received in the heart region, which may damage the endothelium 

directly, by inducing DNA damage, oxidative stress, cell death, inflammation, and premature cell senescence to 

initiate the atherosclerosis process, that may expand via bystander signaling to non-irradiated endothelial cells 

as shown in Figure 1 (Ramadan et al. 2021). 

 



 

Figure 1: Hypothetical mechanism of action of radiation-induced bystander endothelial dysfunction. During radiotherapy of thoracic 

cancer, endothelial cells may receive scattered irradiation and may produce bystander responses to non-irradiated endothelial cells in 

the cardiovascular system via two main routes: (i) by direct cell-to-cell communication mediated by gap junctions, (ii) by extracellular 

vesicles (e.g. exosomes) and (iii) by paracrine release of soluble factors such as ATP, released via vesicular mechanisms or hemichannels 

to the extracellular environment. Macrophages might be important mediators by regulating inflammatory response and cytokine release 

to bystander cells. Reactive oxygen and nitrogen species (ROS/RNS), signal transduction through p53, MAPKs and NF-κb together with 

signaling cyclooxygenase-2 (COX2) may be involved in bystander responses in non-targeted endothelial cells after ionizing radiation 

exposure. Eventually, these signaling molecules may play a role in endothelial cell dysfunction by triggering DNA damage, mitochondrial 

dysfunction, inflammatory responses, apoptosis and senescence. Not all the cells are affected by bystander signaling (yellow cell). Figure 

adapted from (Ramadan et al. 2021) 

 

Although radiation-induced bystander effect (RIBE) has improved our understanding of the non-targeted effects 

after radiotherapy, RIBE in the development of radiation-induced atherosclerosis is still poorly defined. Two main 

routes were reported to regulate bystander signals: (i) direct cell-to-cell communication, often mediated by gap 

junction (GJ) communication and (ii) paracrine release of soluble factors from directly irradiated cells to the 

extracellular environment, which could be mediated by exosomes release and purinergic signaling through the 

P2X family or plasma membrane hemichannels (HC) (Little 2006; Ohshima et al. 2012; Xu et al. 2015; Tsukimoto 

et al. 2010). GJs and HC are composed of a transmembrane protein called connexin (Cx). Endothelial Cxs play an 

important role in atherosclerosis development. Cx37 and Cx40 are almost absent in the endothelium covering 

the advanced atherosclerotic plaques in mouse and human; however, they are normally distributed in the 

endothelium of healthy arteries. While, Cx43 is highly expressed at specific regions of advanced atherosclerotic 

plaques (Kwak et al. 2002). It was reported by our group that IR induces a dose-dependent upregulation of 

proatherogenic Cx43 and downregulation of atheroprotective Cx40 gene and protein levels in human 

immortalized coronary artery and microvascular endothelial cells (Ramadan et al. 2019). In addition, IR increases 

GJ intercellular communication and induces acute and long-lived Cx43 HC opening in a dose-dependent manner 

in these endothelial cells (Ramadan et al. 2019). Excessive Cx43 HC opening is considered a pathological 



condition, since it results in ATP leakage that act in a paracrine manner on surrounding cells, and can activate 

downstream cellular processes including oxidative stress responses, apoptosis, propagating intercellular Ca2+ 

waves, NLRP3 inflammasome pathway activation and inflammation (Decrock et al. 2009; Hoorelbeke et al. 2020; 

Decrock et al. 2017), which are known to be involved in the pathogenesis of radiation-induced atherosclerosis 

(Huang et al. 2020; Wijerathne et al. 2021). Moreover, IR induced an increase in GJ coupling and Cx43 HC opening 

may act to spread radiation damaging responses to neighboring non-irradiated cells, possibly amplifying 

endothelial cell damage (Hoorelbeke et al. 2020; Autsavapromporn et al. 2011; Decrock et al. 2009). We further 

showed that Cx43 HC contribute to radiation-induced coronary artery and microvascular endothelium damage 

in vitro by mediating oxidative stress, cell death, premature cell senescence and pro-inflammatory and 

pathological factors like the Pro-Inflammatory Cytokines IL-1β and IL-8, the adhesion molecule VCAM-1, the 

chemokine MCP-1 and the vasoconstrictor peptide endothelin-1 (Ramadan et al. 2020), which was linked to 

endothelial cell dysfunction by reducing nitric oxide (NO) vasodilatory signalling (Bohm et al. 2007). These events 

could be protected by Cx43 HC-inhibiting peptide TAT-Gap19. Therefore, targeting Cx43 HC may hold potential 

to protect against radiation-induced endothelial cell damage. Although endothelial cell models in these in vitro 

experiments provided an insight on the role of intercellular communication after radiation exposure and helped 

to understand the mechanisms at a single layer of cells, they are not completely representative to the 

physiological in vivo complex situation which involves different layers of responses including the immune 

response, therefore, validation studies in vivo models are warranted. 

 

Although cardiovascular complications often occur 10-15 years after radiation exposure, in the form of 

accelerated atherosclerosis, early asymptomatic changes in the cardiovascular system may occur in more direct 

relation to irradiation, before the appearance of disease symptoms. Therefore, pre-clinical investigations on early 

cardiovascular responses may improve our knowledge on asymptomatic changes in the cardiovascular system 

after IR exposure and may help in early detection of patients at risk for developing CVD after radiotherapy. For 

that purpose, our group has investigated the acute and early term changes in the cardiovascular system after 

local thoracic irradiation of atherosclerotic prone ApoE-/- mice by investigating systemic cholesterol and 

triglycerides levels, as well as a large panel of inflammatory markers at 24h and 1 month after exposure. Wild 

type mice models are resistant to atherosclerosis development due to the low level of low-density lipoprotein 

(LDL), therefore, apolipoprotein E-deficient (ApoE−/−) mice and LDL receptor knock-out mice which display poor 

lipoprotein clearance with subsequent accumulation of cholesterol, that promote the development of 

atherosclerotic plaques, are the most common mice models to study the pathophysiology of atherosclerosis. We 

observed an increased serum GDF-15 and CXCL10 in both female and male ApoE-/- mice at 24h after low and 

high doses local thoracic irradiation, which were validated to be secreted from the coronary artery and 



microvascular endothelial cells in vitro (Ramadan et al. 2021). GDF-15 and CXCL10 are proatherogenic 

inflammatory markers, and they are promising biomarkers in cardiovascular diseases in humans, including 

atherosclerosis (Xu et al. 2011; Tavakolian Ferdousie et al. 2017). GDF-15 is a member of the transforming growth 

factor β superfamily that may contribute to the initiation and the progression of atherosclerotic lesions by 

regulating cell death and IL-6–dependent inflammatory responses (Bonaterra et al. 2012), and by contributing 

to plaque instability (De Jager et al. 2011). CXCL10 acts as a chemoattractant cytokine and was shown to promote 

atherosclerosis by recruitment and retention of activated T lymphocytes to vascular wall lesions during the 

atherosclerotic process (Heller et al. 2006). Further research is needed to assess GDF-15 and CXCL10 level in 

radiotherapy-treated patients, to explore the possibility of using them as a potential biomarker to early detect 

the risk of cardiovascular diseases in the thoracic radiotherapy-treated patient, thus identify patients who may 

benefit from early medical intervention.  

In addition to the correlation between therapeutic radiation doses and cardio-vascular risks, epidemiological 

evidence has established a link between cardiovascular disease and exposure of the heart and major vessels to 

doses above 500 mGy (Schultz-Hector et al. 2007; Hendry et al. 2008; Little et al. 2008). Nevertheless, at lower 

doses the evidence for a detrimental effect is inconclusive due to the lack of appropriate epidemiological studies, 

coupled with lack of knowledge of the processes involved that is needed for construction of mathematical 

models. In this context, an acute high dose of 6 Gy and a moderate 0.3 Gy dose were reported to have a significant 

impact on development of atherogenesis in a predisposed mouse model (ApoE-/- mice), although with different 

mechanisms, i.e., predominantly lesion formation at high doses and growth of existing lesions at low doses 

(Mancuso et al. 2015). These results suggest that lower doses, such as those typically received in the nuclear 

workplace or from diagnostic examinations such as CT scanning, may be more damaging than predicted by a 

linear dose response and open new questions on the potential abscopal actions of radiation on the cardiovascular 

system.  

Furthermore, within the “SEPARATE” project, investigations on in vivo out-of-field effects in the heart, following 

partial body irradiation (PBI) have also been addressed. Through a miRNome NGS-based analysis we identified 

changes in miRNAs in out-of-field heart 15 days after PBI with 2 Gy of X-rays that were also detected in 

corresponding tissue of whole body irradiated (WBI) mice, demonstrating the existence of out-of-field radiation 

response also in the heart of conventional mice. In addition, at longer post-irradiation time (6 months), both WBI 

and PBI hearts showed a clear upregulation of miRNAs known as master regulators of fibrosis and over half of 

the miRNAs deregulated in the heart (54%) was also deregulated in out-of-field hippocampus. These findings 

suggested that even PBI, through molecular mechanisms mediated by miRNAs and partially overlapping with 

those acting after WBI, have the potential to induce reactions in multiple shielded tissue (Manuscript in 

preparation). 



4.3 Extracellular vesicles (EVs) as mediators of out-of-field radiation effects  

Current literature, including examples presented during this workshop convincingly indicate systemic radiation 

effects in non-targeted tissues. However, mechanisms and transmitters of such radiation effects are less clear. It 

is well established that irradiated cells release a variety of soluble factors, which are either released to the 

extracellular space or exchanged between cells through gap junctions or tunnelling nanotubes. These factors can 

be single molecules such as chemokines, cytokines and reactive oxygen species, due to the diversity of effects 

also multiple coordinated signals are suggested (Hei et al. 2008; Sowa and Morgan 2013). As an attractive 

mediator of such multiple signals during radiation response extracellular vesicles (EVs) were intensively discussed 

during the workshop. The role of EVs as an emerging topic is stressed by around 500 Pubmed registered 

publications covering the search query (extracellular vesicles or exosomes & radiation) within the last two years. 

Furthermore, two recently EU-funded projects, LEU-TRACK and SEPARATE addressed the function of EVs in 

radiation response. 

EVs are a heterogeneous group of phospholipid-membrane surrounded vesicles, which are released from almost 

all cell types (Niel et al. 2018). The EV cargo includes mRNA, small and long non-coding RNAs, genomic DNA 

fragments, proteins, metabolites and lipids. Either by acting as ligands for cell surface structures or by 

internalization leading to the release of their cargo into recipient cells, EVs play important roles in cell 

communication, both locally and systemically (Szatmári et al. 2017; Kadhim et al. 2022). Traditionally EVs are 

divided into different subgroups depending on their biogenesis and size after release. Exosomes, are the smallest 

subtype of EVs (50-150 nm). They are generated as an inward budding of the membranes of early endosomes. 

Microvesicles (100-1000 nm) are a result of direct outward blebbing of the plasma membrane into the 

extracellular space. Apoptotic bodies (100-5000nm) are a class of EVs that are generated during the final phase 

of apoptosis by a process called "Apoptotic blebbing". In size, they are the largest types of EVs. In comparison 

with other types of EVs, apoptotic bodies are less known for being 'safe containers' of EV cargo, as they are 

phagocytosed and degraded shortly after their release into the extracellular space. According to the International 

Society of Extracellular Vesicles (ISEV), extracellular vesicles are divided either on their size, their biochemical 

composition or on the cells of origin. In practice, most often categorization is made into small EVs (below 200 

nm) and large EVs (above 200 nm) based on vesicle size (Théry et al. 2018) 

Radiation interferes with EV biogenesis, release and destination on several levels and may contribute to systemic 

radiation effects. The content of EVs, primarily, depends on the type and the state of the donor cell, but stress 

conditions, including radiation, affect EV release and composition. Moreover, radiation may affect EV release as 

well as their interaction with recipient cells. 



It has been shown that whole body irradiation influences the secretion of EVs from bone marrow cell 

subpopulations in mice: EVs containing mesenchymal stem cell markers CD29 and CD44 decreased, while EVs 

with haematopoietic stem cell or lymphoid progenitor markers increased after irradiation (Kis et al. 2020). 

Several studies suggest increased EV release after irradiation in in vitro and in vivo models. For example, elevated 

EV release after irradiation with therapeutically relevant doses was evidenced in tumor cell culture models, such 

as head and neck cancer and glioblastoma (Mutschelknaus et al. 2017; Arscott et al. 2013). After partial body 

irradiation a recent study showed increased EV contents in the brain, heart and liver of mice (Tunkay-Cagatay et 

al. 2020). As potential mechanism for the radiation increased EV release, p53-mediated pathways are suggested 

(Yu et al. 2006).  

Numerous studies describe radiation-induced changes in the EV composition. The identified changes are diverse 

and there is no common signature for radiation exposure identified in EVs, yet. Alterations seem to be highly 

related to cell type, radiation dose and also time post exposure. This refers especially to tumour cells, where a 

plethora of microRNA and protein changes were described. However, a growing body of evidence indicates that 

non-cancer cells, such as peripheral blood mononuclear cells (ex vivo irradiated) or bone marrow cells (in vivo, 

total body) (Moertl et al. 2020; Beer et al. 2015; Szatmári et al. 2017) are capable of releasing EVs with changed 

compositions. Radiation induced EV alterations after partial body irradiation seem to be especially important for 

systemic radiation effects. A study by Hinzman et al. showed acute and chronic changes in plasma-derived EV 

after cranial irradiation of mice. By metabolomic and lipidomic profiling they found an enrichment of factors 

involved in inflammation that may mediate systemic response to distant organ sites (Hinzman et al. 2019). Using 

Raman spectroscopy radiation induced alterations in protein and nucleic acid features were suggested 24h as 

well as 15d post partial body irradiation in a mouse model (Tunkay-Cagatay et al. 2020). Also tumor cell 

irradiation in radiotherapy patients induced EV cargo changes at distinct sites. For example, differential 

expression of serum exosomal miRNAs are monitored in prostate cancer or glioma patients after radiotherapy, 

which may have potential value as prognostic and predictive biomarkers (Malla et al. 2018; Zihuang et al. 2020). 

There is growing evidence that EVs are a substantial, functional component of the cellular radiation response. 

Recent data suggest a complex network of interactions between EVs from irradiated cancer and non-cancer cells 

with cancer and non-cancer recipient cells, which contribute to systemic radiation effects in irradiated and non-

irradiated areas. Many in vitro functional studies focus on EVs in the tumour radiation response. Increasing 

evidence suggests that EVs play a significant role in facilitating the development of radioresistance and motility 

in cancer cells. In glioblastoma cell culture models, Mrowczynski et al. (2018) discovered that exosomes enhance 

cell survival after radiation exposure by increasing levels of oncogenic miRNAs, mRNAs and pro-survival pathway 

proteins and at the same time decreasing levels of tumor-suppressive miRNAs and mRNAs. In the same cancer 



type a promigratory role of radiation-related EVs was reported (Arscot et al. 2013). Likewise, EVs from irradiated 

head and neck cancer and neuroblastoma cells stimulate survival, migration and invasiveness in in vitro 

approaches (Mutschelknaus et al. 2016, 2017; Tortolici et al. 2021). However, there are also studies reporting 

the induction of harmful effects of EVs from irradiated cancer cells in recipient cells, like increased chromosomal 

damage and increased ROS levels induced by EVs from irradiated MCF-7 breast cancer cells (Al-Mayah et al. 2012; 

Nakaoka et al. 2021). Tumour-derived extracellular vesicles act not only on themselves, but also on stromal cells, 

like dendritic and endothelial cells. Upon irradiation, EVs derived from gastric cancer and lung cancer cell culture 

cells promote the proliferation, migration, and invasion of endothelial cells (Li et al. 2018; Zheng et al. 2017). 

Given that EVs are secreted by almost all cell types, also EVs derived from stromal cells are suggested to influence 

cancer cells and other types of stromal cells in the context of radiation exposure (reviewed in He et al. 2021). 

Beside tumour- and tumour associated cells, normal cells communicate radiation signals through EVs. Early work 

by Jella et al. showed the transmission of cytotoxic effects between irradiated and non- irradiated keratinocytes 

in an in vitro model system (Jella et al. 2014). EVs from the bone marrow of whole body irradiated mice induced 

a redistribution in the bone marrow cell subpopulations, oxidative and chromosomal damage, altered the 

antioxidant system and elicited immunological changes in non-irradiated recipient mice, which basically 

resembled the effects induced by direct radiation (Szatmari et al. 2017, 2019; Hargitai et al. 2021). Many of these 

effects were present for a minimum of three months after EV injection if EVs were isolated from acutely 

irradiated mice but bystander effects resolved if EVs originated from a bone marrow irradiated three months 

earlier (Kis et al, 2022). After partial body irradiation changed EV characteristics were reported in distant non-

irradiated organs, which were able to induce phenotypic changes in co-cultivated MEFs (Tuncay-Cagatay et al. 

2020). On the other hand, several reports found beneficial effects, such as pro-survival or pro-proliferative 

effects, of EVs released from ex vivo irradiated human PBMCs. In this regard, EVs from irradiated blood cells were 

shown to reduce radiation induced apoptosis in endothelial cells (Moertl et al. 2020). Accordingly, pro-angiogenic 

and tissue regenerative capacities were attributed to EVs from ex vivo irradiated PBMC (Wagner et al. 2018; Beer 

et al. 2015). Finally, circulating exosomes derived from plasma of partial-body- and whole-body-irradiated mice, 

exhibit changes in both miRNA and protein cargo compared to those from unexposed mice. When intracranially 

injected in the neonatal mouse cerebellum exosomes from irradiated mice were shown to attenuate neuro-

inflammatory response and protect from apoptosis in vivo (Pazzaglia et al. 2022), holding promise for exosome-

based future therapeutic applications against radiation injury.  

The available observations indicate a vital role of EVs in the radiation response of cancer and non-cancer cells. 

Radiation affects not only the production and the composition of EVs but also their phenotypes in recipient cells. 

Therefore, these mechanisms can contribute to the systemic distribution of local radiation effects throughout an 



organism. Hence, understanding EV-mediated communication during radiation response is critical for a better 

understanding of radiation induced health effects with importance for radiotherapy and radiation protection. In 

the future EVs may be used as biomarkers for radiation exposure and predictors of radiation effects. In the 

context of radiotherapy EVs are attractive targets to improve therapy efficiency by artificially engineering EV 

surface and cargo to achieve a selective targeting as well as an improved tumor radiosensitization (Szatmári et 

al. 2019). However, in advance of such applications, there are still many challenges for EV studies in the radiation 

field. Major points are the elucidation of the dynamics of IR-induced alternation in EV secretion, composition 

and function according to dose and temporal effects and the investigation of EV subpopulations together with 

cell-type specific functions. 

 

5 Conclusions and future directions 

The presentations and discussions at the workshop highlighted the relevance of partial body exposures and 

radiation-induced out-of-field effects. Partial body exposures and spatial dose variations occur frequently in the 

real world and are the norm for exposures in radiation therapy, diagnostic radiology and in occupational settings. 

At the same time, such exposure conditions pose big scientific challenges for the evaluation of health risks. The 

biological mechanisms and clinical relevance of out-of-field effects are still poorly understood. Furthermore, 

assessment of doses and risks for radiotherapy-related cancer and non-cancer diseases becomes increasingly 

relevant with new treatment modalities and improved life expectancy. 

In summary, systemic radiation effects in non-targeted tissues have been experimentally demonstrated for 

different organs in animal model systems, including bone marrow, brain, cardiovascular and immune system. 

Radiation-induced alterations in the pattern of expression of connexins and miRNAs, for instance, have been 

identified in cardiovascular system that may potentially mediate out-of-field reactions. Great efforts are also 

being invested in elucidating the contribution EVs as a mediator of systemic radiation effects and radiation 

exposure has been shown to affect both EV release and cargo, by increasing their secretion and modulating the 

EV bioactive cargo. As far as future directions are concerned, understanding the health effects of inhomogeneous 

radiation exposures still remain a key priority for radiation protection research and for MELODI (https://melodi-

online.eu/wp-content/uploads/2021/10/2021-MELODI-Statement-draft-FINAL-post-consultation.pdf). In 

general, knowledge of the mechanisms responsible for biological effects of inhomogeneous dose deposition both 

for cancer and non-cancer diseases is still limited and relevant experimental models or valid datasets are sparse. 

Therefore suitable tissue and in vivo models for the quantification of the impact of dose inhomogeneity should 

be developed. In addition, the identification of relevant pathways in a systems biology approach might help to 

https://melodi-online.eu/wp-content/uploads/2021/10/2021-MELODI-Statement-draft-FINAL-post-consultation.pdf
https://melodi-online.eu/wp-content/uploads/2021/10/2021-MELODI-Statement-draft-FINAL-post-consultation.pdf


characterize the response of the complex system as a whole. Also the use of the adverse outcome pathway (AOP) 

approach may provide help to identify relevant pathways in case of inhomogeneous exposures. Among other 

research gaps, it is important to identify high-risk organs in patients exposed to inhomogeneous fields, as well as 

development of early biomarkers. Finally, modeling may play an important role in bridging the information from 

clinical/epidemiology and mechanistic studies for a better risk assessment. In particular, developing new models 

of dose calculation for healthy tissues (especially for new treatment modalities, such as proton irradiation) and 

to improve risk models and personalize risk assessment for cancer and non-cancer effects from radiotherapy 

applications are also important priorities for future research. 
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Doses in Pediatric Craniospinal Irradiations With 3D-CRT, VMAT, and Scanning Proton Radiotherapy: A Phantom 

Study. Med Phys 49:2672–83. https://doi.org/10.1002/mp.15493 



Majer M, Stolarczyk L, De Saint-Hubert M, Kabat D, Knezevic Z, Miljanic S, Mojzeszek N, Harrison R (2017) Out-

of-Field Dose Measurements for 3d Conformal and Intensity Modulated Radiotherapy of a Paediatric Brain 

Tumour. Radiat Prot Dosimetry 176(3):331-340.  https://doi.org/10.1093/rpd/ncx015  

Malla B, Aebersold DM, Dal Pra A (2018) Protocol for serum exosomal miRNAs analysis in prostate cancer patients 

treated with radiotherapy. J Transl Med 16:223. https://doi.org/10.1186/s12967-018-1592-6 

Mancuso M, Pasquali E, Braga-Tanaka I 3rd, Tanaka S, Pannicelli A, Giardullo P, Pazzaglia S, Tapio S, Atkinson MJ, 

Saran A (2015) Acceleration of atherogenesis in ApoE-/- mice exposed to acute or low-dose-rate ionizing 

radiation. Oncotarget 6(31):31263-71. https://doi.org/10.18632/oncotarget.5075 

Mancuso M, Pasquali E, Leonardi S, Rebessi S, Tanori M, Giardullo P, Borra F, Pazzaglia S, Naus CC, Di Majo V, 

Saran (2011) A Role of connexin43 and ATP in long-range bystander radiation damage and oncogenesis in vivo. 

Oncogene 30:4601-8. https://doi.org/10.1038/onc.2011.176 

Mancuso M, Pasquali E, Leonardi S, Tanori M, Rebessi S, Di Majo V, Pazzaglia S, Toni MP, Pimpinella M, Covelli V, 

Saran A (2008) Oncogenic bystander radiation effects in Patched heterozygous mouse cerebellum. Proc Natl Acad 

Sci U S A 105:12445-50. https://doi.org/10.1073/pnas.0804186105 

Mancuso M, Pazzaglia S, Tanori M, Hahn H, Merola P, Rebessi S, Atkinson MJ, Di Majo V, Covelli V, Saran A (2004) 

Basal cell carcinoma and its development: insights from radiation-induced tumors in Ptch1-deficient mice. Cancer 

Res 64(3):934-41. https://doi: 10.1158/0008-5472.can-03-2460  

Mancuso M, Pasquali E, Giardullo P, Leonardi S, Tanori M, Di Majo V, Pazzaglia S, Saran A (2012) The radiation 

bystander effect and its potential implications for human health. Curr Mol Med 12(5):613-24. 

https://doi.org/10.2174/156652412800620011  

Marquette C, Linard C, Galonnier M, Van Uye A, Mathieu J, Gourmelon P, Clarençon D (2003) IL-1beta, TNFalpha 

and IL-6 induction in the rat brain after partial-body irradiation: role of vagal afferents. Int J Radiat Biol 

79(10):777-85. https://doi.org/10.1080/09553000310001610998 

Mazonakis M, Damiliakis J (2021) Out-of-field organ doses and associated risk of cancer development following 

radiation therapy with photons. Phys Med 90: 73–82. https://doi.org/10.1016/j.ejmp.2021.09.005 

Miljanić S, Bessieres I, Bordy JM, d'Errico F, Di Fulvio A, Kabat D, Knežević Ž, Olko P, Stolarczyk L, Tana L, Harrison 

R (2013) Clinical simulations of prostate radiotherapy using BOMAB-like phantoms: Results for photons. Rad 

Meas 57: 35-47. https://doi.org/10.1016/j.radmeas.2012.12.012 

Moertl S, Buschmann D, Azimzadeh O, Schneider M, Kell R, Winkler K, Tapio S, Hornhardt S, Merl-Pham J, Pfaffl 

MW, Atkinson MJ (2020) Radiation Exposure of Peripheral Mononuclear Blood Cells Alters the Composition and 

Function of Secreted Extracellular Vesicles. Int J Mol Sci 21(7):2336. https://doi.org/10.3390/ijms21072336 

Mojżeszek N, Farah J, Kłodowska M, Ploc O, Stolarczyk L, Waligórski M et al (2017) Measurement of Stray Neutron 
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