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Abstract
The outcome of the exposure of living organisms to ionizing radiation is determined by the distribution of the associated 
energy deposition at different spatial scales. Radiation proceeds through ionizations and excitations of hit molecules with 
an ~ nm spacing. Approaches such as nanodosimetry/microdosimetry and Monte Carlo track-structure simulations have been 
successfully adopted to investigate radiation quality effects: they allow to explore correlations between the spatial clustering 
of such energy depositions at the scales of DNA or chromosome domains and their biological consequences at the cellular 
level. Physical features alone, however, are not enough to assess the entity and complexity of radiation-induced DNA damage: 
this latter is the result of an interplay between radiation track structure and the spatial architecture of chromatin, and further 
depends on the chromatin dynamic response, affecting the activation and efficiency of the repair machinery. The heteroge-
neity of radiation energy depositions at the single-cell level affects the trade-off between cell inactivation and induction of 
viable mutations and hence influences radiation-induced carcinogenesis. In radiation therapy, where the goal is cancer cell 
inactivation, the delivery of a homogenous dose to the tumour has been the traditional approach in clinical practice. However, 
evidence is accumulating that introducing heterogeneity with spatially fractionated beams (mini- and microbeam therapy) can 
lead to significant advantages, particularly in sparing normal tissues. Such findings cannot be explained in merely physical 
terms, and their interpretation requires considering the scales at play in the underlying biological mechanisms, suggesting 
a systemic response to radiation.
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Introduction

It is largely recognized that the peculiarity of radiation 
action on biological targets resides in the spatial distribution 
of associated energy deposition events. The biological out-
come of the exposure is strongly determined not only by the 
physical absorbed dose, i.e. the amount of energy deposited 

per unit target mass, but also by the spatial distribution of 
such energy. The heterogeneity of radiation energy deposi-
tion at the scale of critical subcellular targets, as nuclear 
DNA or chromosome domains in cell nuclei, plays a critical 
role. The finding that the same physical dose leads to a dif-
ferent biological outcome when deposited by different kinds 
of radiation generally goes under the term of “radiation 

http://orcid.org/0000-0003-2866-6392
http://crossmark.crossref.org/dialog/?doi=10.1007/s00411-022-00989-z&domain=pdf


546 Radiation and Environmental Biophysics (2022) 61:545–559

1 3

quality effects”. These effects can be ultimately traced back 
to differences in the spatial distribution of energy deposition 
events at the nano- and micrometric scales (Hall and Giac-
cia 2018). This has set the basis of the success of nano- and 
microdosimetry approaches, as well as of approaches based 
on radiation track-structure properties, in describing and, to 
some extent, predicting radiation-induced biological effects 
(Grosswendt 2005, Hill 2018, Lindborg and Waker 2020). 
Depending on the spatial scale of interest, different indica-
tors of radiation quality can be proposed: ionization cluster 
size distributions (ICSDs) at the nm scale and lineal energy 
distributions in micrometric-sensitive sites largely take into 
account the intrinsic stochasticity of radiation energy deposi-
tion. The classical concept of linear energy transfer (LET) 
is suited for averages on a macroscopic volume. The role 
played by differences in the spatial distribution of energy 
depositions at different scales becomes even more evident 
when deriving biological effects induced by high-LET radia-
tion from the study of low-LET effects. This approach is 
indeed quite successful, but specific features of high-LET 
radiation need to be considered: first, no real low dose exists 
locally if a cell or a subcellular structure is traversed by 
a high-LET particle track. Also, the involvement of differ-
ent targets in the radiation response to high LET (either as 
initial targets or in the chain of events elicited by the expo-
sure) deserves investigation. Therefore, the shape of the 
dose–response curve can be different between low-LET and 
high-LET radiation, particularly in a low-dose/low-fluence 
regime, respectively (Shuryak et al. 2017). When it comes 
to dose–response for radiation-induced carcinogenesis, the 
trade-off between cell inactivation (counteracting carcino-
genesis) and the induction of viable mutations (enhancing 
carcinogenesis) bears the fingerprint of the spatial distri-
bution of energy depositions and associated biological 
response, as we later discuss. In practice, the RBE (relative 
biological effectiveness) has been introduced as the ratio of 
the dose of a low-LET reference radiation to that delivered 
with a different kind of radiation leading to the same effect. 
The RBE concept provides a simple way to quantify radia-
tion quality effects for radiobiological studies. However, it 
is subject to many limitations: first of all, it depends on the 
kind and level of damage under consideration (in particu-
lar, therefore, on dose); further on, it neglects the possible 
activation of different mechanisms induced by high- vs. 
low-LET radiation leading to the same effect. Any observed 
difference is therefore traced back to the underlying level 
of energy concentration. However, it turns out particu-
larly useful and is widely adopted in applications to radia-
tion therapy: RBE values are used to weigh the absorbed 
physical dose to obtain a biological dose. Such biologically 
weighted dose quantifies the effectiveness of the specific 
kind of radiation under consideration in inducing the end 
points of interest, such as tumour control and normal tissue 

toxicity. Treatment plans, particularly for ion therapy, are 
then traditionally built to deliver a uniform RBE-weighted 
dose to the tumour mass. This “uniform” distribution, and 
the associated biological consequences, are still the result 
of a large spatial heterogeneity in energy depositions at the 
subcellular/cellular level (IAEA 2008).

It has also been known for quite a long time now that the 
use of heterogeneous spatially fractionated beams that deliver 
a non-uniform dose distribution to the target mass can lead 
to an advantage, particularly in terms of normal tissue spar-
ing, while maintaining an anti-tumour effect (Prezado 2022). 
Examples of such spatially fractionated radiation treatments 
are grid therapy and the still pre-clinical mini- and micro-
beam therapy approaches. Certainly, the consideration of 
spatial inhomogeneity in energy depositions by radiation in 
merely physical terms cannot give an exhaustive explanation 
to such effects at the tissue scale. The same holds when inves-
tigating the final outcome of radiation exposure at the single-
cell level. The spatial scales of biological targets and pro-
cesses at play as a consequence of radiation action need to be 
considered, including dynamic aspects of, e.g. the genomic 
target material at a single-cell level and of cell motility and 
migration at a tissue level. Also, it is expected that the spa-
tial inhomogeneity cannot be completely disentangled from 
temporal aspects, and spatial and temporal variations interact: 
this implies considering, e.g. dose rate and dose fractionation 
effects and their interplay with radiation quality. The issue of 
dose rate effects is separately addressed by a different article 
(Lowe et al. 2022).

Bearing this in mind, and in the background of the above 
considerations, the following questions arise: what are the 
levels of spatial variation in energy depositions that deter-
mine the biological outcome of radiation exposure? Given 
the different spatial scales relevant for initial radiation dam-
age induction and its processing, a plethora of lesions of 
different complexity can occur in the genomic material as 
a target—but which type of lesions are the most effective 
ones? What is actually “complex damage”? Finally, how 
does the non‐homogenous energy delivery govern the radia-
tion response, and how is this translated from the subcel-
lular/cellular level to the tissue level, for both tumour and 
normal tissues? A lot can be learnt in the effort to address 
these questions.

In this work, we review current knowledge on the role 
of spatial variation in energy depositions on the biological 
outcome of radiation exposure. The spatial heterogeneity in 
energy delivery by radiation is addressed from the subcel-
lular scale to the tissue/organ scale, looking at the relevant 
target structures and discussing related effects. We start 
with the description of radiation action at the nm scale: we 
introduce nanodosimetry, microdosimetry and track-struc-
ture simulations and their state-of-the-art advancements, 
including consideration of radiation quality. Always at the 
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subcellular scale, we then describe DNA damage induction 
focussing on building the bridge between predicted features 
of radiation tracks and experimental detection of DNA dam-
age with in vitro cell models: we address the role of DNA 
repair dynamics and spatial organization of the genomic 
material in the context of chromatin. Finally, we discuss the 
effect of an increasing degree of dose heterogeneity on tar-
gets of increasing size, addressing cell, tissue and systemic 
responses following irradiation with spatially fractionated 
beams (from micro- to minibeams, in the perspective of their 
pre-clinical and clinical applications in cancer therapy).

Topology of the energy deposition 
by radiation at the nm–μm scale: nano‑ 
and microdosimetry and track‑structure 
approaches

Nanodosimetry and microdosimetry take into account the 
stochastic nature of energy deposition by radiation: they 
study the probability distributions of the energy imparted 
within target volumes of size from the nanometre to the 
micrometre scale. As such, they offer well-established 
experimental and theoretical formalisms to address the 
issue of spatial heterogeneity in energy depositions at the 
subcellular scale. In both cases, the focus is on ioniza-
tions: the underlying assumption is that molecular altera-
tions relevant for biological consequences are strongly 
correlated to the local density of ionizations (Brenner and 
Ward 1992).

The fundamental physical quantity measured in experi-
mental nanodosimetry (Grosswendt 2005, Conte et al. 2018) 
is the number of ionizations, which is afterwards converted 
to energy imparted by means of the W value (average energy 
per ion pair). The number of ionizations produced by single 
ions within the target volume is conventionally indicated 
as ν and called ionization cluster size. The cluster size is a 
stochastic discrete variable, whose occurrence probability 
is described by a probability distribution function p(ν). The 
mean ionization yield, typically denoted as M1, is defined 
as the first moment of the probability distribution p(ν). The 
complementary cumulative distribution function F(�) is 
defined as the probability that the variable ν takes on values 
greater or equal to n (and typically denoted as F1, F2, F3, 
etc.).

When the target size is enlarged to the micrometre scale, 
we deal with microdosimetry (Kellerer 1985, ICRU 1983, 
Rossi and Zaider 1996, Lindborg and Waker 2020). Instead 
of counting single ionizations, microdosimetry foccuses on 
the total energy ε imparted by ionizing radiation (either 
due to one ion, a single “event”, or more). The specific 
energy z is defined as the quotient of ε by m, where ε is the 
energy imparted to site of matter of mass m. The specific 

energy can be due to one or more events; in the second 
case, it is the stochastic equivalent of the absorbed physical 
dose D. The frequency distribution f(z) has a mean value 
z = D and a variance that can be large, depending on the 
radiation field, on the radiation fluence and on target size. 
As expected, the width of the specific energy distribution 
increases when the target volume, and hence the mean 
number of energy deposition events, is reduced, therefore 
at small targets sizes and low-dose exposure. For densely 
ionizing radiation, a given absorbed dose is delivered by 
a smaller number of events as compared to sparsely ion-
izing radiation; therefore, high relative fluctuations are to 
be expected also at relatively high dose levels. Another 
fundamental microdosimetric quantity is the lineal energy 
y, defined as the ratio between the energy imparted to the 
target volume by a single energy deposition event, ε1, and 
the mean chord length in that volume, l . The lineal energy 
is the stochastic equivalent of the linear energy transfer, 
LET. Two probability density functions are considered, the 
frequency probability density f(y) and the dose-weighted 
probability density d(y). Mean values of the lineal energy 
calculated with these distributions, respectively, yf  and yD , 
are useful quantities and are easier to measure than the 
complete probability distributions.

Radiation quality and the underlying spatial heterogeneity 
in energy depositions determine the biological outcome of 
the exposure, and both nano- and microdosimetric quanti-
ties can tackle these aspects at different scales: correlations 
between such quantities and radiobiological measurements 
are worth looking for. Among others, a microdosimetric 
RBE, defined as the ratio of yD for a test radiation and that 
of a reference low-LET radiation, has been proposed as an 
estimator of experimentally observed RBEs. The use of aver-
age values is justified for the sake of simplicity, and with 
the purpose of characterizing the radiation field with single 
indicators. Already at this stage, part of the information on 
the intrinsic variability in energy deposition at the target level 
(carried by the full distribution or moments of higher order) 
is lost. However, more critically, the simple ratio yD,test∕yD,ref , 
measured at 1 μm, does not show a good correlation to exper-
imental RBE values for, e.g. cell survival for radiation fields 
with a significant high y (hence, high LET) component: in 
particular, saturation effect at LET values higher than approx-
imately 100 keV/μm is not reproduced. This is notably due 
to the so-called overkill effect, i.e. the fact that high-LET 
radiation deposits much more energy than what is neces-
sary for the induction of the same level of biological effect. 
This suggests that the outcome of the exposure is not fully 
determined by the variation of the energy depositions at the 
typical ~ 1 μm scale. The application of phenomenological 
biological weighting functions has been proposed to calcu-
late the weighted average lineal energy and to establish a 
good correlation with RBE data for cell survival [Pihet et al. 
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1990, see e.g. Baiocco (2016)]. However, interestingly, if the 
same yD,test∕yD,ref  ratio is evaluated diminishing the site of 
the sensitive site down to tens of nm, such fully “physical” 
RBE estimator gets closer to radiobiological data without the 
application of a saturation correction (Mazzucconi 2019). An 
example of the ratio yD,test∕yD,ref , measured at different depths 
across the penetration depth of a 62 MeV modulated proton 
beam, is shown in Fig. 1 for different target sizes and com-
pared with biological results for the RBE at 10% survival. 
The better agreement reached at site size of 50 nm might 
indicate that the outcome of the exposure is more closely 
related to the pattern of energy deposition at the ~ nm scale 
and calls for a nanodosimetry approach.

In the framework of nanodosimetry, the physical quantities 
F1, F2, and F3, representing the probabilities of measuring 
at least one, two, and three ionizations, respectively, meas-
ured and calculated in targets of nanometric sizes, have been 
shown to correlate well with biological cross sections derived 
from cell survival experiments through a direct proportional-
ity (Conte et al. 2018). Such findings are interpreted consid-
ering that, depending on the level of the observed effect, a 
minimum number of ionization events occurring in the same 
target volume is required to produce that effect.

A nanodosimetric approach therefore guarantees a 
stronger correlation of physical quantities with radiobio-
logical effectiveness, without the need to introduce complex 
weighting functions for the modelling of biological dam-
age. On the other hand, microdosimetry is still appealing, 
because it offers practical instruments that can be used in the 
real scenarios of everyday life, while the use of nanodosim-
eters is still restricted to the research environment.

The great advantage of micro- and nanodosimetry 
approaches relies on the potential to explain the biologi-
cal response to radiation using only measurable physical 
quantities. The counting of individual ionizations induced 
by radiation in the target and the correlation of their spatial 
density to biological effects are analogous in principle to 
the cluster analysis of radiation tracks (Goodhead 1994). 
In this context, the “track” is defined as the collection of 
all energy depositions (ionizations and excitations, in this 
case, with a full set of spatial coordinates and amount of 
energy deposited) induced by the passage of the ion in the 
target, as well as of those due to secondary electrons liber-
ated and accelerated by the primary particle. Historically, 
this “cluster analysis” approach has preceded the intro-
duction of complete biophysical simulations: these consist 
in Monte Carlo simulations of radiation tracks (using as 
input inelastic and elastic cross sections in liquid water) 
combined with software models of increasing complexity 
of the genomic material as a target for radiation action 
(Hill 2018, 2020 and references therein). Introducing DNA 
as a target allows superimposing the spatial variation of 
energy depositions from a merely physical point of view 
to the spatial arrangement of DNA constituents. At the 
same time, it becomes possible to consider both biological 
damage induced directly by radiation to the genomic mate-
rial (which actually occupies a low percentage of the cell 
nucleus volume) and that due reactive species created by 
energy depositions in surrounding water molecules (usu-
ally referred to as indirect DNA damage). These develop-
ments led to biophysical computational tools currently in 
use (see e.g. Friedland et al. 2011, Friedland et al. 2017, 
Incerti et al. 2010a) that are able to simulate all stages 
of radiation action, conventionally referred to as a physi-
cal stage, with the pattern of initial energy depositions; 
a physico-chemical and chemical stage, with free radi-
cal formation and diffusion; and a biological stage, with 
induction of initial DNA lesions of different kinds (e.g. 
single- or double-strand breaks, base damage, clusters 
of different lesions within short genomic lengths, DNA 
fragments of different sizes and so on). These tools have 
adjustable parameters, whose values need to be adapted 
to reproduce radiobiological data on DNA damage. This 
is usually done considering low-LET radiation, with the 
aim of gaining predictive power for the outcome of the 
exposure to high LET. Codes of this kind allow therefore 
to obtain information on expected initial DNA lesions and, 
most importantly, to study the mechanisms at the basis 
of the radiation response. Their results set the basis for 
the investigation of how the damage is initiated and then 
recognized and possibly repaired by the cell machinery. 
Finally, they allow to study how initial damage is linked 
with the outcome of the exposure at a longer time scale, 

Fig. 1  Comparison between the ratio yD,d∕yD,7.5mm at different site 
sizes, where yD,d is the dose-mean lineal energy measured at depth 
d, and the reference value yD,7.5mm is the mean-dose lineal energy at a 
depth of 7.5 mm. RBE values for a survival fraction of 10%  (RBE10) 
for cells irradiated at the same beam line are also shown for compari-
son. Figure data adapted from Mazzucconi (2019). RBE data from 
Chaudhary et al. (2014)
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as e.g. with the induction of mutation behind initiation of 
carcinogenesis or cell death (Nikjoo et al. 2016).

Up to now, such biophysical track-structure codes have 
been mainly used with unique software models of target 
cells: cells in the G0/G1 cell cycle phase, possibly con-
sidering simple geometrical aspects as the cell nucleus 
shape (e.g. spherical vs. ellipsoidal, to reflect cell types 
and/or suspension/adhesion culture conditions for in vitro 
experiments), but still with the realization of a single, out 
of myriads of, possible DNA configurations. When con-
sidering the comparison with radiobiological measure-
ments, this feature represents an advantage: it is indeed 
unfeasible to a have a dedicated software reproduction of 
a wide variety of cells in use, particularly when working 
with heterogeneous cancer cell models. However, specific 
characteristics of the spatial arrangement of the genomic 
material (and how these vary along cell cycle progres-
sion) might have a role in initial damage induction and 
in its processing: this is the case for the different DNA 
compaction levels, at the basis of the distinction between 
hetero- and euchromatin (HC and EC, respectively). 
Recent developments of the DNAFabric software (Meylan 
et al. 2016) used in conjunction with Geant4DNA (Incerti 
et al. 2010a, 2010b, Bernal et al. 2015, Incerti et al. 2018) 
allow to create cell nuclei models containing both HC 
and EC domains: preliminary results show that a lower 
DNA compaction leads to a higher yield of initial strand 
breaks per unit dose and Gbp. This is explained by the 
higher chance for indirect damage due to higher hydra-
tion and lower density of histones that can scavenge radi-
cal attack to the DNA. In turn, these new developments 
call for dedicated “precision” measurements to separate 
initial damage contributions in HC and EC domains and 
constrain simulation parameters accordingly.

As a summary of the above discussion, nano- and micro-
dosimetry measurable physical quantities are useful to char-
acterize the spatial distribution of radiation energy deposition 
at subcellular scale; biophysical computational tools can pre-
dict DNA damage, and their predictions have to be bench-
marked with measurable radiobiological DNA damage end 
points. However, to make the link between the initial distribu-
tion of deposited energy and the spatial distribution of DNA 
damage, one needs to consider how the biological response 
to DNA damage depends on the context of chromatin and 
dynamical repair processes. To this aim, modelling can be 
extended to include a (necessarily) simplified mechanistic 
description of the chain of events elicited by initial damage. 
Radiobiological data should be collected in the form of time-
series data, in highly controlled experimental conditions, e.g. 
using microbeam setups, and with the highest possible reso-
lution for the topological characterization of DNA damage.

Patterns of radiation‑induced DNA damage: 
interactions at different spatial scales 
in the context of chromatin

The DNA damage distribution is defined by the radiation 
track structure in combination with chromatin architecture 
and dynamics. This is expected to be of great relevance 
particularly for radiation-induced carcinogenesis: the 
spatial [and temporal, separately discussed in Lowe et al. 
(2022)] interplay between physical energy deposition by 
radiation and the chromatin biological response is at the 
basis of DNA damage induction and repair, thereby modi-
fying the chance for viable mutations that ultimately can 
lead to cancer formation.

Consequently, understanding DNA damage and pro-
cessing is of utmost importance to gain mechanistic 
insight in radiation-induced carcinogenesis. A plethora of 
experimental and modelling studies are devoted to this 
task. A joint consideration of low- and high-LET radia-
tion, both theoretically and experimentally, is helpful to 
establish general paradigms of radiation damage induction 
and repair. Interestingly, high charge (Z) and energy (E) 
particles (commonly referred to as HZE particles) provide 
a good opportunity in this sense, due to the nature of their 
track structure, composed of a densely ionizing inner part 
and a contribution of long-range delta electrons leading 
to a field of sparsely ionizing radiation. HZE particles 
therefore allow the study of radiation quality effects in 
the same cell at the same time: they can be used to study 
the effects of the resulting spatial distribution of DNA 
damage induction and on the following activation of the 
repair machinery. In addition to the aforementioned Monte 
Carlo modelling of the full radiation tracks, the so-called 
amorphous track-structure approach, based on a continu-
ous dose distribution across the cellular nucleus, is also 
very well suited to reproduce these physical features. It 
offers a somewhat simplified context to investigate the role 
of chromatin organization in radiation damage formation 
and processing. We refer in what follows mainly to simula-
tions with the local effect model IV (LEM IV) (Elsässer 
et al. 2010, Friedrich et al. 2012), a semi-empirical model 
of this kind, broadly benchmarked for a wide range of 
biological systems and end points (including carcinogenic-
related ones) (Tommasino et al. 2013, Grün et al. 2017, 
Buch et al. 2018, Hufnagl et al. 2021, Pfuhl et al. 2022, 
Hufnagl et al. 2021), and to experimental studies address-
ing the chromatin response to radiation damage.

Radiation will typically induce a broad spectrum of 
DNA damage: from simple single isolated DNA lesions 
(single-strand breaks, base lesions) and double-strand 
breaks (DSBs) (two lesions occurring on opposite DNA 
strands within ~ 10 bp), to complex clustered lesions, i.e. 
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lesions of different kinds occurring within short genomic 
lengths (e.g. < 25 bp). Among DNA lesions, DSBs are 
the most deleterious type of damage as they sever both 
DNA strands and thus compromise the genomic stabil-
ity. If misrepaired or left unrepaired, they can cause del-
eterious chromosomal aberrations, potentially leading to 
carcinogenesis or cell death. During evolution, cells have 
established several DSB repair pathways involving a vari-
ety of different DNA repair factors to cope with this chal-
lenge. An increase in the ionization density of radiation, 
as e.g. for high-LET ion radiation, produces an increase 
in frequency and complexity of clustered lesions, with an 
inhomogeneous distribution in the cell, which is strongly 
connected to the track structure. The induced damage clus-
ters are considered to be an obstacle for the cellular repair 
systems and a crucial determinant of the cellular fate.

As above anticipated, in theoretical models DNA is 
mostly assumed to be homogeneously distributed within 
cell nuclei, and DSBs are induced in proportion to the 
applied dose. For high-LET radiation, the DSB yield may 
be enhanced, as local energy concentrations across the 
dimension of the DNA is so high that it becomes likely that 
two secondary electron tracks originating from a high-LET 
track induce independently single-strand breaks on opposite 
strands of the DNA, eventually leading to a DSB (Friedrich 
et al. 2015). In that respect, the nm length scale plays the 
most important role concerning DSB induction.

Although DSBs are regarded to be the essential radio-
biological damage, they still are repaired effectively in cells 
with a functioning repair system: at 1 Gy, e.g. cell survival 
probabilities are hardly reduced, while about 30–40 DSBs 
would be expected for that dose after photon exposure. This 
demonstrates that presumably more complex DSBs rep-
resent the class of lesions that are finally likely to remain 
unrepaired or misrepaired and therefore determine further 
radiation damage.

Both experimentally and theoretically, the nature of 
such complex damage has been under debate for decades. 
While the agglomeration of lesions on the nanometric 
scale may lead to clustered lesions of different variety 
(Ward 1985, Nikjoo et al. 2001), the proximity of DSBs 
on the µm scale is proposed to play a role in the forma-
tion of exchange-type chromosome aberrations and for 
lesion scenarios with a higher complexity (e.g. leading to 
complex-type exchanges, involving a minimum of 3 break-
points). These damage patterns imply a modification of 
the chromatin organization and thereby impose a higher 
repair hurdle to the cell. The accumulation of DSBs in the 
micrometric scale turns out to be essential to describe the 
RBE of high-LET radiation, but its relevance is already 
supported by the linear quadratic dose response curves 
observed after photon irradiation, where the quadratic 
component can be associated with the effects of clusters 

of DSBs from electrons accelerated by independent pho-
tons (Friedrich et al. 2012). Recent experiments exploiting 
an ion microbeam have shown that both nm and µm scale 
coexist and need to be jointly taken into account for a com-
prehensive quantitative description of radiation response 
(Friedrich et al. 2018).

In the regime of low hit numbers, in addition, overkill 
corrections play a role where the size of cell nuclei gives rise 
to a further relevant scale in the order of 10 µm. The relevant 
observed spatial scales are summarized in Fig. 2. The notion 
that biological radiation damage

depends on multiple processes associated with different 
spatial scales is not new, and it has become clearer that there 
is no “effective scale” that can determine the observed out-
come uniquely, thereby ruling out a plethora of theoretical 
concepts employing one scale only.

Whereas there is increasing information due to long 
ongoing research on the nature of “complex damage”, there 
is still a lack of understanding of the molecular and struc-
tural details of underlying processes and how they are con-
nected to the repair outcome. Interdisciplinary approaches 
combining careful quantitative experimental results with 
predictive computational modelling will be a key for future 
developments. The direct comparison of theoretical predic-
tions of DNA damage to experimental results on related 
radiobiological end points is in itself challenging, and fur-
ther reveals the importance of the role played by chromatin. 
Immunofluorescence imaging of DNA damage and repair 
foci can be considered as the best strategy to obtain experi-
mental data on the spatial distribution of radiation-induced 
damage and its evolution in the context of chromatin, using 
as experimental model in vitro cellular systems. Radiation-
induced foci (RIFs) (extra foci yields appearing on top of the 
background signal for unirradiated cells) can be scored at 
different time intervals post-irradiation, giving information 
on the kinetics of both the recruitment of DNA repair factors 
at the sites of damage (RIF appearance) and the efficiency 
of repair mechanisms at play (RIF disappearance). Measure-
ments at the shortest time points, when the yield of RIFs 
reaches a maximum (e.g. from few to within approximately 
30 min from the irradiation, depending on the specific factor 
under study) presumably deliver information on the initial 
radiation-induced damage. However, RIF measurements 
clearly indicate that the observed damage distribution cannot 
be fully explained by elementary track-structure considera-
tions alone, particularly for high-LET radiation. Remark-
ably, low energetic ion radiation with very high LET [see 
also Jakob (2009a, b)] and high energetic particles with high 
LET, hence with very different radiation tracks, show com-
parable foci patterns (c.f. Figure 3). Using live cell imaging, 
it could be shown that this foci pattern is already established 
during the first minute after irradiation and can be observed 
also for non-DSB marker like XRCC1 (Jakob et al. 2020), 
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implying that the observed pattern is mainly based on bio-
logical conditions like chromatin architecture.

When using RIFs as a marker for DSBs (keeping in mind 
the issue of damage complexity, as discussed below), a com-
mon finding is that the number of induced DSBs may be 
either under or overestimated in simulations as compared to 
experimental observations, which becomes quite obvious 
in Fig. 3.

As an example of underestimation, in Fig. 3c, the pre-
diction of induced DSBs for 1 GeV/u iron ions traversing 
a cylindrical volume reflecting the nucleus shows a rather 
sparse distribution along the ion trajectories. Instead, experi-
mental observations show a tendency towards higher num-
ber of repair foci at relatively short times post-irradiation, 
resulting in patterns of a tighter arrangement of lesions along 
the ion track. Other DSB surrogate markers like 53BP1 or 
γH2AX show similar results, pointing to an underestimation 
of the calculated DSB yield in the case of HZE particles. 
While the interaction of two SSBs in close vicinity forming 
a DSB is incorporated in most models, one possible explana-
tion for at least part of the remaining discrepancy might be 
the fast formation of additional DSBs by lesions which have 
to be biologically processed, thereby forming a strand break. 
In this respect, it was shown that there are delayed occur-
ring DSBs not visible directly after the radiation insult and 
a reduction in DSB yield when base excision repair is inhib-
ited (Jakob et al. 2020). However, an alternative, but not 
mutual exclusive explanation, might be that not all induced 
DSBs give rise to a detectable RIF (Neumaier et al. 2012). 

RIFs are often scored at their maximum yield as a func-
tion of post-irradiation time, and such maximum can occur 
at, e.g. ~ 30 min after the exposure, when some lesions are 
likely to have already been processed, as indicated by other 
techniques such as PFGE. Notably, in cell nuclei of retinal 
cells with a symmetric chromatin arrangement, a general 
agreement between experimental observations and theo-
retically predicted DSB yields after HZE particle exposure 
was detected (Mirsch et al. 2015). This further indicates an 
impact of DNA organization on DSB yield, in addition to 
the aforementioned fast repair processes.

For very high LET as reached by low energetic heavy 
charged particles, still a distinct clustering along the ion tra-
jectories at a µm or sub-µm scale is observed, while theoreti-
cal calculations predict a much higher DSB yield (Fig. 3a, b). 
This has been attributed to the underlying chromatin structure 
instead of physical properties of the radiation and might be 
influenced by chromatin dynamics as well (Costes et al. 2007, 
Jakob et al. 2009a, 2009b, 2011). It is well known that due to 
the small spacing between ionizing events and thus expected 
strand breaks, each repair focus can be attributed to multiple 
DSBs (DSB clusters). It is important to note that in this case, 
a one to one ratio between DSBs and RIF is no longer valid 
and the average number of DSBs per RIF increases with LET 
(Jakob et al. 2003, Splinter et al. 2010, Jezkova et al. 2018, 
Barbieri et al. 2019, Villagrasa et al. 2017), which has obvi-
ous consequences for the analysis of repair kinetics based on 
microscopic images for this type of radiation quality. Several 
attempts have been made to obtain DSB yields after particle 

Fig. 2  Relevant spatial scales for radiation damage formation. a For-
mation of DSBs arises from secondary electrons inducing two adja-
cent SSBs in a correlated manner (red) within some nm, but also a 
concerted action of distinct electrons from the same high-LET track 
may result in a DSB at high ionization densities (blue). b Proximity 
of DSBs on the µm scale may result in more complex lesions modi-

fying the integrity of the DNA structure (e.g. Mbp chromatin loops) 
or reduce repair probability by enhanced mis-rejoining options. c Hit 
statistics in the order of nuclear sizes (~ 10  µm) determines a frac-
tion of unhit cells (green) not affected by radiation (except potential 
bystander effects) (color figure online)



552 Radiation and Environmental Biophysics (2022) 61:545–559

1 3

irradiation from high or super-resolution microscopic images 
(Splinter et al. 2010, Lopez Perez et al. 2016, Hagiwara et al. 
2017, Bobkova et al. 2018), which revealed a splitting up of 
chromatin domain markers such as 53BP1 or gH2AX into 
subdomains. These substructures or “nanofoci” have also been 
observed for isolated DSBs and have been attributed to chro-
matin loop substructures organized by the key structural factor 
CCCTC-binding factor (CTCF) rather than presenting DSB 
clusters (Natale et al. 2017). Even if so-called “microfocal” 
markers like RPA (binding to single stranded, resected DNA 
at the break site) were used instead of RIF highlighting the 
surrounding chromatin domains, these techniques have failed 
to deliver convincing data on DSB yields up to now. These 
markers show one or few small and compact local foci (green) 
embedded in the mega-base pair domains comprising the RIFs 
(53BP1, red in Fig. 3 middle) and have been attributed to 
local repair centres (Jakob et al. 2009a, Neumaier et al. 2012). 
However, even in super-resolution microscopy, they have not 
been sufficiently resolved to obtain reliable DSB numbers up 
to now for high-LET-induced damage. Improved super-resolu-
tion techniques or electron microscopy (EM), which revealed 

a huge clustering of repair factors by immune-gold labeling 
in thin slices (Lorat et al. 2012, 2016, Timm et al. 2018), 
might solve this issue, but quantitatively measuring a whole 
nucleus is still challenging and care has to be taken by the 
correlation of EM contrasting and chromatin (Tonnemacher 
and Eltsov 2020).

Independent of the lack of knowledge about the exact 
number of DSBs inside a radiation-induced damage clus-
ter, it is generally accepted that compared to simple DSBs, 
spatially clustered DNA damage provides challenges for the 
cellular repair systems. It has been shown that high-LET-
induced DNA damage is linked to an overall impaired repair 
[reviewed in (Nickoloff et al. 2020)] and can lead to distur-
bances in the DNA damage response such as the overactiva-
tion of repair-related kinases (Meyer et al. 2013), which is, 
for example, reflected by pan-nuclear γH2AX formation or 
altered activation and recruitment of certain repair factors 
(Tobias et al. 2013). In addition, canonical NHEJ seems to 
be impaired by local DSB clusters and loss of short DNA 
fragments (Nickoloff et al. 2020), and increased break end 
resection were observed after charged particle irradiation 

Fig. 3  Examples of fluorescence images of RIFs using different DNA 
damage markers as surrogates of DSBs and simulated DSB distri-
butions using the local effect model LEM IV. a, top Direct labelling 
of DNA strand breaks using TUNEL (green) and co-staining with 
XRCC1 (red)/Dapi (blue) 5  min after irradiation with 6  MeV/u Au 
(LET ~ 13,000 keV/µm). b, top 53BP1 (red) and the resection marker 
RPA (green)/Dapi (blue) 5  h after irradiation with 500  MeV/u Xe 

(LET ~ 800 keV/µm). c, top NBS1-GFP in living U2OS cells 2 min 
after irradiation with 1 GeV/u Fe [LET ~ 150 keV/µm; modified from 
(Jakob et  al. 2020)]. Lower row, a–c Corresponding simulations of 
DSB distribution along a single ion trajectory for the given ion and 
energy combinations using LEM IV. The cell nuclei were modelled as 
a homogeneously chromatin filled cylinder with 3.15 µm radius and 
16 µm height (color figure online)
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(Averbeck et al. 2014), which points to the increased uti-
lization of error-prone repair pathways in the G1 phase of 
the cell cycle. Interestingly, the impairment of the repair 
machinery by high-LET radiation, which increases damage 
complexity, could also be at the basis of a possible syner-
gistic action of high- and low-LET components in mixed 
radiation fields. Recently, this was investigated with experi-
mental measurements of chromosomal aberrations in human 
peripheral blood lymphocytes exposed to mixed beams con-
sisting of equal contributions of alpha particles and X-rays 
(Brzozowska et al. 2020).

The role of chromatin in the DNA damage response 
becomes even more evident when considering its spatial 
remodelling after damage induction. Changes of chromatin 
compaction and a variety of histone modifications trig-
gered by numerous histone-modifying enzymes are crucial 
steps for successful DSB repair, ensuring the accessibil-
ity to the damage sites and thus differentially regulating 
the recruitment by binding or activating and coordinating 
repair proteins. Upon irradiation, dense chromatin regions 
obviously need to relax to allow further damage process-
ing. In this respect, this relaxation is mostly attributed to 
be necessary for the diffusion of repair factors and accessi-
bility of the damage. It might change repair factor binding 
and thus the whole repair process. There are contradict-
ing results whether sparsely ionizing radiation induces a 
larger chromatin response in euchromatin (Zhang et al. 
2015, Abdollahi et al. 2018), which can be visualized by 
microscopic techniques. Heterochromatic areas instead 
have shown a clear and dynamic radiation-dependent 
local chromatin decompaction upon particle irradiation 
(Jakob et al. 2011, Abdollahi et al. 2015, Müller et al. 
2013), followed by a relocation of the damage to the HC/
EC border for further processing (Jakob et al. 2011). Het-
erochromatic DSB repair is generally slower compared to 
repair in EC and, in addition, ATM dependent (Jakob et al. 
2011, Goodarzi and Jeggo 2012). While the HC decom-
paction can be related to damage signalling, recruitment 
and binding of repair factors, it might also present the 
direct physico-chemical trigger for the observed reloca-
tion. The damage relocation itself most probably serves 
the purpose of avoiding chromosomal translocations in 
highly repetitive HC sequences (Chiolo et al. 2013). While 
radiation-induced HC decondensation is widely accepted, 
the long ranging chromatin decompaction along ion tra-
jectories described in thin sections for EM (Timm et al. 
2018), which goes along with repair cluster formation, has 
recently been attributed to a local RNA depletion rather 
than a diminished DNA content (Tonnemacher and Eltsov 
2020). The EM samples, which were more specifically 
stained for chromatin, revealed EC-like chromatin densi-
ties and fibres at DNA damage sites (Tonnemacher and 
Eltsov 2020).

Concluding, when investigating the correlation between 
the spatial variation in energy depositions by radiation and 
the biological outcome of the exposure at the subcellular/
cellular level defined in terms of DNA damage, we need 
to have in mind that chromatin is not just a passive back-
ground, but it is a highly dynamic and active participant in 
the repair process. As high-LET irradiation induces clus-
tered DSBs, observable RIFs do not necessarily represent 
individual DSBs, and, in addition to that, delayed DSBs can 
be derived from enzymatic processing of non-DSB clustered 
lesions. Due to the vicinity of lesions and the loss of small 
DNA fragments, these clustered lesions can disturb the DNA 
damage response signalling, influence the repair pathway 
choice and provide a challenge for the DNA repair systems. 
Additional complexity arises from densely packed chroma-
tin, which shows peculiarities in the DNA damage response 
including chromatin decompaction, damage relocation and 
a slower repair. As a consequence, DNA damage quantifica-
tion requires considering both nm and µm lesion proximity. 
Both the number and complexity of lesions have impact on 
radiation effectiveness.

The carcinogenic potential can finally be investigated by 
considering the trade-off for both cell inactivation and the 
induction of viable mutations (Hufnagl et al. 2021). How the 
effectiveness for such end points varies with LET already 
makes the qualitative assessment of cancer induction in 
dependence on radiation quality a versatile problem. On top 
of that, the final radiation response is determined by a com-
plex network of mechanisms, initially elicited by radiation, 
involving the micro-environment and finally the system as 
a whole. The attempt to trace back such response to initial 
energy depositions in the genomic material at the single-cell 
level, together with initial damage processing, still provides 
essential information to interpret radiobiological findings, 
and can inform systemic approaches to study the response 
manifesting at the supracellular level and involving long 
times (Baiocco et al. 2019).

Spatially fractionated beams: cell and tissue 
effects towards pre‑clinical and clinical 
applications

Most of the knowledge on ionizing radiation action on bio-
logical structures has been derived from experimental stud-
ies where uniform exposures of cells, tissues and species 
have been undertaken. This has underpinned the central 
role of direct DNA damage, related to the physical radiation 
beam parameters, driving cellular and tissue response. How-
ever, as already introduced, even “uniform” exposure with 
high-LET radiation are themselves the result of a large het-
erogeneity in energy depositions at the subcellular/cellular 
level when considering the structure of radiation tracks. At 
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the cellular level, extensive studies have utilized single-cell 
microbeams to probe radiation mechanisms related to sub-
cellular response using X-ray, electron and charged particle-
based approaches (Ghita et al. 2018). These have provided 
key information on the potential role of non-nuclear targets 
in cellular response and also the important role of cell–cell 
signalling via bystander responses (Prise and O’Sullivan 
2009). In general, these approaches have been limited to 
cell-based models, as they predominantly utilize low-energy 
beams.

For tissue and whole body responses, our understanding 
of the effect of patterned exposures has come from stud-
ies in mice and clinical studies with higher-energy photon 
beams. Spatially fractionated radiation therapy (SFRT) 
clinical studies with patterned beams have a long history, in 
particular built around the use of grid approaches for debulk-
ing large tumours with high single doses in the order of 
20–70 Gy (Laissue et al. 2012). These grids originally con-
sisted of large metal alloy plates typically with a 2-D array 
of 0.5–2 cm-sized apertures to deliver 50% open and closed 
beams. Nowadays, multileaf collimators on standard clini-
cal LINACs can be used to produce grid patterns. Recently, 
in its most advanced iteration, currently in clinical trial, a 
lattice approach is being tested where, in three dimensions, 
a series of high-dose regions produced by converging indi-
vidual beam vertices are delivered in a patterned approach 
into tumours (Wu et al. 2020).

The other key approach, not yet in clinical use, is micro-
beam radiotherapy (MRT), where micron-sized (25–100 µm 
beams with 50–400 µm spacing) parallel kV X-ray beams 

delivered at extreme high dose (50–1000 Gy) and dose rate 
(> 100 Gy/s) are delivered from a synchrotron (see the dose 
profile and schematic MRT setup, respectively, in Fig. 4a, b, 
and tissue sections after treatment for illustrative purposes 
in Fig. 4c, d) (Bartzsch et al. 2020). The effectiveness of 
these have been tested in a large range of pre-clinical models 
(Fernandez-Palomo et al. 2020). In a development of this, 
larger minibeams of 0.5–1 mm spot size with 1–4 mm spac-
ing have also been tested in pre-clinical models, not only 
with kilovoltage X-rays, but megavoltage protons (Meyer 
et al. 2019). The clinical interest in SFRT is based on the 
differential effect spatially modulated radiation fields exert 
on normal and tumour tissue (Fukunaga et al. 2021). The 
majority of literature on microbeam and minibeam radia-
tion therapy emphasizes a strong sparing of normal tissue 
when compared to conventional radiation therapy. The claim 
of normal tissue sparing is reasonable when looking at the 
enormous peak doses of several hundreds of gray that have 
limited effects in healthy tissue (Slatkin et al. 1995, Laissue 
et al. 2001). At the cellular level, the tissue integrity and 
tumour control will likely depend on the number of sur-
viving, clonogenic cells and potentially on the survival of 
resistant stem cells (Niwa et al. 2015). While the high peak 
doses kill almost all cells, the level of the valley dose will 
determine cell survival and, indeed, many studies show the 
dependence of normal tissue effects on the valley dose and 
show that the valley dose is important for biological effects 
in vitro (Steel et al. 2021) and in vivo (Serduc et al. 2009, 
Smyth et al. 2018). Nonetheless, processes originating from 
tissue parts within the radiation peaks are likely to cause the 

Fig. 4  a Typical dose profile 
of a microbeam treatment field 
with 50 µm beam width and 
400 µm spacing (digitalized 
radiochromic film reading). b 
Schematic setup of an MRT 
treatment: the homogene-
ous synchrotron X-ray field is 
shaped by a collimator in mul-
tiple micrometre-sized planar 
beamlets. (a, b from Bartzsch 
et al. 2020) c) H&E stained 
tissue section the rat spinal cord 
after treatment with microbeams 
(Laissue et al. 2013). d) Normal 
chicken chorioallantoic mem-
brane after microbeam exposure 
showing localized leakage of 
the vasculature (Sabatasso et al. 
2021)
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differential effect and there are several hypothesized mecha-
nisms involving the microenvironment of normal tissue and 
tumour. Probably, a combination of mechanisms leads to the 
observed differential effect.

Among the most frequently discussed mechanisms is a 
difference in the resistance of normal tumour vasculature 
towards high-dose microbeams or minibeams. Several 
studies consistently report a high resistance of normal tis-
sue vasculature towards microbeam treatments, manifesting 
in a lack of haemorrhage (Serduc et al. 2008) and quickly 
dissolving transient oedemas (Blattmann et al. 2005). The 
hierarchically well-organized normal tissue vasculature can 
efficiently repair damage inflicted by MRT (Sabatasso et al. 
2011, Brönnimann et al. 2016). Bouchet et al. (2010) found 
high levels of vascular endothelial growth factor (VEGF) 
in normal brain tissue after treatment with MRT, support-
ing the hypotheses of rapid repair of vascular damage. As 
compared to conventional radiation therapy, SFRT changes 
neither the vascular volume nor the capillary density (Fuss 
et al. 2000, Serduc et al. 2006). In contrast, SFRT fields 
were able to destroy tumour vasculature and induce tumour 
hypoxia (Bouchet et al. 2013). The tortuous and immature 
tumour vasculature is unable to repair the damage caused 
by micrometre-sized beams. Experiments with the chorioal-
lantoic membrane of chicken embryos convincingly demon-
strated the dependence of SFRT inflicted vascular damage 
on vascular maturity (Blattmann et al. 2005, Sabatasso et al. 
2011, Van Der Sanden 2010).

Another compelling hypothesis for the efficacy of SFRT 
involves the immune system. Several studies demonstrated a 
role of the immune system in the tumour response towards 
SFRT treatments (Bouchet et al. 2013, Yang et al. 2019, Trap-
petti et al. 2021). It is well known that radiation therapy pos-
sesses immune stimulating effects (Formenti and Demaria 
2013, Vatner et al. 2014), but it usually does not suffice to 
disrupt the immune tolerance against the tumour. In MRT, 
various studies report on immune cell infiltration and modified 
regulation of important immune and inflammatory pathways 
(Ibahim et al. 2016, Sprung et al. 2012; Bouchet et al. 2019). 
While radiation doses of conventional treatments typically 
cause clonogenic inactivity and hence a silencing of tumour 
cells, high doses may trigger necrotic cell death and thus a 
release of tumour antigens triggering an immune response. 
This process is often referred to as “immunogenic cell death”.

Apart from these systemic mechanisms, intercellular 
signalling mechanisms were shown to have an effect on 
the cell survival in SFRT. Already in 1954 genetic insta-
bility was observed in untreated cells after spleen irradia-
tion in childhood leukaemia. In the last 30 years, intensive 
research has confirmed the existence of non-targeted and 
bystander effects (Morgan 2003, Prise et al. 2006). How-
ever, the role of bystander effects in conventional radiation 
therapy remains controversial (Suchowerska et al. 2005, 

Fukunaga et al. 2020). The enormous spatial dose varia-
tions on a micrometre scale in SFRT may change the situa-
tion substantially. In vitro colony formation assays of cells 
irradiated with SFRT fields do not lead to the result that we 
expect with a homogeneous exposure and cells not influenc-
ing each other (McMahon et al. 2013). Normal cells show a 
higher and tumour cells a lower survival after SFRT treat-
ment (Steel et al. 2021). Experiments in which exposed and 
unexposed tumour and normal tissue cells are mixed indicate 
that bystander effects may support radiation therapy treat-
ments. Recent studies in testicular tissues irradiated with 
patterned microbeams have suggested tissue sparing due to 
stem cell migration, but it is not clear if this is common to 
other tissue types (Fukunaga et al. 2020, 2019).

Hitherto, most studies on microbeam and minibeam 
radiation therapy have been carried out at synchrotrons that 
deliver dose rates in the order of several hundred up to thou-
sands of gray per second. Recently, it has been reported that 
conventional radiation treatments at higher doses have less 
effect on normal tissue if delivered at dose rates of at least 
50–100 Gy/s (FLASH) (Favaudon 2014, Montay-Gruel et al. 
2019). However, experiments at the Australian Synchrotron 
found only a minor difference between high- and low-dose 
rate treatments (Smyth 2018). Since valley doses are most 
important for normal tissue toxicities, it is likely that the 
valley dose rate has to be in the order of at least 50–100 Gy/s 
to obtain a synergistic FLASH–SFRT effect. Such high val-
ley dose rates are currently only achievable at the European 
Synchrotron in Grenoble (France).

Summary of ideas and strategic research 
priorities

This work presents a review of current knowledge and results 
presented during the MELODI—Multidisciplinary European 
LOw Dose Initiative—workshop: “Spatial and temporal varia-
tion in dose delivery”, held in November 2020, addressing the 
role of the heterogeneity in spatial and temporal distribution 
of energy deposition by ionizing radiation in determining the 
biological outcome of the exposure.

In particular, the workshop session at the basis of this 
work has addressed “radiation quality” effects, here to be 
intended in a wider general sense, including differences in 
the biological outcome when radiation dose is delivered by 
different kinds of radiation (e.g. classically speaking, low- 
vs. high-LET radiation) or with different modalities imply-
ing a different spatial distribution of the dose (e.g. clinical 
applications with spatially fractionated beams). The session 
has focussed on to what extent the biological outcome of the 
exposure can be traced back to the heterogeneity of energy 
depositions by radiation at different spatial scales.

The following questions have been addressed:
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1 What are the levels/scales of spatial variation that deter-
mine the biological outcome?

2 How do different scales ‘contribute’ to RBE and to radi-
ation effects in general?

3 How does the non‐homogenous energy delivery govern 
the radiation response, and how is this translated from 
the subcellular/cellular level to the tissue level, for both 
tumour and normal tissues?

The following statements are proposed as main ideas 
emerging from the session, also pointing to priorities/strate-
gies identified to achieve a more complete picture of the role 
of spatial heterogeneity in radiation energy deposition:

• The power of micro- and nanodosimetry approaches, 
targeting heterogeneity at the subcellular scale (~ nm 
to ~ μm), relies on the potential to characterize radiation 
quality using only measurable physical quantities. Micro- 
and nanodosimetry-derived peculiar quantities show a 
high correlation to the biological outcome. In particular, 
the success of nanodosimetry in reproducing radiobio-
logical data without phenomenological corrections con-
firms the importance of the ~ nm scale, the fundamental 
building scale of DNA as a target, but microdosimetry 
remains appealing as it offers compact instrumentation 
to be used in relevant real exposure scenarios.

• In addition to the spatial variation of energy distribu-
tions in physical terms, the topology of the genomic 
material and its active role as a target also play impor-
tant roles. This is currently being addressed with radia-
tion track-structure models (either when simulating the 
complete track or adopting an amorphous track-struc-
ture approach), with, e.g. the use of softwares creating 
DNA models at different compaction levels, and with 
“precision” measurements of DNA damage end points, 
e.g. with high-resolution techniques for DNA radiation-
induced foci, as well as microbeam setups for in vitro 
cell irradiations. The dynamical response to the damage 
(repair machinery) has to be always considered when try-
ing to investigate initial radiation-induced DNA damage, 
and it certainly determines the biological outcome in the 
longer term (e.g. inactivation vs. viable mutations even-
tually leading to carcinogenesis).

• Concerning spatial scales, evidence accumulated with 
experimental (including microbeam experiments) 
and theoretical approaches (including track-structure 
approaches) indicate that multiple relevant scales coexist. 
In turn, any model description of radiation effects needs 
to consider damage interaction in multiple scales. This is 
valid in therapeutic settings, but also for carcinogenesis-
related end points.

• Heterogeneity of radiation delivery at the tissue level also 
strongly determines the biological outcome, as proven 

using spatially fractionated beams that seemingly main-
tain the same anti-cancer effects offering the possibility 
to better spare normal tissues. The interpretation of these 
findings implies considering, among other mechanisms, 
cell signalling, dynamic aspects at a tissue level (cell 
motility and migration), the role of the microenvironment 
and of the immune system, thus introducing “larger” spa-
tial scales for the biological response and finally calling 
for a systemic approach.

• It is expected that spatial and temporal variation in energy 
depositions cannot be fully disentangled, at the single-
cell level or at the tissue/organ level. In this respect, it 
is expected that the combination of spatially fraction-
ated radiation therapy and extremely high dose rates for 
the radiation delivery (as it is the case of FLASH radio-
therapy applications) could lead to further possibilities 
of optimizing cancer treatments, particularly in terms of 
normal tissue sparing.

Author contributions GB: designed and coordinated the review work 
and drafted the introductory and conclusion sections. The authors 
contributed particularly to the following parts: GB, VC, CV on nano- 
and microdosimetry and track-structure approaches. TF, BJ on DNA 
damage in the context of chromatin. SB, KP on spatially fractionated 
beams. All authors contributed to the text as a whole and critically 
revised the work.

Funding Open access funding provided by Università degli Studi di 
Pavia within the CRUI-CARE Agreement. No funding was received 
to assist with the preparation of this manuscript.

Availability of data and material Data sharing is not applicable to this 
article, as no datasets were generated or analysed during the current 
study.

Code availability Code/software sharing is not applicable to this arti-
cle, as no custom codes/softwares were developed for the current study.

Declarations 

Conflict of interest The authors have no competing interests to declare 
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

http://creativecommons.org/licenses/by/4.0/


557Radiation and Environmental Biophysics (2022) 61:545–559 

1 3

References

Abdollahi E, Taucher-Scholz G, Durante M, Jakob B (2015) Upgrad-
ing the GSI beamline microscope with a confocal fluorescence 
lifetime scanner to monitor charged particle induced chroma-
tin decondensation in living cells. Nucl Instr Meth Phys Res B 
365B:626–630

Abdollahi E, Taucher-Scholz G, Jakob B (2018) Application of fluo-
rescence lifetime imaging microscopy of DNA binding dyes to 
assess radiation-induced chromatin compaction changes. Int J 
Mol Sci 19(8):2399

Averbeck NB, Ringel O, Herrlitz M, Jakob B, Durante M, Taucher-
Scholz G (2014) DNA end resection is needed for the repair 
of complex lesions in G1-phase human cells. Cell Cycle 
13(16):2509–2516

Baiocco G et al (2016) The origin of neutron biological effectiveness 
as a function of energy. Sci Rep 6:34033. https:// doi. org/ 10. 1038/ 
srep3 4033

Baiocco G et al (2019) What roles for track-structure and microdo-
simetry in the era of -omics and systems biology? Rad Prot Dos 
183(1–2):22–25. https:// doi. org/ 10. 1093/ rpd/ ncy221

Barbieri S et al (2019) Predicting DNA damage foci and their experi-
mental readout with 2D microscopy: a unified approach applied 
to photon and neutron exposures. Sci Rep 9:14019

Bartzsch S et al (2020) Technical advances in x-ray microbeam radia-
tion therapy. Phys Med Biol 65(2):02TR01. https:// doi. org/ 10. 
1088/ 1361- 6560/ ab5507

Bernal M et al (2015) Track structure modelling in liquid water: a 
review of the Geant4-DNAvery low energy extension of the 
Geant4 Monte Carlo simulation toolkit. Physica Med 31(8):861–
874. https:// doi. org/ 10. 1016/j. ejmp. 2015. 10. 087

Blattmann H et al (2005) Applications of synchrotron X-rays to radio-
therapy. Nucl Instr Meth Phys Res A 548(1):17–22

Brenner DJ, Ward JF (1992) Constraints on energy deposition and tar-
get size of multiply damaged sites associated with DNA double-
strand breaks. Int J Rad Biol 61:737–748

Brönnimann D et al (2016) Synchrotron microbeam irradiation induces 
neutrophil infiltration, thrombocyte attachment and selective vas-
cular damage in vivo. Sci Rep 6(1):1–10

Brzozowska B, Tartas A, Wojcik A (2020) Monte Carlo Modeling of 
DNA lesions and chromosomal aberrations induced by mixed 
beams of alpha particles and X-Rays. Front Phys 8:567864

Bobkova E et al (2018) Recruitment of 53BP1 proteins for DNA 
repair and persistence of repair clusters differ for cell types as 
detected by single molecule localization microscopy. Int J Mol 
Sci 19(12):3713

Booz J, Braby L, Coyne J, Kliauga P, Lindborg L, Menzel H-G, Par-
mentier N, ICRU Rep36 (1983) Report 36. J Int Comm Radiat 
Units Measurements 19:1. https:// doi. org/ 10. 1093/ jicru/ os19.1. 
Repor t36

Bouchet A et al (2010) Preferential effect of synchrotron microbeam 
radiation therapy on intracerebral 9L gliosarcoma vascular net-
works. Int J Rad Oncol Biol Phys 78(5):1503–1512

Bouchet A et al (2013) Synchrotron microbeam radiation therapy 
induces hypoxia in intracerebral gliosarcoma but not in the nor-
mal brain. Radiother Oncol 108(1):143–148

Bouchet A et al (2019) Early gene expression analysis in 9L orthotopic 
tumor-bearing rats identifies immune modulation in molecular 
response to synchrotron microbeam radiation therapy. PLoS 
ONE 8(12):e81874

Buch T, Scifoni E, Krämer M, Durante M, Scholz M, Friedrich T 
(2018) Modeling radiation effects of ultrasoft X rays on the basis 
of amorphous track structure. Rad Res 189(1):32–43

Chaudhary P et al (2014) Relative biological effectiveness variation 
along monoenergetic and modulated Bragg peaks of a 62-MeV 
therapeutic proton beam: a preclinical assessment. Int J Rad 
Oncol Biol Phys 90(1):27–35. https:// doi. org/ 10. 1016/j. ijrobp. 
2014. 05. 010

Chiolo I, Tang J, Georgescu W, Costes SV (2013) Nuclear dynamics 
of radiation-induced foci in euchromatin and heterochromatin. 
Mutat Res 750(1–2):56–66

Conte V et al (2018) Nanodosimetry: towards a new concept of radia-
tion quality. Rad Prot Dosim 180:150–156. https:// doi. org/ 10. 
1093/ rpd/ ncx175

Costes SV, Ponomarev A, Chen JL, Nguyen D, Cucinotta FA, Bar-
cellos-Hoff MH (2007) Image-based modeling reveals dynamic 
redistribution of DNA damage into nuclear sub-domains. PLoS 
Comp Biol 3(8):e155

Elsässer T et al (2010) Quantification of the relative biological effec-
tiveness for ion beam radiotherapy: direct experimental com-
parison of proton and carbon ion beams and a novel approach for 
treatment planning. Int J Rad Oncol Biol Phys 78(4):1177–1183

Favaudon V et  al (2014) Ultrahigh dose-rate FLASH irradiation 
increases the differential response between normal and tumor 
tissue in mice. Science Trans Med 6(245):245ra93-245ra93

Fernandez-Palomo C et al (2020) Animal models in microbeam radia-
tion therapy: a scoping review. Cancers 12(3):527. https:// doi. 
org/ 10. 3390/ cance rs120 30527

Formenti SC, Demaria S (2013) Combining radiotherapy and can-
cer immunotherapy: a paradigm shift. J Natl Cancer Inst 
105(4):256–265

Friedland W, Dingfelder M, Kundrát P, Jacob P (2011) Track struc-
tures, DNA targets and radiation effects in the biophysical Monte 
Carlo simulation code PART RAC . Mutat Res Fundam Mol Mech 
Mutagen 711:28–40. https:// doi. org/ 10. 1016/j. mrfmmm. 2011. 
01. 003

Friedland W et al (2017) Comprehensive track-structure based evalu-
ation of DNA damage by light ions from radiotherapy-relevant 
energies down to stopping. Sci Rep 7:45161. https:// doi. org/ 10. 
1038/ srep4 5161

Friedrich T, Scholz U, Elsässer T, Durante M, Scholz M (2012) Cal-
culation of the biological effects of ion beams based on the 
microscopic spatial damage distribution pattern. Int J Rad Biol 
88(1–2):103–107

Friedrich T, Durante M, Scholz M (2015) Simulation of DSB yield for 
high LET radiation. Rad Prot Dos 166(1–4):61–65

Friedrich T et al (2018) DNA damage interactions on both nanometer 
and micrometer scale determine overall cellular damage. Sci Rep 
8(1):16063

Fukunaga H et al (2019) High-precision microbeam radiotherapy 
reveals testicular tissue-sparing effects for male fertility preser-
vation. Sci Rep 9(1):1–10

Fukunaga H et al (2020) Spatially fractionated microbeam analy-
sis of tissue-sparing effect for spermatogenesis. Rad Res 
194(6):698–706

Fukunaga H et al (2021) A brief overview of the preclinical and 
clinical radiobiology of microbeam radiotherapy. Clin Oncol 
33(11):705–712

Fuss M et al (2000) Radiation-induced regional cerebral blood volume 
(rCBV) changes in normal brain and low-grade astrocytomas: 
quantification and time and dose-dependent occurrence. Int J Rad 
Oncol Biol Phys 48(1):53–58

Ghita M et al (2018) Microbeam evolution: from single cell irradiation 
to pre-clinical studies. Int J Rad Biol 94(8):708–718

Goodarzi AA, Jeggo PA (2012) The heterochromatic barrier to DNA 
double strand break repair: how to get the entry visa. Int J Mol 
Sci 13(9):11844–11860

https://doi.org/10.1038/srep34033
https://doi.org/10.1038/srep34033
https://doi.org/10.1093/rpd/ncy221
https://doi.org/10.1088/1361-6560/ab5507
https://doi.org/10.1088/1361-6560/ab5507
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1093/jicru/os19.1.Report36
https://doi.org/10.1093/jicru/os19.1.Report36
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1093/rpd/ncx175
https://doi.org/10.1093/rpd/ncx175
https://doi.org/10.3390/cancers12030527
https://doi.org/10.3390/cancers12030527
https://doi.org/10.1016/j.mrfmmm.2011.01.003
https://doi.org/10.1016/j.mrfmmm.2011.01.003
https://doi.org/10.1038/srep45161
https://doi.org/10.1038/srep45161


558 Radiation and Environmental Biophysics (2022) 61:545–559

1 3

Goodhead DT (1994) Initial events in the cellular effects of ionizing 
radiations: clustered damage in DNA. Int J Rad Biol 65(1):7–17

Grosswendt B (2005) Nanodosimetry, from radiation physics to radia-
tion biology. Rad Prot Dosimetry 115(1–4):1–9. https:// doi. org/ 
10. 1093/ rpd/ nci152

Grün R, Friedrich T, Krämer M, Scholz M (2017) Systematics of rela-
tive biological effectiveness measurements for proton radiation 
along the spread out Bragg peak: experimental validation of the 
local effect model. Phys Med Biol 62(3):890–908

Hagiwara Y et al (2017) 3D-structured illumination microscopy reveals 
clustered DNA double-strand break formation in widespread 
gammaH2AX foci after high LET heavy-ion particle radiation. 
Oncotarget 8(65):109370–109381

Hall EJ, Giaccia AJ (2018) Radiobiology for the Radiologist. Lippin-
cott Williams & Wilkins, Philadelphia

Hill MA (2018) Track to the future: historical perspective on the impor-
tance of radiation track structure and DNA as a radiobiological 
target. Int J Rad Biol 94(8):759–768. https:// doi. org/ 10. 1080/ 
09553 002. 2017. 13873 04

Hill MA (2020) Radiation track structure: how the spatial distribution 
of energy deposition drives biological response. Clin Oncol (r 
Coll Radiol) 32(2):75–83. https:// doi. org/ 10. 1016/j. clon. 2019. 
08. 006

Hufnagl A, Scholz M, Friedrich T (2021) Modeling radiation-induced 
neoplastic cell transformation in vitro and tumor induction 
in vivo with the local effect model. Rad Res 195(5):427–440

IAEA Technical Reports Series no. 461 (2008) Relative biological 
effectiveness in ion beam therapy. IAEA, Vienna

Ibahim M et al (2016) Eosinophil-associated gene pathways but not 
eosinophil numbers are differentially regulated between synchro-
tron microbeam radiation treatment and synchrotron broad-beam 
treatment by 48 hours postirradiation. Rad Res 185(1):60–68

Incerti S et al (2010a) The Geant4-DNA project. Int J Model Simul 
Sci Comput 1(2):157–178. https:// doi. org/ 10. 1142/ S1793 96231 
00001 22

Incerti S et al (2010b) Comparison of Geant4 very low energy cross 
section models with experimental data in water. Med Phy 
37(9):4692–4708. https:// doi. org/ 10. 1118/1. 34764 57

Incerti S et al (2018) Geant4-DNA example applications for track struc-
ture simulations in liquid water: a report from the Geant4-DNA 
Project. Med Phys 45(8):722-e739. https:// doi. org/ 10. 1002/ mp. 
13048

Jakob B, Scholz M, Taucher-Scholz G (2003) Biological imaging of 
heavy charged-particle tracks. Rad Res 159(5):676–684

Jakob B, Splinter J, Durante M, Taucher-Scholz G (2009a) Live cell 
microscopy analysis of radiation-induced DNA double-strand 
break motion. Proc Nat Acad Sci USA 106(9):3172–3177

Jakob B, Splinter J, Taucher-Scholz G (2009b) Positional stability of 
damaged chromatin domains along radiation tracks in mamma-
lian cells. Rad Res 171(4):405–418

Jakob B et al (2011) DNA double-strand breaks in heterochromatin 
elicit fast repair protein recruitment, histone H2AX phospho-
rylation and relocation to euchromatin. Nucleic Acids Res 
39(15):6489–6499

Jakob B, Dubiak-Szepietowska M, Janiel E, Schmidt A, Durante M, 
Taucher-Scholz G (2020) Differential repair protein recruitment 
at Sites of clustered and isolated DNA double-strand breaks pro-
duced by high-energy heavy ions. Sci Rep 10(1):1443

Jezkova L et al (2018) Particles with similar LET values generate DNA 
breaks of different complexity and reparability: a high-resolution 
microscopy analysis of gammaH2AX/53BP1 foci. Nanoscale 
10(3):1162–1179

Kellerer AM (1985) Fundamentals of microdosimetry. In: Bjarngard 
BE, Attix FH (eds) Kase KR. Worldcat Academic Press Inc, 
Orlando, pp 77–162

Laissue JA et al (2001) Weanling piglet cerebellum: a surrogate for 
tolerance to MRT (microbeam radiation therapy) in pediatric 
neuro-oncology. Proc SPIE 4508 Penetr Radiat Syst Appl III. 
https:// doi. org/ 10. 1117/ 12. 450774

Laissue JA, Blattmann H, Slatkin DN (2012) Alban Kohler (1874–
1947): Inventor of grid therapy. Z Med Phys 22(2):90–99

Laissue JA et al (2013) Response of the rat spinal cord to X-ray micro-
beams. Radiother Oncol 106(1):106–111. https:// doi. org/ 10. 
1016/j. radonc. 2012. 12. 007

Lindborg L, Waker A (2020) Microdosimetry: experimental methods 
and applications. Taylor & Francis Ltd, London

Lopez Perez R et al (2016) Superresolution light microscopy shows 
nanostructure of carbon ion radiation-induced DNA double-
strand break repair foci. FASEB J 30(8):2767–2776

Lorat Y, Schanz S, Schuler N, Wennemuth G, Rübe C, Rübe CE 
(2012) Beyond repair foci: DNA double-strand break repair 
in euchromatic and heterochromatic compartments analyzed 
by transmission electron microscopy. PLoS One 7(5):e38165

Lorat Y, Timm S, Jakob B, Taucher-Scholz G, Rübe CE (2016) Clus-
tered double-strand breaks in heterochromatin perturb DNA 
repair after high linear energy transfer irradiation. Radiother 
Oncol 121(1):154–161

Lowe D et al (2022) Radiation dose rate effects: what is new and 
what is needed? Radiat Environ Biophys. https:// doi. org/ 10. 
1007/ s00411- 022- 00996-0

Mazzucconi DP et al (2019) Nano-microdosimetric investigation at 
the therapeutic proton irradiation line of CATANA. Rad Meas 
123:26–33

McMahon SJ et al (2013) A kinetic-based model of radiation-induced 
intercellular signalling. PLoS One 8(1):e54526

Meyer B, Voss KO, Tobias F, Jakob B, Durante M, Taucher-Scholz 
G (2013) Clustered DNA damage induces pan-nuclear H2AX 
phosphorylation mediated by ATM and DNA-PK. Nucleic 
Acids Res 41(12):6109–6118

Meyer J et al (2019) Spatially fractionated proton minibeams. Br J 
Radiol 92(1095):20180466

Meylan S, Vimont U, Incerti S, Clairand I, Villagrasa C (2016) 
Geant4-DNA simulations using complex DNA geometries 
generated by the DnaFabric tool. Comput Phys Commun 
204:159–169. https:// doi. org/ 10. 1016/j. cpc. 2016. 02. 019

Mirsch J et al (2015) Direct measurement of the 3-dimensional DNA 
lesion distribution induced by energetic charged particles in a 
mouse model tissue. PNAS 112(40):12396–12401

Montay-Gruel P et al (2019) Long-term neurocognitive benefits of 
FLASH radiotherapy driven by reduced reactive oxygen spe-
cies. Proc Nat Acad Sci USA 116(22):10943–10951

Morgan WF (2003) Non-targeted and delayed effects of exposure to 
ionizing radiation: I. Radiation-induced genomic instability 
and bystander effects in vitro. Rad Res 159(5):567–580

Müller I et al (2013) Species conserved DNA damage response at 
the inactive human X chromosome. Mutat Res 756(1–2):30–36

Natale F et al (2017) Identification of the elementary structural units 
of the DNA damage response. Nat Commun 8:15760

Neumaier T et al (2012) Evidence for formation of DNA repair centers 
and dose-response nonlinearity in humancells. Proc Natl Acad 
Sci USA 109(2):443–448. https:// doi. org/ 10. 1073/ pnas. 11178 
49108

Nickoloff JA, Sharma N, Taylor L (2020) Clustered DNA double-
strand breaks: biological effects and relevance to cancer radio-
therapy. Genes (basel) 11(1):99

Nikjoo H, O’Neill P, Wilson WE, Goodhead DT (2001) Computa-
tional approach for determining the spectrum of dna damage 
induced by ionizing radiation. Rad Res 156:577

Nikjoo H et al (2016) Radiation track, DNA damage and response-a 
review. Rep Prog Phys 79(11):116601. https:// doi. org/ 10. 1088/ 
0034- 4885/ 79/ 11/ 116601

https://doi.org/10.1093/rpd/nci152
https://doi.org/10.1093/rpd/nci152
https://doi.org/10.1080/09553002.2017.1387304
https://doi.org/10.1080/09553002.2017.1387304
https://doi.org/10.1016/j.clon.2019.08.006
https://doi.org/10.1016/j.clon.2019.08.006
https://doi.org/10.1142/S1793962310000122
https://doi.org/10.1142/S1793962310000122
https://doi.org/10.1118/1.3476457
https://doi.org/10.1002/mp.13048
https://doi.org/10.1002/mp.13048
https://doi.org/10.1117/12.450774
https://doi.org/10.1016/j.radonc.2012.12.007
https://doi.org/10.1016/j.radonc.2012.12.007
https://doi.org/10.1007/s00411-022-00996-0
https://doi.org/10.1007/s00411-022-00996-0
https://doi.org/10.1016/j.cpc.2016.02.019
https://doi.org/10.1073/pnas.1117849108
https://doi.org/10.1073/pnas.1117849108
https://doi.org/10.1088/0034-4885/79/11/116601
https://doi.org/10.1088/0034-4885/79/11/116601


559Radiation and Environmental Biophysics (2022) 61:545–559 

1 3

Niwa O et al (2015) (2015) ICRP publication 131: stem cell biology 
with respect to carcinogenesis aspects of radiological protec-
tion. Ann ICRP 44(3–4):7–357

Pihet P, Menzel HG, Schmidt R, Beauduin M, Wambersie A (1990) 
Biological weighting function for RBE specification of neutron 
therapy beams. Intercomparison of 9 European centres. Rad 
Prot Dos 31(1–4):437–442. https:// doi. org/ 10. 1093/ oxfor djour 
nals. rpd. a0807 09

Pfuhl T, Friedrich T, Scholz M (2022) Comprehensive comparison 
of local effect model IV predictions with the particle irradia-
tion data ensemble. Med Phys 49(1):714–726. https:// doi. org/ 
10. 1002/ mp. 15343

Prezado Y (2022) Divide and conquer: spatially fractionated radia-
tion therapy. Expert Rev Mol Med 24(e3):1–12. https:// doi. org/ 
10. 1017/ erm. 2021. 34

Prise KM, Folkard M, Michael BD (2006) Radiation-induced 
bystander and adaptive responses in cell and tissue models. 
Dose-Response 4(4):06–113

Prise KM, O’Sullivan JM (2009) Radiation-induced bystander sig-
nalling in cancer therapy. Nat Rev Cancer 9(5):351–360

Rossi HH, Zaider M (1996) Microdosimetry and Its Applications. 
Springer

Sabatasso S et al (2011) Microbeam radiation-induced tissue damage 
depends on the stage of vascular maturation. Int J Rad Oncol Biol 
Phys 80(5):1522–1532

Sabatasso S et al (2021) Transient and efficient vascular permeabil-
ity window for adjuvant drug delivery triggered by microbeam 
radiation. Cancers 13(9):2103. https:// doi. org/ 10. 3390/ cance 
rs130 92103

Serduc R et al (2006) In vivo two-photon microscopy study of short-
term effects of microbeam irradiation on normal mouse brain 
microvasculature. Int J Rad Oncol Biol Phys 64(5):1519–1527

Serduc R et al (2008) Brain tumor vessel response to synchrotron 
microbeam radiation therapy: a short-term in vivo study. Phys 
Med Biol 53(13):3609–3622

Serduc R et al (2009) Synchrotron microbeam radiation therapy for 
rat brain tumor palliation - influence of the microbeam width at 
constant valley dose. Phys Med Biol 54(21):6711–6724. https:// 
doi. org/ 10. 1088/ 0031- 9155/ 54/ 21/ 017

Shuryak et al (2017) Scaling human cancer risks from low LET to 
high LET when dose-effect relationships are complex. Radiat Res 
187:486–492. https:// doi. org/ 10. 1667/ RR009 CC.1

Slatkin DN et al (1995) Subacute neuropathological effects of micro-
planar beams of x-rays from a synchrotron wiggler. Proc Nat 
Acad Sci USA 92(19):8783–8787

Smyth LM et al (2018) Comparative toxicity of synchrotron and con-
ventional radiation therapy based on total and partial body irra-
diation in a murine model. Sci Rep 8(1):1–11

Splinter J et al (2010) Biological dose estimation of UVA laser micro-
irradiation utilizing charged particle-induced protein foci. 
Mutagenesis 25(3):289–297

Sprung CN et al (2012) Genome-wide transcription responses to syn-
chrotron microbeam radiotherapy. Rad Res 178(4):249–259

Steel H et al (2021) Quantification of differential response of tumour 
and normal cells to microbeam radiation in the absence of 
FLASH effects. Cancers 13(13):3238

Suchowerska N et al (2005) In vitro response of tumour cells to non-
uniform irradiation. Phys Med Biol 50(13):3041

Timm S, Lorat Y, Jakob B, Taucher-Scholz G, Rübe CE (2018) Clus-
tered DNA damage concentrated in particle trajectories causes 
persistent large-scale rearrangements in chromatin architecture. 
Radiother Oncol 129(3):600–610

Tommasino F, Friedrich T, Scholz U, Taucher-Scholz G, Durante M, 
Scholz M (2013) A DNA double-strand break kinetic rejoining 
model based on the local effect model. Rad Res 180(5):524–538

Tonnemacher S, Eltsov M, Jakob B (2020) Correlative light and elec-
tron microscopy (CLEM) analysis of nuclear reorganization 
induced by clustered dna damage upon charged particle irradia-
tion. Int J Mol Sci 21(6):1911

Tobias F, Löb D, Lengert N, Durante M, Drossel B, Taucher-Scholz 
G, Jakob B (2013) Spatiotemporal dynamics of early DNA 
damage response proteins on complex DNA lesions. PLoS One 
8(2):e57953

Trappetti V et al (2021) Microbeam radiotherapy—a novel therapeutic 
approach to overcome radioresistance and enhance anti-tumour 
response in melanoma. Int J Mol Sci 22(14):7755

Van Der Sanden B et al (2010) Tolerance of arteries to microplanar 
X-ray beams. Int J Rad Oncol Biol Phys 77(5):1545–1552

Vatner RE et al (2014) Combinations of immunotherapy and radiation 
in cancer therapy. Front Oncol 4:325

Villagrasa C et al (2017) Geant4-DNA simulation of DNA damage 
caused by direct and indirect radiation effects and comparison 
with biological data. EPJ Web Conf 153:04019

Ward JF (1985) Biochemistry of DNA lesions. Rad Res 104:103
Wu X et al (2020) The technical and clinical implementation of LAT-

TICE radiation therapy (LRT). Rad Res 194(6):737–746
Yang Y et al (2019) Synchrotron microbeam radiotherapy evokes a dif-

ferent early tumor immunomodulatory response to conventional 
radiotherapy in EMT6.5 mammary tumors. Radiother Oncol 
133:93–99

Zhang Y et al (2015) Radiation induced chromatin conformation 
changes analysed by fluorescent localization microscopy, sta-
tistical physics, and graph theory. PLoS One 10(6):e0128555

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/oxfordjournals.rpd.a080709
https://doi.org/10.1093/oxfordjournals.rpd.a080709
https://doi.org/10.1002/mp.15343
https://doi.org/10.1002/mp.15343
https://doi.org/10.1017/erm.2021.34
https://doi.org/10.1017/erm.2021.34
https://doi.org/10.3390/cancers13092103
https://doi.org/10.3390/cancers13092103
https://doi.org/10.1088/0031-9155/54/21/017
https://doi.org/10.1088/0031-9155/54/21/017
https://doi.org/10.1667/RR009CC.1

	A matter of space: how the spatial heterogeneity in energy deposition determines the biological outcome of radiation exposure
	Abstract
	Introduction
	Topology of the energy deposition by radiation at the nm–μm scale: nano- and microdosimetry and track-structure approaches
	Patterns of radiation-induced DNA damage: interactions at different spatial scales in the context of chromatin
	Spatially fractionated beams: cell and tissue effects towards pre-clinical and clinical applications
	Summary of ideas and strategic research priorities
	References




