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Abstract: Effects of radiation exposure are observed in virtually all normal tissues. Early reactions occur
primarily in turnover tissues (e.g., bone marrow, epidermis, mucosae of the gastrointestinal tract), where
proliferative impairment results in progressive hypoplasia and eventually complete loss of functional cells, after
a tissue dependent but dose independent latent time. These early radiation reponses are regularly preceded
and accompanied by vascular and inflammatory reactions. In contrast, late reactions are based on combined
parenchymal, vascular, and connective tissue changes; very late effects are dominated by vascular sequelae. In most
instances, a significant involvement of the immune system can also be demonstrated for chronic radiation sequelae,
and a contribution of neural changes is discussed. The orchestrated response of all tissue components results
in loss of function within the exposed volume. Importantly, latent times of late effects are inversely dependent
on dose. Hence modern, highly conformal treatment techniques with relatively low and inhomogeneous doses
in the organs at risk (OAR) require very long follow-up intervals with a precise assessment and documentation
of the complication endpoints for characterisation of the treatment-induced morbidity profile. Consequential
late effects (CLEs) develop through interactions between early and late effects in the same organ; they follow
the radiobiological principles of the early reactions. The clinical manifestation of radiation responses is defined
by several parameters, summarized as the “R’s of radiobiology”. First, each individual symptom or endpoint of
radiation-induced morbidity follows an individual dose-effect relationship (intrinsic ‘R’adiosensitivity), in many
instances related to the dose within specific subvolumes of the individual OAR, rather than e.g., the mean organ
dose. The biological effectiveness of a certain (total) dose is modulated by exposure conditions: Changes in dose
fractionation protocols (‘R’recovery) predominantly impact on late responding tissues, while overall treatment
time (‘R’epopulation) predominantly affects early (and consequential late) reactions. Consequences of partial
organ exposure (i’'R’adiated volume”) are related to tissue architecture. In mainly ‘tubular’ or ‘serial” organs (e.g.,
gastrointestinal tract, but also vasculature), local exposure affects function in downstream compartments. In
contrast, in predominantly ‘parallel’ organs, such as liver or lungs, only exposure of a significant (organ-dependent)
fraction of the total volume results in clinical consequences. However, all organs in fact are composed of tubular
and serial components. Translational studies into damage processing (molecular ‘R’adiopathology), starting
immediately after the onset of radiation exposure, but proceeding for long and very long time intervals even at
subclinical levels, intra- and intercellular signals and signalling pathways may be identified that are relevant or
even specific for the clinical manifestation of morbidity endpoints. These can serve as a basis to identify (early)
biomarkers of the individual risk for specific tissue reactions and endpoints, and also for establishment of strategies

to prevent/mitigate tissue effects after exposure.
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Introduction

Normal tissue radiation tolerance refers to the response
of previously unirradiated tissues to a variety of very
different exposure scenarios: total or large partial body
exposure with ‘high’ doses in an ‘acute’ manner, e.g.,
in radiation accidents, or in a more ‘chronic’ way, e.g.,
through close and permanent contact with radioactive
sources. A more localized ‘high’ dose, conformed to specific
target structures, is achieved with modern radiotherapy
techniques. In contrast, concentration of ‘low’ radiation
doses is usually induced with most diagnostic procedures
that involve ionizing radiation; however, the latter is also
imminent in radiotherapy outside the high-dose structures.
The present overview will not include the response of
highly sensitive tissues (e.g., the eye lens, gonads, embryo/
fetus). Also, the tolerance of normal tissues to radiation
induction or promotion of tumours will not be covered.
This present review rather focuses on the standard OAR in

radiotherapy.

Pathobiology of normal tissue radiation effects

Early (acute) normal tissue reactions are for the first time
diagnosed during or shortly after a course of radiotherapy.
In contrast, late (chronic) radiation responses usually
become clinically manifest after long latent times of
months to many years. General, specific (radio)biological
characteristics can be found for early and late effects (1),
which will be summarized below.

Early radiation effects

Typically, tissues with a high proliferative activity, such as
bone marrow, epidermis, or mucosae of the gastro-intestinal
tract, display early radiation effects. In these so-called
‘turnover’ tissues, ongoing cell production counteracts a
permanent physiological cell loss, e.g., by mechanical stress
at surface epithelia. Symptoms of radiation exposure are
based on the impairment of proliferation, i.e., the dose-
dependent sterilization of epithelial stem cells, while cell
loss is largely independent of the radiation exposure over
wide dose ranges, and continues at its physiological rate.
This imbalance between cell production and cell loss results
in progressive hypoplasia and eventually complete loss of
functional cells. Early effects are regularly accompanied by
vascular and inflammatory reactions (1).

The time course of early radiation reactions is
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schematically presented in Figure 1. The latent time for
early radiation responses is largely independent of the
radiation dose and is mainly defined by the overall turnover
time, i.e., the time in which all cells would physiologically
be renewed once by (stem) cell proliferation. Restoration
of early effects, based on proliferation of surviving cells, is
usually complete. Importantly, in contrast to latent times,
the time to healing depends on dose, as less stem cells
survive the treatment (1).

It must be noted that in some organs, early radiation
effects may develop independently of radiation-induced
hypoplasia but related to other biological mechanisms,
which are less well studied, such as inflammatory or
neurovegetative disturbances such as brain oedema,
pneumonitis or diarrhea.

Late radiation sequelae

Late radiation effects can be observed in virtually all tissues
and organs. The pathomechanisms are more complex than
those of early reactions (1-3). Radiation-induced changes
are seen in the parenchyma of the organs, i.e., in the
tissue specific compartments, but also in the connective
and vascular tissue. Moreover, the immune system
(macrophages, mast cells) significantly contributes to the
tissue reactions.

Late radiation effects are usually irreversible, and
potentially progressive over long time periods. Moreover,
their latent time inversely and their progression rates directly
depend on the radiation dose, as indicated in Figure 2.
Advanced radiotherapy techniques are mostly associated
with an increase in the subvolumes of organs at risk (OAR)
that receive low doses and are associated with significant
dose inhomogeneities. Hence, characterisation of the
treatment-induced morbidity profile of (new) radiotherapy
protocols requires very long follow-up intervals, associated
with a precise assessment and documentation of the
complication endpoints. The risk for a manifestation of a
chronic radiation reaction can essentially remain for the
entire life of the patient (4).

Whereas for early radiation effects, stem cell sterilization
plays an important role, this radiobiological mechanism
is of small or no importance in the pathogenesis of most
late radiation effects. Here, besides parenchymal cell
functional changes, further tissue structures and cell
populations are involved. These include vascular endothelial
cells, mainly in small blood vessels and capillaries, where
irradiation initially induces functional changes (1-3).

Transi Cancer Res 2017;6(Suppl 5):5840-S851
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Figure 1 Time course of typical early normal tissue reactions. The
figure illustrates changes in the severity of a typical early radiation
effect in dependence of dose. The latent time (time to onset), i.e.,
the initial time course, is independent of dose, once a threshold
(tolerance) dose has been administered. In contrast, the time to
the maximum response, as well as the time to healing, is dose
dependent.
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Figure 2 Time course of typical late normal tissue sequelae.
Figure 2 schematically illustrates the dose-dependence of the
time course of the severity of typical late radiation sequelae. The
latent time (time to onset) shows an inverse, the progression
rate (i.e., the steepness of the curves) a direct dose-dependence.
Hence, the longer the follow-up (e.g., FU2 vs. FU1), the higher
is and the more increases the incidence of certain severity scores

(response levels).
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Foci of endothelial detachment are regularly seen,
accompanied by leukocyte adhesion and infiltration, and
migration of serum components into the vessel wall and
subendothelial structures. Moreover, thrombus formation
and capillary occlusion are frequently observed (5).
Eventually, a progressive loss of capillaries occurs.
Moreover, telangiectasia is a further form of the vascular
response to irradiation. The latter can be a cosmetic
problem (skin), but also have a clear tendency for direct
or indirect (secondary ulceration) bleeding (e.g., intestine,
urinary tract, CNS) and thus a clinical impact. Radiation
also causes mitotic fibroblasts to differentiate, which
significantly increases collagen synthesis and deposition
into the surrounding tissue, eventually resulting in fibrosis
(1,6,7). The orchestrated interaction of changes in the
individual components of the late responding tissues results
in progressive parenchymal damage and eventually in loss
of function within the irradiated volume (IV). However, the
clinical consequences are dependent on the individual tissue
and organ architecture and the exposed volume (see below).

Consequential late effects (CLE)

In general, the risk for late effects is independent of the
severity, i.e., intensity or duration, of early reactions. Yet,
for some organs, interactions between early and chronic
sequelae are known, which can result in CLE. This is the
case, where the early responding tissue compartment (e.g.,
epithelium) has a protective function against mechanical
and/or chemical stress, which is impaired during the early
radiation response. Consequently, secondary traumata can
impact on the target structures of the late sequelae (1,3,8).
CLEs are observed in intestine, urinary tract, oral mucosa
and particularly stressed skin localizations (1,8).

Assessment and documentation of normal
tissue side effects

For assessment, documentation and quantitation of
radiotherapy complications, the frequency of examinations
and the scoring system applied clearly needs to be adjusted
to the response studied. In early responding tissues,
significant changes can occur within short time intervals
of even a few days. Hence, their detailed documentation
requires evaluation at least on a weekly basis, preferably
2-3 times per week. In contrast, late effects may be scored
in intervals of several months after the end of radiotherapy,

Transi Cancer Res 2017;6(Suppl 5):5840-S851



Translational Cancer Research, Vol 6, Suppl 5 July 2017

and even in annual or longer intervals thereafter; the precise
timing should be based on the panel of complications that
is expected. For some late effects, e.g., in heart, kidney
or urinary bladder, the time to clinical manifestation can
last for decades. Hence, life-long follow-up of the patients
is recommended. It must be emphasized that some late
endpoints show compensation or healing (9-11), which
must be considered in the analysis of complication rates (12).

A number of standardized classification systems have
been established, where complications are usually graded
from 0 to 5 (Table 1). It must be emphasized, however,
that these general scoring criteria should assist the radio-
oncologist in the characterization of the severity of an
adverse event. For example, a grade 4 reaction of the skin
has consequences that are completely different from a grade
4 reaction in the lung.

The most widely used classification systems with their
sources are listed in 7able 2. Besides these systems, more
detailed protocols for dedicated clinical studies or designed
for certain organs have been proposed (1,13). In principle,
a documentation system for all individual organs in all
institutions involved in follow-up of patients would be
desirable. Yet, for inter-institutional comparisons, the

Table 1 General grading of adverse treatment events in normal
tissues

Grade Description/symptoms

0 (no response) -
1 (mild) No specific interventions required
2 (moderate/clear) Treated on out-patient basis

3 (severe, pronounced) Frequently associated with intense care

4 (life threatening) Intense supportive care, interruption of

radio(chemo)therapy

5 (lethal) Complication-related death

$843

scoring procedures definitely require harmonization.

The R’s of (normal tissue) radiobiology

In 1975, Withers introduced 4 R’s of radiotherapy as
treatment-related factors that significantly influence
outcome and complications (14): recovery (fractionation
effect), repopulation (effect of overall treatment time),
redistribution (cell cycle effects) and reoxygenation (oxygen
effect). From these, only recovery and repopulation are
relevant for normal tissues. Steel (14) introduced the
intrinsic radiosensitivity as a further, 5" R. Tissue radiation
tolerance (to a single radiation exposure) represents a
composite of the intrinsic radiosensitivity of all target
components and the respective target cell numbers. The
improved conformation of the high dose volume to the
tumor volume resulted in an increasing inhomogeneity of
the radiation dose within OAR. Therefore, the i’'R’rradiated
volume was suggested as a 6" R into the list (3,15).

Intrinsic radiosensitivity

According to the target/stem cell concept, the radiation
tolerance of any organ or tissue is defined by the number
and the intrinsic sensitivity of the tissue specific target
cells. Predominantly for late complications, this is a
combination of the sensitivities of the individual cell
populations that contribute to the tissue radiation response.
For most normal tissues, there are no specific markers
for stem cells, and hence this must still be considered a
hypothetical—but mostly valid—concept. Yet, it needs to
be stressed that target cells must not necessarily be stem
cells. Whenever structural radiation damage is of clinical
importance, particularly for late radiation sequelae, the
target cell concept is highly speculative. Target structure
radiosensitivity in general may not be related to cellular
radiosensitivity of individual target or stem cells, but also

Table 2 Classification systems for adverse events and their respective sources

Classification

Source/reference

RTOG/EORTC

Radiation Therapy and Oncology Group/European Organisation for Research

and Treatment of Cancer [Cox, Stetz, Pajak 1995]

CTCAE (Common Terminology Criteria for adverse events) National Cancer Institute (NCI)—http://ctep.cancer.gov

WHO World Health Organization [WHO 1979]

LENT/SOMA system (Late Effects in Normal Tissue/
Subjective Objective Management Analytic)

[Pavy, Denekamp, Letschert et al. 1995; Rubin, Constine, Fajardo et al. 1995].
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to the biological interaction of different target/stem cell
populations.

Recovery—the fractionation effect

Basically, administration of a total dose in fractions results
in an increase in isoeffective doses, or a decrease of
morbidity at a given total dose. For various normal tissues,
the fractionation effect has been quantitated in numerous
preclinical and clinical studies over the last decades. The
current knowledge of relationships between tolerance dose
and dose per fraction for early and chronic complications,
and tumour response, are the basis for optimization of
radiotherapy protocols with regard to dose per fraction and
total dose. In general, it is assumed that the fractionation
effect is low—but still significant—for early normal tissue
reactions, and pronounced for late reactions.

The linear-quadratic (LQ) model

The LQ model (16-19), can be applied to describe the
relationship between total isoeffective doses and dose per
fraction and thus to get estimates of effectivity/toxicity
after changes in dose per fraction and total dose (16,20-22).
Here, a certain effect E in a normal tissue after irradiation
with a total dose D is described by a linear term with the
value o/B, i.e.,

E:nx[ad+d2j
s

E’—Dx[a-i—d]
B ).

, or

The o/p-value describes the range, over which dose-
effect curves are shifted to higher isoeffective doses with
a decrease in dose per fraction, corresponding to an
increase in number of fractions. A low o/B-value represents
a substantial increase in tolerance with a reduction in
dose per fraction, while a high a/B-value reflects a minor
fractionation effect.

It has to be stressed that the LQ model at the tissue or
endpoint level is not based on radiobiological mechanisms,
such as target cell survival, but is nothing as a mathematical
fit of the change of dose effect curves or the incidence of
treatment adverse effects, if doses per fraction doses are
modified (either by hypo- or hyper-fractionation or by
changes in dose distribution within the IV). In general,
however, most late radiation endpoints are more sensitive
to changes in dose per fraction, as indicated by their
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low o/B-value (<6 Gy), while most early (and thus also
consequential late) endpoints display a still significant,
but low fractionation sensitivity (20-22). Hence, (some)
late normal tissues endpoints can selectively be spared by
lowering the dose per fraction (hyper-fractionation); others,
less dominating and hence of less influence on the general
estimate of OAR radiosensitivity in clinical studies, may not
follow this rule. In contrast, high doses per fraction, e.g.,
applied in stereotactic treatments, aggravate late effects, and
hence must be administered in a highly conformal manner.
The o/B-values for various animal and human normal
tissues have been summarized [e.g., (1,20-22)], but can
also be found in the reports of the QUANTEC initiative
(International Journal of Radiation Oncology Biology Physics 76
Suppl., 2010).

The LQ model allows for comparison of the (equi)
effectivity of different fractionation protocols, e.g., by
transformation of a given schedule (fraction size x, total
dose D)) into the equi-effective total dose in 2 Gy fractions
(EQD?2), by using the above mentioned formulae with
d=2 Gy and D=EQD?2.

Dxx(a+xj=D2x[a+2j

B B and

EQD2:DXx(a+xj/(a+2J
B B ).

This also has the advantage that sub-protocols with
different fractionation schedules can be added to a total
equi-effective dose. An alternative method (18) calculates
the biologically equivalent dose, BED (not to be confused
with the equivalent dose used in radiation protection!).

With the LQ-approach, extrapolations for very
substantial deviations from 2 Gy/fraction must be handled
critically. At doses per fraction <1.0 Gy, low-dose hyper-
radiosensitivity (23,24) might result in underestimation
of the biological effect of a given total dose. Also, the
biological effect of high doses per fraction (>6-10 Gy), e.g.,
applied in stereotactic treatments or brachytherapy) may be
overestimated by the LQ-model (25).

Incomplete recovery

Recovery follows a certain dynamics, which is usually
characterized as mono-exponential or bi-exponential (21).
Recovery kinetics can hence be described by recovery
halftimes, i.e., the time intervals, over which 50% of the
recoverable damage has been restored. These halftimes have
been repeatedly summarized (20-22).

Transi Cancer Res 2017;6(Suppl 5):5840-S851
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Incomplete recovery decreases the tissue tolerance,
which must be taken into account in treatment protocol
decisions, e.g., with multiple fractions per day. For this,
the incomplete recovery model as suggested by Joiner and
Bentzen (20) or Thames (21) can be applied.

Recovery kinetics is also of importance in scenarios of
continuous exposure, either in low dose-rate brachytherapy or
in radionuclide therapy. There, recovery occurs already during
the administration. The respective formalisms and equations
are illustrated e.g., in Van der Kogel (26) or Dale (27). For
administration of radionuclides, in addition to the exposure
time, also the decrease in dose rate based on the physical
halftime of the nuclide, and also the decrease in the dose rate
through excretion of the radionuclide, i.e., the biological
halftime, must be taken into consideration (28,29).

Repopulation—the effect of overall treatment
time

Clinical and experimental observations

Repopulation is defined as an increase in radiation tolerance
with increasing overall treatment time (29). This is observed
for typical early radiation effects, based on their regenerative
response. The biological mechanisms are complex, and
include a profound restructuring of the proliferative
organization, both at the stem/target cell and the total tissue
level. The clinical and experimental observations illustrating
the repopulation effect are described in detail in Dérr (29).

Clinical studies with accelerated radiotherapy protocols
(shortened overall treatment time, increased weekly dose)
in head-and-neck cancer, have focused on oral mucositis
as the dose-limiting early complication. Consistently, an
aggravation was observed (30,31). Repopulation processes
start within the first weeks of radiotherapy in patients (32,33)
and preclinical models (34-36).

The capacity of repopulation (dose compensation), once
these processes have started, was estimated for human oral
mucosa to be in the range of 0.5-1.0 fractions per day that
are counteracted (36,37).

Mechanisms of repopulation in normal tissues

All clinical and experimental studies yielded three consistent
observations (35,36,38):
(I)  The radiation effect is counteracted with increasing
overall treatment time, once repopulation has
become effective, i.e., 1-2 weeks in oral mucosa,
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3—4 weeks in other epithelia;

(II) The dose, which is compensated due to
repopulation processes in normal tissues, is in the
range of up to 5x2 Gy/week, as e.g., indicated by
healing of mucosal ulcers in the last treatment
weeks (39,40), and,;

(IIT) The rate of overall tissue cell depletion per unit
dose is significantly lower after as compared to
before the onset of repopulation.

The underlying mechanisms have been summarized
as the 3 A’s, which represent a significant restructuring
of the proliferative organization of the turnover tissues:
‘Asymmetry loss and ‘A’cceleration of stem cell divisions,
and ‘A’bortive divisions of already doomed cells (34-38).

Volume effects

Volumes for the therapeutic administration of ionising
radiation have been defined by the International
Commission on Radiation Units, ICRU (41). Normal
tissue components are included in all of them. The gross
tumour volume (GTV) contains normal tissue elements, e.g.,
vasculoconnective tissue. The clinical target volume (CTV)
and planning target volume (PTV) encompass a relevant
number of normal parenchymal cells of the respective
organ. The additional volume extending the CTV/PTV to
the treated volume (TV), i.e., the volume covered by the
clinically effective dose, is exclusively composed of normal
tissue. Nearly always, the PTV contains more normal tissue
than tumour tissue.

The IV that receives a dose which must be regarded
as significant in relation to the induction of clinical OAR
endpoints is mainly dependent on physical treatment
parameters, such as radiation quality, kind of radiotherapy
(brachytherapy, conformal teletherapy, intensity modulated
radiotherapy, stereotactic radiotherapy), treatment planning
(number of fields, etc.). The progress in radiation physics
during the last decades has resulted in significant and
progressive conformation of the TV to the PTV and of
the IV to the TV, associated with a significant decrease
in the volumes of normal tissues exposed to significant,
‘high’ doses and thus in the incidence of (early) adverse
events. This, however, does not solve the clinical problem,
as it needs to be emphasized that the high conformality
is associated with substantial inhomogeneities in the
dose distribution within these volumes, and—even more
important—in an increase in volumes exposed to lower
doses. In consequence, the effect of the fractional volume of

Transi Cancer Res 2017;6(Suppl 5):5840-S851
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an OAR exposed to certain, even low doses, gains increasing
importance. Today, the I’R’radiated volume of an organ
must be considered the “6th R” of radiotherapy (15).

The general principles of the ‘volume effect’ in normal
tissues have been extensively reviewed e.g., by Dorr and
Van der Kogel (42) or in the reports of the QUANTEC
initiative (International Fournal of Radiation Oncology Biology
Physics 76 Suppl., 2010). These will be briefly summarized

in the following sections.

Tissue architecture and volume effects

Functional subunits (FSU) represent a radiobiological
concept to explain the response of normal tissues to varying
volumes of radiation exposure (2,3,15,43). A FSU was
originally defined as the largest tissue subvolume that can
be regenerated from a single surviving stem cell. Irradiation
primarily damages FSU independent of each other.
However, the clinical consequences are depending on the
arrangement of the FSU within the exposed organ: The
FSU can be arranged either in parallel or in a series.

In organs with a serial (tubular) arrangement of their
FSU, inactivation of only one FSU theoretically results in
clinical side effects in the downstream compartments of the
organ, mostly in a binary response. In such organs, the risk
of clinical symptoms is highly related to dose “hot spots”,
while the dose distribution within the remainder of the
tissue is less relevant, if the dose is below the FSU tolerance
(3,15). Examples for (mainly) serially organized organs are
spinal cord, intestine and esophagus.

In tissues with a parallel organization, the FSU are
functioning independently and thus clinical consequences of
their damage are only observed, if their number decreases
to a certain, endpoint-specific threshold. Here, radiation
exposure should be adjusted to a threshold organ volume;
within this volume, larger doses may be administered (15).
Examples for (predominantly) parallel organs are lung,
kidney, and liver. However, it needs to be stressed that no
organ is structured simply as a batch (parallel organization)
or a chain (serial organization) of FSU. For example, in
organs that are classified as parallel, the vasculature, at least
larger vessels, must be regarded as a serial tissue component.

Volume effect and normal tissue complication probability
(NTCP) models

Based on the above mentioned considerations, the concept
of a certain degree of seriality of organs has been introduced
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into mathematical models of the volume effects [e.g., (44)].
This concept is useful in the explanation of the relative
radiosensitivity of some organs, like kidney and lung, can
compensate for destruction of large volumes without loss
of function, whereas in other tissues generally considered
as relatively radioresistant such as spinal cord, radiation
damage within only a small volume can result in severe
clinical consequences.

Several further NTCP models have been suggested for
inhomogeneous dose distributions (45,46). The resulting
Lyman-Kutcher-Burman (LKB) model and its modifications
is currently presumably one of the most commonly
used models for predicting normal tissue complication
probability. Yet, it has to be stressed that endpoints and
symptoms of late radiation damage do not occur in tissue
“volumes” but in specific, sensitive structures, and that
radiation damage to different substructures in the same
organ leads to different pathophysiological endpoints and
symptoms of late normal tissue damage such as in the heart,
where—depending on the dose distribution within the
organ—coronary infarction or myocardial insufficiency may
the dominant late normal tissue endpoint. Moreover, the
clinical consequences of exposure of different substructures
of ‘a’ normal tissue may result in substantially different
clinical consequences, for example irradiation of a certain
area of oral mucosa at the floor of the mouth or at the lips,
where the latter leads to a significant impact on the patient’s
quality of life in the early phase, but also to substantial
CLEs.

Mathematical models for the estimation of NTCP,
however, do not take into account the influence of cellular
migration and regeneration from outside the irradiated
area/volume. Moreover, they do not include other factors,
like regional differences in radiation sensitivity within one
organ that have been demonstrated in lung, urinary bladder
or parotid gland. Moreover, interactions of radiation
effects between ‘corresponding, functionally dependent’
organs, such as heart and lung or liver, are not taken into
consideration.

Importantly, NTCP models also do not consider the
functional status of the non-irradiated organ volume. Lung
function parameters in heavy smokers may be substantially
impaired, and the usually applied dose constraints may
clearly overestimate the tolerance of the total lung.
Moreover, previous or additional chemotherapy may
impact on the function of the un-irradiated organ volume.
Therefore, the functional status of unirradiated parts of
tissues and organs must be assessed and taken into account

Transi Cancer Res 2017;6(Suppl 5):5840-S851
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Table 3 Definition of interventional strategies for radiation exposure related to their timing

Term(s) Time of activity

Prophylaxis, protection Pre-exposure
Mitigation

Treatment, management, therapy Clinically symptomatic phase

During or shortly after exposure, before clinically manifest symptoms occur (i.e., during the latent time)

for the definition of tolerance limits for radiotherapy in the
individual patient. This must be based on the experience
and expert knowledge of the responsible radiation
oncologist.

The available NTCP models, which are progressively
integrated into treatment planning systems, should therefore
be used with great caution and with clear consideration of
all their pitfalls and drawbacks. They should be regarded
as an aid to the evaluation and comparison of clinical
data using different treatment set-ups, rather than giving
accurate predictions of clinical outcome (15).

QUANTEC—quantitative analysis of normal
tissue effects in the clinic

All NTCP models are based on estimates of tissue-
specific tolerance doses and fractionation parameters,
like the o/B-value and halftimes for recovery of sublethal
damage. For tolerance doses, the compilation by Emami
et al. (46) is still frequently cited, which was an excellent
initiative in defining organ (rather than endpoint-related)
tolerance doses. However, this was based on “opinions and
experience of the clinicians from four universities” (47),
and hence required validation. QUANTEC, the initiative
on Quantitative Analysis of Normal Tissue Effects in
the Clinic (in the reports of the QUANTEC initiative
(International Fournal of Radiation Oncology Biology Physics
76 Suppl., 2010) provides focused summaries of the dose/
volume/outcome information for many, though not all
organs and tissues (48). The organ specific QUANTEC
papers include—amongst other topics—an appreciation
of the clinical significance of various endpoints, review
the currently available dose-volume tolerance information
and factors affecting risk, and recommend, where possible,
dose-volume constraints. More recently, further reports on
specific tissue and organ tolerances have been published,
which cannot comprehensively be summarized in this
chapter. The interested reader is strongly advised to follow
the current literature. It also needs to be emphasized here,
however, that tolerance doses (in terms of EQDx rather
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than absorbed dose as frequently used in dose-volume
histograms) need to be defined for individual endpoints,

rather than OAR in general.

Principles for the mitigation of normal tissue
complications

In this section, the principal approaches for biological
response modification, which are based on preclinical
(animal) models or in first clinical trials, which have recently
been described in Dorr (48), are briefly summarized and
updated. General supportive care strategies, adapted to
good clinical practice, which are described in various
guidelines, will not be discussed. Moreover, neither in vitro
studies, nor investigations with exposure to very large single
doses, without proof of applicability in a clinical situation,
will be considered.

At a NCI workshop on normal tissue protection (49),
it was recommended to describe interventions in the
development of radiation effects with regard to their timing
as illustrated in 7able 3. With regard to radiotherapy, the
respective terminology needs to be slightly modified, as
prophylactic approaches include interventions before
exposure, but also until the threshold tolerance dose of a
certain endpoint is reached during a series of fractionated
irradiations. Hence, there is an overlap between prophylaxis,
defined clinically, and mitigation, in terms of interaction
with early processes at a molecular level. Prevention is a
term frequently used to describe interventions that are
applied before the onset of clinical symptoms, and hence
refers to prophylaxis as well as mitigation (50).

One major prerequisite for the reasonable clinical
application of normal tissue response modifiers is the
association with a therapeutic gain. This must be based on
exclusion of tumour protective effects, or on a relatively
greater effect on the specific normal tissue investigated
compared to tumours. This analysis usually requires
preclinical studies in experimental animals, analyzing
clinically relevant endpoints for both tumour and normal
tissue effects. With regard to irradiation protocols,
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Figure 3 ‘Molecular’ radiopathology—damage processing. The initial interactions of ionizing radiation with tissues are the induction of

highly reactive radicals and reactive oxygen species. As a consequence of the interaction with the DNA, this results in the modulation of the

activity of various transcription factors and intra- as well as inter-cellular signalling chains. In addition and/or as a response, local but also

systemic effects of the immune, vascular or neurovegetative system contribute to the processing of the radiation effects at the tissular level,

which eventually results in the clinical manifestation of radiation reactions.

single dose administration may be considered to reflect
stereotactic, intraoperative or brachytherapy treatments
with relatively large doses. However, for the representation
of standard, external-beam radiotherapy, protection and
mitigation strategies must be tested with fractionation
protocols that reflect the routine clinical situation as close
as possible, i.e., including daily fractions with doses in the
clinical range, administered over several weeks. The latter
is essential e.g., to analyze potential interactions, beneficial
or counterproductive, with repopulation processes in both
tumours and normal tissues.

Local irradiation of the normal tissues as well as of
the tumours is preferred for these investigations, as total
or large volume partial body radiation exposure can
significantly alter organ responses with regard to quality
of the pathophysiology and -morphology, or even the
fractionation effect, e.g., through effects on the immune
system. This has clearly been demonstrated for the
radiation response of the lung, where the fibrosis pattern
changes, and a very low fractionation sensitivity is observed
after conditioning treatment for stem/progenitor cell
transplantation. Such studies may apply to accidental
radiation exposure or intended radiological attacks, or to
conditioning irradiation for the treatment of hematological
malignancies.

The cascade of events, here depicted as “damage
processing”, after radiation exposure (Figure 3) starts from
the initial induction of free radicals and acute oxidative
stress, which result in the modification of the activity of
transcription factors, and in consequence in the modulation
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of a variety of intracellular and extracellular signaling
chains. These changes occur not only in parenchymal
cells, but also in the other tissue components (fibroblasts,
endothelial cells). Moreover, activation of immune cells,
mainly macrophages, directly by irradiation or attracted
by the above mentioned changes (e.g., increased ICAM-1
expression) contributes to the radiation-induced processes
in normal tissues. The combination of these events induces
unspecific and tissue specific changes at the cellular/
histological level, such as (mainly mitotic) cell death, DNA
repair, chronic oxidative stress, differentiation of fibroblasts
and parenchymal cells, proliferation of cells in early
responding tissues, and many others. This orchestrated
response then leads to the known tissular and clinical
changes described above.

Interventions in the damage processing events can in
principle be performed at each of the levels of the cascade
illustrated in Figure 3. This has been summarized by
Dorr (48). It has to be noted, that some interventional
strategies are specific for certain endpoints, either early or
late; in this aspect, however, the relevance of amelioration
of an early radiation response for the manifestation of CLEs
also deserves consideration. Some prominent principles and
examples of damage processing modulation will be briefly
reviewed in this section.

In the vast majority of normal tissues, the partial pressure
of oxygen is clearly above the range where the oxygen
effect, i.e., a reduction in cellular/tissue radiosensitivity,
is important (51). Therefore, any reduction in oxygen
levels, i.e., by induction of hypoxia, could have a potential
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to increase tissue tolerance. However, systemic hypoxia,
e.g., by breathing air with a reduced oxygen concentration,
will likely be associated with an increase in the fraction
of hypoxic cells within the tumour, and therefore lead to
increased tumour radioresistance, which should be avoided.

The use of radical scavenging drugs or the stimulation of
endogenous detoxification mechanisms has been proposed
to reduce effects of acute oxidative stress. Clinical studies
have been performed on the effect of various anti-oxidants
in combination with radiotherapy, with controversial results
reviewed by Dorr (48).

Exogenous growth factors may be applied in order to activate
or stimulate tissue-specific endogenous signaling cascades.
Alternatively, radiation-induced changes in signaling activity
may be achieved by either antibodies against the growth factor
or the respective receptors, or by downstream interaction,
e.g., by receptor tyrosine kinase inhibitors. Irradiation results
in an upregulation of endogenous growth factors (e.g., TNF-
alpha) and/or their receptors (e.g., EGFR). These endogenous
processes may also be targeted.

Anti-inflammatory approaches are frequently applied as
symptomatic, supportive treatment in order to manage edema
and pain associated with early inflammation. However, no
conclusive results are available for these approaches with
regard to prevention of (late) radiotherapy side effects. At least,
an impact on CLE, such as mandibular osteoradionecrosis as a
consequence of oral mucositis in head-and-neck

The relevance of muacrophage responses for normal tissue
side effects is discussed controversially. For late effects,
e.g., in lung, intestine or urinary bladder a contribution of
alveolar macrophages to the orchestrated reaction of the
tissue has been demonstrated (1-3,7,52). Also, for early
radiation side effects, changes in macrophage activation
have been observed, e.g., (53). Low-level laser treatment
may also induce an anti-inflammatory effect (54,55).

The severity of early radiation effects during fractionated
irradiation is clearly related to the regeneration response of
the tissue, depicted as repopulation. Exogenous stimulation
of cell production in epithelial tissues has hence been
suggested to reduce early side effects (3,38,50).

For late effects in normal tissues, a long-lasting
perpetuation of the production of reactive oxygen and
nitrogen species appears to play an essential role (3,6,7,52).
Strategies for the reduction of the chronic oxidative stress
cascades have been tested for fibrotic changes in skin, using
a combination of pentoxifylline (PTX) and tocopherol
(vitamine E) as anti-oxidative agents; the results of clinical
trials, however, remain controversial.
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An innovative approach for the amelioration of
normal tissue radiation effects is (adult) stem cells
therapy. This includes the administration of bone
marrow (i.e., haematopoietic plus mesenchymal stem
cells) or mesenchymal stem cells, or the mobilization of
autologous (bone marrow) stem cells by growth factors,
e.g., granulocyte colony stimulating factor (G-CSF). These
strategies have been successfully tested in preclinical models
of radiation injury in skin, salivary glands, intestine and oral
mucosa, as reviewed by Dérr and Schmidt (3).

In conclusion, a variety of strategies for the prophylaxis,
mitigation or treatment of radiation side effects have been
suggested, based on the biology of the response of the specific
tissues, or the pathomechanisms of individual endpoints to
irradiation. It must be emphasized, however, that currently
most of these interventions are experimental, although some in
advanced preclinical studies. Only a few approaches have so far
been translated into clinical studies. In the near future, none
of these biology-based strategies will result in a reduction of
adverse treatment effects to a clinically irrelevant level. Hence,
it remains in the hands of the radiation oncologist to reduce
these complications to an acceptable level—through adequate
spatial (volume effects) and temporal (recovery, repopulation)
designs of the treatment protocols and hence to achieve a
further therapeutic gain.
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