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Quantitative mechanistic modeling of the biological effects of ionizing radiation has a long rich history. Initially, it was dominated
by target theory, which quantifies damage caused by traversal of cellular targets like DNA by ionizing tracks. The discovery
that mutagenesis, death and/or altered behavior sometimes occur in cells that were not themselves traversed by any radiation
tracks but merely interacted with traversed cells was initially seen as surprising. As more evidence of such ‘non-targeted’ or
‘bystander’ effects accumulated, the importance of their contribution to radiation-induced damage became more recognized.
Understanding and modeling these processes is important for quantifying and predicting radiation-induced health risks. Here
we review the variety of mechanistic mathematical models of nontargeted effects that emerged over the past 2-3 decades. This
review is not intended to be exhaustive, but focuses on the main assumptions and approaches shared or distinct between models,

and on identifying areas for future research.

INTRODUCTION

Brief history of quantitative mechanistic models of
radiation effects

Radiation biology is one of the subfields of biology
with a very long and rich history of mathematical
modeling since the first half of the 20th century(!:?.
The important role which mathematical modeling
continues to play in radiation biology is due to the
interdisciplinary nature of this field, where biologists
are often well connected with physicists and mathe-
maticians. This connection lead to the development of
target theory, which postulates that radiation damage
in biological systems is caused by energy depositions
and ionizations within sensitive cellular targets. Radi-
ation ‘hits’ (traversals by ionizing tracks) on one or
more of these targets lead to cell death (inactivation),
mutation or other endpoints.

Initially, the nature of the targets was not well
defined, but accumulating evidence led toward
genomic DNA as the main target® and the double
strand break (DSB) as the most important severe
radiation-induced DNA lesion'*>). The important
role of enzymatic repair processes for radiation-
induced DSBs in cell survival and formation of
chromosomal aberrations was investigated and math-
ematically modeled®”). Radiation carcinogenesis
was also modeled extensively by various approaches
that postulated a transition from normal to malignant
cells through two or more ‘stages’, potentially with
clonal expansion>#-9).

Overview of studies of nontargeted or bystander
effects

All of these models were generally based on the
target theory concepts that radiation-induced damage
such as lethal lesions and mutations are caused by
energy deposition events in or very near (e.g. within
the diffusion range of short-lived water radiolysis
products) to genomic DNA. Implicitly, they also
assumed that cells in a multicellular organism are
effectively independent from each other with respect
to radiation damage. Therefore, no radiation-induced
damage was expected to occur in cells that were not
‘hit’ by radiation tracks.

Some evidence that did not fit into this paradigm
gradually accumulated over several decades, reviewed
by!!1%-19 For example, ‘clastogenic factors’ were
found in blood from irradiated individuals (e.g.
cancer radiotherapy patients, Chernobyl accident
victims), and ‘abscopal effects’ (tumor shrinkage)
were sometimes observed in tumors that were quite
distant from irradiated tumors in the same patient.
Since these reports were sporadic and could not be
well explained by existing theories, they did not alter
mainstream radiobiological thinking for some time.

More attention to such phenomena, which were
later called bystander effects (BE) or nontargeted
effects (NTE), was drawn after the carefully-designed
laboratory study by Nagasawa and Little in 199219,
This work showed that in cells exposed to 2**Pu
alpha particles, the dose response for sister chromatid
exchanges rose steeply in the dose range where most
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cell nuclei were not expected to be ‘hit’ by any particle
tracks. For example, at a very low dose of 0.31 mGy,
Poisson statistics suggested that <1% of cell nuclei
were traversed, but 30% of cells showed elevated sister
chromatid exchange frequencies.

These findings were initially seen as surprising
and controversial. However, similar phenomena were
detected by subsequent experiments performed by
many laboratories, reviewed by!!%:!.15:17-19  They
involved multiple techniques, including medium
transfer from irradiated cell cultures to unirradiated
cultures, sparse irradiation with charged particles
with not all cells being ‘hit’, and the use of animal
models with partial shielding.

In most early NTE experiments, the fraction
of cells or cell nuclei ‘hit’ by radiation tracks was
estimated statistically, and it was not known precisely
which cells were directly affected by radiation and
which were ‘bystanders’. This issue was addressed
by more advanced experimental designs such as
‘striped’ cell culture dishes where some ‘stripes’ of
a cell monolayer were exposed, whereas others were
protected from radiation by shielding. Even more
detailed information was generated by ‘microbeam’
experiments, where exact numbers of charged
particles were delivered to exactly identified cells or
subcellular structures®”, Microbeams were used not
only on cultured cells, but also on artificial 3D tissue
systems and whole organisms©!-?%).

These studies, which were conducted for almost
three decades, accumulated a large amount of data on
NTE induced by different ionizing radiation types—
e.g. high linear energy transfer (LET) particles as well
as low-LET photons—in a wide variety of biological
systems including cells and whole organisms. NTE
were demonstrated not only in laboratory mammals
such as mice, but also in fish®-2¥, invertebrate
animals (e.g. Caenorhabditis elegans)***) and in
plants (e.g. Arabidopsis thaliana)®**>?. The range of
endpoints potentially affected by NTE is also very
wide, and includes cell death, mutagenesis, oncogenic
transformation, micronucleus formation, genomic
instability (GI), gene expression changes, senescence,
migration and/or differentiation alterations, and
behavioral dysfunction®!?-11:15:17-19.28) " nterestingly,
NTE could be produced by targeted microbeam
irradiation of cell cytoplasm, with the nucleus not
being ‘hit’ at all(!%-11-20),

GI which can be defined as persistently elevated
rate of mutations and/or genomic rearrangements,
is one of the most important deleterious NTE
endpoints!”). It can occur not only in directly
irradiated cells, but also in bystander cells that
interacted with the irradiated cells. It can be trans-
generational, e.g. occurs in unirradiated offspring of
irradiated male mice. The likely mechanism of this
potentially strongly procarcinogenic phenomenon is
epigenetic, for example because irradiated female

mice apparently do not transmit it to the next
generation unlike males because of ‘resetting’ of
epigenetic signals in the maternal germline.

MECHANISMS AND IMPLICATIONS OF NTE
Molecular mechanisms of NTE

Although the NTE concept where damage and/or
altered behavior sometimes occurs in cells that were
not themselves traversed by any radiation tracks but
merely interacted with cells that were traversed did
not fit into the initial target theory-based paradigm
of radiation biology, similar concepts were known
in other fields. For example, bystander effects and
GI can be induced by metals, chemotherapy agents
and other toxic chemicals, or by photodynamic
stress!!%:17:29) " Therefore, radiation is not a unique
agent for inducing NTE, and many other stressors
can cause similar effects.

The wide variety of NTE causes and outcomes
appear to be connected by the following general
explanation: stress responses are propagated among
cells to cause a group response that can involve a
whole organ or even a whole organism. Some studies
suggest that stress responses can be communicated
even between different individuals®*-*?), In other
words, the radiation responses of damaged and
undamaged cells are not independent, as previously
assumed, but can be connected by many short-range
and long-range signaling mechanisms.

This biological phenomenon probably has a very
ancient origin, likely predating the appearance of
multicellular organisms. For example, unicellular life
forms like bacteria communicate and can coordinate
their stress responses by quorum sensing and other
methods @132 Tt is plausible to hypothesize that such
mechanisms of intercellular communication evolved
to respond to natural stressors such as toxic chemicals
or infections. Sometimes they can serve a protective
function against ionizing radiation exposure as well
(e.g. adaptive responses, terminal cell differentiation),
but in other cases they can ‘overreact’ or ‘backfire’,
causing deleterious NTE outcomes such as GI.

The detailed molecular mechanisms that con-
tribute to this multifaceted NTE phenomenon are
still not completely understood, although significant
progress was made in this field since its inception.
Many studies point toward the following general-
ization about NTE mechanisms!*!1:1%29 " Jonizing
radiation causes genotoxic DNA damage and elevates
reactive oxygen and nitrogen species (ROS and
RNS) concentrations. These reactive oxidants cause
oxidative stress that damages DNA and other
cellular components (e.g. proteins, lipid membranes)
and perturbs multiple redox-sensitive intra- and
intercellular signaling pathways (e.g. cyclooxygenase-
2 COX-2, mitogen-activated protein kinase MAPK,
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nitric oxide synthase NOS, NADPH oxidase, calcium
signaling) and gene expression regulation. Positive
feedback loops that involve oxidant production,
oxidant-induced damage, and responses to this
damage and to oxidative stress perpetuate the stressed
state for long periods following irradiation. Damaged
mitochondria appear to play an important role
in initiating and maintaining this process. Since
oxidants like ROS and RNS act as signals inside and
between cells, persistent elevation of oxidant levels
perturbs signaling and causes stress such as chronic
inflammation (),

The types of signals that propagate NTE between
cells are very diverse, including small molecules
capable of moving through gap junctions (e.g. lipid
peroxide products, nucleotides), diffusible long-
range signals like proinflammatory cytokines (e.g.
tumor necrosis factor-o)!?), and potentially micro
RNAs (9 and exosomes*®). Susceptibility of cells
to NTE signals from other cells is also a complex
phenomenon, with likely involvement of ATR/ATM-
and FA/BRCA-dependent DNA damage response
pathways *).

In summary, current knowledge of radiation-
induced NTE mechanisms remains limited, but sup-
ports the involvement of the following components:
(1) Induction of DNA damage and oxidative stress.
(2) Perpetuation of these phenomena by perturbed
signaling feedback loops and epigenetic regulation.
(3) Propagation of perturbed signaling among cells,
sometimes over long distances (e.g. to different organs
or even organisms).

Consequences of NTE for understanding and
predicting radiation effects

Much controversy in the field of radiation protec-
tion is associated with predicting and quantifying
radiation risks (e.g. carcinogenesis) at low radiation
doses/dose rates, which can occur during occupa-
tional exposures (e.g. nuclear industry workers, pilots,
astronauts on long-distance space missions such as
travel to Mars, some medical personnel), diagnostic
medical procedures (e.g. x-rays, computed tomogra-
phy (CT) scans), or accidental or malicious exposures
to radioactive materials (e.g. contamination from
nuclear power plant accidents like Chernobyl and
Fukushima, potential terrorist attacks using radi-
ological dispersal devices). At low doses, radiation
effect sizes are small and statistically very difficult to
detect using reasonable sample sizes and resources in
experimental or observational studies (e.g. laboratory
mouse irradiations or epidemiological studies of
human cohorts such as Japanese atomic bomb
survivors). Consequently, mechanistic mathematical
models of radiation effects are very important in
this field for making numerical predictions of risk

magnitudes at doses where direct measurements are
impractical or impossible.

The concept that all radiation-induced damage is
caused by direct energy deposition events, where the
sensitive ‘target’ is an individual cell or its nucleus,
provides strong conceptual support for the linear no-
threshold (LNT) model of stochastic radiation risks
like carcinogenesis. Specifically, at very low doses
the radiation exposure at the cellular or subcellular
scale is stochastic, so that the target (e.g. cell nucleus)
is either ‘hit’ or not, and reducing the dose simply
reduces the average ‘hit’” probability in a linear man-
ner, but does not reduce the average energy deposited
by each ‘hit’. NTE phenomena greatly complicate this
picture because they expand the relevant target from
a single cell or cell nucleus to a group of cells and
potentially to an entire organ or organism. Therefore,
the dose response involving NTE does not need to be
linear even in the low dose range where not all cells
are ‘hit’. Moreover, even the ‘sign’ of the response
becomes uncertain, because NTE can have either
deleterious (e.g. procarcinogenic) or protective (e.g.
anticarcinogenic) net effects.

Measuring NTE dose responses and character-
izing their shapes is, therefore, an important issue
for low-dose radiation biology and risk estimation.
Current evidence suggests that NTE dose response
shapes tend to be concave functions (with a nega-
tive second derivative) that deviate from zero very
quickly at low doses and saturate/plateau at higher
doses(!!1:10:17:3%) 'In contrast, damage associated with
direct energy deposition—which can be called tar-
geted effects (TE)—tends to have linear or convex
dose responses (with a positive second derivative).
These differences are intuitively explainable, consid-
ering that NTE are caused by onset and perpetuation
of a stressed state by signaling pathways in large
groups of cells responding to damage initially induced
in a small proportion of ‘hit’ cells. The stressed state
can approximate a binary on/off phenomenon, where
the probability of the ‘on’ switch increases with dose,
but the magnitude of the effect of this switch on
affected cells is constant. In comparison, TE result
from accumulation of energy deposition events from
single radiation tracks (linear dose response compo-
nent) and multiple interacting tracks (approximated
by the quadratic component).

The observation of a concave/saturating dose
response component at low radiation doses, where
statistically not all cell nuclei are expected to be
‘hit’, can therefore be interpreted as circumstantial
evidence for NTE involvement. This conclusion can
apply to a variety of data sets, e.g. human and rodent
lung cancers induced by radon exposure**3%) and
mouse tumors induced by high-LET radiations ¢7-39.
An interpretation involving NTE can also be applied
to some data on internally incorporated radionu-
clides, e.g. chromosomal aberration and liver tumor
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Table 2. Continued

REVIEW OF QUANTITATIVE MECHANISTIC MODELS OF RADIATION-INDUCED NTE

yields in hamsters injected with Pu isotopes (reviewed
in!?), chromosomal aberrations in snail embryos“?)
and embryonic mortality in wild rodents in areas con-
taminated by fallout from the Chernobyl accident*!.

organisms/systems;

Studied
endpoints

REVIEW OF MATHEMATICAL MODELS OF
NTE

Since NTE can play an important role in radiation
responses, particularly at low doses/dose rates,
understanding and mathematically modeling these
processes is important for quantifying radiation-
induced risks in a many types of exposure scenarios
including occupational and medical settings, long-
distance space exploration and radioactive contam-
ination. Here we review the variety of mechanistic
mathematical models of NTE that emerged over the
past 2-3 decades. This review is not intended to be
exhaustive, but focuses on the main assumptions and
approaches shared or distinct between models, and
on identifying areas for future research.

To make the comparison more convenient, the
models are presented in table form (Tables 1-4)
in approximately chronological order, grouped by
authors and model types. The main assumptions and
findings for each model are presented in the tables,
preferably in the author’s own wording to minimize
misinterpretation. The types of radiation and end-
points investigated by each model are also provided.

Radiation
type/source

References
73-75)

(13,

DISCUSSION

Over the last few decades NTE phenomena are
becoming more accepted and less controversial
in radiation biology. It is increasingly clear that
stress responses, including responses to ionizing
radiation, can involve large cell groupings (organs,
whole organisms) rather than individual cells. Such
understanding is leading toward incorporation
of NTE along with TE into a growing number
of mechanistic mathematical models of ionizing
radiation effects (Tables 1-4).

Some radiation circumstances where NTE can
be particularly important include low dose/dose rate
exposures, especially where radiations of different
qualities (e.g. sparsely ionizing photons or electrons
and densely ionizing charged particles) are involved
(e.g. space exploration, radionuclide contamination).
How NTE affect radiation-induced health risks in
these situations, relative to the LNT assumption, is
not completely understood and subject to continuing
debate and controversy. Effects in both ‘positive’
(protective) and ‘negative’ (harmful) directions can
occur. NTE are not limited to low doses and can also
be important at high doses (e.g. cancer radiotherapy
abscopal effects).

portion of cell killing in uniformly irradiated cells.
This description is a significant departure from
planning approaches if proven to be applicable in vivo.

The bystander effect is responsible for a significant
accepted radiobiological models and may have a

significant impact on optimization of treatment

Main conclusions

Model characteristics and assumptions

predictions of this model were compared to previously

communication including bystander signaling. The
measured survival curves for a normal human

fibroblast line (AGO1522) and prostate tumor cells

damage from both direct radiation and intercellular
(DU145) exposed to spatially modulated fields.

Butterworth and McMahon et al. A Monte Carlo
model of cellular radiation response incorporated
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Importantly, research on NTE mechanisms seems
promising for developing clinically useful pharmaco-
logical interventions. For example, agents that hinder
the propagation of deleterious NTE such as devel-
opment of GI and chronic inflammation can poten-
tially reduce radiation-induced carcinogenesis. On the
other hand, tumor abscopal effects could potentially
be pharmacologically enhanced to improve cancer
radiotherapy.

An overview of NTE modeling approaches
(Tables 1-4) shows that mathematical modeling
strategies keep evolving as the biological mechanisms
of NTE become increasingly better characterized.
Some models are very detailed to specific situations
and data sets, whereas others are quite simple and
general. Both of these approaches can be useful
depending on the context.

So far, comparison of different NTE models
with different sets of assumptions on the same
data set is not done routinely. Instead, common
practice involves fitting a single model or several
similar model versions generated from the same
conceptual framework. We believe that comparing
the performances of different models on the same
data sets could improve the NTE modeling field
by identifying the most/least plausible models.
Development of ‘critical tests’ for models could also
be beneficial by allowing certain model assumptions
to be falsified. Such approaches could improve the
predictive power of NTE models for estimating the
health effects of radiation exposures.
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