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Abstract: In this paper, we study the system size expansion of a stochastic model for radiation-
induced DNA damage kinetics and repair. In particular, we characterize both the macroscopic
deterministic limit and the fluctuation around it. We further show that such fluctuations are Gaussian-
distributed. In deriving such results, we provide further insights into the relationship between
stochastic and deterministic mathematical models for radiation-induced DNA damage repair. Specifi-
cally, we demonstrate how the governing deterministic equations commonly employed in the field
arise naturally within the stochastic framework as a macroscopic limit. Additionally, by examining
the fluctuations around this macroscopic limit, we uncover deviations from a Poissonian behavior
driven by interactions and clustering among DNA damages. Although such behaviors have been
empirically observed, our derived results represent the first rigorous derivation that incorporates
these deviations from a Poissonian distribution within a mathematical model, eliminating the need
for specific ad hoc corrections.

Keywords: biophysical modeling; radiation-induced DNA damage; system size expansion; DNA
damage repair

1. Introduction

Radiotherapy is one of the most effective and used cancer treatment modalities [1].
Traditionally, radiotherapy relies on photons; however, in recent decades, there has been
a growing interest in advanced radiotherapy using ion beams. Ion beams offer several
advantages over photons [2], particularly their ability to release energy in a highly localized
manner within tissues, potentially leading to a more effective biological response with
reduced collateral effects in healthy tissues. Extensive research of the scientific community
has focused on studying the effects of radiation on biological tissue, with DNA being iden-
tified as the most vulnerable target for radiation-induced damage leading to cell death [3].
Despite the theoretical advantages of using ion beams, further research is necessary to
integrate this treatment modality into clinical practice fully. One significant challenge in the
widespread adoption of ion beams lies in accurately determining their biological effects, as
this is crucial for prescribing the most suitable treatment. Over the years, mathematical
models have been developed to understand and predict the biological impact of ions on tis-
sue, particularly in relation to DNA Double Strand Breaks (DSB) [4-10]. These mathematical
approaches aim to describe the formation, progression, and clustering of DSBs, ultimately
striving to predict the cell survival probability following radiation exposure.

Despite the inherently stochastic nature of biological pathways, most existing mathe-
matical models, until now, have relied on deterministic frameworks with a priori assump-
tions about the Poisson distribution and disregarded the stochastic fluctuations in energy
deposition. These fluctuations occur from cell to cell, particularly in complex radiation
environments. In particular, the Microdosimetric Kinetic Model (MKM) [5,11], together with
the Local Effect Model (LEM) [12,13], is one of the only two mechanistic models used in
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clinical treatment planning, which describes the temporal evolution of the average number
of DNA damages in a single cell nucleus to obtain a linear—quadratic survival probability
starting from energy deposition at the micron scale, in the order of the cell nucleus. A
funding assumption of the linear—quadratic relation between dose and the corresponding
survival probability is the Poissonian distribution for DNA damage. Evidence has emerged
that in certain situations, such as for heavy ions or at high doses, the Poissonian assumption
does not hold. Therefore, in recent years, the community tried to overcome this assumption
with some ad hoc correction terms related to intercellular damage interaction [4,11,14-17].
Though attempts have been made to address the limitations of the Poissonian assumption,
a stochastic representation that encompasses the spatial and temporal aspects of dose
deposition was lacking in the description of radiation-induced DNA damage formation
and dynamics.

Recently, a series of papers addressed these issues, and the Generalized Stochastic
Microdosimetric Model (GSM?) [10,18-21] has been introduced. GSM?is a probabilistic
model able to describe the time evolution of the DNA damage in a cell nucleus based
on a differential equation governing the time evolution of the probability distribution of
the number of DNA damages. Among the most relevant GSM? strengths, there is the
capability to efficiently treat the several levels of spatiotemporal stochasticity happening
during protracted irradiation without relying on the typically used Poissonian assumption
on the number of DNA damages induced by radiation [19]. It is further described in [10,18]
how different parameters, initial DNA damage distribution, or irradiation conditions can
lead naturally to several possible probability distributions that can be significantly different
from the typically assumed Poissonian law.

The main master equation governing the time evolution of the probability distribution
of the number of DNA damages derived in [10] is non-linear due to the presence of a
quadratic term that accounts for DNA clustering, which has been recognized as one of
the main factors that leads to cell inactivation in radiobiology [7]. On the one side, this
quadratic term plays a crucial role in the emergence of non-Poissonian behaviors; on the
other side, it makes it difficult to obtain an explicit solution for the probability distribution
of the number of DNA damages.

In this study, we present a system size expansion of the GSM? master equation based
on the pioneering work [22]. The approximation that will be carried out in the present
work is usually referred to in the literature as system size expansion [22,23], and it is widely
used in the physics community to provide an appropriate macroscopic approximation of
microscopic systems. As for all formal expansions, a suitable parameter is needed, around
which the approximation is performed. In concrete applications, the domain size usually
provides a suitable parameter to carry out a formal approximation, so that an asymptotic
expansion of the main GSM? master equation will be carried out as the system size increases.
It must be stressed that the approximation is generally valid as the number of lesions
increases [23], so that the approximation derived in the present work provides a relevant
description for high-dose irradiation, where the number of lesions even in small domains is
high. Such a case is of particular relevance, since most of the existing models fail to give a
precise description of the cell survival probability at high doses [4], and suitable correction
terms are needed to match experimental data.

We will derive an asymptotic expansion for the GSM? master equation computing
both the macroscopic limit and the fluctuation around such a macroscopic limit. Besides
allowing us to calculate an approximate distribution for the number of DNA damage,
the expansion derived in the present work provides further insights into the relationship
between stochastic and deterministic mathematical models, already highlighted in previous
works [18,19]. Having in mind the above-mentioned regimes of validity for the proposed
expansion, we will further strengthen the connection between GSM? and the MKM, show-
ing that as the system size increases, the master equation derived in [10] converges toward
the main deterministic kinetic equations of the MKM [4,5]. This emphasizes how determin-
istic macroscopic behavior emerges from stochastic microscopic fluctuations. We will go a
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step further so that we will also prove a suitable central limit theorem, in the sense that we
will characterize the stochastic fluctuations around the macroscopic average value. These
fluctuations are usually assumed to be Poissonian. By contrast, we will show that such
fluctuation described by the macroscopic approximation of GSM? are Gaussian-distributed,
as described by a linear Fokker—Planck equation (FPE) [23]. Recalling that for large mean
value A, a Poisson random variable of mean A is approximated in a probabilistic sense by a
Gaussian random variable with mean and variance A, we will show that the derived limit-
ing model can be seen as a correction around a Poisson distribution due to the clustering
of lesions. In this sense, the present work shows how typical non-Poissonian correction
terms of the MKM that have been proposed over the years naturally emerge in the fully
probabilistic description of the GSM? . Lastly, it is worth stressing that the present paper
sheds light on another possible future connection to existing radiobiological models. In fact,
in the literature, some models have been derived that attempt to describe DNA damage
at high doses using a Gaussian formulation of a multi-hit model (MHM) [24,25]. It has
already been shown in [19] that GSM? is closely connected to some multi-hit models [26,27],
so the results derived in the present paper further connect GSM? to the multi-hit models
derived in the literature.
The main contributions of the present paper are:

(i) to derive a system size expansion for the master equation governing GSM? studying
both the macroscopic limit and the fluctuations around the average;

(ii) to show how the nonlinear terms accounting for DNA clustering give rise to a non-
Poissonian behavior;

(iii) to shed light on another insightful connection between existing radiobiological models.

The present work is structured as follows: Section 2.1 recalls the basic facts of GSM?.
Section 3.1 contains the main result of the present research, with the formal asymptotic
expansion and a rigorous description of the stochastic fluctuations around the macroscopic
average value. Section 4 provides some numerical results on the derived approximation.

2. Material and Methods
2.1. The Generalized Stochastic Microdosimetric Model and the Microdosimetric Kinetic Model

GSM? [10] is a stochastic model that provides a probabilistic description of DNA
damage formation and evolution, with particular attention to the link to DNA damage
formation and energy deposition. The final goal of the model is to overcome existing
models mainly based on the Poissonian assumption of energy deposition to provide a better
characterization of some relevant biological endpoints such as the cell survival fraction.

GSM? considers two types of DNA damage, called sub-lethal and lethal lesions. Lethal
lesions Y represent damage that cannot be repaired, leading to cell inactivation. By contrast,
sublethal lesions X can be repaired at rate r or become a lethal lesion either by direct
death at rate a or interacting with another sublethal lesion at rate b. This latter term b
accounts for the clustering of DNA damage and gives rise to a nonlinearity in the governing
master equation.

Denoted by (Y(t), X(t)) is the state of the system at time f, where X and Y are two
N—valued random variables counting the number of the lethal and sub-lethal lesion, re-
spectively. In the following, we will consider a standard complete filtered probability space
(Q, F, (Ft)>( P) satisfying usual assumptions, namely right-continuity and saturation by
P-null sets.

The above reasoning can be represented by the following pathways:

x5 o,
x5y,
X+x%v,

for three positive constant rates, r, a, and b.
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In what follows, we denote by:
Proyoxo (Y, %) := p(t,y, x|to, Yo, x0) = P((Y(2), X(t)) = (y,%)[(Y(to), X(t0)) = (v, %0)) -

If no confusion is possible, we will avoid stating the initial time and state, writing for short

p(t,y, x).
Following [10], the microdosimetric master equation (MME) can be derived:

%p(t,y, x)=—[(a+7r)x+bx(x—1)]p(t,y,x)+ (x+ Drp(t,y,x+ 1)+ 1)
+(x+ap(t,y—1Lx+1)+ (x+2)(x+1)bp(t,y —1,x+2).

The MME (1) can be written for short as:

%p(t,y,x) = (Efl'2 — 1) [x(x = 1)bp(t,y,x)] + (Efl’l — 1) [xap(t,y, x)]+
+ (Eo'l — 1) [xrp(t,y,x)] = 2)
= &2 [x(x = Dbp(t,y, x)] + € xap(t,y, x)] + E¥ [xrp(t,y, x)],

where above we have denoted the creation operators as:

ENf(y,x)] = (B = 1) [f(y,x)] 1= fly+ix+]) = f(,%).
The above MME (2) is coupled with an initial distribution:

po(y, x) := p(0,y,x),
as described in [10,18].

Remark 1. The above choice is made to closely follow the existing literature on the topic. However,
other choices for the pathways v, a, and b can be made. For instance, it could be assumed that the
death rate a is logistic, including an increment in the death as the number of lesions becomes bigger.
In such a case, the MME would become:
%P(t/ y,x) = €72 x(x = Vbp(ty, x)] + €7V [x(a+ ax)p(t,y, x)] + EV xrp(t,y, )] ®)
It has been shown in [10] that GSM? is closely connected to the MKM, where, in fact,
the former represents a stochastic reformulation of the latter. The MKM postulates the
same assumptions of GSM? with two key additions. First, the MKM considers the time
evolution for the average number of lethal lesions 7 and sublethal lesions %, and second, ¥
is assumed to be Poissonian-distributed.
In particular, the MKM assumes the i and ¥ follows the set of coupled ODE:

{;ty(t) = ax(t) + b72(t),
L3(t) = —(a+r)%(t) — 2b%2(t).

Typically, it is further assumed that (a 4 r)x >> 2bx?, so that Equation (4) reduces to:

{

The connection between the MME (2) and the system of ODE (4) has already been
shown in [10,18], and this connection will be further deepened in the present paper.

)

Lg(t) = ax(t) + bx2(t),

() = —(a+r)x(t). ©)

=
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3. Theory and Calculations
3.1. Macroscopic Description for the GSM?

In the present Section, we will derive a rigorous expansion that provides a macroscopic
linear approximation counter-part of the master equation derived in [10]. The following
expansion is at the basis of a macroscopic deterministic description of a microscopic
stochastic system.

In the following, we will assume that the coefficients of the master Equation (2) depend
on a parameter K in a suitable manner; namely, they are of order O(1) with respect to the
parameter K; under this assumption, we are able to characterize the limit for the master
Equation (2) as K — oo. As mentioned in the introduction, the typical approach is to
consider K as the system size, from which the name system size expansion is derived.

We will prove both the convergence of the microscopic system towards a macroscopic
mean value, which corresponds to the law of large numbers, and also provide a description
for the fluctuations of the system around such a mean value. This description of the
fluctuations allows us to describe the system in terms of an FPE so that we will show that
the order of the fluctuation is not Poissonian, as typically assumed in most of the existing
literature on the subject. In this sense, the current research highlights how GSM? provides
a rigorous non-Poissonian correction to the MKM.

In the following, in order to carry out the expansion, we assume that the parameter b
depends on the K as by := % Therefore, the MME (2) now becomes:

%p(t, y,x) = E 2 [x(x = Dbxp(t,y,x)| + E Y xap(ty, x)] + EX xrp(ty, x)].  (6)

The main idea that will be carried out in the current section is to let K — oo in order to
approximate the master equation by a continuous equation. The first-order approximation
will satisfy a linear FPE, whose marginals, under some specific initial distribution to be
better specified in later sections, can be shown to be Gaussian-distributed. The derived
Gaussian approximation for the lesion distribution will be shown to provide better insights
than the classical Poissonian hypothesis regarding lethal damage.

In order to prove the expansion, we set:

X(t) = Kx(t) + VKE(H),

7

Y(t) = Ky(t) + VKuv(t), 7

with (¢(#));~( and (v(t)),~ being two stochastic processes, so that for any t > 0, {(¢) and

v(t) are two centered random variables, i.e., with null mean value, whereas (t) and 7 (#)

are two suitable deterministic functions to be derived later. Heuristically speaking, X and

will play the role of the macroscopic deterministic behavior, which we will show to agree

with the differential equations governing the MKM, as given in (4). Therefore, the above

assumptions can be interpreted intuitively as an expansion of variables x and y around

the macroscopic behavior, whereas the terms ¢ and v represent the fluctuations around the
mean value.

It is worth noting that the following holds true:

E[X(t)] = K(t) + VKE[Z(1)],

E[Y(1)] = Ky(t) + VKE[v(t)], ®)
Var[X(t)] = KVar[E(t)],
Var[Y(t)] = KVar[v(t)].

Define the new distribution with respect to the new variables as:

p(ty,x) = p(t,Kf + VK Kj + \/Ev) =P(t,v,8).
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The standard chain rule applied to P(t, v, {) yields:

J 9 3 9
aeP (b %) = 5Pt 0d) (1 Tl até),

so that inverting transformation (7) for v and ¢ gives:

d d d_o d_od
5Py, x) = 5. P(t0,6) — \/EE?%P(’?’U’@ - \/Kdtxﬁ (tv,¢).

Regarding the step operators appearing in the MME (6), it can be shown that the
following holds true:

gi,]'1< J + a)_|_11(a+ 8)2
- VK Joz Taz

The above computations substituted into Equation (6) yields:

d d_od
5iP(bv8) = VK io-P (tvf:>+f = P(t,v,0)+
b[ 1 9 0 i}
+K{\/E<2ag a)}(Kx—i—fé) (Kx+\/ﬁg—1)p(t,v,§)+
b|11/,0 0 _
+z 2K<2a§ a) (Kx+fg) (Kx+¢12e§—1)p(t,v,g)+ )
1/ 2o\, 1173 3\ /.
+a \/K(a(;_a>+21<(ag ay) (Kx+\/E§)P(t,v,§)+
1 0, 110%|/ _
+r ﬁ%_’_iiai% (KX—F\/EQ')PU,U,@)
Grouping the terms of order v/K, we obtain:
d _9d 8 9 0
~ VK : v, P(t,v,¢) + dt a P(t,v,¢)+a % ay)xP(t,v,C)%— 1
I xP(t, 2b%* - P(t _p2 2 t, w
ra—gx (v, &)+ x% (t,0,Q) Xa* P(t,v,8).

In order to compensate for the terms of order v/K, we set the macroscopic system as:

diy' = ax + bx?
1< 2 (11)
5iX=—(a+r)x—2bx",

so that all terms or order v/K in Equation (10) vanishes. Therefore, we have shown that the
macroscopic limit of GSM? MME coincides with the main deterministic governing equation
of the MKM (4).

Explicit solutions to system (11) can be derived with the further property that they are
globally stable and converging to a stationary solution [19]. Consider first:

aaz(t) = —(a+7r)x(t) —2b%%(t), %(0)=xo. (12)

Such an equation (12) is known as the Bernoulli equation. Applying the transformation
u = 1 leads to the following differential equation:

d
Eu(t) = (a+r)u(t)+2b.
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This last equation is a linear equation in u, so the explicit solution is given by

2b

_ apladr)t
u(t) = ce iy

Coming back to the original equation, we obtain:

Srpy a+r
x(t) T ocelatnt _op”’
with Aty
c:= +2b.
X0

We can, therefore, substitute X into Equation (11) to obtain:

7(t) = L I _ _ ptla+r)
g(t) =yo+ 15— et + 55 ((a+r)t logHZb ce

)

We can eventually calculate the long-time convergence toward the stationary solution
of the above equations to be:

Remark 2. It is worth remarking that, for low-dose and sparsely ionizing radiation, such as X-rays
or high-energy protons, the following assumption typically holds true, (a + r)x >> 2bx?; therefore,
the above calculations simplify so that the explicit solution to Equation (11) is given by [5,28]:

_ _—(a+nr)t _po—2(a+r)t
y(t) :y0+ﬂx0(%> H”C%(%) (13)
%(t) = xge (@t

In particular, Equation (13) converges as t — oo towards:

o a b s
tIL%y(t)—yo+xo<a+r+xoa+r), tlggox(t)—o.
3.2. The Linear Noise Approximation and Moments Estimates

Having cancelled out terms of order v/K, taking the limit as K — oo, all terms contain-
ing K vanish and only the zero—th order terms remain, yielding;:

%P(t, v, &) = 2b (zaag - ;) 2Pt v, E)] + ;b<zaaé - aa)z [#2P(t,0,8)] +

H(a _ ;) [EP(tv,8)] + raag[gp(t,v,é)H
1 /9 0) 10
+Za( — — — ) [&P(t,v,&)] + =r—[xP(t,v,&)]+
(3 ~a) el gl 1
= SrP 02 be +ar) = SLEP(L )@+ )+

— 0z P(t,0,8) (2be n ax) n

192

2
#agPto D@D ae) + 22 P(t0,8) (ax +b27).

2

Equation (14) is a linear Fokker—Planck equation of dimension 2 that describes the
fluctuations of the system around the average values %(t) and j(t). The solution to the
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linear FP Equation (14), under suitable initial conditions that will be specified later, can be
shown to be the bi-dimensional Gaussian density.

Until now, we have avoided explicitly considering the initial condition both for the
original MME (6) and for the approximating linear FPE (14).

As shown in [18], much of the stochasticity regarding lesion formation lies in the
initial condition, in the sense that the distribution of initial lethal and sub-lethal damage
deeply affects the subsequent time evolution of the probability density function. We will
avoid an extensive treatment of such a topic in the present paper and focus more on the
stochasticities inherent to the kinetics of the interaction of DNA damages, considering
instead two simple and yet relevant cases for the initial damage distribution.

Let us start by assuming that the initial number of lesions is deterministic and is given
by (vo, xo). We, therefore, equip the MME (6) with a deterministic initial condition given by:

p(0,y,x) = 6(x — x0)6(y — o),

with 6(x — xg) and d(y — yo) being the Dirac delta centered at xo and yo, respectively.
It can be shown that [23,29] the solution to the linear FPE (14) is given by a bivariate
Gaussian distribution:

1 1
= — ———ex
27T \/detC P

where 0 and ¢ are the mean values and C is the covariance matrix with entries:

C = (va Cv ) )
Cov Cg
where ¢y, resp. ¢z, and resp. cgz are the variance of v, resp. covariance of ¢ and v, and resp.
variance of ¢. It is worth stressing that, given the properties of the multivariate Gaussian
distributions, ¢ and v are univariate Gaussian random variables.

Upon the multiplication of Equation (14) by ¢ and v, it follows after integrating by
parts that the first moment of ¢ and v satisfies:

P(t,0,0) {~30-0c-0"c0-0c-0},

diﬁ = (2bx+a)¢, ©(0)=0,
dt (15)
E':—(4bx+a+r)<f, §(0)=o0.

It immediately follows from Equation (15) that:
gt =o(h)

This result is in agreement with the fact that { and v are centered random variables.
Multiplying Equation (14) by &2, v, and v2, we obtain, again after integration by parts,
that the variance and covariance satisfy the following set of coupled ODEs:

0.

%va = 2(2173? + ﬂ)Cgv +ax + bx? ,
Loz = (2b% +a)cgz — (4b% +a +r)cz, — (2052 + ax), (16)
begz = —2(4bx +a+r)cgz + (a+r)% +4bx2,
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with the initial condition ¢y, (0) = cz,(0) = czz(0) = 0. The last two equations in (16) can
be computed to be:

2t(a+r) ((a+7) (—4bzet<*”") —4bct(atr)+c2et(@+7) )+c(atr) (46 —c?)+ac)
(ceta+n) —2b)4
Gt [ cet(a+7) (2{12(2brt+b)+ur(74b(b—2rt71)+6271)+r2 (Zb(72b+27t+1)+c2) )
. 2b(a+r) (cet(”'”) 72b)
colt) = (cetlar) —2p)? + (17)
oHatr) 22t (a+r) (—4ab2+4bt(a+r)2+acz —a—4h27+52r)
4b(cet(”+7) 7217)2
_|_

(Cet(a+r) 72b)2

Cgé(t) =

7

+2bret(=2=7) —t(a4r) (I,ZCT)JrCérU)

4

with ¢z, a suitable constant to ensure the initial condition. It can be seen that it holds:

lim czz(t) = lim ¢z, (t) = 0.
t 500 ‘55( ) t—o0 5"( )

In particular, we are mostly concerned with the term c,, and with its stationary
solution, as we aim to show that the distribution of lethal lesions differs from a Poisson
distribution, as it is typically assumed in radiobiological models. It can, thus, be noticed
that, integrating the third equation in (16), we obtain:

t
conlt) = [ [220%(5) + a)ezu(s) + ax(s) + be(s) | ds = N

t
= 7(t)+ [ 2(2b%(5) + a)eg, (s)ds = (1) = 8(1),
with §(t) being the mean value for lethal lesions, as computed in Equation (11), and:
t
5(t) = — / 2(2b%(s) + a)czy ()ds
0

The negative sign in ¢ is used to emphasize that the covariance is, in fact, negative, since a
decrease in sublethal lesions correlates with an increase in lethal lesions.
The long time behaviour for c,, can be explicitly computed using Equation (18) to be:

1, cu () =t oo = b, (19)

with 7o being the long-time solution to the macroscopic average value ¥(t).

Recalling that for a large mean value, a Poisson distribution can be approximated by a
Gaussian random variable with equal mean and variance, in order to infer that the lethal
lesion distribution obeys a Poisson random variable, we must obtain lim¢_,c ¢y (t) = Joo-
By contrast, the above calculations show that the variance is given by the average value
corrected by a term given by the covariance of two types of lesions. In particular, as
there is a negative correlation between the two variables, we can infer that the lethal
lesion distribution is almost a Poisson random variable, where the variance is adjusted by
subtracting a term due to pairwise interactions.

Moments Estimates for a Stochastic Initial Condition

In general, we cannot expect the initial number of lesions to be deterministic, so
previous arguments must be slightly modified.

To explicitly compute the marginal distribution for the solution to the linear Fokker—
Planck Equation (14), we assume the initial distribution for the MME to be normally
distributed with mean (o, xo) and variance . It is worth remarking that such an as-
sumption is not restrictive, as the standard assumption for the initial condition is to be a
Poisson random variable, which, as mentioned above, under certain assumptions, can be
approximated by a Gaussian random variable.
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In particular, we assume that the initial number of lethal and sublethal lesions follows
a Gaussian random variable with mean and variance given by xp and yo:

11 1 ~
p(0,y,x) =mMeXp{—2(y—yo,x—xo)T2 1(y—yo,x—xo)}, (20)

X0 0
Y= .
< 0 yo)

Similar arguments as above imply that the initial condition for the linear FPE (14),
under Equation (20), becomes a centered Gaussian random variable:

with

PO, = - ep{ 3 (00" 00 |

Therefore, the initial fluctuations around the mean value are Gaussian-distributed with a
null average.

Therefore, all calculations above follow alike, implying that, again, the solution to the
linear Fokker-Planck Equation (14) is given by:

P(t,8) = 3o ——ep{ =5 (007 0,0) |,

where now the covariance matrix incorporates the initial stochastic condition so that its
entries satisfy the following set of differential equations:

Scon  =2(2b% +a)cg, +ax +bF2,  cuw(0) = yo,
Sczo = (2bT+a)cgz — (4bT+a +1)cgy — 2(4b%2 +2a%), ¢z, (0) =0, (21)
%ng = —2(4bf+tl+1’)€gg+ (61+T)J?+2bf2, ng(()) = Xp-

Analogously to what is shown at the end of Section 3.2, the variance of lethal lesion
obeys:

coult) = (1) — (1),

with 77(t) the average deterministic value and:

5(t) = — /OtZ(ZbX(s) +a)cgy(s)ds,

so that, again, the variance for the lethal lesion is given by the macroscopic mean corrected
by a covariance term.

Remark 3. The solution to the linear FPE (14) can be shown [29] to be the probability density
function of the time-dependent Ornstein—Uhlenbeck (OU) process, defined as:

dZ(t) = —A(DZ(B)dt + Q(H)AW(t), Z(0) = zo, (22)

with W a bidimensional standard Brownian motion, Z = (v,&), and zy a bivariate Gaussian
random variable with mean (xo, yo) and variance:

X0 0
Y= .
( 0 yo)
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p(t,y, x)

Additionally:

Alt) = (O —_2b3?(t) —a ) ,

0 4bx(t)+a+r

7 =2 (ax(t)+b2(t))? _ax(H)+bE ()
Q(t) = \/ax(t) T + (a+r)x(E)+4bx2 (1) /(a+7)x(t)+4b2(¢)
0 V(a+7r)x(t) +4bx2(t).

By simulating various trajectories of the OU process described in Equation (22), we can
effectively estimate the solution to the FPE given by Equation (14). Furthermore, it is important to
note that the boundary x = 0 acts as an absorbing boundary in the original GSM? . This implies
that once the number of sublethal lesions reaches zero, it remains at zero. Therefore, to guarantee
the positivity of the solution to the FPE defined in Equation (14), it is necessary to impose a similar
boundary condition on the OU process in Equation (22). This ensures that the number of lethal
lesions remains positive and is absorbed at zero upon reaching the boundary.

Remark 4. It has been shown in [23,30] that a different and yet related Fokker—Planck equation
can be obtained without any truncation at first order. In fact, if the above assumption on b holds
true, then the master Equation (2), following [23] (Chapter 7.5), can be expanded as:

at’” (ty,x ZZ) [C“'”p(t,y,x)],
no(i

for a suitable term C(1),
Truncating at the second order, we obtain the following Fokker—Planck equation:

g 1 9 9. i
=— ) 5 [Z )-Cllp(t,y,x)| + 2. afaf[ljc(”)P(t,y,X)} =
vy o0 |5 = 23)
d a

where the above coefficients in Equation (23) are given explicitly by:
B x(x —1)b+ xa
B(x) = (—Zx(x —1)b—x(a+ r))
Qlx) = x(x —1)b+ xa —2x(x —1)b — xa
S\ —2x(x—1)b—xa 4x(x—1)b+x(a+7)

The connection between Equations (14) and (23) can be made rigorous by introducing the new
variables:

s X =._Y
=g V=g
into Equation (23), to obtain:
d - _ 1 0 0~ _ oo
FrAC - X 3 [B (t,9,%)] R, 3.9, [QEPET D] Y

wyx

'\:I

1

Performing a small-noise expansion [23,31,32], we can expand Equation (24) around € := g,

so that, using the new variables:

¢=VK@E-x(t), v=VKF-gt),

we can see that the small noise expansion to the lowest order does coincide with the linear FP
Equation (14).



Entropy 2023, 25, 1322

12 0f 15

The two expansions have different advantages and disadvantages. In fact, on the one side,
considering the full expansion as described above, the nonlinearity of the system is preserved.
However, on the other side, given the nonlinear diffusion term, the simulation of Equation (23) is
more complicated. Further, since Equation (14) is linear, its solution can be computed analytically,
showing that the process follows a Gaussian distribution.

4. Results

The present Section reports the implementation of the results derived in Section 3.
Figure 1 shows a comparison between the distribution of sublethal lesions (top row) and
lethal lesions (bottom row) for the solution to the MME (2) (histogram) and the solution
to the FPE (14) (yellow line). Different columns refer to different times: the left column
reports time 0.5 [a.u.], the central column reports time 0.7 [a.u], and the right column
reports time 0.9 [a.u.]. The solution of the FPE has been centered around the average values
X and 7, whereas the MME (2) is solved via the stochastic simulation algorithms (SSA) [33]
(Chapter 13). A deterministic initial value of xyp = 100 and yy = 0 has been prescribed.
Further, GSM? parameters have been chosen to be r = 4, a = 0.1, bx = 0.01; these
parameters are in agreement with the parameters typically used [20]. A good agreement
can be seen between the system size approximation and the original solution to the MME,
particularly for lethal lesions. The approximation, as expected, shows a small discrepancy
in the case of sublethal lesions at higher times, since the solution is closer to 0.

A 0.20 ’—‘

Density
Density
o
)
]

O 11 1

0 5 10 15 20 25 0 5 1
Sublethal lesions Sublethal lesions

0.10 ’7 0.10 ’7

2 2 2
@ ’7 [ " @
2 2 2
& & &
a o a

005 r 005 / 0.0 /
0.00. =1 ” ’Tﬁ» = | 00 _ﬂrﬂ <‘ Hh' = 0.00 AJH <‘ Hh‘ =

20 25 0 20 25 0 10 15 20 25
Lethal lesions

Léthallesons Lol lesions
Figure 1. Sublethal lesion density evolution (top row) and lethal lesion density evolution
(bottom row) as predicted by GSM? (histogram) and the linear noise approximation (yellow line).
The left column reports time equal to 0.5 [a.u.], the central column reports time equal to 0.7 [a.u], and
the right column reports time equal to 0.9 [a.u.].

Figure 2 shows the time evolution for the moments Equations (11)-(16): in yellow is
the solution to the average number of sublethal lesions %, whereas in blue is the average
number of lethal lesions 7. In black is depicted the covariance between lethal and sublethal
lesions ¢z, in purple the variance of lethal lesions ¢z, and in red the variance of lethal
lesions cyy. Both the average and variance of lethal lesions converge to 0 for a long time. By
contrast, the average and the variance of lethal lesions converge toward a strictly positive
value, with the latter being strictly lower than the former. Additionally, the covariance is
strictly negative and converges to 0 at long times.
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Figure 2. Time evolution for the average number and variance of sublethal lesions (yellow and
purple), the average number and variance of lethal lesions (blue and red), and the covariance of lethal
and sublethal lesions (black).

Figure 3 shows a comparison of 10 path solutions of the average values (black), original
GSM? formulation (yellow), and linear noise approximation (blue) for sublethal lesions
(left panel) and lethal lesions (right panel). It can be seen how the approximation and the
original GSM? formulation produce similar patterns, with the average values being in the
middle of the stochastic solutions.

100 15
Gauss
GSM2
o 75 -Mean
S %]
® §10
o 2
S 50 2
E [
2 £
2
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GSM2
-Mean
0 0
0 1 2 3 0.0 0.5 1.0
Time [a.u.] Time [a.u.]

Figure 3. Comparison between path solutions to the GSM? (yellow), the linear noise approximation
(blue), and the average value (black) of sublethal lesions (left panel) and lethal lesions (right panel).

5. Discussion

In the present paper, we presented a linear noise approximation of a stochastic model
for radiation-induced DNA damage repair and kinetics [10]. Such approximation is carried
out by expanding around the system size so that that it holds true for a high number
of particles, which can be approximated as a continuum. The fluctuations, for the num-
ber of particles sufficiently far from the origin, are predicted to be Gaussian-distributed.
The importance of the result is twofold: (i) it allows for the fast computation and sim-
ulation of GSM? as certain, and (ii) it theoretically shows that the number of lethal le-
sions deviates from a Poisson distribution, as typically assumed in the vast majority of
radiobiological models.

The results show a good agreement between the solution to the MME (2) and the
linear noise approximation (14). This is particularly true when the number of lesions is far
from the origin. In fact, in this situation, the description of GSM? as a continuum of lesions
is not valid and discrepancies between the two representations emerge. This is, however,
mitigated by equipping the linear FPE with a suitable boundary condition, preserving the
positivity of the solution. Further, the main interest in the long-time distribution lies in the
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distribution of lethal lesions, which could allow characterizing several relevant biological
endpoints such as cell survival and cell killing. This implies that such approximation can
be effectively used in several concrete applications even if it is typically difficult to estimate
the experimental range in which the approximation proposed is valid.

The numerical solutions to the moments Equations (11)—(16) confirm the theoretical
analysis performed in Section 3. In particular, the variance of the lethal lesions is strictly
lower than the average; this, together with the Gaussianity of the distribution, implies a
divergence from the Poissonianity of the number of lethal lesions. This is one of the first
theoretically grounded results showing that a model can predict lethal lesions with non-
Poisson distribution. Additionally, the covariance is strictly negative, since an increase in the
number of lethal lesions can only be caused by a decrease in the number of sublethal lesions.

Finally, it is worth remarking that this paper furthers the investigation and compari-
son of diverse existing radiobiology models, revealing the underlying commonalities and
shared perspectives among these approaches. The present paper shows the connections
of GSM? to two other models proposed in the literature. Firstly, the main equations of the
MKM arise formally within the context of GSM?, with, however, an extremely relevant
difference in the fluctuations around the average values. This has been already noted in
previous research [10,19]. Secondly, the incorporation of a Gaussian distribution, previously
employed in radiobiology studies [24,25], emerges as a deviation from a Poisson distri-
bution. As a result, the proposed model establishes a remarkably insightful link between
two seemingly different radiobiological models: the MKM and the Gaussian formulation
of a multi-hit model. Recognizing the significance of this subject, future research will be
dedicated to further exploring the interconnections among diverse radiobiological models.

6. Conclusions

The present research continues the investigation of how the stochastic nature of energy
deposition affects DNA damage evolution and how this is, in turn, related to the overall
probability distribution of the number of lethal and sublethal lesions. In [10], a master
equation for the probability distribution of DNA damage has been derived. However,
due to the non-linear terms, besides some cases such as the computation of the survival
probability [18], its analytical solution is unfeasible. In the present work, we have shown
how a proper expansion can be applied to the MME derived in [10]. Such expansion
highlights, on one side, how the GSM? is connected to the MKM and, on the other side,
how non-Poissonian effects naturally emerge with no need for ad hoc corrections.

Funding: This work was partially supported by INFN CSN5 projects MICROBE-IT and FRIDA.

Data Availability Statement: No new data have been created.

Acknowledgments: I would like to thank M. Missiaggia for several fruitful discussions that helped
significantly improve the results presented in this research.

Conflicts of Interest: The authors declare no conflict of interest

1. Thariat, J.; Hannoun-Levi, ].M.; Sun Myint, A.; Vuong, T.; Gérard, ].P. Past, present, and future of radiotherapy for the benefit of
patients. Nat. Rev. Clin. Oncol. 2013, 10, 52-60. [CrossRef] [PubMed]
2. Durante, M.; Paganetti, H. Nuclear physics in particle therapy: A review. Rep. Prog. Phys. 2016, 79, 096702. [CrossRef]

@

Durante, M.; Loeffler, ].S. Charged particles in radiation oncology. Nat. Rev. Clin. Oncol. 2010, 7, 37-43. [CrossRef] [PubMed]

4. Bellinzona, V.; Cordoni, F.; Missiaggia, M.; Tommasino, F; Scifoni, E.; La Tessa, C.; Attili, A. Linking Microdosimetric Measure-
ments to Biological Effectiveness in Ion Beam Therapy: A review of theoretical aspects of MKM and other models. Front. Phys.

2021, 8, 578492. [CrossRef]

5. Hawkins, R.B. A statistical theory of cell killing by radiation of varying linear energy transfer. Radiat. Res. 1994, 140, 366-374.

[CrossRef]

6. Hawgkins, R.B.; Inaniwa, T. A microdosimetric-kinetic model for cell killing by protracted continuous irradiation including
dependence on LET I: Repair in cultured mammalian cells. Radiat. Res. 2013, 180, 584-594. [CrossRef]


http://doi.org/10.1038/nrclinonc.2012.203
http://www.ncbi.nlm.nih.gov/pubmed/23183635
http://dx.doi.org/10.1088/0034-4885/79/9/096702
http://dx.doi.org/10.1038/nrclinonc.2009.183
http://www.ncbi.nlm.nih.gov/pubmed/19949433
http://dx.doi.org/10.3389/fphy.2020.578492
http://dx.doi.org/10.2307/3579114
http://dx.doi.org/10.1667/RR13257.1

Entropy 2023, 25, 1322 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.
31.

32.

33.

Kellerer, A.M.; Rossi, H.H. The theory of dual radiation action. In Current Topics in Radiation Research Quarterly; North-Holland
Publishing Company: Amsterdam, The Netherlands, 1974; pp. 85-158. Available online: https://www.osti.gov /biblio /4611340
(accessed on 13 June 2023).

Herr, L.; Friedrich, T.; Durante, M.; Scholz, M. A comparison of kinetic photon cell survival models. Radiat. Res. 2015, 184, 494-508.
[CrossRef]

Pfuhl, T.; Friedrich, T.; Scholz, M. Prediction of cell survival after exposure to mixed radiation fields with the local effect model.
Radiat. Res. 2020, 193, 130-142. [CrossRef]

Cordoni, F,; Missiaggia, M.; Attili, A.; Welford, S.; Scifoni, E.; La Tessa, C. Generalized stochastic microdosimetric model: The
main formulation. Phys. Rev. E 2021, 103, 012412. [CrossRef]

Hawkins, R.B. A microdosimetric-kinetic model for the effect of non-Poisson distribution of lethal lesions on the variation of RBE
with LET. Radiat. Res. 2003, 160, 61-69. [CrossRef]

Scholz, M.; Kellerer, A.; Kraft-Weyrather, W.; Kraft, G. Computation of cell survival in heavy ion beams for therapy. Radiat.
Environ. Biophys. 1997, 36, 59-66. [CrossRef]

Friedrich, T.; Scholz, U.; Elsésser, T.; Durante, M.; Scholz, M. Calculation of the biological effects of ion beams based on the
microscopic spatial damage distribution pattern. Int. J. Radiat. Biol. 2012, 88, 103-107. [CrossRef]

Hawkins, R.B. A microdosimetric-kinetic model of cell killing by irradiation from permanently incorporated radionuclides.
Radiat. Res. 2018, 189, 104-116. [CrossRef]

Inaniwa, T.; Suzuki, M.; Furukawa, T.; Kase, Y.; Kanematsu, N.; Shirai, T.; Hawkins, R.B. Effects of dose-delivery time structure
on biological effectiveness for therapeutic carbon-ion beams evaluated with microdosimetric kinetic model. Radiat. Res. 2013,
180, 44-59. [CrossRef]

Sato, T.; Furusawa, Y. Cell survival fraction estimation based on the probability densities of domain and cell nucleus specific
energies using improved microdosimetric kinetic models. Radiat. Res. 2012, 178, 341-356. [CrossRef]

Kase, Y.; Kanai, T.; Matsumoto, Y.; Furusawa, Y.; Okamoto, H.; Asaba, T.; Sakama, M.; Shinoda, H. Microdosimetric measurements
and estimation of human cell survival for heavy-ion beams. Radiat. Res. 2006, 166, 629—-638. [CrossRef]

Cordoni, F.G.; Missiaggia, M.; Scifoni, E.; La Tessa, C. Cell Survival Computation via the Generalized Stochastic Microdosimetric
Model (GSM2); Part I: The Theoretical Framework. Radiat. Res. 2022, 197, 218-232. [CrossRef]

Cordoni, EG.; Missiaggia, M.; La Tessa, C.; Scifoni, E. Multiple levels of stochasticity accounted for in different radiation
biophysical models: From physics to biology. Int. |. Radiat. Biol. 2022, 99, 807-822. [CrossRef] [PubMed]

Missiaggia, M.; Cordoni, F.G.; Scifoni, E.; La Tessa, C. Cell Survival Computation via the Generalized Stochastic Microdosimetric
Model (GSM2)-Part II: Numerical results. Radiat. Res. 2022, submitted.

Cordoni, EG. A spatial measure-valued model for radiation-induced DNA damage kinetics and repair under protracted
irradiation condition. arXiv 2023, arXiv:2303.14784.

Van Kampen, N.G. Stochastic Processes in Physics and Chemistry; Elsevier: Amsterdam, The Netherlands, 1992; Volume 1.
Gardiner, C.W. Handbook of Stochastic Methods; Springer: Berlin/Heidelberg, Germany, 1985; Volume 3.

Zhao, L.; Mi, D.; Sun, Y. A novel multitarget model of radiation-induced cell killing based on the Gaussian distribution. J. Theor.
Biol. 2017, 420, 135-143. [CrossRef] [PubMed]

Rossi, H.H.; Zaider, M. Saturation in dual radiation action. In Quantitative Mathematical Models in Radiation Biology; Springer:
Berlin/Heidelberg, Germany, 1988; pp. 111-118.

Rossi, H.H.; Zaider, M. Microdosimetry and its Applications; Springer: Berlin/Heidelberg, Germany, 1996.

Vassiliev, O.N. Formulation of the multi-hit model with a non-Poisson distribution of hits. Int. |. Radiat. Oncol. Biol. Phys. 2012,
83, 1311-1316. [CrossRef]

Manganaro, L.; Russo, G.; Cirio, R.; Dalmasso, F.; Giordanengo, S.; Monaco, V.; Muraro, S.; Sacchi, R.; Vignati, A.; Attili, A. A
Monte Carlo approach to the microdosimetric kinetic model to account for dose rate time structure effects in ion beam therapy
with application in treatment planning simulations. Med. Phys. 2017, 44, 1577-1589. [CrossRef] [PubMed]

Karatzas, I.; Shreve, S.E. Brownian motion. In Brownian Motion and Stochastic Calculus; Springer: Berlin/Heidelberg, Germany,
1998; pp. 47-127.

Gillespie, D.T. The chemical Langevin equation. J. Chem. Phys. 2000, 113, 297-306. [CrossRef]

Albeverio, S.; Cordoni, F,; Di Persio, L.; Pellegrini, G. Asymptotic expansion for some local volatility models arising in finance.
Decis. Econ. Financ. 2019, 42, 527-573. [CrossRef]

Cordoni, F,; Di Persio, L. Small noise expansion for the Lévy perturbed Vasicek model. Int. J. Pure Appl. Math. 2015, 98, 291-301.
[CrossRef]

Weinan, E.; Li, T.; Vanden-Eijnden, E. Applied Stochastic Analysis; American Mathematical Society: Providence, RI, USA, 2019;
Volume 199.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.osti.gov/biblio/4611340
http://dx.doi.org/10.1667/RR13862.1
http://dx.doi.org/10.1667/RR15456.1
http://dx.doi.org/10.1103/PhysRevE.103.012412
http://dx.doi.org/10.1667/RR3010
http://dx.doi.org/10.1007/s004110050055
http://dx.doi.org/10.3109/09553002.2011.611213
http://dx.doi.org/10.1667/RR14681.1
http://dx.doi.org/10.1667/RR3178.1
http://dx.doi.org/10.1667/RR2842.1
http://dx.doi.org/10.1667/RR0536.1
http://dx.doi.org/10.1667/RADE-21-00098.1
http://dx.doi.org/10.1080/09553002.2023.2146230
http://www.ncbi.nlm.nih.gov/pubmed/36448923
http://dx.doi.org/10.1016/j.jtbi.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28284991
http://dx.doi.org/10.1016/j.ijrobp.2011.09.044
http://dx.doi.org/10.1002/mp.12133
http://www.ncbi.nlm.nih.gov/pubmed/28130821
http://dx.doi.org/10.1063/1.481811
http://dx.doi.org/10.1007/s10203-019-00247-w
http://dx.doi.org/10.12732/ijpam.v98i2.10

	Introduction
	Material and Methods
	The Generalized Stochastic Microdosimetric Model and the Microdosimetric Kinetic Model

	Theory and Calculations
	Macroscopic Description for the GSM2
	The Linear Noise Approximation and Moments Estimates

	Results
	Discussion
	Conclusions
	References

