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Abstract

The classic Luria-Delbriick model for fluctuation analysis is extended to the case
where the split instant distributions of cells are not i.i.d.: the lifetime of each cell
is assumed to depend on its birth date. This model takes also into account cell
deaths and non exponentially distributed lifetimes. In particular, it is possible to
consider subprobability distributions and to model non exponential growth. The
extended model leads to a family of probability distributions which depend on the
expected number of mutations, the death probability of mutant cells, and the split
instant distributions of normal and mutant cells. This is deduced from the Bellman-
Harris integral equation, written for the birth date inhomogeneous case. A new
theorem of convergence for the final mutant counts is proved, using an analytic
method. Particular examples like the Haldane model, or the case where hazard
functions of the split instant distributions are proportional are studied. The Luria-
Delbriick distribution with cell deaths is recovered. A computation algorithm for
the probabilities is provided.

Keywords branching process — probability generating function — fluctuation analysis —
Luria-Delbriick distribution — cell kinetics — non exponential growth
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1 Introduction

Mutation models are probabilistic descriptions of the growth of a population of cells, in
which scarse mutations randomly occur. The first objective of these models is to study
the distribution of the number of mutant cells at the end of the growth process. The
classic mutation models can be interpreted as the result of the three following ingredients
[11]:



1. a random number of mutations occurring with small probability among a large
number of cell divisions. Due to the law of small numbers, the number of mutations
approximately follows a Poisson distribution. The expectation of that distribution
is the product of the mutation probability by the total number of divisions;

2. from each mutation, a clone of mutant cells growing during a random time. Due to
exponential growth, most mutations occur close to the end of the process, and the
developing time of a random clone has exponential distribution. The rate of that
distribution is the relative fitness, i.e. the ratio of the growth rate of normal cells
to that of mutants;

3. the number of mutant cells that any clone developing for a given time will produce.
The distribution of this number depends on the modeling assumptions, in particular
the lifetimes of mutants.

One of the most used mutation models is the well known Luria-Delbriick model [21].
Mathematical descriptions were introduced by Lea and Coulson [19], followed by Armitage
[3] and Bartlett [5]. In that model, division times of mutant cells were supposed to be
exponentially distributed. Thus a clone develops according to a Yule process (see Yule [34,
p. 35]; Athreya and Ney [4, p. 109]), and its size at any given time follows a geometric
distribution. The distribution of final mutant counts is also explicit when lifetimes of
mutant cells are supposed to be constant. This latter model is called Haldane model
by Sarkar [25]; an explicit form of the asymptotic distribution is given by Ycart [31].
General lifetimes have also been studied by Ycart [31], but no explicit distribution is
available appart from the exponential and constant lifetimes. Other extensions of the
Luria-Delbriick model take into account the case where cells have a certain probability to
die rather than divide (Angerer [2, Sec. 3.1]; Dewanji et al. [9], Komarova et al. [16], and
Ycart [32]), where final number of cells are random [2, 16, 33], or where the cell divisions
are asymmetric [22].

In the mutation models cited above, the lifetimes of the cells are supposed to be i.i.d.,
which is quite unrealistic. Indeed, during an experiment, a colony of cell grows in an
environment which contains a finite amount of resources. Consider two instants s; and so
such that s; < so, then a cell born at time s; will complete its lifetime faster than a
cell born at time s,. The Verhulst model [29] is one of the most known deterministic
growth model which takes into account this limitation. Logistic-type stochastic models
are described by Allen [1, Sec. 9.4.2], and mathematically studied by several authors
among which Tan [27], Tan and Piantadosi [28], and Lambert [18]. The independence of
lifetimes for single type branching processes was questioned quite early [14]. Experiments
have evidenced correlation between a cell and its descendants, and between two sisters
conditioning on their mother [30]. The effects of these correlations and many models have
been discussed since then: see Louhichi and Ycart [20] and references cited therein.

When the lifetimes are i.i.d., using the theory of branching processes [6, 4], the distri-
bution of the total number of mutant cells converges as the initial number of cells tends



to infinity to a heavy-tailed distribution. This convergence has also been proved using
an analytic way by Bartlett [5, Sec. 4.31], but for a restrictive case where the fitness is
set to 1. (equal growth rates for normal and mutant cells). Stewart et al. [26] proposed
an approach to take into account the decreasing rate of division as the cells run out of
resources. Houchmandzadeh [13] described a discrete formulation without assumption
on the growth model for the mutant clones. However, no result for the non i.i.d. life-
times case has been stated until now. In particular, there is no convergence result for the
distribution of final mutant counts.

The main objective of this paper is to extend classic mutation models to the case where
the split instant of a cell depends on its birth date. Cells deaths and non exponential
lifetimes are also taken into account with this approach. General modeling assumptions
are described in Section 2. The main tool used in this paper is an extension of the Bellman-
Harris integral equation [6], which is discussed in Section 3. General solutions are also
provided. They are used in the asymptotic context (large observation time and small
mutation probability) of mutation models in Section 4. Some examples among which
Haldane model and a more general case (non-exponential growth) are provided. The
convergence results are finally applied in Section 5 to the case where the hazard functions
associated to the split instant distribution of normal and mutant cells are proportional.
In particular, the Luria-Delbriick distribution with cell deaths, denoted here by LDD
distribution [32], is recovered. A computation algorithm is proposed in Section 6.

2 Hypotheses and models

In this section, the probabilistic model is defined as a tree-indexed process (see Pemantle
[24] and Benjamini and Peres [7] for general references). Denote by T the infinite complete
binary tree and 0 its root. The vertices of T are interpreted as cells, and each vertex has
exactly 2 descendants. If z is a vertex of T, the number of edges between the root 0 and x
is denoted by |z|. The subtree of T composed by a vertex x and all its descent will be
denoted by T,. If x and y are two vertices of T, x < y is the order relation that holds if
is in the path from 0 to y; x < y holds if x is strictly in the path from 0 to x; z Ay is the
most recent common ancestor of x and y. The mother of the cell x is denoted by : it is
the cell such that T < x and |Z| = |z| — 1. Each cell produces two cells upon completion
of its lifetime. Then a cell zy which is not the root 0 has a sister cell x;. A vertex xy and
its sister xq satisfy 7o = 71 = 29 A 2.

The evolution of a clone stemming from a single cell at instant 0 will be modeled
by a stochastic process (C;),.r indexed by the binary tree T. For any z € T, C, is a
couple (B, T,) where B, describes the nature (dead, normal or mutant) of the cell :

e B, =0 if the cell x is dead;

e B, =1 if the cell x is normal;



e B, =2 if the cell x is mutant;

and T, the instant at which the cell x completes its lifetime. The instant T, will be
called final instant of x. Denote by R, = R, U {+oo} the extended real line, and
by B(R.) its Borel o-field. From the above settings, the stochastic process (C,), .y
is defined on the measurable space (Q2,.4), where Q = {0,1,2} x R, and its o—algebra
A="P{0,1,2}) x B(R,). The fact that T}, can be infinite will be discussed below. There
remains to define a probability distribution on that space. Recall that the birth date of
the root is set to 0. Assume that its nature By is known. Note that a dead cell has no
descent. In other words, if B, = 0 then B, = 0 for any y € T,. Let 7, ~, 6 be real numbers
in (0;1), respectively interpreted as probability of mutation, of dying for a normal cell,
of dying for a mutant cell.

Consider a cell zy # 0 and its sister ;. Their nature B,, and B,, depend only on the
nature Bz of the mother cell:

o if Bz =0, then B,, = 0 and B,, = 0 with probability 1;
o if Bz =1, then:

2 = 1 and B,, = 2 with probability 7/2;
2 = 2 and B,, = 1 with probability 7/2;

B
B
B,, =0 and B,, = 0 with probability ;
B

v = By, = 1 with probability 1 — 7 — ~;
o if By = 2, then:

— B, =0 and B,, = 0 with probability J;
— B,, = B;, =2 with probability 1 — .

In other words, upon completion of its lifetime, any normal cell produces one normal and
one mutant cell with probability 7 (this event is called a mutation), dies with probability -y
or produces two normal cells with probability 1 — 7 —~. Upon completion of its lifetime,
any mutant cell dies with probability ¢ or produces two mutant cells with probability 1—9.
Moreover, the events of death or mutation do not depend on the final instant of the cell.

For any cell = (such that B, # 0), its final instant T}, depends on its nature B, and its
birth date, i.e. on the split instant of its mother T%: if B, = 1 and T3 = s, the cumulative
distribution function (cdf) of T, is denoted by F,(s,-); if B, = 2 and Ty = s, the cdf
of T, is denoted by F,(s,-). These cdfs satisty F,(s,t) = 0 and F,(s,t) = 0 for ¢t < s.
Moreover, the total number of cells is in practice bounded by the carrying capacity.
It corresponds to the maximum sustainable population: the closer to this bound the
number of cells, the slower the growth of the population. In other words, some cells do
not produce descendants before the end of the growth process. Thus, for any cell x, the
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distribution of T}, may have a positive mass at infinity. This hypothesis requires the notion
of subprobability measure on a measurable space (2, A), i.e. a measure 7 on (€2, A) such
that 7(Q2) < 1. For more details about subprobability measures, see for example Nguyen
[23, p. 170]. Consider a subprobability measure 77 on (R, , B(R,)). Then the limit of
its cdf F'(t) as t tends to infinity is smaller than 1. Let us define for any a,b € R, the

following measure 7:

n(a;b)) =7(a;b));  »([0;0]) =7([0;0]);

and

n(Ja; +o0]) = n(la; + oof).
Since the set {]a;b[;[0;b[;]a; + 0o]|a,b € R, } is atopological basis of R, , the Carathéodory
extension’s theorem can be applied to extend the measure 7 on B(R,). From the mea-

sure 1), the following probability measure 7 can be defined for any A € B(R.):

n(A) = i(A) + (1= 1R)) Laco,)-sm.)

with the associated cdf:

F(t) = F()efo: 20y + Lo - (2.1)
Remark that if 7 is a probability measure on R, , then 7 is also a probability measure
on R,.

The stochastic process (Cy)zer = (Ba, Tr)zer models the evolution of a clone stemming
from a single cell at instant 0. Actually, the evolution of a clone stemming from a single
cell y can be deduced from the above process. It consists of a stochastic process (Cy)zer,
indexed by the binary tree T, with the same modeling assumptions as above, conditionally
to C,.

There remains to define the dependences between the cells. Consider a cell zg # 0 and
its sister x;. The final instants 7,,, and T}, are assumed to be independent conditionally
to Cz;. By extension, the clones (Cy)yer,, and (Cy)yer,, are independent conditionally
to Cz. Consider now two cells x # 0 and y # 0 and their common ancestor x A y.
Assume that their common ancestor is neither x nor y. Then only one of the daughter
cells of x A y is in the path from 0 to x, and its sister is in the path from 0 to y.
Thus, according to the previous dependence assumption, the final instants 7, and T,
are independent conditionally to C,,,. Therefore, the clones (Cy)wer, and (Cy)wer, are
independent conditionally to Cyn,.

Thereafter, the root 0 is assumed to be a normal cell, i.e. By = 1. The model can be
summarized as follows:

e at time 0, a single normal cell is present;

e the final instant of any cell depends on its nature and its birth date;

5



e the final instant of a n(fmal cell born at time s is a random variable with
cdf F,(s,-) defined on Ry;

e upon completion of the lifetime of a normal cell:

— with probability 7 one normal and one mutant cells are produced;
— with probability v the cell dies out;

— with probability 1 —+ — 7 two normal cells are produced;

e the final instant of a mutant cell born at time s is a random variable with
cdf F,(s,-) defined on R;

e upon completion of the lifetime of a mutant cell:

— with probability ¢ the cell dies out;

— with probability 1 — ¢ two mutant cells are produced;
e for any cell, the events of death or mutation do not depend on its final instant;

e two cells, whatever their nature, are independent conditionally on their common
ancestor;

e two clones are independent conditionally on the common ancestor of the two cells
which started those clones.

All the results will be given in terms of the bivariate probability generating functions
(pgf) of the numbers of normal and mutant cells, and the pgf of the number of mutant
cells. The next section is dedicated to the calculation of these functions.

3 Integral equations for probability generating func-
tions

Denote by N (s, t) the couple of numbers of normal and mutant cells at time ¢ in the clone
stemming from a single normal cell born at time s. Its bivariate pgf is defined by

oy, z,8,1) Z y" 2" PN (s, t) = (n,m)] . (3.1)

n,m=0

Note that ¢(1, z, s, t) is the pgf of the number of mutant cells in the clone stemming from
a normal cell born at time s. Denote by M(s,t) the number at time ¢ of mutant cells in
the clone stemming from a single mutant cell born at time s. Its pgf is defined by

(z,8,1) szIP’ m] . (3.2)

m=0



One way to study these pgfs is to apply the well known Bellman-Harris integral equation
[6]. However, this equation has been justified only for the case where the lifetimes are
i.i.d.. This section extends it to the case where the final instant of a cell depends on
its birth date. These equations have already been stated for the case of i.i.d. lifetimes
(see for example Kimmel and Axelrod [15, Chap. 5]). The case of multitype branching
processes with non i.i.d. lifetimes is studied here using similar arguments. It leads to
equation (BHM). Applying (BHM) to (3.1) gives equation (3.3). Description of this kind
of processes with i.i.d. lifetimes can be found in Athreya and Ney [4, chap. 5] or Kimmel
and Axelrod [15, chap. 6]. Consider a multitype branching process with a number [ + 1
of cell types (incuding the “dead” type, indexed by 0). The model is the following:

e the final instant of a cell of type ¢ > 0 born at time s is a random variable with
cdf Fj(s,-) defined on R, such that Fj(s,t) =0if t < s;

e upon completion of a cell of type ¢ > 0:

— for any j € {1;...;1}, a random number K ; of cell of type j is produced,;
— with probability v;, the cell dies out;

e two cells, whatever their nature, are independent conditionally to their common
ancestor;

e two clones are independent conditionally on the common ancestor of the two cells
which started those clones.

For any 1 < i < [, denote by x; the pgf of (Ki,j)jzl _, defined by
!
k.
Xi(Z) = v+ Z [P (Kix=ki,..., Ky = k] HZjJ] ;
k1 peenry >0 j=1

-----

in the clone stemming from a cell of type i born at time s. Denote by ¢;(Z, s, t) the pgf
of (Xi;(s,t))._, , defined by

=1,

QOZ'(Z,S,t) = Z []P [Xi,l(S,t) = kl,...,XiJ(S,t) :kl]HZfJ] .

k1,....k =0

Assume the initial cell completes its lifetime at a given time u > s. For times t < u,
the mother cell is still alone in the corresponding clone. For times ¢ > u, the number
of cells of type j is equal to the sum of cells of type j in the clones stemming from the
cells produced by this first division. Then, the number X ;(s,t|u) of cell of type j in



the considered clone, knowing that the initial cell (of type i) completes its lifetime at a
time w, is given by

K’Lk

l
X (s, tlu) = Z X (u,t) | Tiso + L Liej,
k=1 h=1

where Xi(’l;)(u, t) are i.i.d. copies of the variable X; ;(u,t). Denote by ¢;(Z,s,t|u) the pgf
of (Xij;(s,tlu)),_, ., defined by

77777

pi(Z, s tu) = Y [P[Xi,l(s,t\u):kl,...,xi,l@,tyu):kl]sz’?f‘

ki,...ki =20 Jj=1

Since the growths of the clones are mutually independent, the following equation is ob-
tained:

901'(278’““) = Xi [901(Z7Uat)7 cee 7901(Zau7t)] ]lt>u + Zi]lt<u .

Integrating with respect to the distribution Fj(s,-) removes the conditioning on the final
instant of the cell. Then the following integral equation is obtained:

0i(Z,s,t) = /t Xile1(Z,ut), ..., o(Z,u,t)] dF(s,u) + z;(1 — Fi(s, t)). (BHM)

Similarly as for the homogeneous case [6], an intuitive interpretation of (BHM) can be
given. For a given time t > s, there are two possibilities: either the division of the cell
has taken place after ¢ with probability 1 — Fj(s,t). Then there is still one cell of type i,
and ¢;(Z, s,t) = z (second term in (BHM)); or the division of the cell has taken place
in [u;u+ du] (where s < u < t) with probability dF;(s,u). In that case, each cell of
type j will start a clone, accounted for ¢,(Z, u,t). Since the number of cells of each type
is given by pgf x;, this accounts for the integral term of (BHM).

Consider now the model described in the previous section. In that case, [ = 2. Assume
that the type 1 correspond to the normal type. Then, for any (y, z) € [0;1]*

x1(y,2) =7y +myz+ (1 —7—7)2%,

and
Xa(y,2) = 6 + (1 - 9)z*
Hence, applying (BHM) to pgf (3.1) and (3.2) leads to the following integral equations:

t
o(y, 2,5, 1) =/ v+ 7oy, 2 u, ) (z,u,t) + (1 — 7 —7)e(y, 2, u, t)* dF, (s, u)

+y(l — F,(s,1)), (3.3)



and
W(z,s,t) = / §+ (1= 0)(z,u,t)* dF,(s,u) + 2(1 — F,(s,1)). (3.4)

Until now, there were no specific assumptions on F, and F},, except their definition
domain and the fact that F,(s,t) = F,(s,t) = 0 if t < s. Thereafter, in order to
solve (3.3), some hypotheses on F, are precised. For any s > 0, let F(s,-) be a cdf
on R, such that F(s,t) = 0 if ¢ < s. The cdf F will satisfy (H) if there exists a cdf of
subprobability on R, denoted by F (s,), such that the following holds:

(H1) the cdf F is differentiable with respect to s and ¢, and decreasing in s;
(Hy) lim F(s,t) <1forall s e R, and F(s,t) = 0if t < s;

t——+o0
(Hs) for any s > 0, F(s,-) is deduced from F(s,-) as (2.1);
(H4) the function h defined for all (s,t) € R by

h(s,t) = —log (1 — F(s,t)) ,

satisfies for any t > s:
h(s,t) = h(0,t) — h(0,s).

Remark that A is by definition positive, differentiable with respect to s and ¢, increasing
. . . 2 .
in ¢, decreasing in s and for any (s,t) € R%:
< i .
h(s,t) Jim h(0,t)
For the moment, no assumptions on F), are required. However, some of the particular cases
introduced here will assume that F), satisfies (%) too. In that case, its related function
defined in (#4) will be denoted by h,. From now on, assume that F), satisfies (#),

and denote by h, its related function defined in (#4). Thus there exists a positive,
continuous, R, -valued function A, such that:

hy(s,t) = /: (1) du.

The function h, can be interpreted as the cumulative rate on an interval [s;t] associated
to F,. The function A\, can be interpreted as the instantaneous rate associated to F),
on R,. The cdf F,(s,-) is then defined on R, for any s € R, by:

t
F,(s,t) = (1 - xXp (_/S A (u) du)) Tee ift < +oo,

1 ift=-+o00.



Since hy,(s,t) = h,(0,t) — h,(0, s), replacing F,, by its expression in (3.3) leads to:

t
0y, 2, 5,t)e " 0) =/ [y + oy, 2, u, )Y (2, u, t)

+(1 - T = 7)90(:% zZ,U, t)Q} /\V(u)e_hu(07U) du
+ ye w00

Taking the derivative with respect to s and dividing by e (%% leads to the following
Riccati equation:

8890<y7 Z, 8, t) = _)‘V(S) [”Y - (1 - 7T’¢(Z, S, t))sp(ya Z, 8, t)
+(1 - = V)SO(yv Z5 8, t)ﬂ ) (Rl)

with the condition p(y, z,t,t) = y. Riccati equations may have explicit solutions depend-
ing on the coefficients (see for example Kucera [17] and Harko et al. [12]). One of the
cases where (R1) can be solved is when v = 0. This case makes sense in the context of
mutation models: the objective is to obtain an explicit pgf for the mutant counts only.
The number of divisions occurring in dying clones remains bounded and can be neglected.
Thus, it can be considered that observed mutants only come from divisions in surviving
clones.
In order to simplify expressions, define the following function:

](z,s,t):/ A (W)(z,u,t) du. (3.5)

If v =0, (R1) reduces to a Bernoulli equation of order 2. Then the change of variable ¢ =
1/¢ leads to the solution ¢(y, z, s, t).

Proposition 3.1. Assume v = 0. The general solution of the Riccati equation (R1) is
given by
1 ! -
oy, 2, 5,1) = e Fs—hu(st) {g —(1— 7T)/ Ay (u)e™ st —h () du} . (3.6)

Another case where (R1) has an explicit solution is when v = ¢ and F), satisfies (H)
such that h,(s, ) = h,(s,t) for any (s, t) in R%. In that case, 1 is a particular solution, and
the general solution of (R1) is explicit [12]. However, it corresponds to the case where
mutant and normal cells have the same death probability and the same final instant
distribution. Mutant and normal cells are then indistinguishable, which seems to be of
less practical relevance. An explicit solution can also be obtained if 1 — 7 — v = 0.
However, v has to be less than 0.5 (supercritical process), and 7 is typically in practice
of order 10~ — 107°. Thus this case will not be studied here.

As a direct consequence of Proposition 3.1, setting y = 1 and s = 0 in (3.6) leads to
the following result.
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Corollary 3.1. Assume vy = 0. The mutant counts at time t starting with a single normal
cell at time 0 follows the distribution with pgf:

-1

t
¢(Z,t) _ e7rI(z,0,t)—hl,(0,t) {1 o (1 . 71')/ )\V(u)ewl(z,u,t)—h,,(u,t) du} ) (37)
0

From now on, v will be set at 0. Observe that no assumptions on the cdf F), are
required. In particular, F, does not necessarily satisfy (7). As long as the pgf ¢ is known,
the distribution of the mutant counts at a given time is explicit. As an example, consider
the Haldane model: the final instants of the normal cell are exponentially distributed with
rate A and the lifetimes of the mutant cells are equal to a constant a. In this case, \, = A
and h,, is given by

hy(s,t) = A\t —s),

and the cdf F),(s,-) is defined for any ¢ > s by

1 if t>s+a,
F“(S’t>:{0 else .

Then F), does not satisfy (#): property () is not satisfied. However, the pgf v is easily
identifiable. Assume that the lifetime of any mutant cells is equal to a. Considering a cell
born at time s, let b;(z) be the pgf of the size of its clone in the interval [s+ia; s+ (i+1)a).
Then by(z) = z, and for all positive integer 1,

bi(2) = 6+ (1—6) (bi1(2))” . (3.8)

Therefore the pgf of the size at time ¢ of a clone starting at time s is:

Z S, t Zb ]lte [s+ia;s+(i+1)a) -

120

Functions I(z,s,t) and ¢(z,t) can be explicited. This example will be continued in the
next section where the asymptotic model is considered.

Assume now that F), satisfies (H). There exists a function ), with the same properties
as Ay, such that F),(s,-) is given by

t
F,(s,t) = (1 - exXp (_/S Au(u) du)) Ly ift < +o0,
1 if t = 4o00.
By the same reasoning as for ¢, the following Riccati equation for v is obtained from (3.4):

Dst)(z,5,t) = =\, (u) [(5 —(z,8,t)+ (1 —0)Y(z, s,t)g] , (R2)

with the condition v(z,t,t) = z. The general solution of (R2) can be explicited without
specific hypotheses:
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Proposition 3.2. The general solution of the Riccati equation (R2) is given by

§(1—2) +eMubD((1—6)z —9)
(1—=08)(1—2)+eMGO(1—-68)z—6)’

W(z,s,t) = (3.9)

where:
h;(s,t) = (1—-2)h,(s,t).

The proof of Proposition 3.2 simply consists in observing that 1 is a particular solution
of (R2). Then the general solution (R2) is explicit [12] and given by (3.9).

Observe that if A\, = X with A\ a positive constant, then h,(s,t) = A(t — s) and
Proposition 3.2 reduces to the example of Athreya and Ney [4, p. 109]. Moreover, if A, = A
and 0 = 0, (R2) reduces to a Bernoulli equation. Its solution is the pgf of the geometric
distribution with parameter e **=*) ie. the pgf of a Yule process with parameter \.
(see Yule [34, p. 35] or Athreya and Ney [4, p. 109]). As a direct consequence of
Proposition 3.2, the distribution of the number of mutant cells in a mutant clone started
at time s can be explicited.

Proposition 3.3. Denote by (pi(s,t)),ey the probabilities of the size at time t of a clone
starting from a single mutant cell born at time s. Then:

§(1 — e hulst)

1— 68— dehulsd)’

po(s,t) =

and for k > 1,
pr(s,t) = (1 —po(s,t))P(s,t)(1 — P(s, 1)),

where:

1 — 26)e (st
P(s,t) = L2207
1— 0 — e ilsd)
and:

B (s, 8) = (1= 26) (s, 1)

In other words, a random variable with pgf ¥ (z, s,t) is the following random mixture:
either 0 with probability py(s,t), or a geometric random variable with parameter P(s,t).

Proposition 3.3. Writing 1 as the following rational function:

6 (1 —e M) — 2 (6 —e Ml (1 —§

Q/J(Z, S’t) — ( Hh* ) Z( s ( = ))
(1—0—demalsD) — 2(1—§) (1 — e hils)

_ ng(s,t) + zny(s,t)
- do(S,t) + Zdl(S,t> ’

where
no(s,t) =0 (1— e_h;(s’t)) , nai(s,t)=—(6— e husb (1 — 9)) ,

12



and
do(s,t) =1— 6 — e MulD - di(s,8) = —(1 = 6) (1 — e uloD)

Then the probabilities p(s,t) can be recursively identified:

no(s,t) 0 (1 — e_hz(s’t))
do(s,t)  1—0—de il

po(s,t) =

and
(s, t)  di(s,t)
p1<87 )_ d0(87t) dO(S, )po(s)t)
(1 — 28)%ehulst)
dO(Sat)2

= (1= po(s, 1))

(1 —28)e hulsD
do(S, t) .

Denote by P(s,t) the second term of the above product:

(1 —28)e (=D
do(S, t)

P(s,t) =

Then for £ > 2:

A

N <_Z;Ei:2) _ (1 —po(s))P(s,t)

= (1 —po(s,t))P(s,t)(1 — P(s,t))1.

pr(s,t) =

[l [l

Observe that if A\, = A with A a positive constant, Proposition 3.3 reduces to formula
(3.1) of [32]. Moreover, the expectation of the size at a finite time ¢ of a mutant clone
started at time s is €”:(%) Assume there exists p > 0 such that for any s > 0:

A(s) = p(1 = 26)A,(s).

The constant p can be interpreted as the instantaneous ratio of hazard functions. The
assumption of proportional hazard functions is not new: in survival analysis, it is known as
the Cox proportional-hazard regression model [8], which is widely used. This assumption
generalizes the notion of fitness defined in homogeneous mutation models as the ratio of

13



the growth rate of normal cells to hat of mutants. Thereafter, the parameter p will be
mentionned as the fitness. In that case, (3.5) can be explicited:

_ _ 98)el-Ohu(st)
Hes8) = p1-29), [ (1—26)e ]

1-0 (1—=0) ((1—2)eMD 4+ 2) —§

(s, 1) + 2L 20) (1=29) ] . (3.10)

1
1-5 ® [(1 —5) (1= 2)e 1 2) =5

In particular, let f be a continuous, non negative, and increasing function on R, . Let u

be defined for (s,t) in R? by
_ ft)
hu(s,t) = log (f(s)) :

Then A, is given by
f'(s)

)\H(S) f(S) )
and the expectation of the size at a finite time ¢ of a mutant clone started at time s
is (f(t)/f(s))"2. In other words, it is possible to fit the average trajectory of the
development of the clones to any appropriate function of time. Moreover, if § = 0,
plugging (3.10) in (3.7) and applying the change of variable w = f(u)/f(t) leads to:

X {1 —(1—m) /(O) pw’ (1 — 2+ zw)" ™ dw} : (3.11)

f(®)

For example, if f is defined for any ¢t > 0 by f(t) = €', (3.11) is given by

P(z,t) =e (1 —z+ ze’t)_m)
-1

t
X {1—(1—#)/ pe " (1—z+ze ™) " du} :
0

which is the inverse of formula (10) of Bartlett [5, p. 155]. Functions with a carrying
capacity, such that logistic or Gompertz functions, can also be considered and plugged
into (3.11).

Corollary 3.1 is used in the next section in a relevant asymptotic context to get the
convergence in distribution of the mutant count when n normal cells are initially present.

14



4 Asymptotic for mutation models

In this section, the previous results are applied to mutation models. A convergence
theorem for the final number of mutant cells is proved, generalizing the analytic method
initiated by Bartlett [5, Sec. 4.31]. A mutation model consists of n independent copies
of the model described in Section 2. Denote by ¢,(z,t) the pgf for the mutant counts
at time ¢ starting with n normal cells at time 0. Because of the independence of the n
initial cells, ¢, (2,t) is the n-th power of (3.7). Let (7,,)nen be a sequence of observation
instants, tending to infinity as n tends to infinity. Let (7, ),en be a sequence of mutation
probabilities, tending to 0 as n tends to infinity. Moreover, assume that

lim ,ne™ 0™

= X s
n—-+0o

where « is some fixed positive real number. Remark that the constant a corresponds in
the classic case to the mean number of mutations. Considering this asymptotic context,
the main objective of this section is to establish the convergence as n tends to infinity
of ¢n(z,7,). Before stating the result, recall that v = 0, and that F, satisfies (H).
Denote by h, its related function defined by (#H,4), and by A, the associated instantaneous
rate. The limit of h,(0,%) as ¢ tends to infinity will be denoted by h, . Note that the
result exposed in this section does not require that F), satisfies (7). The Haldane model
described earlier will be considered as an example. Define now the function Z as

1 ! h(u
I(Z,t) = m/o w(z,u, t))\,,(U)e hw (ust) du . (41)

Remark that, assuming the probability distribution function of a mutation instant is given
by )\,,e*h”(“’t)]l[o;t], the function Z could be interpreted as the pgf of the size at a given
time t of any mutant clone. The main result of this paper is the following convergence
theorem:

Theorem 4.1. Assume v =0. Let m = (m),,cyy and T = (7,,),,cy two sequences, and o a

positive real such that:

neN

lim 7, =0, lim 7, =400, lim m,ne™0™ = «.
n—-+o0o n—-+00 n—-+o0o
Assume that the limit
lim 1(z,0,t)e O (4.2)

t—+o00

exists and is finite. As n tends to infinity, the pgf of the number of mutants at time 7,,
starting with n normal cells at time 0, converges to

¢(z) = exp{—m(l —Zo(2))} , (4.3)
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where

Too(2) = lim Z(z,t)

t—-+o0

= lim / (2, u, t)A (w)e ™D du

1—6 hy,co 55400

and
m=aqu (1 — e_h”*‘”) .

Observe that (4.3) is the pgf of a Poisson compound with parameter m. By analogy
with the homogeneous case, this parameter could be interpreted as the mean number of
mutations, assuming that the number of mutation occasions is almost surely equivalent
ton (eh“(o’m) — 1) as n tends to infinity. The main tool required to prove Theorem 4.1 is
Lemma 4.1 below.

Lemma 4.1. For any m € [0;1[, 2 € [0;1], t € Ry, and s € [0;¢], the following bound
holds:
‘e:tﬂl(z,s,t) . (1 + ](Z,S,t))| < 7T26[(z,0,t) )
The proof uses a power series expansion of eFl(z:5.0).

Lemma 4.1.

k
+rl(z,s,t) __ (:l:ﬂ'](Z, 8, t))
© o Z k!

k>0

Hence:

t
et st _ (1 4+ 71(2,s,t)) Z ] :|:7T|k (2,5, )
k>2
< 7T2el(z s,t) < 7T2€I(Z’O’t) )

[l [l

An analytic proof for the case where mutant and normal cells are exponentially i.i.d.
with equal rates has been provided by Bartlett [5, Sec. 4.31]. This approach has been
adapted to prove Theorem 4.1.

Theorem 4.1. Define the following two functions:
filzustym) = ™G0 — (14wl (z,u,t)) and fo(z,t,m) = folz,0,¢,7).
According to Lemma 4.1:

|fi(z,u,t,m)| < 72l (200)  and |fo(z,t,m)] < el (2:01) (4.4)
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Then, the second factor in (3.7)

1—(1- Wn)/ Ay () ) g =ho (W) gy
0

can be written as:

1—(1—m) {/Tn A (w)e ™M) £ (2w, 7y, ) du + (1 — e_h”(O’T"))
0
+, /Tn I(z,u, ) Ay (w)e ™t () du]
0
=g P (Om) _ /Tn A (w)e P ) £ (2 w7, ) du

0

+ {1 o hwOm) _ / " (e )M (@) du
0

— / )\,,(u)e_h”(“’T")fl(z, Uy T, Th) du]
0

+ ”721/ I(2,u, )\ (w)e (™) dyg
0
Let: ]
fg(Z, Tn) - / [(Z7 u, Tn)Au(U)e_hV(u’T") du s
0
and )
f4(z’ Tns ﬂ-n) - / )\V(u)e_hV(U7Tn)fl<Z) U, Tp, 7Tn) du .
0

Since the limit (4.2) exists and is finite, the limit of f3(z,t) as ¢ tends to infinity exists
and is finite. Consider now the following term:

o™ l(2,0,7) {1 (- /Tn )\V(u)ewnl(z7u,fn)e—hu(u,m) du} .
0
It can be written as:
(fo(z, Ty ) + 1 — w1 (2,0, 7)) {e’h”(o’”‘) — fu(z, Tny 70)
+7, (1 — e Om) _ (2 1) 4 fulz, T, Tn)) + T f3(2,Tn) }
=(f2(2, Tn, ) + 1) (efh"(O’T") — fa(z, T, )
+ T, {(fQ(Z,Tn, ) + 1) (1 — e (Om) _ f3(z,70) + fa(z, T, 7Tn))
—1(z,0,7,) (e_h”(O’T") — fa(z, Tn,ﬂ'n))}
o+ 72{ (o, 7 ) + 1) fol2,70)

—1(2,0,7,) (1 — o w(Om) _ f3(z, ) + f4(Z,Tn,7Tn))}
_Wil(zaoaTn)fB(zaTn) .

17



Multiplying by e/ (0:m):.

=(falz, Tn,m0) + 1) (1 — et (On) £ (2, )

+ T, {(f2(z, Tny Tn) + 1) (eh”(O’T") -1- eh”(O’T”)fg(z, Tn)
+eh”(0’7")f4(z, T, ﬂn))
—1(2,0,7,) (1 — eh”(O’T”)f4(z, T Wn))}
+ 72 { (f2(2, T, T0n) + D)l Om) fo(2 7))
—1(2,0,7,) (e"Om) — 1 — O™ fo (2 7,) + O™ £y (2, 70, 70) ) }

— Wi[(Z, 0, Tn)eh”(O’Tn)fg(z, Tn) -

P(z, )

Remark now that according to inequality satisfied by f; in (4.4):

filz, Ty ) < el 0 / M (w)e 07 dy
0

QeI(Z,O,‘rn) (1 o e*hu(ov"'n))

Tn
2
Tn

NN

ehu (077—77.) .

hy (O’Tn

Then, since nm,e ) tends to « as n tends to infinity, 7,e™ (™) tends to 0. Hence:

lim ne™ O™ f,(z,7,,m,) = 0.
n—-+00

Denote by o(m,, 7,) any function such that no(m,,7,) tends to 0 as n tends to infinity.
Then:

Sy =R L ) (@O - T m) ~ 1) ~ 1070}

+ Wi {(fz + 1)eh”(0’7")I(z, o) — 1(2,0,7,) (eh”(O’T")(l —I(z,m)) — 1)}
— 71'2[(2, 0, Tn)eh”(O’T")I(z, Tn)
+ o(7n, ™)

=1+mr, {eh”(O’Tn) (1 — (1 — e_h”(O’T")) (=, Tn)) — 1} + o(Tn, Tn) -
Let (¢n)nen be the sequence of functions defined by ¢,(z, 7,) = ¢(z, 7,)". Then:
On(z,Tn) = exp{ —nlog [1 + T {eh”(O’T”) (1 — (1 — e_h”(O’T")) I(Z,Tn)) — 1}
+ o(my, Tn)] } )
Since 7,1 is equivalent to ce "> the following limit is obtained:

lim ¢n(z,7) =exp{—m(l —Z(2))},

n—-+o0o
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with
m=« (1 —e_h”w) .

[l [l

Observe that Theorem 4.1 holds whether F), satisfies (%) or not. As an example,
consider again the Haldane model exposed in Section 3: the final instants of normal cells
are exponentially distributed with rate A\ and the lifetimes of mutant cells are equal to a
constant a. The function Z(z,t) is then given by

1 ¢ i
I(Z,t) :m/(; Z/J(Z,U,t))\e Alt )du

1 - —Uu
:1——Mzbi(z)/ Dutia:ut (4 1a) (D) Ae X7 du

t
i>0 0

J— 1 —Aia —
1 e Zbi(z) ((e N — e At) Licia; (i+1)al
>0

+<ef)\ia _ ef)\(l#l)a) ]lte[(i+l)a;+oo[) ,

where the b;’s are given by (3.8). Hence the limit of Z(z,¢) as t tends to infinity:

Too(2) = Z bi(z)e M (1 —e ) . (4.5)

120

Remark that for § = 0 and a = log(2), the result obtained by Ycart [31] is recovered.
Then the pgf of the final number of mutants can be explicited applying Theorem 4.1.
The probabilities of final mutant counts under Haldane model with 6 > 0 will be also
explicited in Section 6.

5 Proportional hazard functions

Here, the assumptions on v and F,, made in previous the section are still valid. Assume
that F), also satisfies (H). Denote by h,, its related function defined by (#,4), and by A, the
associated instantaneous rate. The limit of h,(0,t) as ¢ tends to infinity will be denoted
by h,.. Moreover, assume there exists p > 0 such that for any s > 0:

Au(s) = p(1 = 20)Au(s) - (Hy)

An interpretation of assumption (H,) was given at the end of Section 3. In this section,
a convergence theorem is deduced from Theorem 4.1, and examples are discussed. In
particular, the Luria-Delbriick model with cell deaths is recovered.
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Consider first the case where:

hyoco = lim h,(0,t) < +o0.

t——+00

Under (H,), the function [ is given by (3.10). Then the limit

lim I(z,0,t)e O

t—o0
exists and is finite, and Theorem 4.1 can be applied. Consider now the case where h, «
is infinite. Then:

I(z,0,t) ~ p—éh* (0,1).

t—+o0 1 — (S H
Thus:
lim [e”™©9](z,0,4)] =0,

t——+o00

Then the following result can be deduced from Theorem 4.1:

Theorem 5.1. Assume v =0. Let m = (7)), and T = (7,,),,cy two sequences, and o a

positive real such that:

neN
li =0, Il = li hop(0rn) =
m m, =0, m 7, = +00, m 7mpne = .
n—+o00 n—+o00 n—+4o00

Under (H,), as n tends to infinity, the pgf of the number of mutants at time 7, starting
with n normal cells at time 0, converges to

¢(2) = exp{—m (1 —Z(2))} , (5.1)
where
Zo(z) = 1—6:;'”’13700 /1%00 1 f%)zlzz ;Tg(@éz;jz 5) pw~tdw,
with
Moo = tE+moo hu(0,t), B o = (1—=20)hy 00,
and

—h*
— 1,00
mza(l—epe >

As a general application of Theorem 5.1, let f be a non negative and increasing function
on Ry, with finite limit fy as ¢ tends to infinity. Let p be defined for (s,t) in R? by

hu(s, t) =log (%) :
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Assume that hypothesis (H,) is satisfied. Taking the limit as ¢ tends to infinity of (3.10):

(1) ((1 ~2) (%)12& + z> -

7.(2) 1 /1 §(1—2)+w((1—=13)z—90)
o\R) = ———F——"F=>%

1— (f;_ﬁ@)p Lo (1-60)1—2)+w((l—-239)z—9)
where f*(t) = f17% for any positive ¢, and f* = f1-2°. Remark that only the ratio of f.,
over f(0) has an influence on Z.(z). Another natural example is the classic case where
the final instants of normal and mutant cells are both exponentially distributed, i.e.:

Lo(z) = P(i : 35)

log

?

and:

pw” ' dw ,

[ee]

hu(s,t) = At —s), and hy(s,t) =p(1 —25)h,(s,1),

where A is a positive constant. Then the LDD distribution [32] is recovered. Actu-
ally, if (H,) is satisfied and h, = 400, the LDD distribution can be recovered from
Theorem 5.1:

Corollary 5.1. Assume v = 0. Let m = (m,),cy and 7 = (73)
a positive real such that:

nen two sequences, and o

lim 7, =0, lim 7, =400, lim 7,ne0m)
n—-+oo n—-+oo n—-+o0o

= .

Under (H,), assume that h, o = +00. As n tends to infinity, the distribution of the
number of mutants at time T, starting with n normal cells at time 0, converges to the
distribution with pgf:

¢(2) = exp{—m (1 — Is(2))} (5.2)
where
B ! 0(1—2)+w((1—-209)z—90) o1
Zoo(2) _/0 A=0)0—2) +w(@d —0): =5 4w
and

m:a(l —e’phzvf”) =q.

In other words, the LDD distribution can be extended to the case where F,(s,-)
and F),(s,-) are non-exponential distributions, as long as F,(s,-) and F,(s,-) are cdfs of
true measures on R, and the associated hazard functions )\, and A, are proportional.
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6 Calculation algorithm

A probability computation algorithm for the distribution of the final mutant counts is
described here under the hypotheses of Theorem 5.1. The pgf ¢ is given by

P(z,s,t) = Zpk(s,t)zk,

k>0

where the p;’s are defined in Proposition 3.3. Thus, (4.1) can be written as:

I(z,t) = r(t)2",

k>0

where 7 is defined for any k& > 0 by

t
rk(t):/ pr(u, )N, (w)e 0 dy .
0

Hence:

1 ! 0 — ow
)= — " pwPtd
ro(t) 1 — e Phi(0:) /e—hz(o,t) 1—6—ouw’" v

and for all £ > 0:

(=81 —26)2 [T (1 —w)F! )
rk(t) a 1 — e—Phu(0:t) RACKS (1 — 90— 5w)’f+1 putduw.

Then Z..(z) can be given by

Too(2) = Zrkzk :

k=0
where for any k£ > 0:
k= tlgl-noo "k (t) '
In other words: .
1 d — ow
L /eh;z,oo 1 —o_osu”? dw,

and for all £ > 0:

rp = w? dw .

(1—0)1(1—20)? /1 (1 —w)r!

1 — e Pl o (1 —0 — 5w)k+1p

Moreover, (5.1) admits a series expansion for any z € [0; 1]:

¢(z) = Z az",

k>0

22



where the ¢;’s can be easily expressed as function of the r;’s, using the following algorithm
exposed by Embrechts and Hawkes [10]. Firstly:

0 = 6(0) = e,

The derivative of ¢ with respect to z is given by

d¢_deoo¢
dz dz

=m (Z z’rizi1> (Z quj>
i>1 7>0
=m ( Z ’i?"iq]'ZiJrj1> .

i>1,5>0

On the other hand: o
_ k-1
P E kqpz""".

k>1
Hence for any k£ > 0:
k
m . m .
Qk = m E ig; = T ;_1 iQk—i -

1,20
i+i=k

Naturally, if h,, . = +00, the probabilities of the LD D distribution [32] are recovered.

Consider now the Haldane model. In that case, the pgf Z is defined by (4.5). Consid-

ering a cell born at time s, let (p,(f)) be the probabilities of the size of its clone in the
keN

interval [s 4+ ta;s+ (¢ + 1)a). In other words:

bi(z) = Zp,(j]zk :

k=0

for any ¢ > 0, where the b;’s are given by (3.8). Therefore:

Too(z) = Ze—mA (1 _ e—a,\) Zpl(:)zk

i>0 k>0

_ k —ia\ —a\ (4)

= E z g e (1 —e ) Di s
k>0 >0

and the probabilities (1), associated to pgf Z., are given by

= Z e iaA (1 . e—a)\) pl(;) '

120
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Hence, the probabilities (1), .y can be explicited if the probabilities (p,(;)> can be
keN

explicited for any ¢ > 0. In practice, the Fast Fourier Transform can be used to identify
the r,(:)’s. Then, the ¢;’s can be computed using the algorithm of Embrechts and Hawkes
[10] described above.

7 Conclusion and perspectives

An extension for the classic mutation models to the case where the final instant of a cell
depends on its birth date has been proposed. The main results are based on the theory
of supercritical branching processes. It led to a family of distributions, modeling asymp-
totic number of mutants. These distributions depend on the expected number of muta-
tions m, the death probability of mutant cells ¢, and the final instant distributions F, (s, -)
and F),(s,-) for normal and mutant cells born at a given time s. A convergence theorem
for the final count of mutants has been proved for both cases where F,(s,-) and F)(s,-)
are defined on R, or R,. The first case provides the possibility that a cell does not split
or die before the end of the experiment. It enables to model more realistic growths, such
as logistic growth. The particular case where the hazard functions A, and A, associated
to F,(s,-) and F},(s, -) are proportional has been studied. Computation algorithm for prob-
abilities has been described. Moreover, the LD D distribution is recovered when F, (s, -)
and F),(s, ) are defined on R, and the associated hazard functions are proportional. The
consequences for statistical inference and simulation must be developed. Since the R pack-
age flan (available on CRAN: https://cran.r-project.org/package=flan) provides
tools for inference of mutation models for the case where final instants are i.i.d., an ex-
tension to the model proposed here is planned.
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