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Abstract

We derive the complete set of kinetic equations describing the evolution of the
probability density distribution for a structured population such as cells dis-
tributed according to their ages and sizes. The kinetic equations for such a ‘sizer-
timer’ model incorporate both demographic and individual cell growth rate
stochasticities. Averages taken over the densities obeying the kinetic equations
can be used to generate a second order PDE that incorporates the growth
rate stochasticity. On the other hand, marginalizing over the densities yields
a modified birth—death process that shows how age and size influence demo-
graphic stochasticity. Our kinetic framework is thus a more complete model
that subsumes both the deterministic PDE and birth—death master equation
representations for structured populations.

Keywords: kinetic theory, cell proliferation, cell size control, birth—death pro-
cess, age structured populations

(Some figures may appear in colour only in the online journal)

1. Introduction

Across many diverse applications, mathematical models have been formulated to describe the
evolution of populations according to a number of individual attributes such as age, size, and/or
added size since birth. For example, deterministic age-structured models that incorporate age-
dependent birth and death were developed by McKendrick and have been applied to human
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populations [1]. More recently, there has been renewed interest in cell size control [2, 3],
cellular division mechanisms [4], and structured cell population models [5, 6].

When considering proliferating cell populations, individual cell growth is interrupted by
cell division events that generate smaller daughter cells. Cell division is a process that involves
many biochemical steps and complex biophysical mechanisms that involves metabolism,
gene expression, protein production, DNA replication, chromosome separation (for eukaryotic
cells), and fission or cell wall formation [7—11]. To simplify the understanding of which fac-
tors trigger cell division, three basic models that subsume these complex processes have been
proposed. Cells can divide based on their age since birth, volume (size), or added volume since
birth y [2, 12]. PDE approaches for the timer, sizer, and adder models, as well as combinations
of these models, have been well-studied [6, 13, 14]. These PDE approaches implicitly describe
the mean density of cells in age, size, and/or added size, and are considered deterministic
models.

However, there has been much less development of structured populations models that incor-
porate stochastic effects. In the presence of stochasticity, how would the PDEs be modified? In
the sizer-timer type of structured population models, stochasticity can arise in growth dynamics
of each cell as well as in random times of cell division and death (demographic stochasticity).

Stochasticity arising from random times of birth and death (demographic stochastic-
ity) has been considered in timer-like models for age-structured populations [15, 16]. This
approach generalized the classic deterministic McKendrick equation to a higher dimen-
sion (dynamically varying) associated with the number of individuals in the system. This
higher-dimensional stochastic ‘kinetic theory’ allows one to systematically connect an age-
independent birth—death master equation description to the deterministic age-structured McK-
endrick model. A comprehensive and general treatment of the age-structured stochastic process
using a Doi-Peliti operator formalism has also been developed for calculation of correlation
functions [17]. The full kinetic theory has only been developed for age-structured populations
and only includes demographic stochasticity (since chronological age is a deterministic quan-
tity proportional to time). Other approaches using stochastic hybrid systems [18] have been
used to incorporate the influence of random birth times of population-level variations in cell
size. Intrinsic stochasticity in the growth rate of an individual cell has been treated in terms
of Langevin equations for cell size [19], effective potentials [3] and stochastic maps [12, 20].
Recently, Chapman—Kolmogorov equations have also been applied to study the effect of differ-
ent sources of noise in cellular proliferation [21]. However, stochasticity in the intrinsic growth
rate has not been considered within a demographically stochastic kinetic theory.

In this paper, we derive the kinetic equations for the sizer-timer model of cell proliferation
that incorporates both demographic stochasticity and intrinsic stochasticity in the growth of
individual cells. In the next section, we derive the Fokker—Planck equation for the size of an
individual cell and define the probabilistic quantities needed to construct the full kinetic theory.
This equation is then marginalized in section 3 to explicitly isolate and show the feature limits
of intrinsic stochasticity and demographic stochasticity. Including both sources of stochastic-
ity renders the calculations of marginalized densities rather technical, but by defining specific
moments, we derive a hierarchy of models describing correlations that arise from growth rate
stochasticity. These higher-order (and higher-dimensional) models cannot be derived from
approaches that impose mean-field assumptions and are evident only when a kinetic approach
such as ours is employed. The first-order model describing the single particle density is self-
contained and simply reduces to the mean-field ‘sizer-timer’ model [4, 13]. Higher order mod-
els are connected to each other and the first-order mean-field model. Marginalization of higher
moments of particle numbers can also be constructed from our kinetic theory. These hierar-
chical models describe demographic stochasticity and are not closed. Our results generalize
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a large body of work on sizer-timer PDE models to include stochastic processes, both at the
individual and population levels.

2. Derivation of kinetic theory

Here, we outline the derivation of the kinetic equation for a population of dividing cells of
different ages a and sizes (volumes) x. We start from the SDE for the size® of a single cell at
time t:

dX; = g(X,, A, )dt + o(X;, Ay, AW, X, A € A, (D

where A :=[0, 00), A, is the cell’s age (time that has elapsed after its birth), g(X;,A,, 1) > 0 is
the size- and age-dependent growth rate, and W, is a standard Wiener process with indepen-
dent, normally distributed increments W, — W, zero mean, and variance ¢ — s. The parameter
o(X;, A, t) represents the strength of stochasticity in a cell’s growth rate. Here, we assume
both g and o are Lipschitz continuous to ensure the existence and uniqueness of X, given any
initial conditions Xy > 0,49 > 0. We also assume o € cl, 0(0,t,a) = 0,0(0,t,a) = 0 so that
the noise vanishes at x = 0 and X, remains positive.

Next, we investigate a system of m + 2n cells, where m is the number of individual cells
(singlets) and n is the number of twins (doublets). A twin means two daughter cells generated
from the division of a common mother cell, and therefore they have the identical age. In this
section, we use the notation

X = (x! X2, ... Xm, Y =y, v,
o 1 (2)
A;m) :(At,At,u.,A:n)a BE"):(Bt,...,B?),

where A™ and B{" are ordered ages such that A’ > A/ > 0,Bi > B/ >0, Vi > j and X"
and Yﬁz") are the vectors of the volumes of the m singlets and 2n doublets that are of ages AE’")
and B\, respectively, at time . We first use ordered ages to facilitate our derivations and to
better understand the boundary conditions representing newly born cells. Note that two cells
in a doublet have the same age but can have different sizes; thus, the age vector B of the 2n
twins stores n ages, while the size vector Yﬁz") stores 2n sizes.

Formally solving equation (1), each X! and Y; satisfies

t t
X=X [t Ao+ [ o0 oaw,
I r
R -1 PN :
Y/ =Y+ / gL B 7 s)ds + / o(Y], B ~ 7, 9)dW,
V4 4

where dWS", dWS’”*f are intrinsic, independent fluctuations in growth rates. We assume that cell
division rates are regulated by a ‘timer’ mechanism and do not depend on cell size, i.e. the
probability that a cell in a population of m singlets and n doublets divides during (¢, f + At] is
Bn(As, dt 4 o(dt), a function of its age A,, time # and population sizes m, n. The mathematical
analysis that follow requires that the birth rate is independent of a cell’s size X,. Finally, we
take the continuous time limit and assume that in a finite number of cells, the possibility of two
cells dividing in (¢, r + df] is o(df) as dt — 0.

3 Alternatively, X, might also represent the log of the cell size.
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2.1. The forward equation

We evaluate the increment in time by Ito’s formula applied to a function
FmaX™, Y, 1, AT BY) of m individual and n twin sizes given initial sizes and
ages Agf"),B(") at 1 <1, where the ages are defined to be in the descending order
A'>A*...>A" >0, B' > B> --->B">0. Ordering the ages will eventually allow
us to easily incorporate cell division as a boundary condition in which newborn cells are
represented by B" = (0. We start by constructing the difference

2,
L0 YOt + df| AT B) — f,,(X, Y, 1|ASY, BYY)

t4de of m o af 2 i i of
_ S g (KAL) T S (v, B 5) O
/, oy T 28 (Xndns) Ty TR Ty

Bf 1 2n f
2xi A mn 1 2y, BlU+D/2, mn | g
+ = E (X!, AL (8X’)2 + 2;:1 " (Y], By §)——— X s

m t+dr afm . . 2n t+dt ) ) afm ;
i=l1 S j=1

“)
After taking the expectation of equation (4) we find

E [ Frn X0 YO 1+ de| A" BSY) } —-E [ Lo (X YD 1 A, B(n))}

t+-dt Bf m f 2n Bf
_E d mn Xl, m,n Y] B[(H‘l)/z] mn
|| DML RO Lo

Z fmn 2 5) + Zamen 2(Yj Bl(j+1)/21 ) (5)
2 (8 1)2 s’ 2 (6Y’)2 s Dy .8 .

Specifically, we can take f,,, in equation (5) as a distribution of the form

fm,n<X§’"%Y§2">,r|A§:“>,B<">>—Hé(X' X’)Hé(w Y))
i=1 Jj=1

X St u(tlt, AS™)S, (1], BY™), (6)

where S|, and S, are joint survival possibilities

m
Sin (1, A™) = [T e frmatrrronss,
i=1

(N

n

So (10, 89) = [ (e oo

=1
and the birth rate 5 = f3,,, can implicitly depend on the populations m, n.
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Next, we define p(X(™, Y, 1[X0", Y7, A", BS”) as the probability density of m sin-
glets of volumes X" and n doublets of volumes Y*” at time ¢, conditioned on there
being m singlets of volumes XE,’") and ages AE,’") and n doublets with volumes YE,Z")

and ages B?") at time 7, and that no cell division occurs during [#,f]. The quantity

POXE, Y X, YE/Z”), AV B u(t]f, AS™)S, (1|7, BY") is thus the probability measure
that the cell population at time 7 contains m singlets of size X" and n doublets of size Y with
no cell division occurring within [#, ¢], conditioned on it containing m singlets with volumes
ng") and ages Aif") and n doublets with volumes Yi,z") and ages BE,") at?’.

After substitution of the f,, , defined in equation (6) into equation (5), dividing by dt, and
taking the dr — 0 limit, we obtain

8 A m n m n m n m n
p (p(X< LY X Y G, A BUYS, L, (1], A™) S, (1], BS >))

af

=[x [ o poxgm X g A |
m A n

m 8f 2n Bf

i qi j i+1)/2
+ Y8 AL DS+ gL BT
i=1 tj=1 oY;

2n

I~ F o 1 Of  2iyi plGHD/2
- _oA(XLALD + ~ —o(y], BTV
+2; oo ” Ko )+2j:21 a(Y,f)ZU( o )

= StnSon | = [ D BunAh0) +2D " Bua(BL1) | P
i=1 j:

J=1

2n

- Z’": D(g(XL, AL Dp) 3 Ag(¥!, BT )
— X oY/

j=1

" P(o (XL AL D) L1
(0X))> 2

i=1 j=1

29X (Y], B, 0)p)

Y/ ’ ®)

1
+ 2
where the last equality arises from integration by parts.

Finally, we derive the PDE satisfied by the unconditioned probability density
P X, Y0, A B, 1) given p,, (X", YV, A" B™., ¢'). First, we note that if no divi-
sion has occurredin [, f]and t — ¢/ < min{Agm), BE")}, a system at ¢ with m singlets of volumes
X and ages A" and n doublets with volumes Y*” and ages B{"” can result only from a
system at ¢ with m singlets with ages A"’ = A" — (¢ — ¢') and n doublets with ages B}" =
Bﬁ”) — (t — ¢'). Thus, we use the Chapman—Kolmogorov relation between the two quantities
PO Y X5 Y0, A BY)S (], AS)S5 (1), BY) and p,,, to construct

v t

Pra X YA 4t~ BY 41— 11 = / o PO Y17 Y, ALY B
Am n

X S1 (et AY)S2a(tlt By Xy, Y, A B, )dXG" AY . ©)
Assuming that p,, , is continuous and differentiable, and the integration is interchangeable with

differentiation in equation (9), we take derivatives with respect to all variables 7, X', Y/, A’, B/
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to obtain

apmn + Z 8pmn Z 8pmn + Z a(g( z’ t)pmn) + f: a(g(ytj’ B{, t)pm,n)

0A; 0B/ = oy

m

== D BunA)+2D " Buu(BLD) | P

i=1 j=1

L1 z’": PO (X5 AL OPa) Z (o (Y], B}, D) 10)

(OXj)? —  y)p
where ppy = pua(XI™, YD A BM 1), Hereafter, we will omit the subscript # for notational
simplicity. To facilitate further analysis, we define a symmetrized density p,, , that is symmetric
to the interchange of variables:

Pa (X" YL AT B D) = ,menoc(”“ T (Y), A B, 0, (11)

2n

where A = (A%D A%y B — (BYD  B%M) are ordered ages, X" =
(XEaD xEalmy -y — (y25M=1""y2%®) are the corresponding sizes, and w2 is
some permutation A®" — A" such that 72'(Y*),72(Y¥ "'y € {y?~1, y?), 72(Y¥) £
o(Y¥ 1, i=1,...,n, ie. ™" can interchange the sizes of two cells in a doublet.
Therefore, there are 2" total permutations 72", &,(1),...,&,(m) is a rearrangement such
that A% > A%®@ > ... > A% and £,(1),...,&,(n) is a rearrangement such that
B%(1) > B%@ > ... > B%"_ Defining such a p,,, allows us to remove the restriction
that the ages must be presented in a descending order. Moreover, changing the order of two
cells within in a doublet will not affect the value of p,, . Definite integrals over p,,, are then
related to those over p,, , via

/de dYZn dA™ dB" Dmn (Xm’ an, Am’ Bn, t) —_ /

A(m+2n)

dx ay®” / dAS®
A
Alalm=1) BEp(-D) (12)
. / dASm / dBo® . / dBY™ p,, (X, Y, A B™, 1),
0 A 0

SO p,,., i also a probability density distribution if p,, , is. Furthermore, the differential equation
satisfied by p,, , for A”,B" > 0 is the same as the differential equation satisfied by p,, ,

m P n . j+1
apmn apm,, "~ Dpua OGX, AL Dpmn) o= DY, BT 1))
DA TR X +2 Y

=1

Zﬁmnw r)+2Z Bua(B',0) | pma

i=1 Jj=1

N ZB%UZ(X'A 0Pma) ZB%Z(W Bl L0 pma)

(0X7)? (0Y7)? (13)
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2.2. Boundary conditions

We now specify appropriate boundary conditions for p,, , that represent the birth of new cells
with age zero. By using ordered ages, it is easy to derive the corresponding boundary con-
ditions for p,,, defined in equation (9), which we omitted here, but which are nonzero if
B" = 0 and zero if any entry in X", Y®?, A™ B*<" is zero. The boundary conditions for
P are then derived from the boundary conditions for p,, ,. Homogeneous boundary condi-
tions also arise at any X' "—0,000r Y = 0,00 indicating that no cell can have O or infinite size.
If one cell divides at time 7 in a system of m singlets and n doublets, the system could either
convert to m — 1 singlets and n + 1 doublets when this dividing cell is a singlet, or m + 1
singlets and n doublets when the dividing cell is one cell in a doublet. A simpler but simi-
lar discussion of boundary conditions for the ‘timer’ model which has no size dependence has
been discussed [15, 16]. Hereafter, we use the notation X", = (X!, X2, ..., XL X1 . Xx™),
A" = (AL A%, AT AL A™) to describe vectors of one lower dimension in which
element i is removed. The boundary conditions are given by

ifany elementin {X", YZ"} =0, oo,
Pman = 0 ¢ oranyelementin A™ = 0, (14)
or more than one elementin B" = 0,
and

P X" Y'Y =y, Y = y,], A", B"[B/ = 0], 1) =

m+1 [ ~ m m
" / ds Bt 1a-101 + 2. 91,8, Dpms 11 (XX = y1 + 30,
0

Ynfl’Aerl[Aerl _ S],Bnil,l‘) (15)

[\

—Z a1 432,31, AL D1 (X7, AT, BY[B" = A'],

§

Y[y = XLV =y 4 yal),

Equation (14) enforces that no cell can have a zero or infinitely large size and no more
than one cell can divide at the same instant (continuous time assumption). In equation (15),
the notation X" 1[X’ = x] indicates that the i component in X" ! is x, with similar def-
initions for Y?'[Y/ = y], A"[A" = a], B"[B/ = b]. The first term on the rhs of equation (15)
results from the division of a singlet while the second term results from the division of one
cell in a doublet, leaving a singlet and giving rise to a new doublet. Division is described by
Bm,,,(x,z, a, t)dz, the rate that in a population of m singlets and n doublets, a cell of volume
x and age a divides into one cell with volume € [z, z + dz]. By allowing f3,,, to explicitly
depend on both the mother cell’s size x and daughter cell’s size z, we can readily allow for
asymmetric division and daughter cells of different sizes. Moreover, from volume conser-
vation, we impose ﬁm,,(x z,a,t) = Bm,,(x X — z,a,t). Finally, if we assume the simple form
5,,,,,()6 z,a,1) = h(z/x)Bunla,1)/x [13], fo Bm,,(x z,a,1)dz = B.(a, 1) is independent of size
x as we have assumed. In the appendix, we explicitly demonstrate that probability conservation
is preserved under these boundary conditions.
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3. Hierarchies and moment equations
In this section, we will assume that 3 and 3 are independent of the population sizes m, n. Under

this assumption, we are able to derive lower-dimensional (e.g. marginalized) projections of our
kinetic theory (equation (13)) by integrating over a specific number of cell sizes:

p%1:’l1€,1)(xh’ Y§k+2[’ Ah, Bk+[’ [) _ / dxh+1:m dY02k+2[+1:2n dAh+1:m dBk+[+1:npm,m (16)
A

where p,,, = (X", Y, A", B",1), A= ADFCk=20F ==k - and we  define

the notation X1 .= (x+1  xm) YXF2Hlom . (yl y3 |yl y2k2l oy
Ah+l m (Ah+1 . Am) Bk+/+l n. (Bk+/+l . Bn) and Y2k+2/ (YZ Y4 Y2k Y2k+l
y*+2 oo Y2k+2[ ). The marginahzed densmes require three indices to describe because

although the size X" and age A" have a one-to-one correspondence for singlets, the twins,
while carrying the same age, almost surely have different sizes due to asymmetric division
and independent growth fluctuations immediately after birth. Thus, the number of ways to exit
and enter each state depends on which types of cells are ‘integrated over’. By marginalizing
over equation (13), we find the kinetic equation satisfied by p{*** (in the remaining space

X" Y2+ A" B > 0) becomes

DpkOX! YU AN B 1y T aplik) n o2 AplkD L Ae(X AL, 1) kD)
o 2 oA L Bl 4 X
=1 J=1 i=1
DGV, AT nplk0) L D(g(Y*H, AT, 1)plkD)
+ Z aYZJ 8Y2k+f
J=1 j=1
P> (X, AL D) 1 9P, BT, i)
2 p (0X1)? 2 e (OY2)?
_l 2 82(0'2(Y2k+J Bk-HH']] Hp (hk/))
2 = (OY2k+iy2
ke
AR S 00
j=1

(m h)/ dXh+l dAh+lB(Ah+l t)p(h;rl k. Z)(Xthl’ Y§k+2€’ Ah+l’ Bk+€’ t)

_ 2(7’! k- 16)/ dy2k+2 dBk+l /))(Bk+l t)p(hrllc—‘rl Z)(Xh’ sz—‘r%f—‘rz’ Ah,Bk+£+l, t)

n n—k—0)(m+ 1)/ X dAlHT BAlH )tk (X Y22 AN R g
2

n m—+1,n—1
2(n —k—0)(m— h)/ dY2H2 gkt gkt t)pr(:f+nl nxh, Y2H242 AN BRHAL
m

m—1,n

2 —k— ¢ . : , . : .
n (n ! )Zﬂ(Az,t)p(h—l,k-&-l,é)(xlii, Y2222 xi) A BB pi gy

(17)
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and the associated boundary conditions become

P VXYY = v, AT BB = 011)

_m—|—1
oo

/ AT ds By sy, AT O =y ),
A
ng+2£—2’ Ah+l, Bk—‘r[—l’ t) (18)

m—1,n

2m—h = : ,
+ )/ dB"ds f(y + 5., B 0py, "1, (X" YEYH =y + 5] A B 1)
m A2

h
22 = ; k-
+ % Ads B(y + s’y’Al’t)p,(/,}ll_ll’,:l( 1,f+1) (Xh—i’
i=1
Y2t [sz+2f—1 —y s, YA X'] (A BRH[BH = A1),

p;/;:’/;,[)(xh’ ng+2[[Y2k+2[7l =y, Y2k+2[ — y2]3 Ah, Bk+[[Bk+[ — O], t)

_m—|—1

n / A" By + yauy1 AT 0 pI R DX =y 4 y],
A

Y222 A R g
2m — h) " 5 ,
+ T/ dB*! By +,V2,,V1,Bk+1,f)P£::ffnu DX! YR Y22 =y, 4y,
A
A" B )

h
+ 53 B+ yayn AL DU X YRR 2y, 2R = X,
i=1

ERRS

Al BB = AT ), (19)
and
p%;,n(xh[xi — 0], Y22 Al BRH gy = p%;,n(xh[xi — ool, Y22 Al BEH 1) — 0,
i=12,...,h,
p%’llc,[)(xh’ng+2[[Yj — 0], A", B 1) = p%’llc)(xh’ngJr%[Yj — o], A", B ) = 0,
J=2.4,...,2k2k+1,...,2k+ 20,
PO XA, Y2 AMAT = 0], B, 1) = 0,
i=1,2,...,h,
p%l:’lll(,f) (X", Y2420 AR B gy = 0,
if two or more entries in BT are 0. (20)

The first two terms on the rhs of equation (17) represent the division of a singlet/doublet in
the current system whose age is specified; the third and fourth terms on the rhs describe the
division of a singlet and one cell of a doublet, respectively, whose age is not specified; the fifth
term results from the division of a singlet, whose age and volume are unspecified, that induces

9
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the state transition (m + 1,n — 1) — (m, n). The sixth term arises from division of one cell of
a doublet that converts the system from (m — 1, n) to (m, n). Finally, the last term represents
the division of one cell in a doublet whose age is A1 <i< handits undividing twin has size
X'. In equations (18) and (19), the first term on their rhss represents the division of a singlet,
and the second term on their rhss describes the division of one cell in a doublet, giving rise to
a newborn doublet and leaving a singlet whose volume and age are integrated over. The last
term in the boundary conditions in equations (18) and (19) results from the division of a cell
in a doublet, giving rise to a newborn doublet and leaving a singlet whose volume and age are
X' € X" and A" € A", respectively.
The differential equations satisfied by the fully marginalized density p{0>? are

(0 0, 0)(l)

S~ [ axtaa s [+ DALY, AL - mA0 K AL )
A? |

—|—2n/ dY2dBlﬁ(Bl,z)[pf,?11°>(Y2 B',1) — pf,?,io)(Yg,Bl,t)}, 1)
AZ

which, for an age-independent division rate, explicitly reduces to the simple birth—death master
equation

O]

S0 e = o DA 0 =m0 + 2000 = 20000000 (22)

m—1,n

In equations (21) and (22), the division rates B(Al, t) and S(f) can be replaced by their full
(m, n)-dependent forms.

3.1 Number-weighted density functions

We now define a class of number-weighted density functions from the marginalized densities
p{&0) that incorporates higher moments and that has useful closure properties:

oo k
PO = 3 Y S 2 el (XX~ 0

mn=0 r=0 ¢O0.nes,

Yz(k,r)Jr%[Yzj _ xg(r.k—r)(j) Y2(k—r)+p _ yp] Ar[Ai _ aﬁ(O,r)(i)]
e ) s s
BErH Bl — €70 g it ,) ,

1<i<nl<j<k—rnl<p<2e, (23)

where x*:=(x',..., x5,y =0", ...,y a" =(@',...,d), b =", ....b"), and (m), =
m!/(m — r)!is the falling factorial, Sy = {1,2,...,k}. Thesum Y includes all elements in
£O0Nes;,

the set £*" € Q, containing all possible choices of r elements in S and €7 .= (£(r + 1),
Er+2)....£K) = S\ We require {07 () < £97(j), £7477i) < €7477(j),Vi < j, and
r < m, and k — r < n in equation (23). Note that u%? = 1 from normalization. The lowest
order number-weighted density functions u** are explicitly given in appendix B.

Since our kinetic equations (equations (13)—(15)) subsume all hierarchical equations
for p&D (equations (17)—(20)), equations for " can be derived. For example, if 3 is

10
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independent of m, n, the PDE satisfied by u®*0(x*, y*, a, b’, 1) is

oukD  ELoukh L gutkd +§k:5(g(xi,ai, HukD) +§‘:a(g(yf,bl%,r)u<w)
i=1

o 2 oa T ab D dyi

j=1
k l
=— | Y_B@.n+> 28070 | u*”
i=1 j=1

L P02 dl nut0) TS P20, BT, D)
(0x')2 24 (Dy))? ’

J=1

1
= 24
Y (24)
i=1
along with the boundary conditions
oo k-1

WO = xl e la = 0Lb =D Y Y 2 m) (e

mn=0 r=0 5(0")65;7"

_ i 0.1) _ : (rk—r)
% Pi,::ﬁ rl) (Xr[Xl _ x{ (1)]’Y€2:k 2r+2Z[Y21 _ x{ (j)’ Y2k+p _ yp]’

AT[A! = @80 BT [BI — 70 g gl t)

= 2/ dsda B(x + 5, X, 4, t)u(k’[)(xk[xk = x+s], y%, ak[ak =al, b[, 1)
A2

k
+2 Z / ds B(x + s, x,a", Hur=>+D (Xk,m,w, ak,m,w,
w=1,#v A

(25)

u(k,[)(xk’ y2[[y21x71 _ yl’yZU _ yz]’ ak’ b[[bﬂ _ 0]’ [)

oo k

\+k—r rk—r/t Tyt ©r)
= 0SS 2y ek (XX = 25070,

mn=0 r=0 ¢0.necs,
) fe— P (rk—r) i O,
Yngrk r[YZJ — x¢ (D, y2kta — Vi, AT[AT = at (t)]’

BIHkT[BT = oS40 pher T ety t)

= 2/ da B(y; + y2.y1.a, 1)
A

% u(k+l,f—l)(xk+l[xk+l k+l[ak+l — a] bf t)

s My

2
=y + LY o-1)-2,2

k
+2) B+ v .0, 0)

w=1
X u(k—l,f)(xliw’aliw’yZE[yZ'U—l =y + y2,y21} _ x'u,r]’bf[bu _ aw]’ l), (26)

1
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v—1 v—1

kool 1 Ky ak ] ) 1 k k —
where x* =(x',...,x ,x“‘",...,x),afv.—(a,...,a ,oonavthodb, XL, =
(xl,...,x'l’_l,x'l’+l,...,x“"_l,x“"*'l,...,xk),a’ivﬁw::(al,...,a“_l,a'“'*'l,...,a“’_l,a“"*'l,...,
k 2 — (! 20-2 | 2v+l 20 Lol -1 1 ¢

d), Yo, 1y 2 =0y YLy, b =3 b b b and

—v

S;t=A{1,2,...,v—1,v+1,..,k}. The additional conditions,

/ ifany x;,y; = 0,00
ukO(xk, v ak bl 1) =0 (27)
if twoormore a; or b; = 0,

are found by using equation (20) in equation (23). Note that the PDE (equation (24)) for each
u*D js closed’ and does not involve other density functions u®**". However, the bound-
ary conditions (equations (25) and (26)) couple u®?, k + ¢ > 1 with u*+1=D 3*=10 " or
u*=2D preventing direct closure at the level of each set of indices k, £. Nonetheless, although
the full models for u*® k + ¢ > 1 are not closed, the boundary conditions will only involve
u®" ") such that kK'+2¢' < k + 20, and therefore all u®" k + ¢ > 1 can be solved sequentially
after we have found «""?, which can be completely determined by solving the PDE

out0 n out0 n (gu!) _ 1 9*(o?u1?)

(1,0)
—B(a,t Ja, )+ ——————, 28
ot Oda Ox Bla, " (x a,0) + 2 (0x)? (28)
with associated boundary conditions specified ata = 0,x = 0,x = oo
w00, 0,0 =2n) > pl (VY = x1, B'[B' =0].1)
m=0 n=1
= 2/ dz/ da Bz, x,a,Hu"V(z, a, 1),
x A
90, a, 1) = u"(c0,a,t) = 0. (29)

The model for u""? is essentially the standard mean-field sizer-timer model [4, 13] but with an
additional diffusion term % representing the random growth rate of each independent
cell. To explicitly illustrate how growth rate stochasticity affects the evolution of the struc-
tured population, we numerically solve equations (28) and (29). We set g(x,a,f) = x/2 and a
constant rate 3(x,a, ) = (21n2)~' describing an exponentially distributed division time with
mean 2In2. We also assume 3 = 8(x, a, 1)d(z/x)/x where 6 is a Dirac measure enforcing
symmetric division. The initial condition is u"?(x,a,0) = xe 2**/>. We use the adaptive
spectral method proposed in [22] to numerically compute u""?(x, a, ) for different growth
noise o = 0, 1/x, /2x. We construct the mean cell size

- fAz)CM(l’O)(X, a,t)dx da

(x(0) = fAzu(l’O)(x’ a,tdxda’

(30)

and plot its evolution in figure 1.

Given the solution to u"?(x, a, 1), we can calculate #> and then 4%, 4>V, and so on.
How the different u*" are connected through the boundary conditions is illustrated in figure 2,
demonstrating the sequence to follow to fully solve the single-density problem. The differential
equation satisfied by the lowest order moment E[N(f)] requires u"?, as indicated by the shaded
blue arrow in figure 2(a). The two sequences traced by the boundary conditions (25) and (26)
are shown in figures 2(a) and (b), respectively. In figure 2(c) we show the combined sequence of
boundary condition calculations to find u!"-?): the equations satisfied by u? are fully closed so
u"® can be first calculated. In the second step, we use u""?) to construct the boundary condition

12
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14

12}

104

mean size (x(t))

0 5 10 15 20
time ¢

Figure 1. Mean cell sizes (x(¢)) under symmetric division for different growth rate noise
functions o = 0, /x, v/2x. After an initial transient, we see that a larger o leads to larger
average sizes. Even when the mean division times are kept fixed, larger noise in growth
rates lead to broader distributions of cell sizes which increases the mean.

and solve for u>D. The third step is to use u>" to construct the boundary condition and solve
for u>Y. The boundary condition dependences of u'?, 1> are indicated by blue arrows. The
fourth and fifth steps are to solve for 1" and 4%, whose boundary condition dependences are
indicated by the green arrows. Next, we calculate ", 4®? | and finally u"?, whose boundary
condition dependences are shown by the red arrows. These higher-dimensional results capture
the stochasticity arising only from noisy growth of each cell (through the diffusive terms in
equations (24) and (28)). When the coefficients satisfy certain conditions, it is also possible to
further reduce the full kinetic models for #** in equations (24) and (27) to simpler models,
which are derived in previous literatures like [5, 16] by integrating over the size variable x or
age variable a. This is explicitly shown in appendix C.

3.2. Moments of the total population

In addition to the number-weighted densities defined in equation (23), one can also investi-
gate moments of the total cell number N = m + 2n. The expected moments of the total cell
population

EINO1 =) ) (m+2n)pi0?, (31)

m=0 n=0

can be used to find, for k = 1

dE[N(1)] = / 1Al 1N (100! Al
— o dX dA' BA, Dp,,, (XAt
< m; {m R Bl 0pl )
+2n / dy? dB' BB, 0p0O(Y2, B!, 1) (32)
A? ’

:/ dx da B(a, Hu"O(x, a, 1).
A2

13
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(a) a' =0 (b) b'=0 (c)
A . . , . ! . ! | | ' \ !
I | | I I ] | I I | I |
L. b [ I ol N A T S [
] T h ] ] T h ] ] T h ]
3| 09 1 : : 3| o9 ' i i 3| o : i i
1 1 1 1 1 1 1 1 v 1 1 1 1
| | \ I I i I I I ] I |
F----- 1= - - - To---- r---- N e - - - - - L [ s ST PP - - - - To---- - a--
N j | A | | | | j | A
2 [ w2 )t ‘ : 2| w2t ) ' ' 2 [ w®2 g : :
¢ \ _____ L. A N RN S I Y \\\\ _____ i
\ | | ! | \ | !
1 w@D ) D Tryen E E 1 uu_},ull)_i,u(n) E E 1] @y, E E
Lo - Xi,:; _____ : - ___‘_\ \ __t\\'{_____:__ ___\ \\%\;_____:__
0 o2 | w0 e : e} E 0] 402 | o | e E w30 E T TR YCEON NAET) ; EX) E
\ 1 | 1 \ 1
0 1 2 3 0 1 2 3 0 1 2 3
k k k

Figure 2. A map of boundary condition interdependences for single- densny kmetlc the-
ory. In (a) we indicate the dependence of the boundary condition for u®kO(xk, ak |y, b’, 1)
if any @’ = 0. The boundary condition for u*? depends on itself and w2t +D; for
example, u® is required for the boundary condition for u®>?, so the red arrow pomts
from u®V to u®>?. In (b) we indicate the dependence of the boundary condition for
ukO(xk ak, y2* b’, 1) if any b/ = 0. Here, the boundary condition for u®* depends on
U+ and k-1 . (c) An example of an explicit sequence of calculations to find u("-?
starting from (-0,

The differential equation for [E[N(7)] does not involve any boundary condition, but depends
on u"?, Nonetheless, using the solutions to equations (28) and (29) one can explicitly solve
equation (32) to find E[N(?)].

The demographic stochasticity arising from random birth (and possibly death) times affects
the total population and is most directly summarized by higher total-population correlations.
For example, the differential equation satisfied by E[N?()] is found to be

dE[N?(1)] ) 4 ax'dal gl (100) x! Al
T— Z Q2m* + 4mn + m) BA, Do (X AL D
m,n=0 (33)
+ (8n% + 4mn + 2n) / dy*dB' BB', 0p O (YZ, B, 1)

which cannot be solved even knowing all u**. However, the expectations decouple if 3(7) is
independent of age and take on the simple form

k
ENOT_ sa )Z( ) EINF ), (34)

which can then be solved by starting with the solution of E[N(7)]. For general age-dependent
division rates 3(a, 1), E[N*>!()] cannot be directly computed/approximated without also clos-
ing equation (17). Such equations, as well as those for higher-number moments such as
> M O O are not closed and form complex hierarchies that need additional assumptions
to close.

14
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4. Generalizations and extensions

4.1. Incorporation of death

Here, we show how our kinetic theory is modified when an age and size-dependent death,
occurring with rate p(a, ), is incorporated. By defining

Y(a, 1) = Bla, 1) + pla, 1), (35)

the joint survival probabilities S, and S, in equation (6) are modified by

m n
~ flooai ~ [t ¢ 2
Sl,m(t|t,, A?;) _ H e f,/’V(Ar/ t+s,x)ds’ Sz,n(t‘t/, B:l/) _ H {e f,/“/(Br, t+s,s)dsj| ) (36)
i=1 j=1
Following the previous derivations, we find
m n 2n

DPmn OPmn Opmn .~ XX, AL 1) pyn) O(g(Y7, B), D) pn)
o1 +; DA +; OB *; axi 2 oY

j=1
m n

=— | DAL D +2> VB | pun
i=1 j=1

2 (XYY, BT, 1) pyn)
@Y

I OX(2(X AL Dpmn) 1
a2 vy a2

+(m+1) / dA" L AX A D 1 XL YL AL B, 1)
A2

2n+ 1) ; :
+ (n,: Y / dx pu(A D1t (X7, YRR = 2,y = X,
i=1 /A

A" BB = A7)0, (37)

where the argument of p,, , in the first two lines is (X", Y A", B, 1).

The boundary conditions for p,,, are the same as equations (14) and (15) since only cell
division contributes to the boundary term. Similarly, we can define the marginal distribution
pO (Xt Y220 A B¥, 1) and the higher-dimensional number-weighted densities functions
u®O(xk, v a* b’, 1) in the same way as in equations (17) and (23), respectively. The k = 1,
¢ = 0 density obeys

2(+2,,(1,0)
— (B, + pla, ) x, a0y + 2T

ou®  9(gu?y GO
+ +
2 (Ox)?

ot Ox Oa

(38)
and boundary conditions specified in equation (29).

4.2. Correlated noise in growth rate

In this subsection we consider a model in which the noise in growth rates is correlated across
cells. By defining Z™*" = (X", Y*") and C™*" = (A", B', B, ..., B", B") to be the volumes

15
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and ages of m singlets and n doublets at time ¢, we can describe the growth rate as
Az = G L, C ndt 4 S (Z, C L HdWY, (39)

where G2 € R yymIn(gmAn CA ) = (g);; € RH29%P and WY is a p-dimensional
i.i.d. standard Wiener process [23]. For simplicity, we assume that the i component of G"™*"
is gi(Z!, Ci, 1) = g(Z!, C', 1), indicating that the deterministic part of the growth rate is identical
for all cells. Following our derivation in section 2, we find that p,, (X", Y, A", B", 1) satisfies

Bpmn 3pmn "~ Opmn Z Ag(t, X', AN ) N i g, Y1, BlU+D2hp,
OAl o X < Y
m m+2n
O*(Dy, 5, Pman)
— _ Al 2 Bj o Xm Y2n Am B S1,52 Fm,n
ZI:B( r>+]§; BB | pmal D+ 5 Zliazﬁm
i = Y1 »$2=
(40)

where Dy, 5, = Y05, 0, ¢. The boundary conditions for p,, , are the same as that described
by equations (14) and (15). Similarly, we can define the marginal distribution density
function p(hk ) in the same way as in section 3, and it can be verified that the differen-
tial equations as well as the boundary conditions satisfied by p(*O(X'[X! = x],A'[A! =

al, 1), po X' [X! = x],A'[A! = a], ) are the same as those satisfied by p{l0O(X'[X! =
x],A'[A" = a], 1) and pO1O(Y'[Y! = x], B'[B' = al, 1) in equations (17) and (19), although
the differential equations satisfied by p,, , in equation (40) and in equation (11) are different. If
we further assume that the variance in growth rates for all cells is identical: ) )_ 07, = 02, V i,
then the equation and boundary conditions for the ‘1-point’ density function u!""?(x, a, 1) are
identical to those in equations (28) and (29) since correlations in growth rate noise are not
captured by a mean-field description of only one coordinate (x, a). The differences between
correlated and uncorrelated growth noise among cells may arise in the differential equations
for u®O(xk, y¢, a*, b, 1),k + ¢ > 2.

5. Summary and conclusions

In this paper, we rigorously constructed a kinetic theory for structured populations, in particu-
lar for age- and size-structured cell proliferation models. We considered stochasticity in both
an individual cell’s growth rate (‘intrinsic’ stochasticity) and the cell number fluctuations from
random birth and death event times (‘demographic’ stochasticity). Derivations of the kinetic
theory requires separation of ‘singlet’ and ‘doublet’ populations, as was proposed in [16]. How-
ever, taking into account both size and age dependences, as well as randomness in growth rates
leads to the much more complex computation which we performed here.

One of our main results is the kinetic equations and boundary conditions described by
equations (13)—(15). Marginalized densities are also found to obey more complex equations
that form a hierarchy (equations (17), (19), and (20)). By taking single-density averages over
these equations, we find closed PDEs that govern multi-point density functions (equation (24)).
However, the associated boundary conditions, equation (25), couple density functions of
different dimensions. Nonetheless, density function of all dimensions can be successively
solved starting from the ‘1-point” density #""?)(x, a, f) which obeys equations (28) and (29), a
2 + 1-dimensional second order PDE and boundary condition that is analogous to the classic

16
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McKendrick equation but that includes a diffusive size term arising from stochasticity in growth
rates. The explicit equations for the first and second moments of the total population are given
by equations (32) and (33), respectively.

Generalizations and extensions to our basic kinetic theory are also investigated. For
example, we derived the kinetic equations when a Markovian age-dependent death process is
included (equations (29), (37), and (38)). We also considered noise in growth rates that are cor-
related across cells and showed these effects arising in ‘cross-diffusion’ terms in the associated
kinetic (and higher moment) equations.

Our unifying kinetic theory enables one to systematically analyze cell populations at both
the individual and population levels. A full kinetic theory may be useful for studying other pro-
cesses such as failure in multicomponent systems that age and evolve [24]. Further extensions
of our kinetic equations that are feasible are to include spatial distribution [25] or correlations
in growth rates across generations [13]. It is also possible to consider stochasticity for differ-
ent cell division strategies [21]. Finally, efficient numerical methods for solving our kinetic
equations can be developed, for instance in [22], equations similar to equations (28) and (29)
which describe the dynamics of u? are solved accurately and efficiently.
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Appendix A. Conservation of probability

We now define probability fluxes

11 (1) = (m + 1) / dX"dy*""*dA™ dB""! / dy1 dy2 dsBu 1101+ Y2315,
A,

X perl,I‘l*l (Xm+1[Xm+1 = yl +y2]7Y2n72aAm+1[Am+1 - s]3Bn717t) ’

) mo A
T 1a(8) = / dX" dY> 2 dA™ dB""! / dy1dy2» B 101 + 2, y1,A% 1)
m A2

i=1
X Pt (X2, YY" = XL Y2 =y + ] A7 B [B" = A"l 1),
ot @) =0, ifm+2n—m' —2n" # 1. 41)

o v (£)dt is the probability flux within time [, 7 + df] from state (m’, ') to state (m, n) aris-
ing from from cell division. When dr is sufficiently small, the probability that more than one
cell divides during [z, # + dt] is o(df), which is negligible, allowing us to set J,,, .y (f) = 0 if
m+2n —m' —2n' # 1. We now verify the conservation of probability flux
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]mfl,nJrl;m,n(t) + ]m+1,n;m,n(t)

- / aX" AV A" AB" [ 57 Bn' 0+ 3 280a (B 1) |

i=1 j=1
= / dX"” dY*" dA" dB" (mBuu(A™, 1) + 20Buu(B", 1)) pruns (42)
where p,, , = p,.. (X", Y>' A" B, t). The first term is
At tmn(t) = m / dx"-!dy*" dA™~! dB” /A dy1 dyy dA™
Bt + 32,31, A", 0pma(X"[X" = y1 + 2] Y, A" B", 1)
=m / dX"1dy* dA™ ! dB" / dA™ dy / ycls
A? 0
Bnn(ys 5. A", ) pua(X"[X" = y], Y, A" B", 1)
=m / dX"1 dy*" dA™ ! dB" /A (A" X" B (A", 0P (43)
which is exactly the first term on the right-hand side of equation (42). The second term

2n
m—+1

/dxnl+l dY2n dAm+l dBn—l/2dy1 dy2
A

m—+1

X ZBm,n()’l +y2;ylaAiat)

i=1

X pn (XYY = XLV =y 4 3], AL BB = A']L 1)

]m+1,n;m,n(t) -

m m+1

;
= dX" gy -2 dAmtt gt / d / ds Bpn(y, s, Al t
wiie [y [[as Bt
X P (XPFL Y2V = X Y™ =y AT B [B" = A'], 1)
— / AX" Y dA” dB" (B 1)y

(44)

which is precisely the second term on the right-hand side of equation (42). We have thus verified
that the probability flux out of state (m, n) due to cell division is the sum of probability currents
into (m — 1,n + 1) and into (m + 1, n). Summing up over m and n, we obtain form +n > 0

o0

Z (]mfl,nJrl;m,n(t) + ]m+1,n;m,n(t))
m,n=0

N (45)
=y / X" AY?" dA" dB" (mBu(A”, 1) + 21Byn (B, D) -

mn=0
Finally, it is readily observed that
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3 / X" dY? dA™ dBr 2P
ot

mn=0

> / dX" dY*" dA™ dB” ; p,,,,(X", Y*", A" B"[B/ = 0], 1)

mn=0 j=1
(o] m n
-> / dX" dY*" dA™ dB" | D Bua(A 0 + 2 Bun(B0) | pin
mn=0 i=1 j=1
o 00 00 o0
= Z Z (Jm,n;m—l,n - Jm—l,n+l;m,n) - Z an+l,n;nz,n + Z ij,n;m—i-l,n—l =0.
m=1 n=0 mn=0 m=0 n=1

(46)

Therefore, we have verified that

Z Z / dX" dY?" dA™ dB" p,,,(X", Y*", A", B", 1),

m=0 n=0
is time-independent.
Appendix B. Explicit expressions for u-9

Below, we display the explicit expressions of u**) in terms of p{"** for k + ¢ < 2:

W0 (x, a, 1) = Z mp 00X = x, A" = a,1) + Z 2np @ OY2[Y2 = x],B' = a,1),

mn=0 m,n=0
(47)
o0
u(o’l)(yl,yz,bl,t) = Z anfsq’,(,)’l)(Yl =y, Y2 = yz,Bl = by, 1), (48)
mn=0
uVCx1, y1,y2.a1,b1,1)
o0
= Z dn(n — DpQrV(YIY? = x1, Y =y, Y = »],B' = a1, B> = by, 1)
mn=0 (49)
o0
+ Z 2mnpfé",(l)’1)(X1 =x,.Y' =y, Y =y,A' = a1, B' = by, 1),
mn=0
U (xy, x2, a1, a2, 1)
[e'e}
- Z m(m — DpZO0X" = x1,X* = x2,A' = a1,A* = ar, 1)
m,n=0
o0
+ Z 2mnply V(X' = x,A" = a1, Y[V = x21, B' = as, 1) (50)
mn=0
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o0
+ Z Zmnpfi’,:’o)(Xl =x,A' = az,Yg[Y2 =x1,B' = ay, 0
mn=0

+ ) dn(n— DprOYLY? = x1, Y = 0], B' = a1, B> = a, 1),

m,n
mn=0

WOP (1,2, y3, 34 b1, bo 1) = > dnn— DpSOP (Y = [y1,y2, 3,741, B> = [b1, 2], ).

m,n=0

(51

Appendix C. Reduction to simpler models

Besides the general marginalizations we have considered (equations (17) and (23)), we can
define other useful quantities by e.g. integrating over all volumes or all ages. Under some
additional assumptions these additional integrations reduce the full kinetic theory to sim-
pler, known models. For example, if the solution u*" of equations (24) and (27) satisfies

. (‘)(O.Zu(k.k')) T 3(U2u(k-5)) . Co . . kO ok 20 ok W .
xlg})lo o = »lg}}o Ty, = 0 for any i, j, integrating u®0(x ,y°h,a%, b, 1) over all sizes
i Yj

x¢ and y* yields
ulD@k, bl 1) = / dx* dy* u®tO(xk, y*, ak, bt 1) (52)
Ak+20

which satisfies

au(k,Z)(ak p2! ) k OukH ! kD k . ¢ ' /
Z7a N T a_ a_ _ _ l,[ 2 bj,t (k,é)’ 33
o T ea 2o ;Bm )+ j§:1j B, 1) | ulD, (53)

with corresponding boundary conditions

ufO(@tla” = 0).b', 1) =2 / da (a, HulfO(a'ld" = al. b’ 1)
A

k
+2 ) B oul 0@, e =an, (54)

—v,—w?

w=1,#v
uflk,l’)(ak’ bl[bv _ O], t) _ 2/ da ﬁ(a’ t)uflk+1,£’71)(ak+1[ak+l _ a],b[_U, t)
A
k
+2) B, pul @, b b = a"1. 1), (55)
w=1

and u"(ak, b’, 1) = 0 if two or more @; = 0 or b; = 0. This model describes age-structured
cell populations similar to that discussed in [16].

On the other hand, integrating over age variables a, b defines size-dependent weighted
densities

utO(xk, y* 1) = / da® db’ u®*O(xk, y*, ak, b, ). (56)
Ak+£/
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In this case, if 3, 3, g, o do not depend on a, n&0(x*, y*, 1) is found to obey

(k 4)

a(g(x t)u<“>> 2 0(g(y, tyukD)
t)—|—Z Z Dy
j=1
P(o(x, kD) 1R 9o (7, kD)
(Oxi)? 2A (Oy))?

J=1

= —Z(k+2€)5(t) . Z

+22/ds5(x + 5, xY, t)u(k[)(x (X" = x" +s1,y%.0)

v=1
k
+ ZZ Z /dsﬁ(x“' + 5, x" t)u(k ”'H)()Lu L,y2f+1[y2/+1 = x ,yz“'2 =x"+5s],1)
v=1 w=1,#v
‘
2 AP PP D I = 2 2y, )
v=1

14 k
+ZZZﬁ(y2v71 +y2ﬂ,y2ﬂ, ) (k 14)(X_m,5, [~21x 1 y21x71 +y21x ~2v — x ] t) (57)

v=1 w=lI

where x* shares the same components with x* except for the vth element and y* shares 2/ — 2
common components with yy except for the (2v — 1)th and (2v)th elements, as indicated by the
replacements [. . .] following each variable. By integrating over age, the boundary conditions
in equations (25) and (26) for newborn cells have been assimilated into equation (57). The
remaining conditions are

O = 01 y*, ) = u I [ = ol.y*, 1) = 0,
. . (58)
uFOE Y Iy = 01,0 = w0,y Ty = o0l 1) = 0.

Notice that if k = 1,¢ = 0, the last three terms on the rhs of equation (57) vanish and the
equation reduces to the size-structured PDE model [5] except for the additional diffusion term
describing growth noise.
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