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Abstract Age-structured cell population model was
introduced to describe cell survival. The impact of the
environment on the cell population is represented by drug
plasma concentration. A key model variable is the hazard
of cell removal that is a subject to the environment effect.
The model is capable of describing cohort and random
labeling cell survival data. In addition, it accounts for cell
loss due to labeling of cell sample, but it lacks ability to
describe the effect of label elution on the survival data. The
model was applied to red blood cell (RBC) survival data in
two groups of Wistar rats obtained by two techniques:
cohort labeling using '“C-glycine (N = 4) and random
labeling using biotin (N = 8). The Weibull probability
density function was selected for the RBC lifespan distri-
bution. The data were simultaneously fitted by the mixed
effects model implemented in Monolix 4.3.3. The esti-
mated typical values of RBC lifespan and age were 53.7
and 27.8 days, respectively. A noticeable effect of
biotinylation on RBC survival was observed that resulted
in a significant difference between the means of individual
RBC lifespan for two groups. The model provides a
mechanistic framework flexible enough to account for
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various experimental designs to generate the cell survival
data. Despite model qualification using animal data, the
model has the same potential to be applied to cell survival
data analysis in humans.
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Introduction

The aging and senescence of blood cells such as platelets
and red cells have been studied for almost a century. The
lifespan of circulating cells is a key factor of the cell
homeostasis that is often altered by a disease. The lifespan
of red blood cells (RBCs) is a major determinant of time to
reach new steady state values of hemoglobin in anemic
patients undergoing treatment with erythropoietin [1]. The
RBC heterogeneity is sufficient to alter the concentration of
glycated hemoglobin Alc that is a standard measure of
glycemic control in patients with diabetes mellitus [2].
One can determine the lifespan distribution for a cell
population present in the circulation by labeling a repre-
sentative subpopulation with a radioactive isotope or a
fluorescent tag and recording the signal as a function of
time. The ratio of the signal to the initial signal plotted
versus time is called the survival curve. Survival analysis
allows one to determine the mean and standard deviation of
the cell lifespan distribution [3]. Labeling with chromium
51 is a commonly used clinical method for red cell survival
analysis [4]. Recently, biotin labeling of RBCs has been
more frequently used as a nonradioactive, nontoxic alter-
native for red cell survival studies [5]. We will apply this
technique in our studies of RBC survival. A cohort of
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RBC:s is a set of red cells that were born at the same time,
and consequently have the same age. Signal decay from a
labeled RBC cohort can also be used for the determination
of the RBC lifespan. The most widely used cohort labeling
methods require the biosynthetic introduction of a label
into a newly synthesized cells, followed by the quantitative
determination of the persistence of the label in circulating
erythrocytes [4]. The most frequently used precursor is
glycine, labeled with radioactive isotopes. Its value derives
from it serving to make the protoporphyrin backbone of
heme and as a precursor for the globin portion of hemo-
globin. In the presence of minimal reutilization the amount
of isotope in the circulating red cells would reflect the fate
of the cohort sample. We will use this technique as alter-
native to the random labeling method described above.

All labeling methods are inherently flawed resulting in
potentially inaccurate estimates of cell survival parameters.
The most common problem is elution and reuse of the
label. This can be caused by decay of the radioactive signal
or detachment of label from the cell surface. The hemo-
globin vesiculation from RBCs reduces the signal from
radioactive tags incorporated in heme [6]. The incorpora-
tion of label into the precursor cells in the bone marrow is
not instantaneous and release of the cells in the circulation
takes some time making labeled cells an imperfect cohort.
In the random labeling method, ex vivo manipulation of
cells followed by injection in the circulation can damage
the cells and thus might affect their subsequent survival.

Equations describing survival curves have been derived
assuming that the cells of interest are in homeostasis with
the system [7, 8]. For non-stationary systems with per-
turbed homeostasis, e.g. when drug was administered, a
more general interpretation of survival curves has been
applied [9, 10]. In more recent approaches cell survival is
modeled as a dynamic process controlling turnover of the
cell population [11, 12]. In this framework, the population
size is controlled by the production and elimination rates
and the cell lifespan is a major determinant of the cell loss.
The variable of interest in the cell survival studies is cell
age. The canonical models of cell dynamics account only
for the population size (cell count) as the modeling end-
point. Age-structured population models have been pro-
posed to include the cell age as another independent
variable describing age-dependent processes controlling
the cell population. The effect of the environment on the
individual cell state as well as the state of the entire age-
structured population has been encompassed by the phys-
iologically structured population models [13]. We adopted
this framework to describe the drug effects on age-struc-
tured cell populations where the drug plasma concentration
played role of the environment [14]. In this report we
expand the pharmacodynamic models of age-structured
cell populations to dynamic models of cell survival.
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The objective of this work was to propose a universal
approach based on the age-structured cell population
models to describe cell survival data. We used the
mortality rate as a dynamic representation of the death
hazard and described the time dependent effect of the
environment on the cell senescence. The drug plasma
concentration served as an environmental variable. The
approach was tested on RBC survival data in rats
obtained from two studies employing both cohort and
random cell labeling techniques. The data were fitted
using the mixed effects model implemented in Monolix
4.3.3.

Theoretical
Age-structured cell population models

The age a of a cell is defined as the time that has elapsed
since its entry to the circulation. The distribution of ages
among circulating cells at time 7 is described by the density
function n(a,t). By definition, the number of cells in the
population at time ¢ is

N(1) = ?n(a,t) da (1)

Consequently, the probability density function (p.d.f.)
for the age distribution at time ¢ can be calculated as
follows:

p(a, t) =

n(a,t)
N(1)

(2)

The theory of age-structured populations describes the
density n(a,t) as a population state (p-state) that can be
affected by the environment (e-state) [13]. In the context of
pharmacodynamic models, the natural environment
affecting circulating cells is the drug plasma concentration
C(1). Then the e-state equation is described by a pharma-
cokinetic model. The p-state equation for a cell population
affected by drug has been introduced in [14]

on On

o e —u(a, C(t))n (3)
with the boundary condition at a = 0

n(0,1) = kin(C(1)) (4)

and the initial condition determined by the steady-state for
Egs. (3) and (4)

1(a,0) = (@) = kin(0)exp (— ﬁ (2, 0) doc> 5)

where we assume that for t <0 drug plasma concentration
is 0 (C(t) = 0). A solution of Egs. (3)—(5) can be obtained
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by the method of characteristics and it assumes the fol-
lowing form [14]:

n(a, ) = kn(C(t — a))exp <_ { (e, C(o+ 1 — a)) doc)

(6)

The cell number N(f) can be determined from the

integral equation obtained by integration of Eq. (6) over a
and utilizing Eq. (1):

t

N = f kin(C(S))exP<—}u(fx—s,C(oc))doc)ds 7

—00

The equivalent differential equation defining N(z) is

O — k() ~ T e, Clo))na, 1) da (8)
0

with the initial condition

N(O) = Nys (9)

Cell lifespan and mortality rate

A lifespan of a cell at time ¢ is defined as a period of time
between the entry and exit of the cell into and from the
population. The cell lifespan is a time dependent random
variable that has its p.d.f. 4(t, ). For a cell population with
the constant baseline understood as a time invariant age
distribution prior to drug administration, the lifespan dis-
tribution is uniquely determined by the mortality rate [14]:

H(e0) = (e, (s + D)erp ~ T, Ca-+)z) (10

Conversely, Eq. (10) implies that the lifespan distribu-
tion uniquely determines the mortality rate:

lia,t—a)

wa, C0) = = (1 —a)dt

(11)

Equation (10) implies that the mortality rate p(a, C(t))
can be interpreted as the hazard function of cell death
(removal from the population). Equations (10) and (11)
have been derived previously for a non-stationary model of
platelets survival [10].

Random labeling of cell population

A population of cells that have been randomly labeled
(called an index population) at index time #y >0 does not
have an influx of new cells for times ¢ > #y [12]. Therefore

k,‘m‘nd(C(l‘)) =0fort >t (12)

It should be noted that, in general, due to events such as
label elution or cell stress introduced during the labeling

process both the mortality rate and the lifespan for the
index population might be different from the analogous
ones for the original population. To keep this distinction a
subscript “ind” is used for all relevant variables. Then the
age density for the index population becomes

nind(a7t)
) {k,-md<c<z—a>>exp(— I s =1+ CONS ). if1-asi
0, ift—a>ty
(13)
The fraction of survived cells in the index population
can be calculated from Eq. (7):
Nind(t)
Nind(t())
B . k,»m»nd(C(s))exp(f Iy ina (o = s, C(a))da)ds
B flfoo kmmd(C(S))exp(— ftqo Hina (0t — 5, C(cx))doc)ds’
for t > 1y

SF(t) =

(14)

In case of absence of drug and lack of the impact of the
population size on the cell production and elimination
rates:

kinind(c(l)) = kim’nd7 M(a7 C) = u(a), and ty = 0
(15a,b,c¢)

where ki,,g is constant. Equation (14) reduces to

_ T ep(= Jo tina()d)ds
I exp(= [ tina () dot)ds

SF(1)

Cohort labeling of cell population

By definition, a cohort is a population of cells of the same
age. For index populations, cell age counts from the moment
the cell enters the circulation. If labeling takes place
extravascularly (e.g. in the bone marrow), then the labeled
cells require some time interval of length 7, > 0 to be
released to the circulation. If we assume that the cell
labeling was instantaneous and occurred at index time
top > 0, then the influx of cells of age O into the index pop-
ulation can be approximated by a rectangular wave function:

Ningo

e

kinind(c(t)) =

0t —1)0(to+ T, — 1) (17)

where N, is the number of cells in the index population
and 0(x) =0, if x<0, and O(x) =1, otherwise. The
assumption Eq. (3) that C(¢) is the only factor that regu-
lates the production rate of cells in the index population
requires interpretation of the labeling event as the drug
effect defined by Eq. (17). Equation (17) implies that as

@ Springer



308

J Pharmacokinet Pharmacodyn (2017) 44:305-316

t — 00, kiyina(C (1)) — 0, and therefore the cell production
at steady-state is O

kinind(o) =0 (18)

and the initial condition Eq. (5) becomes 0 as well. Notice
that if the entrance time approaches 0, T, — 0, then the cell
production rate becomes the Dirac delta function:

Kinina(C(t)) — Ninaod(t — to) (19)

This ensures that for small 7, the only cells that enter the
index population are cells of age O at time . According to
Eq. (6) the age density for the cohort population is

Nin
Ning(a, 1) :T"O(?(t —a—1)0(ty+ T, —t+a))

. (20)
X exp (— { Uina(0t, Clot+ 1 — a))doc)

The cell number in the cohort is

0, ift<t
Nind() ! ! D
——fexp (—fumd(oc—s,C(oc))da)ds, ifto<t<to+T,
N([) = T, 1o K
Ningo 4 Te

- [ exp (f},ul-m,(oc —s, C(oc))dot) ds, ift>t+T,
(21)
For the ideal cohort (7, — 0)

nind(a, l) = N()(S(l‘ —a— lo)

fo

e (_ a+ft0 L (0 — To, C()) dcc) fort >ty
(22)

and

o

t
Ning(t) = Ningoexp < I Mina (00 — 1o, C(oc))doc) for t > 1y

(23)

Consequently, the survived fraction of cells for the
cohort population is

SF(t) = ]\Jl\i/%jot) = exp (— t} Wina (20 — to, C(oc))doc) (24)

If simplifying conditions Eq. (15b,c) apply, then

SF(1) = exp (— i umm)da) (25)

Hazard functions

The hazard function for the index population is a sum of
the death hazard and the loss of the signal hazard. The
latter can be caused by elution of the label and/or the cell
loss due to harshness of the labeling procedure:

@ Springer

.uind(a7 t) = :u(a) + :uloxs(t) (26)

The hazard of losing the signal not related to cell
senescence can vary with time and, in principle, should be
cell age independent.

,uloss(t) = H(t - IO):quxp(_ﬁt) (27)

Although not related to the drug effect on the index
population, the loss of the signal can be interpreted as the
environment effect on the population and formally g, (?)
can be substituted for C(z) in all presented equations.
Equation (27) actually describes a monoexponential decay
of the signal with the peak value p, and the half-life
In(2)/p, and assumes that the hazard is proportional to the
signal. For the hazard described by Eq. (26) the following
integral simplifies to

[ tina — 5, C(a))do

= I}S p(o)do + % (exp(—Ps) — exp(—pr)),t > s> 19
0

(28)

and

J Ba(o =5, C (o)) d

t—s H’
= [ u(o)do+ ?O(exp(*ﬁfo) —exp(—p1),t>10>s
0
(29)
In the case ff =0, the last term in Egs. (28) and (29)
becomes i,(t — to). Consequently, the survived fraction for
the ideal cohort (T, — 0) Eq. (24) becomes:

SF(1) = exp(— 0 expl—pu) - exp(—ﬁt))>

o (30)
exp <— f y(oc)dot) > 1
0
and for the random sample Eq. (14) becomes:
$9(0) = exp (12 (exp(—po) — exp(—)
(31)

o I exp(— [§ u(o)do)da
S exp(= [ u(er)do)da

7t2t0

Methods
Animals

Male Wistar rats (Harlan Sprague—Dawley, Indianapolis, IL)
of weights 340-580 g were used for RBC cohort labeling
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(N = 4) and random labeling (N = 8) studies. The initial
signal from a random RBC sample in one animal was too
weak to be detected for more than week and the animal was
removed from the study. The animals were kept on a
schedule of 12 h light and 12 h dark cycle. All animals were
allowed food and water ad libitum. This study had been
carried out with the approval of the Institutional Animal
Care and Use Committee of the University at Buffalo.

Random RBC labeling

A sample of RBCs was labeled with biotin. The biotiny-
lation technique has been shown to yield similar results as
the random labeling method using radioactive °'Cr [5]. A
blood sample of about 2.5 mL was drawn from the tail vain
of an animal, washed with Dulbecco modified medium
(RPMI Medium 1640, Gibco, Grand Island, NY), and
incubated at 10% hematocrit in RPMI medium containing
100 pg/mL of water-soluble biotin (Sulfo-NHS-Biotin,
Pierce, Rockford, IL) at room temperature for 30 min.
After the incubation cells were thoroughly washed with the
RPMI medium, re-suspended in 2.5 mL of PBS and
injected to an animal via the tail vain. The blood samples of
50 pL for assessment of the decay of the biotinylated RBC
were collected for days 0—7 and then twice a week until the
signal reached the limit of detection. To determine the
percentage of the biotinylated RBCs in the circulation the
blood sample was washed with the RPMI medium and
incubated for 30 min in Dulbecco’s Phosphate Saline
(DPBS, Gibco, Grand Island, NY) containing streptavidin
conjugated to R-phycoerythrin (Molecular Probes, Eugene,
OR) for 30 min. Next, the sample was washed and re-
suspended in 1 mL of DPBS. The fluorescent signal from
the streptavidin—biotin complex was recorded by a FL2
filter band of the flow cytometer (FACSCalibur, Becton—
Dickinson). The number of labeled cells was normalized by
the number of labeled cells on day 7y = 0 and expressed as
the survived fraction SF.

Cohort RBC labeling

Incorporation of '*C-glycine in hemoglobin was applied as a
labeling technique as described previously [15]. Briefly,
200 pCi of '*C-glycine (New England Nuclear Corporation,
Boston, MA) was dissolved in sterile saline and injected to

KNindo * Ho
T,

KN indQ T

A(r) = b

B

e 0

Fexp (=it )/ =12 (exp(- ) — exp(- ) )as. ¥ 0<1<T,
f exp(—u(r ~ )= (exp(—fs) — exp(—ﬁr»)ds, Fi>T,

the tail vein of rats. Blood was collected daily from the tail
vein for the first 4 days, every 3 days from day 4 to day 16
and then every week until the radioactive signal reached the
background activity. RBCs were washed three times with
PBS by centrifuging (2 min, 1000 RPM) and lysed with
250 pL. of 5 mM Tris—HCI buffer with pH 8.6 at room
temperature. Cell membranes were removed by centrifuga-
tion at 20,000xg for 30 min, and the total '*C-glycine
radioactivity was measured by the gamma liquid scintillation
counter (Wallac 1409, PerkinElmer, Waltham, MA). To
measure hemoglobin concentration in the lysate, an aliquot
of 25 pL. was added to 3 mL of hemolytic buffer Drabkin’s/
TritonX100 0.5 mL/L and measured by using UV-Vis
spectrophotometer (PTI, Birmingham, NJ) at wave-length
540 nm. “C-incorporation into hemoglobin was determined
as dpm/mg hemoglobin. The time of "*C-glycine injection
was set as the index time 7y = 0 days.

Probability density function for RBC lifespan
distribution

The Weibull p.d.f. for the cell lifespan distribution is often
assumed to model cell survival data [12]:

I(t) = Jy(2r)" exp(—(21))

where 1/ is the time scale and y is the shape factor. The
death hazard associated with it is given by Eq. (11):

u(a) = iy(a)”!

(32)

(33)

Fixed effects model

The observed data comprised of measurements of '“C
activity and SF at series of time points per animal. Due to
significant between subject variability in observed data
mixed effects modeling approach has been applied to data
analysis. Since the radioactive signal from initially labelled
cells in the cohort labeling group was unknown, the mea-
sured '*C activity of the index cells was assumed to be
proportional to the cell number:

A(f) = KNig(t) (34)

where x is the proportionality coefficient and N;,,(¢) is
described by Eq. (23):

@ Springer
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The survived fraction defined by Eq. (31) with the
Weibull hazard Eq. (33) was used to model the RBC ran-
dom labeling data.

s () =exp (421 -exp(-)

I exp(—(2a)’)da

- >
[Fexp(—(ia))da" ="

(36)

The Weibull hazard function u(a) Eq. (33) was same for
both groups whereas the hazard of signal loss py,,(t)
Eq. (27) was allowed to differ between groups. The model
parameters were assumed to be log-normally distributed
among animals:

P = Opexp(ny) (37)

where 0p is the parameter typical value and 7, ~ N (0, wlz,)
Upon testing constant and proportional residual error
models, the former was assumed for the cohort RBC
labeling data:

Yy = A(ty) + €con (38)

where €.on; ~N(0,€2,,) is the residual error for i-th animal
at time t;. The proportional residual error model was

assumed for the random labeling RBC data:
Yy = SF(ty) + €ranisSF (1) (39)

where €4, ~N(0,¢%,). The population and individual
parameters were estimated using the SAEM algorithm
implemented in Monolix 4.3.3 (Lixoft). The numerical
evaluation of the integrals was done by the MATLAB

function integral available to Monolix.

Results
Population RBC survival data analysis

The individual animal 'C activity data spanned up to
72 days (see Fig. 1). The activity increased within two
days to the maximal value that persisted to about 44 days
and gradually declined to reach the background noise at
day 72. The onset in the data time course is explained by
the model as the time interval 7, during which the cells
labeled by '“C are released to the circulation. The plateau
and offset of the time course is explained by the probability
of cell survival given by Eq. (24). The model well
described individual onset and offset part of the data while
reasonable captured the plateau due to relatively high
within subject variability as seen in Fig. 1 and observed
versus predicted diagnostics plots (Fig. 1S, Supplementary
material). The survived fraction of index cells in the ran-
dom labeling study reached the detection limit after
approximately 43-55 days (see Fig. 2). The initial decline

@ Springer

p(a)

of the RBC survival data in few animals was more rapid
than accounted by the model cell loss hazard function.
Only Rat 6, 8, and 9 had increased the initial SF decline
rate compared to other animals in the study (see Table 1S,
Supplementary material). The model well captured the SF
data for all animals as seen in Fig. 2 and observed versus
predicted diagnostics plots (Fig. 1S, Supplementary
material).

The estimates of the typical values of the model
parameters as well as between subject variability are shown
in Table 1. The estimates of the y,,,(#) parameters for the
cohort RBC labeling group could not be obtained with a
reasonable precision and therefore were set to 0, which
effectively eliminated this process from the model. The
relative standard errors of the remaining fixed effects
parameters did not exceed 21%. The between subject
variability of 7, was estimated with low precision that we
attribute to small number of animals involved in the stud-
ies. Subsequently, wr, was set to 0, resulting in same 7, for
all animals in the group. For the random RBC labeling
group, the estimate of wg was close to 0 and subsequently
fixed at this value. The remaining between subject vari-
ability parameters were estimated with RSEs not exceeding
34%. The visual predictive check plots shown in Fig. 2S
(Supplementary material) indicate that the estimates of the
between subject variability parameters for the cohort RBC
labeling group are inflated whereas for the random RBC
labeling group they predict the observed variability.

Rat RBC mean lifespan and age

Given p(a) and ¢(a) one can determine from Egs. (2) and
(5) the RBC age distribution at steady state

_ exp(— K ,u(rx)doc) _ exp(— K ,u(oc)doc)
I exp(— [ u(o)do)da Jo al(a)da

(40)
Since the mean of the Weibull p.d.f. Eq. (33) is

o0 1 1
Mean RBC lifespan = ML = [ tl(t)dt = ZF(I + —>
0

b
(41)
then Egs. (10) and (40) imply
B o [y a*l(a)da
Mean RBC age = MA = {ap(a)da = 2T all(a)da
r(l + %)
N 7 (42)

B 2}1(1 +§)

where I'(z) is the Euler gamma function. Using the typical
values 0, and 07, from Table 1, one can calculate the mean
RBC lifespan to be 53.7 days and the mean RBC age to be
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Fig. 1 '*C activity time courses 1600 -
in (N = 4) Wistar rats Rat 1 Rat 2
following injection of the '*C- o
glycine on day 0. The symbols S 00
represent measurements 1200 10O ¢}
whereas the lines are individual - ( Ou o o © 10
model predictions based on £ o o CF& e}
Eq. (35) € 0
% E s00- - ©
o
o
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400 -
0 T T | T T T |
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800 -
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400 4
o o © 0
0 T T | T T T |
0 20 60 80 0 20 40 60 80
Time, days Time, days

27.8 days. The mean of individual RBC age estimates for
the cohort RBC labeling group was 32.1 £ 0.3 days and
for the random RBC labeling group 26.1 £ 3.4 days. The
analogous means of the individual RBC lifespans were
62.8.1 £ 1.13 and 50.1 &+ 7.8 days, respectively. Both
RBC age and lifespan means were significantly different
between two groups (p < 0.005, Student 7 test).

Simulations

Figure 3 shows the RBC age and lifespan distributions at
steady state for a typical animal. Equations (10) and (40)
imply that p(a) and ¢(t) are dependent:

pla) =+ T He)ds (43)

Hence, the RBC age p.d.f. is proportional to the RBC
lifespan complementary cumulative distribution function
(c.c.d.f.). While £(t) versus 7 plot features the Weibull
p.d.f. with the shape factor y > 1, the p(a) versus a plot has
all characteristics of a c.c.d.f.: a monotonic decline to 0
with a flat plateau over RBC ages coinciding with RBC
lifespans for which £(7) is near 0. The mode of the typical

1\ 1/
RBC lifespan distribution is at %(#) = 56.3 days

and standard deviation 1 [F(l + Z) —r? (1 + %)] 2 =
9.7 days. The corresponding Weibull hazard function p(a)
determining both ¢(7) and p(a) increases as the power of a,
as described by Eq. (34).

To study the impact of the time dependent hazard of cell
loss from the index population g, (¢) on the shape of SF, a
series of simulations was performed to generate SF versus
time plots for varying yu, and . The results are shown in
Fig. 4. According to Eq. (34) u,,,,(?) has characteristics of
the monoexponential decay with the peak value p, and the
half-life In(2) /8. Accordingly, for § = 0, the hazard of cell
loss is constant gy, (f) = i, and present throughout the
study, yielding the maximal impact on the survival curve.
Increasing f results in shorten duration of the hazard of cell
loss that affects the initial onset of the SF versus time
curve. If = 00, l,.(f) = 0, and the death hazard for the
index cell population coincides with the death hazard for
RBCs. This can be also achieved by setting p, = 0.
Increasing p, dramatically affects the overall hazard for the
index cells p;,,(a,t) and results in elimination of cells at
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Fig. 2 RBC survival curves in
(N = 7) Wistar rats following
re-injection of the biotin-labeled
blood sample on day 0. The data
is expressed as the survived
fraction of the injected cells.
The symbols represent
measurements whereas the lines
are individual model predictions
based on Eq. (36)
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Table 1 Estimates of population parameters for simultaneous fits of 0.054
random and cohort RBC labeling groups of Wistar rats — lifespan
age
Parameter Estimate RSE (%) 0.04+
0,, day™" 0.0173 5 z
T 0.034
0, 6.52 19 =
0Tea ddy 2.15 6 q_
T 0021
()KNindOs dpm/mg 798 21 o :
0;10(:0}17 dayil 0*
euOranv day_l 0.0797 19 0.014
Oprans day ™" 0.159 10
w,, day ™" 0.155 24 0.00 : : ‘ : ‘
0 20 40 60 80 100
o, 0.401 31
wre, day 0* 2.0
WieNindo>» dpm/mg 0.430 34
DyOrans day_l 0.442 28 %
—1 a B 151
@ prans day 0 -—
eeons day 114 10 o
S
Eran 0.111 10 N o]
: I
% Parameter was fixed =
®
8 051
early times and an increased initial slope of the survival 00 ‘ ‘ ‘ ; ‘
0 20 40 60 80 100

curve. As p, approaches co, most of the index cells are
removed from the population at times approaching 0. These
simulations illustrate flexibility of the empirical monoex-
ponential decay hazard function p,.(#) in describing the
initial cell loss from the index population in addition to the
time invariant loss due to senescence u(a).

Discussion

Hazard as driving force of survival in age-structured
cell population models

The presented age-structured model of cell survival falls
into category of dynamic models of cell survival controlled
by their lifespan distribution [11, 12]. It differs from the
previous approaches by including the cell age as an addi-
tional independent variable. The age-structured cell popu-
lation approach allowed for the integration into a single
model, individual cell characteristics (e.g. age), population
characteristics (e.g. mortality rate), and environment (e.g.
drug plasma concentration) [14]. Consequently, the model
focuses on the hazard of cell death rather than the lifespan
distribution which allows for more mechanistic modeling
of processes affecting the cell removal. The use of the
hazard function rather than lifespan distribution has been
applied previously to model platelet kinetics [10]. In
addition to the inherent death hazard for circulating cells

Time, days

Fig. 3 p.d.f.s for lifespan distribution ¢(¢) and age distribution p(r) of
a typical animal (upper panel) and the death hazard function u(r)
(lower panel) for a typical Wistar rat. The curves were simulated
based on Egs. (32), (40), and (33), respectively

that depends on the cell age, we introduced a time
dependent hazard of cell loss due to experimental pro-
cessing of blood sample u,. (7). Another feature of the
presented model is its ability to simultaneously describe
cell survival for two different populations created by two
distinct labeling techniques. We adopted the concept of
index cell populations introduced by Shresta et al. [12] to
define cohort sample and random sample of cell popula-
tion. While the cell production rates reflected the differ-
ences between the index populations, the cell death hazards
were modeled the same way allowing for cell lifespan and
cell age distributions to be common to both populations.
This demonstrates that the age-structured model is uni-
versal and can be applied to describe survival of various
cell populations.

Drug plasma concentration replaced by time variant
hazard of cell loss

In the presented framework for age-structured cell popu-
lation models the environment affecting the cell removal is
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Survived Fraction

Survived Fraction

Time, days

Fig. 4 The effect of the correction due to cell loss on the survival
curve. The typical values for § = 0.16 day™' and g, = 0.08 day™"
were varied several fold to show the change in the shape of the RBC
survival curve for a typical Wistar rat. The curves were simulated
based on Eq. (36)

represented by the drug plasma concentration C(z). How-
ever, the model was applied to data involving cells at
steady-state that were not treated with any drug. Instead,
C(t) was replaced by the hazard of cell loss due to
experimental processing of blood sample w;,,(¢). In this
context, cell labeling can be viewed as impact of the
environment on the index cell population, keeping valid all
model equations derived for C(¢). Under assumption that
the labelling is independent of other processes affecting
cell death, the key equation describing the survived frac-
tion of the random sample of cell population is Eq. (31)
where the SF described solely by death hazard is corrected
by a factor due to the transient labelling effect. The pres-
ence of this correction factor is unique to our model. Its
impact on the shape of the survival curve has been studied
in Fig. 4. Other functions can be considered to describe
Wioss(7) to account for more gradual cell loss (e.g. linear
hazard). This might be the case for allogenic RBC sample
reinfused to another recipient [16].

@ Springer

Non-stationarity

The stationarity assumption is often applied in other
models of cell survival [7]. In our model the stationarity
assumption applies only for times before the drug treat-
ment. This means that prior to drug intervention (¢ <0) the
cell population was at steady-state. The labeling must
occur at or later than the drug administration (79> 0).
Consequently, if there was any perturbation of the circu-
lating cells state before drug treatment such as disease
progression or treatment with other drugs or therapies
affecting the cells, then the presented equations do not
apply. With this restriction our model is qualified to
describe non-stationary cell survival data within the scope
defined by model assumptions [10].

Label elution

A common problem to all labeling techniques is elution of
the label from the index cells and possible label reutiliza-
tion [17]. Since the index cells are detected based on the
signal emitted from the label, loss of the label can be
interpreted as loss of the cell and it impacts the estimation
of the cell lifespan distribution parameters. Many models
of cell survival account for the label elution by modifying
the cell survival curve [4, 18]. However, the label elution is
a factor to consider if the index cell number is assumed to
be proportional to the signal emitted by the labeled cells
(see Eq. (34)). If the signal is used only for cell detection
and cell enumeration is done by another method (e.g. flow
cytometry event count), the label elution is insignificant,
and only affects cells emitting signals at the detection level.

In the presented model the hazard of cell loss p,.(f) can
only account for the signal loss that makes cells unde-
tectable (e.g. reaching the background noise), and should
not be considered as a correction for the label elution.
Consequently, the age-structured model in the current form
does not account for the label elution. In order to do so in
agreement with the framework of the physiologically
structured population models one must recognize that the
signal s from a labeled cell is another structure and its loss
rate defines the state of the cell on par with the cell age
a. Therefore, the density function for the index cell popu-
lation should account both for a and s distribution n(a, s, 7).
Then the total signal from the index cell population S(r)
and the number of cells N(¢) can be calculated as follows:

S(t) = Ofcofcsn(a, s,t)dsda and N(t) = ofoofon(a,s7 t) dsda
00 00

(44)

In the presence of label elution the quantities S(¢) and
N(¢) are not, in general, proportional to each other. If the
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total signal is used for index cell enumeration, S(¢) rather MA - ML — 1o, i 45
than N(z) should be applied. This however requires ' 2 J a’p(a)da (45)

extension of the presented model onto an (a, s)-structured
cell population.

For '*C-glycine cohort labeling of RBCs, the label
elution is apparent due to due to vesiculation of hemo-
globin [6]. Given the variability of the data we expect that
the label elution would not be identifiable for our cohort
RBC labeling group.

Selection of Weibull function for p.d.f. of RBC
lifespan

Our choice of the Weibull p.d.f. for the RBC lifespan
distribution was motivated by its flexibility and computa-
tional properties allowing closed formulas for calculation
of many integrals. Another reason for choosing the Weibull
function was the explicit cell death hazard in the form of
the power function. One can consider other p.d.f.s such as
lognormal or gamma functions that have been shown to
perform equally well for RBC survival analyses [12].
Selection of more realistic p.d.f. that will account for cell
death of young RBCs (neocytolysis) [19], or random
destruction will increase the number of model parameters
and might cause identifiability problems [18]. The age-
structured cell population model offers development of
more mechanistic p.d.f. through assumptions regarding the
hazard of cell removal that can vary with cell age rather
than multi-modal lifespan distributions.

Parameter estimates

Our estimates of the mean RBC lifespan for Wistar rats
53.7 days is close to 59.8 days reported in literature for this
strain of animals [20]. This typical value was obtained for a
population of animals comprising cohort and random RBC
labeling groups. However, the means of individual animal
RBC lifespans for those two groups were significantly
different (62.8.1 &= 1.13 and 50.1 &+ 7.8 days). Given
substantial cell loss due to blood sample processing
detected in the random RBC labeling group we attribute
this to lower the mean RBC lifespan estimates despite the
presence of i, (¢) in the model. The objective of our study
was to provide a universal approach describing RBC sur-
vival data obtained by two different techniques, and not to
validate one technique against the other.

We are unaware of any reports of the mean RBC age for
rats. Therefore our estimates of 27.8 days cannot be com-
pared to other values. Interestingly, we established a rela-
tionship between the mean RBC age and the mean RBC
lifespan Eqs. (41) and (42) that is independent of the
mathematical form of lifespan and age distributions:

0

This explains the difference in the means of ages
between cohort and random RBC labeling groups due the
same reasons as for the means of the lifespans.

Another question pertinent to our study is identifiability
of the model parameters from individual subject cell sur-
vival data. Since we applied mixed effects modeling
approach for data analysis, the individual estimates of
model parameters benefit from combined information for
the population, that limits our ability to address their
estimability based on the individual data only. According
to the literature reports using p.d.f.s for the RBC lifespan
distribution defined by means of two parameters (e.g.
lognormal, gamma, and Weibull functions), estimates of
these are readily available from fitting individual random
labeling cell survival data. Our simulations shown in Fig. 4
imply that the parameters describing i, (t) are identifiable
if there is noticeable impact of cell loss due to sample
processing that manifests itself as a visible curvature of the
survival curve. In case p,,(f) parameters cannot be esti-
mated with a reasonable precision we recommend remov-
ing this process from the model (as we did for the cohort
RBC labeling group) and claim the data to be uninforma-
tive about the cell loss.

Summary

We introduced the age-structured cell population model to
describe cell survival. The role of the environment is rep-
resented by the drug plasma concentration that can be
replaced by any time dependent process affecting cells.
The model provides a mechanistic framework flexible
enough to account for various experimental designs to
generate the cell survival data. Contrary to existing models,
our approach utilizes the hazard of cell removal as a key
variable subjected to the effect of the environment. Our
model reproduces the basic cell survival relationships
published elsewhere for cohort and random labeling of cell
populations. In addition, it accounts for cell loss due to
labeling of cell sample. Our model still lacks ability to
describe the effect of label elution on the survival data, but
offers a possible extension to age and signal structured cell
populations to mechanistically account for that phe-
nomenon. We applied our model to simultaneously fit data
from two separate experiments in rats, one involving "*C-
glycine cohort labeling of RBCs, and another random
labeling of RBCs with biotin. We were able to adequately
describe the data and obtain consistent estimates of the
mean RBC lifespan. Despite model qualification on the
animal data, the model has the same potential to be applied
to cell survival data analysis in humans.
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