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Cellular senescence in the Penna model of aging
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Cellular senescence is thought to play a major role in age-related diseases, which cause nearly 67% of all
human deaths worldwide. Recent research in mice showed that exercising mice had higher levels of telomerase,
an enzyme that helps maintain telomere length, than nonexercising mice. A commonly used model for biological
aging was proposed by Penna. I propose a modification of the Penna model that incorporates cellular senescence
and find an analytical steady-state solution following Coe, Mao, and Cates [Phys. Rev. Lett. 89, 288103 (2002)].
I find that models corresponding to delayed cellular senescence have younger populations that live longer. I fit
the model to the United Kingdom’s death distribution, which the original Penna model cannot do.
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I. INTRODUCTION

From early alchemists looking for the elixir of life, to
modern-day researchers, humans have always wanted to
understand aging. As people age, their cells go through
replication cycles. Each replication reduces the length of the
telomeres in the cells. If a cell’s telomeres are too short, it
may not be able to replicate [1]. Cells that can no longer
replicate are termed senescent. Cellular senescence is thought
to play a major role in age-related diseases, which cause nearly
67% of all human deaths worldwide [2]. Recent research
in mice showed that exercising mice had higher levels of
telomerase, an enzyme that helps maintain telomere length,
than nonexercising mice [3]. In humans, runners had longer
telomeres than nonrunners [3]. Since shortened telomeres are
thought to be related to death, this research would seem to
indicate that people who exercise live longer lives. Population
studies do indeed show this; however, most studies show that
only the mean lifespan increases in exercising populations, not
maximum lifespan [4,5].

A commonly used model for biological aging was proposed
by Penna in 1995 [6,7]. The model looks at death from a
mutation accumulation standpoint. In the past 10 years, papers
have been published describing methods for finding the age
distributions created by the Penna model without actually
simulating the model [8—10]. However, the research on cellular
senescence indicates that age-related death is not caused by
mutation accumulation but rather by an inability to reproduce
after a number of cycles . I propose a modification of the
Penna model that uses this mechanism instead of mutation
accumulation and show that a mean lifespan can increase
without affecting the maximum lifespan, which cannot be
done by changing parameters in the original Penna model.
Furthermore, I show that this modification allows the Penna
model to fit actual data.

II. MODEL

The Penna model assigns a bit string to each individual
in the population. Each bit corresponds to a timestep of the
simulation. A 1 in the string represents a mutation, and a
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0 means no mutation. If an individual has gone through T
Is, then it dies. Each individual can have offspring, with
probability b. The child’s bit string is derived from the bit
string of the parent, where each 0 has probability (1 — e~#) of
becoming a 1. The Penna model ignores positive mutations,
because they are rare. The length of the bit string provides a
hard limit for lifespan.

In the proposed modification, which we will call the
senescent Penna (SP) model, each individual can only get
one disease, which is essentially the beginning of aging. After
the individual starts to age, it has probability p of staying
alive to reproduce at each time step. The maximum number
of replication cycles is M, so an individual can stay alive to
reproduce for up to M future cycles. People who exercise
generally have longer telomeres, so once cellular senescence
starts, they have a smaller probability of dying. Higher values
of p could represent exercising populations.

The first 1 in an individual’s bit string is the age, [, at which
cellular senescence begins. The number of people alive at time
J>withage x,isn;(x,I,m)=pnj_(x — 1, m —1)ifx > [,
where p is the probability of living after cellular senescence,
and m is the time since the inception of cellular senescence.
If x <1, thennj(x,l) =n;_1(x — 1,I). If b is the probability
of birth, and e~# is the probability of an individual going
unmutated, then the number of children born in the next time
step with disease acquisition time /, n;41(0,/,0) is given by

nj1(0.1,0) = be P > "nj(x.lm)

+ (1 — e Pype Z Z an(x,l',m). (D

U'>l x m

Since m is just the maximum of 0 and x — /,

-1 MA+1-1
Zan(x,l,m)=an(x,l)+ Z nj(x,h), (2)
X m x=0 x=l

where M is the maximum number of replication cycles allowed
after disease. Assuming a steady state, n;((x,l) = n;(x,]) =
n(x,l). Therefore,

-1

> n(x.1,0) =1-n(0.1,0), 3)

x=0
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FIG. 1. The possible paths until death, after reaching /, in the SP.

since each x has the same number of people. Since n;(x,l) =
pnj_1(x — 1,0) for x > [, and since n;4(x,[) =n;(x,l) in a
steady state,

M+1-1 M | — pM
Yo aleh=nOD Y pt=pon @D (@)
x=l x=1
Defining g; as
1 _ M
a=1+p—" 5)
-p
and n(l) = n(0,1), Eq. (1) can be simplified to
l
0=be Pn(l) — n® + (1 — e PybeF! Z n(). (6)
4 U>i+1

Writing the same equation for / 4 1, some algebra leads to
be P! —1/q
be=BU+D —ef /g

This equation leads to some limiting cases, in order
to maintain a steady state. Neither the numerator nor the
denominator should vanish in Eq. (7).
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FIG. 2. Higher values of p result in earlier times of cellular
senescence in the SP. In this picture, M = 5. Age in constant birthrate
units (CBRU).
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FIG. 3. The death curve in the SP is a shift of the cellular
senescence curve, with the amount shifted varying on p. Here, M = 5
and p = 0.8. Age in CBRU.

which means that the latest age a person can get a mutation,
Imax, 18 given by

l—p
1—-p '
Note that [« is not the maximum age an individual can live to

but rather the latest age of senescence. The maximum lifespan
is given by lax + M. This also sets the birthrate,

b 1
gmax€ -l
However, Eq. (7) only gives the time of cellular senescence,
not the lifespan. In the original Penna model, at / the individual
dies, but here the individual has only a (1 — p) probability of
dying. The number of individuals who die at age ¢ is just

C))

Imax = gmax — P

(10)

D)= pYnt —M)+ Y (1—p)p' k), (1D

x=t—M+1

assuming ¢t > M. The first term ensures that whent =1 4+ M,
all the remaining people alive with n(/) die (Fig. 1).

III. RESULTS

A. Model

Interestingly, in the SP model higher values of p show
a “younger population” (Fig. 2). With lower p values, an
individual with low / will not have as many opportunities to
reproduce, since chances are it will die out soon. This provides
an evolutionary pressure for higher values of /. However, if p
is high, then individuals with low [ can still reproduce.

While cellular senescence begins later for populations
with lower p, death comes earlier once cellular senes-
cence is reached (Fig. 3). The average death time for
nyisl+(1 = p)+2p(1 = p)+3p*A —p)+--- + (M +
1) pM , where the last term has no 1 — p factor, since everybody
left alive has to die. Higher values of p result in later deaths,
as would be expected. The later deaths are more apparent
after I, when any living members of the population are
undergoing cellular senescence. Figures 4 and 5 show the
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FIG. 4. Higher values of p have a higher proportion of their
population reach larger ages, but that proportion difference is
countered in the middle of the death distribution. This graph shows
the differences in the death distributions at each time unit for different
values of p and M = 5. Age in CBRU.

differences in percentages, which have to sum to 0. The
increased proportion of older individuals for higher values of
p has to be balanced by a reduced proportion of the population
at lower ages. The jump in the differences of death proportions
early in Figs. 4 and 5 is caused by M. For larger values of p,
the 1 — p term in Eq. (10) is small enough to make the p’~*
term negligible. However, once M is reached, the final term
has no (1 — p) factor, causing the jump.

The SP model does not show an increase in the mean for
higher values of p, butitdoes show that the probability of living
to a higher age is greater. Even though the probability of living
to a high age is greater, the maximum age for both populations
with higher and lower p is still /,,x + M. Higher values of
M push the time of cellular senescence further forward, since
there is less evolutionary incentive for an individual to have a
higher [.

However, justlike p, higher values of M also afford a longer
time until death, balancing out the earlier cellular senescence
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FIG. 5. The jump in differences of the SP death distributions with
different values of p in Fig. 4 is also observed here, except M = 10.
The jump always occurs at position M. Age in CBRU.
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FIG. 6. The death distributions for different values of p look
approximately the same, but there is a slightly higher proportion of
people alive at later times for higher values of p. Age in CBRU.

times (Fig. 6). Since higher values of M allow for a longer
life, the proportion of people alive at a higher age is greater
for higher values of M. The breaks in Fig. 7 are caused by
the same mechanism as the breaks in Figs. 4 and 5, except
instead of the deaths coming at one specific M, they come at
the values chosen for the simulations: M = 5 and M = 10.

B. Fitting the model

I will compare the SP model and the Penna model to
data from the United Kingdom, averaged from 1981 to 2011
[11]. Since the time step in the Penna model is completely
unspecified, the model should fit any constant birthrate data.
However, humans do not have a constant birth rate (see Fig. 8).
The number of deaths per unit time (Fig. 9), which in this case
is deaths per year, needs to be transformed into deaths per equal
birth rate unit. Years are an astronomical time unit that have
no significance in actual human life. We transform the death
distribution in years to a distribution in equal birthrate units.
To find an equal birthrate unit, the cumulative distribution
function of the birthrate should be split into equal intervals
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FIG. 7. The differences in the death distribution curves of the SP
of M =5 and M = 10, for different values of p. Age in CBRU.

052702-3



AVIKAR PERIWAL

0.07

0.06 nt

0.05 -

0.04 L]

0.03

Birth Rate

0.02 [ ]

[
0.01 . .

]
0 sssssssssssssss®
0 10 20 30 40 50

Age

FIG. 8. The normalized birthrate (sums to 1) of the United
Kingdom averaged from 1981 to 2011. Age in years.

along the birthrate axis. This creates bins with an equal number
of births. Finding the birthrate adjusted death distribution
is then just a matter of integrating the nonadjusted death
distribution between the end points of the equal birth bins.
The number of bins is limited by the number of data points.

Notice that in Fig. 10, the number of deaths stays very
close to 0 before dramatically rising at the last point. This is
because the majority of deaths occur after the age of 50, while
nearly all births occur before 50. Since there are no births after
the age of 50, the majority of deaths are always placed in the
last birth bin, regardless of the number of bins. My simulations
confirmed this. The original Penna model cannot fit this sudden
jump.

For the first 7' time units, the original Penna model has no
deaths. The Penna model assumes a bit string, so individuals
cannot pick up two mutations at once. It therefore takes at
least T time units before an individual can die. The recursive
form for computing the death distribution of the Penna model
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FIG. 9. The fraction of the population that died at a given age in
the United Kingdom, averaged from 1981 to 2011. Age in years.
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FIG. 10. The United Kingdom’s death distribution, in 27 CBRU.

is given by

(L + 1)(ePI=T+D — p1)

D =m0 s DA =T + Te?)

(12)

in Ref. [10].

The best fits to the data using the original Penna model
come when T = /.. This means that the best fit from the
Penna model predicts that every member of the population
dies at [;,ax. This is a trivial solution. There are no population
dynamics if everybody dies at the same time. If T < [y,
then the Penna model fails to even come close to the actual
data.

The SP model is able to fit the observed data well. p ensures
that there are nonzero deaths for the first 7 — 1 time points,
while M ensures that the number of deaths jumps dramatically
at time 7. The solutions that minimized the sum of the mean-
squared residuals had high values of p, and M = [0 — 1
(Fig. 11).
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FIG. 11. A comparison of the SP and Penna models with data
from the United Kingdom. Parameters were chosen that minimized
the sum of the squared residuals. The sum for the SP model was
0.00014, and 0.95994 for the Penna model. Age in CBRU.
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IV. CONCLUSION

In this paper, I showed that simple modifications to the
Penna model allow for shifts in the lifespan distribution
without changing the maximum lifespan. Higher values of
p in the SP model result in younger populations, but they die
later.

Thinking about the original context for this modification,
higher values of p can represent exercising populations. The
maximum age of two populations with different p and the
same M is the same, but the exercising population has a higher
chance of reaching later ages. It is intriguing that this model
shows that the exercising populations have a longer period of
senescence, if higher p corresponds to exercising populations.
The average time of cellular senescence for high p is lower

PHYSICAL REVIEW E 88, 052702 (2013)

than low p, yet the probability of reaching a high age is
greater.

The Penna model is a tool used to help us understand
population dynamics. My modifications of the Penna model
take into account cellular senescence of a population, which
is a critical part of the aging process, and help to explain the
changes in lifespan observed in exercising and nonexercising
populations. By adjusting e~#,p, and M, the SP model fits
observed data significantly better than the Penna model.
Further improvements to the models could take into account
recent research in autism which suggests that e ~# is actually a
function of time [12], and also looking at positive mutations.
The birthrate reparametrization could be applied to exercising
and nonexercising populations, provided that birthrate data
was available.
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