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cinogenesis is the result of mutations and subsequent clonal expansions of mutated, selectively advan-
s cells. To investigate the relative contributions of mutation versus cell selection in tumorigenesis, we
red two mathematical models of carcinogenesis in two different cancer types: lung and colon. One
ach is based on a population genetics model, the Wright-Fisher process, whereas the other approach
two-stage clonal expansion model. We compared the dynamics of tumorigenesis predicted by the two
s in terms of the time period until the first malignant cell appears, which will subsequently form a
. The mean waiting time to cancer has been calculated approximately for the evolutionary colon cancer
. Here, we derive new analytic approximations to the median waiting time for the two-stage lung cancer
and for a multistage approximation to the Wright-Fisher process. Both equations show that the waiting
o cancer is dominated by the selective advantage per mutation and the net clonal expansion rate,
time t

respectively, whereas the mutation rate has less effect. Our comparisons support the idea that the main
driving force in lung and colon carcinogenesis is Darwinian cell selection. Cancer Res; 70(17); 6797–803. ©2010 AACR.
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ying the timing of carcinogenic events has provided
tant hints on the putative mechanisms of cancer onset,
, of the processes that lead to the first malignant cell
l). Research on mathematical models of carcinogenesis
1970s and 1980s was based on the assumptions that
rcinogenesis is the effect of initiation and promotion,
) carcinogens can be distinguished into those affecting
tages with an irreversible effect and those affecting late
with a reversible effect. This distinction was largely
on experimental research conducted in the previous
es that had shown that initiation was likely to be due
d that promotion was likely based on nonge-
isms (1, 2).
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ls.org
erent models of carcinogenesis have been developed,
ost involve mutation induction and cell expansion
. Here, we compare two modeling approaches: an evo-
ary model based on theWright-Fisher (WF) process (11)
e MVK model of Moolgavkar, Venzon, and Knudson
also known as the two-stage clonal expansion model
arlier, the WF process has been used to describe the
ssion of a benign adenoma to an invasive carcinoma,
fferent values of the mutation and selection parameters
een explored based on tumor growth data (6). No ana-
olution of the stochastic WF model is known, but an
ximate closed-form expression of the mean waiting
ntil the first M-cell appears has been presented (6).
present article, we derive a similar equation for the
g time to the first M-cell based on the simplified
(S-MVK) model, a simplified deterministic variant of
ochastic MVK model (13).
compare the dynamics predicted by the S-MVK model
e WF model in terms of the time it takes until the first
occurs. The main result of our study is that for both
s, we derive similar equations for the median waiting
o the first M-cell and that the expressions emphasize
minating effect of cell selection (i.e., cell proliferation)
rcinogenesis. We also compare waiting times numeri-
sing the same biological end point, that is, the same
r site, for both models. Using parameter estimates ob-
from fitting epidemiologic lung and colon cancer data,
VK model predicts waiting times that are consistent
several previously reported data sets with those ob-
from the WF model assuming basic genomic para-

s such as mutation rate and selective advantage per

ion. Thus, while both mutation and selection are
ary for carcinogenesis (14–16), the model comparison
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odel
WF process is a stochastic model of an evolving asex-
pulation that has been applied to the cells of a tumor
this model, cancer cells evolve in discrete, nonoverlap-

enerations, and each cell independently derives from a
the previous generation with a probability proportional
fitness of the parent. Each cell is either identical to its
t, or hit by an additional mutation with probability u
ne location per cell division (Fig. 1). The expectation
waiting time until the first M-cell with k mutations
rs, denoted TWF, has been approximated (6) as

E TWF½ �≈ k
s

ln2½s=ðudÞ�
lnðNinitNfinÞ : ð1Þ

s is the selective advantage per mutation. An exponen-
pulation growth is assumed from initially Ninit cells to
lls when the first M-cell occurs. The number of putative
involved in the process is denoted by d. The WF model
t been fitted to epidemiologic data. Therefore, we set

rameters to values obtained from published experi- appro
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o mutations occurs in generation 5 (black), and the waiting time for
utations is TWF = 4 generations; see Eq. 1.

r Res; 70(17) September 1, 2010
ed on genomic data (6, 17), we assume a total of d =
sceptible cancer-associated genes. We consider a cell
ed if k = 5 of those genes are mutated and malignant if
. Both the number of driver genes (i.e., those that confer
ctive advantage) available in the genome, d, and the
er of required mutations per initiated or M-cell, k, are
own with certainty today and will eventually be deter-
in large cancer whole-genome sequencing projects.

alues used here are motivated by the cancer genome
Sjöblom and colleagues (17), in which among 13,000
analyzed in 22 tumors, ∼80 driver mutations have been
fied, but only up to 18 and 23 per patient, for late-stage
and breast cancer, respectively. These numbers were
tent with follow-up studies (18–20). Because only a
those driver mutations occurred with high frequency

ed “mountains”) whereas most occurred at low fre-
ies (called “hills”), we assume that adenoma formation
es k = 5 mutated genes, which are likely to be more
ic changes and therefore appear as mountains in the
ram provided by Sjöblom and colleagues (17). Assum-
normal mutation rate (no genetic instability), the
e per-gene mutation rate has been estimated as u =
−7 per generation (6). In general, no experimental data
ailable for the fitness advantage s conferred by a mu-
. Plausible values of s have been determined as those
ause expected waiting times (Eq. 1) consistent with ob-
clinical progression times between 5 to 20 years. This

ach suggests a selective advantage per mutation on the
of 1 × 10−3 to 1 × 10−4 (6).
er the WF model, genetic progression proceeds in suc-
e approximately equidistant mutational sweeps (6).
on this regular arrival of new mutant waves and the
lonality of the population at any point in time, the sto-
c WF process can be approximated by a linear multi-
process with transition rate [2s lnNclone]/ln

2[s/(ud)] in
stages correspond to clonal expansions (21, 22). Here,
¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NinitNfin
p

is the (geometric) mean number of adeno-
lls. This deterministic approximation to the WF pro-
an be regarded as an Armitage-Doll (AD) model with
s of transitions starting from a pool of N normal cells
ls; see Supplementary Material). The resulting approx-
hazard function for this model is

h tð Þ ¼ N
2slnNclone

ln2 s=ðudÞ½ �

� �k tk−1

ðk−1Þ! : ð2Þ

survival function is S(t) = exp[−H(t)], in which H(t) is
tegrated hazard. The median waiting time to the first
r cell, denoted τ, is the solution of the equation S(τ) =
is the time when half of the population has acquired
st M-cell. The following expression for τ is derived in
pplementary Material:

τWF ¼ k! ln 2
N

� �1=kln2 s=ðudÞ½ �
2s lnNclone

: ð3Þ
denote this waiting time τN-cells, if the starting point of
l data under additional assumptions as follows.

1. Schematic representation of the WF process. Illustrated are five
ions of a single realization of the WF process with a constant
ion size of N = 6 cells. In each generation, cells are drawn
ly from the previous generation. Initially, in generation 1, all cells
-type (white). In generation 2, the first cell with one mutation
s (gray). Cells with additional mutations have a selective
ge: they are more likely to generate offspring and will, on average,
pete cells with fewer mutations. In this realization, the first cell
WF

rcinogenic process is a set of N normal cells and
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N. We also apply Eq. 3 to the process that starts with a
of m adenoma cells and denote the resulting median
g time τcloneðmÞ

WF .

tage model with clonal expansion
he MVK model (7, 8), normal stem cells can be trans-
d into cells of an intermediate form at an event rate μ1,
st mutation rate. These intermediate cells can divide
etrically into two intermediate cells at rate α, die, or
ntiate at rate β, and divide asymmetrically into one
ed cell (I-cell) and one M-cell at rate μ2 (Fig. 2). Clonal
sion of I-cells is formulated as a stochastic process
12). M-cells are assumed to develop into a detectable
after a constant lag time, tlag. The hazard function of
VK model has been derived (23, 24) and can be used
cribe cancer incidence and cancer mortality rates
t is

hðtÞ ¼ μ1μ2N

α

eδ2t � 1

1� Aþ ðB � 1Þeδ2t ; ð4Þ

A;B ¼ ½αþ βþ μ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðαþ βþ μ2Þ2�4αβ

q
�=ð2αÞ,

ðB�AÞ; h (0) =0, and lim
t!1hðtÞ ¼ ðμ1μ2NÞ=½αðB � 1Þ�.

background estimates for μ1, μ2, α, and β are used
taneous rates), then the hazard function describes
seline cancer incidence. Recently, the MVK model
een fitted to lung cancer incidence data from the
European Prospective Investigation into Cancer and
ion cohort study (26).
S-MVK model (13) is defined by the hazard

hðtÞ ¼ Nμ1μ2

α� β
ðeðα�βÞt � 1Þ; ð5Þ

ch N is the number of normal cells. The S-MVK model
ound at high ages, that is, lim

t →∞ hðtÞ→∞, whereas the haz-
the MVK model reaches a plateau at high ages because
stochasticity of the birth-death process of I-cells. The
model can be derived from the MVK model (Eq. 4) by

ing that μ2 is negligible (13).
he MVK model, the expected waiting time to cancer
calculated as the expected value of the time T to the
-cell, E½T � ¼ ∫∞0 PðT > tÞdt . A closed-form expression
survival function, P(T > t), has been reported (7, 24),

e integral E[T] cannot be solved analytically. By con-
we obtained the following closed-form expression for
edian waiting time from a pool of N-cells to the first
for the S-MVK model (see Supplementary Material),

τN�cells
S�MVK ¼ 1

ðα� βÞ ln
ðα� βÞ2 ln 2

μ1μ2N

� �
: ð6Þ

are also interested in the time to the first M-cell
g with a clone of m I-cells, that is, in the transition
adenoma to carcinoma, in the MVK model. Such
pression would be analogous to Eq. 1, which gives

τ

proximation to the expected waiting time to the first
l for the WF process starting with an adenoma (a

model
contex

acrjournals.org
of mutated cells). However, for the MVK model,
alogous expression for the mean time to the first
l is not defined because intermediate cells have a
ve probability of becoming extinct (Supplementary
ial). Under the condition that the clone of initiated
does not become extinct, the mean time from the
of a premalignant clone to malignancy has been cal-
d (27; see Discussion for more details). Here, we have
d an expression for the median time to the first
l starting from a clone of m I-cells (Supplementary
ial),

Þ¼ 1

δ2
ln

ðα� βÞ �ðα� βÞþ 21=mðα� βÞþ 21=mμ2

	 

μ2ðα� 21=mβÞ

( )
ð7Þ

2 = α(B − A).

arison of the two models
WF and the MVK model are different stochastic

s of carcinogenesis (Figs. 1 and 2). In the MVK model,
ogenesis is viewed as the result of two critical, irre-
le, rate-limiting, and hereditary (at the level of somat-
s) events (23). By contrast, the WF model describes
ogenesis explicitly as a series of genetic changes in
roducing cell population. The genetic progression
that eventually lead to the first M-cell are defined
number of mutated cancer-associated genes. These
t types sweep through the population in several sub-
nt clonal waves (6). Tumor growth is also modeled
ntly. In the S-MVK model, the net clonal expansion
− β) describes the growth of initiated cells, whereas
WF model, a deterministic exponential growth from
ma to carcinoma is assumed. The background rate μ0
MVK model corresponds to the composite parameter
in the WF model because in the WF process, no car-
nic environmental factors such as smoking or radia-
re included. Likewise, the growth rate, (α − β), plays a
r role in the MVK model as the selective advantage, s,
WF model. The term “initiated cell” used in the MVK

)] with rate μ2. The M-cells are assumed to develop into a
T) after a deterministic lag time, tlag.
2. Conceptual view of the two-stage model with clonal expansion.
cells (N) can develop into initiated (or intermediate) cells (I).
ave sustained the first rate-limiting event in the pathway to
ncy at rate μ1, the parameter defining the rate of critical genomic
involved in initiation. An I-cell can divide into two I-cells with
it dies or differentiates with rate β; it divides asymmetrically into
ell and one cell that has sustained the second event [malignant
corresponds to the notion of “adenoma cell” in the
t of the WF model.

Cancer Res; 70(17) September 1, 2010 6799
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lts

pite their differences, the WF model and the MVK
are conceptually similar. Both explain the appearance
first malignant cancer cell by accumulating mutations
selective advantage in a cell population, and both dis-
sh the generation of a new cell type (mutation) from its
(clonal expansion). The dynamics of the carcinogenic
s can be directly compared between the two models in
of the time to appearance of the first M-cell. Because
pectation of this waiting time cannot be calculated
ically for the MVK model, we have calculated the
n waiting time to the first M-cell, τN-cellsWF and τN-cellsS-MVK ,
e WF model and the S-MVK model, respectively (see
ials and Methods and Supplementary Material),

τN-cellsWF ¼ k! ln 2

N

� �1=kln2 s=ðudÞ½ �
2s lnNclone

; ð8Þ

τN-cellsS-MVK ¼ 1

ðα� βÞ ln
ðα� βÞ2 ln 2

μ1μ2N

" #
: ð9Þ
E[TWF

τcloneðmMVK

τcloneðmMVK
time, T
cance
Form
colon
In a

I-cells
which
τN-cellS-MV
two equations are strikingly similar. In both expres-
the parameter governing the growth of clones harbor-
vantageous mutations, namely the selective advantage,
the net clonal expansion rate, (α − β), appears in the
inator, whereas all other parameters enter only loga-
cally. Thus, in both models, the selection parameters
he strongest impact on the waiting time distributions,
ting that cell selection is the major driving force of
ogenesis.
observed prominent role of cell selection is con-
by numerical evaluation of the waiting time equa-

using best estimates from various model fits to
uals with full grown tumors. Sets of best estimated

calcul
(88–10

le

ere
e

a
öll
elt
lg
lg
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renced studies. Further details of the calculations are provided in secti

r Res; 70(17) September 1, 2010
, which were obtained from several studies by fitting
VK or two-stage clonal expansion model to lung (26,
) and colon cancer data (32, 33), were used to calcu-
loneðm ¼ 1Þ
VK (Supplementary Material, section 4; Table 1).

e present study, no model fits were performed.
ave analyzed whether the predicted time from a
of I-cells to the first M-cell is consistent between
o models. We performed calculations using m = 1,
, a clone consisting of one I-cell and β = 0, assuming
tinction (see Section 5 of the Supplementary Material
e effect of setting β = 0 on the parameter estimates).
ng cancer, we obtained values for τcloneðm ¼ 1Þ

MVK be-
99 and 192 years, and for colon cancer between 62
9 years (Table 1). For the WF process, we evaluated
me median waiting time τcloneðm ¼ 1Þ

WF with N = Ninit = 1,
1 × 109, and k = 15, because initiated cells are assumed
bor 5 of the 20 required mutations already (see Methods).
s = 1 × 10−3 and 1 × 10−4, the resulting waiting times
.6 and 43.9 years, respectively. We also evaluated Eq. 1
e same parameter values and obtained E[TWF] = 42.0
05.1 years for s = 1 × 10−3 and 1 × 10−4, respectively.
that the WF model has not been fitted to any cancer
nce or mortality data, the values for τcloneðm ¼ 1Þ

WF and
] based on the WF model compare well to those for
¼ 1Þ based on the MVK model. Our values for
¼ 1Þ also compare very well with those for the sojourn

s , from the study byMeza and colleagues (27). For colon
r, those authors found values between 55 and 64 years.
= 1, we obtain τcloneðm ¼ 1Þ

MVK = 62 and 69 years for the two
cancer data sets (Table 1).
ddition to the waiting times that start with a clone of
, we also evaluated the median waiting time, τN-cellsS-MVK ,
starts with a pool of N-cells. For lung cancer,

s
K ranges from 108 to 135 years. For colon cancer, the

ated waiting times are also consistent across data sets
6 y; Table 1).
1. Median times to failure
oneðm
VK
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9
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6
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134.
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mentary Material.
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nces and exact information from which sets of best estimates values
used for the calculations of τ
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E: Values for median time to the first M-cell (Eqs. 7 and 9) calculated from different sets of best estimated values to lung and
n cancer. We calculated τMVK

clone(m) for m = 1 and β = 0, i.e., starting with one initiated cell and assuming that there is no extinction
lones. For the lung cancer calculations of τS-MVK

N-cells: N = 1 × 107; for colon cancer, N = 1 × 108. These values are taken from the
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have applied two different mathematical models to
the relative contribution of mutation induction and
lection to carcinogenesis. The WF model is based on
olutionary theory of carcinogenesis (6, 34), and the
model is a stochastic two-stage model with clonal ex-
n (7, 8). Both models share essential biologically moti-
characteristics, namely the generation of new cell types
ncreased replication capacities (Figs. 1 and 2). How-
ome specific model features are conceptually very dif-
. For example, the MVK model applies two stages to
ancy with typical values for the background mutation
of 1 × 10−8 to 1 × 10−6 per year and background net
expansion rates of 0.01 to 0.1 per year (26, 33). In gen-
e two mutation rates μ1 and μ2 in the MVK model do
fer to genomic mutation rates, but rather to transition
etween biophysical states of the carcinogenic process
ight be the result of several genetic changes. This in-
tation is in line with the original definition of μ1 and μ2
nt rates (7, 8) and consistent with Moolgavkar's inter-
ion of Vogelstein's multistage genetic model for colo-
tumorigenesis within the two-stage model (35). By
st, the WF process assumes ∼20 genetically defined
, and the mutation rate between these stages directly
s the DNA mutation rate in humans. Typical values for
lective advantage s are 0.01 and 0.001 per mutation,
s, 1% and 0.1% selective advantage, respectively.
se s can also be regarded as a growth rate (refer to
in the Supplementary Material of ref. 6), these values
pond to 3.65 and 0.365 per year, respectively. The normal
ion rate of u = 1 × 10−7 per gene per cell division corre-
s to a total of u × d = 3.65 × 10−3 mutations per year. The
ion and selection parameters of the MVK and the WF
are not directly comparable because they refer to differ-
efined stages of carcinogenesis. However, obviously, the
ges of the WF model need to be taken much faster than
o stages of the MVK model to arrive at similar waiting
implying higher values for the mutation rate or the
ve advantage (or both) in theWFmodel, consistent with
lues for s and u × d mentioned above.
find that the MVK and the WF model have similar
ics in the development of the first M-cell mainly driven
l selection, that is, clonal expansions of cells harboring
vely advantageous mutations. This conclusion is based
paring Eqs. 8 and 9, themedian times to the first M-cell
WF model and in the S-MVK model, respectively. Both
g times are inversely proportional to the selective ad-
e, s, and the net clonal expansion rate, (α − β), respec-
whereas all other parameters enter the equations only
hmically. Thus, in both models, the waiting time is very
ive to parameters associated with promotion, but less
ve to all other parameters, includingmutation rates. For-
have also been developed for the waiting time to the first
starting with a clone of I-cells (Eqs. 1 and 7). Again, these
sions both show the strongest dependence on cell selec-

nfirming the main finding of the study. Other approxi-
s to the average time between initiation and promotion

tain th
M-cell

acrjournals.org
ore generally to the speed of evolution in large asexual
tions have been reported elsewhere (34, 36).
findings are in line with the results of several earlier
aches (14–16). The major role of selection, in the form
motion, was indicated as the mechanism of caloric
tion in preventing experimental cancer 65 years ago
odin and Rodin (14) analyzed mutation spectra and
ded that the main driver of lung carcinogenesis is cell
on, not mutagenesis. Cell selection was also shown to be
iving force in spontaneous transformation of cells in
e (38, 39). Tomlinson and colleagues (16) mathematical-
lyzed the role of the mutation rate in the growth of
dic colorectal cancer and concluded that selection
ut increased mutation rates is sufficient to explain the
ion of tumors (15), challenging the concept of a mutator
type proposed by Loeb and colleagues (40, 41).
dominance of cell selection overmutation is also visible
hazard functions (Eqs. 2 and 5; Supplementary Materi-
r the WF process (Eq. 2), the mutation rate enters only
thmically, whereas the selective advantage enters in a
stronger way as sk. For the S-MVK model (Eq. 5), the
ion rates enter linearly, whereas the net clonal expansion
−β), enters exponentially. These qualitative differences
our finding based on analyzing the median times to the
-cell. For the S-MVKmodel, the much stronger influence
al expansion of initiated cells over mutations is a conse-
e of the exponential growth rate implied by the model
ure. The WF process, which is based on the basic evolu-
y mechanisms of mutation and selection, comes to the
conclusion. Therefore, both the S-MVK and the WF
provide independent support for this conclusion.
approximations made in the derivation of τWF (Eq. 3),
y the approximation of the stochastic WF process by a
multistep process using approximate transition rates,
er with the fact that it had to be evaluated with param-
alues that were not determined by fitting incidence or
lity data, make the comparison with theMVKmodel dif-
It is therefore not surprising that somewhat different
rical values are obtained for τWF

clone(m = 1) compared with
¼ 1Þ. However, all results are clearly in the same order

gnitude, and given the strong approximations in the
tion of Eq. 3, they appear in reasonable agreement.
two-stage clonal expansion model has recently been
ced to include preinitiation stages (27, 32). It has been
that this new multistage clonal expansion model is

tent with the linear phase of cancer incidence in the
illance Epidemiology and End Results (SEER) data
he authors also presented a formula for the mean

ion, Ts, from the birth of a premalignant clone (i.e.,
) to its eventual development into a malignant tumor,
ional on nonextinction (equivalent to assuming that
): Ts ≈ ln(α/μ2)/α (here, we applied β = 0 in Eq. 3 of
). It can be shown that for β = 0 and m = 1, Eq. 7 yields
me expression: τcloneðm ¼ 1Þ

MVK = ln(α/μ2)/α (refer to Supple-
ry Material, Section 6 for the mathematical details). It is
ble that because of the approximations necessary to ob-

is closed-form expression, the median time to the first
is identical to the mean time Ts. Values for Ts between
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Cance6802
64 years obtained with the multistage clonal expansion
for colon cancer have been reported (27). These values
sed on fitting three- and four-stage models to the SEER
heir values for Ts need to be compared with evaluations
7 for m = 1 and β = 0. For colon cancer, we obtained
between τcloneðm ¼ 1Þ

MVK = 62 and 69 years (Table 1).We sug-
at the differences from the Ts values in ref. (27) stem from
t that these authors used different models and data com-
with (32, 33). Given these differences, it seems that their
are in excellent agreement with ours.
remark that a hazard function of the AD-type has been
to provide a poorer fit to age-specific incidence data
rectal cancer and pancreatic cancer in the SEER reg-
han more complex models (27). We nevertheless used
model here because it has been shown (21) that the
stic WF process can be approximated by a linear
tage process (i.e., an AD-type model) in which stages
pond to clonal expansions. In addition, the formula

F (Eq. 3), which was derived using an AD model, was
ted using values from ref. (6) and not with values
ed with the multistage clonal expansion model of
and colleagues (27).
values for the median time to the first M-cell for the
model, τN-cellsS-MVK, are consistent among various sets of

stimates for lung cancer (Table 1). Values between 110
40 years [i.e., τN-cellsS-MVK + tlag with tlag = 5, respectively,
refer to Supplementary Material, Section 4)] for half
opulation of nonsmokers to get lung cancer are com-
with epidemiologic studies (26, 42). We also calculat-

-cells
MVK with parameter estimates relating to a male
r who smokes 20 cigarettes per day starting at the
20 years for life (α − β = 0.133 y−1, β = 0, μ1 = μ0 =
10−7 y−1, μ2 = 5.06 × 10−7 y−1; these parameter estimates
aken from ref. 26). At an age of τN-cellsS-MVK + tlag = 75.6 years,
f these life-long smokers would die from lung cancer.

odel prediction is similar to the 88 years estimated in Rece

t Rev Cancer 2004;4:197–205.
eis P, Schatzkin A, Potter JD. Models of carcinogenesis: an
erview. Carcinogenesis 2010 May 11; [Epub ahead of print].
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tes fromMVKmodel fits to colon cancer were also iden-
The calculated values for τN-cellsS-MVK are not much different
ach other (Table 1) and are consistent with extrapola-
from epidemiologic studies. For example, Fig. 3 in ref.
rovides the lifetime probability of colon cancer in the
population of Birmingham, Alabama represented in
ER data. When this curve is extrapolated to higher ages
fitting a suitable function to selected data points on that
, it is found that after ∼120 years half of the population
ed from cancer. This is consistent with τN-cellsS-MVK = 106
from Table 1.
marizing, it can be said that the analytic and numer-
alyses of the waiting times derived from two different
matical models of carcinogenesis support the claim
ancer onset is dominated by the clonal expansion of
ed cells, that is, by cell selection, and that mutation
ion has a smaller influence. We expect this conclusion
d also for other solid tumors.
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Supplementary Material 
 
 

1. Derivation of median time to the first malignant cell for the WF process 
 
Because the WF process starts with an adenoma, a clone of mutated cells, we need to 
reformulate the model into a formula that applies to a carcinogenic process starting with a 
pool of N normal cells (N-cells). For that we use the Armitage-Doll (AD) model (1): 
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where I(t) is the cancer incidence rate, which can be equated with the hazard function h(t). For 
equal transition rates (0 = 1 = … = i1 := ), it is 
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The formula for the expected waiting time, tk, suggests to approximate the stochastic WF-
process by a linear multistep process with transition rate  
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(adapted from (2)). The constant mean number of initiated cells in a clone is denoted Nclone. 
This expression for  is to be used within the AD model. 
 
In the WF-process, a tumor that needs mutations in k cancer defining genes will experience k 
waves of clonal expansions in its formation. This can be seen in Fig. 3 of Beerenwinkel et al. 
(3) where we have k = 20 and that results in 20 waves of clonal expansions. Therefore, the 
number of cancer defining genes, k, in the WF-process is equivalent to the number of stages i 
in the AD model. Consequently, the hazard function for the deterministic WF-process that 
starts with N normal cells is 
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The survival function for the WF-process is obtained from the hazard as follows: 
 

S(t) = exp(H(t)),         (A5) 
 
where H(t) is the integrated hazard: 
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From H(τ) = ln2 we get 
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In the main text this expression is denoted  (refer to Eq. (3)) to indicate that it is the 

median time for the WF process starting with a pool of N-cells. 
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2. Derivation of median time to the first malignant cell for S-MVK model 
 
The term S-MVK stands for simplified Moolgavkar-Venzon-Knudson model and was coined 
by Chen (4). Using the hazard for the S-MVK model (refer to Eq. (5) in the main text), we 
obtain the integrated hazard 
 

H(t) =  = 
t

dtth
0

')'(  .1)(
)(

)(
2

21 


 e
N       (A8) 

 
The defining equation H(τ) = ln2 leads to 
 

 1)(
)(

)(
2

21 


 e
N  = ln2.      (A9) 

 
That can be reformulated to yield 
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Generally, the equation pax + b = cx + d (where p > 0 and c, d  0) can be transformed via the 

substitution 
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expression can be reformulated as tlnp etlnp = Rlnp. The solution of an expression YeY = X is 
given by Y = W(X) where W is the Lambert W function (5). Therefore, the solution to the 
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 which is the solution to pax + b = cx + d. 

 
Comparing the equation pax + b = cx + d to Eq. (A11), we make the following identifications: a 

= (  ), x = , b = 0, c = (  ), and d = a1. Therefore, the equation 
c

ad
axt   becomes 

– t = (  ) + a1 and hence, .1
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 Using that expression within Eq. (A11) we obtain 
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This is an expression of the type YeY = X . Therefore, the solution to Eq. (A12) is t = 

 Here, W–1 is the branch of the Lambert W function indexed by –1. Of course, all 
branches of the W function give valid solutions, but only this one is biologically meaningful, 
because it is the only one giving positive real values for τ, the median time to the first 
malignant cell. 
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With – t = (  ) + a1 we obtain 
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For small negative arguments, W–1 can be developed into the (real-valued) series 
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Using  we find: )1ln()ln( 11  aa
 

)(

2ln)(
ln

)1ln(ln 21

2

11






















Naa

.      (A16) 

 

 3



This approximation is justified because for typical parameter values a1 is very large. In the 
main text, this expression is denoted 

 
(refer to Eq. (9)) to indicate that it is the median 

time for the S-MVK model starting with a pool of N-cells. 
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3. Derivation of median time to the first malignant cell starting with a clone of 
initiated cells 

 
The probability generating function  for the generation of intermediate cells out of initially 
one initiated cell and zero malignant cells has been published for the MVK model (6): 
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where A(z) and B(z) denote the two roots of the characteristic equation  
 

x2 – ( +  + (1  z)2) x +  = 0.       (A18) 
 
The probability that there are zero malignant cells given that there is initially one initiated cell, 
P(M(t) = 0|I(0) = 1) can be described by ),,( tzy  with y = 1 and z = 0. Eq. (A18) then 

becomes x2 – ( +  + 2) x +  = 0. It has been shown that the roots A and B can be 
approximated as follows (6): A  /, B  1 + 2/(  ). With that we obtain 
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with 2 = (B  A).  
 
It is 
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i.e., there is a positive probability, that the intermediate cell dies and thus no malignant cells 
can be generated. The resulting survival function P(M(t) = 0|I(0) = 1) is a “degenerated” 
survival function, meaning the limit survival probability is positive. Therefore, the mean time 
until the first malignant cell is infinite, and thus not defined.  
 
In the framework of the MVK model, all intermediate cells in a clone of initiated cells are 
assumed to be independent. Therefore, the probability of all m intermediate cells dying out 
equals the product of the extinction probabilities for each intermediate cell. Therefore, 
 

P(M(t) = 0|I(0) = m) = P(M(t) = 0|I(0) = 1)m,               (A21) 
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Hence, even in the case of multiple intermediate cells at t = 0, the probability that all 
intermediate cells die is positive, and thus the mean time until the first malignant cell is still 
infinite. 
 
It is, however, possible to calculate the median survival time, , by solving the defining 
equation P(M() = 0|I(0) = 1)m = ½ for . It is 
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That equation leads to 
 

.
2

1

/1

))/((/1

/)/(1
2

2

2










 me
                 (A24) 

 
Therefore, 
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This equation can be solved for  to yield 
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              (A26) 

 
Here,  is the median time to the first malignant cell starting with a clone of m initiated cells. 
In the main text, this expression is denoted  (refer to Eq. (7)). )(mclone

MVK
 
Eq. (A26) contains parameter 2. With the abbreviations for A and B it can be shown that for 
typical parameter values 2 is numerically similar to parameter    (as long as 2 is small 
compared to   ; (6)). 
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4. Additional information for Table 1 
 
Table 1 provides values for the median times to failure for the S-MVK, , calculated 

using different sets of best estimated values obtained in other studies by fitting the MVK resp. 
TSCE model to epidemiological lung and colon cancer data. Table 1 also provides values for 
the median time to the first malignant cell starting with a clone of m = 1 initiated cells, 

 (refer to Eq. (7)). Here, we provide the best estimates and detailed information on 

all other parameter values that were needed to evaluate Eqs. (7) and (9). 

cellsN



MVKS

)1(  mclone
MVK

 
Meza et al. (7): From their Table 2 we used the following best estimated values obtained by 
fitting the TSCE model to the Nurses Health Study. Meza et al. (7) report 0 = 1 =  
8.14108/yr (corresponding to 1 = 2 in Eq. (9)) and g =     1 = 0.0956/yr. They used a 
constant value of  = 3/yr. Therefore,  = 2.904/yr. Furthermore, N = 107 and tlag = 5 years 
(7). To evaluate , we used the following new values for  and 2: new = 0.096/yr, 

2new = 2.54106/yr with  = 0. Refer to section 5 below for a description of how these values 
were calculated. 

)1(  mclone
MVK

 
Schöllnberger et al. (8): From fit-RIVM11 we used 0 =    = 0.066/yr with  = 0; 0 = 
2.03107/yr (corresponds to 1 = 2 in Eq. (9)). It is N = 107 and tlag = 5 yrs (8). 
 
Hazelton et al. (9): From their Table 2, (“CPS-I males”) we obtain p1 = 22.65/yr (corresponds 
to their 0), p2 = 0.075/yr (corresponds to their g0 = 0  0  0), and p3 = 1.4107/yr 
(corresponds to 1 = 2 in Eq. (9)). Therefore, 0 = 22.575/yr. It is N = 107 and tlag = 5 yrs (9). 
To evaluate , we used the following new values for  and 2: new = 0.075/yr, 2new 

= 4.228105/yr with  = 0. 

)1(  mclone
MVK

 
Moolgavkar et al. (10): From their Table 2 (“Model B”) we used a0 = b0 = 1.23107/yr 
(corresponds to 1 = 2 in Eq. (9)), c0 = 8.55102/yr (corresponding to    in Eq. (9)), / 
= 0.993. Therefore,  = 12.214/yr,  = 12.129/yr. It is N = 107 and tlag = 3.5 years (10). To 
evaluate , we used the following new values for  and 2: new = 0.0855/yr, 2new = 

1.757105/yr with  = 0. 

)1(  mclone
MVK

 
Moolgavkar et al. (11): From Table 2 (“Full Model”) we obtain a = 0.114/yr (corresponds to 
   in Eq. (9) with  = 0), c0 = 6.51108/yr (corresponds to 1 = 2 in Eq. (9)). It is N = 107 
and tlag = 3.5 yrs (11). 
 
Luebeck and Moolgavkar (12): From their Table 3 (“white males”) for k = 2 (corresponds to 
the two stages in the S-MVK model) one finds 0 = 4.5109/yr, 1 = 1.44107/yr,  = 8.86/yr 
(applying  = 9/yr (12)). Their 0 and 1 correspond to 1 and 2 in Eq. (9), respectively. It is 
N = 108  and tlag = 0 (12). To evaluate , we used the following new values for  and 

2: new = 0.14/yr, 2new = 9.257106/yr with  = 0. 

)1(  mclone
MVK

 
Moolgavkar and Luebeck (13): From their Table 1 (parameter estimates for males, “Two-
mutation model”) we find  =  = 3108/yr,  = 107/yr,  = 106.893/yr. Parameters  and  

                                                 
1 The term fit-RIVM1 was used in ref. (8) to denote a fit of the MVK model to epidemiological data for male 
smokers and nonsmokers of the European Prospective Investigation into Cancer and Nutrition (EPIC). 
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correspond to 1 and 2 in Eq. (9), respectively. It is N = 108 and tlag = 0 (13). To evaluate 
, we used the following new values for  and 2: new = 0.107/yr, 2new =  )1(  mclone

MVK

1.44104/yr with  = 0. 
 
 
 

5. Method to calculate parameter values to be used in )1(  mclone
MVK  for  = 0 

 
To evaluate the expression for  (refer to (A25) and (7)) using  = 0, we proceeded as 

follows: for each set of best estimates given in the last section we calculated new parameter 
values for  = 0 using all known mathematical relations between the parameters. 

)1(  mclone
MVK

 
The hazard function for the MVK model is as follows (6): 
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with 







 ,1, 2BA  and 2 = (BA). 

The hazard function contains three independent parameters: 
)1(
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
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1

1
2 , and c3 

= 2. We calculate the values for c1, c2, and c3 using the best estimates for , , 1, and 2. 
Then, we used Mathematica to solve the following four equations (in which  = 0 was 
applied): 
 

)1(
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for 1new, 2new, new, and Bnew. For the best estimates from ref. (9), for example, that resulted 
in the following values: 1new = 4.635761010/yr, 2new = 4.228105/yr, Bnew = 1.00056, new 
= 0.075/yr. The values for 2new and new were then used to evaluate  .)1(  mclone

MVK
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6. Comparison of formula for Ts with expression for  )1(  mclone
MVK

 
Advancing the TSCE model to include preinitiation stages, Meza et al. (14) present an 
equation for the mean (or effective) sojourn time, Ts, of the premalignant neoplasm, i.e., the 
mean duration from the birth of a premalignant clone to its eventual development into a 
malignant tumour, conditional on nonextinction: 
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Meza et al. (14) state that they ignore the lag time between the malignant transformation event 
and appearance of clinically detectable cancer. Strictly, this means that Eq. (A28) is the mean 
time from the first initiated cell (i.e., m = 1) until the first malignant cell. The condition of 
nonextinction is equivalent to assuming that β = 0. That gives 
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For a comparison of this mean time with our formula for the median time to the first 
malignant cell starting with a clone of m initiated cells, , (Eqs. (7) and (A26)) we need 

to use  = 0 and m = 1. It can be shown that for typical parameter values 2 is numerically 
similar to    as long as 2 is small compared to    (6). Therefore, we get 

)(mclone
MVK
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Applying m = 1, we get 
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(A31) 

 
Here, we considered the fact that typically 2 << . 
 
This result for the median time is identical to the approximation for the mean time Ts given in 
Eq. (A28). 
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