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Abstract: The aim of this paper is to elucidate the risk of lung carcinogenesis from cigarette smoking
among current and former smokers. To achieve this goal, we have set up a stochastic three-stage
model to fit the data of Surveillance, Epidemiology, and End Results (SEER) program besides the
data set of smoking derived from the Nurses’ Health Study cohort of females (NHS) and the Health
Professionals Follow up Study cohort of men (HPFS). The calculations are performed by considering
both mutation and clonal expansion rates as parameters in each compartment. For current smokers, our
findings show that cigarette smoking has more significant impact on the mutation rates of cells than the
clonal expansion rates of premalignant cells among men and women. In particular, for male patients,
cigarette smoking affects the mutation in normal cells and the transformation from premalignant cells to
malignant ones in the optimal model. In addition, cigarette smoking induces only the initial mutation
rates in normal cells among American women. For current and former smokers, cigarette smoking
stimulates only the clonal expansion rate of the first premalignant cells in both sexes. However, we
find that the impact of cigarette smoking is minimal in former smokers who have stopped smoking for
over ten years among men and women in US.
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1. Introduction

Cancer develops when changes, or driver mutations, in a cell’s DNA cause the cell to grow abnor-
mally. Lung cancer of males and females is the most frequent tumor all over the world, and is a major
cause of increased mortality rates, accounting for about 27 % of total cancer deaths in US in 2015 and
20 % of total deaths in Europe (EU) in 2016 [1, 2, 3]. In 2015, Feraly et al. [4] showed that 19 %
of mortality rates caused by cancer among men and females are attributed to lung cancer. The rise
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in lung cancer rates ( incidence and mortality ) derives heavily from factors that impact the risk of
lung cancer formation in both sexes such as genetic susceptibility, poor diet, occupational exposures,
tobacco smoking, and air pollution [5]. In addition, the control of tobacco smoking is considered a
power tool for lung cancer prevention. It is clear that there are significant risk factors for lung can-
cer progression other than tobacco smoking that contribute substantially to lung cancer death rates
in non-smokers [6, 7, 8]. These risks include occupational and environmental factors such as radia-
tion exposure. Evidence suggests that environmental causes such as radiation combined with cigarette
smoking can drastically increase the production of lung tumors among men and women [9]. Wu et al.
[10] used statistical analysis to find that these factors significantly increase the rates of lung cancer by
more than 90 % .

Cigarette smoking has been established to contribute the most to the growth of lung cancer in the
world. Ray et al. [11] have tried to elaborate the relation between cigarette smoking and cancers
other than lung cancer by using incidence rates, calculated from the SEER data. They found out that
there is an intense connection between cigarette smoking and several other cancers such as laryngeal,
esophageal, and colon cancer. However, the correlation between cigarette smoking and cancers, such
as pancreatic and liver cancers is weak. In order to fully validate the extent of the impact of cigarette
smoking on lung cancer, we should know the effect of certain attributes regarding smoking such as
smoking status (current or former smokers) [12, 13], intensity or dose (the number of cigarettes smoked
per day) [14, 15], age at starting smoking [16, 17], duration of smoking, and number of years since
cessation [18, 19]. In 2002, Leffondr et al. [20] investigated the effects of these factors within time-
dependent variables of Cox’s model to case-control study occurred in Canada in the period from 1979
to 1985. They concluded that the two features (intensity and duration) must be separate variables to
better fit the data. This result is supported by [21] who considered that smoking duration is more
important than smoking intensity in the progression of lung cancer. Flanders et al. [22] suggested
using Poisson models with the Armitage-Doll multistage model of carcinogenesis. They then used the
previously described models to fit the data in Cancer Prevention Study II, with subjects aged 40-79
years old and intensity less than 40, and confirmed that the duration of smoking has a big influence on
lung cancer rates of men in the US.

The mathematical study of cancer that considers both mutation and clonal expansion rates as pa-
rameters in each compartment has been of growing interest. The multi-stage models of cancer have had
a long history dating back to the 1950s [23, 24]. In addition, these models did not give any attention
to the clonal expansion of intermediate cells. The genomic instability in stem cells is confirmed by the
fact that there are driver mutations in genes besides the mutations in other types of genes (oncogenes
and tumor suppressor genes), which also validates the mutator phenotype hypothesis. Tomlinson and
Bodmer [25] examined the mutator phenotype hypothesis and claimed that selection for clonal ex-
pansion is sufficient for the evolution of a tumor. Thus, taking mutations and clonal expansion into
account is helpful for studying carcinogenesis. Normal stem cell transformation from a healthy cell
into a malignant cell needs a number of gene changes (mutations), which are fundamental for carcino-
genesis [26, 27]. We do not yet know the number of gene mutations that are required for lung cancer
occurrence in both sexes [28]. For instance, statistical analysis shows that fewer than 15 of mutations
are adequate for breast and colorectal cancers [29]. Byrne et al. [30] showed that four to six gene
mutations are sufficient to form a cancerous colon cell.

There are many studies on the influence of cigarette smoking on lung cancer development using
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multistage mathematical models to fit the incidence rates of lung cancer [31, 32]. These scientific
works did not provide the details regarding parameters changes. Gaffney et al. [33] proposed a two
stage model of Armitage and Doll to analyze the British physician lung cancer data of Doll and Hill
under the condition that cigarette smoking stimulates the initial and penultimate mutations. They also
assumed that smoking initiates normal target cells and promotes the clonal growth of just the smoke-
initiated cells. Moolgavkar and Knudson [34] found that the major role of cigarette smoking is its
proliferative effect. The two-stage clonal expansion (TSCE) model was used by Meza et al. [35] to fit
lung cancer incidence among non-smokers, current smokers, and former smokers in the Nurses’ Health
Study (NHS) and the Health Professionals Follow up Study (HPFS). They concluded that cigarette
smoking promotes partially altered cells on the pathway to cancer.

In this work, we hope to determine the role of cigarette smoking on the growth of lung cancer
within the three-stage stochastic model of cancer. Moreover, we study the effects of smoking features
(smoking status/age at start of smoking/intensity/time since cessation) on lung cancer causation among
men and women in US. For this goal, we use the 3-hit stochastic model, which permits the property
of clonal expansion in each compartment, and analyze the data set of the probabilities of human lung
cancer in the SEER registry, the Nurses’ Health Study cohort of females (NHS), and the Health Pro-
fessionals Follow up Study cohort of men (HPFS). The paper is formatted as follows: In section 2, we
present the mathematical development of the stochastic model with three-cancer mutations. In section
3, we discuss our numerical results regarding the fitting of the model to data. The conclusion is given
in section 4.

2. Materials and method

2.1. The SEER data

Incidence data for lung cancer, rates per 100,000 person-years and 95% confidence intervals (CIs),
were calculated from the Surveillance, epidemiology, and end result (SEER) registry from 1992 to
2010 [36, 37]. For our study, we use the probabilities of lung cancer incidence, which is reported by
sex, race, age, and calendar year in the thirteen SEER registries. The population bases come from
SEER population files (based on the data from the U.S. Census Bureau) by gender, race and are cross-
tabulated by calendar years 1992–2010 and 5 year age groups (age 0–85+).

2.2. The smoking data

In 1976, the Nurses’ Health Study (NHS) was launched when 121,700 female registered nurses,
aged 30–55 years, returned a mailed questionnaire. After ten years, the Health Professionals Follow-
up Study (HPFS) was established with 51,529 male health professionals (dentists, optometrists, os-
teopaths, podiatrists, pharmacists, and veterinarians) aged 40–75 years. The Nurses’ Health Study was
approved by the Internal Review Board of the Brigham and Womens Hospital in Boston, and the Health
Professionals Follow-up Study received Internal Review Board approval from the Harvard School of
Public Health in Boston [38]. From 1986 to 2000, the number of lung cancer cases was 994 among
the NHS women, and 319 among the HPFS men. For our analysis, we computed the probabilities of
lung cancer incidence rates by including current age (40–79 years), gender (male and female), smok-
ing status (current/former smokers), intensity or dose (<25 and ≥25 cigarettes per day), age at start of
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smoking (≥20 and ≤19 years), and time since quitting (≥10 and ≤10 years). Smoking intensity and
duration of smoking were considered as separate variables.

2.3. Mathematical model

The oncology processes should be a sequence of genetic events according to the findings of Hanhan
et al. [39]. The mathematical MSCE models are mainly based on the clonal expansion in each com-
partment. The intermediate cells are described by the symmetric division and differentiation or death
processes. The schematic representation of the 3-stage model with clonal expansion of premalignant
cells in each compartment is displayed in figure 1. In this study, We suppose that there are N(t) normal
stem cells, set to be unchanged N(t) = N in each lung tissue, and ν be the initial mutation rate per cell
per year such that µ0 = ν ∗ N.

Let αi , βi, and µi are the birth rate per cell per year, death or differentiation rate per cell per year,
and mutation rate per cell per year in the compartment Ii(i = 1, 2), respectively. For the 3-hit model,
We choose Xi(t)(i = 1, 2) to symbolize the number of premalignant cells in the compartment Ii(i = 1, 2)
per lung at time t, X3(t) the number of malignant cells per lung at time t. For t ≥ τ, we introduce the
probability generating functions as follows:

Ψ(x1, x2, x3; τ, t) =
∑

i1,i2,i3

P(X1(t) = i1, X2(t) = i2, X3(t) = i3|X1(τ)

= 0, X2(τ) = 0, X3(τ) = 0)xi1
1 xi2

2 xi3
3 .

(2.1)

and

Φ1(x1, x2, x3; τ, t) =
∑

i1,i2,i3

P(X1(t) = i1, X2(t) = i2, X3(t) = i3|X1(τ)

= 1, X2(τ) = 0, X3(τ) = 0)xi1
1 xi2

2 xi3
3 .

(2.2)

and

Φ2(x2, x3; τ, t) =
∑
i2,i3

P(X2(t) = i2, X3(t) = i3|X2(τ) = 1, X3(τ) = 0)xi2
2 xi3

3 . (2.3)

where Ψ and Φi, (i = 1, 2) represent the probability generating functions regarding the number of
premalignant stem cells and totally malignant cells at time t beginning from zero intermediate cell in
the compartment Ii to one intermediate cell in the compartment Ii at time τ, respectively. All these
generating functions are subject to the Kolmogorov backward equations [40].

dΨ(x1, x2, x3; τ, t)
dτ

= −ν ∗ N ∗ Ψ(x1, x2, x3; τ, t)[Φ1(x1, x2, x3; τ, t) − 1]. (2.4)

dΦ1(x1, x2, x3; τ, t)
dτ

= [α1 + β1 + µ1]Φ1(x1, x2, x3; τ, t) − α1Φ1
2(x1, x2, x3; τ, t)

− µ1Φ1(x1, x2, x3; τ, t)Φ2(x2, x3; τ, t) − β1.
(2.5)

Mathematical Biosciences and Engineering Volume 16, Issue 6, 7771–7788.



7775

Figure 1. The schematic representation of stochastic 3-stage model for carcinogenesis. Let
Ii(i = 1, 2) denote the compartments of intermediate cells, µi(i = 1, 2) represent the mutation
rates per cell per year, and µ0 = ν ∗ N such that N be the total number of normal stem cells
and ν denotes the initial mutation rate per cell per year. αi and βi are the birth rates and death
or differentiation rates per cell per year in the compartment Ii(i = 1, 2), respectively.

and

dΦ2(x2, x3; τ, t)
dτ

= [α2 + β2 + µ2]Φ2(x2, x3; τ, t) − α2Φ2
2(x2, x3; τ, t)

− µ2x3Φ2(x2, x3; τ, t) − β2.
(2.6)

We define the following probability generating functions Ψ(x1, x2, x3; τ, t), Φ1(x1, x2, x3; τ, t), and
Φ2(x2, x3; τ, t) at the point (x1, x2, x3) = (1, 1, 0), as follows Ψ(τ, t), Φ1(τ, t), and Φ2(τ, t) respectively.
By doing so, we can obtain the following equation system at the point (x1, x2, x3) = (1, 1, 0),

dΨ(τ, t)
dτ

= −ν ∗ N ∗ Ψ(τ, t)[Φ1(τ, t) − 1]. (2.7)

dΦ1(τ, t)
dτ

= [α1 + β1 + µ1]Φ1(τ, t) − α1Φ1
2(τ, t)

− µ1Φ1(τ, t)Φ2(τ, t) − β1.
(2.8)

and

dΦ2(τ, t)
dτ

= [α2 + β2 + µ2]Φ2(τ, t) − α2Φ2
2(τ, t) − β2. (2.9)

with the following boundary conditions:
Ψ(t, t) = 1, Φi(t, t) = 1 (i = 1, 2),

The cancer incidence is characterized by hazard function h(t), which can be written as
h(t) = Ψ

′

(0, t)/Ψ(0, t), but in the 3-stage stochastic model, we are interested in determining the prob-
ability p(t). By defining the probability generating function Ψ(0, t), the probability of at least one
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malignant cell by the time t, starting with only normal cells at time 0, can be formulated as

p(t) = 1 − Ψ(0, t) (2.10)

In order to comprehensively calculate the probability function p(t), we must find a solution of the
generating function Ψ(0, t). The function Ψ(0, t) does not have a closed-form solution by equations
(2.7), (2.8), and (2.9). To solve the system of equations numerically, we assume s = t − τ, A(s, t) =

Ψ(τ, t), B1(s, t) = Φ1(τ, t), and B2(s, t) = Φ2(τ, t).
Then, for (i = 1, 2), the equations (2.7), (2.8), and (2.9) satisfy following set of differential equa-

tions:

dA(s, t)
ds

= ν ∗ N ∗ A(s, t)[B1(s, t) − 1]

dB1(s, t)
ds

= −[α1 + β1 + µ1]B1(s, t) + α1B1
2(s, t) + µ1B1(s, t)B2(s, t) + β1

dB2(s, t)
ds

= −[α2 + β2 + µ2]B2(s, t) + α2B2
2(s, t) + β2

(2.11)

with initial conditions:
A(0, t) = 1
B1(0, t) = 1
B2(0, t) = 1

(2.12)

However, the probability function can be written as p(t) = 1 − A(t, t).

2.4. Computer simulation

In our study, we apply a mathematical model that only takes into account three gene mutations for
the progression of lung cancer [41, 42]. We use the fourth-order Runge-Kutta method to numerically
solve the differential equation system (2.11) with respect to s (for fixed t) directly. By using the nu-
merical optimization routine f minsearch in MATLAB, we estimate the optimal parameters using the
minimum sum of error squares, which is a very strong tool for estimating the optimal parameters. This
method is very similar to the global optimum of the genetic algorithm. Here the error defined as the
difference between the data and the simulated values from the probability function calculated in the
model.

2.5. Statistic analysis

In order to check some biological mutation mechanisms of human lung cancer such as the impact
of cigarette smoking on lung cancer development, we assumed that the principle concerning mutator
phenotype is mandatory to achieve good numerical results where the mutation rates per cell per year
in the 3-hit stochastic model should satisfy the formula ν ≤ µ1 ≤ µ2 [43]. The mutator phenotype
hypothesis has an outstanding performance in carcinogenesis [44]. In addition, we considered the
growth (birth) cell rates, the death or differentiation rates, and the mutations rates as parameters in
each compartment. However, epidemiological data do not give us full details about all the model
parameters. There are two popular options we can use to handle this non-identifiability problem. First,
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we can set some parameters equal to each other and suppose a plausible number of normal stem cells,
N = 1 ∗ 107 [45]. Second, we can use a new collection of parameters [46] and assume a fixed value
for the parameter. Since the model is not sensitive to the birth and death rates, we deal with the clonal
expansion rates. Then, we adopted the value for birth rates αi(i = 1, 2) proposed by Meza et al. [47] at
about 9 per year.

To study the mechanisms of lung cancer in the US and the effects of cigarette smoking in advancing
lung tumorigenesis, by analyzing age-specific incidence rates in the SEER registry and the smoking
data (NHS cohort of women and the HPFS cohort of men), we need to use statistical inference by
executing the Chi-square test which is chosen to examine our optimal fitting. In our work, we represent
the probabilities of lung cancer incidence using the following formula:

P(t) = 1 − exp[−
∫ t

0
h(s)ds] (2.13)

where h(s) represents the incidence function (hazard function) at age s. Since the probability values
are always small; we handle this problem by amplifying P(t) with a suitable multiple (i.e., 104). We get
45 probability data points that are greater than one in the SEER data, and 40 probability data points of
smoking data among current and former smokers. The optimal parameters can be calculated by using
the numerical optimization routine f minsearch in MATLAB within the Chi-square test between the
real data and simulated ones. The goodness of fit is determined by the Chi-square test which can be
implemented within this relation:

Chi2 =
∑

j

(datap( j) − simulationp( j))2 ∗ 104/simulationp( j) (2.14)

where the index j represents the age such that j = 35, ..., 79 in the case of SEER data, and j =

40, ..., 79 for smoking data. The chi-square goodness of fit is applied for approving or refusing the
null hypothesis by comparing our calculations with those obtained by statistical distribution at 5%
significant level.

3. Results

Results from the three-hit stochastic model in the SEER program are presented. The optimal model
with smoking data is discussed in more detail and the significance of the different pathways in the
model is investigated. Furthermore, the effects of smoking characteristics in lung carcinogenesis are
described.

3.1. The SEER fitting

In the present study, chi-square test was employed to examine whether outcomes from the opti-
mal model were available. The calculations were performed by the numerical optimization routine
f minsearch in MATLAB. The optimal fitting for the three-stage model using the age probability data
of lung cancer incidence in the SEER program from 1992 to 2010 is demonstrated in Figure 2 (for
male patients) and Figure 3 (for female patients). It is clear that the models with three mutations fit the
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SEER data well among male and female patients, and these models provide a very small error. The
error is the difference between real data and simulated data.
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Figure 2. The three stage simulation of the probability of lung cancer incidence rates from
the SEER registry between 1992 and 2010 years for male patients.
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Figure 3. The same as figure 2 but for female patients.
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Table 1. The values of optimal parameters calculated by using the SEER data for male
patients and female patients in the 3-hit model.

Parameters Definition Male Female
α1 − β1 Net proliferation rate in premalignant cells, I1 0.1646 0.1574
α2 − β2 Net proliferation rate in premalignant cells, I2 0.2307 0.4718

ν Initial mutation rate in the normal stem cells, N 3.3253 ∗ 10−8 2.0932 ∗ 10−8

µ1 Mutation rate in the first intermediate cells 3.7072 ∗ 10−5 1.7389 ∗ 10−5

µ2 Mutation rate in the second intermediate cells 3.7115 ∗ 10−5 1.7391 ∗ 10−5

The optimal parameters of clonal expansion rates and mutation rates for the three hit model are
shown in Table 1. We can observe that the intermediate cells do not exhibit very large values of clonal
expansion rates for both men and women in US, and the initial mutation rate in normal cells is small
(multiple of 10−8). It was found that the intermediate cells with two mutations have higher clonal
expansion rates than those with one mutation in both genders. The clonal expansion rates of cells with
two mutations for women are greater than those for men, and the reverse is also true of cells with one
mutation. However, the mutation rates of normal cells and intermediate cells for American women are
smaller than those for American men. Thus, gender differences have a great ability in promoting the
progression of lung cancer.

3.2. The impact of cigarette smoking

It is widely known that environmental factors such as cigarette smoking play a major role in in-
creasing the risk of lung carcinogenesis among male and female patients. However, detailed effects of
cigarette smoking on lung cancer are not clear, especially from the mathematical point of view. So for
our study, we supposed that cigarette smoking affects the mutation rates and clonal expansion rates. In
order to study the influence of cigarette smoking on lung cancer evolution, we assumed that cigarette
smoking changes the mutations rates and the net proliferation rates. we studied these effects by using
a three-stage stochastic model, which allows the clonal expansion rates to enter in each compartment,
to fit the smoking data (NHS cohort of women and the HPFS cohort of men) from 1986 to 2000. We
chose the SEER data and smoking data as test systems. In these systems, the fitting of the SEER data
for the 3-hit model is considered as the control group. We divided the smoking data based on smoking
features such as smoking status (current/former smokers), intensity or dose (<25 and ≥25 cigarettes
per day), age at start of smoking (≥20 and ≤19 years), and time since quitting (≥10 and ≤10 years).

To check the impact of cigarette smoking on genetic mutation and clonal expansion of cells, the
data from NHS cohort of women and the HPFS cohort of men were examined by modifying values of
model parameters in the control group. To fit the smoking data to a model, we consider the following
two alternative hypotheses:
Hypothesis one: Cigarette smoking influences mutation rates of cells in the process of carcinogenesis.
Thus, the growth rates and the death or differentiation rates of cells in the model are constant (deter-
mined by the control group), but the mutation rates of cells should be greater than those of the control
group.
Hypothesis two: Cigarette smoking has an effect on the clonal expansion of cells in advancing lung
cancer. Thus, the mutation rates of cells in the model are constant (determined by the control group),
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but the net proliferation rates of cells should be greater than those of the control group.

For current smokers, Table 2 offers the values of Chi-square test among men and women by using
smoking data defined by smoking intensity (< 25 and ≥ 25 cigarettes per day) and age at start of
smoking ( ≥ 20 and ≤ 19 years) , and these results showed that the two hypotheses are acceptable at 5 %
significant level. In addition, hypothesis one has smaller Chi-square results than those under hypothesis
two in all instances of smoking data among men and women in US. Then, the 3-hit mathematical
model under Hypothesis one provides a better description of the smoking data than the model under
hypothesis two among current smokers for both male and female patients. In the case of age at start of
smoking ≥ 20 years, the Chi-square statistics results of the two hypotheses for smoking intensity (< 25
cigarettes per day ) are lower than those of smoking intensity (≥ 25 cigarettes per day ) among men
and women. The same pattern occurred in the attribute for age at start of smoking ≤ 19 years of the
two hypotheses among men and female patients, but the situation is different for male patients under
hypothesis one.

The values of parameters of the 3-hit stochastic model under hypothesis one for both male and
female patients among current smokers are displayed in Table 3. By comparing the optimal results of
parameters in Table 1 and Table 3, it is apparent that the initial mutation rate in normal cells ν and
mutation rate in intermediate cells I2, µ2 are higher than those obtained by the control group while the
mutation rate in intermediate cells I1, µ1 remains almost equal to the control group of male patients in
all cases of smoking intensity < 25 cigarettes per day (age at start of smoking ≥ 20 and ≤ 19 years).
Regarding smoking intensity ≥ 25 cigarettes per day, only the initial mutation rate in normal cells ν
is increased for male patients in the case of age at start of smoking ≥ 20 years. In addition, all the
mutation rate values are higher than those found in the control group for age at start of smoking ≤ 19
years among American men.

On the other hand, in female patients, the only rise was in all mutation rates that occur in initial
mutation rate in normal cells ν, while the other mutation rates µ1 and µ2 remained unchanged in all
other cases of smoking data. It was observed that the initial mutation rate ν increased for both male and
females in US, and the following smoking data (smoking intensity ≥ 25 and age at start of smoking
≤ 19 years) have the highest effect in inducing mutation rates. Therefore, under the exposure of
cigarette smoking, mutation is more likely to happen in normal cells, which may cause lung cancer.

Table 4 exhibits the optimal parameters of the three stage model under hypothesis two for both
American men and women among current smokers. By taking Tables 1 and 4 into consideration, we
found that the only effect of cigarette smoking in the progression of lung cancer appears in the values
of net proliferation rates of intermediate cells in the compartment I1 while the clonal expansion rates of
intermediate cells in the compartment I2 remain fixed (determined by the control group) for both male
and female patients in all cases of smoking data. In addition, the optimal values of net proliferation
rate of intermediate cells in the compartment I1 for smoking intensity ≥ 25 cigarettes per day are
greater than those of smoking dose < 25 among men and women. To be more specific, these values for
smoking data (age at start of smoking ≥ 20 years) are higher than those for smoking data (age at start
of smoking ≤ 19 years) among male and female patients. In general, the values of clonal expansion
rates of premalignant cells in the compartment I1 for male patients are smaller than those for female
patients. Thus, the role of cigarette smoking on clonal expansion of stem cells is quite clearly only in
the event of female patients.
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Table 2. The chi-square values of the two hypotheses for both male and female among
current smokers. Chi2 denotes the value of Chi-square; df (=40-number of parameters-1)
denotes the degrees of freedom; S.5% denotes the value at 5% significant level.

Smoked cigarettes per day < 25 Smoked cigarettes per day ≥ 25
Age at start ≥ 20 Age at start ≤ 19 Age at start ≥ 20 Age at start ≤ 19

Hypothesis one Hypothesis two Hypothesis one Hypothesis two Hypothesis one Hypothesis two Hypothesis one Hypothesis two
Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female

Chi2 0.4452 0.8609 0.6386 4.6293 1.8867 0.8293 2.1529 5.3004 5.6945 2.2761 5.7021 34.8465 0.5701 1.4231 19.9276 35.9186
df 36 36 37 37 36 36 37 37 36 36 37 37 36 36 37 37

S.5% 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192

Table 3. The optimal parameters of 3-hit model under hypotheses one for male and female
among current smokers. The values of net proliferation rates are the same as those in Table
1.

Smoked cigarettes per day < 25 Smoked cigarettes per day ≥ 25
Age at start ≥ 20 Age at start ≤ 19 Age at start ≥ 20 Age at start ≤ 19
Mutation rates Mutation rates Mutation rates Mutation rates

Male Female Male Female Male Female Male Female
ν 4.3547 ∗ 10−8 4.8742 ∗ 10−8 5.0136 ∗ 10−8 5.4665 ∗ 10−8 8.5741 ∗ 10−8 1.0453 ∗ 10−7 1.2049 ∗ 10−7 1.0638 ∗ 10−7

µ1 3.7072 ∗ 10−5 1.7389 ∗ 10−5 3.7072 ∗ 10−5 1.7390 ∗ 10−5 3.7072 ∗ 10−5 1.7389 ∗ 10−5 4.3228 ∗ 10−5 1.7389 ∗ 10−5

µ2 4.4372 ∗ 10−5 1.7391 ∗ 10−5 4.3564 ∗ 10−5 1.7393 ∗ 10−5 3.7115 ∗ 10−5 1.7391 ∗ 10−5 4.4762 ∗ 10−5 1.7391 ∗ 10−5

Table 4. The optimal parameters of 3-hit model under hypotheses two for male and female
among current smokers. The values of cell mutation rates are the same as those in Table 1.

Smoked cigarettes per day < 25 Smoked cigarettes per day ≥ 25
Age at start ≥ 20 Age at start ≤ 19 Age at start ≥ 20 Age at start ≤ 19

Net proliferation rates Net proliferation rates Net proliferation rates Net proliferation rates
Male Female Male Female Male Female Male Female

α1 − β1 0.1786 0.2001 0.1850 0.2077 0.2087 0.2577 0.2437 0.2597
α2 − β2 0.2307 0.4718 0.2307 0.4718 0.2307 0.4718 0.2307 0.4718

We have checked the impact of cigarette smoking on lung cancer development among former smok-
ers for both male and female patients. For this goal, the smoking characteristic ( time elapsed since
quitting smoking ) is strongly related to risk of cancer, and was therefore added as another layer of
categorization. The chi-square test values of the two hypotheses among former smokers for both male
and female patients for smoking doses < 25 and ≥ 25 are shown in Tables 5 and 6, respectively. For
smoking frequency < 25, it is clear that the male patients have Chi-square results larger than those
of female patients in the two hypotheses regardless of the values of age at start of smoking and time
since cessation. The same situation happened for smoking intensity ≥ 25 only if the time since quitting
smoking is greater than ten years.
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Table 5. The chi-square values of the two hypotheses for both male and female among
former smokers for dose < 25. Chi2 denotes the value of Chi-square; df (=40-number of
parameters-1) denotes the degrees of freedom; S.5% dentes the value at 5% significant level.

Age at start ≥ 20 Age at start ≤ 19
Quit ≥ 10 years ago Quit < 10 years ago Quit ≥ 10 years ago Quit < 10 years ago

Hypothesis one Hypothesis two Hypothesis one Hypothesis two Hypothesis one Hypothesis two Hypothesis one Hypothesis two
Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female

Chi2 41.9032 23.6001 41.9032 23.6001 19.4419 1.8991 19.4419 1.9768 32.5641 19.9401 32.5641 19.9402 5.5380 2.1414 5.5380 3.1067
df 36 36 37 37 36 36 37 37 36 36 37 37 36 36 37 37

S.5% 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192

Table 6. The same as Table 5 but for dose ≥ 25.
Age at start ≥ 20 Age at start ≤ 19

Quit ≥ 10 years ago Quit < 10 years ago Quit ≥ 10 years ago Quit < 10 years ago
Hypothesis one Hypothesis two Hypothesis one Hypothesis two Hypothesis one Hypothesis two Hypothesis one Hypothesis two
Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female

Chi2 27.7449 7.4621 27.7449 7.4617 2.1877 2.4749 5.0233 3.1214 6.2457 1.1432 6.2458 1.1432 3.4858 7.1057 9.5542 26.5997
df 36 36 37 37 36 36 37 37 36 36 37 37 36 36 37 37

S.5% 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192 50.998 50.998 52.192 52.192

In the case of time since quitting ≥ 10 years ago, the Chi-square values under hypothesis one
for both male and female patients are equal to Chi-square values under hypothesis two, whether the
doses are less than 25 or greater than 25. Based on smoking intensity < 25 and quitting time < 10
years ago, the Chi-square results for American men under hypothesis one are similar to ones under
hypothesis two, while the Chi-square values for American women under hypothesis two are higher
than those obtained by hypothesis one. On the opposite side, for smoking dose ≥ 25 and cessation
time < 10 years ago, the Chi-square test shows statistical results for both male and female patients in
US under hypothesis one as lower than those calculated under hypothesis two. Tables 7 and 8 display
the parameters of the three-stage model under hypothesis one for both male and female patients among
former smokers for smoking intensity < 25 and ≥ 25, respectively. By observing these values with
results of parameters in Table 1, we can see that for smoking dose < 25, there is only a slight increase
in the initial mutation rate ν in normal cells for female patients if the time since quitting is less than
ten years, while all the mutation rates in premalignant cells remain as they are calculated in Table 1
for all durations of time since quitting smoking (< 10 or ≥ 10 years ago). Looking at the other side,
dose ≥ 25, the change is very small compared to the previous situation where both males and females
have higher initial mutation rate in normal cells than shown in Table 1 only if the time since quitting
is smaller than ten years. Furthermore, the values of initial mutation rate in the smoking data (age at
start ≤ 19 years and quit < 10 years ago) are greater than those determined by considering age at start
of smoking ≥ 20 years ago. Thus, the effect of cigarette smoking on mutation rates of cells for both
male and female patients among former smokers appears only in the initial mutation rate in normal
cells when the duration of smoking cessation is lower than ten years. If the duration is greater than ten
years we can say that the effect is very weak.

On the other hand, the optimal values of the 3-hit model under hypothesis two for both male and
female patients among former smokers for doses < 25 and ≥ 25 are presented in Tables 9 and 10,
respectively. For smoking doses < 25 and ≥ 25, it is easy to observe that the values of net proliferation
rates of intermediate cells in the compartment I2 stay unchanged (determined by the control group)
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among men and women, while the clonal expansion rates of premalignant cells in the compartment
I1 increase only when the time since quitting smoking is less than ten years for both male and female
patients. We can see that the impact of cigarette smoking on clonal expansion and mutation rates of
cells among current smokers is very noticeable, especially the age at start of smoking ≤ 19 years for
both male and female patients. On the opposite side, this effect is weak among former smokers.

Table 7. The optimal parameters of 3-hit model under hypotheses one for male and female
among former smokers for dose < 25. The values of net proliferation rates are the same as
those in Table 1.

Age at start ≥ 20 Age at start ≤ 19
Quit ≥ 10 years ago Quit < 10 years ago Quit ≥ 10 years ago Quit < 10 years ago

Mutation rates Mutation rates Mutation rates Mutation rates
Male Female Male Female Male Female Male Female

ν 3.3253 ∗ 10−8 2.0932 ∗ 10−8 3.3253 ∗ 10−8 2.5601 ∗ 10−8 3.3253 ∗ 10−8 2.0932 ∗ 10−8 3.3253 ∗ 10−8 3.5277 ∗ 10−8

µ1 3.7072 ∗ 10−5 1.7389 ∗ 10−5 3.7072 ∗ 10−5 1.7421 ∗ 10−5 3.7072 ∗ 10−5 1.7389 ∗ 10−5 3.7072 ∗ 10−5 1.7389 ∗ 10−5

µ2 3.7115 ∗ 10−5 1.7391 ∗ 10−5 3.7115 ∗ 10−5 1.7528 ∗ 10−5 3.7115 ∗ 10−5 1.7391 ∗ 10−5 3.7115 ∗ 10−5 1.7391 ∗ 10−5

Table 8. The same as Table 7 but for dose ≥ 25.
Age at start ≥ 20 Age at start ≤ 19

Quit ≥ 10 years ago Quit < 10 years ago Quit ≥ 10 years ago Quit < 10 years ago
Mutation rates Mutation rates Mutation rates Mutation rates

Male Female Male Female Male Female Male Female
ν 3.3253 ∗ 10−8 2.0932 ∗ 10−8 6.0718 ∗ 10−8 2.6943 ∗ 10−8 3.3253 ∗ 10−8 2.0932 ∗ 10−8 7.4699 ∗ 10−8 7.3755 ∗ 10−8

µ1 3.7072 ∗ 10−5 1.7389 ∗ 10−5 3.7072 ∗ 10−5 1.7389 ∗ 10−5 3.7072 ∗ 10−5 1.7389 ∗ 10−5 3.7072 ∗ 10−5 1.7389 ∗ 10−5

µ2 3.7115 ∗ 10−5 1.7391 ∗ 10−5 3.7115 ∗ 10−5 2.21671 ∗ 10−5 3.7115 ∗ 10−5 1.7391 ∗ 10−5 3.7115 ∗ 10−5 1.7391 ∗ 10−5

Table 9. The optimal parameters of 3-hit model under hypotheses two for male and female
among former smokers for dose < 25. The values of cell mutation rates are the same as those
in Table 1.

Age at start ≥ 20 Age at start ≤ 19
Quit ≥ 10 years ago Quit < 10 years ago Quit ≥ 10 years ago Quit < 10 years ago

Net proliferation rates Net proliferation rates Net proliferation rates Net proliferation rates
Male Female Male Female Male Female Male Female

α1 − β1 0.1646 0.1574 0.1646 0.1662 0.1646 0.1574 0.1646 0.1814
α2 − β2 0.2307 0.4718 0.2307 0.4718 0.2307 0.4718 0.2307 0.4718
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Table 10. The same as Table 9 but for dose ≥ 25.

Age at start ≥ 20 Age at start ≤ 19
Quit ≥ 10 years ago Quit < 10 years ago Quit ≥ 10 years ago Quit < 10 years ago

Net proliferation rates Net proliferation rates Net proliferation rates Net proliferation rates
Male Female Male Female Male Female Male Female

α1 − β1 0.1646 0.1574 0.1911 0.1806 0.1646 0.1574 0.2022 0.2255
α2 − β2 0.2307 0.4718 0.2307 0.8109 0.2307 0.4718 0.2307 0.4718

4. Conclusion

The impact of cigarette smoking on clonal expansion of premalignant cells and mutations rates of
cells in causing lung cancer was presented in this study. All numerical calculations were performed by
using the 3-hit model based on the mutator phenotype hypothesis. The calculations were obtained by
the numerical optimization routine f minsearch in Matlab. The smoking data from the Nurses’ Health
Study cohort of females (NHS) and the Health Professionals Follow up Study cohort of men (HPFS)
were used to infer the key parameters in the optimal model. Furthermore, cigarette smoking data were
divided into four categories (smoking status/age at start of smoking/intensity/time since cessation).
We have used the SEER data as the control group to indicate the parameters of the optimal model
for both male and female patients in the absence of cigarette smoking. Therefore, the NHS cohort of
females and HPFS cohort of men were used to infer another group of optimal model parameters. our
simulations showed that there is a gender difference in the evolution of lung cancer. The inferred key
parameters of the optimal model give insightful predictions regarding the impact of cigarette smoking
on the progression of lung cancer among current and former smokers.

To study the effect of smoking on the progression of lung cancer, we have tested the influence of
cigarette smoking on the mutation rates of cells or on the clonal expansion rates of premalignant cells
among current and former smokers in US. We applied the three-hit model with cigarette smoking data
to calculate the optimal parameters under different hypotheses. The Chi-square statistics results in
Tables 2, 5, and 6 proposed that cigarette smoking affects not only the mutation rates of cells but also
the net proliferation of cells in lung cancer.

According to the mutation rates of cells, our findings suggested that cigarette smoking induces
the initial mutation rate in the normal cells and the mutation rate in the premalignant cells I2 for
American men, while only the initial mutation rate in the normal cells increased for American women
among current smokers. For former smokers, the effect of cigarette smoking on mutation rates of
cells is absent for male patients and very weak for female patients in the case of smoking frequency
< 25. Moreover, cigarette smoking has a slight effect on initial mutation rates of cells for both male
and female patients only if the smoking intensity ≥ 25 and the time since quitting ≥ 10 years ago.
Regarding the clonal expansion of cells, cigarette smoking has no effect on the net proliferation rates
of cells in the compartment I2 for both male and female patients among current and former smokers,
which supports the results of some previous works [33, 34]. The impact of cigarette smoking on the
net proliferation rates of cells in the compartment I1 for female patients is greater than that of male
patients among current smokers. For former smokers, this effect is low for women only when smoking
intensity is less than 25 cigarettes per day. When smoking intensity increases to more than 25 cigarettes

Mathematical Biosciences and Engineering Volume 16, Issue 6, 7771–7788.



7785

per day, the effect becomes apparent for both sexes only if the the time since quitting < 10 years ago.
However, there are no effects of cigarette smoking on mutation rates of cells or on clonal expansion of
intermediate cells among former smokers for both male and female patients if they have quit smoking
for over ten years. In general, the effect of cigarette smoking on lung cancer is directly proportional to
the smoking intensity (cigarettes smoked per day). The lower the age at start of smoking, the greater the
impact of cigarette smoking on lung cancer progression. Finally, we conclude that gender significantly
impacts the evolution of lung carcinogenesis.
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