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(Abstract \

Aims: The aim of this study is to provide statistical inference of the sojourn time and the transition
probability from the disease free to the preclinical state of lung cancer for male and female smokers
using lung cancer data from the National Lung Screening Trial (NLST).

Materials and Methods: We applied a likelihood function to the lung cancer data, to obtain
Bayesian inference of the transition probability and the sojourn time distribution. A log-normal
distribution was used for the transition probability density function multiplied by 30%, and a
Weibull distribution was used to model the sojourn time in the preclinical state.

Results: The estimate of screening sensitivity is 0.61 for males and 0.62 for females. Early
transition happened before age 50 and lasted until after age 90. The transition probability from the
disease free to the preclinical state has a single maximum at around age 73 for males and 72 for
females. For male, the Bayesian posterior mean, and median sojourn time are 1.33 and 1.27 years,
respectively. For female, the corresponding posterior mean, and median sojourn time are 1.23 and
1.21 years, respectively.

Conclusion: Our estimation showed that male smokers are more vulnerable to lung cancer,
because they have a higher transition probability density than the same aged female smokers. The
female smokers have a slightly shorter mean sojourn time than the male, meaning that they are
quicker to develop clinical symptom of lung cancer.

Keywords: Lung Cancer Screening, Sojourn Time, Transition Density, Sensitivity, Markov
Chain Monte Carlo, National Lung Screening Trial
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1. Introduction

Lung cancer is the second most common
cancer and the leading cause of cancer deaths
among both men and women in the United
States.[1] Lung cancer occurs when malignant
(cancer) cells form in the tissues of the lung.
Lung cancers usually are grouped into two
main types called small cell and non-small
cell; among which non-small cell lung cancer
is more common than small cell lung cancer.
These types of lung cancer grow differently
and are treated differently. Cancer screening
is looking for cancer before a person develops
any symptoms. Cancer screening trials may
help finding cancer at an early stage and are
meant to show whether early detection helps a
person live longer or decreases a person’s
chance of dying from the disease. For some
types of cancer, the chance of recovery is
better if the disease is found and treated at an
early stage. There are three kinds of screening
test for lung cancer: Low-dose spiral CT scan
(LDCT scan): A procedure that uses X-ray
machine of low-dose radiation to make a
series of very detailed pictures of areas inside
the body. Chest X-ray: An X-ray of the organs
and bones inside the chest. Sputum cytology:
Sputum cytology is a procedure in which a
sample of sputum (mucus that is coughed up
from the lungs) is viewed under a microscope
to check for cancer cells.[2]

According to National Cancer Institute (NCI),
five-year overall survival from lung cancer is
20.5% whereas survival at stage | is 59% and
from stage Il is 31.7%.[3] Early detection and
treatment may lead to better survival since the
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survival rate for advanced lung cancer stage is
low. Lung cancer is most frequently
diagnosed among people aged 65-74 with a
median age of 71 at diagnosis. In 2020, it is
estimated that 12.7% among all cancer cases
will occur in the United States.[3]

The data we used in this study is the National
Lung Screening Trial (NLST) - a randomized
clinical trial that screened heavy smokers with
either low-dose helical computed tomography
(CT) or single-view chest radiography (X-
ray).[4] We used the standard chest X-ray (a
single image of the whole chest) data divided
in to two groups: male (15,396) and female
(10,634) of heavy smokers. Asymptomatic
participants aged 55 to 74 from 33 centers
across the US between August 2002 and April
2004 were initially screened from each group.
Three annual screening exams were provided
to each participant from each group. The data
were organized in such a way for accurate
estimation: for each age t, at study entry, and
at each screening, the total number of people
being screenedn;, the number of confirmed
cancer cases s;and the number of interval
cases r;, before the next exam. Participants
that dropped in the middle of the program are
also included. Table 1 shows the data format
that we are using from the NLST study.
Patients with different age, gender, smoking
status are considered as major risk factors in
this project. If any of the tests was positive,
then the screen was considered positive and a
definitive work-up exam, such as biopsy, was
done.

Table 1: Sample Cancer Screening Data

Aget ny Sy 7 n,
60 1188 4 1 1123
65 752 6 1 704

3

a

T Ny Sk Tk
2 .. 1001 1 2
3 .. 66 3 3

& The total number of screening K > 0 is an integer. K = 3 in NLST study
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In this study, we assume that the disease
develops through three states denoted by
So 28, > S

The state S, refers to the disease-free state: a
person does not have the disease, or the person
have the disease of an early stage which
cannot be detected by a screening exam. The
state S, is the preclinical disease state: an
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asymptomatic individual unknowingly has the
disease that a screening exam can detect. The
disease state, S, is a state at which the disease
is found with clinical symptoms. This was
illustrated in Figure 1. We will focus on
estimating the parameters: the transition
probability and the sojourn time in X-ray
screening using the NLST data.

o 5 4F5?) 43\"— S, —»

|
0 ty

t; time (age)

Sojourn time= t, — t;

Figure 1: A graphical representation of disease progression model

Transition probability is the probability
density function which indicates the time
duration in the disease-free state S,. Also, it
provides important information about the age
people will move from the disease-free (S,)
to the preclinical state (S,). Sojourn time is
the time duration a person stays in the
preclinical state S,,. A person with a longer
sojourn time means that it is easier to catch
the disease by screening exams. If a person
enters the preclinical state (S,) at age t;, and
his (or her) clinical symptoms present later at
age t,, then T, = (t, —t;)is the sojourn
time in the preclinical state. The nature of
data collection in a screening program makes
it hard to observe the inception of either S, or
S.. Therefore, estimation of the sojourn time
and transition density is difficult without
proper modeling. Our goal is to provide
accurate statistical inference for the
distribution of sojourn time and the transition
probability from the disease-free to the
preclinical state for smokers using the NLST-
Lung cancer screening data, and we will use
the likelihood function in Wu et al. [5]

2. Method

Let t represents the age of participants in the
screening. S(t) represents the sensitivity of
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the screening. We define w(t)dt as the
probability of the transition from S, to S, in
the time interval (t,t + dt). Let q(x) be the
probability density function (pdf) of the
sojourn time in (S,)., then Q(2) =
fxooq(x)dx is the survival function of the
sojourn time in S,,

Initially, we consider asymptomatic heavy
smoker of age t,, who has no history of lung
cancer, and suppose that the person will
undergo K screening exams at agest, <
t; << ty_q, Where t; =ty + i for
annual screening exams in the NLST study.
We define the ith screening interval as the
time interval between the ith and the (i +
1)th screening exams (t;_4, t;) wWhere i =
1,2,..,K — 1. We consider t_; = 0. For
each screening exam, let n;, be the total
number of individuals in this cohort
examined at the ith screening, s;. is the
number of cases detected at the ith screening
exam, and 7, is the number of cases
diagnosed in the clinical state S, within the
interval (t;_,, t;), which is the interval cases.
For the NLST data, since the age of
participants enrolled was between 55 to 74 at
the study entry the likelihood function for all
groups is:
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_ 174 3 Skto ;Tkto Ny to=Skito~ Tkt
L =1I{y-ss13=1 D i)’ (1= Dy = I, )"Heto™ ko™ ko (1)

k.to

where Dy . is the probability that an
individual will be diagnosed at the kth
scheduled exam given that he or she is in Sp,
and Iy, is the probability of being incident

Dyzy = B(to) J;° w(x) Q(to — x)dx

Dy, = B(tr-1) {Z;(;oz[l —B)] ... [1 = B(tr-)] fttii_l w(x)Q(ty_, —x)dx + ftt:_'; w(x)Q(ty_y — x) dx}, forallk =2,..,K (3)

I Kty —

in the kth screening interval. These two
probabilities were originally derived in Wu et
al.:[5]

(2)

TG = BED] - [1 = Bt [ wEIQ(tms — ) = Q(t = )] dx + [;* w01 = Qb — O] dx, forallk = 1,.., K (4)

The sensitivity was estimated by the epidemiologic method using the NLST data:

BO = Z(;l-:ss

It was obtained by using the total number of
screen-detected cases divided by the sum of
screen detected cases and interval cases.[6]
This provides £(t) = 0.61 for male smokers
and B(t)= 0.62 for female smokers, which

0.3

£=1 Sk,fo /{ZZ:;SS £=1 Sk,to + ZZ(;I-:SS Z£=1 rk,to} (5)

would be used in the likelihood function for
B(t).We would use a log-Normal PDF
multiplied by 30% for the transition density:

w(tlw, 0*)==—-exp{-(logt —)*/20°} (6)

The density and the survival function of the sojourn time are:

q(x|la, 1) = alx* texp(—1x%) (7)
Q(x) = exp(—Ax*)

where x is the sojourn time in the state of Sp; a and A are positive parameters to be estimated.

3. Results

We applied the likelihood function to the
NLST X-ray data and obtained the Bayesian
estimate of the four unknown parameters 8 =
(1,02, a, ) in lung cancer for smokers. We
used epidemiological method to estimate the

sensitivity for the study which does not
depend on the age of the patients. The
sensitivity is 0.61 for males, and 0.62 for
females, which means sensitivity is slightly
higher in female than male.

Table 2: Bayesian Posterior Estimates

Male Female
Parameters Mean Median SE Mean Median SE
U 4.3158 4.3156 0.0114 4.3178 4.3176 0.0665
o? 0.0220 0.0218 0.0032 0.0376 0.0374 0.0063
o 2.3274 2.1165 0.7130 2.7634 2.7797 0.7200
A 0.4210 0.4326 0.0587 0.4063 0.4164 0.0665
MST 1.3388 1.2606 0.7039 1.2742 1.2335 0.5733
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Markov Chain Monte Carlo (MCMC) was
used to draw posterior samples with non-
informative Uniform priors. The prior
distribution for pwas Uniform (0.1, 5) and o2
was Uniform (0.01, 0.99). The prior for oo was
Uniform (0.1,5), and the prior for A was
Uniform (0.1, 2). It was mentioned in Wu et
al.,[7] the range for each parameter can be
identified as: 4 < p< 4.5, 0.01 < 02 <
0.05,15 < a< 4, and 0.01 < A < 0.5.
We partitioned the posterior simulation into
two sub-chains, sampling the posterior for
(un,0%) and (a,A) separately. Three
simulations were carried out that were over
dispersed with respect to the target
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distribution. Each simulation was run for
200,000 iterations, with 50,000 burn-in steps.
After the burn-in steps, the posteriors were
sampled every 300 steps, resulting 500
posterior samples for the parameter vector 6.
The 500 posterior samples from each of the
three chains were pooled for the analysis,
providing a total of 1,500 posterior samples
for 6. The MCMC trace and the posterior
density of 0 are plotted using the final 1,500
posterior samples for 6 of two groups: male
and female groups. Figure 2 shows the
MCMC trace plot of male and female group.
Figure 3 shows the density plots for two
groups. The posterior estimates for parameters
0 are listed in table 2.

Trace plots of male group
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Trace plots of female group
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Figure 2: The MCMC trace plots of parameters 8 = (u, 2, a, A) using chest X-ray of male and

female group

Figure 3 shows the density for each parameter,
0 = (u,02,a,2) with pointing out Bayesian
mean and 95% credible interval for male and
female group. Figure 4 and 5 show posterior
quantities of transition probability and sojourn
time for each group. The age-dependent
transition probability is a sub-pdf of log-
normal distribution multiplied by 30%. The
transition probability has a single maximum
around age 73 for males and 72 for females.
The posterior mean sojourn time (MST) is
1.33 years for male and 1.27 years for female,

Copyright 2021 KEI Journals. All Rights Reserved

with a posterior median of 1.26 years for male
and 1.23 years for female, respectively. The
standard error for the sojourn time is 0.70 for
male and 0.57 for female. By Bayesian
estimate, males may have a slightly longer
sojourn time in the preclinical state which is
not statistically significant (i.e., Probability
((MST of male) > (MST of female)) = 0.392).
We plotted the density curve of the MST for
male and female heavy smokers for
comparison in Figure 6.
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The posterior density plots of male group
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Figure 3: The posterior density plots of the parameters 8 = (u, 02, a, 1) using chest X-ray of
male and female group
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Figure 5: Posterior quantities (2.5%,50%,97.5%) of sojourn time probabilities
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Figure 6: Density plot of Mean Sojourn Time of male and female
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4. Discussion and Conclusion

In this study, we limited our research to
Bayesian estimates, without using the
maximum likelihood estimate (MLE). Wu and
Kim stated in their review article that
estimating these parameters using the MLE is
very hard to be close to the true value when
the number of screening is less than four and
the sample size is small for each age group.[8]
In the case of large sample size, the average of
MLE may be closer to the true value, but the
standard error becomes large. In the NLST
study, the number of screening is less than
four and it was hard to obtain the MLE, so we
focus on using Bayesian inference in this
project. We applied the likelihood method (1)
to the NLST X-ray data for male and female
heavy smokers separately, to estimate the
sojourn time and the transition density by
drawing posterior samples using Markov
Chain Monte Carlo (MCMC) in a Bayesian
framework. The goal is to obtain accurate
estimation of the sojourn time and the
transition age into the preclinical state, to
assist policy makers make decisions regarding
initial age of heavy smokers for lung cancer
screening exams and determine the frequency
to schedule future exams.

We used the epidemiological method to
estimate the sensitivity, the probability of
getting a positive result given one is in the
preclinical state, which is the same method as
in Wang et al.[9] They found that the
sensitivity was 0.65 for male and 0.68 for
female smokers using the PLCO X-ray data.
We found that the sensitivity (5) was 0.61 for
male and 0.62 for female heavy smokers, very
close to that of the PLCO X-ray data. In the
NCI trials, the sensitivity of chest X-ray was
demonstrated an average of 0.69 with an
interval of 0.54-0.84.[]10] Wu et al
demonstrated that the 95% highest posterior
density (HPD) interval for sensitivity is (0.72,
0.98) with a posterior mean 0.89 on the Mayo
Lung Project.[7] The sensitivity estimated in
the study of Liu et al. [11] using the NLST low
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dose CT group data was around 0.95 for all
male-female groups, confirming that low dose
CT scan improves lung cancer screening
sensitivity greatly.

Three previous studies had reported
sensitivity of chest X-ray and that had a low
risk of bias and, the sensitivity estimates for
these studies were: 79.3% (95% CI = 67.6 to
91.0%), 76.8% (95% CI = 64.5 to 84.2%), and
79.7% (95% CI = 72.7 to 86.8%).[15, 16, 17]
Toyoda et al. showed sensitivity of chest X-
ray by detection method was 78.3%, and by
the incidence method was 86.5% whereas,
sensitivity of low-dose CT by detection
method was 88.9%, and by the incidence
method was 79.5%.[18]

Transition into the preclinical state could
happen before age 50, and last until after age
90 from Figure 4. In Wang et al.,[9] the
transition probability increases all the way to
age 80 for male smokers and has a peak
around age 72.5 for females. In Liu et al., they
showed that the transition probability from the
disease-free to the preclinical state has a peak
around age 70 for both genders.[11] Wu et al.
found age-dependent transition probability
with a single maximum at age 68 for male. [7]
The transition probability had a peak around
age 70 on the study of The Lung Cancer
Screening Program at the Memorial Sloan-
Kettering Cancer Center (MSKC-LCSP) data
by Chen et al..[12] In this study, the transition
probability from the disease-free to the
preclinical state has a high peak at around age
73 for males and 72 for females. To find
people at potential risk, it is important to know
at what age would the transition from the
disease-free state to the preclinical state starts
and ends.

The goal of cancer screening is to catch the
cancer in its preclinical state before symptoms
appear. Our results show that male smokers
have a slightly longer mean sojourn time (1.33
years) than their female counterparts (1.27
years) which is not statistically significant in
the NLST X-ray study. This slight difference
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of MST both for male and female can be easily
identified from the Figure 6, however, is not
significant. In general, both groups have a
shorter sojourn time than other existing
results, which explains why lung cancer
screening have a short time interval to catch
lung cancer. The 95% HPD interval for the
sojourn time is (1.102, 1.576) for male and
(1.088, 1.512) female smokers. Additionally,
90% HPD interval for the sojourn time is
(1.108, 1.515) for male and (1.100, 1.453)
female smokers. Liu et al. in her CT scan of
lung cancer study estimated the MST was 1.44
years for males and 1.62 years for
females.[11] However, Chen et al. had a MST
about 3.35 years for male smokers.[12] In the
Mayo Lung Project study, the MST was
shorter (2.24 years).[7] Chien et al
summarized several MST estimates ranging
from 1.38-3.86 years from different CT
scan.[13] In Wang et al., the MST for male
was 1.50 and female was 1.74 years.[9] In the
paper, Chen et al. enlisted the MST values
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from previous researches and mentioned that
the estimated MST with a 95%CI of range
from 1.38 (0.63-3.18) to 3.86 (3.42-3.99)
whereas the median and 95% CI of MST as a
whole was estimated as 2.06 (0.42-3.83)
years.[14]

The key parameters obtained from this study
are important, and reliable estimation is our
priority. Because other interesting terms, such
as the lead time distribution, the percentage of
overdiagnosis, etc., can be expressed as
functions of these key parameters, and the
outcomes here will be used for further studies.
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