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Analysis of Stomach Cancer Incidence by Histologic Subtypes Based on a
Mathematical Model of Multistage Cancer Induction and Exponential Growth
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A mathematical model incorporating the processes of both cancer induetion and subsequent tumor
growth has been developed. The model was applied to incidence data of stomach cancer classified into
histologic subtypes: papillary adenocarcinoma (PAP), well and moderately differentiated tubular
adenocarcinomas (WEL and MOD), poorly differentiated adenocarcinoma (POR), mucinous adeno-
carcinoma (MUC) and signet-ring cell carcinoma (SIG). The multistage theory was assumed for
cancer induction as in the Armitage-Doll model. For the period of growth, exponential growth was
assumed and clinical surfacing was formulated as a stochastic process related to tumor diameter. The
number of stages in cancer induction and the tumor growth rate were simultaneously estimated for
each histologic subtype using the maximum likelihood procedure. The present model showed better
fits than the Armitage-Doll model in most histologic subtypes except WEL. PAP, WEL and MOD,
which are characterized as differentiated subtypes with less mucous production, showed different
features from POR, MUC and SIG: 1) the number of stages was estimated to be larger, 2) the
differences in incidence rates between males and females were more marked, and 3) males tended to
have larger growth rates in PAP and MOD, while in POR, MUC and SIG, females had larger values.
The present study showed that an analysis by histologic subtypes is of importance in stomach cancer
and that the period of tumor growth should not be ignored when formulating a model of the natural

history of stomach cancer.
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In the light of recent advances in cancer biology,
integration of information obtained in the fields of basic
laboratory sciences, clinical oncology and epidemiology
is becoming one of the main subjects of interest in cancer
research. The mathematical modeling approach seems
promising with regard to this problem. It can play a
substantial role in building a bridge between observations
in the laboratory and those in epidemiology, by formulat-
ing quantitative relationships in complicated chains of
phenomena in carcinogenesis.

The mathematical approach in cancer research has a
long history. Among the landmarks are the pioneering
work by Nordling” and its refinement by Armitage and
Doll.?’ The model put forth by these researchers was a
mathematical formulation of the multistage theory of
carcinogenesis. They showed theoretically that the inci-
dence or death rate of cancer increases in proportion
to the (k—1)th power of age, if the cancer is induced
through a series of k steps of carcinogenesis. Subse-
quently, it was found that this power relationship was
observed in various cancers in different countries.”

* To whom correspondence should be addressed.
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Although the so-called Armitage-Doll model men-
tioned above has continued to provide us with a good
conceptual framework to interpret the observations in
epidemiology,” it should also be noted that the model is
based on a number of assumptions that are too simplistic
and unreal to apply to observations in the laboratory.
These include the assumption that the time period be-
tween the start of tumor growth and the observation of
incidence or death is short enough to ignore in the
mathematical formulation.®

It should also be mentioned that we have limited
information on the fit of the model with regard to various
histological subtypes of cancer. It seems biologically
more plausible to assume that the process of carcino-
genesis could differ by histologic subtype even if various
subtypes occur within the same organ.

In this paper, a new mathematical model is proposed,
in which the period of cancer growth is taken into
account in addition to the period of cancer induction.
The model is applied to various histologic subtypes of
stomach cancer and the number of stages in cancer
induction and the growth rate of tumor mass are
simultaneously estimated for each histologic subtype.
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MATERIALS AND METHODS

Database The incidence rate of stomach cancer of a
certain histologic subtype must be estimated from differ-
ent databases, since the incidence rate is usually reported
only for stomach cancer as a whole, In this study, the
relative frequency of a histologic subtype was estimated
for each sex and 5-year age class from 35 to 79 vears of
age, based on data from 2,505 male and 1,250 female
cases of stomach cancer diagnosed at the National
Cancer Center (NCC) Hospital in Tokyo during the
period 1962 to 1983. The cases under 35 and over 79
years of age were excluded because the numbers were too
small to obtain reliable estimates for relative frequencies
of histologic subtypes. The numbers of cases in 5-year age
classes ranged from 105 to 442 cases in males and from
85 to 186 cases in females. As the histological subtypes of
stomach cancer, papillary adenocarcinoma (PAP), well
differentiated tubular adenocarcinoma (WEL), moder-
ately differentiated tubular adenocarcinoma (MOD),
poorly differentiated adenocarcinoma (POR), mucinous
adenocarcinoma {MUC) and signet-ring cell carcinoma
(SIG) were considered.” The 5-year age-specific inci-
dence rates of each subtype were then estimated by
portioning the incidence rates of total stomach cancer
based on the relative frequency of that age group. The
incidence rates of stomach cancer as a whole come from
the results of the Second Cooperative Study of 6
Population-based Cancer Registries for Estimating
Cancer Incidence in Japan conducted from 1971 to
1972.7 The survey covered a population of 14.7 million
(7.3 million males and 7.4 million females ). The distri-
bution of tumor diameter in each histologic subtype was
also estimated from the data of the NCC Hospital. The
tumor diameter of each cancer was measured when the
tumor was surgically removed. Inoperable cases were
therefore excluded from the database. The results were
used to estimate the parameters in the process of clinical
surfacing.

Model The entire process of carcinogenesis was divided
into two distinct processes in the model: the period of
cancer induction and the period of tumor growth. In the
period of cancer induction, a normal cell undergoes
inheritable changes to become a cancer cell. The period
of tumor growth starts immediately following the period
of cancer induction and continues until the tumor sur-
faces clinically when it has become large enough to be
detected. Hence, the distribution of the time period of
tumor growth is determined by the process of clinical
surfacing, which can be considered as a probabilistic
phenomencn. Letting i(a) denote the hazard rate for
induction of a cancer cell at age a and V(£) the probabil-
ity of a tumor’s not being detected during the period of ¢
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measured from the start of tumor growth, the joint
probability of a cancer cell’s being induced at age a—1¢
and the tumor’s being detected as a clinical cancer at age
a can be formulated as follows:

g(a D=h(a—1) [ - ‘%—Q].

The probability density function of the incidence at age «
can then be obtained by integrating g(a, ¢) over ¢:

2= h(a—t)[—%—tl]dt. (D

In formulating equation (1), the cancer induction is
assumed to be a rare event, so that the probability density
function for cancer induction can be approximated by
the hazard function h(a).

As in the Armitage-Doll multistage model, it is
assumed that a normal cell must undergo a certain
number of inheritable changes to become a cancer cell
and that the transition rate in each change is constant
over time.” Hence, the hazard rate h(a) can be
formulated as follows™:

ha) =ra®, (2)

where w denotes the number of stages in the process of
cancer induction minus one and r a constant. w, which
will be called the power parameter in this paper, is
treated as a continuous quantity.

A functional form for clinical surfacing V() is not
known a priori. In the present study, the process of
clinical surfacing was first modeled as a function of
tumor diameter x and then the function F(f) was ob-
tained by substituting the time period of tumor growth ¢
for the tumor diameter x. Exponential growth of the
tumor mass was assumed in relating the tumor diameter
x with the growth period ¢+ The following conditional
probability was chosen to model the process of clinical
surfacing:

PriX<x+dx; X>x] 3)
dx '

where X is a random variable for the tumor diameter at
clinical detection (at surgical operation, strictly speak-
ing). The function g(x)} can be interpreted as a rate of
clinical surfacing while the tumor grows from x to x-+ 1,
given that the tumor was not detected until the diameter
reached x. The exponential increase in tumor diameter
with time is formulated as follows:

x=f{)y=c exp(d), 4)

where ¢ is the diameter of a single cancer cell, d a growth
parameter, and ¢ the growth period until the tumor
diameter reaches x. Since the V(¢) is equal to the proba-
bility of a tumor’s not being detected until the diameter

g(x)= lim
dx—>+0



reaches x, it can be formulated as a function of the time
t by combining equations (3) and (4):

V() =Pr[X>x]=Pr[x>f1)]

=exp [—ﬂ[‘)g(u)du]. (5)

The model expressed by equations (1) to{5) is called the
MIEG (multistage induction and exponential growth)
model in this paper.

Estimation procedure The maximum likelihood (ML)
estimation procedure was used to estimate parameters in
various models and the best-fit model for which the AIC
(Akaike Information Criterion)® score shows the mini-
mum value was selected. An AIC score for a model is
calculated by the following formula:

AIC=2(f#iparameters in model)—2(log likelihood).

As the first step, the function g(x) was estimated from
the distribution of tumor diameter. The distribution of
diameter of clinical cancers detected at age @ can be
expressed by the following equation, based on equation

(1):
[ wa—n [~ 427 4

4 dt
PriX>x]=— ,
U ke[ 20 g

where ¢, is the growth period for a tumor to reach a
diameter x; [x, = f(#)]. The function h(a—¢) can be
cancelled out of equation (6), based on the fact that the
distribution of tumor diameter is not affected by age at
detection.” Based on the facts that ¥(a)=0 and that
V(0y=1, equation (6) can be further reduced to the
following form:

PrX>x] = F T ()

=exp [*Ki g(u)du} :

Thus, g(x) is directly estimable from the distribution of
tumor diameter in clincal cancers. As a functional form
of g(x), the foliowing function with unknown param-
eters b, and b, was assumed on an empirical basis:

g(x)=bx+ bx".

The quadratic term, b, x*, was included in the model only
when the AIC score became smaller if included. Simi-
larly, separate models for males and females were
selected only when the AIC score became larger for the
model with a common parameter for males and females.

As the second step, the power and growth parameters
in the MIEG model [win equation (2) and d in equation
{4)] were simultaneously estimated by fitting the MIEG
model to the incidence data. The conditional likelihood

(6)
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was constructed to cancel out the nuisance parameter r.
The parameter ¢ (diameter of a single cancer cell) is set
to 0.001 cm. The Armitage-Doll model, which can be
considered as a special case of the MIEG model with a
very large tumor growth rate, was also fitted to the
incidence data.

RESULTS

The ML estimates of parameters in the models of
clinical surfacing are shown in Table I. The observed
distributions of tumor diameter are compared in Fig. 1
with the expected curves calculated from the ML esti-
mates to check visually the goodness of fit. Separate
models for males and females showed better fit in PAP,
POR and SIG. Inclusion of the quadratic term improved
the fit in histologic subtypes except female PAP, MOD
and MUC. WEL showed the largest skew to the left,
indicating higher detection probability while the tumor
remained small.

Table I. Maximum Likelihood Estimates of Parameters in the
Models for Clinical Surfacing of Stomach Cancer
Histologia(): Male? Female® Combined?
subtypes
PAP b 0.030 0.050 -
B 0.002 - -
WEL b - - 0.107
by - - —0.005
MOD b - - 0.050
b: — —_ —
POR I 0.035 0.031 -
by —0.001 —0.001 -
MUC b — — 0.027
b, - - —
SIG b 0.050 0.035 -
b, —0.002 —0.001 -

a) PAP=papillary adenocarcinoma, WEL=well differenii-
ated tubular adenocarcinoma, MOD =moderately differentiated
tubular adenocarcinoma, POR=poorly differentiated adeno-
carcinoma, MUC=mucinous adenocarcinoma, SIG=signet-
ring cell carcinoma.

b) The separate models in which parameters were estimated
separately for males and females showed better fit than the
combined model.

¢) The combined model which assumed that males and females
had the same parameter values showed better fit than the
separate models.

d) Parameters in the model of clinical surfacing:

lim oPr[)(< x+dx; X2 x]/dx=bx+ by,

dx— >+

where X denotes the tumor diameter.
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Fig. 1. Observed (bars) and fitted (solid lines) distributions
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of tumor diameter in different histologic subtypes.
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Table II. Maximum Likelthood Estimates of the Power and
Growth Parameters in the MIEG Model
Model® Sex Power? Growth® AIC?
PAP 1 m 5.47 1.243 6973.4
f 3.96 0.383
2 m 5.04 0.830 6973.9
f 0.635
3 m 6.28 6977.9
f 6.53
4 m+f 6.35 6976.7
WEL 1 m 4.86 0.718 7377.1
f 5.50 2.07s
2 m 5.24 0.992 73757
f 1.318
3 m 6.17 7376.3
f 5.96
4 m-+f 6.12 7374.8
MOD 1 m 3.53 0.484 8647.9
f 2.82 0.294
2 m 3.36 0.447 8647.6
f 0.348
3 m 5.37 8678.3
f 5.98
4 m+f 5.43 B682.4
POR 1 m 3.07 0.641 13897.0
f 315 1.522
2 m 3.07 0.641 13895.0
f 1.299
3 m 4,30 13907.6
f 3.60
4 m-+f 3.99 13929.8
MUC 1 m 1.71 0.301 2170.6
f 1.76 0.488
2 m .72 0.302 21686
f 0.477
3 m 4.43 2190.0
f 3.06
4 m+f 3.91 2202.7
SIG 1 m 1.48 0.420 13498.2
f 1.23 0.527
2 m 1.39 0.403 13498.8
f 0.606
3 m 2.93 13564.2
f 2.10
4 m+f 2.52 13611.5

a) Model 1: MIEG model with different power and growth
parameters for males and females. Model 2: MIEG model with
a common power parameter and different growth parameters
for males and females. Model 3: Armitage-Doll model with
different power parameters for males and females. Model 4:
Armitage-Doll model with a common power parameter for
males and females.

b) Estimates of power parameter in the model of cancer induc-
tion.

¢) Estimates of growth parameter in the model of tumor
growth.

d) AIC=2(#parameter in the model) —2(log likelihood).

PAP=papillary adenocarcinoma, WEL =well differentiated tu-
bular adenocarcinoma, MOD =moderately differentiated tubu-
lar adenocarcinoma, POR=pocrly differentiated adenocarci-
noma, MUC=mucinous adenocarcinoma, SIG=signet-ring
cell carcinoma,
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The ML estimates of parameters in the MIEG model
are shown in Table TI. Model 1 (different power and
growth parameters for males and females) was selected
as the best-fit model for PAP and SIG, but the differences
in AIC’s between models 1 and 2 were marginal in both
cases. Model 2 (common power parameter for males and
females) was selected for MOD, POR and MUC. For
WEL, model 4 (Armitage-Doll model with a common
power parameter for males and females) was found to be
the best-fit model.

When the ML estimates of the power parameter in
model 1 were compared among the subtypes excluding
WEL, PAP had the largest values among both maies and
females, followed by MOD, POR, MUC and SIG in
males and by POR, MOD, MUC and SIG in females.
The differences between males and females were not
statistically significant at the 5% level for any subtype,
when compared by likelihood ratio statistics.

The ML estimates of the growth parameter showed the
largest value for PAP in males and for POR in females.
It had the smallest value for MUC in males and for MQD
in females. Females had larger growth rates in POR,
MUC and SIG than males. When the differences between
males and females were tested by likelihood ratio statis-
tics in the subtypes excluding WEL, all differences were
found to be statistically significant at the 5% level.

The age-incidence relationships in different subtypes
are illustrated in Fig. 2. The expected curves calculated
based on the best-fit models are also illustrated. The
differences between males and females were larger at all
ages for PAP, WEL and MOD, while they became less
clear for POR, MUC and SIG, especially at the younger
ages.

DISCUSSION

In the present study, the differences among histologic
subtypes were highlighted by both the power and growth
parameters in the model and the male-to-female ratio of
incidence rates. As shown in Table II, PAP, WEL and
MOD, which can be characterized as differentiated sub-
types with less mucous production, tended to have a
larger power, when compared with POR, MUC and SIG.
This indicates that a normal cell must underge a larger
number of changes to become a cancer cell. PAP, WEL
and MOD are also characterised by the larger male-to-
female ratio of incidence rates as shown in Fig. 2. These
facts suggest that, in SIG, MUC and POR, risk factors
are operating in earlier life at the same magnitude for
males and females, while in PAP, WEL and MOD, risk
factors operate at larger magnitudes for males at all ages.
It is possible to further postulate that some host factors
such as genetic predisposition play a role in SIG, MUC
and POR, while environmental factors such as iifestyle
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Fig. 2. Observed and fitted age-incidence curves for different histologic subtypes. Male observed (—C—), female observed

(—[3—), male fitted (===~

) and female fitted (—+—+—*).

factors play a role in PAP, WEL and MOD. To examine
this hypothesis, further epidemiological studies in which
stomach cancer is classified by the histologic subtypes are

needed.

Compared to the Armitage-Doll model, the MIEG
model proposed in this paper showed better fit in all
subtypes except WEL. This indicates that the process of
growth should not be ignored when estimating the power
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parameter in these subtypes. There are several differences
to be pointed out between the MIEG model and the
Armitage-Doll model. Firstly, it should be noted that the
estimated power always has a smaller value in the MIEG
model than in the Armitage-Doll model. Thus, the
number of stages is overestimated if the Armitage-Doll
model is applied to these subtypes. Secondly, the differ-
ence in the power parameter between males and females
is not statistically significant in the MIEG model for all
subtypes, while it is significant in the Armitage-Doll
model for MOD, POR, MUC and SIG. It can therefore
be inferred that the difference in the power parameter of
males and females in the Armitage-Doll model is attrib-
utable to the difference in the growth parameter in these
cases. The Armitage-Doll model showed a better fit in
WEL; this can be explained by the larger growth rate as
well as by the tendency for WEL to be clinically detected
while the diameter is still small (Fig. 1).

The estimates of the growth parameter showed the
largest value of 1.299 in female POR and the smallest
value of 0.302 in male MUC. These values correspond to
diameter doubling times of 6.4 and 27.5 months, respec-
tively, and are in agreement with those reported in other
studies.’®'® In the subtypes excluding WEL, for which
the Armitage-Doll model showed a better fit, there is no
clear difference between the group of PAP and MOD and
the others, which showed marked contrasts in the power
parameter and the male-to-female ratio of incidence.
However, when we focus on the difference between males
and females, there is a contrast between the two sub-
groups. Males have larger growth rates in PAP and
MOD, while females have larger growth rates in the
other types. The hormonal environment may be a factor,
as in breast cancer or uterine cancer'” but further studies
are needed to investigate the reasons for this difference.

Since the results in the present study were obtained
from clinical data in a single hospital, the validity of the
study relies on whether the cases in the hospital represent
those in the whole country., The timing of diagnosis
might be different from cases in other hospitals, since
early cancers at a curable stage might accumulate in the
NCC Hospital. Also, the distribution of histologic sub-
types could differ for similar reasons. The distribution of
tumor diameter showed a good agreement with 29,275
cases from 178 hospitals throughout Japan reported by
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