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Cancer and its metastasis in children have a high degree of lethality and side effects,
so its characteristics need to be studied independently of adult cancer. The aim of this
work is to model the metastasis pathways of the main childhood cancers worldwide by
Absorbing Markov Chains, an important mathematical tool used for different applica-
tions in science. Statistical information was collected to detect the main affected organs
(primary sites) and those where cancer cells generally spread and metastasize (secondary
sites). Taking into account that it is a branching process, a directed graph was devel-
oped, and the associated transition matrices for the first and second metastases were
constructed. Organs whose cancers generally remain encapsulated and do not spread
their cancer cells are considered absorbing states in terms of Markov processes. For the
selected organs, the probability of ending up in each of the absorption states according
to the primary site was calculated, as well as the number of possible previous metas-
tases until reaching one of these states. Although the lung in childhood cancer is not a
characteristic primary site, it is one of the main sites of metastasis. Therefore, this work
dedicates a section to including this organ as a site of possible metastasis.
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1. Introduction

Cancer is the deadliest disease in the world, according to the World Health Organ-
isation (WHO). One in six deaths is due to this disease that afflicts people at
any age (children, adults, and the elderly) T Their causes are very varied2 In gen-
eral, cancer is the uncontrolled replication of cells in a tissue, altering its intrinsic
properties and damaging it, even causing death? Cancer can not only establish
itself in the organ where it originates, but it can also spread and colonize other
tissues or organs, generating a new one there. This phenomenon is known as
metastasis® Although it is estimated from and to which organ metastasis can be
generated, it is unknown what these routes will be like when there is subsequent
cancer (metastasis of metastasis) or if cancer ends up in a tissue and does not
spread further® The spread of metastasis is the leading cause of death from cancer
because of its branched nature, in which various organs are involved, reducing life
expectancy.

Health in children is seriously affected by cancer, causing premature deaths or
serious side effects in those who manage to recover® It cannot be ignored, and it
is part of the motivation for this work, that the most common pediatric cancers
are not exactly the same for adults. This is because, in the case of adults, they are
promoted for harmful habits (for example, smoking or unhealthy diets). As well,
the sites of metastasis or the frequency with which they occur are not similar®

When looking at metastasis pathways, models typically focus on one organ and
its compatibility with spreading cancer cells to others. These models are diverse,
from how cancer cells migrate through the circulatory system using fluid dynamics?
to an integrative genomic analysis (mutation burden, gene mutation frequency,
mutation signature, etc.) of nasopharynx cancer® In the case of stochastic and
computational models, Xie et al? reviewed different inferential, computational, and
mathematical approaches to modeling cancer evolution; in Ref. [I0] a mathematical
model for chemoimmunotherapy treatment was developed; in Ref. [T} the routes
of spread of metastases through lymphatics and blood vessels are analyzed using
a Bayesian biogeographical approach; in Ref. [12] used Markov Chains to study
metastases from bone to the chest wall, lung, or liver; and, in Ref. [13] also using
Markov Chains, established probabilities of life expectancy for patients with breast
cancer at different stages of tumor evolution.

Thus, from a mathematical point of view, Markov Chains promote a tool that is
used in different fields due to its potential for predictability based on probabilities
that are determined by linear algebra. Markov Chains are used not only in math-
ematics but also in other sciences I8 Tn this sense, it is possible to extrapolate
and use them in biological systems, in particular in cancer and metastasis.

In previous work, we used Markov Chains for metastasis site research for adults
in Argentina X Now, taking into account the importance of modeling mathemati-
cally the routes of metastasis in childhood cancer, we analyze metastatic pathways
in the main hematological and solid cancers for children aged 0—14 years. The data
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used here was obtained from the International Agency for Research on Cancer
(IARC) T8 belonging to WHO (more details in Sec. 2.

In this way, by using Markov Chains, we will analyze the different steps between
the metastases from one organ (the primary site) to others, whether they are sec-
ondary or tertiary sites. Those organs with a low probability of generating metas-
tases are called absorbing states; therefore, to contemplate this phenomenon, this
work is developed through Absorbing Markov Chains. Thus, we will probabilistically
analyze how organs are related to childhood metastases and the role of absorbing
states through current information. This analysis will contemplate two scenarios:
the first one where lung cancer is not considered and the second scenario where it
is. Even though lung cancer is not the most common pediatric cancer, this will be
done in this way because it is reported to be an important metastasis site.

This paper is organized as follows. In Sec. 2] we introduce the way in which the
data was obtained, the criteria to rank them, the tools to be used, and the graph
on which we base ourselves for the development of the investigation. In Sec. Bl we
detail how the transition matrix is constructed and the discrimination by type of
state (absorbent and non-absorbent), characterizing the metastasis route for the
first generation of the same without taking into account the lung as a possible
state. The analysis of the second step of metastases is described in Sec. @ The
absorptive capacity of non-absorbing states, those with almost zero probability of
generating metastasis compared to the others analyzed, and the number of expected
metastases are studied in Sec. Bl Next, in Sec. [l we make an analysis similar to
that developed in the previous sections but with the inclusion of the lung as a
possible site of metastasis, discussing the differences and/or coincidences with the
case where it was not taken into account. Finally, Sec. [1] concludes.

2. Methodology

There are three general ways to spread cancer cells and generate new cancer in
another organ: through the blood circulation, lymph nodes, and transcoelomic tis-
sues ™ Blood vessels are the primary route for spreading to distant organs. Mean-
while, lymphatic vessels provide a route to local lymph nodes, and frequently, after
metastasis, they spread through the blood. Although spreading through the blood
seems to be quite common, the lymphatic spread appears to depend on the loca-
tion of the primary tumor. For example, cancers of bone and soft tissue (sarcomas)
first spread through the blood, while kidney cancer spreads through the lymphatic
system. Transcoelomic spread is rare and appears to be restricted to mesotheliomas
and ovarian carcinomas20

The information obtained for the main cancers from the current WHO-TARC
statistics was ordered by the highest number of cases worldwide and with a crude
rate equal to or greater than 0.6 in the period 2010-2020. The crude rate is, for
each specific cancer, calculated by dividing the number of new cancers observed
by every 100,000 people at risk in a year 2l There are two types of cancer that we
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have arbitrarily added to the main ones, which are bone cancer and lung cancer.
Despite bone cancer not being a main primary site, it is one of the main sites
where other childhood cancers migrate 2228 I the same sense, the lung is not a
common primary site, but it is one of the most important sites where cancer cells
can migrate (colonizing this organ) and from there do the same in others2#2752
The lung, both in children and adults, is one of the main metastasis links in the
human bodyT7LA33H35

Those cancers that commonly affect children are related to the circulatory
and lymphatic systems (leukemia, Hodgkin’s lymphoma, and non-Hodgkin’s lym-
phoma) I8 Subsequently, solid tumors are the ones that continue the list (brain,
kidney, liver, ovary, testicular, thyroid, nasopharynx, lip and oral cavity, lung, and
bone). However, bone, liver, and brain are organs that, when they are primary
sites, do not generate metastases in other organs (or at least there is a very low
probability of this happening)nzum; these organs are called absorbing states or sites.

It is worth clarifying that we will not distinguish between cancer subtypes with
the intention of being clearer and more global in our analysis. The most common
secondary sites for each cancer were obtained from a literature search. The latter
is very extensive and varied, which shows a need to develop a unified database
with the most frequent secondary sites depending on the primary one. Thus, dif-
ferent investigations that contribute to this problem would be strengthened. Then,
from the most reported cancers in children by WHO-IARC statistics 8 we found
that these primary sites can generate metastasis; these sites (secondary sites) are
depicted in Table [

Based on the data collected in Table [Il the directed graph of Fig. [I] was con-
structed. The directionality (or bi-directionality) of the arrows indicates where
cancer cells can migrate from the primary site and create new cancer in one
or more organs (secondary sites). The cases where the arrows leave and arrive
at the same node (Br, Bo, and Li) indicate that they do not generate cancer
in other organs (absorbing sites). In general, brain, liver, and bone cancers do
not spread to other organs. Therefore, if they generate metastasis, it is only
on themselves 2546

3. Construction of the Transition Matrix and Absorbing States
Without Lung Cancer

As mentioned above, we will first consider the case where the lung is not included.
Figure [[lshows the directed graph that will be the basis for the development of the
formalism from Markov Chains.

Let Xy (primary site) be the organ where cancer originated, and X; is the
state of the process where a new cancer is formed (secondary site/s) coming from
a primary site. In other words, X refers to cancer generated in any of the organs
(or nodes) that appear in Fig. [l (or the first column of Table [[l). X; is the state
where a secondary site is colonized by cancer cells from a specific primary site. The
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Fig. 1. Graph of metastasis routes, only from primary to secondary sites, for the most common
childhood cancers (excluding lung), based on information collected in Table [[] Nodes in green:
metastasis is generated from these organs mainly in 2 organs; in red: these organs generate metas-
tases mainly in 3 organs; finally, in black, the absorbing states, these generally do not metastasize.

secondary sites are the nodes where the arrows finish in the graph (in the fourth
column of Table [Tl are the possible secondary sites for each organ).

We consider it a step in the Markov matrix when a new tumor has already
been found in another organ. Likewise, the same concept applies to the second step
matrix (this will be discussed later). In terms of the Markov Chain formalism *7
the above implies that the transition matrix has been built under the assumption
of the existence of the tumor in X that will develop metastasis in X;. Then, the
probability that an organ (i) develops metastasis into another (j) is

Pij = P[Xl = ]lXo = i], (31)

where i,j = 1,2,3, ..., m refer to the m = 12 (or 13 if considering the lung) organs
taken into account in Table [Tl
In other words, X; (metastasis from the primary site or a secondary site) will
have a probability of being metastasis from some primary site called Xy. If the
tertiary site (metastasis from the secondary site) exists, it will be labeled as Xs.
Generalizing these probabilities p;; (p;; > 0) for all the m cancers, we construct
the probability transition matrix P.

P11 P12 P13 - Pim
P21 P22 P23 *° P2m
P = [Pij] = | P31 P32 P33 *** P3m |, with P € RM>xm

Pm1 Pm2 Pm3 *** Pmm
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Since there is no general agreement on the probability of metastasis in children,
because this differs in the reported cases, we will consider that the sites of metastasis
are equiprobable. That is, if an organ ¢ has p possible metastases, the probability

In terms of the current statistics and data, we built the probability transition
matrix P as follows:

Le H NH K O Te Th N LO Br Li Bo
11 1
. 0 0 0 0 5 z 0 0 0 Z 0 0
H O 0 0 0 0 X o 0o o X o o
2 2
il 0 0 0o o o X o o o X o o
2 2
K o 0 o o o o o o o + L1 1
3 3 3
11
o 0o o o0 0 0 o 0 0 o0 = -
© 2 2
11 1
P= 11 1
T 000 0 0 0 0 0 0 0 3 = 3
11 1
m| 0 0 0 0 0 0o 0 0 0 3 3 =
N o 0 o0 0o 0o o o o L o L
2 2
wl|l o 0o 0o 0o 0o o o L o o o 1
2 2
s 0 0o 0o 0o 0 O O O 0O 1 0 0
Li o 0 o0 0 0 0 0 0 0 0 1 0
B\ O 0O O 0O 0 0 0O 0 0 0 o0 1

A way to extract information from P: in Figs. 2(a)] and [(b)] there
are two examples that describe the probabilities of generating metastasis

in determinate organs from specific primary sites (thyroids, lip, and oral
cavity).

We can observe in the matrix P the existence of Absorbing States in the system.
When these states are reached, it is impossible to leave 7 In terms of probability:

pii =1 and p;; =0. (3.2)
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Li N

33.33% 50%
33.33%

Th——=Bo LO
33.33% 50%

Bo

A

(a)

Fig. 2. Probabilities of thyroids (a) and lip/oral cavity (b) of generating metastasis given by
matrix P.

In our system, we can see that in the matrix P, there are three absorbing states
(the brain, liver, and bone). In these particular organs, when cancer originates
there, the probability of metastases in another organ is virtually null. However, if the
cancer forms elsewhere (first or second), it can metastasize to one of these sites, but
no new metastases will form from there. Therefore, it can be considered an absorbing
matrix.

4. Transition Matrix for Tertiary Sites

A quite important application of Markov Chains is to analyze the probability when
a process goes from state i through an intermediate state k to state j in two steps 2
That is

Pl =PlX2=j|Xo=1] = pik - pij- (4.1)
k=1

In the context of our models, we can quantitatively estimate the probability
of metastasis being generated in a tertiary site, that is, a metastasis of metas-
tases. The intermediate state k can be a metastasis from potential organs where
there is already a metastasis generated from the primary site ¢, consequently, we
lose precise information about which is the intermediary organ or tissue. Gen-
eralizing this for all organs, based on Eq. (£I]), the matrix of probabilities of
metastases from metastases (cancer to the tertiary site from the primary site) is

)

given by
2
P11 P12 P13 - Pim
P21 P22 P23 - P2m
P2 =[p%]=| P31 P32 P33 Pam with P? € R™*™,

j

ml Pm2 Pm3 **° Pmm
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1 1
09 09
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04 0.4
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02 Br 02

i 0.1 L 0.1

Bo

0 0

Fig. 3. Color map for transition matrices for the first (P) and second (P?) step of the metastasis
network without lung.
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where with the expression mentioned above, we obtain

Le H NH K (0] Te Th N LO Br Li Bo
4

Le 0O 0 0 0O 0 0 0 0 0 g 15? 1?—8

H 0O 0 0 0 0 0O 0 0 0 g ? ?

x| 0O 0O O 0O 0O O 0 0 O ? ? ?

K 0 0 0 0 0 0 0 0 0 3 % ?

2 o O 0 0 0O 0O 0 0 0 0 (1) % ?
P =1 0O 0 0 0 0O 0O 0 0 0 ? ? ?
Th 0O 0 0 0 0 0 0 (1) 0 3 ? ?

N 0 0 0 0 0 0 0 3 (1) 0 % %

| 0 0 0 0 0 0 0 0 T 0 o o

Br o 0 0 0O 0O O 0O O O 1 0 0

Li o 0 0o 0 0O O 0O O O 0 1 0

Bo o 0o 0o 0O O O 0O O O 0 0 1

The transition matrix of the second step (P?) shows that, in general, from a
primary site there is a higher probability, compared to P, of having reached an
absorbing state (liver, liver, or brain). That is, for metastases of metastases, an
absorbing state always has a greater than zero probability of being reached. Another
way of showing the transition matrices P and P? is through a color map for each of
them, as we can see in Fig. [3l This is with the intention of visually highlighting the
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probabilities in each of the matrices and seeing the impact on the transition when
passing from the first to the second step (from the first to the second metastasis).
Going from blue to yellow, blue implies a probability of zero at that position in
the matrix (remember that they are exactly the same as at P and P?) and yellow
implies a probability close to 1 that metastasis will be generated there. To quantify
this information, such as the number of steps to complete an absorption state,
both in general and for a particular organ, we will develop the following section:
It is important to note that when we talk about cancer spread or metastasis, we
do so for simplistic reasons since the states of the Markovian process Xp, X7 and
X9 were previously defined in this work. We must emphasize that what is really
disseminated are cancer cells from a primary site, which circulate and eventually
colonize another organ (secondary sites).

5. Absorptive Capacity by Non-Absorbing States
and Number of Expected Metastases

In Absorbing Markov Chains, the number of steps before the system is absorbed
and the probability of absorption by any absorbing state can be found. In order
to calculate this information, each transition matrix must be represented in its
canonical form®? called J. The canonical matrix J is composed by 4 sub-matrices
(N, A, 0, and I,). These smaller matrices contain elements of probability that orig-
inate a absorbing states and n non-absorbing states. Thus, there are a + n = m
states of the system. For our model, the matrix J is represented by

Le HNH K O Te Th N LO | Br Li Bo

Li O [CL

e Sub-Matrix N: N € R™*" has the probabilities of going from a non-absorbing
state to another non-absorbing state.



2 Reading

October 13, 2023 11:17 WSPC/S0218-3390 129-JBS 2350050

Markov Chains to Characterize Metastasis Pathways in Childhood Cancer 11

e Sub-Matrix A: A € R™*® has the probabilities of going from a non-absorbing state
to another absorbing state.

e Sub-Matrix 0: 0 € R**"™ represents the probabilities of going from an absorbing
state to another non-absorbing state (zeros matrix).

e Sub-Matrix Ia: I, € R**“ this represents the probabilities of remaining inside of
an absorbing state (an identity matrix).

Let be the fundamental matrix*@ F = (I — N)~!, where I is an identity matrix
with the same dimensions as N. Starting in a transient state, the expected number
of steps T (in our case, a step in the metastasis propagation from one organ to
another) before being absorbed by an absorbing state, T, is given by

T=F-c, (5.1)

where ¢ is a column vector whose entries are ones.

steps
5
Le =
3
3
HI 3
3
NH -
2
T= K 1
¢} 1
Te 1
Th 1
N 2
LO 2

As can be seen, the expected number of steps T for metastasis generated in a
primary site and ending in an absorbing organ is at most (or close to) 2. Hemato-
logical or lymphatic cancers have a number of steps between 1 and 2, which implies
that more than one metastasis can occur from the secondary site. Although these
cancers do not metastasize in adults (except for very isolated events), in children
they can develop a branching metastatic pathway. In the cases of the nasopharynx
and lip/oral cavity, they are generally absorbed in the second step of metastasis
until they reach one of the three absorbing organs. Finally, ovarian, testicular, and
thyroid cancer cells will migrate and metastasize but remain in an absorbent state,
improving the prognosis for prevention.

The vector T' can be interpreted as a degree of tolerance in the human body.
Generally, if the primary sites are not treated, they are known to trigger eventual
metastases (in one or more organs) and from there to other sites. Therefore, this
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information acquired by T is an important tool for early diagnosis and potential
predictions about cancer sites and pathways, depending on their origin.

On the other hand, the probability of absorption of any non-absorbing state by
any absorbing state is depicted by the matrix Z47%:

Z=(I-N)"Y. 4, (5.2)
which means

Br Li Bo
L 4 5 5
¢ 9 18 18
- 2 1 1
3 6 6
NH 2 1 1
3 6 6
K 11 1
3 3 3
1 1
Z = [e) 0 _ —
2 2
. 1 1 1
¢ 3 3 3
h 11 1
3 3 3
2 1
N 0 — -
3 3
1 2
LO 0 — —
3 3

The matrix Z has a similar meaning as the vector T, except that we observe
specifically for each primary site the probability of being absorbed by a certain
absorbing organ (states). These results also provide sensitive information for the
treatment of childhood cancer. As can be seen from the matrix Z, leukemia and
both lymphomas are more likely to reach (if they metastasize) the brain. In the
case of the nasopharynx and lip/oral cavity, they finish their route in the liver or

Br Li Bo

0.6
0.5
0.4
0.3
0.2
0.1
0

Fig. 4. Color map of matrix Z: probability of absorption of any non-absorbing state by absorbing
states (network without lung).

Color map of matrix Z
=z
Fdo=xTzh

z

-
(e]
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in the bones. Finally, expressing it in terms of Markov processes, the rest of the
organs end up being absorbed by any of the three absorbing states. It is important
to highlight the difference between the probabilities of absorption and the routes
where cancer cells from some specific cancers can end up. Figuredshows the matrix
Z as a color map with a scale between 0 (blue) and 1 (yellow), in order to depict
in an easy way each probability by organ.

6. Inclusion of the Lung in the Routes of Metastasis

In the following, we will do the same analysis but include the lung as a possi-
ble cancer site. With the intention of not repeating the theoretical issues already
mentioned, we will directly show the results.

Figure [l shows the graph of metastasis pathways (from primary to secondary
sites), according to the nomenclature and information in Table [l This graph is
what determines the construction of the matrix of transition Py, in an equivalent
way to how it was done for the initial case of this work.

Lu Le H NH K O Te Th N LO Br Li Bo
11 1 1 1 1 1 1 1
L —_ i —_ —_ i i i i i
" o 00 0 5 3 5 35 9 9 9 9§ 9
11 1
L — p— —
o 0 0 0 0 0 g Z 0 0 0 T 0 0
H o 0 0 0o 0 0 X 0o o o L o o
2 2
1 1
NH o 0 0 O O 0O = 0 0 0 = 0 0
2 2
1 11 1
K 7 0 0 0 0 0 0 0 0 0 T 7
0 L %9 0o 0o 0o 0o 0o o o o o + 1
3 3 3
P =
1 11 1
1 11 1
h — — — —
T 7 0 0 0 0 0 0 0 0 0 T T
1 1 1
N 5 0 0 0 0 0 0 0 0 F 0 g 0
1 1 1
LO 3 0 0 0 0 0 0 0 gz 0 0 0 g
Br o 0o 0 O O O 0O 0O 0 0 1 0 0
Li o 0o 0 O O O 0O 0O 0 0 0 1 0
Bo o 0o 0o O O O O O 0 0 0 0 1
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Fig. 5. (Color online) Graph of metastasis routes, only from primary to secondary sites, for the
most common childhood cancers (considering lung), based on information collected in Table [
Nodes in green: from these organs, metastasis is generated mainly in 2 organs; in red: these organs
generate metastasis mainly in 3 organs; in yellow: the lung with the most connections; finally, in
black, the absorbing states, which generally do not metastasize.

Then, the probability matrix of metastases from metastases is

Lu Le H NH K O Te Th N LO Br Li  Bo
Lu%OOOOOOO%%%%%
LC%OOOOOOOOO%%%

1 5 1 1
H§OOOOOOOOO§§§

1 1 1
NH§0000000002§§

i 1r 1 1 1 1 5 5 b5

K0 000 55 5% 3% 3% 36 36 18 18 18
T 1r 1 1 1 1 1 10 10

PO R R
i 1r 1 1 1 1 5 5 5
0000 5 55 3% 3% 36 36 18 18 18

1 1 1 1 1 4 1 1 10 4
N§000ﬁﬁﬁﬁﬁﬁﬁ§ﬁ
Br 0O 0 0 0 1 0 0
Li o o o o o o o o o o o 1 o
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Fig. 6. Color map for transition matrices for the first (Pr) and second (P?) step for metastasis
network with lung.

Here, P? shows that organs like the lung, kidney, ovaries, testicles, and thyroid
are also possible sites of metastases, besides those that already appeared in P?
from Sec. M (lip/oral cavity, nasopharynx, brain, liver, and bone). Therefore, the
lung is one of the most important nexuses between the primary and tertiary sites.
An alternative method, mainly for ease of visualization, is to view the information
provided by Py, and P}? by using a color map (Fig. ). Remember that the scale of
this color map is from blue to yellow (0 to 1).

The expected number of steps T, is

steps
Lu [ 2.31
Le| 2.11
H| 1.79
NH| 1.79
T, = K| 1.58
o 177
Te | 1.58
Th| 1.58
N | 2.65
LO \ 2.65

Here, when T and Ty, are compared, it is possible to observe that the values
of Ty, are slightly higher, but this does not make a big difference: On average, the
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expected number of steps for metastasis generated in a primary site and ending in
an absorbing organ is 1.981, that is 2.

Br Li Bo
L 21 31 31
" 83 83 83
L 116 133 133
¢ 249 498 498
. 109 57 57
166 332 332
NH 109 57 57
166 332 332
K 26 57 5T
2y = 83 166 166
7 38 38
O PR -_ -_
83 83 83
. 26 57T 5T
¢ 83 166 166
h 26 57 5T
83 166 166
N 2131 207
166 664 664
21 207 373

LO

166 664 664

Lu
0.6
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N_l
x M 0.5
‘E NH
- K 0.4
% 0
E Te 0.3
o
S Th
O N 0.2
Lo 0.1

Fig. 7. Color map of matrix Zy,: probability of absorption of any non-absorbing state by absorbing
states (network with lung).
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By analyzing Z; , it can be seen that there is a small probability that the ovaries,
nasopharynx, and lip/oral cavity finish their metastasis route in the brain, unlike
when the lung is not considered. Therefore, all organs end up being absorbed by
any of the three absorbing states. In biological terms, this means that sooner or
later, cancer cells will colonize one of these organs (as long as the organism tolerates
such a degree of metastatic spread in the organs). Figure [ shows the matrix Zp
(in the same way as was made with Z) as a color map with a scale between 0 (blue)
and 1 (yellow), in order to depict in an easy way each probability by organ, but
considering the lung in the network.

7. Conclusions

Solutions to the problem of cancer cannot be thought of exclusively as palliative
or curative therapies when there are physical and mathematical mechanisms that
can probabilistically quantify the sites where different types of malignant tumors
can spread. Clearly, when the diagnosis is late (by this we mean that cancer has
already been diagnosed in a primary site), it is important and urgent to determine
the places where it can spread. This, as we already mentioned in the introduction
to this paper, contributes significantly to more efficient and earlier therapies for the
fight against cancer and its spread in the body, particularly in children, where the
aggressiveness of this disease is greater. Thus, the results of this work add relevance
to this field of interdisciplinary research.

Through the use of Absorbent Markov Chains, we were able to quantitatively
characterize the metastatic pathways of the main childhood cancers, whether solid,
lymphatic, or hematological, in two cases: when the lung is not considered and
when it is.

It is important to highlight that it was found that the absorption states (liver,
brain, and bone) are reached in two steps on average. In addition, the probabilities
of knowing specifically in which absorptive organ the pathway ends, depending on
the primary site, were characterized.

In both cases, whether considering the lung or not, the most important (in terms
of probability) possible sites of metastasis are the lips/oral cavity, nasopharynx,
brain, liver, and bones. Particularly in the case where the lung is taken into account,
more possible sites are added: kidney, ovaries, testicles, thyroid, and lung. The main
difference, in this case, is that these probabilities are lower (at most a quarter) than
those of the other five organs. Thus, depending on the degree of depth with which
each case will be analyzed, it will be convenient to use one or the other of these
methods of research. The matrices T, Ty, Z, and Z, provide relevant information
for any preventive treatment in children experiencing this disease.

The spread of cancer cells from a primary site and their colonization of other
nearby or distant organs (secondary sites) may be simultaneous. This means that
when we analyze what happens with a particular organ, other chains from other
organs can happen in parallel. In the same way, when we talk about absorption
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probabilities by an absorbing organ (Br, Bo, and Li), we do it for a certain chain,
that is, a specific organ. Eventually, a branching process in some of the intermediate
organs may be triggered until they fall into an absorbing state. The latter is not
contemplated in the model, but it is worth mentioning. However, this model is
robust and gives a relevant approximation of what happens with the routes of
metastasis of the main organs in childhood cancer.

In this work, we have assumed the equiprobability of cancer spreading to other
possible sites. This is a generalization that is due to the lack of information on
organ metastasis rates in childhood cancer. This does not happen in adults; there
is information from autopsies 9 where metastasis rates are quantified according
to the primary site. Although this information, through autopsies, is not available
for children (we can assume that it is due to the extreme sensitivity that such a
process implies). In the same way, the data about metastasis in children is in very
low populations to make statistics and a distribution by organ. It will take future
work to delve into the subjects in order to optimize the model developed with
unequal transition probabilities.

Finally, and continuing with the previous paragraph, future efforts will be
devoted to expanding the criteria of this work. This can be done by considering dif-
ferent ethereal ranges and comparing them with the intention of finding significant
patterns. Also, implement this model to discriminate by sex or different pathologies
related to some types of cancer in particular. Also, implementing machine learn-
ing to automatically optimize the model when the available statistics are updated
would be a noticeable improvement.
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