A Mixture of Risk Prediction Models
for Tailored CTV Definition in Tumor

Treatment

Advancing Personalized Cancer Therapy

by
Julian Broennimann

Supervised by
Prof. Dr. Jan Unkelbach
Dr. Roman Ludwig

March 6, 2024

A document submitted in fulfillment of the requirements for the degree of
Master of Science in Physics
at the
UNIVERSITY OF ZURICH







ABSTRACT

Head and neck squamous cell carcinomas (HNSCC) frequently spread through the
lymphatic system, forming metastases in various lymph nodes. Since these metas-
tases are often too small to be detected in clinical images, large volumes of the
lymphatic system in the head and neck region are prophylactically irradiated to
avoid nodal recurrences. The elective volume is defined in guidelines for definitive
head and neck cancer therapy. However, these guidelines neglect correlations be-
tween affected lymph nodes and rely solely on generalized tumor location categories
without considering the specific anatomical origins indicated by ICD codes. In this
work, we demonstrate that each ICD code exhibits unique lymph node involvement
patterns. We introduce a mixture model (MM) based on Hidden Markov Models
(HMMs), which enables the prediction of lymph node level (LNL) involvement by
incorporating the patient diagnosis, along with T-category and the specific ICD code
of the primary tumor. The MM is trained on a multicentric dataset with exact LNL
involvement information for primary tumors in the Oral Cavity, Oropharynx, Hy-
popharynx, and Larynx. The learned parameters of the mixture model are highly
interpretable. Application of the MM provide accurate predictions of LNL involve-
ment over the ICD codes. Thus, this advanced modeling approach can be used to
refine clinical guidelines, leading to more personalized and effective treatment plans
for patients with HNSCC, minimizing unnecessary radiation exposure and enhancing

treatment outcomes.
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1 INTRODUCTION

This thesis discusses a probabilistic machine learning model for predicting the risks
of occult metastases in lymph node areas for head and neck cancer patients, based on
patient-specific diagnoses and other patient specific characteristics. The core of the
model was excellently developed by Ludwig et al. [1], and the concept is explained
again from scratch in this thesis. Therefore, the reader does not need any prior
information about neither the risk prediction model nor the biological and medical
terms used in cancer therapy.

The model was initially designed for patients with head and neck squamous-cell
carcinomas (HNSCC), which is why I continually refer back to this idea in this

work. However, the model can also be adapted to other regions of the human body.

1.1 CURRENT LIMITATIONS OF CTV DEFINITION
GUIDELINES

For HNSCC patients, the personalized definition of Clinical Target Volume (CTV)
remains inadequate [2]. HNSCC is known to spread through the lymphatic network
[3, 4], forming metastases in lymph nodes. The detection of these metastases de-
pends on clinical imaging techniques such as MRI and PET /CT, which, despite their
technological improvements, have finite resolution limits. Consequently, these imag-
ing methods often fail to detect microscopic metastases. To avoid nodal recurrences,
large volumes of the head and neck are prophylactically included in the CTV, which
delineates the target volume irradiated during radiotherapy. This uncertainty in the
included volumes in the CTV, despite ensuring effective tumor control, results in
a severe impact on post-treatment quality of life, with functional disturbances in
speech, swallowing, hearing, and breathing [5, 6].

Currently, the regions to include in the CTV are defined in guidelines targeted for
head and neck radiation therapy [2]. However, these guidelines do not consider pa-
tient specific information and have two major issues: First, they are based only on

the overall prevalence of nodal metastases and thereby neglecting the influence of
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the interconnections between nodal metastases [3, 4]. Correlations of involvement
in nodal areas arise from the efferent flow of lymphatics between the lymph nodes.
Ludwig et al. addressed this issue by initiating the collection of a multi-institutional
database with detailed information on nodal involvement [7], and derived a proba-
bilistic model to estimate the risk of nodal involvement. Thereby, the specific patient
diagnose and the size of the tumor are used a predictors [1].

A second, yet unsolved issue in the guidelines is that they only consider broader
tumor locations such as the Oral Cavity, Oropharynx, Hypopharynx, and Larynx.
This maintains the hypothesis that all tumors within those locations exhibit the ex-
act same lymphatic progression. In this work, we use the multi-institutional dataset
to show that this one-size-fits-all hypothesis is too simple, and we introduce a so-
lution to incorporate the exact tumor location into the prediction of lymph node
involvement. This aims to refine the guidelines towards a more personalized treat-
ment approach, by defining the CTV based on detailed patient information, such as
clinical diagnosis, tumor characteristics, and the exact tumor locations. The goal is
to achieve a de-escalation of the treatment volume, and thus improve the quality of
life for HNSCC patients after treatment.



2 PRIOR WORK

This chapter summarizes previous contributions to estimate the probability of nodal
involvement in patients with head and neck squamous-cell carcinomas (HNSCC). It
focuses on developing a probabilistic model that predicts the likelihood of nodal
involvement by incorporating detailed patient diagnoses, and the T-stage of the
primary tumor. The T-stage quantifies the size and extent of the primary tumor.

Developing such a probabilistic model involves several steps, which are covered in

this chapter:

1. Understanding HNSCC and simplify the complex anatomical lymphatic drainage

region in the head and neck.

2. Compilation of a dataset with HNSCC patients, including a detailed descrip-

tion of the nodal involvement pattern for each patient.

3. Derive a mathematical abstraction of the lymphatic network, using a Bayesian
Network, to estimate the conditional probabilities of spreading between pri-

mary tumors and nodal areas.

4. Enhance the Bayesian Network to a Hidden Markov Model (HMM) for a more
interpretative and biologically plausible framework that allows additional pa-

tient characteristics in predictions.

This section provides a review and introduction of the methodologies and computa-

tional techniques which are used throughout this thesis.
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2.1 REGIONAL LYMPHATIC SYSTEM AND LyMPH NODE
LEVELS

HNSCC is the sixth most prevalent type of cancer [8]. It originates in squamous cells
that line the mucosal surfaces of the head and neck, and affect regions such as the
oral cavity, oropharynx, larynx, and hypopharynx [9]. One characteristic of HNSCC
is its ability to spread beyond its primary tumor site. The lymphatic system, a
network of vessels and nodes that plays a vital role in the body’s immune response,
often serves as a pathway for this spread [3]. Cancer cells can detach from the
primary tumor, invade the surrounding area, and enter the lymphatic vessels. Once
within the lymphatic system, these cells can travel to regional lymph nodes, where
they may establish secondary tumor sites, known as metastases. Understanding
the lymphatic spread of HNSCC enhances the definition of Clinical Target Volume
(CTV) in radiation therapy to encompass potential sites of spread while minimizing
damage to healthy tissues. Simplifying the anatomical complexity of the lymphatic
network is a first step in modeling the lymphatic spread and sets a common base
along the oncologist and physicians for radiotherapy of HNSCC patients.

To that end, Lengelé et al. [10] divided the lymphatic drainage network into anatom-
ically constrained regions called lymph node levels (LNLs) and labeled them I to X
(Figure 2.1). Thereby, one LNL can contain up to 40 lymph nodes [11]. The lymph
node levels that are included in the CTV are usually treated as a whole.

The lymphatic drainage system and the LNLs are symmetrically arranged on both
sides of the head and neck area, where, in the context of metastatic spread, one
distinguishes between the ipsilateral and the contralateral side. The ipsilateral side
refers to the same side as the presence of the primary tumor, and the contralat-
eral side refers to the opposite. The spreading of the primary tumor through the
lymphatic network results in metastases in the LNL. Efferent flow of lymphatics
between the LNLs further results in correlations between the LNL involvements[12].
For example, the probability of involvement in level IV drastically increases if level
II is involved, from 8% to 23% [1].!

Throughout this thesis, we will only consider the ipsilateral involvement of LNL I -
IV. With the simplified lymphatic network, we can go one step further and discuss
the multicentric dataset, which contains detailed information on LNL involvement

per patient.

'For clearly lateralized oropharyngeal primary tumors in early T-stage (T1 or T2).
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Figure 2.1: Schematic drawing of the lymph node levels and the lymphatic network. Lym-
phatic vessels are shown in light green, while the dark green dots represent
lymph nodes. The orange shaded areas indicate the lymph node levels (LNLs),
as defined by B. Lengelé et al. These broadly defined LNLs are treated in radio-
oncology.

2.2 MULTI-INSTITUTIONAL DATASET AND LYPROX

Initiated by Ludwig et al., a multi-institutional dataset was collected, comprising
1786 HNSCC patients in whom detailed patterns of lymph node involvement have
been reported [13, 14, 7]. The dataset includes patients with a primary tumor
located in the oral cavity, oropharynx, hypopharynx, or larynx, and was collected

from 6 institutions.
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Institution Dataset Name Number of Patients
University Hospital Zurich 2021 USZ Oropharynx 287
Centre Léon Bérard 2021 CLB Oropharynx 263
Inselspital Bern 2023 ISB Multisite 333
Centre Léon Bérard 2023 CLB Multisite 373
University Hospital Zurich 2023 USZ Hypopharynx-Larynx | 366
Vall d’Hebron Barcelona Hospital | 2023 HVH Oropharynx 164

Table 2.1: Institutions and their contributions to the multicentric dataset of HNSCC patients
with LNL involvement.

The data can be graphically analyzed using the previously developed web dashboard
at LyProx.org. The platform allows users to analyze the data by specifying filters
on various patient specifics and tumor characteristics. For example, users can filter
for patients with nicotine use and a tumor in the oral cavity region, with positive
involvement of LNL III. The platform then returns the number of matching patients
and graphical results of the involvement of other LNLs, both in absolute numbers
and percentages.

In contrast to previous datasets for HNSCC patients, where only the overall involve-
ment of single lymph node levels was captured, this new approach, with per-patient
and per-level details, allows for the training of more sophisticated statistical models
that can learn the correlations between LNLs.

For some of the patients, dissected lymph node levels were pathologically analyzed.
This means that experienced medical doctors surgically removed and retrospectively
analyzed the tissue of the LNLs. This pathological information offers the most ac-
curate and definitive diagnosis of whether the LNL is healthy or not. In diagnostic
terms, referring to pathological information implies an assumed specificity and sen-
sitivity of 1.

Furthermore, the dataset includes clinical involvement information based on di-
agnostic imaging such as CT, MRI, PET/CT, and fine needle aspiration (FNA).
These methods have finite specificities and sensitivities, which are shown in Table
2.2 [15, 16]. These finite sensitivities and specificities are the reasons why we need

to estimate the probability of microscopic involvement of LNL in HNSCC patients.


https://lyprox.org/
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Sensitivity: In imaging diagnostics, sensitivity reflects the ability of the imaging
method to correctly identify patients with a specific disease. For instance, if an
MRI scan has high sensitivity for detecting LNL involvement, it implies that the
majority of patients with LNL involvement will be correctly identified by the MRI.

High sensitivity ensures that cases of LNL involvement are rarely overlooked.

true positive (2.1)

sensitivity =
YT true positive + false negative

Specificity: Specificity evaluates the accuracy with which an imaging method can
identify patients who are disease-free. An FDG-PET scan with high specificity for
LNL involvement, for example, will accurately determine that most individuals with-
out LNL involvement will have a not-involved result, thus minimizing unnecessary

additional diagnostic procedures or anxiety for those individuals.

true negative

specificity = (2.2)

true negative + false positive

Modality Specificity Sensitivity

CT 76% 81%
FDG-PET 86% 79%
MRI 63% 81%
FNA 98% 80%
PAT 100% 100%

Table 2.2: Sensitivity and specificity for diagnostic modalities.

2.2.1 ICD-0O-3 SUBSITES

The International Classification of Diseases for Oncology, Third Edition (ICD-0O-3),
categorizes tumors based on their anatomical locations (topography) and histological
characteristics (morphology). For head and neck squamous cell carcinoma (HNSCC),
the ICD-0O-3 subsite codes enable pinpointing the exact origin of the primary tumor
within the head and neck region. Our hypothesis is that each ICD-0O-3 subsite
is associated with a distinct metastatic pathway, resulting in different involvement

patterns in the LNLs. Below is a figure outlining the anatomical location of the
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ICD-0-3 codes, which are available in our dataset, together with the corresponding

tumor location category.”

Palate (CO5)

Oropharynx (C10)

Gum (C03)

Floor of mouth (C04)
Tongue & others (C02)

Base of tongue (CO1)
Larynx (C32)

Hypopharynx (C13)

Pyriform sinus (C12)

Figure 2.2: The colorized areas indicate the approximate anatomical locations of the ICD
codes. The ICD codes are color-coded according to the tumor location categories,
with blue representing the Oral Cavity, green representing the Oropharynx, red
representing the Hypopharynx, and orange representing the Larynx. The ICD
codes C00 and C08 are disregarded, due to the limited amount of data available.
Further C06, other and unspecified parts of mouth, is not defined in the image.

The institutions, tumor locations, and subsites are depicted in a Sankey diagram in
Figure 2.3, which also indicates the number of patients within each subsite. Note
that the cumulative number of patients from subsites within a tumor location does
not match up with the number of patients per tumor location due to incompleteness
in the dataset.

2See https://training.seer.cancer.gov/head-neck/abstract-code-stage/ for more information.
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Figure 2.3: The distributions from institutions to tumor locations and from tumor locations
to ICD-0-3 codes.

2.2.2 INCOMPLETE DATA AND DiacaNOSTIC CONSENSUS

The collection of lymph node level (LNL) involvement information presents its chal-
lenges. On one hand, analyzing diagnostic images to determine individual LNL
involvement is time-consuming and, in some cases, impossible. This leads to incom-
plete datasets, where only partial LNL data may be available. On the other hand,
as we accommodate LNL involvement data from multiple diagnostic modalities, a
robust method to integrate these varied data sources is required.

To address these issues, we define a maximum likelihood consensus (mazlih) method.
This method computes the consensus on LNL involvement by considering the speci-
ficity (sp) and sensitivity (sn) of various diagnostic modalities, including pathology.
Consequently, this consensus is regarded as the ground truth, implying that, in

diagnostic terms, both sensitivity and specificity are considered to be equal to 1.
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The computation process is as follows: For each diagnostic outcome of modality
m € M, if any, it updates the likelihoods of being healthy (Lneaithy) and being

involved (Linvolved):

SPm if observation is healthy
Lhealthy* =

1 — sn,, if observation is involved

1 — sp,, if observation is healthy
Linvolved* =

SNy, if observation is involved

Where the '+’ sign describes the updating (multiplication) of the previous likeli-
hoods. The subscript m in sn and sp refers to the specificity and sensitivity of this
modality according to table 2.2. The final decision is made by comparing Lyealthy
and Linvolved- The condition is considered ”involved” if Linyolveq 1S greater than
Licalthy, and "healthy” otherwise. This method integrates the results from multiple
diagnostics into a single, more precise assessment of disease involvement.

Using this diagnostic consensus as ground truth simplifies the training and evalua-
tion of the probabilistic model. Consequently, in this thesis, comparisons between
predictions and observations are all based on this mazllh information.

With the dataset in place, we can leverage the data and work out a probabilistic
model, which captures the correlation between LNL involvement. Therefore, the
next section introduces a Bayesian Network that learns the conditional state of

involvement, given some diagnosis.

10
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2.3 BAYESIAN NETWORK

Pouymayou et al. introduced a Bayesian Network (BN) to model tumor progression
through the lymphatic network for HNC [12]. The main purpose of the model
is to predict the risk of lymph node metastases, given the diagnosed macroscopic
metastases.?

This section introduces the mathematical abstraction of lymphatic spread in LNLs,
based on a Bayesian Network which is well-suited to model the conditional states of
LNL involvement. The mathematical framework is used in more advanced models

later in this work.

2.3.1 THEORY

The goal is to compute the personalized risk of LNL involvement, denoted by X,
given some diagnosis Z = z. This conditional probability P(X|Z = z) can be

rewritten using Bayes’ law as follows:

P(Z = z|X)P(X)

P(X|Z =z) = ()

(2.3)

The challenge lies in defining the terms on the right-hand side of the equation. The
conditional observational probability P(Z|X) is determined by the sensitivity and
specificity of the diagnostic modality, addressing the likelihood of observing Z when
having the involvement X. The more complex part is to ascertain the chance of
involvement P(X), known as the prior on X. To derive this prior information of
LNL involvement, the Bayesian Network proves valuable.

A graphical representation of a Bayesian Network consists of nodes and edges. In
our application, each node represents either a lymph node level or the primary tumor
T, and the edges represent the probability of spread from one node to another. The
edges are therefore associated with the spread probability. These edges are directed,
indicating that spreading is permitted only in one direction. Figure 2.4 presents
a simple example with V = 2 LNLs. The arrows indicate the direction of the
spread, and the arrangement illustrates the potential paths from the primary tumor
to subsequent lymph nodes. This visual representation aids in understanding the
probabilistic relationship between the involvement of LNLs within the lymphatic

system.

3Macroscopic means that the metastases are visible on imaging methods.

11
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Figure 2.4: A simple example of a BN representing a primary tumor 7', and V' = 2 lymph
node levels X7 and X5. Assuming the tumor spreads in both lymph node levels,
and level I spreads to level II.

The state of a LNL is described by a random variable X, which is either healthy (X =
0) or involved (X = 1). The probability that LNL v is involved (X, = 1) depends on

the states of the upstream levels from which this LNL receives efferent lymphatics,

t
pa(v)
the parental node from which LNL v receives efferent spread. Additionally, we allow

_u, as indicated by the blue arcs in Figure 2.4. The subscript pa(v) represents

for direct tumor spread b, from the primary tumor into LNL v, as indicated by the
red arcs. This true state X is hidden: in reality, we do not have access to this true
state, but only to the observed state, which describes the LNL as observably healthy
(Z = 0) or observably involved (Z = 1). The observed states are linked to the true
states by the orange arcs in the figure, representing the diagnostic imaging. We
collect the states of all LNLs in a random vector of size V: X = {X1, Xo,..., Xy},
and Z = {Z1,Zs, ..., Zy} respectively. Here, V is the number of LNLs in the graph.
This graphical representation of the Bayesian Network now aids in understanding
the conditional state of any LNL and deriving a mathematical expression for it. For
example, the state of LNL 2 (indicated by Xs in the figure above), depends on the
state of the upstream level X; and the tumor 7. The tumor node is always in state
1 (involved).

Pen(Xo=0|X1 =0)=1—1b,
X2:1|X1:0 :b2

)
oy ) (2.4)
Xo = 0|X; = 1) '
)

:(1—b2)*(1—t12)
X2:1|X1:1 :1—(1—b2)*(1—t12)

Ppn

(
(
(
(

Ppn

12
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This example can be extended to a generalized formula which describes the state of

LNL v, for a generic graph:

PBN(XU = $v|{Xr =Ty, tr—)v}repa(v)a bv) =
Ty + (D)™ (1 —b,) J[ @ —te)™

répa(v)
(2.5)

Note that we allow an LNL to have multiple parental nodes. The probability of a

true state X = x can therefore be written as the product over each LNL:

;
Pen(X =) = [[ Ponv (X = 2o[{Xr = 22 }repaqe)) (2.6)

As already discussed, the conditional observable probability P(Z|X) is given by
the sensitivity (sn) and specificity (sp) of a diagnostic modality, and describes the
orange arcs in the figure above. For a single LNL v, we can write the conditional

probability as:

P(Z,=1|X,=1)=sn
P(Z,=0/X,=1)=1-sn
(2.7)
P(Z,=1X,=0)=1—-sp
P(Z,=0|X,=0)=sp

For example, P(Z, = 1|X, = 1) = sn reads as follows: Considering LNL v, given
that there is a metastasis (X, = 1) present, the probability of observing the metas-
tasis (Z, = 1) is given by the definition of sensitivity sn.

Also here, these four cases generalize to:

P(Zy = 2| Xy = 7)) = (20 + (=) - sp)(1 — xy)

2.8
+ ((1 - zv) + (_1)1_% : Sn)xv ( )

The last term missing from the right-hand side of Bayes’ expression in 2.3 is the
denominator term P(Z = z;). This is commonly known as the evidence, as it is the
probability of observing a diagnosis z;. This probability is given by marginalizing
over all 2V possible combinations of hidden states X and calculates the probability

of observing z; for each hidden state:

13
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2\/
— ZP(X =¢)P(Z = z|X =§) (2.9)

Where we use a different notation for the true involvement: €. This is just an
ordered expression for one of the total 2" combinations of true states. This term
combines the conditional probabilities derived in 2.6 and 2.8. With that, all terms
of the right-hand side of equation 2.3 are defined, which allows the prediction of true
involvement X, given some diagnosis Z. However, before making predictions, the

BN needs to learn the parameters 6 = {by, t,_pa(v) }vev -

2.3.2 MODEL TRAINING

To train the model, we utilize the concept of likelihood. The likelihood measures the
probability of observing z;, given a set of parameters §: P(Z = z;|#). This concept
assumes that the BN is the generative model of the patient observations within the
dataset D. This does not imply it is the true model behind the data but assumes
that if it were the true model, what would be the parameters 6 that most likely
create the dataset DD. The likelihood of observing a single observation z; is given
by 2.9. For the entire dataset D = {z1,...,2zy} with N patients, the likelihood

becomes

P(D|§) = HP = 2;|0) (2.10)

Maximizing 2.10 over the model parameters # would then result in the set of param-
eters that maximize the probability of observing D. In medical settings, estimating
the uncertainty of predictions, such as the probability of LNL involvement, is an
important feature of probabilistic models. To achieve this, we are interested in the
distribution of 8. The Bayesian setting allows estimating this distribution, given
the dataset D. This is known as the posterior. Throughout this thesis, we use a
sampling technique called Markov Chain Monte Carlo (MCMC) to create samples
from the posterior distribution, to obtain multiple sets of fs. These s are used for

predictions of LNL involvement (called inference).

14
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2.3.3 MCMC SAMPLING AND INFERENCE

In Bayesian inference, we can use the posterior distribution for predictions:
P(x*|z",D) = /P(a:*|z*,9)P(9\D)d0 (2.11)

Here, D = {z1,...,zy} is the dataset, 6 are the model parameters, z* is a new
diagnostic pattern, and x* is the corresponding true involvement pattern of interest.
The posterior distribution over the model parameters P(6|D) can be expressed by
Bayes’ law:

P(0|D) x P(D|6)P(0) (2.12)

Where P(6) defines the prior distribution over the model parameters. Since we have
no prior information on the spreading parameters, the prior is set to be uniform in
[0, 1], as this is the range of allowed spreading probabilities.

The Markov Chain Monte Carlo sampling technique is used to draw samples from the
posterior in 2.12. Sampling is independent of any scaling, therefore we can neglect
the denominator in the equation. Further, due to the uniform prior, sampling from
the posterior is equivalent to sampling from the likelihood P(D|#) derived in 2.10,
which is convenient.

The drawing of samples using MCMC results in a chain of 6s, 6 ... which

are used to approximate the integral in 2.11:
| M

P(x *|zx, D) ~ - le(x % |z, 00™) (2.13)
m=

The samples (™ are identically and independently distributed (iid) according to
P(9|D). The consistency and sharp concentration of this estimator are guaranteed
by the law of large numbers and Hoeffding’s inequality, as noted by [17].
Throughout this thesis, we use the ’emcee’ library to draw independent samples of
6 [18]. This library is efficient and is addressed again in the application later in this
thesis.

With the approximation in equation 2.13, we have derived a way to estimate the
probability of LNL involvement &, given some diagnosis z, along with the uncer-
tainty of the estimations. The limitation of the Bayesian Network is mainly due to
the challenges of incorporating other patient features into the prediction, such that

the model still remains bio plausible and interpretative. To that end, Ludwig et al.

15
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proposed a Hidden Markov Model, which enables the estimation of LNL involvement

given a diagnosis and other patient characteristics.

2.4 HIDDEN MARKOV MODEL

The proposed Hidden Markov Model (HMM) expands on the idea of using a Bayesian
Network to model the lymphatic progression of HNC. The HMM introduces an ab-
stract timestep ¢t € {0,1,2, ..., tmax} and describes the probability of LNL involve-
ment at each timestep: Ppn(X) — Puvm(X[t]). Here, X = (Xi,..., Xy ) still
represents the vector of true - but hidden - involvement of the lymph node levels,
with 1 being ”involved” and 0 being “healthy”. We enumerate all 2" combinations
of LNL involvement by &1, ..., &yv, where, for example with V' = 4 LNLs:

51 == (070707())7
52 == (070707 1)7
&6=1(1,1,1,1).

The involvement of LNL starts at an "all healthy” starting state X[t = 0] = &;.

This is expressed as the starting distribution o with
a = [a;] = P(X[0] = &) (2.14)

which is 1 for 7 = 1 and 0 for all other states. This distribution evolves over the

timesteps t according to the transition matriz, which is defined as:
A= Ay] = P(X[t+1] =& | X[ = &) (2.15)

where the matrix elements A;; represent the conditional probabilities of transitioning
from state X [t] = & to X[t + 1] = &; in one time step. The transition probabilities
are parameterized as in the BN in 2.5, where the given state is X [t]. The size of the
matrix is 2" x 2V, The probability of being in state &; at timestep ¢ is given by going
through ¢ transitions from the starting distribution. This amounts to applying the

t-th power of the transition matrix A to the starting distribution a:

P(X = g&|t) = [ - (A)], (2.16)
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The subscript ¢ denotes the i-th element, since we are interested in the i-th state.
For further notation, we define A as the probability of involvement for each timestep
t:

€ Rimaxx2" (2.17)

[ (A)m]

The proposal of the HMM was to include the T-category of the tumor into the
model. This is where the idea of evolution over timesteps comes in handy. We do
not know at which timestep the patient is diagnosed, and therefore we marginalize
over all timesteps by using a different diagnose distribution (time-priors) for each
T-category. The time-priors describe the probability of diagnosis at each timestep,
implicitly assuming that patients with more advanced T-stages had - on average -
a later diagnosis, thus allowing the tumor more time to develop. The time-prior
differs for each T-category 7 € T and is defined for each timestep ¢, parameterized
by pr:

pr = [pr(0),p(1), ..., Pr(tmax)] (2.18)

The probability of true involvement X = &; of the HMM is the scalar product of
the time prior with A:

P (X = &) = [pr - Ali (2.19)

Where the subscript i indicates the i-th element of the 2" dimensional probability
vector. The superscript 7 defines the time prior which is used for marginalization.

To include an observation z;, we define a diagnose vector d(z;) which computes the
probability of observing z;, for each hidden state &;, according to the conditional

observation probability in 2.8:

The likelihood of observing a single patient with z; and T-category 7, according
to the HMM, is computed by marginalizing over all possible hidden states & and
computing the probability of the diagnosis for this hidden state:

2\/

Pin(Z = z0) = [[ PT(Z = zi| X = )P (X = &|.,0) (2.21)
j=1

=p-- A - d(z) (2.22)
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Where the upperscript in A? indicates that A depends on the model parameters 6.
The parameters 6 of the HMM are the same as in the BN, except for the parame-
terization of the time prior: 6 = {b,, pa(v) = pr}tvev. Further, their interpretation
differs slightly, since b, and ¢,4(,)—, are now spread rates, instead of spreading prob-
abilities as in the BN, due to the incorporation of time t.

For the whole dataset, grouped into T-stages D = {D7 } ¢, the likelihood is given

as
T D7

P (D|0) = HHPT A d(z) (2.23)

Learning of the parameters # and Bayesian inference for LNL prediction are the
same as in the BN, as introduced in 2.3.3.

For the risk prediction of the HMM model, we use Bayes’ theorem, as stated at the
beginning of this chapter (equation 2.3):

P(Z = Z,L‘X = :BJ)PT(X = .’L‘j)
P(2)

P(X = .’BJ‘Z = Zin) = (224)

Note that the subscript "THMM’ is not written in the probabilities for convenience.

2.5 APPLICATION OF THE HMM

This section demonstrates the application of the Hidden Markov Model (HMM)
methodology to a dataset of oral cavity (OC) patients. The objective is to get
familiar with the concepts and objects introduced to estimate the risk of LNL in-

volvement.

2.5.1 DATASET AND MODEL CONFIGURATION

The dataset consists of 394 oral cavity patients. For the ground truth data, the
different modalities are collected in a diagnostic consensus, which combines the ob-
servations from various diagnostic modalities with a maximum likelihood approach,
as outlined in 2.2.2. The HMM evolves over ty.x = 10 timesteps. In this applica-
tion, the T-category is neglected, grouping all patients under a single category 7.,
thus having the same, fixed time prior. The time prior is defined by a binomial
distribution parameterized by p,1 = 0.5.

The lymphatic network considered in this application contains 4 LNLs, I to IV, with
allowed spreading of the tumor to each LNL, and efferent spread from LNL I to II,
IT to III, and III to IV (Figure 2.5).
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t12
to—3
134

Figure 2.5: The graph structure used for the oral cavity patients

2.5.2 PARAMETER LEARNING WITH MCMC

The learning process for the model parameters is conducted through Markov Chain
Monte Carlo (MCMC), implemented in the ’emcee’ package. This package, based
on the affine-invariant ensemble sampler by Goodman & Weare (2010), operates by
maintaining a group of "walkers” that collectively explore the parameter space of 6.
The sampling distribution is defined by the log of the likelihood function in equation
2.23.

For an intuitive understanding of the emcee package, consider this description [19]:

”Imagine each walker exploring a landscape where hills and valleys
represent areas of high and low probability. The walkers move
around, informing each other about the terrain, helping the group
to understand the distribution’s shape and find regions of high
probability more efficiently. This collective exploration allows
emcee to sample from complex likelihood distributions more

effectively than traditional methods.”

The sampler uses 200 parallel walkers, each drawing a chain of 1500 samples. The
first 500 samples are discarded as burn-in, leaving 200,000 samples for the model
parameters. The learned parameter distributions (posterior distributions) are visu-

alized in a corner plot.
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Figure 2.6: Corner plot of the sampled parameters for the HMM model, trained on oral
cavity patients. The histograms on the diagonal show the 1D marginals, while
the lower triangle shows all possible combinations of 2D marginals. The black
lines enclose 20%, 50%, and 80% of the sampled points, respectively.

2.5.3 TRANSITION MATRIX AND EVOLUTION

With the expected values of the inferred parameters, we compute the resulting
transition matrix A, holding the transition probabilities from one state to any other

state.
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Figure 2.7: Transition matrix A. The y-axis represents the state X [t], the x-axis represents
X[t +1]. Gray pixels indicate zero entries (impossible transitions), and colored
pixels represent non-zero transition probabilities, overlaid in %.

The transition matrix defines the system’s evolution over time, captured in the

Evolution Matrix A, by applying A ¢ times to the starting distribution a.

Probabilities [%] of states at different time steps Time prior (PDF)

time step t

Figure 2.8: The Evolution Matrix A. Probability of being in each hidden state as a function
of time (left). The color indicates low (green) and high (red) probabilities, over-
laid in percent if larger than 1%. On the right, the time-prior p, , is plotted,
which weights each column on the left. The first 'row’ represents the starting
distribution a.
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Marginalized over the time prior, we obtain the prior P(X) for each one of the total

2V states.

Probabilities [%] of States - Predicted vs. Observed

State &

Figure 2.9: The probability of LNL involvement P(X) for each &;, i € 2V, compared to the
observed probability of this state, according to the maxlih diagnosis.

2.5.4 PREVALENCE PREDICTION

Prevalence describes the probability of involvement in an LNL, without any observa-
tion. Mathematically, this is calculating P(X, = 1). This is achieved by multiplying
all states where LNL v is included (=1). Prevalence prediction uses Bayesian Infer-
ence, as discussed before in Section 2.3.3. To compute the prevalence in LNL v, we
randomly draw 1000 samples from the posterior of 6 (Figure 2.6), and compute the
product of Py (X = &;|0) according to 2.13 for all ¢ where LNL v is included. The
distribution in # results in an uncertainty in the prediction. Figure 2.10 shows the
prevalence prediction for LNL I to IV, and compares it to the observed prevalence

from the dataset.

Oral Cavity

s Prevalence LNL I

— 79/394

s Prevalence LNL II

— 115/394

[ Prevalence LNL Il
L —— 49/394

035 Prevalence LNL IV

—— 15/394

o 5 15 25 40

20
probability [%]

Figure 2.10: Prevalence of involvement in LNL I to IV for oral cavity patients. The shaded
areas represent the predictions using 1% of the samples. The corresponding data
prevalence is plotted as a Beta posterior in the same color as the prediction.
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2.6 DISCUSSION

This chapter has provided an overview of preliminary work on estimating the risk
of lymph node level (LNL) involvement for patients with primary tumors in the
head and neck region. The subsequent parts of the thesis will focus primarily on
the Hidden Markov Model (HMM), introduced in the last section. The HMM is
chosen as the foundational model due to its biologically plausible construction and

its capability to accurately predict LNL involvement for a tumor location category.
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ABSTRACT The Hidden Markov Model (HMM) proposed by Ludwig et al. [1] has
proven successful in quantifying the risk of microscopic involvement in lymph node
levels (LNLs) based on the diagnosis of macroscopic metastases and the T-category.
Until now, the application of the model was limited to data from patients with
tumors at a single primary location, making it applicable to only a subset of patients.
However, lymphatic metastatic spread originates from all tumor locations within
the head and neck region, such as the oral cavity, oropharynx, hypopharynx, and
larynx. These locations are anatomically defined. However, each ICD-O-3 subsite
within these tumor locations has a different spread and thus exhibits a different LNL
involvement.

This chapter introduces a novel approach by incorporating the diverse and unique
spread characteristics of tumor subsites into the HMM, through a mixture of HMMs
(MHMM). By integrating multiple HMMs, we develop a comprehensive model that
adapts its parameters to capture the distinct lymphatic spread patterns of any given
tumor location. This advancement to an MHMM allows for quantifying the risk of
LNL involvement for ICD subsites, alongside the discussed predictors diagnosis and

T-category.

3.1 TuMOR LOCATIONS AND THEIR UNIQUE SPREAD
CHARACTERISTICS

Each tumor location in Head and Neck Squamous Cell Carcinoma (HNSCC) presents
unique characteristics in its spread to lymph node levels (LNL). The different spread
can be explained by the anatomical distance between the tumor location and the
LNLs.

Our dataset analysis across various tumor locations revealed that tumors in the
Oral Cavity have a high involvement in LNL I, with an observed prevalence of
approximately 20%, and moderate involvement in LNL IT at 31% (Figure 3.1). The
involvement rates decrease for LNLs III - V, with rates of 12.5%, 3.8%, and 2.8%,
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respectively. This can be explained by the anatomical proximity of the oral cavity
to LNL I, and the increasing lymphatic distance to IIT and IV. Generally, the data
shows that LNL II is always disproportionate high involved.

Oropharyngeal tumors, located near LNL II, demonstrate a high prevalence of over
73% in LNL II. Hypopharyngeal tumors, anatomically adjacent to LNLs IT and III,
show significant involvement at these levels, with prevalences of 62% in LNL IT and
48% in LNL III.

Laryngeal tumors, positioned inferiorly within the head and neck region, exhibit
a lower tendency to spread into the lymphatic system. However, there is notably
higher involvement in LNL V for laryngeal tumors, which is anatomically adjacent
to the larynx, with almost no involvement in LNL I.

This analysis underscores that different tumor locations in HNSCC possess distinct
lymphatic spread patterns, influenced by the anatomical relationships between tu-

mor locations and LNLs.

mean
larynx
hypopharynx
oropharynx
oral cavity

T0%

IR

60%

50%

40%

30%

ipsilateral involvement

20%

10%

LNLs

Figure 3.1: The figure shows the ipsilateral involvement of LNL I to VI for each tumor
location of HNSCC. The black hashed bar in the back shows the mean over all
locations.

Current guidelines for CTV-N definition rely on the presented overall prevalence
rates, assuming uniform spread characteristics for all ICD-0-3 codes within a given

tumor location. This simplification overlooks the differences in lymphatic spread
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patterns among individual subsites, as illustrated in figure 3.2. It shows the cu-
mulative LNL involvement for each ICD subsite, ordered and color-coded by tumor
location, challenging the assumption of uniformity.

Take, for example, the ICD code C05 (Palate) displayed in the top left subplot.
Although classified under Oral Cavity, its anatomical position between the Oral
Cavity and Oropharynx is reflected in its LNL involvement, showing high prevalence
in both LNL I, which is typical for Oral Cavity patterns, and LNL II, which is
typical for Oropharyngeal patterns. Conversely, Gum (C03), situated anteriorly in
the mouth, predominantly spreads to LNL I with low spread to LNL II. Among the
45 patients in this subsite available in the dataset, none exhibited involvement in
LNL IIT to V.

This differentiation underscores the unique lymphatic spread character of each sub-
site within a tumor location, particularly notable within the Oral Cavity and Orophar-
ynx categories. The following sections will discuss how these unique subsite char-
acteristics are integrated into our probabilistic model, enabling it to predict lymph

node involvement for individual patients based on the exact tumor subsite.
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BN Other parts of tongue (€02) [158]
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Figure 3.2: Observed ipsilateral prevalences in LNL I to V, for ICD subsites grouped by
tumor location. The black hashed bar in the background represents the average
LNL involvement for each tumor location.
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3.2 POSSIBLE METHODS FOR SUBSITE INTEGRATION

Every ICD-0-3 subsite has its characteristic LNL involvement. To capture this
characteristic within the HMM, we will briefly introduce some methods which are
considered in the preliminary phase of the study, where only one of them is further
selected for its most generic approach. One trivial method is the training of |S| in-
dependent HMMs, for each subsite s € §. This method solves the problem, however
it was less suitable since it requires a large amount of data for any given ICD code.
Further, this solution is not generalizeable and neglects any biological similarities
between the ICD codes, even though they spread though the same lymphatic net-
work. A second approach, which is also based on the HMM, uses the anatomical
location of the subsites, and introduces a lymphatic length I, which measures an
abstract distance between the subsite s and LNL v. The spreading rate is then
given by b, = ll:—ov, where by acts as a base transmission speed. Even though, the
anatomical 10cation of the ICD codes have a strong impact in the LNL involvement,
such that an approach like this is indeed considerable, this method was excluded,
due to the difficulties in determining the abstract lymphatic length.

The approach introduced in the next section is chosen due to its ability of general-
ization to a wide range of problems, while simultaneously minimizing the amount
of parameters needed for the model. This is especially important in health care
applications, where robust and interpretable models are required. Further, due to
the generic approach, the framework can be used for another type of patient char-

acteristic, which defines subcohorts in the dataset.

3.3 MIXTURE MODEL OoF HMMs

This section introduces the mathematical formulation of a Mixture Model (MM) that
integrates Hidden Markov Models (HMMs) for predicting lymph node involvement
(LNL) in HNSCC patients.

3.3.1 MODEL FORMULATION

The mixture model combines various Hidden Markov Models (HMMs) to predict

lymph node involvement in head and neck cancer for a given subsite s:

K

Pyna(Xs) =Y o 5 Panant (X |61 (3.1)
k=1
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The model employs a combination (or 'mixture’) of different HMMs to capture the
unique patterns of tumor progression depending on the subsite. The mixture model
consists of K components, where each component represents an individual HMM
focusing on a distinct progression pattern of the disease. Each component has its
own set of parameters (denoted as ), thus predicting unique LNL involvement.
Learning the model involves simultaneously determining the parameters of each
component and the mixture proportions 7, for the subsites in each component.
To predict for a patient within a subsite, the model calculates the weighted sum
of the component predictions according to the mixtures (equation 3.1). The model
incorporates other patient-specific features such as diagnosis and T-category in the
predictions from the HMM components.

In the mixture model, the component parameters have a broader interpretation com-
pared to a single HMM. Rather than focusing solely on one tumor location, they
now reflect common patterns across multiple locations. This approach enhances our
understanding of common spreading patterns along the different subsites. It simpli-
fies the challenge of integrating subsites into determining the mixture probabilities

(component assignments) of the components.

3.3.2 MATHEMATICAL FOUNDATIONS OF THE MODEL

The mixture model we propose aims to estimate the probability of true involvement
Pym(X = x|F = f;) in LNLs, where f; = (z;, 7, s) represents the patient feature
vector with subsite s.

The model has K components, each a HMM defined by Payvm(X|Z,7) with a
different set of parameters 6,. We collect the parameter sets for each compo-
nent in @ = {61,6,,...,0k}, with each 0 encompassing the HMM parameters
{bF k. ok}, where all the elements are within [0, 1].

The mixing probabilities 7 ;, (component assignments) for subsite s and component

k are represented in the matrix IT of size RS*X:

m1 712 o MK

me1 T22 - MoK
II =

ms1 TS2 *++ TMSK
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with the condition:

0<mep <1, foralls=1,...,Sand k=1,.... K
K

Zw&k =1, for each subsite s.
k=1

3.3.3 THE MM LIKELIHOOD

In the mixture model, both the component parameters ® and the mixing parameters
IT are initially unknown. To determine these parameters, we use the concept of like-
lihood, which involves finding the values of ® and IT that maximize the probability
of observing the dataset D.

The dataset D = {Dy, ..., Dg} is grouped into S subsites, and further sub-grouped
according to the T-categories within that subsite Dy = {Dg; } e

The likelihood of observing this data is expressed as:

Dsr

P(D|®©,1I) HHH ZwSkPHMM = 2|0k) (3.2)

Where Py (Z = z;|6) is the likelihood of observing a single patient with observa-
tion z;, with the set of parameters 0, according to 2.22. The superscript 7 indicates
that the HMM computes the likelihood only for the T-category 7 of patient 4.

3.3.4 MODEL TRAINING AND RISK PREDICTIONS

Training the MM involves identifying the model parameters ® and Il. In a Bayesian
setting, this process includes estimating the posterior distribution P(®,II|D). We
employ MCMC sampling techniques for this estimation and utilize the samples for
risk predictions. Assuming uniform priors for ® and II, and considering no prior
conditional dependency such that P(®,II) = P(®)P(II), we can express:
I1, ® independent
p(D|©,m)P(©,11) Q) it
P(D) >

P(©,1I|D) = P(D|®,II)  (3.3)

indicating that sampling from the likelihood in 2.23 is equivalent to sampling from

the posterior distribution.
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The posterior P(©,II|D) is referred to as the full posterior. Predictions based
on this posterior incorporate uncertainties (distributions) in both ® and II. In
MM, it is common for subcohorts (in our case, subsites) to have a fixed probability
of belonging to a component, without uncertainty thereof. For now, we proceed
with the concept of a full posterior, derived from sampling directly from the MM

likelihood, and will revisit the notion of fixed mixture probabilities later.

3.3.5 CHALLENGES IN SAMPLING FROM THE LIKELIHOOD

Sampling from the likelihood in mixture models poses unique challenges. The first
challenge is the interdependent nature of the mixing probabilities IT and compo-
nent parameters ©.! Essentially, assignments and component parameters mutually
influence each other. Traditional MCMC techniques might suffice to navigate this
complexity by efficiently exploring the entire parameter space.

A more complex issue is the permutation invariance of the likelihood concerning
the mixing probabilities and component parameters, known as the label switching
problem. For instance, consider a mixture model with K = 2 components applied
to a dataset with subsites A and B, where subsite A shows low involvement in
LNL 2 and subsite B shows high involvement. Without constraints, the mixture
model does not preferentially assign any particular subsite to a specific component,
as both component parameters and assignments are learned from scratch, making
the likelihood non-uni-modal. This results in two equal maxima of the likelihood
function for ® and II, rendering MCMC sampling ineffective.

One possible method to address this issue is through a Restricted Parameter Space,
which imposes constraints on © for each component. A short description of the
method is found in the appendix in section 8.2. While this method allows traditional
MCMC sampling, its effectiveness decreases with the problem’s complexity (e.g.,
more components, more LNLs) and depends on prior knowledge of the subsites’
spreading characteristics. Due to these limitations and its lack of generalizability,
this method was not selected.

Given these limitations, we opted for an alternative approach which is commonly
known as the Expectation-Maximization (EM) algorithm. This method separately
solves for Il and © in an iterative fashion, offering a general solution to the label

switching problem and reducing the issues related to parameter interdependencies.

!This interdependence should not be confused with the assumed independent priors: P(©,II) =
P(®) P(II). The interdependency emerges only in our definition of the MM.
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3.4 EM ALGORITHM

The Expectation-Maximization (EM) algorithm addresses the challenges imposed
by the invariant nature of the likelihood function P(D|®,II) with respect to per-
mutations in the component assignments II. The EM algorithm is an iterative
process that simplifies the sampling from the challenging full posterior P(©,II|D)
by breaking it down into the conditional posterior P(II|D,©) and P(O|D,II).

The algorithm operates in two main steps:

o E-step (Expectation): This step involves estimating the conditional poste-

rior P(II|D, ®), for the current component parameters.

o M-step (Maximization): Following the E-step, the M-step updates the com-
ponent parameters ® by maximizing the likelihood given the new assignments
II obtained in the E-step.

I1

E Step M Step
Estimate P(II|D, ©) Maximize P(©|D,II)

C)

In the literature, the hidden mixing parameters I1 are often referred to as z, while
the data points are referred to as y. However, to maintain consistency in this
work, we will continue using IT = (Il ;) to denote the set of mixing parameters
and D = (Dy,...,Dg) to represent the set of subsites, with Ds = (27,...,2% )

containing N patients within subsite s.

3.4.1 MATHEMATICAL INTRODUCTION TO THE EM ALGORITHM

The key function representing the iterative approach of the Expectation-Maximization
(EM) is known as the Q function, which takes two sets of component parameters as

inputs:

QO,00) = / log(P(®|I1, D)) P(11|eV, D)dII, (3.4)

Maximizing the Q-function over ® results in maximizing the overall likelihood, which
is shown using Jensen’s inequality in the appendix 8.3. The EM-algorithm consists

of iteratively maximizing 3.4.
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E-step: The theoretical goal of the expectation step is to calculate the expected

value of the log-likelihood function under the current estimate of parameters:

Enepp,em)log(P(O[11, D))] = Q(e,00) (3.5)

In a Monte Carlo implementation of the EM algorithm, this involves sampling II
from P(H\@m, D), where the upper-script [ indicates the model parameters from
the i-th iteration, and use the sample to approximate the Q function as an average:
1 & :
Qr1(0,0) = — 2; log(P(6[1Y), D)), (3.6)
J:
M-step: The maximization step maximizes 3.6 over the component parameters, to

define a new proposal:
O+ = argmax Q(©,00) (3.7)
@/

With the new proposals, the algorithm is repeated until convergence.

Convergence in the EM algorithm is a critical aspect, usually indicated by the sta-
bilization of parameters (@, IT) and the log-likelihood function log(P(D|®,II)).
The algorithm is considered to have converged when changes in these parameters
function become negligible between a number of successive iterations. Details on
the convergence are discussed later in this thesis in Section 4.3.1.

The EM-algorithm approach depends on the conditional probabilities P(@®|II, D)
and P(II|®, D), and it requires sampling from both. These conditional probabilities

are relatively straightforward to sample from. Using Bayes’ theorem,
P(O|II, D) x P(D|I1,0) P(©) P(II) (3.8)

and
P(I1|©, D) x P(DI|I1,0) P(©) P(II) (3.9)

and due to the uniform priors, sampling from the conditional probabilities is the
same as sample from the likelihood, with fixed parameters for ® or II.
We use the notation of Pi},,(D|®) for fixed mixture probabilities, and P, ;(D|II)

for fixed component parameters.
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4 IMPLEMENTATION AND VALIDATION
OF THE MIXTURE MODEL AND EM
ALGORITHM

The preceding chapter outlines the implementation details of the MM and the
MCEM algorithm. This chapter transitions from the theoretical aspects defined

in the previous chapters to the practical application and validation of the MM.

4.1 FrRoM DATA TO PREDICTION WITH THE MM

Before delving into the implementation, the workflow from having a dataset with
LNL information to the risk prediction of a single LNL using an MM is outlined.
Data Preparation includes the identification of ICD subsites in the data. The
raw datasets can be fetched from the publicly available LyproX database. Data
preparation is done using the lyscript package [20], which includes methods such as
join to combine multiple raw datasets from different institutions and enhance the
dataset to infer consensus diagnosis information (maz [lh), which will be used as
ground truth for model training.

Initializing the MM involves creating an instance of an MM, loading the dataset
with the major subsites, and defining the number of components K the model should
have. Additionally, one can determine extra configurations for the MCEM algorithm,
such as emcee sampling parameters, an imputation function that defines the number
of samples drawn in the E-step, the maximization method in the M-step, and the
convergence criteria.

Once the model is initialized, model learning can begin.

Model Learning includes two steps: First, the mixture probabilities 7, are es-
timated over the convergence process of the EM algorithm. After the EM has
converged, the estimated mixture probabilities are fixed, and a final sampling round

for the component parameters is initiated, again using MCMC sampling via emcee.
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After model learning, the MM contains a chain of component parameters and a
single set of mixture probabilities, both with the aim of maximizing the likelihood
of observing the loaded dataset.

Model Prediction follows after successfully determining the component param-
eters and the mixture probabilities. Predictions can either be made independent
of any observation, commonly referred to as prevalence prediction, or including a
clinical observation. The latter is known as risk predictions.

For the predictions, we draw several component parameters from the sample chain.
The mixing probabilities are fixed to a single value, and therefore, we are not using
the full posterior to make predictions, but only the conditional posterior with fixed

mixing probabilities.

4.2 DETAILS OF THE MIXTURE MODEL IMPLEMENTATION

This section delves into the implementation details of the mixture model. The
Hidden Markov Model (HMM) is implemented in the lymph package [21]. Recall
that for a dataset Z = {z;};er, where observations are grouped according to T-

categories T, the log-likelihood of observing this data is given by:
T =z
log P(2]©) = _ 3" log(p, A%d(2,))
T  z

Here, the elements in the formula are defined as follows:

e p; is a vector of size 1 X tyax, representing the diagnosis probability at each

timestamp ¢ = {1,. .., tmax}, specific to the T-category 7.

o AF is a matrix of size tmax x 2V, denoting the probability of being in one of
the 2V hidden states for each timestamp. The superscript k denotes that this

element is specific to this component.

o d(z) = (d(z);) = P(zi|X = &) is a vector of size 2", holding the probability

of observing z; for all 2" hidden states.
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The log-likelihood of the MM, with the dataset D grouped into subsites and sub-

grouped into T-categories within those subsites, reads:

D, [ K

S T
D) log| > merpk AR d(z:) (4.1)

S T zZ;

log PMM D|@ H

S T D~ K
= Z Z log Z Tor DY AR - d(z)) (4.2)
s T zZ; k T

B

The diagnosis term d(z;) can be extracted from the summation because it is inde-
pendent of the mixture components.
Where A and B are defined as:

e (A): The term d(z;) is independent of the component and mixture parameters.

We define the diagnose matriz for each subsite s and T-category 7 to be:
D" = (Dy,;)*" = [d(21),...,d(zNs7)] (4.3)

The diagnose matrix D*7 has a size of 2" x N,;.

o (B): This term calculates the state probabilities over the mixture of compo-

nents P(X|®,m,, ) and can be represented as a scalar product:

57 = ([,)° = s, - ® (4.4)
pr A
2 A2

= |51 Ts2 ... TsK|" pT:A (4.5)
p¥ AR

We denote I'*7 as the State Probability-vector of size 2 and ¥ = (P(&)k)r.
as the Cluster State Probability matrix of size K, where each vector element
pF A¥ is of size |T| x 2V

With that, the log-likelihood can be rewritten as:

S T N.. S T N,
Py (D]©, T :ZZZlog( ’D”) ZZZZbg( DST)
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The crucial point is to minimize the number computations during the convergence
process of the EM algorithm. This emphasizes the definition of the diagnose matrix
D*7. This matrix only have to computed once, when loading the dataset to the
MM. Sampling for the mixture parameters requires the re-computation of only the
matrix IT and T' matrices Sampling for the component parameters requires the re-

computation of only the ¥ and I' matrices.

4.3 DETAILS ON THE EM ALGORITHM

The EM-algorithm sequentially finds new component parameters and mixture pa-
rameters, which maximize the log likelihood in each iteration, as discussed in section

3.4.1. Thereby the algorithms follows the following structure:

Algorithm 1 Monte Carlo Expectation-Maximization Algorithm
1: Initialize ©() based on the prior P(©).

2: for ¢ < max steps do

3: E-step: Draw m samples IV, ... TI(™) from the likelihood Pg (D|IT).

4 M-step: Maximize 3.6 over the component parameters to propose a new
@(i+l)_

5: Check Convergence: Exit the loop if convergence criteria are met.

6: end for

In the E-step, we use emcee to sample from the log-likelihood. The length of the
sample chain emcee to approximate the posterior is configurable. Note that the
number m, commonly known as the number of imputations, is the number of samples
drawn from the approximated posterior. These samples are passed to the M-step
to approximate the Q-function. The number of m is dynamically adjusted over the

iterations:

o A single sample (m = 1) typically represents the mode or expected value of the
posterior. In this case, the algorithm represents the standard EM algorithm.
Multiple samples (m > 1) enhances the Monte Carlo approach and reduces

variability.

e Dynamically increasing m during the convergence of the algorithm can improve
performance, especially as convergence nears. This helps to reduce model vari-
ability and prevent oscillations in ® and II while maintaining computational

costs.
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The maximization over the component parameters in the M-step is done via Sequen-
tial Least Squares Programming (SLSQP) optimization method from scipy, which

returns a single set of new component parameters.

4.3.1 CONVERGENCE

Convergence in the EM algorithm is a critical aspect, usually indicated by the sta-
bilization of parameters (@, II) and the log-likelihood function log(P(D|®,II)).
The algorithm is considered to have converged when changes in these convergence
features become negligible between a number of successive iterations. We define a
convergence checker which takes as input the feature vector f = {®,II, L} where
each element contains the parameters over the iterations, a predefined threshold e,
and a look-back period njter. The function computes the variance of each element
in f over the look-back period, and returns True if the variance of each element

is smaller than €2

. This simple approach ensures that the parameters are stable
within a certain range. The algorithm is built in a way to simply define other con-
vergence measures, as for example the Kullback-Leibler Divergence from the last

two posteriors in the E-step.

4.3.2 REVERSED METHOD OF THE EM ALGORITHM

The standard procedure of the EM-algorithm in 1, as commonly found in the litera-
ture, involves sampling new mixing probabilities in the E-step and then maximizing
the expected sum over the component parameters in the M-step. However, drawing
on our experience with sampling component parameters from the likelihood func-
tion in the context of HMM, we propose an adjustment to this procedure. This new
approach is termed the 'reversed MCEM’ (rMCEM) method.

In the rMCEM method, the traditional roles of the E-step and M-step are somewhat
altered. Rather than sampling the mixing probabilities IT from pg(D|II) to estimate
the posterior distribution p(IT|®, D) during the E-step, we instead sample for ©s
from the likelihood prr(D|®). The M-step then focuses on maximizing the approx-
imation in Equation 3.6 over IT instead of over ®, in contrast to how it is typically
done. This reversed approach offers a novel perspective in the implementation of
the MCEM algorithm. The algorithm is configurable to use either the traditional,
or reversed method. Potential (dis-)advantages of either method are discussed later
in this thesis.

In the next section, the implementations are validated.
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4.4 VALIDATION

The MM is expected to detect and group subsites that exhibit similar lymphatic
spread patterns. Essentially, the MM uncovers common spreading characteristics
across various subsites and constructs the components accordingly. The mixture
probabilities of each subsite reflect the extent to which the subsite belongs to a par-

ticular component. To validate this hypothesis, consider the following toy example.

4.4.1 Toy EXAMPLE: RESTORING MIXING PROBABILITY

Imagine a graph structure with a primary tumor and two LNLs, I and II, where we

assume no transmission occurs between the LNLs:

O
©

Figure 4.1: Graph structure with a primary tumor and two LNLs. The LNLs are not con-
nected and therefore conditionally independent.

We consider 3 subsites and label them S1, S2 and S12. The data in subsite S1
and S2 are generated synthetically where each patient in S1 was draw with a 90%
chance of involvement in LNL I, and 0% in LNL II, and S2 with 0% involvement of
LNL 1 and 90% involvement of LNL 2. The subsite S12 samples patients randomly
from S1 and S2, with 35% patients from S1 and 65% from S2. Each subsite counts
200 patients.
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. s]

Prevalence

Figure 4.2: Prevalence of each of the 4 states for the synthetical subsites S1, S2 and S12. The
x axis shows the 4 states, where for example [0,0] represents no involvement in
LNL 1 and LNL 2 and [0,1] represents involvement of LNL 1 and no involvement
of LNL2. S12 represents a mixture of S1 and S2.

When training two independent HMMs for S1 and 52, the base-rates are sampled
to around 0.6 for the LNL exhibiting high involvement, and 0 for the other.
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(a) Independent samples for S1. (b) Independent samples for S2.

Figure 4.3: Distribution over the model parameters in a corner plot.
The mixture model is designed with K = 2 components. Since we know the data is

generated synthetically and the underlying source is clearly two distinct subsites S1

and S2, we expect the model to rebuild those two subsites in the components. For
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the subsite 512, we expect to get a mixture of 0.35 to the component reflecting S1,
and 0.65 to the other.

We use the rMCEM method, where the component parameters are sampled during
the E-step and the mixture parameters are defined during the M-step. The model is
converged if the log likelihood, the component parameters and the mixture parame-
ters change not more than € = 0.015 over the last 4 timesteps. Initially, the mixture
weights are all set to 0.5.

The EM-algorithm runs for 6 steps until convergence, which low number can be
explained by the simplicity of the problem. During convergence process, we can
check how the likelihood changes over the iterations, along with the evolution of the

assignment probabilities:
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Figure 4.4: The log-likelihood (left) and the mixture parameters (right) for component 1
over the convergence. After 6 iterations, the algorithm converges and returns
the found mixture parameters.

The EM-algorithm increases the log-likelihood over the iterations until convergence.
The mixture model assigns subsite S1 to the component 1, and S2 to component 2,
both with a probability of 100%. As expected, subsite S12 is assigned to component 1
and component 2, where the probability for component 1 is 35% and the probability

for component 2 is 65%.
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Figure 4.5: Visualization of the mixture parameter matrix (II), with annotations indicating
the mixture parameters.

After estimating the mixture probabilities, the final sampling round is started which
samples from the likelihood Pi},;(D|®). Comparing the sampled parameters of the
components with the sampled parameters from independent HMM for S1 and S2,

we see that the values are the same.
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Figure 4.6: Corner plots for the sampled parameters of components 1 and 2.

The mixture model was able to successfully restore the mixing parameter for the
subsite S12. Further, the mixture model identifies the correct underlying generator
for the different subsites. With that we can conclude, that the implementations of

the mixture model and the EM-algorithm are correct.
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4.4.2 VALIDATING THE MCEM METHOD

There are 2 different methods to run the EM algorithm, the MCEM and the rMECM
method. The example before demonstrates that the EM algorithm runs correctly
with rMCEM. In MCEM, the algorithm samples from P, ;(D|II) during the E-step,
and maximizes over Pih;(D|®) during the M-step. The final mixture parameters
are then the mean value of the sample chain which results from the E-step. Using
the same setup as above, with a graph as in figure 4.1, the subsites S1, S2 and S12,
and K = 2 components, we expect similar results up on a possible switch in the

mixture parameters due to their invariance in the likelihood.
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Figure 4.7: Left: Convergence of the log likelihood over the iterations using the MCEM
method. Convergence was after 6 iterations, with a convergence threshold of
1.5%. Right: Final mixing parameters after 6 iterations, shown as a represen-
tation of the IT matrix.

For the mixture parameter of S12, the MCEM method results 0.34 and 0.66, which
proofs that this method works too. However, one slight difference is notable, which
is worth mentioning here and which is better expressed in more complex problems.
The issue arises, since MCEM samples the mixture parameters during the E-step.
This results in a approximation of the posterior distribution for II. The values for
the elements in IT can not exceed the range [0, 1], such that, if we take the average
of this distribution for the final values, the mixture parameter can not be exactly
0, or 1. This becomes clear when checking the posterior distribution after the last

iteration in the figure below.
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Figure 4.8: Distribution of 7g1,0 (left) and mgo (right) after the last iteration of MCEM.
The red line indicates the mean value over all samples, which is the final mixing
parameter.

The resulting component parameters are also affected by this. Since S1 is not fully
assigned to component, the base rate to LNL 1 needs to be slightly higher (0.62
instead of 0.6), to capture the same overall involvement. And the same is true for

S2, as seen in the figure below.
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Figure 4.9: Corner plots for the sampled parameters of components 0 (Left) and 1 (Right).

This issue could be overcome by not taking the mean value from the posterior, but
defining some method to find the most frequent value (as example the most frequent
bin in the histogram and take the average value of this bin).

At this point, we can not determine which method works better, since the prediction
results in both cases would be the same. For the application of identifying subco-
horts, the rMCEM method fits our application better. With that we can conclude,
that both methods work fine, however one should be aware of the slight differences

in the methods where rMCEM detects underlying subcohorts with higher accuracy.
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4.4.3 INVARIANCE ON IMBALANCE DATASET

There is a potential issue in having one subsite with fewer patients. The MM might
overlook this smaller subsite and create multiple components that represent the
larger subsite. This could lead to the model’s inability to accurately identify the
subcohorts among the patients.

To test this, we create synthetic data according to S1, S2, and S12, as described
previously. S1 consists of only 50 patients, while S2 includes 1000 patients. The
generators for S1 and S2 are the same as before, with S1 having a high involvement
of LNL1 and S2 having a high involvement of LNL2. S12 is a 0.35/0.65 mixture of
S1 and S2, also containing 50 patients.

Components

T_to_I = 0.00:4} T_to_l = 0577848

T_to_ll = 0.6150 0 ) . . ) T_to_ll = 0.0173§}
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Figure 4.10: Top: Mixture probabilities of S1, S2, and S12 in matrix representation. Bot-
tom left: Component parameters of Component 0. Bottom right: Component
parameters of Component 1.

After successful training of the mixture model (MM) using the rMCEM method, we
observe that (1) the model identifies two components, one representing S1 and the
other representing S2, and (2) the model accurately restores the mixture probability
of S12.
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The MM demonstrates the capability to identify subsites regardless of the number
of patients in each. In the final component parameters, an increase in uncertainty
is observed for the component reflecting the smaller cohort (Bottom right figure in
4.10). This will be reflected as uncertainties in LNL involvement predictions. The

results suggest that the model is robust regarding imbalances in the dataset.
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Finally, in this chapter, we use the MM to incorporate the primary tumor locations
(according to the ICD-0-3 code) in the predictions. This results section is divided
into two parts: first, only the primary tumor subsites of Oral Cavity and Oropharynx
are considered. After, the entire dataset is used, including primary tumor subsites
of the Oral Cavity, Oropharynx, Hypopharynx, and Larynx.

In both parts, the base HMM used for the mixture model components is the same:
The base graph considers ipsilateral involvement of LNLs I, II, III, and IV. The
graph structure is identical to that in figure 2.5, allowing transitions from LNL I
to 11, II to III, and III to IV. The diagnosis time prior is chosen to be independent
of the patients’ t-stage, such that all patients have the same diagnose probability
at the time-steps. The time prior follows a binomial distribution parameterized by
p = 0.3, and the model evolves over ¢y, = 10 time-steps. Therefore, the model
setup is equivalent to the one in the application of a HMM in section 2.5.

During the result section, the MM is compared to independent models. Independent
models are HMM which are independently trained on a single tumor location, e.g.
pooled patients with primary tumor in Oral Cavity. This example would be the

independent Oral Cavity model.

5.1 APPLICATION OF A MM TO ORAL CAVITY AND
OROPHARYNGEAL PRIMARY TUMORS

For patients with Oral Cavity (OC) and Oropharynx (OP) primary tumors, our
dataset contains a total of 9 distinct ICD-0-3 subsites 2.3. For model training, the
subsites C00 and CO8 are excluded since they contain only 8 patients. This leaves
us with a total of 8 ICD subsites. Since we are going to refer back to the observed

prevalences of those subsite, the prevalence plots shown in section 3.1 are repeated:
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Figure 5.1: (Repeated) Prevalence plots for subsites in Oral Cavity (left) and Oropharynx
(right) for LNLs I to IV, based on the mazllh diagnostic.

For this application, we define a mixture model with K = 2 components. The MM
now has for a total of 22 parameters, with 8 being the mixture parameters and
2 -7 = 14 being the component parameters for the 2 components. Model training
consists of first estimating the mixture probabilities using the rMCEM method with
a convergence threshold of e = 0.015 and a lookback period of 4. After that, the
final component parameters are sampled using the resulting mixture probabilities

from step one.
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Figure 5.2: Results of the EM algorithm. The plots show the convergence process over the
iterations, where the left is the log-likelihood and the right is the assignment
probability to component A. The algorithm converges after 16 timesteps.

The rtMCEM algorithm converges after 16 iterations, with the likelihood appearing
constant after just 5 timesteps.

The estimated mixture probabilities 74 are presented in figure 5.3. The interpre-
tation of these results is as follows: tumors at the base of the tongue (CO01) are
entirely characterized by component A, and tumors of the gum (C03) by component

B. These two subsites are the most distinct regarding the involvement of LNLs I
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and II, rendering the results intuitive. Component A is interpreted as a model for
oropharynx-like tumor spread, and component B for oral cavity-like tumor spread.
All other subsites are described as mixtures. Tumors in the tonsil (C09) display LNL
involvement similar to base of tongue tumors and are mostly assigned to component
A. Conversely, tumors of the palate (C05) are similarly assigned to components
A and B, consistent with their anatomical location and the observation that LNL

involvement lies between oropharynx and oral cavity-type patterns.
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Figure 5.3: Representation of the mixture parameter matrix (IT). The figure illustrates the
assignment of each subsite to the two components, A and B. Subsites further
to the left are more assigned to component A, and those further to the right
to component B. The size of the marker (area) corresponds to the number of
patients in the subsite.

With the mixture probabilities now set, we initiate the sampling round for the
component parameters, choosing 20 parallel walkers and 2000 sampling steps, where
the first 1000 are discarded as burn-in.

First, we plot the components of component B, which may represent more oral cavity
tumor types. As a reference, the distributions are overlaid with a line representing
the mean values from the HMM trained only on oral cavity patients, the independent
Oral Cavity model. The interpretation is that the MM creates a component focusing
on involvement of LNL I, anatomically close to the oral cavity, and decreases the
involvement of LNL II. This can be seen in the base spread to LNL II, represented by
bo. In component B, b¥ is only 0.04, in contrast to bY¢ = 0.1 from the independent
model. Additionally, the base spread to LNL III and IV is slightly lower, suggesting

that typical oral cavity-type tumors spread less to these levels.
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Figure 5.4: Corner plot of the sampled parameters for component B. The histograms on
the diagonal show the 1D marginals, while the lower triangle shows all possible
combinations of 2D marginals. The blue dashed lines represent the mean value
parameters from the HMM trained on oral cavity patients only. The overline for
by is not visible in the shown range, since b9 = 0.1.

A similar interpretation applies to component A, representing oropharyngeal tumor
spread. This component focuses on high involvement in LNL II, with b‘24 = 0.51
compared to bQOP = 0.41 from the independent model. The considerable uncertainty
in t1, (transition parameter from LNL I to II) results from the minimal involvement
of LNL I, such that the overall likelihood is barely affected by this parameter. The
model can not determine this parameter without uncertainty. What may be counter

intuitive from the explanations so far, is that b, which accounts for involvement in
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LNL I, is higher in component A than for the independent model. However, this
arises due to the influence of subsites like C05, which have higher involvement in

this level compared to oropharynx type tumors.
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Figure 5.5: Corner plot of the sampled parameters for component A. The greenish dashed
lines represent the mean value parameters from the HMM trained on oropharynx

patients only. The overline for by is not visible in the shown range, since b9" =
0.41.

5.1.1 PREVALENCE PREDICTIONS

The sampled parameters can be used for prevalence predictions in selected subsites,

and compared to predictions from the independent model of the considered subsite.
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Prevalence predictions are independent on any observation, thus representing the
prior P(X) over the hidden states, where prevalence in a LNL is given by summation
over all states where this LNL is involved.

Figure 5.6 and 5.7 show prevalence predictions for the subsites C03 (Gum) and C05
(Palate), for the levels I to IV. Both subsites are assigned to the tumor location Oral
Cavity. The first figure represent C03, which is fully assigned to component B of
the MM. From the sampled parameters (Figure 5.4), we see that b; of component
B is the same as for the independent oral cavity model. This explains the similar
predictions for LNL I (upper left subplot). The blue dashed line represents the
observed probability of involvement, based on the mazllh diagnostic. In LNL II,
the observed prevalence is lower than the average in oral cavity subsite. This is
captured in the mixture model, as it is able to predict lower involvement of LNL II.
Similarly, this is seen in LNL IIT and IV where in our dataset, the patients have no
involvement at all. The mixture model is able to reduce the predicted prevalence in

those levels, compared to the independent model.
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Figure 5.6: The prevalence of involvement for C03 (Gum) as seen in the data (vertical dashed
lines, based on mazllh), predicted by an independent model for oral cavity pa-
tients (blue histograms), and predicted by the mixture model (orange histogram),
for the level I to IV

Similar observations can be made for C05 (palate), which has a mixture 56% of

component B and 44% of component A (Figure 5.7).
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5 Results

For LNL I, the MM slightly underpredicts the probability of involvement, due to the
influence of component A with low base spread to LNL 1. In contrast, involvement
in LNL II is accurately captured. In LNL III, one can observe the influence of
component A again, pushing the predictions toward high involvement in this LNL. In

LNL TV, the mixture model shows slight improvement again versus the independent

model.
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Figure 5.7: The prevalence of involvement for C05 (Palate) as seen in the data (vertical
dashed lines, based on mazlih), predicted by an independent model for oral
cavity patients (blue histograms), and predicted by the mixture model (orange
histogram), for the level I to IV

The following two figures show prevalence predictions for the subsites C10 (Orophar-
ynx, Figure 5.8) and CO1 (Base of tongue, Figure 5.9), which both belong to the
tumor location category oropharynx.

C10, which has a mixture of 72% to component A and 28% to component B, has no
overall improvement in the predictions of the MM versus the independent orophar-
ynx model. Generally, we see that the mixture model predicts higher involvement in
LNL I than the independent model, which is explained by b > 697, An improve-
ment is seen in LNL II. For the level III and IV, the MM has no advantage against
the independent model.
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Figure 5.8: The prevalence of involvement for C10 (Oropharynx) as seen in the data (vertical
dashed lines, based on mazllh), predicted by an independent model for orophar-
ynx patients (green-blue histograms), and predicted by the mixture model (or-
ange histogram), for the level I to IV

In CO1, which is fully assigned to component A, the mixture model predicts better
than the independent model. This improvement could be attributed due to the full
assignment to one component. Especially the high involvement in LNL II can be
captured, as well as the higher involvement in LNL III in contrast to the independent
model. For LNL IV, both models are equally good in predicting the prevalence.

A complete figure about all the subsite predictions from oral cavity and oropharynx
can be found in Figure 8.6 in the appendix.

For a general benchmark for the mixture model’s performance, we compare the
mean absolute errors of the mixture model versus the independent HMM model per
LNL (Table 5.1). The mean absolute error (MAE) is thereby the absolute difference
between observed prevalence and predicted prevalence, averaged over all subsites
within a tumor location. The following table show the MAE on the prevalence
prediction for each LNL, first grouped according to the tumor location categories,
and then the averaged MAE.
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Figure 5.9: The prevalence of involvement for C01 (Base of tongue) as seen in the data
(vertical dashed lines, based on maxllh), predicted by an independent model
for oral cavity patients (blue histograms), and predicted by the mixture model
(orange histogram), for the level I to IV

Location Model MAE LNLI MAELNLII MAE LNL III MAE LNL IV

Mixture model 6.2% 1.9% 4.3% 2.7%

ocC
Indp. model (HMM) | 6.6% 8.4% 5.5% 4.0%
Mixture model 1.6% 2.3% 3% 1.4%

OP
Indp. model (HMM) | 1.6% 8% 2.4% 1.7%

oty | Mixture model | 4.5% | 2.0% | 3.8% | 2.3%

ota

Indp. model (HMM) 4.6% 8.2% 4.3% 3.1%

Table 5.1: Mean absolute error per LNL for the independent model vs the mixture model.
for the tumor location oral cavity and oropharynx.

This table shows that for all LNL, the expected error of the mixture model is lower
than for the independently trained HMM. Discussion on the results follow in the
discussion section. In a second part of the result section, a mixture model is trained

on all tumor subsites available in the dataset.
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5.2 APPLICATION TO WHOLE DATASET

In this section we define a mixture model and train it on ICD subsites of oral
cavity (OC), oropharynx (OP), hypopharynx (HP) and larynx (LY). The number of
subsites is 13. However, we ignore the subsite C00 and CO08 due to their low number
of patients, such that we are left with 11 subsites. The observed LNL prevalences

of each subsite in this application are compared in the following figure:

90%
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Figure 5.10: Ipsilateral observed prevalence of each subsite in LNL I to IV according to
mazxllh, colorized by the primary tumor location category. Blue is oral cavity,
green is oropharynx, violet is hypopharynx and orange is larynx. The ICD code
’C00” and ’C08’ are neglected since they count only low number of patients.

The training procedure is similar to the last section, where first the mixture proba-
bilities for the subsites are estimated, and after the component parameters sampled.
After that, the prevalence predictions from the mixture model is compared to the
independent models. Also here, the independent models are the HMM, which are
only trained on one single tumor location category.

For the application, the mixture model is set to have K = 3 components. The
MCEM method is used for estimating the mixture probabilities. The MM converges
after 43 iterations, where the convergence threshold is ¢ = 0.015 and the look-back
period is niter = 5. A figure about the convergence process of the EM algorithm can
be found in the appendix in Figure 8.7.

Figure 5.11 presents the estimated mixture probabilities 7s;. The interpretation of
this plot is similar to the previous results. Tumors located in the oral cavity region,

as C02 to C06, are assigned to component B. Tumors located more in pharyngeal
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region are assigned to component C. This includes the subsite CO1 and C09 to C13.
C32, which itself hold the same name as the tumor category Larynx, is mostly

assigned to component A.

3 0.3 0.45 0.25
3 0.095 0.87 0.039
§ 0.16 0.75 0.088
8 0.16 0.44 0.4
g 0.19 0.7 0.1
3 0.026 0.025

2 0.14 0.037

g 0.23 0.11 0.66
g 0.35 0.042 0.61
3 0.01 0.088

Component A Compo‘nent B Cumpo‘nent C

Figure 5.11: Representation of the estimated mixture parameters 7, j for all subsites s and
components k.

Figure 5.12 presents a different representation of the mixture probabilities: The
mixture probabilities are all located on a 2-d hyperplane of the 3-d mixture space,
due to the boundary condition that the sum of the mixture probabilities 75 over
all components has to be 1. This space is known as the standard simplex. This
representation does not contain more information than the matrix representation
from above, however, it holds an interesting interpretation which we will come back

to in the discussion section.

56



5 Results

100%

col

C09

@ cC12

® co

@ cCi13

@® C05

0%
@ Cco2

€32 ° 96 C04
e (o3
100%
100%

Figure 5.12: 3-D representation of the estimated mixture parameters 7 for all subsites s
and components k. The size of the dots represent the number of patients in the
subsite, where the color indicates the tumor location, where blue is oral cavity,
green is oropharynx, violet is hypopharynx and orange is larynx.

The component parameters for the component A, B and C is in the appendix, and
only a short interpretation thereof is given here. Component A, which is dominated
by the Larynx subsite C32, generally has low spreading rates overall, which is in
agreement with Larynx tumors. Component B, which is dominated by Oral Cavity
tumor subsites, have proportionally high spread rates in LNL I and low rates in all
other LNLs. Finally component C, dominated by Oropharynx and Hypopharynx
subsites, have general higher rates, especially in LNL II and III, which also is in
agreement with the observed involvement.

The complete Figure of the prevalence predictions for all subsites can be found in the
appendix in figure 8.11. The overall performance of the MM, compared to the four
independently trained HMM is shown in the following table. This table compares

the mean average error in the prediction versus the observed prevalence. The total
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Location Model MAE LNLI MAE LNLII MAE LNL III MAE LNL IV
e Mixture model 3.6% 4.3% 7.9% 4.5%
Indp. model (HMM) | 6.5% 8.4% 5.5% 4.0%
oP Mixture model 1.5% 5.6% 2.9% 2.4%
Indp. model (HMM) | 1.3% 7.8% 2.4% 1.6%
P Mixture model 3.9% 2.4% 12.9% 6.8%
Indp. model (HMM) | 3.0% 3.1% 9.1% 5.3%
Iy Mixture model 1.7% 1.2% 1.2% 1.8%
Indp. model (HMM) | 0.3% 0.1% 0.04% 0.5%
Total Mixture model 3.0% 3.9% 7.4% 4.4%
Indp. model (HMM) | 3.8% 6.1% 5.1% 3.4%

Table 5.2: Mean absolute error per LNL for the independent model vs the mixture model.
for the tumor location oral cavity (OC), oropharynx (OP), hypopharynx (HP)
and larynx (LY).

MAE shows, that especially in LNL I and II, we have improvement against the
independent models. In LNL III and IV, the independent models performed better.
Further, especially for tumor location categories which contain only few subsites, as
example Larynx with only one subsite, the independent model performs significantly
better than the mixture model over all LNLs. Further discussion thereof will be made
in the next section.

The application of the mixture model on all subsites showed that the mixture prob-
abilities are interpretable and the model performs good in predicting the prevalence.
However, further adjustments have to be considered to eventually use this full model

for risk predictions in clinical applications.

5.3 RISK PREDICTIONS WITH THE K2 MIXED-HMM

Finally, we can refer back to the initial idea of computing the risk in a LNL, given
some observation. This section serves more as an example, rather than using the
results in some sort of clinical trial. Due to the better performance of the mixture
model which is trained on the Oral Cavity and Oropharynx tumors, we use this
model for this final risk prediction application:

We choose the scenario of having a patient with a tumor located in the Gum (CO03).
The patient has a no clinically observed involvement in any LNL, based on a CT.
According to the current guidelines, LNL I, II, IIT and IV would all be included in
the CTV-N.
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For the risk prediction, we randomly sample 1000 sets of component parameters,
to also estimate the uncertainty in the predictions. The result is compared to the

HMM, trained on the oral cavity patients (independent model).

0.6F
0.4
05f 7
I
I
04t i 03l
v Risk inipsi LNLI .. Risk in ipsi LNLII ..
= I ..given no involvement (CT) o ..given no involvement (CT)
S ! =
Q |23 independent model Q021 1 independent model
i‘ mixture model mixture model
02 ’J
1 0.1
01t A
L | 2. v L]
0.0 2 ) 3 8 10 09 2 4 6 8 10 12 14 16
risk R [%] risk R [%]
1.0F Risk in ipsi LNLII .. Risk in ipsi LNL IV ..
-given no involvement (CT) 1.75F ..given no involvement (CT)
[ independent model inds dent model
0.8 mixture model 1501 = m\xetzfg r:cr:dg\m ¢
o L i
i I
1251 (!
~ 06 i —_ :
S i & 1.00- 3
N 1 [SY ,.!
0.4 i 0.751 :
! /
% 0.50F :
0.2 r:
} 0.25+ !
) !
I )
I I A | oopl L : L
. 1 2 3 4 5 6 9.0 0.5 1.0 15 2.0 2.5 3.0
risk R [%] risk R [%]

Figure 5.13: Risk prediction for C03 (Gum) of the mixture model (orange) and the indepen-
dent HMM (blue) in the LNL I to IV.

In LNL I, the risk prediction of both models are almost equal, with a risk of 6%. In
LNL II, the mixture model predicts a lower involvement than the independent model,
with an expectation of around 4%. This result might be a correct improvement since
the prevalence prediction for LNL II in C03 is closer to the observed prevalence.
The same interpretation holds true for LNL IIT and IV, the mixture model predicts
a slightly lower risk of occult metastases of 2.6% and 0.7%.

This example proves that the mixture model is capable of predicting the risk of
occult disease in the LNL, given a patients observation, and the primary tumor
subsite. In this specific example of a patient with primary tumor in the Gum (C03),
and no clinical involvement, the risk of involvement in LNL I to IV is low. Assuming
a risk threshold of 5%, on can argue to exclude LNL II, III and IV from the CTV.
However, in clinical settings, usually the cumulative risk of occult disease in all
excluded LNLs should not surpass a given risk threshold, such that in this limited
example with only 4 LNL the LNLs to exclude from the CTV can not be easily

answered.
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The previous chapter demonstrated two scenarios how mixture models (MM) can be
applied to a set of HNSCC patients: First is a MM with two components, trained on
ICD subsite codes of Oral Cavity (OC) and Oropharynx (OP). In a second scenario
we presented a MM with three components, trained on all available ICD codes from
the four tumor location categories Oral Cavity, Oropharynx, Hypopharynx (HP) and
Larynx (LY). Both models had the same underlying base model, namely a HMM as
proposed by Ludwig et al. In both scenarios, the learned component assignments
are reasonable, and their interpretations can be substantiated by either the observed
prevalence patterns or their respective anatomical location. Moreover, both models
have demonstrated their capability to accurately describe the spreading character
expressed by individual ICD codes within the tumor locations. This was the primary
goal of this thesis. Notably, ICD codes that exhibit intermediate spreading behavior,
i.e. ICD codes which cannot be clearly assigned to a single tumor location category,
are successfully predicted by the MM. One such example is Palate (C05), which is,
according to the literature, associated with Oral Cavity, but has an atypical high
involvement in LNL II. Both MM evenly distributed C05 across the components
representing OC and OP spreading characters. This equitable assignment results in
more accurate prevalence predictions in the LNLs compared to HMMs trained on
tumor location categories, which we have referred to as the independent models.
The ICD code C02, which is assigned to OC, was also moderately distributed among
the components, especially evident in Figure 5.12 for the MM with K=3 compo-
nents. The observed prevalences for C02 underscore this: C02 does not exhibit high
involvement in LNL I or II, yet LNLs 3 and 4 are disproportionately affected. This
intermediate behaviour is therefore correctly identified by the model. However, I will
not delve further into ICD code CO02 here, as its definition, ’other and unspecified
parts of the tongue,’ lends itself to a broad range of interpretations.

From a prediction point of view, especially the first model with K=2 components has
proven to be an effective model to predict the LNL involvement. According to table

5.1, the mean expected error on LNL prevalence prediction is smaller compared to
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two independently trained HMMs for OC and OP. This is good, however, it requires
further consideration: The MM, in its entirety, possesses more parameters and thus
more degrees of freedom to describe the data. The additional parameters in the MM
are the mixing probabilities (or component assignments), making the model more
adaptable to the data. Nonetheless, the outcome of the model prediction is sufficient
to depict the diverse spreading characteristics of the subsites.

The same expectations were held for the MM with K=3 components, which was
used to describe the ICD Codes of all four tumor locations. The rationale for choos-
ing three components was that OP and HP generally exhibit similar characteristics,
with high involvement and thus could be described with one component. Patients
with larynx tumors differ slightly from other tumor locations, as the involvement is
generally lower in all LNL, but with disproportional high involvement in LNL III
and IV. The idea is that a second component focuses on this spreading character.
A third component was expected to be dominated by Oral cavity patients. The
learned cluster assignments meet these expectations, as shown in figure 5.11. How-
ever, the prevalence predictions of the model, compared to the four independently
trained HMM, did not significantly improve. The interpretation here is that three
components are not sufficient to describe the 11 different ICD codes, as the preva-
lences of all those subsites cannot be created by mixture of only three spreading
patterns. Especially the higher involvement of LNL III and IV of HP patients can
no not be described with the three components. A solution is to use a MM with
K=4 components, to match the number of independent HMM.

However, this reveals a disadvantage of the model: the number of parameters in-
creases more than linearly with the number of clusters, as both the component
parameters and the new mixture parameters for the new component are added.
With that, the model would count K — 1 times 11 (the number of subsite) more pa-
rameters than the combined independent models, due to the mixture components.'
With that, the problem of overfitting could occur. For instance, a model with K=4
components, intended to describe a graph with 4 LNLs, could distribute each LNL
to a single component and simply divide the ICDs according to the prevalence of the
ICD code. This would, despite the good performance of the model, not capture any
correlations between the LNLs, and thus could not be used as a prediction model
where we might have clinical observations of involvement of a LNL.

Another intriguing feature, which I like to point out, can be observed in the compo-

nent assignments for the K=3 MM: Upon closer inspection of the 3-D representation

!The K minus one arises due to the normalization condition on the mixture parameters.
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in figure 5.12, it can be seen that the cluster assignments accurately represent the
anatomical locations of the individual ICD codes. For example, if one imagines the
figure mirrored along the vertical axes. The gum (C03), located the most anterior
region of the oral cavity is mostly assigned to component B. The palate (C05) is me-
dial between OC and OP, also represented in the figure. The larynx icd code (C32)
is situated significantly inferior to the oral cavity and oropharynx, also represented
in the figure. Last, hypopharyngeal ICDs are situated intermediate LY and OP, but
closer to OP.

Overall, what initially sounds like a very abstract concept — namely a mixture
of generalized HMM components — turns out to be an interpretable and effective

model in predicting LNL involvement.

62



7 CONCLUSION

In this work, we developed a Mixed Hidden Markov Model (Mixed-HMM) capable
of characterizing individual ICD codes and predicting the prevalence (and thus risk)
of occult metastases in lymph node levels (LNLs). This is crucial because different
ICD codes, often grouped into broader tumor locations, exhibit distinct lymphatic
spreading patterns. A naive approach to capture these variations would involve
training individual HMMs for each ICD code. However, this faces two significant
challenges: Each ICD code would require a substantial number of patients for robust
model training. Fewer patients lead to increased prediction uncertainty, undesirable
in clinical applications. Further, this approach would not consider any similarities
between the ICD codes, even tough they spread though the same biological lym-
phatic network. Therefore, we opted for a Mixed-HMM capable of describing indi-
vidual ICD codes without significantly increasing the model’s parameter count. The
mixed model demonstrated accurate predictions, even for ICD codes with limited
patient data. While seemingly abstract at first, the results offered highly inter-
pretable insights that, to some extent, reflect the anatomical arrangement of lymph
nodes.

An additional, yet hypothetical, feature of the Mixed-HMM is its potential to predict
previously unseen ICD codes. The challenge lies in estimating component assign-
ments for the new code, potentially using a model capable of mapping the anatomical
location of the ICD code to a mixture component within the model. Whether this
feature will be utilized remains to be seen.

Finally, I return to the core research question: how can we better describe individual
patients risk in the lymph node levels? This model presents a valuable method to
integrate additional patient features, like the ICD code into the predictive model.
Our team is actively involved in refining new guidelines to assist physicians and
oncologists in developing patient-specific therapies for HNC patients. These guide-
lines will be built upon the predictions of the probabilistic model, whether from an
independent HMM or, as introduced here, a Mixed-HMM, or a combination of both

remains to be seen.
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8 APPENDIX

8.1 CORNER PLOTS OF INDEPENDENT MODELS

As a reference, the sampled parameters from the independent models (i.e. HMM
trained only on one single tumor location) are shown here.

All independent models use the same graph structure as shown in Figure 2.5, where
the time prior is fixed for all t-categories. The time prior is a binomial distribution

parameterized by p = 0.3, where the HMM evolves over ¢,,,, = 10 timesteps.
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Figure 8.1: Corner Plot for independent HMM trained on pooled Oral Cavity patients
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Figure 8.4: Corner Plot for independent HMM trained on pooled Larynx patients

8.2 RESTRICTED PARAMETER SPACE FOR THE MM
LIKELIHOOD

Due to the multimodal likelihood function of the Mixture Model in 3.2, traditional
MCMC methods can not be used for an interpretable solution. One method to
overcome this multimodality is by imposing constraint on the parameter space for
the component parameters.

Imaging a simple setup with subsite A and subsite B. A has almost no involvement
in LNL 2 and B has high involvement in LNL 2. By introducing constraints like
b2 > b} (where b} and b3 are the base rates for component 1 and 2, respectively), we
can force the model towards a unique assignment of subsites to components. Figure
8.5 illustrates this idea:

With this constraint, subsite B is forced to be assigned to component 2, and with
that, the solution of the maximizers of the likelihood function would not be degen-

erated anymore.
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Figure 8.5: Parameter space for base rates with a constraint. The x-axis represents b3, and
the y-axis represents b3. The shaded gray area is the unconstrained space, while
the blue area above the line y = z shows the constrained space where b3 > bi.
This constraint helps in achieving a unique solution.

8.3 EM ALGORITHM: PROOF OF (Q MAXIMIZATION

Given the Q function defined by:

Q(0,0¢) = /log(P(GIH,D))P(H\QO,D)dH, (8.1)
and applying Jensen’s inequality to the concave function log, we have:

Q(0,0) <log (/ P(®|H,D)P(H\®0,D)dﬂ). (8.2)
If we find a ©* such that Q(©*,0p) > Q(O¢, Oy), then:

log</ P(O*|1I, D)P(H]G)o,D)dH> > log</ P(@o\H,D)P(m@o,D)dH).
(8.3)

Since the logarithm is a monotonically increasing function, this implies:
/P(@*H,D)P(H|G)0,D)dl'[ > /P(@OH,D)P(H|®0,D)dH. (8.4)
By Bayes’ theorem, where P(©|D) < P(D|©), this leads to the conclusion that:

P(D|®*,11) > P(D|®y,1I). (8.5)
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8.4 ADDITIONAL FIGURES FROM RESULTS SECTION

Here, we present additional information for the result section. In the result section

I, we presented the application of a mixture model with K = 2 components, where

we consider only the oral cavity and oropharynx. This leads to 7 subsites in total.

The full prevalence prediction for all 7 subsites can be found in the following figure:
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Figure 8.6: Prevalence predictions for all subsites from oral cavity and oropharynx. The

outlined histograms show the predictions from the independent models.

The

filled histograms show the predictions from the mixture model. The blue dashed
line show the observation based on the mazllh.
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8 Appendix

SEcTION II

This section contains further information behind the second part of the results, where
we defined a MM with K = 3 components and trained it on the dataset containing
11 distinct subsites. The convergence process of the EM algorithm is plotted in the

following figure:
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Figure 8.7: Convergence process of the EM-algorithm. The variance of the component pa-
rameters, the mixture probabilities and the log-likelihood function over the last
5 iterations versus the iterations of the EM algorithm. The red dashed line in-
dicates the convergence threshold of 0.015.

The estimated mixture probabilities are then used to sample the component param-

eters for component A, B and C
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Figure 8.8: Corner plot of the sampled parameters for component A. The histograms on
the diagonal show the 1D marginals, while the lower triangle shows all possible
combinations of 2D marginals. The component is dominated by Larynx subsites.
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Figure 8.9: Corner plot of the sampled parameters for component B. The histograms on
the diagonal show the 1D marginals, while the lower triangle shows all possible
combinations of 2D marginals. The component is dominated by Oral Cavity
subsites.
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Figure 8.10: Corner plot of the sampled parameters for component B. The histograms on
the diagonal show the 1D marginals, while the lower triangle shows all possible
combinations of 2D marginals. The component is dominated by Oropharynx
and Hypopharynx subsites.

With the component parameters and the final mixture probabilities, we can estimate

the prevalence in each LNL for each subsite:
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Figure 8.11: Prevalence predictions for all subsites. The outlined histograms show the pre-
dictions from the independent models. The filled histograms show the predic-
tions from the mixture model. The blue dashed line show the observation based
on the maxlih.
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