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Abstract

The immune system plays a crucial role in the detection and elimination of cancer
cells, with T cell receptors (TCRs) enabling antigen recognition. vd T cells are a less
common and relatively understudied subset of T cells compared to their a5 counter-
parts. Although they have been shown to play important roles in cancer immunity,
especially due to their ability to act independently of MHC (Major Histocompat-
ibility Complex) presentation, much less is known about their behavior over time.
This makes them a promising but challenging target for immune repertoire analysis.

This thesis applies different tensor decomposition methods to time-resolved v TCR
sequencing data from sarcoma patients to uncover interpretable immune dynamics.
After preprocessing, data from 13 of 16 patients were retained, and multiple ten-
sors of varying temporal lengths (70, 100, 200, and 300 days) were constructed to
balance patient availability with time resolution. Three decomposition models (CP,
Tucker, and PARAFAC2) were applied to both simulated and real data to evaluate
their ability to capture latent patterns across sequences, time, and patients. Fur-
thermore, a clustering pipeline was applied to extract the patient outcomes and was
compared to ground-truth data.

Our results with the simulated data validate that tensor decomposition can be an
effective tool for finding relevant patterns and subgroups in the data. In partic-
ular, by clustering the patient factor matrices of the Tucker decomposition, we
observed groupings that showed partial agreement with known clinical labels, sug-
gesting that the model captures some meaningful variation in immune response.
In addition to unsupervised pattern discovery, we evaluated classical immunological
metrics, including richness, evenness, and clonality, over time to further characterize
immune repertoire dynamics. Therefore, this work confirms that tensor decomposi-
tion can extract informative, low-dimensional representations from complex immune
repertoire data and may support future efforts in stratifying patients or monitoring
treatment responses.

Keywords: tensor decomposition, 79 T cells, TCR sequencing, sarcoma, immune
repertoire, CP decomposition, Tucker decomposition, PARAFAC2, K-medoids.
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Below is the list of acronyms that have been used throughout this thesis, listed in
alphabetical order:

ALS Alternating Least Squares

CDR3 Complementarity-Determining Region 3
CORCONDIA Core Consistency Diagnostic

CP CANDECOMP/PARAFAC

DE;, Diversity Evenness score

HOOI Higher-Order Orthogonal Iteration
HOSVD Higher-Order SVD

MHC Major Histocompatibility Complex
NKT Natural Killer T Cells

NMI Normalized Mutual Information
PCA Principal Component Analysis
SVD Singular Value Decomposition
TCR T Cell Receptor

WCSD Within-Cluster Sum of Distances
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Nomenclature

Below is the nomenclature of arrays, indices and elements that have been used
throughout this thesis.

Arrays

X Third or higher-order tensor

X Second-order tensor or Matrix

X First-order tensor or Vector
Indices

1,7,K,01 5yl Indices for tensor modes

1,J,K.I,.. Iy Indices for dimension spaces
Elements

Tijk Element of array located in (7,7,k)
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1

Introduction

This chapter presents a brief background on sarcoma and the role of T cells in this
pathology. In addition, related work on tensor decomposition and its significance is
discussed in the context of this study. The objectives of the thesis are subsequently
outlined. Finally, the chapter concludes with a description of the overall structure
of the thesis.

1.1 Background and Related Work

Sarcoma is an unusual type of cancerous tumor, representing only 1% of adult and
about 15% of child cancer diagnoses in Europe [1], and nearly 21% of the child solid
cancer diagnoses in the United States of America [2]. It is a heterogeneous maladie
with more than 70 known subtypes, which can mainly be categorized into bone sar-
comas and soft tissue sarcomas [3]. The overall incidence rate is approximately 5.6
cases per 100,000 people annually, with about 85% classified as soft tissue sarcomas
and 13-15% as bone sarcomas. The respective survival rates are 58% and 62% [1].

The immune system is a complex network of interactions with several cells and ac-
tors to face any non-self entity entering the body. In terms of cancer, the immune
system is capable of detecting tumor cells, which show abnormal quantities of mem-
brane proteins [4]. One of the immune cells which can detect these are T cells.
These can do so as they express a membrane receptor, the so-called T-cell receptor
(TCR), which is able to detect these non-self compounds.

The TCR is made from two different transmembrane glycoprotein chains. There are
four types of these chains: «a, g, v and §. Based on the TCR, T cells can be catego-
rized in two classes: af and vd T cells. The first is the most typical configuration,
representing around 90% of the total T cell population, while the latter represents
up to a 10%. However, it has been observed that in epithelial tissues, this fraction
is fairly higher [5].

The number and composition of T cells (and the dynamical changes that alter these)
have been found to be closely related to survival and response to treatment in cancer
patients [6]. One way to monitor this is through DNA sequencing of blood samples
with an ultrasensitive technique [7]. Blood samples offer a less invasive alternative
to direct tumor biopsies, particularly when the tumor is located in a region that is
difficult to access.
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However, data resulting from this are hard to analyze in their raw form due to their
high dimensionality and complex structure. Tensor decomposition methods, which
are mathematical tools that reduce the dimensionality of data arrays or tensors,
enable researchers to uncover latent patterns that may not be apparent through
traditional analysis. These techniques are particularly useful in biological settings
where data can span multiple modes, such as time, tissue types, or cell populations.

For instance, Hore et al. [8] applied tensor decomposition to multi-tissue gene ex-
pression data. By organizing expression levels across individuals, tissues, and genes
into a tensor, they were able to extract sparse gene networks that had both statisti-
cal and biological relevance, while controlling for confounding factors. In addition,
tensor decomposition has also been used for multi-way analysis of EEG data [9].

In the context of this thesis, tensor decomposition is employed to analyze time-
resolved sequencing data from v T cells, with the goal of identifying dynamic
immune signatures associated with sarcoma progression. This approach allows for
the discovery of latent biological structure in complex longitudinal datasets.

1.2 Aim

Given the demonstrated potential of tensor decomposition for analyzing data with
three or more modes, this project aims to apply this technique to longitudinal vd
T cell clone data from sarcoma patients at Sahlgrenska University Hospital. The
goal is to uncover underlying biologically meaningful patterns in the dataset, such
as patient subgroups or characteristic disease trajectories.

1.3 Structure

This thesis follows a structure as outlined below:

o Chapter 1 introduces the background and related work, outlines the aim of
the thesis, and provides an overview of its structure.

o Chapter 2 delves into the theoretical background, including sarcoma classi-
fication and treatment, T cell biology with a focus on v T cells, DNA-based
immune repertoire sequencing, and the mathematical foundations of tensor
decomposition.

o Chapter 3 describes the methodology used throughout the project, including
dataset construction, preprocessing, simulation of data, decomposition models,
and the application of immunology-related metrics.

o Chapter 4 presents the results, including the outcomes of simulation studies,
decomposition analyses, clustering of temporal patterns, and immune metric
evaluation.

o Chapter 5 provides a discussion of the results, reflects on limitations, and
suggests directions for future research.

o Chapter 6 summarizes the key conclusions of the thesis.
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Theory

This chapter provides a brief introduction to sarcoma and T cells, along with an
overview of current DNA sequencing methods, with particular emphasis on the
technique used to generate the dataset for this project. It also presents background
on tensors and the mathematical principles underlying the tensor decomposition
methods employed in this thesis. Much of the content on tensors in this chapter is
based on the work of Kolda and Bader [10].

2.1 Sarcoma

This section presents a brief description of what sarcoma is and its subtypes, epi-
demiology, risk factors, and current treatments.

2.1.1 Description, Epidemiology, and Risk Factors

Sarcoma is a diverse group of cancers that arise in bone or soft tissue, encompassing
over 70 subtypes of the disease [3]. These subtypes are typically classified based
on their site of origin as either primary bone sarcomas or soft tissue sarcomas. An
overview of the most common subtypes is provided in Table 2.1. This maladie is a
fairly unusual disease, representing only 1% of adult and about 15% of child can-
cer diagnoses in Europe [1], and nearly 21% of the child solid cancer diagnoses in
the United States of America [2]. Its overall incidence is estimated at 5.6 cases
per 100,000 people annually, with around 85% classified as soft tissue sarcomas and
13-15% as bone sarcomas. The respective survival rates are 58% and 62% [1].

Despite being a heterogeneous group of tumors, there have been four familiar cancer
syndromes identified to be associated with sarcomas [11]. For instance, mutations
in the retinoblastoma gene have been linked to a higher frequency of suffering from
osteosarcoma. Also, people with Li-Fraumeni syndrome (which translates to muta-
tions in the p53 gene, responsible for regulating cell division) show a higher chance
of developing cancer, including a variety of sarcomas. The loss of the NF1 gene
has also been associated with increased risk of sarcoma, more specifically, malignant
peripheral nerve sheath tumor. Lastly, mutations in c-kit (a receptor that binds to
stem cell factor, which signals some specific cells to grow [12, 13]) has been shown
to be present in gastrointestinal stromal tumors.

Beside these genetic factors, other risk factors that have been associated with in-
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creased risk of suffering from sarcoma include exposure to ionizing radiation (includ-
ing radiation therapy for other cancers), chronic lymphedema, exposure to chemicals
(such as vinyl chloride), and human herpes-virus 8 [14].

2.1.2 Treatment Strategies

Currently, there are clear standard therapies that aim to treat sarcoma. These are
usually used in combination with other therapies. Here, only the most common ones
are detailed. For a more complete overview and treatments still under development,
refer to [15].

Classical therapy is to surgically resect the primary tumor (or any resectable tumor)
whenever it is possible. Surgeons remove all tissue detected to be cancerous as well
as a safety margin to ensure that there are no cancerous cells left behind. When the
tumor is found on a limb, it is considered whether the limb can be salvaged or needs
to be amputated. Since both have demonstrated similar oncologic outcomes, limb
salvaging is usually preferred as long as the limb reconstruction leads to a functional
extremity with preserved neurovascular structures.

In addition to surgical resection, chemotherapy is often administered before and/or
after surgery to reduce tumor size and eliminate any remaining cancerous cells. For
osteosarcoma and Ewing’s sarcoma, as they are normally sensitive to chemother-
apy, a combination of doxorubicin (an anthracycline), cisplatin (platinum-based),
methotrexate (a folate pathway inhibitor), and ifosfamide (an alkylating agent) is
employed. For soft tissue sarcoma, only doxorubicin, or in combination with ifos-
famide, are usually delivered as well as radiation therapy to control the tumor growth
in localized areas. By contrast, for treating chondrosarcoma, a high reliance on wide
margin resection is needed as it is resistant to current chemo and radiation thera-
pies to a great degree. A more specialized chemotherapy, namely chemo-targeted
therapy, targets specific mutations. For instance, most gastrointestinal stromal tu-
mor patients present mutations in both proto-oncogene receptor kinase, referred to
as c-kit in previous sections, and platelet-derived growth factor receptor alpha (in-
volved in tumor progression [17]). Therefore, these are targeted by tyrosine kinase
inhibitors, such as imatinib, which block the growth signals from these unregulated
genes.

Additional mutations in cancer cells can lead to drug resistance caused by the se-
lective pressure against the drug-sensitive tumor population. Therefore, efforts are
being made to develop new treatment strategies. An example of this is the recent
research on immunotherapy, which consists of modifying T cells to better detect
patient-specific tumor cell antigens. The effectiveness of this therapy is still being
studied in clinical trials, but so far, promising results have been obtained for synovial
sarcoma.



2. Theory

Table 2.1: Most common sarcoma subtypes. Adapted from [15]. *Not included in

[15] but present in our dataset; information from [16].

Sarcoma Subtype

Description

Bone
Sarcoma

Chondrosarcoma

Arises in cartilage and bone (surface or center).
Originates from mutant chondrocytes.

Ewing Sarcoma

Arises in long and flat bones and extraskeletal
sites (85% and 15%).

Originates from small and round undifferentiated
mesenchymal cells.

Osteosarcoma

Arises on the surface or the center of bones.
Originates from differentiated mesenchymal
cells commited to bone that produce an
extracellular osteoid matrix.

Soft
Tissue
Sarcoma

Fibrosarcoma

Arises in deep soft tissues.
Originates from monomorphic fibroblastic cancer
cells in collagenous matrix.

Gastrointestinal
Stromal Tumors

Arises in the gastrointestinal track (mainly
stomach and small intestine).

Originates from spindle and epitheloid cells

or cells differentiating towards interstitial cells
of Cajal.

Arises in the peritoneum and uterus.

Leimyosarcoma | Originates from mesenchimal cells with smooth
muscle differentiation.

Arises in variable locations (most common
in retroperitoneal space).

Liposarcoma Originates from adipocyte-like cells with variable
differentiation and heterogeneous morphology,
growing within a vascularized stroma.

Arises in variable locations.
h .

Rhabdomyo Originates from mesenchymal cells with

sarcoma . o L
variable myogenic differentiation.

. . Arises most frequently in the limbs.
differentiated .. : :

[leoinslfe?li;a ¢ Originates from undifferentiated cells that lack

P P specialized features and abnormal cell structure

sarcoma e .
and variation in cell shape and size.

. Arises mostly ini deep soft tissue of the limbs.

Synovial .. . . .

sarcoma Originates from spindle cells with variable
differentiation (mesenchymal and/or epithelial).
Arises most commonly in cutaneous lesions
(60%) and in soft tissues, visceral organs, bone

Angiosarcoma* and retroperineum.

Originates from spindled, polygonal, epitheloid
and primitive round cells, showing vascular and
endothelial differentiation.
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2.2 T Cells

T cells derive from hematopoietic stem cells that mature in the thymus [18, 19].
One can classify them by TCR structure, function, maturation stage, or tissue lo-
calization. Nevertheless, the following discussion focuses on the first classification,

as the rest are not as relevant for this project. For a more complete overview, refer
to [4, 18, 20]

T cells can express two types of TCR. This receptor is made from two different
transmembrane glycoprotein chains, of which four types exist, namely «, 3, v, and
0. However, only two combinations of these chains have been identified: «af or
~v6. Approximately 90-95% of T cells express the af TCR, while the remaining
5-10% express the v6 TCR [5, 18]. Notably, most CD4" and CD8" T cells express
af TCRs, whereas vd T cells typically express neither CD4 nor CD8, with only a
small subset co-expressing one or both markers [4]. Therefore, they do not recognize
antigens presented by Major Histocompatibility Complex (MHC) class I nor II, but
they interact with those presented by the non-classical CD1 MHC, like Natural Killer
T Cells (NKT) [18]. However, 7§ can also recognize antigens in a MHC independent
manner [4], allowing them to recognize phosphoantigens, lipids, small molecules,
and stress-induced proteins.

2.2.1 Role of 76 T Cells in Tumor Surveillance

A hallmark of tumor immune evasion is the downregulation of MHC molecules [21,
22, 23], which prevents their recognition by conventional T cells that rely on MHC-
mediated antigen presentation, like a5 T cells. Unlike them, vd T cells are not con-
strained by this mechanism: they can recognize tumor cells in an MHC-independent
manner, oftentimes due to the presence of stress-associated molecules on their sur-
face [24].

In cancer, 7§ T cells exert antitumor effects through two main mechanisms [24].
The first is direct cytotoxicity, in which, upon encountering transformed or stressed
cells, 70 T cells can rapidly respond by killing these targets. This response does not
rely on prior sensitization or classical antigen presentation but is triggered by stress-
induced cues on tumor cells. Depending on the tumor type and context, vd T cells
can eliminate cancer cells through multiple killing strategies, such as the release of
perforins and granzymes (to induce tumor cell death), expressing FasL, and TRAIL
(to trigger apoptosis in tumor cells), or engaging in antibody-dependent cytotoxicity
through CD16.

Their second antitumor function lies in their ability to shape and coordinate the
broader immune response, bridging innate and adaptive immunity. That is possible
because they share rapid, nonspecific activation, like innate immune cells, but they
can also affect the activation of other adaptive immune cells. So, v T cells are early
producers of IFN~, which results in an amplification of a8 T cells and an induction
of the expression of MHC on tumor cells, avoiding the immune escape due to the
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downregulation of it. Moreover, v T cells can promote B cell functions, including
antibody production of IgE, which has been shown to have a tumor-protective effect.

Unfortunately, despite these beneficial roles, v T cells do not always act in favor
of the host. In certain tumors, especially under the influence of specific cytokines
in the microenvironment, some vd T cell subsets can promote tumor growth. A
key example is the subset that produces I1.-17. Rather than contributing to tumor
elimination, these cells can support angiogenesis, recruit immunosuppressive cells,
and facilitate metastasis. Other v T cells can suppress immune activity more
directly, either by inhibiting cytotoxic T cells or by mimicking regulatory T cell
functions.

2.2.2 T Cell Receptor Variability

The TCR is the main receptor in charge of antigen recognition. Since there is an
extremely large number of antigens from pathogens and malignant cells, the number
of possible antigen combinations is huge. This added to the fact that pathogens and
malignant cells can rapidly mutate and evolve, makes it nearly impossible to store all
those antigen combinations in the germline DNA that codifies for antigen receptors.
Therefore, the immune system has evolved to customize such antigen receptors [18].

In order to achieve these tailored receptors, TCRs undergo a recombination process
of the gene segments that codify for this receptor [5, 6, 18]. This process occurs
in the thymus during T cell development, where three processes occur. The first
process is somatic recombination of gene segments. Enzymes cut and join one of
each variable (V), diversity (D, which is only in 5 and § chains), and joining (J)
segments of the TCR gene, which are later recombined and spliced onto a constant
(C) segment. The second process is the generation of junctional diversity, where
additional random modifications at the joining locations between the segments are
made, such as the insertion or deletion of nucleotides, providing an increased diver-
sity. Lastly, combinatorial pairing takes place. This process brings the individual
chains (a, 3, 7, and §) together. Since each TCR is formed by a pair of chains,
random pairing at this stage introduces another layer of variability. It is estimated
that the recombination process can theoretically generate up to 2 x 10*° different a3
TCR [25]. This number only increases for v0 TCR as the ¢ chain includes multiple
D segments [5].

Despite the substantial number of different TCR clones that are generated, only
a few progress to T cell maturation. There are two reasons as to why this hap-
pens. Firstly, some receptors could recognize self-antigens and trigger autoreactive
responses. Therefore, a negative selection takes place to ensure that no T cell will
react strongly to self antigens. However, T cells still need to be able to recognize
self-cells. For that reason, the second selection process, called thymic selection, pos-
itively selects T cells whose TCR are able to recognize self-peptides in the context
of self-recognition by giving them a survival signal [5].
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2.3 DNA Immune Repertoire Sequencing

2.3.1 Sequencing Process

The immune receptor repertoire refers to the complete set and distribution of im-
mune receptors present in an individual at a given point in time [26]. Sequencing,
in this context, involves determining the precise order of nucleotides in DNA or
RNA molecules. Consequently, immune repertoire sequencing entails identifying
the nucleotide sequences that encode immune receptors, such as TCR or B cell re-
ceptors. These techniques enable high-throughput analysis of receptor diversity by
reading the DNA molecules extracted from biological samples. In the case of immune
repertoire sequencing, targeted sequencing is commonly employed, which focuses on
specific regions of DNA, particularly those encoding the variable segments of TCR
genes.

The data analyzed in this thesis was generated using a highly sensitive sequencing
technique developed by Johansson et al. [7], based on the principle of sequencing-by-
synthesis, as used in platforms such as [llumina and SiMSen-Seq. This method tar-
gets the Complementarity-Determining Region 3 (CDR3) region of the TCR gene,
which includes the V and J segments, and enables detection of specific DNA se-
quences from blood samples, even when present at frequencies as low as 0.1%. By
incorporating unique molecular identifiers (UMIs) and targeted amplification, this
technique allows for accurate quantification of original v TCR sequences while min-
imizing amplification bias. The full protocol, including DNA isolation from blood
samples, is described in the original publication.

2.3.2 Common Immunology Metrics

In the context of T cells and their TCRs, immune sequencing has been employed
to assess the number and distribution of different TCR clonotypes across various
settings. By applying a range of diversity and clonality metrics, this approach has
shown promise in predicting patient prognosis and response to therapy in cancer [6,
27, 28, 29]. Specifically, Porciello et al. [6] report that high baseline TCR diversity
is often associated with better responses to immunotherapy. Conversely, increased
clonality (indicating a repertoire dominated by a limited number of T cell clones) or
reduced evenness following treatment may reflect tumor-specific T cell expansion,
which is likewise correlated with improved clinical outcomes. In contrast, low TCR
diversity observed in aged individuals and cancer patients is indicative of immune
senescence and may serve as a marker of reduced immune fitness.

Before introducing the metrics, a few definitions need to be introduced. As [6]
describes, richness (R) refers to the number of unique TCR sequences in a sam-
ple, evenness refers to the distribution of such unique TCR sequences (for instance,
a sample is considered even if the different sequences have the same distribution
and there are no dominant sequences), and diversity is a term that accounts for
both richness and evenness, therefore, a high diversity indicates a broad and poly-
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clonal immune repertoire, capable of recognizing a wide range of antigens, while a
low diversity suggests a more clonal or skewed response, often due to expansion of
antigen-specific T cells.

The most commonly used diversity metrics include the Shannon entropy, Inverse
Simpson index, Gini coefficient, and the Diversity Evenness score (DEsgq) score.
Additional metrics such as clonality and Pielou’s evenness index are derived from
the Shannon entropy and provide complementary insights into repertoire structure.
Next, these are defined and summarized in Table 2.2.

The Shannon entropy index (H) incorporates both richness and evenness, providing
a measure of overall diversity. However, it is sensitive to small fluctuations in the

frequencies of rare clonotypes and assumes a relatively uniform clone distribution.
It is defined as [30]:

R
H=-) pilogp; (2.1)

i=1
where p; is the proportion of the i-th clonotype. This index ranges from 0, indicating
low diversity with dominance by a few clones, to log(R), where R is the richness,
corresponding to a highly diverse and evenly distributed repertoire with no domi-
nant clonotypes.

Based on this, one can define clonality (C), a metric used to estimate the degree
of clonal expansion within a repertoire. Conceptually, it reflects the probability
that two randomly selected sequences originate from the same clone and is therefore
inversely related to diversity. It is defined as [31]:

H
log(R)
where H is the Shannon entropy and R is the richness. Clonality ranges from 0,

indicating a highly diverse and evenly distributed repertoire, to 1, indicating a mon-
oclonal population dominated by a single clone.

C=1

(2.2)

Pielou’s evenness index is a diversity metric derived from Shannon entropy that
quantifies how evenly clone frequencies are distributed within a repertoire. It ranges
from 0, indicating dominance by a few clones, to 1, where all clones are present in
equal frequencies. The index is calculated by dividing the Shannon entropy by its
maximum possible value for a given richness R, and is defined as [32]:

H
J =
log(R)

The Inverse Simpson index is particularly useful for datasets with high-frequency
reads, as it places greater emphasis on the most abundant clonotypes. In other
words, it is less sensitive to rare clones, unlike Shannon, and instead reflects the
dominance of a few highly represented sequences. It is defined as [30]:

1

D=5 (24)

(2.3)
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where p; is the relative frequency of the i-th clonotype. The index ranges from 1,
indicating a monoclonal population, to R, the total number of unique clonotypes,
which corresponds to a perfectly even distribution.

The Adapted Gini coefficient (AG) is a diversity measure proposed by Rousseau et
al. [33] to quantify inequality in ecological or immunological contexts. It measures
how far the actual distribution of TCRs deviates from a perfectly even one. The
bigger the gap (area), the more uneven the TCR distribution is. It is defined as:

R

Z p;

i=1

AG =2 —1 (2.5)

where p; are the normalized abundances (i.e., clone frequencies) sorted in descending
order, and R is the number of unique clones. In some versions of the formula, a factor
of % is included for normalization when frequencies are not already scaled to sum
to 1. However, in the context of immune repertoire analysis, where Y p; = 1, the
simplified form above is appropriate and commonly used. AG does not necessarily
range between 0 and 1, but it can be normalized using an arctangent transformation
as follows:

fr arctan(AG(X)) (2.6)

Therefore, values close to 0 mean perfect equality while values close to 1 represent
perfect inequality, meaning that a few clones dominate the population.

Another widely used diversity measure is the Gini-Simpson index (G’), which reflects
the probability that two randomly chosen elements belong to different clones. It is

defined as [34]:
R
G'=1-3> 1 (2.7)
i—1

where p; is the normalized frequency of the i-th clone. The Gini-Simpson index
ranges from 0 (no diversity) to nearly 1 (maximum diversity), and is conceptually
distinct from the original Gini inequality index.

Lastly, the DEs5q index is a clonality metric that quantifies how many unique clono-
types contribute to the first 50% of total reads when the repertoire is ordered by
decreasing clone frequency. In other words, it reflects the number of dominant clones
required to account for half of the repertoire, providing insight into the degree of
clonal expansion. The index ranges from 1, indicating that only one clone domi-
nates the sample, to R, the total number of unique clones, which corresponds to a
perfectly even distribution. It is defined as [35]:

k
= mi ; > 0. .
DFEs Inkln{lz:lpZ > 05} (2.8)
where p; denotes the normalized frequency of the i-th most abundant clonotype.
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Table 2.2: Summary of commonly used immunology metrics, typical range and
interpretation. R stands for richness, the unique TCR sequences of the sample.

Metric Measure of Typical range Interpretation

Shannon entropy Richness and evenness [0, log(R)] [monoclonal, diverse]
Clonality Diversity 0, 1] [diverse, monoclonal]
Pielou Evenness 0, 1] [monoclonal, diverse]
Inverse Simpson  Diversity 1, R [monoclonal, diverse]
AG (Norm.) Inequality 0, 1] [equal, unequal]

Gini-Simpson Diversity 0, 1] [monoclonal, diverse]
DEsq Clonality 1, R] [monoclonal, diverse]

2.4 Tensors and Preliminaries

A tensor is a multidimensional array. The number of dimensions of a tensor is
known as modes, ways or order, that is, a N-mode, N-way or Nth-order tensor is an
element of the product of NV vector spaces. In this sense, a matrix would be a 2-way
tensor and a vector a 1-way tensor. Tensors of order three or higher are usually
called higher-order tensors. In Figure 2.1 a vector a € R/, a matrix A € R’/ and
a third-order tensor X € R/™*/*K are illustrated.

Figure 2.1: A vector, a matrix and a third-order tensor.

Fibers are the higher-order equivalent for matrix rows and columns, and they are
defined by fixing every index but one. In matrices, a row would be a mode-1 fiber
and a column a mode-2 fiber. In 3-way tensors, mode-1, mode-2, and mode-3
fibers represent row, column, and tube fibers, respectively, as shown in Figure 2.2.
Similarly, slices are two-dimensional sections of a tensor and are defined by fixing
every index but two. In 3-way tensors, horizontal, lateral, and frontal slices are
obtained by fixing modes one, two, and three, respectively, as shown in Figure 2.3.

Figure 2.2: Mode-1, mode-2 and mode-3 fibers.
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Figure 2.3: Horizontal, lateral and frontal slices.

A tensor X € RIEX-XIN ig said to be diagonal if 4,4, 5, = 0 only if ij = iy =
... = 1ix. The elements x;,;, i, such that ¢; =iy = ... = i)y form the superdiagonal
of the tensor.

2.4.1 Tensor Operations

Some relevant operations and related concepts are presented in this section. Namely,
the matricization of a tensor and some relevant product operations: the inner prod-
uct and the norm of a tensor, the outer product of vectors together with rank-one
tensors, the matricization of a tensor and the n-Mode product.

The Matricization of a tensor, also known as unfolding or flattening, consists in
the transformation of a tensor into a matrix by reordering its elements. In this
report, the special case of mode-n matricization will be reviewed, as it is the only
relevant form of matricization for this project; for a more general discussion of ma-
tricization, see Kolda and Balder [36]. Given a tensor X € RIt*/2X-*In "its mode-n
matricization, denoted by X(,), is computed by arranging the n-mode fibers of the
tensor to be the columns of X,: the tensor element x;,,,. ;, in X is mapped to the
matrix element z;,; in X(,) where

N k—1

J=1+> (ix—1)J with Jy= [] In (2.9)
n mZn

In Figure 2.4 an example of a mode-1 matricization is shown. The mode-1 fibers
x.; are rearranged into the columns of the new matrix.

X3 X3 Xy

X1 X1 X1 Xio Xpp Xi3p X3 X3 Xsg

Figure 2.4: The mode-1 matricization of a tensor X.

The inner product of two tensors X,Y € RI1*2xxIN jg the sum of the products of

12
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their elements,
I I In

(X, Y) = Z Z Z Liyig...inYivio...in- (2.10)

i1=1142=1 in=1

Note that X and Y must have the same size.

Analogous to the Frobenius norm, the norm of a tensor X € RIt*2X--*IN jg the
square root of the sum of the squares of all its elements, and it is equivalent to
computing the square root of the inner product of the tensor with itself,

I I In

10 = (XX = | D0 >0 o X Ty iy (2.11)

i1=lip=1 iy=1

Given two vectors a € R! and b € R’ their outer product, denoted by a o b, is the
matrix M € R’ resulting from the multiplication of each element of both vectors,
such that m;; = a;b;.

Analogously, given N vectors at),a® ... a®) their outer product defines a ten-

sor X,
X=aVoa@o. . oa®™. (2.12)

The tensor X is said to be rank one as it can be expressed as the outer product of
vectors. Every element of the tensor is defined as

xilig...iN = a(l a;, ...a; (213)

A three-mode rank-one tensor is illustrated in Figure 2.5.

c
- b

X

Figure 2.5: Rank-one tensor.

The n-Mode product consists in multiplying a tensor by a matrix or a vector in mode
n. The definitions and properties of the n-Mode product differ if the tensor is mul-
tiplied by a matrix or a vector. For that reason, both operations will be presented
separately.

Given a tensor X € RIV2X-XIN and a matrix A € R7*/» the n-Mode matrix
product of the former with the latter is denoted by X x,, A and results in a tensor
of size Iy X Iy X ... X I, 1 X J X I,41 X ... X Iy. The product is computed as follows:
each mode-n fiber of the tensor is multiplied by the matrix A, which leads to the
following result element-wise:

I,
(3 X Aiy i rjinirin = D Tiyig.niin i, (2.14)

in=1
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When more than one product is performed in different modes then the multiplication
is commutative, i.e.,

Xx,Ax,B=Xx,,Bx,A (2.15)

If more than one product is performed in the same mode, then we have the following
property,
X x, A x,B=Xx, (BA) (2.16)

The n-Mode vector product can be defined in a similar way. Given a tensor X &€
RIvxf2xxIN and a vector a € R*, the n-Mode vector product is denoted by X x,a
and results in a tensor of size Iy X Iy X ... X I,,_1 X I,11 X ... X Iy. Analogous to its
matrix counterpart, the product is computed by multiplying each mode-n fiber of
the tensor by the vector a, which leads to the following result element-wise:

In
(:X:Xna)il...in_lin+1...iN = Z x’hiz...’i}vain‘ (217)

in=1

Unlike the matrix product, the multiplication performed in different modes is not
commutative, as the order of the intermediate results changes. In particular, we
have the following property, for n < m:

X x,axX,b = (Xx,a)x,,_1b=(Xx,b)x,a. (2.18)

2.5 Tensor Decomposition

Tensor decomposition is a powerful tool for tensor analysis and dimensionality re-
duction, and it has applications in several fields, from numerical linear algebra to
neuroscience. In this section, the well-known methods Singular Value Decompo-
sition (SVD) and Principal Component Analysis (PCA) will be reviewed. Next,
the two main tensor decompositions that can be thought of as higher-order exten-
sions of both SVD and PCA will be presented: CANDECOMP/PARAFAC (CP)
decomposition and Tucker decomposition. A variation of CP, PARAFAC2 will also
be presented. Finally, some metrics that will be used to evaluate the fit of the
decompositions will be discussed.

2.5.1 Singular Value Decomposition (SVD)

The Singular Value Decomposition (SVD) method decomposes a matrix A into the
product of three matrices such that

A =UxVT, (2.19)

where U = (uy,uy,...,u,) and V = (vq,Vvs,...,v,) are orthogonal matrices and
3 = diag(oy, 09, ..., 0,) has nonnegative diagonal elements arranged in descending
order of magnitude [37]. 01,09, ...,0, are called the singular values of A whereas
uy, Us, ..., u, and vy, va, ..., v,, are the left and right singular vectors of A respectively.

14
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The number of singular values of A is said to be the rank of the matrix [38]. In this
sense, the SVD of A can be written as a sum of rank-one matrices [39],

rank(

A)
A= Z o, 0 V,. (2.20)

=1

The SVD of a matrix is unique given the orthogonality constraints and assuming the
singular values are distinct and ordered in the diagonal matrix [10]. In Figure 2.6,
the SVD of a matrix A € R is illustrated, with U € RN ¥ € R¥*Y and
V e RN,

|| v”T

A = |U

Figure 2.6: The SVD of a matrix A.

Let A be a matrix whose SVD is described as in Equation 2.20. Then, a rank-k
approximation that minimizes ||A — B|| is given by

k
B = Zarur oV,. (2.21)

=1

This is, a matrix A can be approximated by the leading k factors of its SVD [10].
The rank-k approximation is widely used for compression and noise reduction [40].

2.5.2 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) provides an approximation for a matrix A by
decomposing it into the product of two matrices as follows,

A =FQ7, (2.22)

where F is the factors score matrix and Q the loading matrix. These matrices
capture the essential data patterns of A, i.e. the principal components. These are
computed as linear combinations of the original variables; each principal component
is computed with the largest possible variance, and with the constraint of being
orthogonal to each other [41].

QT

A = |F

Figure 2.7: PCA: A matrix decomposed into the factors score and loading matrix.
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In Figure 2.7, the decomposition of a matrix A into F and QT is illustrated. The
columns in F, known as score vectors, represent the values of the original data in
the new variables or factor scores, while the rows of Q”, known as loading vectors,
explain how every variable contributes to the factor scores [41, 42].

Assuming that the matrix A is centered column-wise, there exists a direct rela-
tion between PCA and SVD: the factor scores can be obtained directly from the
SVD [40, 41]. Particularly, the following equality holds,

F=Ux. (2.23)

2.5.3 CANDECOMP/PARAFAC (CP) Decomposition

The concept of a polyadic form of a tensor, that is, expressing a tensor as a fi-
nite sum of rank-one tensors, was first introduced by Hitchcock in 1927 [43]. In
1970, it started to gain popularity among the psychometrics community with the
names CANDECOMP (canonical decomposition) [44] and PARAFAC (parallel fac-
tors) [45]. Today, it is commonly referred to as CANDECOMP/PARAFAC (CP)
decomposition, as proposed by Kiers [46]. In Figure 2.8 the CP decomposition of
a third-order tensor is illustrated. The tensor X is decomposed into a sum of R
rank-one tensors, which can be expressed as a; ob; oc; for 1 <1 < R.

Cy Ca Cr
b, by bg

aj ag apr

Figure 2.8: CP Decomposition of a third-order tensor.

The task of computing the CP Decomposition for a given third-order tensor X &€
RI*J*E is often formulated as an optimization problem,

R
min ||[X —X||, where X => M\a,ob,oc,. (2.24)
x

r=1

The goal is to minimize the difference ||X — X||, having

R
X~X= Z Aa, ob,oc,. (2.25)
r=1
Here, R, a positive integer, is the number of components of the decomposition,
a, € R, b, € R/, ¢, € RX for r = 1,2,..., R are the vectors from the rank-
one tensors and, if normalized, A € RF is a vector containing the weights. The
a,,b,, c, vectors can be combined into three factor matrices A € RI*F B € R/*E,
C € REXE,

A =[a; ay .. agl,
B=[b, by .. by, (2.26)
C:[Cl Co ... CR].
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The focus of this report will be on third-order tensors, but it is also possible to
express the CP decomposition for a Nth-order tensor X € RI1*/2X-xIn ag

R
X ~ Z )\raf}) o a£,2) 0..0 aan). (2.27)
r=1

The rank of a tensor X, rank(X), is defined as the smallest number of rank-one
tensors required to generate X as their sum [43, 47]. In this sense, the rank of a
third-order tensor X would be R such that

R
X=X=> Na,ob,oc,. (2.28)

r=1

A CP decomposition with R = rank(X) is known as rank decomposition.

Although the definition of the rank of a tensor is analogous to the matrix case,
as seen in subsection 2.5.1, their properties are somewhat different. One difference
is that the rank of a tensor with real values may not be the same depending on
the domain, which does not apply to matrix ranks. Another important difference is
that, in general, there is no direct way to compute the rank of a tensor, as opposed
to the matrix case, which can be easily obtained with the SVD. Moreover, Hastad
showed that the problem of computing the rank of a tensor is NP-Hard [48].

As described in subsection 2.5.1, the decomposition of a matrix is unique only un-
der certain constraints and assumptions. However, the CP decomposition is unique
under much weaker conditions. X = 25:1 Ara, ob, oc, is only possible for a unique
combination of rank-one tensors, with the exception of the permutation of said
rank-one tensors and the scaling of the vectors a,., b,,c, for r = 1,..., R. A sufficient
condition for uniqueness for CP decompositions was presented by Kruskal [47] for
third-order tensors,

ka + kg +kc > 2R+ 2, (2.29)

where R is the number of components and kx represents the k-rank of a matrix X,
i.e., the maximum value k£ such that k columns of the matrix are linearly indepen-
dent. In Equation 2.29, k4, kg, kc represent the k-ranks of the factor matrices.

In subsection 2.5.1, the concept of rank-k approximation was introduced, stating
that a matrix can be approximated by the leading k factors of its SVD. However,
this does not hold true for tensors and CP decompositions, and a rank-k approx-
imation might not even exist. In cases where a good rank-k approximation for a
tensor does exist, the tensor is said to be degenerate.

As mentioned earlier, finding the rank of a tensor is NP-Hard, thus, the first is-
sue that arises when computing a CP decomposition for a tensor is the number of
components R to select. This is not a trivial task and will be discussed in later
sections.

There exist many algorithms to compute the CP decomposition of a tensor given
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the number of components. The Alternating Least Squares (ALS) method is the
most established and was presented in 1970 [44, 45]. In Algorithm 1, the ALS for
third-order tensors is described, adapted from Kolda and Balder [10]. Note that
the symbols ®, * and ' represent the Khatri-Rao product, the Hadamard product,
and the Moore—Penrose pseudoinverse of a matrix, respectively. For a more detailed
explanation of these, see Kolda and Balder [10].

Algorithm 1 ALS algorithm to compute the CP decomposition with R components
for a third-order tensor X of size [ x J x K.
Input: X, R
Initialize: A € R™*E B ¢ R/*E C ¢ REXE
repeat
A« X(CoB)B'Bx«C'C)t
for r=1...R do
Al
a, < a,/\,
end for
B+ X(CoA)ATA «CTO)f
for r = 1f£ do
A < [[b, ]
b, < b, /A,
end for
C « X(BoA)(ATA « B'B)f
for r=1...R do
Ar = 1ex|]
c, < C./ A\,
end for
until fit ceases to improve or maximum iterations are reached

return A\, A, B, C

2.5.4 Tucker Decomposition

The Tucker Decomposition was introduced by Tucker [49, 50]. It can be thought of
as a form of higher-order PCA; it decomposes a tensor into a core tensor multiplied
by factor matrices along each mode, which act as the principal components in that
particular mode. In Figure 2.9, the Tucker decomposition of a third-order tensor is
illustrated; a tensor X is decomposed into a core tensor G and the factor matrices
A, B and C.

£
S B

1§

X

Figure 2.9: Tucker Decomposition of a third-order tensor.
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Similarly to CP, the Tucker decomposition for a given third-order tensor X &
R™/*K can also be formulated as an optimization problem:

P Q R
min ||[X —X||, where X=> >> g, a,0b,oc,, (2.30)
*

p=1qg=1r=1

where a,, b, and ¢, are the columns of the factor matrices A € R™*” B € R’/ xQ
C € RE*% and g, is an element of the core tensor G € RF*@*E for p =1,..., P,
g=1,..,Q and r =1, ..., R, which shows the level of interaction between the differ-
ent components. P, () and R are the number of components along modes 1, 2 and
3, respectively. Thus, as opposed to CP, where all modes shared the same number
of components, in Tucker every mode has its own number of components. Moreover,
CP can be thought of as a special version of Tucker, where P = () = R and G is
superdiagonal, so the components do not interact with each other. If P, Q) and R are
smaller than I, J, and K (the dimensions of X), the core tensor G can be thought
of as a compressed version of X. Thus, as in PCA, the Tucker decomposition can
be used for dimensionality reduction.

As it was highlighted in subsection 2.5.3, the focus of this report is on third-order
tensors, but as it is the case with CP, it is also possible to express the Tucker
decomposition for a Nth-order tensor X € RI1xf2x.-xIn.

R1 R Ry

X =~ Z Z Z [/ ag) o ag) 0..0 ag,]]\vf). (2.31)

ri=1ro=1 ry=1

The n-rank of a tensor X, rank, (X), is the column rank of X,), i.e., the dimension
of the vector space spanned by the mode-n fibers [51]. Similarly to the rank decom-
position with the rank of a tensor described in subsection 2.5.3, given a tensor X,
an exact Tucker decomposition of rank (Ry, Ry, ..., Ry) where R, = rank,(X) can

be found.

Unlike CP, Tucker decomposition is not unique, making it possible to change the
core G without affecting the fit, as long as the inverse modification is applied to the
factor matrices.

As in CP, finding the right number of components for the decomposition is not
trivial and will be discussed later. There exist many algorithms to compute the
Tucker decomposition. The first known algorithm was introduced by Tucker in 1966
[50], and is commonly referred to as Higher-Order SVD (HOSVD). See Kolda and
Balder [10] for the detailed procedure of HOSVD. As the name suggests, HOSVD
can be thought of as a generalization of SVD to tensors. In 2000, De Lathauwer, De
Moor, and Vandewalle came up with an ALS algorithm for computing the Tucker
decomposition and called it Higher-Order Orthogonal Iteration (HOOI) [52]. In Al-
gorithm 2, the HOOI for third-order tensors is described, adapted from Kolda and
Balder [10].
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Algorithm 2 HOOI algorithm to compute the Tucker decomposition with P, @), R
components for a third-order tensor X of size I x J x K.
Input: X, P, Q, R
Initialize: A € R™*P B € R/*? C € RE*F using HOSVD
repeat
YA X x, BT x5 C7T
A <+ P leading left singular vectors of Yﬁ)
YB X x; AT x3 CT
B < @ leading left singular vectors of Yg)
YC L X x; AT x, BT
C < R leading left singular vectors of Y(Cg)
until fit ceases to improve or maximum iterations are reached
G+ X x; AT xo BT x;CT
return A\, A, B, C

2.5.5 PARAFAC2

PARAFAC? is a variant of CP proposed by Harshman in 1972 [53]. While CP is
applied to a tensor, PARAFAC2 can be applied to a list of matrices with the same
number of columns but different numbers of rows. Thus, it relaxes some of the CP
constraints in the sense that it allows one of the modes to have varying dimensions;
PARAFAC2 applies the same factor matrix along one mode and allows the other
factor matrix to vary, as opposed to CP, where both factor matrices are the same
across the two modes of a set of parallel matrices.

Let X for k =1, ..., K be a set of matrices such that each X}, is of size I}, x J, then
the PARAFAC2 model can be expressed mathematically as,

X, ~ U,S, VT, fork=1,.., K, (2.32)

where Uy, is the varying factor matrix of size I X R, Sy is a diagonal matrix of size
R x R, V is the factor matrix that does not vary of size J x R, and R is the number
of components of the decomposition. In Figure 2.10, an example of a PARAFAC2
decomposition is illustrated.

X H I[;jj gm vT

Figure 2.10: PARAFAC2 Decomposition of a set of matrices.

i

Without imposing additional constraints, PARAFAC?2 is not unique. Thus, Harsh-
man [53] forced the cross product U; Uy to be constant over k; Uj U, = ¢ for
k=1,..., K. This is obtained by defining Uy as,

U, = Q.H, fork=1,.. K, (2.33)
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where H is a [ x R matrix that does not vary over the slices and Q,, is an orthonormal
matrix of size I, X R, i.e., Qng = I. This definition makes the cross product to be
constant over k as,

U/U,=H"Q/Q,H=H"H = ¢. (2.34)

Algorithms for computing PARAFAC2 can be divided into two categories: indirect
fitting [53] and direct fitting [54] algorithms. The former finds V, Si, and ¢ by
fitting the cross products

X7 X ~ VSIU{U,S, VI =VS] oS, VT,  fork=1,.. K, (2.35)

while the latter first finds Q, from a SVD and then updates H, Si, and V using
one step of the ALS algorithm described in subsection 2.5.3.

2.5.6 Number of Components

As already mentioned, finding the right number of components or rank for a tensor
decomposition remains a challenge. For CP, most procedures compute multiple CP
decompositions with different numbers of components until a good enough fit is
found. In this sense, the reconstruction error can be used to measure the fit of the
decomposition; it can be calculated as the sum of the squared differences between the
original and reconstructed tensor, normalized by the sum of squares of the original
tensor [55]. Mathematically, the reconstruction error, €,, can be defined as

1€ — 5|2
Epr = W, (236)

where X is the original tensor and X the reconstructed tensor.

In reality, the data is usually noisy and, as Kolda and Balder [10] suggest, the
fit alone should never determine the number of components in the decomposition.
Bro and Kiers [56] proposed a new diagnostic, called core consistency diagnostic
(Core Consistency Diagnostic (CORCONDIA)) to compare different numbers of
components in CP. As mentioned in subsection 2.5.4, CP can be thought of as a
special case of Tucker, where the core tensor is diagonal. Following this, the idea
behind CORCONDIA is to evaluate whether CP with a specific number of compo-
nents is an appropriate decomposition for a given tensor; if adding off-superdiagonal
interactions to the core tensor can improve the fit considerably, then the number of
components might be inappropriate or Tucker might be a better model for the given
tensor [55]. For a third-order tensor, CORCONDIA can be computed as

> Zf:l Zk;R:I(gijk — tijk‘)2>

CORCONDIA = 100 ( 1—
PO Zf:l Yy t?jk

(2.37)

where t;;;, for 7,5,k = 1,..., R represent the elements of the CP core tensor, this is,
tijp = 1if i = j = k, tin = 0 elsewhere, and g, for 7,75,k = 1,..., R represent
the elements of the Tucker core given the factor matrices A, B, C. A large COR-
CONDIA value suggests that adding interactions between the components from the
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different modes does not improve the CP model, and thus CP is an appropriate
decomposition [56].

The task of finding the appropriate number of components for Tucker has been
addressed by Timmerman and Kiers [57], who proposed a method called DIFFIT,
that aimed to find an optimal balance between the fit and the number of compo-
nents. Given a third-order tensor of size I x J x K, the DIFFIT method can be
summarized in six steps:

1. Determine the fit of all Tucker models with (P, @, R) components for which
P<QR,Q < PRand R< PQ,upto P = Py, Q = Qmax, B = Rnax. Here,
P, Qmax and Ry, represent maximal values that can be chosen a priori.
The P < QR constraints are introduced as the fit for a model with P > QR
gives the same fit as a model with P = QR [58].

2. For each value of s, determine the best fit among models for which P4+Q+ R =
s. Note that s = 3,5,6, ..., Pnax + @max + Rmax. 4 is not included as there is
no possible combination of P, @), R such that P < QR, ) < PR or R < PQ.

3. For every s, compute the difference in fit of s and its predecessor s — 1, dif;.
Note that for s = 3, dif; is equal to the fit. Once the dif, are calculated,
compute di fi(,,), containing the di f, values that are as high as their successors.
Thus, t(m) indicates the elements of the subset of elements of s for which
difs > difsyn, forn=1,....,5 —s.

4. Compute by = di fy(m)/di fim+1)- This is called the salience value of the solu-
tion with ¢(m) components. A large value of by, indicates that the inclusion
of t(m) components, instead of ¢(m — 1), increases the fit of the model consid-
erably, while the inclusion of any component beyond the ¢(m)th component
hardly improves it.

5. For the by, values, consider only those that satisfy difym) > [|X[]?/(Smax—3),
which is used as a threshold, and select the maximal by(,).

6. Choose the numbers of components P, () and R associated with the maximal
bt(m)-

Timmerman and Kiers [57] advise not to use DIFFIT too rigidly, as there might be
more than one interesting solution. Thus, the suboptimal solution(s) should also be
considered.

Another approach to determine the numbers of components in the Tucker decom-
position is to compute the SVD along each mode [59]. However, since this is a
matrix decomposition method, in order to apply it to the tensors, they need to be
matricized first along each mode. According to [59], the number of components
can be determined from the number of singular values of each mode. However, this
number can be as large as the number of elements for said mode, complicating the
interpretability of the results. Therefore, the reconstruction error (Equation 2.36)
measured between the original and reconstructed matricised tensors obtained using
only the first k£ singular values for each mode can be used.

The task of finding the right number of components for PARAFAC2 has been dis-
cussed by Kamstrup-Nielsen, Johnsen and Bro [60], which showed that a PARAFAC2
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model can be transformed into a CP model, and by doing so the CORCONDIA val-
ues can be computed to evaluate the optimal rank for the decomposition.

As in PARAFAC2, CP can also be formulated in terms of the frontal slices of a
tensor. Let X for k =1, ..., K be the frontal slices of a tensor X of size I x J x K,
its CP decomposition with R components can be formulated as follows:

X, ~ AD,B”, fork=1,.., K, (2.38)

where A, B are the factor matrices and Dy = diag(cy.) for k = 1, ..., K, this is, Dy,
is a diagonal matrix of size R x R holding the kth row of the factor matrix C on its
diagonal. When comparing this formulation of CP with the PARAFAC2 model in
Equation 2.32, the main difference is that, while A is constant throughout all slices,
U, depends on k. Substituting U, in Equation 2.32 with Equation 2.33, we can
formulate the PARAFAC2 model as

X, ~ Q,HS, VT, fork=1,.., K. (2.39)
We can then multiply Q; on the left side of both terms,
QX =Y.~ QiQHS, VI =HS, V', fork=1,. K, (2.40)

as Q is orthonormal for £ = 1, ..., K. This transformation allows us to approximate
the PARAFAC2 model to a CP model and use CORCONDIA to find the optimal

number of components.
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Methods

This chapter describes the methods used in this project; it begins with the data
description and its transformation into a tensor, followed by the generation of sim-
ulated data. Then, the different functions used for the decomposition and the
methods used for the selection of the number of components are presented, as well
as the immunology metrics analysis. Each procedure is explained in the follow-
ing sections. The code was fully implemented in Python, which can be found in
https://github.com/pablovadillo/Tensordecomposition/tree/main.

3.1 Dataset Description

The data used in this project was collected by Sahlgrenska University Hospital. It
consists of TCR clone counts (both in frequency and absolute values) from blood
samples of 16 patients with sarcoma over time obtained by the ultrasensitive tech-
nique described in section 2.3 [7]. In particular, of the 16 patients, 3 suffered from
Ewing sarcoma, another 3 from Myxoid liposarcoma, 2 from Leiomyosarcoma, an-
other 2 from Myxofibrosarcoma, 2 others from high-grade undifferentiated sarcoma,
and the remaining 4 suffered from: Angiosarcoma, Osteogenic fibrosarcoma, Os-
teosarcoma, and Pleomorphic sarcoma.

Each row of the dataset consists of the following fields: patient ID, sarcoma sub-
type, TCR sequences (identified by their nucleotide and amino acid sequences, as
well as the V, D, and J segments), and the counts of the TCR sequences over time.
The number of samples over time differs from patient to patient, and the samples
were not taken in constant time intervals. Thus, some patients inherently suffer
from a higher time resolution than others due to a higher number of time points
for a similar number of days. For 14 of the 16 patients, the first sequencing was
performed before treatment. A brief summary of this data can be found in Table 3.1.

Another dataset with patient outcomes was also used. However, this clinical data
was hidden from us until the analysis was finished to avoid biases. This new dataset
contained information about each studied time point, more specifically, the type of
systemic treatment administered, what clinical response was observed, whether they
had surgery and/or radiotherapy on that day, and whether the patient passed away.
The systemic treatments are reduced to: Off-treatment, Adjuvant, Neoadjuvant,
Palliative targeted, and Palliative chemotherapy. Note that individual patients may
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Table 3.1: Dataset description summary. For each patient, their sarcoma subtype,
their total number of sequences throughout all the samples, the number of days
passed from the first sequencing to the last and the total number of samples (or data
points) are specified. The ordering of the patients corresponds with the ordering
in the data. In bold, the two patients whose first sequencing was performed after
starting treatment.

Patient ID  Sarcoma subtype Sequences Days Data points
SARKO012 Leiomyosarcoma 622 843 15
SARKO018 Angiosarcoma 101 186 10
SARK019 Leiomyosarcoma 2539 202 10
SARKO034  Osteogenic fibrosarcoma 22433 951 34
SARKO017 Ewing sarcoma 605 9 3
SARKO021 High grade undifferentiated sarcoma 924 1187 7
SARKO025  Osteosarcoma 14721 462 19
SARK041 Myxofibrosarcoma 699 7 5

SARKO011 Ewing sarcoma 3121 178 5
SARKO027 High grade undifferentiated sarcoma 301 232 5
SARKO029 Myxofibrosarcoma 357 355 4
SARKO032 Myxoid liposarcoma 1224 223 5
SARKO033 Myxoid liposarcoma 258 93 4
SARKO037 Ewing sarcoma 683 112 5

SARKO052 Myxoid liposarcoma 333 57 3
SARKO059  Pleomorphic sarcoma 825 317 11

have received multiple types of systemic treatment over the course of their therapy.
The labeled clinical responses are: progressive disease (PD), meaning that cancer
has grown since before; stable disease (SD), meaning that cancer stayed roughly the
same; partial response (PR), meaning that cancer reduced somewhat; and complete
response (CR), meaning that cancer seems mostly eliminated at the moment. The
time evolution of the clinical response for each included patient can be found in
Appendix B.3.

3.2 Preprocessing and Tensor Construction

The first step in the preprocessing was to look for missing values in the data. In the
case of the absolute counts, only the data for a patient presented missing values,
specifically in the first columns (first sequence). We assumed that the missing values
represented zero values for two reasons; the counts of the missing TCR sequences in
the remaining samples were not that significant, and the frequency values associated
with the missing absolute values were also zero. Analogously for the frequencies,
only one value was missing, also corresponding to the first sequence of the same
patient. Again, the count value corresponding to the missing frequency was zero, so
a zero-imputation approach was taken.
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For the construction of the tensors, we used the frequency values instead of the
absolute counts to prevent patients with the highest sequence counts from dispro-
portionately influencing the decomposition. Therefore, this approach emphasized
the relative changes in TCR sequences over time. The two patients who had their
first sequencing performed after treatment were ultimately discarded due to the dif-
ficulty in temporally aligning them with the other patients. In addition, since the
patients had a different number of samples and were taken at varying intervals of
time, the initial challenge of the project was to determine how to unify the time
dimension across patients for the construction of the tensor.

To handle these differences in sampling times and durations across patients, the
time dimension was standardized through linear interpolation, ensuring that each
patient had data available at consistent 10-day intervals. Based on this unified time
axis, multiple tensors were constructed, each representing a different trade-off be-
tween time span and patient availability. Specifically, tensors were built for 70, 100,
200, and 300 days, containing 13, 11, 9, and 6 patients respectively. All subsequent
analyses were performed independently on each of these tensors. Hence, if a patient
had data up to Day 170, they would be included in the 70-day and 100-day groups,
using only the data available up to those respective time points. However, they
would not be included in the 200-day or 300-day groups, as their follow-up data did
not extend that far.

To construct the four tensors, patient data were stacked along the third mode of
each new tensor, corresponding to the different day groups: Mode 1 represents the
top 100 TCR sequences, ranked by their pre-treatment counts; Mode 2 corresponds
to the time dimension, with samples interpolated at 10-day intervals; and Mode 3
captures the individual patients. The tensors were named after the number of days
they had data for, that is, tensor_ 70, tensor_ 100, tensor 200, and tensor _300.
The dimensions of the final tensors were 100 x 8 x 13 for tensor_ 70, 100 x 11 x 11
for tensor 100, 100 x 21 x 9 for tensor 200, and 100 x 31 x 6 for tensor_300.

A fifth array with varying lengths in time was also constructed for PARAFAC2;
it consisted of a list of 13 matrices, one for each patient, with the first mode corre-
sponding to the time dimension and the second mode to the top 100 TCR sequences.
Note that the matrices were transposed to meet the definition of the PARAFAC2
model, where each matrix is of size I x J, with [ varying in size for k =1, ..., K.
In this case, each matrix was of size [}, x 100, with I being the time steps for each
patient k=1, ..., 13.

Finally, it was decided to center the tensors across the time mode (Mode 2 for the
tensors, and Mode 1 for the PARAFAC2 array). The centering across the second
mode for a third-order tensor can be computed as follows,

Z‘]— Lijk
t =11
xzcje]? = Tijk — 7{] (31)

where J stands for the dimension of the second mode of said tensor. This computa-
tion is often referred to as single centering [61, 62]. In the case of the PARAFAC2
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array, every matrix was centered across the first mode as follows,

I

.Tf;,?t = i[}”k — Zz_; Uk, (32)

k
where [ represents the time dimension for each matrix, with varying length for
k =1,...,13. The choice of centering across the time mode was to remove any con-

stant level to allow the decomposition to focus solely on relative changes over time
for all sequences and patients.

To prevent those matrices with the longest time-steps in the PARAFAC2 array
from dominating the decomposition, the data was scaled across every matrix as
follows,
! Tijk
T — , (3.3)
J
VEE T o2

which is known as scaling within the third mode in third-order tensors [61]. In our
case, the scaling occurs within every matrix, with the first mode [; varying in length.

The combination of centering and scaling in the PARAFAC2 data is not problem-
atic, as they were performed within different modes and, as Bro and Smilde [62]
suggest, the centering was performed before scaling. In Table 3.2, a summary of the
created arrays, with their dimensions and preprocessing information can be found.

Table 3.2: Summary of the created arrays.

Name Array type Dimension Centered Scaled
tensor 70 tensor 100 x 8 x 13 Yes No
tensor 100 tensor 100 x 11 x 11 Yes No
tensor 200 tensor 100 x 21 x 9 Yes No
tensor 300 tensor 100 x 31 x 6 Yes No
parafac?__data list of matrices I x 100 x 13 Yes Yes

3.3 Simulated data

We generated synthetic data consisting of two tensors and two PARAFAC2 arrays.
This served two purposes: to validate that the methods are capable of capturing
meaningful patterns and to understand the appropriateness of each method. In Ta-
ble 3.3, a summary of the generated arrays can be found.

The two simulated tensors, named tensor 1 and tensor 2, were made of size
100 x 10 x 10, with dimensions corresponding to the TCR sequences, time, and
patients. Tensor 1 was created to be more suitable for a CP decomposition,
that is, with components not interacting much with each other, i.e., with little
off-superdiagonal interaction. In contrast, tensor 2 was created to be more suit-
able for Tucker, with clear interactions between its components. Both tensors were
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Table 3.3: Summary of the generated arrays.

Name Array type Dimension Purpose
tensor 1 tensor 100 x 10 x 10  Good for CP
tensor 2 tensor 100 x 10 x 10 Bad for CP, good for Tucker

tensor 3 list of matrices I x 100 x 10 Good for PARAFAC2
tensor 4 list of matrices I, x 100 x 10 Bad for PARAFAC2

initialized with random noise, sampled from a normal distribution of mean 0 and
standard deviation 0.1. To ensure non-negativity, the absolute value of each sampled
number was taken.

The patients were labeled with numbers from 1 to 10 according to their index in the
tensor. In both tensors, patients were divided into three groups; Group A consisted
of patients 1, 4, 6, Group B of patients 2, 8, 10, and Group C of patients 3, 5, 7, 9.
Each group was defined slightly differently in tensor 1 and tensor 2.

Starting with tensor 1, patients in Group A had their first two TCR sequences
increase over time linearly, following

with i =1,2, 7 =1,2,...,10, k = 1,4,6, and |N(0,0.1)| being the absolute value of
the noise. Patients in Group B had their third and fourth TCR sequences increase
over time with polynomial growth following

ziix = 0.003(5 — 1)® + |N(0,0.1)[, (3.5)

with « = 3,4, 5 = 1,2,...,10 and £ = 2,8,10. Last but not least, patients in
Group C had their fifth to eighth sequences increase during the first 5 time points
and subsequently decrease during the last 5 time points, following a parabola like
pattern,

(3.6)

0152 =0.1-(6—-4)*+[N(0,0.1)], forj=1,2,3,4,5.
TET0.1-52 0.1 (j —5)% +|N(0,0.1)], for j =6,7,8,9, 10,

with ¢ = 5,6,7,8 and k = 3,5,7,9. Note that the selection of the coefficients in
the equations is not arbitrary, as they were chosen to have all groups within similar
ranges; FEquation 3.4 reaches a maximum of 2 at 7 = 10, Equation 3.5 reaches a
maximum of 2.19 at j = 10, and Equation 3.6 reaches a maximum of 2.4 at j = 5, 6.
In Figure 3.1 the evolution of the TCR sequences over time of patients 6, 10 and 9 in
tensor__1 is illustrated. As we can observe, the groups in tensor 1 do not interact
much with each other; each group involves different TCR sequences and patients,
and presents different time patterns.
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Figure 3.1: Examples of TCR sequence temporal trends of patients from Groups
A, B and C in tensor 1.

For tensor 2, patients in both Group A and Group B were defined using the same
pattern as Group A in tensor 1 (see Equation 3.4), applied to sequences i = 1,2 in
Group A, and sequences i = 3,4 in Group B. Group C was defined analogously to
Group C in tensor 1, in Equation 3.6, but for the first four sequences, i = 1,2, 3, 4.
In Figure 3.2 the evolution of the TCR sequences over time of patients 6, 10 and 9 in
tensor 2 is illustrated. In contrast to tensor 1, tensor 2 shows clear interactions
between the groups; Groups A and B share the same time pattern, while Group C
involves the TCR sequences in both Groups A and B.

tensor_2 Group A tensor_2 Group B tensor_2 Group C
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Figure 3.2: Examples of TCR sequence temporal trends of patients from Groups
A, B and C in tensor_ 2.

The two PARAFAC2 arrays, although technically not tensors, were labeled tensor 3
and tensor_4. They consisted of a list of 10 matrices, one for each patient, of sizes
I, x 100, where I, denoted the time dimension, varying for £ = 1,...,10, and the
second mode corresponded to the TCR sequences. tensor 3 was created without
much interaction between the two invariant modes, i.e. TCR sequences and patients,
while tensor_j was created with interactions between the invariant modes, to see
the differences in their PARAFAC2 decomposition. As mentioned in section 3.2,
modes 1 and 2 were swapped to meet the PARAFAC2 requirements. Patients were
labeled analogously to the tensors tensor 1 and tensor 2, and distributed to the
same groups A, B and C. The number of time steps for each of the matrices was
randomly generated between 3 and 20 and then multiplied by 2, to ensure an even
number of time steps, for the definition of Group C, as we will see subsequently.

For both tensor 8 and tensor 4, Group A was defined analogously to Group A

in tensor 1 and tensor_2, described in Equation 3.4, for ¢ = 1,....1;, 7 = 1,2,
and £ = 1,4,6. Note that i and j are swapped here. Group B was also defined
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analogously for both PARAFAC2 arrays to Group B in tensor 1, described in sec-
tion 3.3, for i = 1,..., I}, j = 3,4, and k = 2,8,10. Group C, similarly to Group C
in tensor 1 and tensor 2, was defined as follows:

fo-(
TR0

with £ =3,5,7,9, 7 =5,6,7,8 for tensor_3 and j = 1,2 for tensor_ /4. That is, the
pattern defined in Group C was applied to the fifth to eight sequences in tensor_ 3
and to the first two sequences in tensor_ 4. In Figure 3.3 the evolution of the TCR
sequences over time of patients 6, 10 and 9 in tensor_ 3 and patients 6, 8 and 5 in
tensor_4 are illustrated.

2= 0.0 (% 41— )2+ [N(©0,0.1)], forj=1,... %

3.7
2—=0.1-(j — &)2 +[N(©0,0.1)], fori=2+1,.. 1, (3.7)
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Figure 3.3: Examples of TCR sequence temporal trends of patients from Groups
A, B and C in tensor & and tensor 4.

In tensor 3 each group involves different TCR sequences and patients, while in
tensor_4 groups A and C both involve the first two TCR sequences.

Because the frequency values were used in the real data, the simulated data was
transformed into frequencies by dividing every element by the sum of the elements
on its row. The simulated data was also centered across the time mode (Mode 2 for
the tensors, and Mode 1 for the PARAFAC2 arrays). Moreover, the PARAFAC2
arrays were scaled across every matrix, to be consistent with the preprocessing of
the real data.

3.4 Decomposition models

To analyze both the simulated and real datasets, three tensor decomposition models
were applied: CP, Tucker, and PARAFAC2. All decompositions were implemented
using the TensorLy library [63], specifically the parafac, tucker, and parafac?2
functions from the tensorly.decomposition module. These functions compute
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the respective decompositions using established algorithms: ALS for CP, HOOI for
Tucker, and the direct fitting approach for PARAFAC2. Detailed descriptions of
the theoretical foundations for these models are provided in subsection 2.5.3, sub-
section 2.5.4, and subsection 2.5.5. The factor matrices were initialized using the
SVD in all methods.

The primary goal of applying these decomposition models was to uncover latent
structure in the data, including temporal patterns and relationships between pa-
tients and TCR sequences. For both simulated and real tensors, multiple decom-
positions were computed using different numbers of components. The final model
selection was based on how well the decompositions captured relevant patterns, as-
sessed primarily through visual comparison with the original (interpolated) data.

Although non-negative constraints can enhance interpretability (especially for Tucker
decomposition, as suggested by Gillet et al. [59]) such constraints were not compat-
ible with our data due to preprocessing steps involving centering, which introduced
negative values. As a result, standard decomposition was applied throughout.

All decomposition models were evaluated across tensors of varying lengths and pa-
tient counts (as described in section 3.2), and all downstream analyses were per-
formed independently for each tensor.

3.5 Selection of number of components

The first step in computing the decomposition of a tensor is to decide on the number
of components to use. As mentioned above, this is not a trivial task and, therefore,
several methods should be considered to make a final decision. In general, the nature
of the data and the interpretability of the results should also be taken into account
when deciding the number of components.

For CP, the reconstruction error was plotted for different numbers of components
and the elbow method was used to select the optimal value. The function KneeLocator
from the kneed Python package [64] was used to compute the elbow of the curves.
However, as mentioned in subsection 2.5.6, the reconstruction error should not be
used as the only measure to find the optimal number of components due to the noisy
nature of the data, so the CORCONDIA value was also calculated and plotted for
all tensors and different numbers of components. CORCONDIA was automatically
calculated using the library TensorLy-Viz [65], which enables to compute different
metrics for CP models, including CORCONDIA.

For Tucker, two approaches were used. First, the DIFFIT method was implemented
for all tensors to find the numbers of components that considerably increased the
fit. Secondly, the SVD with the reconstruction error was also applied, but this time
to the tensors matricised along each mode. Therefore, the reconstruction error was
measured between the original and reconstructed matricised tensors obtained using
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only the first k£ singular values for each mode. This metric quantifies the relative
difference between the original and reconstructed tensors, with lower values indicat-
ing better approximations. Thresholds from 0.10 to 0.40 in 0.05 increments were
applied to find the number of components.

For PARAFAC2, as with CP, both the reconstruction error with the elbow method
and CORCONDIA were used to find the optimal number of components. For COR-
CONDIA, the transformation described in subsection 2.5.6 was applied.

3.6 Clustering with Tucker Decomposition

Tucker decomposition can also be used for clustering by applying a clustering al-
gorithm to one of the resulting factor matrices, which typically would be the one
corresponding to the dimension of interest [59]. In this work, clustering was per-
formed on the patient factor matrix from each tensor decomposition to identify
groups of patients with similar temporal or immunological profiles.

Following the approach in [59], the clustering algorithm chosen was K-medoids [66],
which has several advantages over K-means. Unlike K-means, which computes cen-
troids as the mean of cluster points, K-medoids selects actual data points (medoids)
as cluster centers. This makes it more robust to noise and outliers [67, 68]. Fur-
thermore, K-medoids minimizes the sum of distances between each point and the
medoid of its cluster (Within-Cluster Sum of Distances (WCSD)), whereas K-means
minimizes the within-cluster sum of squared distances.

This algorithm was implemented using the built-in function kmedoids from the
pyclustering library [69]. More specifically, firstly, a set of initial medoids was
selected randomly from the data points. Then, a pairwise distance matrix was com-
puted using calculate_distance_matrix function from the same library, which
computes the Euclidean distance, which was passed to the kmedoids function with
the argument data_type=’distance_matrix’ to indicate that a precomputed dis-
tance matrix was being used. With this, performance was increased [70]. After
running the process() method to perform the clustering, the final cluster assign-
ments and medoid indices were extracted. Labels were assigned to each data point
based on the cluster it belonged to, enabling further downstream analysis. The
function returned both the cluster labels and the indices of the final medoids.

Since the goal is to cluster the patients without using the ground truth, the number
of clusters k was defined in an unsupervised manner. To this end, a range of different
k from 2 to 9 (from 2 to 6 in the tensor 300, as the number of clusters cannot be
greater than the number of patients) were tested. Using the elbow method to the
WCSD for changing k, the optimal number of clusters was found. This was done
automatically using the KneeLocator from the kneed library.
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The WCSD was calculated as follows:

WCSD = i > d(z,m;) (3.8)

i=1x2eC;

where £ is the number of clusters, C; is the set of points in cluster ¢, m; is the medoid
(representative point) of cluster i, and d(x, m;) is the distance between point z and
medoid 1.

To evaluate the resulting clustering, the found patient groups were compared to
the ground-truth patient outcomes. Since these are defined for each time point for
each patient, only the label for the last data point was considered for simplicity.
As cluster labels are arbitrary (i.e., the numeric label assigned to each group has
no inherent meaning), a label-invariant comparison metric was needed. For this
purpose, the Normalized Mutual Information (NMI) was used, computed with the
normalized mutual_info_score function from the sklearn.metrics Python li-
brary [71].

NMI measures the agreement between two clusterings of the same dataset by quanti-
fying the amount of shared information between the label assignments. It normalizes
this value to fall between 0 and 1, where 0 indicates completely independent group-
ings and 1 reflects perfect alignment. Since NMI is invariant to label permutations
and symmetric, it is ideal for comparing clustering strategies. It is defined as:

UL IV prios PG,
oy EAE PG (56
NMI(U,V) = mean(H(U), H(V)) mean(H(U),H(V)) 39

where MI(U,V) is the mutual information between two label assignments (U and
V') of the same N objects. H(U) and H(V') represent the uncertainty (entropy) of
each partition set, defined as H(U) = — sl P(i)log(P(i)), and analogously for
H(V'). Here, P(i) = |U;|/N is the probability that a randomly selected object from
U belongs to class ¢ (similarly for V'), and P(i,5) = |U; N'V}|/N is the probability
that an object belongs to both class ¢ in U and class j in V' [71].

3.7 Immunology metrics

Besides tensor decomposition, common immunology metrics in the field were also
explored. Namely, Shannon entropy (Equation 2.1), Inverse Simpson index (Equa-
tion 2.4), adaptive Gini coefficient (Equation 2.5), Gini-Simpson index (Equation 2.7),
DEsq score (Equation 2.8), clonality (Equation 2.2), and Pielou’s evenness index
(Equation 2.3), all described previously. All the metrics’ computation was done
with our own code, with the exception of Shannon entropy, which was obtained
from the Python function entropy from the scipy.stats library [72]. These were
computed using the original frequencies for all TCR sequences for each original time
point (i.e., without interpolation). Then, the difference between before treatment
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(first data point labeled Day 0) and after treatment (the last data point known to
us) was also computed.

From these metrics, the same clustering pipeline as in section 3.6 was applied. Since
there was no patient factor matrix, the specific data used for this clustering was
an array containing the metrics’ values for the last time point of every patient. By
considering only this last point, our objective was to capture the immune state of
each patient after treatment, which is most relevant when trying to relate it to clin-
ical outcomes. Including baseline values or using the difference between the first
and last time points were considered. However, these options could introduce noise,
especially when some metrics start very low, making small changes appear overly
dramatic and were not implemented. Also, adding both time points (i.e., pre- and
post-treatment) would increase the number of features without necessarily improv-
ing how well the clustering reflects biologically meaningful differences. The final
time point alone offered a simpler and more direct way to group patients based on
how their TCR repertoires looked after treatment. The resulting patient groups
were also compared with those from the Tucker decomposition-based clustering and
the ground-truth with NMI as well.
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Results

This section presents the results obtained in this research. In particular, the results
from the different methods to select the number of components will be shown, as
well as the decomposition results. The results of the simulated and real data will
be presented simultaneously, and the results of the immunology metrics will also
be shown. To avoid confusion, the number of components for the decompositions
will be written as (Mode 1, Mode 2, Mode 3), and the specific elements in the core
tensor as [Mode 1, Mode 2, Mode 3].

4.1 Tensor construction

Figure 4.1 shows the distribution of the time samples for each patient. With this,
an idea of the level of interpolation used to obtain the tensors is provided. For
instance, patient SARK(025 has a considerable number of data points, making the
interpolation more trustworthy than in the case of patient SARK(029, who has too
few points, forcing the interpolation to follow a more linear trajectory and poten-
tially miss relevant variation not captured by the dataset.

To handle differences in sampling times and durations across patients, the time di-
mension was standardized through linear interpolation, ensuring each patient had
data available at consistent 10-day intervals. Based on this unified time axis, mul-
tiple tensors were constructed, each representing a different trade-off between time
span and patient availability. Specifically, tensors were built for 70, 100, 200, and
300 days, containing 13, 11, 9, and 6 patients, respectively. All subsequent analyses
were performed independently on each of these tensors.

An important issue to note here is that this time division comes as a trade-off
between capturing meaningful trend patterns and retaining as many patients as
possible. The longer the time span included, the fewer patients are eligible due
to limited sampling duration. An example of this is shown in Figure 4.2, while a
broader overview of the effect across all patients can be found in section B.1.
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Figure 4.1: Sampling data-points for all patients. Those excluded are indicated
but shown nonetheless for whole data comparison.
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Figure 4.2: Sequence temporal trends retained in each tensor and in whole tem-
poral data from patient SARK(012, which has more temporal data than kept in the
tensors, hence showing the information trade-off. On the rightmost plot, the time
splits are marked in vertical dashed lines for days 70, 100, 200, and 300.

4.2 CP Decomposition

4.2.1 Selection of Number of Components

Starting with the simulated tensors, the first step to select the optimal number of
components for CP was carried out by plotting the reconstruction error for R =
1,2,3,4,5,6,7. Note that R stands for the number of components. In Figure 4.3,
the reconstruction errors for the different values of R are shown for the two simulated
tensors.
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Figure 4.3: Plots of the reconstruction errors for R = 1,2,3,4,5,6,7 for the
simulated tensors. The dotted red line represents the elbow.

As expected, the reconstruction error decreases substantially until R = 3, after
which the improvement becomes marginal. This aligns with the simulated tensors
being generated from 3 groups. At R = 3, the reconstruction errors are 29.07% for
tensor 1 and 30.05% for tensor 2. Although it may seem like significant errors, as
we can observe from the graphs, an increase in R beyond 3 is just noise fitting.

Meanwhile, the CORCONDIA values for both tensors and R = 1,2,3,4,5,6,7 were
also calculated. The CORCONDIA values can help determine whether CP is a suit-
able model for each of the tensors and the different values of R. In Figure 4.4, the
CORCONDIA values for the different numbers of components are shown for the
simulated tensors.

tensor_1 tensor_2
100 A

=
153
S

©
o

801

-3
o
L

60

'y
o
s

40

Core consistency
Core consistency

N
o
s

201

=}

1 2 3 4 5 6 7 1 2 3 4 5 6 7
Num of Comps. Num of Comps.

Figure 4.4: Plots of the CONCORDIA values for R = 1,2,3,4,5,6,7 for the
simulated tensors.

As expected, the CORCONDIA value is 100 for R = 1 for all tensors. This is
always the case for R = 1, as a core tensor of shape 1 x 1 x 1 does not have off-
superdiagonal elements. A CORCONDIA value above 90 can be interpreted as very
trilinear, meaning little off-superdiagonal variation, while a CORCONDIA value
around 50 means equal variation in both the superdiagonal and off-superdiagonal
elements, which could be problematic. A negative CORCONDIA value implies an
invalid model [56]. In this sense, for tensor 1, a CP decomposition up to R = 4
would be appropriate, while for tensor_ 2 a CP decomposition with R > 2 would
be invalid. This is not surprising, as tensor 2 was generated to have interactions
between the components.

In the end, R = 3 was chosen for the CP decomposition of tensor 1, and it was
decided not to perform a CP decomposition on tensor_ 2, as the CORCONDIA
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values suggested that a CP decomposition with R = 3 would not be valid.

The same process was performed for the real tensors, with the results of the re-
construction error illustrated in Figure 4.5. The elbow method selects R = 3 as the
optimal number of components for tensor 70, tensor 100 and tensor 300, with
reconstruction errors of 33.26%, 39.57% and 35.50% respectively, and R = 2 with a
reconstruction error of 31.22% for tensor_200. In all cases, the errors are compara-
ble to those in the simulated data.
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Figure 4.5: Plots of the reconstruction errors for R = 1,2, 3,4, 5,6, 7 for all tensors.
The dotted red line represents the elbow.

The CORCONDIA values of the real tensors for R = 1,...,7 are shown in Fig-
ure 4.6. R = 2 would give valid CP decompositions for tensor 70, tensor 100 and
tensor__200. In the case of tensor 300, R = 3 has a CORCONDIA value of 65.93,
suggesting that R = 3 still provides an acceptable CP model for this tensor.
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Figure 4.6: Plots of the CONCORDIA values for R = 1,2,3,4,5,6,7 for the real
tensors.

In summary, for tensor 200 and tensor 300, both the elbow method with the
reconstruction errors and the CORCONDIA values suggest R = 2 and R = 3 to be
the optimal number of components, respectively. For tensor 70 and tensor 100,
however, the results differ; the elbow method suggests R = 3 for both tensors,
but the CORCONDIA values indicate that R = 3 produces invalid models. Thus,
R = 2 was chosen as the optimal number of components for these tensors. However,
it should be noted that the reconstruction error for R = 2 is quite large for both
tensor 70 and tensor 100, with values of 41.54% and 48.20% respectively. The
discrepancy between CORCONDIA and the elbow method could indicate that CP
is not a suitable model for tensor 70 and tensor 100.
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4.2.2 Decompositions

The CP decomposition for the simulated tensor tensor 1 is shown in Figure 4.7.
As we can observe, groups A, B, and C are clearly described by components 3, 2,
and 1, respectively. The CP decomposition for tensor 2 with R = 3 also correctly
identifies the three groups. As mentioned earlier, it is not a valid decomposition and
thus it is not included in the report. However, it can be found in Appendix C.1.
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Figure 4.7: CP decomposition for tensor 1 with R = 3.

The real tensors were also decomposed by CP, with the number of components se-
lected in subsection 4.2.1. The decompositions are shown in Figure 4.8 for tensor_ 70,
Figure 4.9 for tensor 100, Figure 4.10 for tensor_ 200, and Figure 4.11 for tensor__300.

The first component in the decomposition of tensor 70 is mainly described by the
first TCR sequence of patient SARK(027, while the second component is explained
by the first two sequences of patient SARK(041 and the second sequence of patient
SARKO018.
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Figure 4.8: CP decomposition for tensor 70 with R = 2.

Analogously to tensor 70, the first component in the decomposition of tensor 100
is mainly explained by the first sequence of patient SARK027, while the second com-
ponent is explained by the second sequence of patients SARK018 and SARK037.
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Figure 4.9: CP decomposition for tensor 100 with R = 2.

For tensor__200, its first component is mainly explained by the first TCR sequence,
with a significant weight in patients SARK027 and SARK(012. Meanwhile, the sec-
ond component is explained mainly by the patient SARK019, with its third sequence
showing the described time pattern.
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Figure 4.10:

CP decomposition for tensor 200 with R = 2.

In the case of tensor 300, the first and third components are dominated by patient
SARKQ12. In particular, its first sequence is explained by combining both time
patterns. The second component is mainly explained by the second TCR sequence,
with patients SARK059 and SARK(029 presenting the highest weights.
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Figure 4.11: CP decomposition for tensor 300 with R = 3.

In summary, SARK027 and SARK(018 are highlighted by all the tensors that include
them (tensor 70 to tensor 200 for SARK027 and tensor 70 to tensor 100 for
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SARKO018), while the weight of SARK(012, included in all tensors, increases with
the time-steps in the tensor.

4.3 Tucker Decomposition

4.3.1 Selection of Number of Components

Starting with the results for the simulated data, the first method used to select the
number of components was DIFFIT, with the obtained results shown in Table 4.1
for tensor 1 and Table 4.2 for tensor 2.

Table 4.1: DIFFIT results for the simulated tensor_ 1. In bold, the optimal rank
with the largest by, value.

S P Q R fit (%) dlfs bt(m)
3 1 1 1 3726 3726 222
5 2 1 2 4218 4.92 -
6 2 2 2 5893 16.75 1.49
7 3 2 2 5942 049 -
8 3 2 3 70.69 11.27 18.37
9 4 2 3 7120 0.50 -
10 4 3 3 71.62 0.42 -
11 5 3 3 7189 0.27 -
125 4 3 7243 054 -
13 6 3 4 7289 046 -
14 6 4 4 7339 0.50 -
120 100 10 10 100 0 00
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Table 4.2: DIFFIT results for the simulated tensor 2. In bold, the optimal rank
with the largest by, value.

S P Q R fit (%) dlfs bt(m)
3 1 1 1 4272 4272 324
5 1 2 2 5591 1319 1.05
6 2 2 2 56.80 090 -
7 2 2 3 6934 1254 19.12
8 3 2 3 6984  0.50 -
9 4 2 3 7026 042 -
o 4 3 3 708  0.59 -
11 5 3 3 7135 0.50 -
126 3 3 7181 046 -
3 6 3 4 7211 030 -
14 7 3 4 7259 049 -
120 100 10 10 100 0 00

The method clearly outlines (3, 2, 3) as the optimal rank for tensor 1 and (2, 2, 3)
for tensor_ 2, with a significantly high b;,,) value in both cases. This indicates that
beyond these ranks, as we increase the number of components, the increase in fit is
marginal.

The second method used was the SVD with thresholds, the results of which are
summarized in Figure 4.12. As expected, as the threshold increases, the number of
components decreases, meaning that less information is kept. It is no surprise that
Mode 1 (sequence dimension) starts with a large number of components, as it is the
largest mode. However, it is at a threshold equal to 0.3 of the reconstruction error
that its number of components is comparable to those of the other modes.

We can further pinpoint the most optimal number of components by examining
the singular values of the tensor. Figure 4.13 shows the retained singular values
corresponding to the same threshold, and it is evident that the selected singular
values capture the majority of the variance in each mode, as the magnitude drops
sharply after them. This suggests that suitable component numbers are (3, 2, 3)
for tensor 1 and (2, 2, 3) for tensor 2. These selections align well with the known
ground truth used to simulate the data. Specifically, tensor 1 was constructed to
contain three distinct patient groups, two temporal patterns (a growing trend and
a parabolic shape), and three TCR sequence clusters, matching the 3 (patients),
2 (time), and 3 (sequences) components identified. In contrast, tensor_ 2 was de-
signed with only two clearly separable patient groups, as two of the three original
groups followed similar temporal dynamics and interacted, effectively behaving as a
single group. This explains why the optimal decomposition for tensor 2 favors just
2 components along the patient mode, while retaining 2 and 3 components for the
temporal and sequence modes, respectively. These findings are also consistent with
those obtained using the DIFFIT criterion.
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Figure 4.12: Number of components per threshold using the SVD method in the
simulated data.
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Figure 4.13: Singular values for tensor 1 (top) and tensor 2 (bottom) with a
0.30 threshold. Yellow bars indicate retained values, suggesting component counts
of (3,2, 3) and (2, 2, 3), respectively.

Regarding the real data tensors, the same approach was taken. Starting with DIF-
FIT, the results obtained are shown in Table 4.3, Table 4.4, Table 4.5, and Table 4.6
for tensor__ 70, tensor__100, tensor_ 200, and tensor_ 300 respectively.

As opposed to the simulated data, the results for DIFFIT are not that clear to-
wards a single combination of numbers of components. In the case of tensor 100
and tensor_ 300, the rank (1, 1, 1) has the highest by, value. However, in both
cases, the fit is below 40%, which seems inappropriate. Thus, we decided to only
consider those ranks with a fit of at least 50%. In this sense, the candidates for
optimal ranks for tensor_ 70 are (1, 2, 2) and (2, 2, 3). For tensor_100, they would
be (5, 3, 6), (2, 2, 3), or (2, 2, 2), although the high fit of (5, 3, 6) could lead to
noise fitting. In the case of tensor_ 200, (2, 2, 2) would be the clear choice while
for tensor 300 (4, 4, 4) and (3, 3, 3) would be the best options, although (4, 4, 4)
could be overfitting the data, with a fit of 75%.
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Table 4.3: DIFFIT results for tensor 70. In bold, the optimal ranks with the

largest by values and a fit above 50%.

s P Q R Gt (%) difs bim
3 1 1 1 3948 3948 241
5 1 2 2 5589 16.41 2.63
6 2 2 2 5846 258 -
7 2 2 3 64.70 6.24 2.44
8 3 2 3 6677 208 -
9 3 2 4 6932 255 1.07
10 4 2 4 7171 239 119
11 5 2 4 7323 151 -
12 5 3 4 749 174 -
13 5 3 5 7698 201 L1l
14 6 3 5 7863 165 -
121 100 8 13 100 0 oo

Table 4.4: DIFFIT results for tensor_100. In bold, the optimal ranks with the

largest by values and a fit above 50%.

S P Q R fit (%) dlfs bt(m)
3 1 1 1 3730 3730 4.97
D 1 2 2 4481 751 1.07
6 2 2 2 51.80 6.99 1.33
7 2 2 3 5707 5.27 1.41
8 3 2 3 95933 226 -
9 3 2 4 6267 3.34 -
10 3 3 4 6553 286 -
11 3 3 5 6927 374 121
12 4 3 5 7235 3.08 1.12
3 5 3 5 7406 1.70 -
14 5 3 6 7680 2.74 1.46
122 100 11 11 100 0 o0
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Table 4.5: DIFFIT results for tensor 200. In bold, the optimal ranks with the

largest by values and a fit above 50%.

S P Q R fit (%) deS bt(m)
3 1 1 1 3622 36.22 1.81
) 2 1 2 5623 20.00 1.59
6 2 2 2 68.78 12.55 4.29
7 2 3 2 7107 2.29 -
8 2 3 3 7399 293 1.03
9 3 3 3 7683 284 1.62
0 3 3 4 7838 1.55 -
11 4 3 4 80.12 1.73 -
125 3 4 81.79 1.67 -
13 4 4 5 8344 1.6 -
14 5 4 5 8519 1.75  1.09
130 100 21 9 100 0 00

Table 4.6: DIFFIT results for tensor 300. In bold, the optimal ranks with the

largest by values and a fit above 50%.

s P Q R Gt (%) difs bim
3 1 1 1 3562 35062 340
5 1 2 2 4608 1046 1.72
6 2 2 2 5217 609 103
7 2 2 3 5808 591 128
8 3 2 3 6143 335 -
9 3 3 3 66.06 4.63 1.39
10 4 3 3 6388 282 -
11 3 4 4 7176 28 -
12 4 4 4 7509 3.33 1.65
13 4 5 4 7712 202 1.00
14 5 5 4 7914 202 119
137 100 31 6 100 0 oo

Parallelly, the SVD method, together with a threshold for the error reconstruction,
was also used to estimate the best number of components for Tucker decomposition.
The results, summarized in Figure 4.14, suggest that as we increase the threshold,
the smaller the number of components is, with Mode 1 consistently yielding the
highest counts and Mode 2 the fewest. This is expected as a smaller reconstruc-
tion error entails keeping as many singular values as possible to not lose information.
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Figure 4.14: Number of components per threshold using the SVD method.

To decide which threshold suits our case best, we plotted the error curves and the
singular values’ magnitudes. The magnitude of a singular value reflects the amount
of variance or information captured by the corresponding component, with larger
values representing dominant patterns in the data and smaller values typically as-
sociated with noise. So, by looking at them, we can identify an effective rank by
detecting where additional components provide diminishing returns. Figure 4.15
exemplifies this for temsor 70 and for a threshold equal to 0.2. All reconstruction
error curves show rapid initial drops followed by plateaus (some with a higher slope
than others). In the given example, it is extremely clear that for Mode 2, the best
number of components is 2, as there is a steep decrease in the singular values’ mag-
nitudes.

Mode 1 Mode 2 Mode 3
T 0.6 T
0.419%, H H
1 0.4 1 1
. ! 0.4 !
S i i
i 027\ 0.2
1 1
1 1 1
0.0 0.0 1 0.0 1
0 50 100 2 4 6 8 5 10
Num of Comps. Num of Comps. Num of Comps.
—e— Reconstruction Error === Threshold (0.2)
Mode 1 Mode 2 Mode 3
[0} 0.2
E 0.2 0.2
C
g0.1 0.1 0.1
=
0.0 0 50 100 0.0 2.5 5.0 7.5 0.00 5 10
Singular Value Singular Value Singular Value

Figure 4.15: Reconstruction error (top) and singular values (bottom) for ten-
sor__70 with a 0.2 threshold. Yellow bars indicate retained components.

Given all this, we identified the thresholds around 0.2-0.3 to be the most optimal
in the case of the real data, as they strike a balance between the combination of
reconstruction error and retained singular values’ magnitudes. In this way, only the
values that explain dominant patterns are kept to avoid overfitting to the noise that
the smallest values represent. Also, these fall closer to the DIFFIT results than
lower thresholds, confirming that such a range of number of components is truly
acceptable to decompose our tensors. However, the results for a threshold equal to
0.3 are the closest to the DIFFIT results.
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4.3.2 Decompositions

We applied Tucker decomposition to the simulated data tensors (tensor 1 and
tensor_2) with (3, 2, 3) and (2, 2, 3) as ranks, as found optimal according to the
DIFFIT and SVD methods. Both decompositions show that the element [1, 1, 1] in
the core tensor is the one that explains most of the data. Note that [1, 1, 1] stands
for components 1, 1, 1 in the first, second, and third mode, respectively. Specifically,
around 40% and 60% of the data is explained by these components. In both cases,
the first component corresponds to Group C, with 4 patients, instead of 3 as in
A and B, which could explain the higher weight. Moreover, element [1, 1, 1] fully
describes Group C (patients 3, 5, 7, and 9), while Groups A (patients 1, 4, and 6)
and B (patients 2, 8, and 10) need more than one element to be fully explained.

Focusing on the factor matrices, the three patient groups as well as the three distinct
sequence groups are properly identified in tensor 1. However, the time patterns are
not as straightforward to interpret, as multiple elements in the core tensor have to
be combined to get the actual time patterns. This is not the case for tensor 2,
where the two time patterns are clearly illustrated, and the three different groups
can be easily interpreted.
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Figure 4.16: Tucker decomposition results for tensor_1 with components (3, 2, 3).
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Figure 4.17: Tucker decomposition results for tensor_ 2 with components (2, 2, 3).
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Proceeding with the real data, Tucker decomposition was applied separately to the
four tensors for 70, 100, 200, and 300 days. Several combinations of components
were tested for each tensor, and the one that captured the most meaningful patterns
without adding unnecessary complexity was chosen for each tensor. The complete
set of results for all tested combinations can be found in section C.2.

For tensor__70, the configuration (2, 2, 3) gave the most useful results (Figure 4.18).
In this case, just two core indices, namely [1, 1, 1] and [1, 2, 2], explain about 80% of
the data. The first shows a decreasing trend during the first 10 days (Figure 4.18c¢),
mainly linked to the first sequence (Figure 4.18a) and to patient SARK027, who has
the strongest presence in this pattern (Figure 4.18b). Other patients like SARK018
and SARK029 also show some presence. The second main pattern has the opposite
time behavior and involves other patients, such as SARK041 and SARKO018, with
strong positive or negative weights. Overall, the results suggest that only a few
patterns are needed to explain most of the behavior in this tensor, which fits with
the limited time window of 70 days.

For tensor__100, the best result came from using (2, 2, 2) as the rank (Figure 4.19).
As in the 70-day tensor, the [1, 1, 1] component explains more than 60% of the
data. The other components add little and mostly capture noise. This explains
why, despite the low fit, the DIFFIT results suggested (1, 1, 1) as the optimal rank.
Although some patients were dropped when building this tensor, the main temporal
pattern is still similar to that in tensor 70, just extended over a longer time.

The results for tensor 200 are different. Using (2, 2, 2) as the rank again (Fig-
ure 4.20), the time component shows two new patterns: one that steadily increases,
and another that first decreases and then increases again. This is likely because
fewer patients are included, but each one has more time points, allowing new trends
to appear that were impossible to detect before.

For tensor_300, the most useful decomposition used (3, 3, 3) as the rank (Fig-
ure 4.21). As expected from having more temporal data, the time dimension shows
more complex trends. One component starts low and increases at the end, another
dips in the middle before rising again, and the third fluctuates with multiple peaks
and dips.

In summary, the number of patients and the amount of temporal data clearly affect
the results. The 70- and 100-day tensors show strong, simple patterns shared across
many patients, while the 200- and 300-day tensors reveal different and more detailed
trends, likely because they have longer time coverage. Still, in all cases, only a few
components are needed to explain most of the data, suggesting that while clear
patterns are present, the rest of the variation may be due to noise or individual
differences between patients.
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Figure 4.21: Tucker decomposition results for tensor 300 with components (3, 3, 3).
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4. Results

4.4 PARAFAC2

4.4.1 Selection of Number of Components

Similarly to CP, the reconstruction error was also used to select the optimal number
of components for PARAFAC2. In Figure 4.22, the results for the two simulated
PARAFAC?2 arrays tensor 8 and tensor_J are illustrated, for R =1, ..., 6.

tensor_3 tensor_4

Reconstruction error
Reconstruction error
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Num of Comps. Num of Comps.
Figure 4.22: Plots of the reconstruction errors for R = 1,2,3,4,5,6,7 for the
simulated PARAFAC2 arrays. The dotted red line represents the elbow.

The method clearly identifies R = 3 and R = 2 as the optimal ranks for tensor 3
and tensor_4, respectively. The CORCONDIA values were also calculated for the
simulated arrays, and the results are shown in Figure 4.23.

tensor_3 tensor_4
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Figure 4.23: Plots of the CONCORDIA values for R = 1,2, 3,4, 5,6 for the simu-
lated PARAFAC2 arrays.

The CORCONDIA values suggest that a PARAFAC2 decomposition would be valid
for both arrays up to R = 4. Thus, taking both methods into account and knowing
the nature of the data, we chose R = 3 for tensor 3 and R = 2 for tensor 4.
Although we could go up to R = 4 with both arrays according to their CORCON-
DIA values, the reconstruction error plots suggest that that would just be noise
fitting. The same approach was used for the real data, computing both the recon-
struction error and the CORCONDIA values, which is shown in Figure 4.24. The
results suggest R = 3 to be the optimal number of components for a PARAFAC2
decomposition of the real data.
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Figure 4.24: Plots of the reconstruction errors and CORCONDIA values for R =
1,2,3,4,5,6 for the real PARAFAC2 array.

4.4.2 Decompositions

The PARAFAC2 decompositions for the simulated arrays are shown in Figure 4.25
for tensor__3 and Figure 4.26 for tensor_4. The dotted red line in the patient mode
represents a threshold for which the projection of the time dimension is plotted. It
is half the absolute value of the maximum weight in the patient mode and it was
included only to show those time patterns associated with the matrices with the
largest weights, to help with the interpretation of the results.
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Figure 4.25: PARAFAC2 decomposition for tensor & with R = 3. The dotted red
line represents a threshold for which the projection of the time dimension is plotted.

As we can see, the decomposition of tensor_ 3 clearly identifies groups A (patients
1, 4, 6), B (patients 2, 8 10), and C (patients 3, 5, 7, 9), while for tensor 4,
groups A and C are grouped into the first component. Recall from section 3.3 that
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the only difference between tensor 3 and tensor 4 was the definition of Group C;
in particular, the same time pattern was defined, but in tensor & it was applied
to sequences 5 to 8, while in tensor /4 it was applied to the first two sequences,
coinciding with Group A. Thus, PARAFAC2 classifies groups A and C in tensor_4
into the same component, even when the time patterns are significantly different;
instead, they are projected separately for every component and every matrix in the
array.
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Figure 4.26: PARAFAC2 decomposition for tensor 4 with R = 2. The dotted red
line represents a threshold for which the projection of the time dimension is plotted.
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Figure 4.27: PARAFAC2 decomposition for the real data with R = 3. The dotted
red line represents a threshold for which the projection of the time dimension is
plotted.

The PARAFAC2 decomposition of the real data is shown in Figure 4.27. The same
threshold was used to reduce the time projections to those with significant weight.
The first component mainly describes the first sequence of the patients, while the
second component mainly explains the second sequence. The third component is
mainly explained by patient SARK019, with its first and third sequences. Again, as
we saw with the simulated data, the time mode does not seem to describe similar
patterns across the components.

4.5 Immunology Metrics

Since several immunology metrics are related to patient outcomes, these were com-
puted and used for clustering the patients into different groups, to compare with the
Tucker decomposition clustering results. The metrics’ timeseries (Figure 4.28) show
a stratification of patients in almost, if not all, metrics. These results show that
patients SARK03/ and SARK(025 have an extremely diverse TCR repertoire. For
instance, from the last value of the DE5y metric, there are two patients who have
over and a little under 100 unique reads that make up 50% of the total population
of sequences, respectively. Overall, these metrics stay quite stable over time for the
majority of patients, with the exception of patients SARK025 (especially for DEj,
metric) and SARK027 (which has a large increase in clonality).

Furthermore, focusing only on the percentage difference between the first time point
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(pre-treatment) and the last time point (post-treatment) for each patient (Fig-
ure 4.29), a considerable increase in richness is observed in some patients (e.g.,
SARKO018, SARK032), which may reflect TCR repertoire expansion. In contrast,
patients such as SARK025, SARK021, SARK(012, and SARK(019 showed substan-
tial increases in clonality, suggesting a treatment-induced clonal expansion of certain
TCR sequences, potentially specific to their tumor.

In accordance with this, metrics associated with evenness, such as Pielou, Gini, and
Gini-Simpson, generally decrease over time, pointing to a shift toward fewer, more
dominant clones in the repertoire. Shannon entropy and inverse Simpson index
also tend to decline or stabilize in most patients, reinforcing the trend of reduced
diversity post-treatment. Meanwhile, metrics like DE5q and Shannon show mixed
responses, underscoring the heterogeneity of immune dynamics and potential differ-
ences in treatment responsiveness among patients, clinical response, disease severity,
or the extent of immune system recovery.
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Figure 4.28: Temporal evolution of the studied immunology metrics.
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Figure 4.29: Change in the metrics between the first point (before treatment) and
the last point (after treatment). For metrics bounded between 0 and 1 (right), the
difference is shown in absolute values. For the rest (left), in percentage.

4.6 Clustering and Ground-Truth Validation

The results for clustering using Tucker decomposition on simulated data are as ex-
pected. Figure 4.30 correctly shows that the optimal number of clusters for these
simulated tensors is k£ = 3, as the data was made to have three distinct patient
groups. This validates the usefulness of Tucker decomposition when it comes to
finding patterns to cluster. Figure 4.31 shows the distribution of the patients using
the components of the patient’s factor matrix. Even without a clustering pipeline,
three clusters are evident: one group is made of patients 2, 8, and 10; another of 1,
4, and 5; and the last one of patients 3, 5, 7, and 9, which is consistent with the
generated data.

Before describing any clustering results on the real data, we identify five possible
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Figure 4.31: Pairplot visualizations of K-medoids clustering results on patient
factor matrices for the two simulated tensors. The figures show the clustering struc-

ture for a pair of exemplary features for tensor 1, and tensor 2, with patient names
overlaid and k = 3.

patient outcomes into which the data can be clustered. These are: complete remis-
sion, partial remission or stable disease, local recurrence, metastatic disease, and
palliative care. Therefore, a maximum of 5 clusters are expected.

The WCSD curves show that £ = 4 is the most optimal cluster separation across
all tensors, as automatically detected by the KneeLocator, which identifies elbows
based on diminishing returns in within-cluster variance. Tensor 300 does not ex-
hibit a clear elbow at (more specifically, it was not automatically detected). It is
important to note that this tensor contains only 6 patients, limiting the range of
cluster numbers that can be meaningfully tested. Moreover, selecting k = 4 in such
a small cohort leads to highly granular clusters, having nearly one patient per clus-
ter, which is not truly informative about patient clusters.

Focusing on the clustering groups, there is no agreement on which patients are clus-
tered together. For instance, for tensor 70, patients SARK012 and SARK(019 are
grouped in the same cluster, but that is not the case for the other tensors, which
are included in different clusters. Looking closely at Figure 4.33, it is not hard to
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Figure 4.32: WCSD for increasing number of clusters k for all tensors. The cross
represents the elbow point of each curve.

notice that the patients are never in the same spot nor have the same neighbors
across tensors.

We applied the same clustering pipeline to the immunology metrics as for Tucker
decomposition to find comparable patient groups. For this data, the method also
finds k£ = 4 to be the most appropriate number of clusters. Figure 4.34 shows how
the patients are grouped within four groups. The NMI score shows that the pa-
tients are grouped somewhat in the same clusters, especially for tensor_300. This
observation is reasonable due to the number of patients for this tensor. The less
patients available to group, the most likely is that one cluster is only constituted by
one patient, and therefore, the clusters will be more similar between methods.

Comparing these patient groupings with the ground-truth labels, NMI scores result
quite low, with the exception of tensor 300, which is the tensor with higher scores
overall Table 4.7. However, this is not related to a better clustering performance,
but it is an effect of a limited patient number. One of the reasons for such low scores
could be the fact that one of the four ground-truth labels is not set to any patient on
their last data point. Hence, this NMI score is comparing clustering with 4 patient
groups to 3 ground-truth patient groups.

Table 4.7: NMI scores comparing TCR-based, Tucker-based clusterings, and
ground-truth (GT) labels across tensor subsets.

Tensor TCR vs GT Tucker vs GT TCR vs Tucker
tensor 70 0.3017 0.2268 0.5359
tensor 100 0.2918 0.3252 0.3945
tensor 200 0.3697 0.5285 0.4232
tensor__300 0.8975 0.6151 0.5579
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Discussion

This chapter discusses the findings and limitations of this thesis and suggests possible
future work.

5.1 Validation of Methods

The simulated data was generated with the objective of testing whether the de-
composition methods worked as intended. In particular, the two simulated tensors,
tensor__1 and tensor 2, were created to be better suited for CP and Tucker, respec-
tively. In that sense, by applying both decomposition methods to both simulated
tensors, we aimed to show the correctness and appropriateness of the methods.

The plots of the reconstruction errors for CP in Figure 4.3 for both tensors show
that R = 3 is the right number of components, aligned with the number of groups of
patients generated. In both cases, the fit of the decomposition is around 70%, which
means that the reconstruction error of 30% is due to noise. Meanwhile, the COR-
CONDIA values plotted in Figure 4.4 show that a CP decomposition with R = 3 is
only valid for tensor_ 1, and not tensor_2 due to the off-superdiagonal interaction
between the factor matrices. This proves our hypothesis, as tensor 2 was created
to be more suited for a Tucker decomposition, and shows that the implementation
of CORCONDIA is a useful tool to find out whether CP is a suitable model for our
data. The CP decomposition of tensor 1, illustrated in Figure 4.7, clearly depicts
the three generated groups, showing that CP can be used to find patterns and sub-
groups in the data.

For Tucker, both the DIFFIT results in Table 4.1 and Table 4.2, and the SVD
method with a threshold of 0.30 suggest (3, 2, 3) and (2, 2, 3) to be the opti-
mal ranks for tensor 1 and tensor 2, respectively. The rank for tensor 2 is as
expected, as only two time patterns and two sets of TCR sequences are needed
to describe the three groups. Thus, we can conclude that DIFFIT and the SVD
method are reliable techniques to find the optimal ranks for Tucker. In the case
of tensor 2, the 3 groups are clearly described in the decomposition, illustrated in
Figure 4.17, while for tensor_ 1, illustrated in Figure 4.16, the two time patterns are
not as straightforward to interpret.

All in all, tensor_2 can only be correctly decomposed with Tucker, while for ten-
sor__1, in principle, both approaches would give valid decompositions. As discussed
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in subsection 2.5.3 and subsection 2.5.4, the Tucker decomposition is not unique,
while CP is unique under some condition. According to De Lathauwer [73], given
a tensor of size I x J x K, its CP decomposition with R number of components is
deterministically unique if

R<K and RR-1)<IUI-1)J(J-1)/2. (5.1)
In the case of tensor 1 this holds as we have
3<10 and 6 < 445500. (5.2)

Thus, we can conclude that due to the better interpretability and uniqueness prop-
erty, CP is the better model for tensor 1. This idea could be generalized to any
model as long as the CORCONDIA value is good enough and the uniqueness prop-
erty is met.

We also generated two arrays to test the PARAFAC2 model, tensor 3 and ten-
sor_4. Tensor_ 3 was created to be a good array for PARAFAC2 and show its
efficacy, without interaction between the non-varying modes in the different groups,
while tensor 4, with interactions between the non-varying modes, was generated to
show the limitations of the model.

The results of the reconstruction errors in Figure 4.22 show that R =3 and R = 2
are the optimal number of components for tensor 3 and tensor 4, respectively.
These results are valid, as they both present a CORCONDIA value of 100, as shown
in Figure 4.23. The decomposition of tensor 3, illustrated in Figure 4.25, shows
each group in different components, while the decomposition of tensor 4, in Fig-
ure 4.26, shows groups A and C contributing to the same component. This results
from relaxing the assumption of trilinearity in the varying mode, allowing compo-
nents with shared sequences but differing time profiles to be modeled together. All
in all, PARAFAC2 can be a powerful decomposition tool for arrays with varying
dimensions in one mode, but has limitations in capturing patterns specific to said
mode.

Lastly, the clustering method (k-medoids) and number of clusters selection (WCSD)
were also verified with the simulated data. The pipeline correctly finds the expected
number of patient groups, being 3. In this case, there is no need to compute the
NMI as in Figure 4.31 is shown that the same patients are in the same groups in
both cases.

5.2 Interpretation of Results from Real Data

The application of tensor decomposition to the real TCR repertoire aimed to explore
whether meaningful patterns (across time, patients, and TCR sequences) could be
captured in a lower dimension, i.e., using tensor decomposition. In this way, under-
lying biological processes, disease trajectories, or treatment effects could be detected.

70



5. Discussion

Out of all tensor configurations, tensor 200 appears to be a good option for anal-
ysis, balancing temporal resolution with the number of patients retained. While
no strong global patterns are observed across all patients, some consistent signals
emerge across multiple tensor decompositions. Notably, patients SARK027 and
SARKO018, when included in the tensor (i.e., in all tensors except tensor_300), re-
peatedly show strong values in the decomposition results, suggesting distinctive tem-
poral dynamics in their TCR repertoires. A common temporal pattern seen in many
patients is the increasing dominance of a single TCR sequence over time, typically
the most abundant sequence at Day 0. Interestingly, although the corresponding
temporal factor often shows a decreasing trend, the associated core tensor index
tends to be negative, which indicates an increasing pattern in the reconstructed sig-
nal. This aligns with repertoire metrics: SARK027 exhibits a pronounced decrease
in Pielou’s evenness and Gini-Simpson index, along with a marked increase in clon-
ality, reflecting a shift toward reduced diversity and clonal expansion. In contrast,
SARKO018 shows a large decrease only in the Adapted Gini coefficient, being the
only patient with such a strong drop in this metric, while changes in other diversity
metrics remain moderate to small. These observations suggest that, despite the
dominance of a few sequences, the decompositions do capture meaningful biological
dynamics in selected patients.

The goal of analyzing TCR immunology metrics was to further investigate how pa-
tients might be grouped based on different clinical outcomes. These metrics revealed
a degree of patient stratification, supporting the hypothesis that distinct patient
subgroups may exist. For example, patient SARK027 showed sharp changes across
several diversity metrics, indicating strong clonal expansion, while patient SARK018
showed a marked change only in the adapted Gini coefficient. These contrasting pat-
terns suggest that patients may differ not only in the magnitude of TCR dynamics
but also in the type of immunological shift they experience. This observation aligns
with findings discussed in Porciello et al’s review [6], which highlights the relevance
of TCR-related features in differentiating immune responses across patient cohorts.

The parallel analysis with immunology metrics serves the purpose of verifying whether
direct biological insight can be related to the information captured by tensor decom-

position methods. However, the NMI metric suggests that these are not overlapping

in the sense that the patients are not grouped in the same manner. One justifica-

tion for this could be that, as mentioned, the defined ground-truth labels ended up

reflecting 3 patient groups (PD, SD, and PR) instead of 4, decreasing the overlap

between the methods and the ground-truth. As a result, we also checked how the

k = 3 clustering results matched with the true labels. However, the NMI values

were not better than for £ = 4. Nevertheless, these are shown in Figure D.1.

Beyond the mismatch with ground-truth labels, inconsistencies in patient cluster-
ing across tensors raise further considerations. For example, in tensor 70, patients
SARK(012 and SARKO019 are clustered together, while in other tensor configura-
tions they are assigned to different clusters. The relative positions of patients in
the component space also change depending on the tensor, as seen in Figure 4.33.
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These variations could be influenced by several factors. One is the number of pa-
tients included in each tensor, which alters the structure of the component space
and may affect how the K-medoids algorithm forms clusters. Another factor is the
number of components used in the Tucker decomposition; changing this parameter
can cause the decomposition to assign different relative weights to patients as it fits
the model. These aspects highlight how sensitive clustering results can be to pre-
processing and decomposition choices, potentially limiting the stability of patient
groupings inferred purely from unsupervised tensor methods.

5.3 Limitations and Future Work

This thesis is not without its limitations. The first and most evident limitation falls
on the dataset itself. The dataset we used contained data from 16 patients, three
of whom had to be excluded (due to limited data or pre-treatment values miss-
ing). Hence, 13 patients can result in too few to draw significant patterns from the
data and the results can be skewed to this specific population, lacking generability.
Related to this, there are some aspects about the data gathering process that are
unknown to us, for instance, if there was some periodicity in the data recollection
process, what specific treatment the patients underwent (and if all patients had the
same treatment), the age of the patients or their ethnicity. Not knowing these things
may introduce some bias in the interpretation of our results, especially those using
immunology metrics, as it is known that TCR repertoire decreases with age [74].

In the preprocessing, we interpolated the data due to the irregular time intervals
between sequencing measurements. These interpolated values might not reflect the
actual biological variability, which could have hindered the analysis. In addition, the
13 patients had their first measurement before treatment, but they could have been
at different stages of the disease, which could explain the difficulties in finding com-
mon patterns across patients. Another limitation is the assumption that the TCR
changes and evolution are only due to the progression of the disease. We assumed
this for simplicity, but in reality, other factors can influence the T cell population,
especially 70 T cells, which take part in both adaptive and innate immune systems
[18].

The clinical response labels used as ground truth were derived from the last avail-
able assessment, which may not fully capture the outcome evolution of each patient.
Alternative labeling strategies, such as best overall response or trajectory-based re-
sponse scoring, could provide a more robust basis for comparison.

In future work, we believe that the introduction of constraints in the decompositions
could be interesting to explore. Constraints can enhance the models with domain
knowledge and even improve the interpretability of the results. For instance, CAN-
DELINC [75] is a variation of CP that introduces linear constraints in one or more
factor matrices. These constraints can be used to introduce user knowledge and
make the decomposition more meaningful. In the context of PARAFAC2, the direct
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fitting approach makes imposing constraints on the varying mode quite challenging.
However, in recent years, several studies have been developed to impose regulariza-
tion in the varying mode and demonstrate its benefits [76, 77, 78, 79, 80].

An additional aspect which could be interesting to explore is to use Tucker decompo-
sition results for a classification of new patients, given that ground-truth labels are
available, as Gillet et. al. show to be promising [59]. This could provide clinicians
with additional and more precise information about the predicted future outcome
of a patient given their early evolution.

In the context of clustering, it could be worth exploring the use of other techniques,
such as DBSCAN, hierarchical clustering, or agglomerative clustering. Even defining
the ground-truth labels in another manner, such as labeling each patient according
to the most repeated clinical outcome or using only two labels: 'Response’” and "No
Response’.

In conclusion, we believe that future work could improve the tensor decomposition
approach to find patient patterns in this specific setting. Applying the methods to
a more extensive, even, and complete dataset, clearer patterns (and patient groups)
could be identified.
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Conclusion

In this project, we used different tensor decomposition algorithms to model time-
resolved sequencing data of patients with cancer with the goal of finding relevant
patterns. Namely PARAFAC (CP), Tucker, and PARAFAC2 were used. We also
generated data to test and validate the models. CP was found to be the best
model in decomposing trilinear data, due to its easier interpretability and unique-
ness property. Meanwhile, Tucker was found to be best when interactions between
components are necessary. Last but not least, PARAFAC2 allowed us to decompose
data with varying lengths in the time dimension, but showed limitations in captur-
ing variations in said mode, due to the relaxation of the trilinearity assumption.

The decompositions of the real data were generally dominated by the patients with
the highest variations in TCR counts, and no relevant patterns or subgroups were
found. However, the results of the simulated data validated the hypothesis that
tensor decomposition can uncover relevant patterns and subgroups in the data.

Clustering applied to the simulated data confirmed the ability of the Tucker de-
composition to reveal latent patient groups. In contrast, clustering results on the
real data lacked consistency across tensors, reflecting the limited number of patients
and variability in data quality.

Overall, we believe that this work shows that tensor decomposition should be con-
sidered as a powerful tool in cancer research, particularly in the analysis of higher-
order tensors, as it can identify the most relevant and common patterns in the data.
Further research on constrained models, clustering techniques, with a more robust
dataset could be the key to finding new insights into the role of v T cells on cancer.
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A

Overview of GitHub repository
location of additional figures

For a complete collection of figures—including all tensor decompositions, component
visualizations, clustering results, and time-resolved immunological metrics—please
refer to the public GitHub repository:
https://github.com/pablovadillo/Tensordecomposition/tree/main/Results
Below is a guide to help locate the relevant materials for each section in this ap-
pendix:
e Ground-truth: Additional plots showing raw TCR count per tensor and
per patient overtime as well as TCR counts and TCR metrics evolution re-
lated to the ground truth-labels over time for each patient can be found
in https://github.com/pablovadillo/Tensordecomposition/tree/main/
Results/Data’20plots
» Tensor components: All extracted components from the Tucker decompo-
sition for each tensor (e.g., tensor_ 70, tensor_100) are available in https://
github.com/pablovadillo/Tensordecomposition/tree/main/Results/Tuckery
20Components
e Tucker Decompositions: Full Tucker decomposition reconstructions with
different number of components can be found under https://github.com/
pablovadillo/Tensordecomposition/tree/main/Results/Tucker’,20Decompositions
o Clustering results (real and simulated): Visualizations of clustering ap-
plied to Tucker factor matrices are available in https://github. com/pablovadillo/
Tensordecomposition/tree/main/Results/Tucker’,20Clustering/A11%20with
20labels
« TCR repertoire metrics: Time-evolving plots of clonality, richness, and
other immunological metrics for each patient are provided in https://github.
com/pablovadillo/Tensordecomposition/tree/main/Results/TCR),20metrics/
Time’20evolution
e TCR metric clustering: Clustering results based on TCR metrics can be
found in https://github.com/pablovadillo/Tensordecomposition/tree/
main/Results/TCR)20metrics/Clustering
e TCR metric comparison by cluster: Comparative plots of TCR metric
time evolution across clusters are located at https://github.com/pablovadillo/
Tensordecomposition/tree/main/Results/TCR%20metrics/Metric%20by%20cluster
e Change in TCR metrics: Plots showing the change in TCR metric val-
ues over time or across groups are in https://github.com/pablovadillo/
Tensordecomposition/tree/main/Results/TCR%20metrics/Change’%20in%20metrics
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A. Overview of GitHub repository location of additional figures

e Ground truth data: Ground truth labels and supporting visuals are found
in https://github.com/pablovadillo/Tensordecomposition/tree/main/
Results/GT
e Cluster comparison: Comparative clustering plots and evaluations across
tensors and clustering methods are located at https://github.com/pablovadillo/
Tensordecomposition/tree/main/Results/Clust’%20Comparison
Please consult these folders for figures not included here due to space constraints.
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B

Other data related plots

This appendix chapter refers to some extra plots about the dataset used in this

project.

B.1

Patient data kept for each tensor
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Figure B.1: Patients with data under 100 but over 70 days. The vertical lines on
the rightmost plot correspond to the cuttings for each tensor.
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B. Other data related plots
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Figure B.2: Patients with data under 200 but over 100 days. The vertical lines on

the rightmost plot correspond to the cuttings for each tensor.
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Figure B.3: Patients with data under 300 but over 200 days. The vertical lines on
the rightmost plot correspond to the cuttings for each tensor.
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B. Other data related plots
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Figure B.4: Patients with data over 300 days. The vertical lines on the rightmost
plot correspond to the cuttings for each tensor.



B. Other data related plots

B.2 Tensor data
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Figure B.5: Tensor 70 time series
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Figure B.6: Tensor 100 time series
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Figure B.7: Tensor 200 time series
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B. Other data related plots
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B. Other data related plots

B.3 Ground-truth labels over time
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Figure B.9: Clinical ground-truth labels evolution over time for each patient (ex-

cept excluded ones).
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Tensor Decomposition Results

This chapter shows other results from the decompositions.

C.1 CP Decompositions

Component 1 - T Cells Component 1 - Days Component 1 - Patients
0.05
06
05
000 o otstibalaliealld it it
-0.05 04 o4
_ —0.10 o L 03
5 5 o )
-0.15
2 2 202
-0.20 0.0
01
-0.25
-0.2 ]
-0.30 0.0 J— - — —
0 20 40 60 80 100 0 20 40 60 80 S 4 % % 6 6 A ® 9 o
T Cells Days Patients
Component 2 - T Cells Component 2 - Days Component 2 - Patients
0.25
04 06
0.20 05
02
015 04
£ £ 00 £ o3
§‘ 0.10 § §
02
0.05 =02
01
0.00 l "ow ..‘-.lr..‘ e v -l..-» =Sl pry 04
0.0 - m
-0.05 L .
0.6 -0.1
0 20 40 60 80 100 0 20 40 60 80 N 4 s % 6 6 A % 9 .9
T Cells Days Patiants
Component 3 - T Cells Component 3 - Days Component 3 - Patients
0.10
07
10
0.08 06
0.06 0.5 05
0.4
2 004 = o
E) 5 °° El
2 2 g 03
0.02
-0.5 02
0.00 g e g e ey
e e e e e el o1
Il
-0.02 0.0
: m =
0 20 40 60 80 100 0 20 40 60 80 S 4 s x5 6 A ® 9 o
TCells Days

Patients

Figure C.1: CP decomposition for tensor 2 with R = 3.

C.2 Tucker Decompositions

For figures about Tucker decompositions, refer to https://github.com/pablovadillo/
Tensordecomposition/tree/main/Results/Tucker’20Decompositions.
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C. Tensor Decomposition Results
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This chapter shows extra plots regarding the clustering results.

D

Clustering

For more extra

figures, such as figures showing the metric evolution grouped by clusters or complete
pairplots of all metrics/components, refer to the corresponding folder from the guide

(Appendix A).
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Figure D.1: NMI comparison between clustering methods and ground-truth with

k=3.
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D. Clustering
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Figure D.2: NMI score comparison between both patient clustering (Tucker vs.
TCR metrics) across all tensors for increasing value of k.
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