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"Nothing in life is to be feared, it is only to be understood. Now is the time to understand more, so that we may
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Chapter 1

Synopsis

1.1 Purpose of the study

1.1.1 Challenges in biomedical data analysis

With the recent surge of high-throughput biomedical devices, contemporary biomedical datasets have reached
a large scale, i.e., containing numerous (measured) variables ([92, 3]). Additionally, those datasets often exhibit
noise due to the extreme sensitivity and complexity of the data acquisition processes. As a result, analyzing modern
biomedical data becomes increasingly challenging, specifically in high-dimensional and noisy data regimes. This
surge poses new challenges for researchers while (also) creating new avenues of opportunity. Frequently, those
biomedical datasets contain well-studied and biologically meaningful data variables (e.g., biomarkers; [94]) or
biological patterns (such as an isotope pattern; [100, 66]). These variables and patterns can be utilized to verify the
effectiveness of any (novel) statistical model. In essence, the biologically meaningful characteristics underlying

the data can serve as a means to validate the (suggested) data analysis approach.

This work considers an advanced biological device called Matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI) MSI, commonly known as MALDI Imaging. MALDI is a label-free instrument
that provides molecular information of a given biological sample (e.g., tissue) in a spatial fashion (e.g., [16, 59,
60]). Specifically, the MALDI tool measures mass spectra at various spatial positions and generates an image for
each specific spot within tissues. Each spot is called a mass spectrum, and it represents the “relative abundances”
of molecules with numerous mass-to-charge ratio (m/z) values — encompassing a range from several hundred to a
few tens of thousands of m/z values (corresponding to molecular masses) (cf. [3]), for more details, see, e.g., in [3,

16, 59, 60].
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1.1.2 Aims and objectives

This thesis aims to address two challenging tasks in analyzing MALDI-related data. The first task is feature
selection or, viz., discovering features that are associated with the outcome variable in high-dimensional settings.
The second task entails tumor classification or, simply put, classifying observational units (mass spectra) into
tumor (sub-)types (cf. [9]). These tasks have garnered great attention and have led to the development of numerous
methodologies (for example, among many others, [5, 9, 16, 63, 93, 117]). Throughout this work, the (discrete)
outcome variables describe cancer (sub-)types while the independent variables are m/z values in the magnitude of
thousands ([3]). Subsequently, a brief explanation of the analysis mechanism for each of the aforementioned tasks

is provided below.

To begin with the first challenging task, we make a contribution by proposing novel methodologies that evaluate
the strength of associations between either binary or multi-class (nominal, i.e., categorical classes are not ordered)
outcome variables and a great number of explanatory variables. Chapters 2 - 3 introduce these methodologies by
means of multiple testing under arbitrary covariance dependency among test statistics. Generally speaking, these
methods approximate the (realized) false discovery proportion (FDP) of a thresholding procedure for the marginal
p-values. The false discovery proportion presents the proportion of false discoveries among all rejections. In
simple terms, this quantity provides insights to researchers regarding how many features are spuriously claimed
as statistically associative. Furthermore, the proposed (inferential) methods can work under scenarios whereby
the number of explanatory variables (m/z channels) is either quite large or even (much) larger than the number of

observational units (mass spectra).

In Chapter 4, we present our contribution to the second (challenging) task. The entire framework consists
of two integral steps: Retrieving the informative parts from spectral data by means of topological data analysis
(TDA) and then performing either linear or nonlinear classifiers on the resulting (topological) vectors to classify
the observational units into (binary) cancer subtypes. Our contribution is related to the extraction of peak-related
information from spectral data (by means of TDA), where the importance of the peak growths with its relative
height. In the context of TDA, this is called "topological persistence". Broadly speaking, high persistent peaks
are anticipated to be signals, while low persistent peaks are presumably to be noise. Our proposed topological
framework offers superior denoising and compression properties within the context of MALDI applications. To
further clarify these properties, data compression techniques, such as the one discussed in [5], reduce the vol-
ume/size of data while retaining the same number of variables. In contrast, data reduction techniques such as
principal component analysis (PCA), independent component analysis (ICA), and non-negative factor approxima-
tion (NMF) (ideally) aim to reduce the number of variables (data columns), i.e., representing the original data into
a lower-dimensional subspace. Regarding the denoising property, the objective is to capture informative parts of a

(mass) spectrum signal while removing noise-associated fluctuations. We investigate the aforementioned property
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of our topological framework based on artificially contaminated mass spectrometry images given varying levels
(i.e., signal-to-noise ratios) and types of noise. Finally, our supervised framework can be utilized in multi-class
tumor classification studies in conjunction with random forest.

To sum up, this thesis deals with the aforementioned challenges in high-dimensional data regimes, specifically
focusing on MALDI data. In the context of MALDI, we model each spectrum individually as it is measured from

small tissue core regions — this is common practice in modeling MALDI data (e.g., [16, 9, 63, 93]).

1.2 Analysis methodologies

1.2.1 Large-scale multiple testing

Large-scale multiple testing refers to the concept whereby a large number of statistical tests are conducted si-
multaneously on a (single) dataset. For example, in genomic studies, thousands or tens of thousands of (genetic)
markers are analyzed for association with a particular phenotype, e.g., disease. In the context of MALDI, we aim
at discovering a group of variables (i.e., molecular masses) that are the most (statistically) distinguishing for cancer
associations.

In multiple testing, the common (type I) rates that researchers aim at controlling are family-wise error rate
(FWER) and false discovery rate (FDR). By definition, the FWER is the probability of making at least one false
rejection in a family of hypothesis-testing problems, i.e., FWER = P(V > 1), where V denotes the (random)
number of type I errors. The FDR is defined as the expected proportion of falsely rejected null hypotheses among
all the rejections (i.e., rejected null hypotheses). Classical methodologies that control the FWER are inclined to
have substantially less statistical power than procedures that control the FDR (cf. [11]). In this connection, the
FWER is a conservative criterion, and many interesting discoveries can be disregarded, given a significant number
of null hypotheses. As mentioned above (Subsection 1.1.1), modern biomedical datasets contain a large number
of (measured) variables, frequently in a magnitude of a couple of thousands or even more ([92, 3]).

To highlight, an extensive comparison of various multiple testing procedures has been reported in [29], where
the authors compared different FWER procedures versus FDR procedures ([29]). In Section 4.2 of their study
([29]), the authors investigated the performance of selected procedures by means of simulations in the case of
a moderate testing regime involving 500 hypotheses. As a result, they have concluded that the considered FDR
procedures "provided substantial increases in power compared to the more conservative FWER procedures” ([29]).

Since (at least) its premiere in the seminal paper by Benjamini and Hochberg ([11]), the FDR control has been
widely utilized in high-dimensional studies. However, employing the widely recognized Benjamini-Hochberg
procedure ([11]) or Storey’s procedure ([105, 106]), initially designed for stochastically independent or weakly

dependent p-values, can result in an FDR inflation under certain forms of (strong) dependencies (cf., among others
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[33, 32, 38, 37]). In [33], the author highlighted the importance of taking into consideration correlation effects
when deciding which null hypotheses are (statistically) significant; let us call this decision process. In particular,
the (strong) dependencies among test statistics can make the theoretical null distribution (this refers to the standard
normal distribution on R) effectively wider or narrower ([33]). In the former case, the aforementioned procedures
are extremely liberal, i.e., rejecting a great number of (null) hypotheses. In the second case, the theoretical null
is "too conservative", and these procedures are too conservative. This supports the goal of incorporating the
correlation effects in the decision process.

High-throughput (biological) instruments generate data that display strong temporal or spatial dependencies
due to the inherent biological or technological mechanisms (cf. [102]). Likewise, the MALDI instrument generates
its datasets on multiple spatial spots within a patient’s tissue. As a result, mass spectra (data rows) are highly related
due to the heterogeneous (biological) structures among these (discrete) spots. Multiple data analysis approaches
have been designed to extract the important information hidden in the context of MALDI data by "exploring
statistical correlations" ([16], cf. also [25, 51, 55, 63]). Similarly, our objective is explicitly utilizing correlation
effects in our inferential procedures. In Chapter 2, the utilized dataset has been generated solely on cancerous
(annotated) regions (called regions of interest) ([9]) — based on the two most lethal lung cancer entities (for more
details, see Section 2.4) — mass spectra are highly related.

This thesis employs a multi-factor model in order to (model and) integrate dependencies among test statistics
into the decision process. This way of modeling aims to describe the underlying dependency structure through
latent factors. In particular, we employ a generic framework to approximate the false discovery proportion (FDP)
proposed in [38]. In short, the framework relies on the assumption that the test statistics (approximately) follow
a multivariate normal distribution with a known covariance matrix of the test statistics. The idea of the approach
is to conduct a spectral decomposition of the aforementioned covariance matrix and then to deduct the principal
factors that induce the strong correlation across the z-values before evaluating the FDP. Furthermore, the (afore-
mentioned) covariance matrix can have an arbitrary dependence structure. This estimator is called principal factor
approximation (PFA), and it relies on the sparsity assumption in the sense that the number of false null hypotheses
(i.e., rejected null hypotheses) is very small compared to the total number of hypotheses. FDR and FDP control
are (closely) related concepts. The FDR is defined as the expected value of the FDP.

In this thesis, we utilize marginal regressions to individually model (marginal) associations for each covariate.
The purpose for considering marginal modeling stems from our objective in analysis scenarios where the number of
covariates is extremely large or (possibly) exceeds the number of observations. Hence, it is not possible to (reliably)
fit a single model encompassing all covariates. The utilization of this way of modeling has been considered in
several studies under different regression models (e.g., see in [38, 8, 7]), where the focus of those studies is on
performing a simultaneous statistical inference for each predictor.

The indispensable step of our frameworks is the approximation of the joint null distributions among all marginal
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fits and the estimation of the (limiting) covariance matrix across the regression coefficients. We achieve this by
employing the framework of multiple marginal models (MMM) (cf. [83]). The conventional scenario of the latter
is provided by modeling data with multiple outcome variables ([80, 79, 83]). As a result, those studies employ
procedures to control the FWER regarding type I errors. However, in this thesis, we approach it differently, viz.,
each "endpoint" (comparison) corresponds to an explanatory variable, and the number of independent variables
under examination in our studies amounts to thousands. As aforementioned, the procedures that control FWER are
conservative and tend to result in lower statistical power vis-a-vis procedures that control the proportion of false

discoveries.

1.2.2 Topological data analysis

Topological data analysis (TDA) arose from numerous works in applied (algebraic) topology and computational
geometry, making it a relatively novel field ([21]). TDA strives to provide well-founded mathematical, statistical,
and algorithmic methods to infer, analyze, and exploit the complex topological and geometric structures underlying
data ([30]).

In the context of MALDI, as highlighted in multiple studies (e.g., in [16, 9, 119]), a straightforward approach
to extracting meaningful variables is on the basis of the concept of detecting significant signal peaks, commonly
referred to as peak detection, in the literature. To this end, significant peaks are assumed to carry valuable informa-
tion for distinguishing mass spectra originating from different tumor classes (see [9]). Furthermore, concentrating
on the meaningful peaks, one can disregard those highly associated with noise, as acknowledged in [3]. To clarify,
peak picking or the selection of meaningful peaks is a pre-processing method used in MALDI data analysis. It
involves choosing m/z values that correspond to high and relevant peaks (for more details, see [3]). A more recent
and novel approach (see in [66]) suggests integrating the isotope pattern ([100]) around the chosen peaks. Loosely
speaking, the isotope pattern corresponds to the situation where a biologically meaningful peak (i.e., biomarker) is
surrounded by other peaks with a relatively close height.

Inspired by these studies, we aim at utilizing the peak-related information (i.e., the geometry structure) by
means of TDA and employing this information for classification. Our topological approach depends upon the claim
that the importance of a peak increases with its relative height, also known as topological "persistence" ([117]). As
mentioned earlier, persistent low peaks are considered noise, which is closely related to the pre-processing step of
picking high/significant peaks. Furthermore, our goal is not only to pick (or detect) such peaks but also to extract
valuable information from them. Briefly, given a real-valued function f on a compact set M, f : M — R, the
concept of persistence implies pairing the critical points of f, i.e., minima and maxima (i.e., peaks) jointly in our
study. The "relative height" refers to the concept of the difference between these critical values.

A commonly adopted method for determining the persistence of a peak is by means of upper-level set filtration,
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where each peak represents a fopological feature. These (topological) features are tracked from their emergence
(so-called "birth") until they merge with larger (topological) features (so-called "death"). However, there is a
significant drawback to utilizing the upper-level set filtration in our context. Namely, while tracking the persistence
of each peak, we lose information about their positions (viz., the column indexes of the peaks), which is crucial
for MALDI classification applications. Statistically speaking, the upper-level set filtration does not store any
information on the explanatory variables’ permutation indexes (i.e., the positions) and their respective persistence
values. To overcome this limitation, we utilize an alternative analysis method called persistence transformation (cf.
[117]). This approach simultaneously tracks the information regarding the positions along with the persistence of
the peaks, allowing its application to MALDI data.

In Chapter 4, following applying the persistence transformation to the MALDI data, the subsequent step in
our framework involves the classification of the persistence values into tumor classes. One of the classifiers we
employ is the random forest (RF) algorithm, a machine-learning technique. An essential aspect of using this
classifier is the selection of hyperparameters, also referred to as tuning parameters. In this thesis, we consider
default tuning values for the random forest classifier, as implemented in scikit-learn ([81]) (version 1.2.1) for
the function 'RandomForestClassifier()’, save in the number of (random) trees. We consider 1000 trees for each
experiment, while the default value is 100 trees. However, as concluded in [86], the number of trees is a parameter
that is not "tunable in the classical sense", and higher values are generally preferred over smaller values in terms
of performance (for more details, see [85]), especially for variable importance. Furthermore, it has concluded,
by assessing the "tunability" of (different) algorithms and their associated hyperparameters, that random forest is
much less "tunable" compared to other algorithms, such as support vector machines (for more details, see in [86]

and the reference therein). All in all, LR is an algorithm that performs well with the default settings.

1.3 Organization of the thesis

This thesis follows a cumulative structure comprising a compilation of scientific publications. Accordingly, each
chapter can be comprehended as an independent piece of work. Hereafter, we provide a concise overview of every

chapter and the corresponding data application for that particular chapter.

1.3.1 Summary and applications

In Chapter 2, we introduce our inferential framework for two-sample comparisons in high-dimensional data
regimes when the test statistics have an arbitrary covariance structure. Here, the outcome variable is binary (de-
scribing two lung cancer subtypes), and the procedure screens out all explanatory variables so as to discover the

most associative ones with the target variable. In order to model the marginal associations, we consider logistic
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regression with the logit (canonical) function. The criterion for controlling type I error is to maintain the approx-
imated value for the FDP at a specific significance level a, let’s say 10%. We utilize our procedure on a MALDI
imaging dataset containing a large number of covariates (m/z values). Several researchers have previously ana-
lyzed this particular dataset. The outcomes obtained from our data analysis are in line with biologically meaningful
findings documented in other studies. Specifically, these findings encompass five biomarkers, certain monoisotopic

peaks, and isotopic patterns surrounding the biomarkers.

Chapter 3 is a multivariate extension of our previous work (i.e., Chapter 2), allowing simultaneous inference
with more than two nominal classes. Here, we consider multinomial regression to model marginal associations,
a specific case of multivariate generalized linear models (GLMs), wherein the outcome variables are expressed as
multi-dimensional vectors. A single response category is selected as a baseline, and the multinomial logistic model
is instituted by pairing each, except one, nominal response category with the baseline. Our framework approxi-
mates the FDP for each baseline-category logit pair. From an application point of view, we apply our procedure to
a real MALDI dataset where the nominal target variable consists of three cancer (sub-)types, specifically two lung
cancer statuses and pancreatic status. We assign pancreatic adenocarcinoma as the baseline, viz., the one human
organ versus two cancer lung subtypes. Hence, our analysis aims to concurrently execute two (sub-)tasks: the pan-
creatic vs. lung adenocarcinoma and the pancreatic vs. lung squamous cell carcinoma comparison. To this end, our
analysis aims to discover m/z values that can be distinctive for either cancer (sub-)type for each baseline-category

pair.

Chapter 4 introduces our contribution to the second challenging task in terms of MALDI. This study introduces
our algebraic topological framework that captures peak-related information from MALDI data and converts it into
topological persistence representations. Subsequently, we utilize logistic regression and random forest classifiers
on the derived topological persistence vectors to automate the process of tumor typing or subtyping. In this study,
we applied our topological framework to a real MALDI dataset for binary classification. In order to showcase the
competitiveness of our proposed framework, we conduct experiments on this dataset through two different cross-
validation schemes. Additionally, we illustrate the efficacy of the single denoising parameter by evaluating its
performance on (multiple) synthetic MALDI images. In brief, we first simulate multiple synthetic mass spectrom-
etry (MS) images, which serve as ground truth images. Each pixel corresponds to the average value of a unique
mass spectrum in these images. Following this, we artificially contaminate the spectral data responsible for gener-
ating the ground truth images. This (image) contamination is established by (artificially) adding different types and
levels of noise to the ground truth images. Lastly, we apply our topological framework to the contaminated images,

demonstrating pictorially how the persistence transformation effectively denoises these compromised images.

Chapter 5 serves as the concluding discussion of the thesis. This chapter is dedicated to summarizing the

conclusions drawn from each preceding chapter, addressing computational challenges in the context of MALDI
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and how (different) pre-processing steps affect our frameworks, outlining the contributions made by this thesis,

discussing relevant works, and presenting an outlook with potential directions for future research.

As a side remark, we have received a comment from an anonymous reviewer regarding our last publication
(i.e., Chapter 4) that the abbreviation imaging mass spectrometry (IMS) can be mistakenly understood as Ion-
Mobility Spectrometry and the abbreviation mass spectrometry imaging (MSI) is preferred. To this end, the latter
abbreviation has been used in Chapter 4, Synopsis, and Chapter 5 of the thesis, but not in the first two publications
(i.e., Chapters 2 - 3). Throughout this thesis, it is important to note that the abbreviations "MSI" and "IMS" are

synonyms (i.e., interchangeable) and refer to the same concept.



Chapter 2

Multiple two-sample testing under
arbitrary covariance dependency with an

application in imaging mass spectrometry

Information: This chapter is a slightly modified version of Vutov and Dickhaus (2023a) ([115]) published in
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Abstract: Large-scale hypothesis testing has become a ubiquitous problem in high-dimensional statistical in-
ference, with broad applications in various scientific disciplines. One relevant application is constituted by imaging
mass spectrometry (IMS) association studies, where a large number of tests are performed simultaneously in order
to identify molecular masses that are associated with a particular phenotype, e.g., a cancer subtype. Mass spectra

obtained from Matrix-assisted laser desorption/ionization (MALDI) experiments are dependent when considered
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as statistical quantities. False discovery proportion (FDP) estimation and control under arbitrary dependency
structure among test statistics is an active topic in modern multiple testing research. In this context, we are con-
cerned with the evaluation of associations between the binary outcome variable (describing the phenotype) and
multiple predictors derived from MALDI measurements. We propose an inference procedure in which the corre-
lation matrix of the test statistics is utilized. The approach is based on multiple marginal models. Specifically, we
fit a marginal logistic regression model for each predictor individually. Asymptotic joint normality of the stacked
vector of the marginal regression coefficients is established under standard regularity assumptions, and their (lim-
iting) correlation matrix is estimated. The proposed method extracts common factors from the resulting empirical
correlation matrix. Finally, we estimate the realized FDP of a thresholding procedure for the marginal p-values.

We demonstrate a practical application of the proposed workflow to MALDI IMS data in an oncological context.

2.1 Introduction

Imaging mass spectrometry (IMS) is a technique that acquires spatially resolved mass spectral information of
small to large molecules. Provided a thin tissue section, mass spectra are collected in a spatially orientated pattern
within the tissue. This produces an image where each discrete spot represents a mass spectrum. Mass spectra
associate molecular masses to their relative molecular abundances. Hence, this provides insights into the chemical
decomposition of a unique and specific region in the tissue. A promising technology that has evolved over recent
years is Matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry, also known as MALDI
imaging. This technology allows for analyzing a wide range of analytes (e.g., proteins, peptides, lipids, etc.) from
many types of biological samples. MALDI imaging is a versatile tool and has the advantage of combining spatial
and molecular information from biological samples. This makes the technology interesting for biomedical and
cancer research (for more applications in pathology, see [2, 59], among others). The latter is possible by virtue
of its applicability to analyzing formalin-fixed paraffin-embedded (FFPE) tissue samples. One of the key benefits
of utilizing MALDI IMS on fixed samples is that multiple FFPE core biopsies can be arranged in a single tissue
microarray (TMA) block (see, [84, 16]). In other words, multiple tumor cores from different patients can be
examined simultaneously (for more details, see [9]). As pointed out in [16], modern MALDI-IMS instruments
manage to acquire molecular information with a high signal-to-noise ratio at short time measurements.

A challenging task for advanced bioinformatics tools, as acknowledged in [3], is stable feature extraction or, in
other words, extracting biologically meaningful evidence out of a huge amount of spectra. Statistically, we model
each spectrum individually as it is measured from small tissue core regions with slight fluctuating structures within
a single core. This is a standard practice in modeling MALDI data (cf. [63, 16, 9]).

Large-scale multiple testing is a widely used methodology in the analysis of high-dimensional data and has

a variety of applications in scientific fields like, e.g., genomics, proteomics, brain-computer interfacing, etc. (for



Chapter 2: Multiple two-sample testing under arbitrary covariance dependency 11

more life science applications, cf. Chapters 9-12 in [26]). Starting with the highly influential work by Benjamini
and Hochberg ([11]), control of the expected proportion of false positive findings, called false discovery rate
(FDR), has become a standard type I error criterion in large-scale multiple testing. Another well-known technique
to control the FDR has been proposed in [105], and is often referred to as Storey’s procedure. Its main idea is to
fix a rejection threshold value ¢ for the marginal p-values, then to estimate the FDR of the resulting thresholding
procedure, and finally to choose ¢ such that the estimated FDR is lower than or equal to the pre-defined FDR
level @. Early FDR research has mainly established FDR control of the aforementioned procedures in the case
of independent test statistics. However, high-dimensional studies seldom involve the analysis of independent
variables. In contrast, most studies involve many related variables simultaneously (cf., among many others, [102,
44]). Similarly, MALDI-IMS data consist of a couple of thousands of variables, and many of them are related.
Explicitly taking into account these dependencies can increase the power of the multiple test, cf. [27] for an
overview of so-called multivariate multiple tests.

There are multivariate multiple tests, which are based on block structures in the data. For instance, in [102], it
has proposed to control the family-wise error rate (FWER) in blocks of adjacent genetic markers; see also Section
5 in [103]. Likewise, in [104], the authors have reported an extensive study to compare different controlling
methods based on the assumption of block-correlation positively dependent tests. However, there is no evidence
that MALDI-IMS data can be grouped straightforwardly into adjacent blocks. Other methods utilize a multi-factor
model in order to describe the dependencies among the test statistics, meaning that the latter dependency structure
may be explained by latent factors.

In addition to modeling the dependencies, a further task is to integrate the correlation effects in the decision
process; see, for example, [33, 32, 62]. In [38] has been introduced a general setting for approximating the false
discovery proportion (FDP). They have assumed that the test statistics are (approximately) following a multivariate
normal distribution with an arbitrary and known covariance matrix. The idea of their approach is to carry out a
spectral decomposition of the covariance matrix of the test statistics and then to subtract the principal factors that
cause the strong dependency across the z-values before evaluating the FDP. This method is called principal factor
approximation (PFA). The authors ([37]) have established a fully data-driven process to estimate the FDP, where the
authors adopted a POET estimator (see [39]) to estimate an unknown covariance matrix and subsequently compute
the realized FDP. Recently, in [40] has addressed the problem when the assumption of normality is violated, for
instance, in the context of multiple testing under arbitrary dependency and heavy-tailed data. The method utilizes
a robust covariance estimator and constructs factor-adjusted test statistics.

Since the FDR is the expected value of the FDP, FDP control and FDR control are related concepts. In the
present work, we explore the problem of two-sample multiple hypotheses testing under arbitrary correlation de-
pendency under the scope of multiple marginal logistic regression models by making use of PFA. We propose to

estimate the realized value of the FDP of a thresholding procedure in this context and to choose the rejection thresh-
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old such that this estimated FDP value equals a given constant & € (0, 1). Furthermore, we apply our proposed
method to MALDI imaging data.

One common approach for extracting meaningful variables in the MALDI context is based on discovering
significant signal peaks, which is also known as peak detection (cf. [119]). These peaks are anticipated to help
distinguish spectra from different cancerous classes. For example, [118] introduced a peak detection method that
carries out dual-tree complex wavelet transformation. Moreover, a novel spatial approach has been proposed in
[66]. Namely, the latter study proposed to incorporate the neighboring information (an isotope pattern) around the
selected peaks, which can (potentially) enhance the peak picking process (a so-called “spatially-aware approach”).
In the isotope context, e. g. in [100], a methodology has been proposed, which discovers this type of pattern in
MALDI data. For the aforementioned studies, the (column) indices of the peaks (i. e., the indices of explanatory
variables) are important for their estimation procedures. In methods of that type, based on selected peaks, further
analysis is performed in order to find a subset of those peaks that are statistically related to the response variable.
This has been pointed out by, for instance, in [16].

On the other hand, there are also other methods for MALDI data analysis which use “more of the intrinsic
information hidden in the data by exploring statistical correlations” ([16]; cf. also [55], [25], and [51]). Since the
spectral data are non-negative, a popular approach is the usage of non-negative matrix factorization. Methods of
that type aim at representing the original data in a lower-dimensional space by combining “characteristic spectral
patterns” (cf. [63, 16]) given the non-negativity constraint. The latter studies proposed so-called “automated tumor
typing”: After mapping the original data into a lower-dimensional space, supervised classification methods are
carried out on the resulting feature vectors in order to classify observational units into tumor subtypes. These
methods are invariant with respect to the permutation of the indices of the explanatory variables, but rather they
exploit similarities among these variables. Our proposed methodology is more in the spirit of these latter methods,
which are invariant with respect to the indices of the explanatory variables and instead use statistical similarities
(in our case, quantified by correlations) to reduce the (effective) dimensionality of the feature space.

The remainder of the work is structured as follows. In Section 2.2, we describe the proposed two-sample mul-
tiple testing framework. Section 2.3 is devoted to computer simulations. We demonstrate the practical application

to a MALDI-IMS study in Section 2.4, and we conclude with a discussion in Section 2.5.

2.2 Proposed methodology

In MALDI Imaging-related studies, data are commonly stored in an n X p matrix X = (X;;)1<i<n, Where spectra
1<j<p

are stored as rows and columns correspond to mass-to-charge (m/z) values (in the context of MALDI interpreted

as molecular masses, cf. [3]). Usually, both n and p are in thousands. We address the biological question of the

association between m/z values and a cancerous status by testing multiple hypotheses. More specifically, we test
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for each j the null hypothesis Hy; which states there is no association between a particular m/z value X; and the

cancer subtype.

2.2.1 Marginal Modelling

The first step of the proposed framework is to model the marginal associations for each j separately. Therefore, let
Jj be arbitrary, but fixed throughout this section. The motivation for this marginal modeling is that the number p of
potential regressors is very large in our context, such that the available sample size n does not allow for fitting a
multivariate model which incorporates all regressors in one model. Screening for potentially relevant regressors by
means of marginal logistic regression models is common practice, as remarked, for instance, in the section entitled
“Variables inclusion and selection” of [101]. Marginal logistic regression models have also been considered and
analyzed in [82]. Let Y denote the (random) binary outcome, and let X; denote the random variable describing the
J-thm/z value. Thus, the tuple (X}, Y) takes its values in R x {0, 1}. We are interested in the conditional distribution
P(Y|X;). To this end, we assume a (marginal) binary regression model with the canonical (logit) link function. This
model has two parameters, namely, the intercept a; and the regression coefficient 5;. We denote the observational
units for the j-th marginal regression problem by (X;i), YD), i<y, and we assume that they are independent copies
of (X;,Y). Letting, for a giveni € {1,...,n}, ﬂg.i) =PY® = 1|X(ii) ), the model equation for the j-th binary logistic
regression models is given by

e

Gy ._ j _ L v
g(ﬂj).— log[l_”(li)]—aj+Xj B, 2.1)
J

where g = logit is the canonical link function mentioned before. The unknown parameters (a;, ;) are estimated
by the principle of the maximum (log-) likelihood. The log-likelihood function pertaining to the model in (2.1) is

given by
o}, B)) = Z Y® [1og 7 —log(1 - ny'))] +log(1 - 7). (2.2)
i=1

By substituting

(i)
. exp(a;+ X:'B)) ) 1
¥ = ! it aswellas 1 — 7 = 5
/ 1 +expla; + X;’ Bi)

1 + exp(a; + X;i)ﬁj)

in (2.2), we obtain that
&), B)) = max > ¥ (o + X;) — log (1 + expla; + X)), (2.3)
WP

where the estimation is performed conditionally to the actually observed values X;i) = x(ii) forl <i<n.
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In this study, we are concerned with simultaneous testing of the pairs of hypotheses

Hy;:Bj=0 versus Hy;:B; #0, j=1,...,p. 2.4

This means, that we test a family H, = {Ho:, ..., Hop} of p null hypotheses, and a binary decision (rejection or
non-rejection) is made for each of these p null hypotheses on the basis of the study data at hand. The result of the
data analysis, therefore, is a binary decision vector d € {0, 1}?. The j-th entry d; of this decision vector encodes the
decision referring to the (marginal) test problem Hy; versus H;; for 1 < j < p, where d; = 1 means (by convention)
that Hy; is rejected in favor of H;;, while d; = 0 means that Hy; is not rejected. Biologically speaking, we aim at

discovering the most distinctive m/z values for a cancer association.

2.2.2 Multiple Marginal Models

The second step of the proposed procedure is to combine all p marginal models and to approximate the joint null
distribution of all estimators. To this end, we follow the framework described in [83] for jointly estimating mul-
tiple marginal association parameters, and apply this framework to the marginal models described in the previous
section. Notice that we assume that regression coefficients are unique to one model j and not shared between any
two models j; # j,. Furthermore, the intercepts ()<<, are nuisance parameters in the sense that the hypotheses

in (2.4) only refer to the §s.

The main goal of this section is to establish a central limit theorem for the vector 3 = (B, ..., ﬁp)T, which is
achieved by stacking the score contributions of the 3 ;’s across all p marginal models. Following [83], we consider

the asymptotic (n — o0) expansion

~ 1 <
Bj =B Vn = %;‘H]"‘OP(]), (2.5)
where
W = FOB) " (8)). (2.6)

In (2.6), FO(B;)~! is the row corresponding to 3; of the inverse Fisher information matrix F(a;, ;)" for the
i-th observational unit, ¥ i(B) is the score function (the first derivative of the log-likelihood function) pertaining
to B; for the i-th observational unit, and op(1) indicates a sequence of random variables converging to zero in
probability. For our (marginal) logistic model, ¥, ; 18 the score function pertaining to «; and 3;, see the derivation

above Equation 2.9 (i.e., ‘i’,-j).

The score function and the Fisher information matrix for the i-th observational unit are under our model given
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by
_ Y@ — 79
Vii(a;,B) = , S
X0 ® - 2y
J J
@1 _ D @, _Dq _ ()
FO@.B) = m; (1 m; ) Xj m; a m; )
I - . . . . . . .
X§’>n§'>(1 - 7)) X§’>X§’>n§.’>(1 - )

Furthermore, due to the stochastic independence of the observational units, the score function and the Fisher
information matrix for the entire sample (in coordinate j) are given by summing up the respective contributions
of the n observational units. The maximum likelihood estimators &; and B ; appearing in (2.3) can be found in
practice by (numerically) solving the score equations, meaning that (&;, B ;) are (numerically) found such that

S W@ B;) = (0,0)7 s fulfilled.

Now, we define the vectors B := (B, ... ,,BP)T,,E =B, .. ,ﬁ,,)T, and ¥; := (Wi, ..., ¥;)", and consider the
asymptotic expansion

R 1 &
B-p)Vn = W;Ti"'oﬂi’(l), 2.7)

which follows from (2.5) under standard regularity assumptions like, for instance, finiteness of the Fisher informa-
tion and non-vanishing (limiting) proportion of data points corresponding to ¥ = 1 and Y = 0, respectively. The
left-hand side of (2.7) converges in distribution, by the multivariate central limit theorem, to a p-variate normal
distribution, i. €.,

B-pB) Vi S N,0,5).

The limiting variance-covariance matrix X can be estimated in a consistent manner, namely by
T, (2.8)
whence ¥; are yielded by plugging the parameter estimates from all marginal models into ¥;.

In our study, we are genuinely interested in the effect of §; for j € {1,..., p}. However, the intercepts (¢;)1<j<
contribute to the estimation and standardisation of the 8;’s. Specifically, for the logit model described in the

previous section, ¥;; is given by the second coordinate of the bivariate vector

NGPPRNG) O\T1 w3y ON\T () _ 20
(=A@ XD)TAXD] T AXD)TE? -7 D),

i exp(@;+X"3,)) oA .
where 2 = ——— 7 and &}, B are as in (2.3).
J l+exp(aj+Xj B))
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Next, we denote by Zi, ..., Z, the Studentized versions of ,31, .. ,@p, meaning that

Bi

\/\7;1“(,31)’

where /\7a\r(ﬁ ;) is the square root of the j-th diagonal element of %, divided by . Then, we have that

7= j=1....p, (2.9)

(ZI’ZZ"'-’Zp)T ~ Np((lll’ﬂZs---nup)Taﬁ:*)a (210)
approx.
where i = B;/ A/ Var(B;) for 1 < j < p, £* = diag[£]"/2 - £ - diag[£]~!/? is the correlation matrix pertaining to 3,
and the notation ~ indicates the approximate distribution for large n. Assuming that \/\7a\r(ﬁ j) is positive for
approx. .
all je({l,...,p}, B; =0if and only if ; = 0. Thus, the family of hypotheses from (2.4) can then equivalently be

expressed as

Hoj:uj=0 versus Hyj:u; #0, j=1,...,p, 2.11)

although y; depends on the data via - /\’/;r(ﬁ ;) and is therefore not a statistical parameter.

2.2.3 Approximation of the false discovery proportion

Throughout this manuscript, we consider the multiple test problem which is given by the p pairs of null and
alternative hypotheses specified in (2.11). Let pg = #{j : u; = 0} denote the number of true null hypotheses and
p1 = #{j : u;j # 0} the number of false null hypotheses, such that p = po + p;. Throughout the remainder, we make

the following sparsity assumption.

Assumption 1 The number p, of false null hypotheses is very small compared to the number p of all null hypothe-

ses.

In an asymptotic setting where p = p(n) tends to infinity as n tends to infinity, Assumption 1 can be formalized
as po(n)/p(n) — 1. In the present work, however, we rely only on asymptotics in the sample size n and regard
p as fixed. For the calibration of a multiple test with respect to type I error control, we proceed similarly as in
Storey’s method (see [105]). Namely, for a (data-dependent) threshold ¢, we will reject the null hypotheses, which
correspond to those p-values that are not exceeding ¢. This approach has been broadly used in practice (e.g., see,
[38, 37, 33, 32, 105]). The aim of the proposed method is to estimate the realized FDP for any fixed ¢ in the

multiple testing setting given by (2.11), based on the Z-statistics (2.10) under an arbitrary structure of X.
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To this end, we consider empirical processes given by

V(t) = #{true null P; : P; <1},
S(r) =#falsenull P, : P; <1},

R(t) = #{P; : P; <1},

where 7 ranges in [0, 1]. For a given value of 7, the null hypothesis Hy ; is rejected if and only if its corresponding
p-value p; does not exceed ¢. This decision rule leads to the decision pattern, which is displayed in Table 2.1.
The random variables V (), S (¢), and R(¢) are the number of false discoveries (i. e., false rejections), the number of
true discoveries, and the total number of discoveries, respectively. Clearly, R(f) = V(¢) + S(¢). The latter random
variables depend on the test statistics Z;, 72, ...,Z,, because every p-value P; is a transformation of the corre-
sponding Z-statistic Z;, 1 < j < p, as we will describe below. Furthermore, V(¢) and S (¢) are both unobservable,
whereas R(¢) is observable. We recall here the definition of the FDP, namely, FDP(¢) = V(¢)/ max{R(¢), 1}. Table

2.1 provides a summary of the relevant quantities.

Table 2.1: Decision pattern of the multiple test which thresholds the marginal p-values at a given value ¢ € [0, 1].

Number  Number accepted Number rejected  Overall

True nulls Ut V() Do
False nulls T(@) S 4
All nulls p—R(®) R(1) P

2.2.4 Principal Factor Approximation

The next step of the analysis is to model and to utilize the dependency structure of the test statistics in an ap-
proximation of FDP() for a given ¢. The proposed technique relies on an approximation of a normally distributed
random vector with a factor model involving weakly dependent, normally distributed random errors. In our case,
we use the factor model as a tool to approximate the correlation matrix £* with a reduced number of parameters,
without actually assuming that latent factors are involved in the data-generating process. To this end, we first
employ a spectral decomposition of the correlation matrix £* (cf. [38]). Namely, £* is represented in terms of its

eigenvalue-eigenvector pairs (4;,¥)1<j<p, where 41 > A» > ... > 4, > 0. The representation can be written as
S = imy] +ovay) + o+ LYYy (2.12)
For a fixed integer k > 1, we let A = Z;’:k a Ay jij, and we note that

2 _ 32 2
AP = 22, +... 2,
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where ||.|| is the Frobenius norm. We further let L; = (VA1y1, VA2Y2, ..., VAcyx), which presents a p X k matrix.
Thus, $* can be written as,

i* = LkL; + Ayg.

Respectively, Z, ..., Z, can be approximated by
/,tj+b}—W+Kj:,uj+77j+Kj, j=1,...,p, (213)

where b; = (bji,...,b)" and (byj,...,bp)" = \//l_jyj. The vector W = (Wy,...,W)T ~ Ni(0, ;) is called
the vector of common factors, and these factors are stochastically independent of each other. The random vector
(Ky,..., K,,)T ~ N,(0,Ay) is called the vector of random errors, and it is assumed that factors and random errors
are stochastically independent. We can think of (2.13) as an approximation of the data-generating process for
Zi,...,Z,. In this interpretation, ¢; = 0 corresponds to the true null hypotheses, and u; # 0 corresponds to the

false null hypotheses.

It is essential to choose the number k of factors carefully. On the one hand, it is important to choose k large
enough to capture most of the dependencies among Zi, ..., Z,. On the other hand, a small & stabilizes the compu-
tations, both from a numerical and from statistical point of view. In [38], the authors have discussed one way to

determine a suitable value of k. Concretely, the authors proposed to choose the smallest k such that

2 2
/lk+1+...+/l[,

— <€ 2.14)
Ai+...+4,

where € is some small number, for example, 0.01. It has been pointed out in [37] that an overestimation of k does
not invalidate the approximation of the FDP, as long as the factor approximation of £* can still be estimated with

reasonable accuracy.

Based on the aforementioned derivations, we consider the “principal factor” FDP estimator from Proposition 2

in [38], which is given by

FDP(f) = min{
J

P

|©(a(zip + 7)) + laj(zip = 7)) ,R(r>} IR(t) 2.15)
=1
whenever R(r) # 0, and FDP(1) = 0 in the case of R(t) = 0. In (2.15), a; = (1 = Xf_; b%)™"? and R(t) = {; :
2®(—|Z;|) < 1} is the (total) number of rejections for a given ¢, where @ and z;/, = ®~1(z/2) are the cumulative
distribution function and the lower ¢/2-quantile of the standard normal distribution on R, respectively. The (un-
adjusted) two-sided (random) p-value corresponding to Z; is given by P; = 20(—|Z;]) = 2(1 — ®(|Z;])), and this

p-value is thresholded at f for every j € {I,..., p} when computing R(¢). Furthermore, 7; = ZIZ:1 bw; is an
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estimator for n; = bjT.w, where w = (wq,...,wy)" denotes the value of W = (W, ..., W)T.

The estimator in (2.15) relies on the intuition that large |u;|’s tend to generate large |z/|’s, meaning that false
null hypotheses tend to produce large Z-statistics (in absolute value). Furthermore, the estimator in (2.15) relies
on Assumption 1, namely, that the number p, of true null hypotheses is close to p. This assumption justifies the
summation over all j from one to p in (2.15). Different FDP estimators have been compared in [95], and under
sparsity in the aforementioned sense, the author has proposed to use the estimator from (2.15). There are several
reasons why the assumption of sparsity is plausible in our study. Firstly, due to high sensitivity during sample
preparation and acquisition, there is evidence of a small signal-to-noise ratio. Secondly, a reasonable assumption
is that solely a tiny fraction of molecular masses are distinctive for a cancer association. In fact, we have applied
the proposed method to real MALDI data, where there have been characterized five biomarkers (i. e., biologically
meaningful covariates) out of a couple of thousands of measured covariates.

In order to evaluate (2.15) in practice, it remains to specify the estimator of w. In [38], the authors have
proposed to construct this estimator by means of L,-regression or by means of L;-regression, respectively. For the
former, the authors proposed to include only the 95% smallest |z;|’s in the regression fit. Specifically, the estimator

based on L,-regression is given by
10.95p]

A . C_ KTa2
i = arg min ; ;- b2, (2.16)

where we assume that the Z;’s in (2.16) are ordered from small to large according to their absolute values. This

estimator has been used in our simulation study. The estimator based on L;-regression is given by
P
Y = arg min Z \1Z;— b7y, (2.17)
veRK o J

We adopted L;-regression rather than L,-regression, because it is more robust to outliers. The consistency of W has
been discussed in [38] under model assumptions that are similar to ours.

Finally, the dependency-adjusted (random) p-values corresponding to the Z;’s are given by
P =20(-lajZ; - b]TW)l). (2.18)

The null hypothesis Hy; from (2.11) gets rejected based on the observed data, iff p; <7, 1 < j < p. In this, the
data-dependent rejection threshold is chosen as the largest value ¢ = ¢, € [0, 1] such that F/D\P(ta) is not exceeding

a pre-defined level a. In practice, a (grid) search algorithm can be employed to find the value 7, for a given level a.

2.2.5 Schematic description of the entire data analysis workflow

Algorithm 1 provides a step-by-step description of the proposed data analysis workflow.
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Algorithm 1: The Logit-PFA method
1: Fit the marginal logistic regression model with the logit link function for each j € {1,..., p} separately on the
basis of (Xﬁ.i) cl1<i<nyand Y :1<i<n).

(1.1) Find the maximum-likelihood estimates for 3 ;and &;.

(1.2) Calculate the standardized score contributions ¥, ; based on ,@ ; fori € {1,...,n} and stack them on top of
each other to build a vector ‘i’i.

(1.3) Calculate the estimated covariance matrix 3, given in (2.8), based on (‘i’i : 1 <i < n), and obtain the
correlation matrix pertaining to 3.

(1.4) Calculate the Z-statistics given in (2.9).

2: Choose a grid G C [0, 1] of candidate values for the rejection threshold ¢.

3: Based on the Z-statistics, evaluate R(¢) for eacht € G.

4: Apply singular value decomposition to the correlation matrix pertaining to 3, and determine an appropriate
number of factors k. Then, extract the corresponding factor loading coefficients
bp:j=1,....,p;h=1,...,k}.

5: Obtain the estimate W of the values of the common factors by means of regression; cf. (2.16) and (2.17),
respectively. Plug these factor estimates into (2.15), and obtain the estimate F’D\P(t), foreachr e G.

6: For a given value of @ € (0, 1), find the largest value 7, € G fulfilling F/Ii’(t[,) <a.

7: Obtain adjusted p-values according to (2.18).

8: Threshold the adjusted p-values at ¢,.

2.3 Computer simulations

In this section, we illustrate the performance of the proposed approach based on simulated data under different
data-generating processes. Specifically, we consider the sample size n = 400, the number of false nulls hypotheses
p1 = 10, and the total number of hypotheses p € {500, 1000}. For each combination of these parameters, 1,000
simulation runs have been performed. For a given value of p;, we assume without loss of generality that 8; # 0 for
J€1{l,..., pi}, while the pg true nulls with §; = 0 correspond to the coordinates j € {p; +1,..., p}. We employed
the least-squares estimator, defined in (2.16), for the estimation of the values of the common factors. For each

observational unit i € {1,...,n}, the simulation data have been generated according to the model

exp (271, X'

Pe(Y? = 11X7) = _ (2.19)

1+ exp( f;]ﬁjX;))
for the response variable Y given the covariate vector X = (XY), .. ,Xg)). Moreover, we have set 3; = 1 for all
je{l,..., p1}. Asremarked, for instance, in Section 3.2 of [116], the marginal logistic regression model given by

(2.1) is, in general, incorrect if the true model is a multiple logistic regression model as in (2.19) with continuous
covariates. However, the regression coeflicient pertaining to covariate X is zero in both models if the distribution
of Y does not depend on X; and X is stochastically independent of all those covariates which have an influence

on Y. In this sense, screening for potentially relevant regressors by marginal models is still meaningful under
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the multiple logistic regression model given in (2.19). The considered data-generating distributions for the vector

X =(Xi,...,X,)" are provided in Model 1.

Model 1
Scenario 1: Xy, ..., X, are stochastically independent and identically N(0, 1)-distributed random variables.
Scenario 2: X, ...,X, are jointly normally distributed on RP. The parameters of their p-variate joint normal

distribution have been chosen such that each X is marginally N(0, 1)-distributed, j = 1, ..., p. Furthermore, the
correlation coefficient Corr(Xj,, X;,) equals p for all 1 < ji < jo, < pyaswellasforallpy+1 < j < jo <p
(Gaussian equi-correlation model). The subvector (X; : 1 < j < py) is stochastically independent of the subvector
(X : pr +1 < j < p), to avoid spurious effects of covariates X; with py +1 < j < p on the response variable
which arise from confounding of covariates X; with 1 < j < py.

Scenario 3: As Scenario 2, but now (X; : 1 < j < py) are stochastically independent and identically N(0, 1)-

distributed random variables.

Table 2.2: Simulation results under Scenario 1 (I). The total number of hypotheses equals p = 500 in the first row
and p = 1,000 in the second row; the number of factors equals k = 10; the rejection threshold equals ¢ = 1074,
except for the last column.

Median of ~ Standard Error  Average of  Standard Error  Average of  Standard Error

FDP(7) of FDP(f) R(1) of R(?) S() of S (1) Median of 0,05
0.004144 0.000918 6.930 1.247 6.892 1.236 1.24e-03
0.009116 0.002175 6.965 1.270 6.898 1.228 6.6e-04

Table 2.3: Simulation results under Scenario 1 (II). The total number of hypotheses equals p = 500 in the first row
and p = 1,000 in the second row; the number of factors equals £ = 10; the rejection threshold equals ¢ = 0.005.

Median of ~ Standard Error  Average of  Standard Error  Average of  Standard Error

FDP(f) of FDP(?) R(t) of R(?) S(1) of S(f)
0.158180 0.022796 11.774 1.664 9.519 0.632
0.277878 0.045845 14.062 2.194 9.517 0.650

Table 2.4: Simulation results under Scenario 2 (I). The total number of hypotheses equals p = 500; the number of
factors equals k = 1; the rejection threshold equals t = 107*, except for the last column.

Median of ~ Standard Error ~ Average of  Standard Error

0 FDP(7) of FDP(?) R(t) of R(?) Median of .05
0.2  0.001395 0.009750 10.030 0.182 2.41e-03
0.5 0.000131 0.024349 10.025 0.250 7.41e-03

0.8  0.000099 0.018323 10.021 0.572 3.49¢-02
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Table 2.5: Simulation results under Scenario 2 (II). The total number of hypotheses equals p = 1000; the number
of factors equals k = 1; the rejection threshold equals # = 1074, except for the last column.

Median of Standard Error Average of  Standard Error

P FDP(f) of FDP(¢) R(1) of R(?) Median of 05
02  0.002842 0.014190 10.082 0.306 1.28¢-03
0.5  0.000167 0.028907 10.059 0.400 4.69¢-03
0.8  0.000099 0.024967 10.028 0.447 2.74e-02

Table 2.6: Simulation results under Scenario 3 (I). The total number of hypotheses equals p = 500; the number of
factors equals k = 1; the rejection threshold equals r = 107#, except for the last column.

Median of ~ Standard Error ~ Average of  Standard Error Average of  Standard Error

p FDP(1) of FDP(?) R(t) of R(1) S(t) of S (1) Median of 79 s
02  0.002292 0.012646 6.915 1.256 6.902 1.240 2.41e-03
0.5  0.000221 0.026264 6.920 1.313 6.898 1.240 7.41e-03
0.8 0.000142 0.021452 6.907 1.295 6.895 1.237 3.49¢-02

Table 2.7: Simulation results under Scenario 3 (II). The total number of hypotheses equals p = 1000; the number
of factors equals k = 1; the rejection threshold equals # = 107#, except for the last column.

Median of ~ Standard Error  Average of  Standard Error ~ Average of  Standard Error

P F/D\P(t) of F/D\P(t) R() of R(¢¥) S of S(¥) Median of #g o5
0.2 0.004194 0.021576 6.938 1.318 6.872 1.272 1.28e-03
0.5 0.000250 0.039067 6.916 1.328 6.870 1.273 4.69e-03
0.8 0.000143 0.024121 6.871 1.288 6.877 1.273 2.74e-02

For the simulation of correlated independent variables, we have used the function rmvnorm from the R (see
[87]) package mvtnorm. Furthermore, we have used the function pfa.test() from [36] for implementing the
principal factor approximation method. In Tables 2.2 - 2.7, we report summaries (over the 1,000 simulation runs)
of F/D\P(t), R(1), and S (¢) for fixed values of ¢, and we report the median value of z, for the common choice of
a = 0.05.

Tables 2.2 - 2.3 summarize our simulation results under Scenario 1. Here, due to joint independence of the test
statistics, # s is rather small because the “effective number of tests” (in the sense of Section 3.4 in [27] and the
references therein) equals p under joint independence of the test statistics, meaning that a rather strong multiplicity
correction is required. On the other hand, the standard error of F/D\P(t) is rather small under Scenario 1, too, because

the FDP concentrates well around its expectation (the FDR) under joint independence of all p test statistics. The
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results given in Tables 2.4 - 2.5 refer to Scenario 2 of Model 1, and Tables 2.6 - 2.7 refer to Scenario 3. Under
Scenarios 2 and 3, the effective number of tests is smaller than p whenever p > 0, and it decreases with increasing
p. Thus, fy s increases with p, too. Under our Scenario 2, the considered multiple test always rejected all ten false
null hypotheses. For this reason, we do not report summaries of S (¢) in Tables 2.4 and 2.5. The reason for the high
power of the multiple test under Scenario 2 is, that the correlation among (X; : 1 < j < p;) amplifies the signal
strength for each j € {1,..., p;}. Under Scenario 3, where the relevant regressors are stochastically independent,
the power of the multiple test is smaller than under Scenario 2, such that on average, only approximately seven of

the ten false null hypotheses can be rejected by the multiple test considered in Tables 2.6 and 2.7.

2.4 Real data analysis

2.4.1 Description of the dataset

We applied the proposed multiple testing approach to a MALDI IMS data frame introduced in [60]. The authors
([60]) have characterized five biomarkers. Broadly speaking, biomarkers are biologically meaningful molecules
indicative of a distinct biological state or condition (cf. [94]). Statistically speaking, biomarkers are well-identified
predictors that can be used to accurately predict relevant clinical outcomes, and also, they are an apt starting point
for an evaluation of any statistical model. The aforementioned data frame has been re-analyzed by several re-
searchers; cf. [16], [63], and [9]. Therefore, we refer to the aforementioned references for an extensive description
of the data frame. Here, we only give a brief overview of sample acquisition, data preparation, measurement, and
data processing.

FFPE lung tumor tissue samples for this study were provided by the bank of the National Center for Tumour
Diseases (NCT, Heidelberg, Germany). Cylindrical tissue cores of non-small cell lung cancer were taken from
304 patients, where 168 patients were associated with primary lung adenocarcinoma (ADC), and 136 patients
were associated with primary squamous cell carcinoma (SqCC). Cylindrical tissue cores of all tissue samples were
collected in eight TMA blocks in total. Lung cancer is the leading reason for cancer-related deaths worldwide, with
around 1.59 million reported deaths in 2012 (for more concrete numbers, see, e. g., [60] or [88]). Two primary
lung cancer categories are determined, namely small cell lung cancer and non-small cell lung cancer (NSCLC),
whence the latter constituted around 85% of all cases. The two most fatal histological NSCLC entities are ADC
and SqCC, compromising approx. 50% and approx. 40% of all lung cancers, respectively. Differentiation of these
two subtypes is critical for the choice of chemotherapy regimens and further test strategies.

Tissue sections were cut from all TMA blocks and treated in accordance with a previously published protocol
for tryptic peptide imaging; cf. [20]. MALDI data were obtained through an Autoflex speed MALDI-TOF instru-

ment (Bruker Daltonik) in positive ion reflector mode. Spectra were measured in the mass range 500-5000 m/z
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at 150 um spatial resolution using 1600 laser shots. Tumour status and typing for all cores were confirmed by
standard histopathological examination; cf. [16]. Afterwards, the raw spectral data was loaded into SCiLS Lab
(version 2016b, Bruker Daltonik), the standard baseline correction was performed (convolution method of 20),
and total-ion-count (TIC) normalization was employed. The normalizing step is crucial in order to reduce the
laboratory variation resulting from day-to-day instrument fluctuations or biological artifacts coming from sample
preparation. Finally, spectral smoothing was performed to intervals of 0.4 Da (dalton) width (cf. [97]), and the
remaining 4,669 spectra were pruned to the mass range of 800 — 2,500 (outside of this interval, m/z values were
not considered), resulting in 1,699 m/z channels (columns).

In summary, we worked on a MALDI data set where all data-processing steps are based on standard protocols.

It is out of the scope of this paper to compare different data-processing steps, like normalization, smoothing, etc.

2.4.2 Results of the data analysis

Figure 2.1 displays two mass spectra from both cancer subtypes, where the m/z values are illustrated on the hor-
izontal axes, while the vertical axes refer to the relative abundances (intensities values) of ionizable molecules.
These two graphs represent unique and specific spots within a patient’s tissue and correspond to two mass spectra.
Therefore, we have modeled each pixel marginally to identify which m/z values (based on 0.4 DA) are distinctive
for a particular cancer subtype. We refer to [9] (see their Figure 1) for a more detailed illustration of the pipeline
from a tissue to a single spectrum.

As discussed in [33, 32], the density of the empirical distribution of all Z-values does, in general, not coincide
with the density of the standard normal distribution on R, even if almost all p null hypotheses are true. The reason
for this phenomenon, which can also be observed in our data (see Figure 2.2), is the presence of dependencies
among the Z-statistics, as well as the presence of some extreme outliers, which presumably correspond to strong
effect sizes. In particular, these effects lead to an inflation of the variance of the null distribution of the Z-statistics.
However, we nevertheless have that the Z-statistics of the previously identified biomarkers lie in the tails of the
distribution. Namely, their Z-statistics are large in absolute value and might be declared as statistically significant.
Note that we consider an absolute value for the Z-values since we wish to find distinctive m/z values for either
cancer subtype.

To disentangle the two sources for variance inflation (correlations among the Z-statistics and extreme outliers),
we employed the method described in Section 5 (specifically, around Equations (53)-(55)) in [33]. This method
suggested for our data a spread of approximately 2.63 in the central part (which presumably corresponds to true
null hypotheses) of the empirical Z-score distribution. Thus, following the recommendation in [33] to “empirically
correct” the null distribution, we divided all Z-scores by 2.63 prior to the following steps of data analysis. Notice

that this re-scaling of the Z-scores is not an (essential) part of our proposed methodology but has been applied to
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Figure 2.1: Two exemplary MALDI spectra. Two unique and specific spots within a tissue. Each of these spots
represents a mass spectrum.

our real data for the sake of better comparability with the simulation results presented in Section 2.3. If we would
omit the re-scaling, the p-values reported in Table 2.9 as well as the plausible rejection thresholds listed in Table
2.8 would both be given on a smaller scale. The test decisions, however, would stay the same for all j, because the
re-scaling does not alter the ordering of the Z-scores.

The next step of the data analysis has been to determine an appropriate number k of common factors. To
this end, we performed the proposed data analysis workflow described in Algorithm 1 over a range of different
candidate values for k and compared the results. As documented in Figure 2.3, the estimated number of false
discoveries as well as the estimated FDP are rather stable for k € {6, ..., 9}. Based on this and for stability reasons,
we chose k = 6 for our actual data analysis.

The main results of our real data analysis are illustrated in Figure 2.4. It is evident that R(?), V(t) and F/Di’(t) are
increasing in the rejection threshold . For 7 € [6 x 107#, 8 x 107], the estimated FDP lies between approximately
6 % and approximately 23%. This indicates that most of the smallest p-values correspond to false nulls (leading to
true discoveries). Table 2.8 lists the total number of rejections as well as the estimated FDP for several plausible
choices of ¢.

The Logit-PFA method indicates, as highly significant, m/z values that are closely related to the five biomarkers
identified by [60], for all considered thresholds 7. These findings were confirmed by the dependency-adjustment

method and also by the original Z-statistics with a fixed threshold value. Table 2.9 lists the 20 top-ranked (i. e., most
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Figure 2.2: The empirical distribution and fitted normal density curve of the Z-values for the MALDI data. Due
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the non-adjusted p-values have a lot of mass around zero.
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Chapter 2: Multiple two-sample testing under arbitrary covariance dependency 27

0.8-
-
- -
- -
- -
-
-
1000- 750- ®
0.6- -
-
- -
- = =
d - Py -
= L -
= - kS -
= 750- . 8 500- 5 -
o - g = © oa- -
= L E -
- vh} S -
- y 5 -
- - <C -
= - -
-
500 - = 250 - = .
" -
-
- = 0.2- =
.. - -
- - -
-
- =L “e
- s ‘s
s ."\\ e,
S .
250 - o
1 2 3 1 > 3 1 2 3
-log(t) -log(t) -log(t)

Figure 2.4: Main results: Total number of rejections, estimated number of false rejections, and estimated FDP,
as functions of the threshold 7. For the sake of presentation, the values of the f-axis are provided on a negative
logarithmic (base 10) scale.

significant) null hypotheses (m/z values) for both cancer subtypes and thereby illustrates the overall significance of
the five previously identified biomarkers which are indicated by stars in Table 2.9. For a comparison to the findings
published previously in [60, 16, 63], we attribute the values m/z = 1410.7 Da and m/z = 1411.7 Da to the peak
of a peptide of the CKS5 protein and its second isotopic peak. In addition, the values m/z = 1877.9 Da and m/z =
1905.9 Da appearing in Table 2.9 are likely to be attributable to peptides of the proteins CK15 and HSP27. The
m/z value = 1406.7 Da, indicating a negative direction, is likely associated to a peptide of the CK7 protein, which
indicates to be efficient for the identification of ADC in the lung. The biomarker at m/z = 1821.9 can be attributed

to a peptide CK15 protein distinctive for SqCC.

2.5 Discussion

From the statistical perspective, we have proposed an inferential framework for two-sample comparisons in high-
dimensional settings when the test statistics have an arbitrary correlation structure. The major assumptions un-
derlying the proposed methodology are (i) sparsity in the sense of Assumption 1, (ii) asymptotic normality of the
vector of test statistics, and (iii) that the dependency structure among the test statistics can be described accurately
by a factor model. To account for the high multiplicity of the considered applications, our criterion for type I error
control is to keep the estimated value of the false discovery proportion at a given value of @. In the presence of

strong dependencies among test statistics, the FDP is typically not well concentrated around its mean (the FDR),
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and hence many authors have considered FDP control as the more appropriate criterion than FDR control under
strong dependencies; see, e. g., ([13]) and the references therein. Under slightly different model assumptions than
ours, in [38], the authors have provided conditions under which the approximated FDP value is close to the true
value of the FDP with high probability if PFA is applied. Whenever such conditions are fulfilled, (approximate)
FDP control can be achieved with the proposed methodology.

From the application perspective, we have applied the proposed method to a MALDI imaging data frame with a
large number of covariates (m/z values). The results derived from the proposed method are consistent with already
reported insights about this data frame. Reliable statistical modeling of MALDI data is a challenging task; cf., e.
2., ([93]). Our approach based on MMM does not rely on heavy assumptions. Essentially, it is assumed that the
(binary) phenotype of interest is associated with certain m/z-values and that this association can be described by a
(marginal) logistic regression model for each m/z-value separately. These assumptions are well established in the
statistical theory of modeling binary data; see, e. g., ([1]).

There are several possible directions for future research: First, it may be interesting to consider other supervised
statistical learning models (for instance, neural networks with more than one layer) instead of the logistic regression
model proposed in this work. Second, it is of interest to quantify the uncertainty about the realized FDP for different
threshold values, with the goal of providing a confidence region for this realized FDP, in addition to a mere point
estimate. Third, it is of interest to analyze the statistical properties of MALDI data in a more detailed manner, which
may allow for joint modeling (after potential dimension reduction) instead of the MMM-based approach presented

here. Finally, it will be worthwhile to consider categorical response variables with more than two categories.

Table 2.8: Number of rejections and estimated FDP for several plausible rejection thresholds.

Threshold r R(r) FDP($)
823¢:03 405 0.2304
3.70e-03 352 0.1524
24803 322 0.1263
1.36e-03 291  0.0926
9.12¢-04 275 0.0746
6.11e-04 262  0.0596
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Table 2.9: The top 20 ranked m/z values based on their re-scaled Z-scores for both cancer subtypes. Those m/z
value that are presumably related to the five previously identified biomakers are indicated by the symbol * in both

subtables.

(a) The most sign. m/z-values for ADC (b) The most sign. m/z-values for SqCC

m/z values Z-scores P-values m/z values Z-scores P-values
1407.7* -9.52 <107  1410.7% 12.31 <107
1406.7 -9.05 <107% 14117 11.9 <107
1234.6 -7.76 <107 865.43 11.44 <107°
975.48 -7.58 <10™° 8104 10.5 <107
1813.9 -7.56 <107% 87843 10.15 <107°
1293.6 -7.12 <107 1877.9% 9.88 <107
1476.7 -7.04 <107° 1821.9% 9.73 <107
1516.8 -7.03 <107% 18789 9.58 <107
1277.6 -6.80 <107 14397 9.37 <107°
2247.1 -6.80 <107 18229 9.24 <107°
2246.1 -6.59 <107 14377 8.98 <107°
1292.6 -6.46 <10°% 14127 8.96 <107
2248.1 -6.45 <107% 1879.9 8.92 <107
1812.9 -6.35 <107  1438.7 8.42 <107
1838.9 -6.30 <1078 14257 8.42 <107
1641.8 -6.06 <107 866.43 8.27 <107°
1814.9 -5.95 <107%  1905.9% 8.19 <107
1738.9 -5.93 <107% 18239 8.13 <107
1705.8 -5.85 <107  1906.9 8.07 <107
1512.7 -5.79 <107  879.44 8.01 <107
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Abstract:Modern high-throughput biomedical devices routinely produce data on a large scale, and the analysis
of high-dimensional datasets has become commonplace in biomedical studies. However, given thousands or tens
of thousands of measured variables in these datasets, extracting meaningful features poses a challenge. In this ar-
ticle, we propose a procedure to evaluate the strength of the associations between a nominal (categorical) response
variable and multiple features simultaneously. Specifically, we propose a framework of large-scale multiple testing
under arbitrary correlation dependency among test statistics. First, marginal multinomial regressions are performed
for each feature individually. Second, we use an approach of multiple marginal models for each baseline-category

pair to establish asymptotic joint normality of the stacked vector of the marginal multinomial regression coeffi-
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cients. Third, we estimate the (limiting) covariance matrix between the estimated coefficients from all marginal
models. Finally, our approach approximates the realized false discovery proportion of a thresholding procedure
for the marginal p-values for each baseline-category logit pair. The proposed approach offers a sensible trade-off
between the expected numbers of true and false findings. Furthermore, we demonstrate a practical application of
the method on hyperspectral imaging data. This dataset is obtained by a matrix-assisted laser desorption/ionization
(MALDI) instrument. MALDI demonstrates tremendous potential for clinical diagnosis, particularly for cancer

research. In our application, the nominal response categories represent cancer (sub-)types.

3.1 Introduction

Many datasets in various scientific disciplines, such as neuroimaging, genomics, brain-computer interfacing, and
others, are nowadays high-dimensional. Such datasets are frequently analyzed by means of large-scale multiple
testing simultaneously for some phenotype — for example, cancer (sub-)types — on each feature among thousands
of features. This approach has multiple applications in the life sciences (see, [26]). At least since the seminal
publication by Benjamini and Hochberg ([11]), control of the false discovery rate (FDR) is a commonly used
type I error criterion in high-dimensional multiple test problems. However, applying the well-known Benjamini-
Hochberg (henceforth, BH) procedure (cf. [11]) or Storey’s procedure (see [105, 106]), which have originally been
designed for stochastically independent or weakly dependent p-values, respectively, can lead to an FDR inflation
under certain forms of (strong) dependencies (see, among others, in [33, 32, 38, 62]). Under the assumption of
positive regression dependency on subsets (PRDS), the BH procedure still controls the FDR (cf. [12]), but checking
the validity of the PRDS assumption on the basis of a sample is far from trivial and only established for a limited
number of special cases like, for example, elliptically distributed vectors of test statistics ([14]).

For these reasons and with the goal of optimizing the statistical power of the multiple test under the constraint of
(at least asymptotic) FDR control at the desired level, multivariate (FDR-controlling) multiple tests have drawn a lot
of attention over recent years (for more details, see [27]). A multivariate multiple test incorporates the dependence
structure among test statistics or p-values, respectively, or an estimate thereof, explicitly in its decision rule. Large-
scale multiple testing under general and strong dependency remains challenging and an active research topic in
modern statistics ([38, 62, 108, 44]). Among other approaches like, for instance, considering block dependencies
in genetics (cf. [102, 103, 50]), several multi-factor models have been proposed to model dependencies among
test statistics (see in [38, 62, 44, 33, 32]). In particular, a general framework to approximate the false discovery
proportion (FDP) has been introduced in [38] (cf. also [37]). It employs a so-called principal factor approximation
(PFA) of the (estimated limiting) covariance matrix of test statistics, assuming that these test statistics are (at least
asymptotically for large sample sizes) jointly normally distributed. The general strategy of the approach is to

apply a spectral decomposition of the aforementioned covariance matrix and then to deduct its principal factors
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that mostly induce the strong correlation dependency. A more recent procedure has been proposed in the context
of FDR control under arbitrary (covariance) dependency (cf. [28]). This approach does not heavily rely on the
assumption of the (asymptotic) normality of the test statistics and can be utilized even in the case of an unknown
covariance matrix among the test statistics.

Biological datasets generated by advanced high-throughput devices typically contain thousands of measured
variables, many of which are related. In this work, we consider a dataset obtained by a matrix-assisted laser
desorption/ionization (MALDI) imaging mass spectrometry (IMS) tool, also known as MALDI imaging. MALDI
has advanced considerably and demonstrates immense potential in numerous pathological applications (see in [59,
16]). MALDI-generated datasets contain thousands of measured variables (corresponding to molecular masses),
many of which are (highly) related (cf. [63]). Since MALDI data do not generally exhibit dependencies in blocks,
it has recently been advocated to model dependencies among MALDI features by means of factor models and
to employ PFA in the context of multiple two-sample comparisons based on MALDI data (for more details, see
[115]). In the present work, we extend our previous work by proposing a (multivariate) generalization to multi-
sample comparisons, meaning that simultaneous inference with more than two nominal classes can be performed.

In this work, we deal with multiple multi-sample hypotheses testing under arbitrary correlation dependency, in
particular in the case of more than two samples or categories, respectively. We do so under the scope of multiple
marginal multinomial regression models and by applying the PFA methodology. In general, multinomial regression
is a specific case of multivariate generalized linear models (GLMs), where (categorical) outcome variables are
expressed as multi-dimensional vectors ([34]). As a result, our methodology performs multi-sample group testing
simultaneously across these categorical groups. An essential step in our framework is the approximation of the
joint null distributions among all marginal fits. In the present work, we exploit the framework of multiple marginal
models (MMM) (cf. [83]). The classical setting of the latter is provided by modeling data with multiple outcome
variables ([79]). Often, those studies consider procedures to control the family-wise error rate (FWER) with
respect to type I errors (cf. [80, 89]). In our study, however, each "endpoint" (comparison) refers to a single
independent (i.e., explanatory) variable, where the number p of independent variables under consideration is in
the thousands. In the context of high-dimensional studies, it is well-known that FWER-controlling procedures are
conservative and typically lead to substantially less statistical power than procedures that control the proportion of
false discoveries (e.g., [29, 11]). A computationally efficient alternative to the MMM approach, based on score test
statistics, has been proposed recently (see in [50, 91, 96]). The latter methodology needs only one fit of a GLM
model. However, this methodology requires a data regime in which p < n , where n denotes the sample size, in
order to approximate the (limiting) covariance matrix with sufficient accuracy. We call our method multinomial-
principal factor approximation ("Multi-PFA").

The remainder of this article is structured as follows. In Section 3.2, we present the proposed multi-sample

multiple testing approach. Section 3.3 is dedicated to a simulation study given different data-generating scenarios.
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We demonstrate the practical application of the proposed approach to hyperspectral data in Section 3.4, and we

conclude with a general discussion and outlook in Section 3.5.

3.2 Proposed Methodology

3.2.1 Data Structures

MALDI imaging data are typically stored in an n X p matrix X = (x; j)llgé,; , where the entry x;; corresponds to an
intensity value of the i-th mass spectrum at the j-th mass-to-charge ratio (m/z) value. Since MALDI data represent
molecular masses of ionizable molecules, all entries of the data matrix X are non-negative (cf. [4]). However,
our proposed framework makes no explicit assumption that data points have to be non-negative. Furthermore,
our framework can also work with discrete covariates. We approach the biological challenge of analyzing the
associations between (individual) m/z values (predictors (X;)i<j<,) and several cancer (sub-)types (categorical
response Y) by carrying out multiple statistical hypothesis tests simultaneously. Under the j-th null hypothesis
Hyj, there is no association between X; and Y, and we aim at testing the p null hypotheses Hoy, ..., Hy, (against
their two-sided alternatives Hjy, ..., H;,) simultaneously based on one and the same dataset. Throughout the
remainder, we assume that Y is a (random) nominal outcome variable, meaning that the response categories are

unordered. Hence, for each j € {1,..., p}, the tuple (X, ¥) takes its values in Ry X {1,2, ..., g}, where we denote

by ¢ the number of (response) categories, and R denotes the set of non-negative real numbers.

3.2.2 Marginal Modelling for Categorical Responses

First, we model marginal associations for each predictor X; individually. The reason for considering marginal
modeling relies on the fact that we consider an inferential framework in which the number of covariates is either
quite large or even (much) larger than the number of observational units (n<p). Thus, a model that includes all
predictors in a single model cannot be fitted (reliably). However, this condition is not obligatory, and the proposed
approach is also applicable to other data regimes. In the context of large-scale multiple (association) testing,
marginal linear regression models have been adopted to test an individual hypothesis for each predictor (see, [7,
38]). Marginal GLMs, for positive outcome variables, have been considered in situations where the focus is on
an inferential process around the mean of the response given a group of predictors ([8]). Also, marginal logistic
regressions have been utilized to analyze child obesity in [82] with the usage of generalized estimating equations
for jointly estimating (univariate) associations (for more details, see [64]).

For this section, let j € {1,..., p} be arbitrary, but fixed. To model the conditional distribution P(Y|X}),
we assume a marginal multinomial regression with a canonical (logit) link function. In general, these response

categories cannot be treated as a one-dimensional response, and we have to establish a dummy variable for each
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category. We, therefore, have a multivariate outcome variable ([1]). One (response) category is used as a baseline,
and the multinomial logistic model is established by pairing each (except one) nominal response category with the
baseline. Throughout this article, the response category ¢ is used as the baseline. Furthermore, we mainly consider
the case of ¢ = 3 throughout the remainder for concreteness and because of its relevance to the application that we
will present in Section 3.4. For each (marginal) fit, we consider intercept terms « . and slope parameters ., for
c €{l,...,q — 1}. We denote the observables (regressor and response variable) for the j-th marginal regression
fit by (Xy), YD) <icy, and we assume that these tuples are stochastically independent and identically distributed
bivariate random vectors, each having the same (joint) distribution as (X, Y). For observational uniti € {1,...,n},

our model equation for the c-th baseline-category logit is given by
0 _ (D) i _ Dy) — @ D) _ (D)
log (P(Y§.> = 1X{)/P(rY = 11x{ )) = log (njlc /njq) = aje +BicX, (3.1)

where Yc(i) denotes the dummy indicator for category ¢ € {1, ..., g—1} pertaining to observational uniti € {1,...,n},

and ”Elc) = P(Yc(i) = 1|X5,i)) by definition. The unknown model parameters (@, 8jc)1<c<q-1 can be estimated by the

maximum (log-) likelihood (ML) principle. To this end, we follow the derivations in Section 7.1.4 of the book by
: @ _ (@) (@) (@) @ _ () (i) () Teals

[1]. Given that n;q =1- nj’l - 7rj’2 - - ﬂ'ij_l aswellas V' = 1-Y," =Y — ... - qu_l, the log-likelihood

contribution for the i-th observational unit is under the model specified in (3.1) given by

ey b . Ul !
") S 1= 5o i 5

c=1 c=1 c=1 c=1
q-1 ﬂ(f) q-1
— (i) J< _ (@)
= Y.” log 1 T 0 +log|1 ﬂj(]. (3.2)
c=1 c=1 ﬂjc c=1

Substituting log(x') /) = ;e + X(Bjc as well as n') = 1/{1 + £ exp(ac + X{)B;)} in (3.2), we find that

Jq
0(@je.Bicl?. X)) = max > { D YO+ XPBie) —log[1+ > explaje + X\B jc)]}, (3.3)
=L e=1 c=1

where ¢ stands for the log-likelihood function, and &;. and j3;. denote the ML estimators. In practice, the estimation
is carried out conditionally to the actual observed values of the response indicators and the regressors, leading to

the numerical values of the ML estimates.

In this work, we are interested in testing simultaneously two families of hypothesis-alternative pairs, which are
given by
Hyje : Bjc =0 versus Hyjc: B #0, j=1,...,p, c€{l,2}, (3.4

for ¢ = 3. By means of testing the hypotheses in (3.4), we make binary decisions (rejection or non-rejection)
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for both baseline-category sets, consisting of p null hypotheses each, based on the data at hand. In the MALDI
context, this means that we aim at identifying the most distinctive m/z values for the cancer association, where

three different cancer types are considered in our application.

3.2.3 Multiple Marginal Models

The following (second) step of the proposed framework is to combine all marginal fits and to approximate the
joint null distribution of all ML estimators for each baseline-category pair. To do so, we exploit the approach for
jointly estimating the parameters of multiple marginal models developed in [83] and apply this approach to the
marginal models explained in the previous section. Notice that our modeling approach implies that the regression
parameters are unique to one model j and are not shared by any two models j; # j,. In addition to that, the
intercepts (@jc)i<j<p, ce(1,2) are nuisance parameters in the sense that the hypotheses in (3.4) solely concern the

Bj.’s. However, the intercepts (@) 1<j<p, ce(1,2) contribute to the estimation and the standardization of §.’s.

The methodology in [83] yields a central limit theorem for the two p-dimensional random vectors 3, =
(Blc, o, BPC)T, c € {1,2}. This is accomplished by stacking the standardized score contributions of the [3’ ic’S
across all p marginal models, for each baseline-category pair. To this end, it is used that, under standard regularity
assumptions (like finite variances and non-vanishing limiting relative category frequencies), each ML estimator

ﬁ(jlc) admits the asymptotic (i. e., n — oo0) representation (see [83])

. 1+
Bie =PIV = = Wi + os(1), (3.5)
i=1
Nl 5 -1 . . . . . .
where ¥, = <Fj.')) Wi, (F ;')) is the relevant row of the inverse Fisher information matrix of the model
specified in (3.1) that corresponds to coordinate j for the i-th observational unit, ¥, jc s the score function pertaining
to coordinate j and category c for the i-th observational unit, and op(1) indicates a sequence of random variables

converging to zero in probability.

Elementary calculations yield that (¥;;;, ¥ jz)T is given by the second and the fourth coordinate of the four-

variate vector
-1
0) oD (T (i) 0 _ @)y _ O\ (\T
(((”jc X = ) a2 [ (L. xP)T(1.X] ))c,c’e{l,Z]) (1 =7~ ) )®(1’Xj) ’ (3.6)

where

- — /
1, if c=¢,

Ic=¢")=
0, if ¢+,
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. 0g.
W exp <a je + Xj B j(,)
.= s
Je 2
1+ ) exp(a + XBjn)
h=1
and ® denotes the Kronecker product. For more (computational) details regarding multinomial regression, we refer

to previous literature on the topic (see [15, 52]).

Now, let Be := Bics- - -»Bpe) s e := Bics - - Bpe) s and Py := (Piies - .., Wipe) T forc € {1,2}andi € {1,...,n}.
Then, we can conclude from (3.5) the asymptotic expansion (8. — B.)Vn = % 2iny Wic + op(1), where now
op(1) indicates a sequence of p-dimensional random vectors converging to the zero vector in probability. Since
the observational units are assumed to be stochastically independent and identically distributed, the multivariate
central limit theorem yields convergence in distribution (indicated by the symbol i) to a centered p-variate normal
distribution, i. e., that (,éc —Bo)\n i Ny(0,%;) for ¢ €{1,2}. Foreach c € {1, 2}, the limiting variance-covariance
matrix X, can be estimated consistently by EC = % o ‘i’;‘i’io where each ¥, is obtained by inserting the parameter

estimates (&jcngjc)lsjsl;, ce(1,2) from the p marginal fits (cf. (3.3)).
For each c € {1,2}, let Zi, ..., Z,. be the standardised versions of ﬁlc, .. ch, which are given by

g o Bie

je — )
\/ Var(ﬁ jc)

where 4 l\?gr(ﬁ i) 1s the square root of the j-th diagonal element of 3., divided by . We have that

j=1,...,p, ce{l,2}, 3.7)

ZiesZaes -+ Zpe) T~ Np((H1es Hacs - - - > Hpe) s 20), (3.8)
approx.

where ujc = Bjc/ \//f;r(ﬁjc) for1 < j<pandce{l,2}, fl’c‘ = diag[ﬁc]‘mﬁc diag[f)c]‘”2 denotes the correlation
matrix pertaining to 2., and the notation ~ indicates the approximate distribution for large n. Therefore, since
approx.

‘\,\751‘(3]‘(-) > 0 holds true with probability one under our regularity assumptions, the families of hypotheses from

(3.4) can be equivalently written as
Hoje :pje =0 versus Hyje:pje #0, j=1,...,p, c€{l,2}. 3.9

For the sake of presentation, we use henceforth without loss of generality flj and Zy, ..., Z,. only for the first
baseline-category (i. e., for ¢ = 1) and omit the index ¢, for convenience of notation. However, we consider the
same inference procedure simultaneously for both baseline-category pairs. In order to address the fact that two (or,
in general, g — 1) families of hypotheses are considered together, one may adjust the significance level @ occurring

in Section 3.2.5 below accordingly.
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3.2.4 False Discovery Proportion

Considering the multiple test problem given by (3.9) (for ¢ = 1), let py = #{j : u; = 0} denote the number of true
null hypotheses, and p; = p — po = #{j : u; # 0} the number of false null hypotheses. Throughout the remainder,

we make the following sparsity assumption.

Assumption 2 The number p; of false null hypotheses is very small in comparison to the number p of all null

hypotheses.

In an asymptotic context, where p = p(n) tends to infinity as n tends to infinity, Assumption 2 can be formalized
as po(n)/p(n) — 1. For controlling type I errors, we employ empirical process techniques in the spirit of Storey’s
method (cf. [105]). In particular, we consider thresholding rules which reject a null hypothesis Hy; if and only
if a corresponding p-value p; is smaller than or equal to a (data-dependent) threshold 7. Such types of multiple
tests have been considered widely in previous literature (e.g., [38, 37, 105]) Conceptually, the goal of the proposed
method is to approximate the proportion of false discoveries among all rejections (commonly referred to as the
false discovery proportion, FDP for short) for a fixed threshold 7 under an arbitrary correlation matrix X*. To this

end, we consider the three empirical processes

V(t) = #{true null P; : P; <1},
S(r) =#falsenull P, : P; <1},

R(t) =#{P;: P, <1},

where ¢ ranges in [0, 1] and the notation P; is used to indicate that we consider the j-th p-value as a random
variable here. For fixed ¢ € [0, 1], the quantities V(¢), S(f), and R(r) represent the (random) number of false
discoveries (i. e., false rejections or, synonymously, type I errors), the (random) number of true discoveries, and
the (random) total number of discoveries, respectively, hence R(f) = V(f) + S(¢). The FDP is for a fixed ¢ given by
FDP(r) = V(¢)/ max{R(¢), 1}, where the maximum is taken to avoid an expression of the form 0/0. All of the latter
random variables depend on the Z-statistics Z, Zs, ..., Z,, because each (random) p-value P; will be obtained by
a transformation of Z;, for 1 < j < p, see below. Notice also that V(¢) and S (¢) are both unobservable, whereas

R(?) is observable.

3.2.5 Principal Factor Approximation

The next step of our proposed framework is to incorporate the correlation effects of the Z-statistics in an approx-
imation of FDP(¢) for a fixed threshold 7. The procedure relies on the identification of a low-dimensional linear

space of random vectors, which captures most of the dependence structure of the Z-statistics.
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To this end, we carry out the spectral decomposition of the correlation matrix X*. WeletA4; > 4, >...>2 1,20
denote the eigenvalues of X*, and y1,...,y, the corresponding eigenvectors. Hence, $* is represented by its
eigenvalue-eigenvector pairs (d;,¥;)1<j<p. For a fixed number k of common factors, where 1 < k<p, the factor
approximation of £* is given by

= LL] + Ay, (3.10)

where A, = Z;’zk aAyjy] and Ly = (VAy1, VA2ya, . .., NAeyi). If k is chosen appropriately, the p x k- matrix
Ly, corresponding to k latent variables, can describe most of the dependence structure among the Z-statistics.

Accordingly, Zi, ..., Z, can be decomposed as
Zj:ﬂj+b;W+Kj=/lj+7]j+Kj, j:l,...,p, (311)

where b; = (bj1,...,b)" and (byj,...,bp)"T = \//l_jyj. The vector W = (Wy,...,W)T ~ N(0,I) is the
vector of (latent) common factors. Due to orthogonality projection, these common factors are jointly stochastically
independent. The random vector (K, - , K ,,)T ~ N,(0,Ay) is called the vector of random errors, and it is assumed
that factors and random errors are stochastically independent. In our previous work ([115]), we elaborated more

on the importance and the choice of k.

On the basis of the above considerations, we consider the FDP estimator from Proposition 2 in [38], which is

for a given ¢ € [0, 1] defined as

FDP(#) = min {
J

P

|©(a;(zip +77)) + la(zp = 7)) »R(I)} /R(t) (3.12)
=1
if R(¢) > 0, and lﬁ’(t) =0if R(*) =0. In (3.12), a; = (1 - Z’;Zl b?h)’l/2 and R(?) = {j : P; < t}, where ® and
Lp = ®~(1/2) are the cumulative distribution function (cdf) and the lower t/2-quantile of the standard normal
distribution on R, respectively. In this, the dependency-unadjusted, two-sided and random p-value corresponding

to Z;is given by P; = 20(~|Z;|) = 2(1 — ®(|Z;])), and §}; = Zﬁ:1 bthj is a linear estimator for ; = b]TW.

The FDP estimator given in (3.11) is based on a sparsity assumption (for more details, see [38, 37]). Specifi-
cally, it is assumed that the numbers p and py are large, while the number p; of false nulls is relatively low. This
assumption allows for the summation of all hypotheses (not only over "true nulls") in the numerator of (3.11). In
the context of MALDI modeling, this sparsity assumption is justified for three reasons: First, several researchers
who have analyzed MALDI datasets have reported a low number of m/z values that are highly associative for can-
cer (sub-)type (cf. [9, 16]). Second, to the best of our knowledge, the reported number of biologically meaningful
molecules, so-called biomarkers, in MALDI-related studies is low — from three to five per study (see, [60, 63]).

Third, there is evidence for considerable noise in the data ([63, 16]).
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To evaluate (3.12) in a practical application, one needs to determine the (linear) estimator W= (VT/I, ey Wk)T
of the common factors. The authors have proposed to estimate W via a linear regression (L,-regression) or by
using a quantile regression (L;-regression) (cf. [38]). Regarding the L,-estimator, it has been proposed to carry out
the estimation of (Wl, e, Wk)T only on the basis of the subset of length 0.95p of the smallest (in absolute values)

Z-statistics. This leads to the L,-estimator

10.95p)

PPN ANT . T2

= (b, %) = arg min Z; ;- bIWY, (3.13)
P

where the Z-values in (3.13) are sorted in ascending order based on their absolute values. We have utilized this

estimator in our simulation study (see Section 3.3). The estimator based on the L;-regression is given by

P
A A A NT . T
w=0,..., W) =arg vr;lellélk j_gl 1Z; bj w. (3.14)
For the analysis of the MALDI data (Section 3.4), we have used the L;-regression rather than the L,-regression

because it is more robust to highly untypical observations (i. e., outliers).

Finally, the dependency-adjusted p-values related to Zi, ..., Z, are given by
P = 20(~lay(Z; - b] W)). (3.15)

For a given threshold ¢ € [0, 1], the null hypothesis Hy; from (3.4) gets rejected based on the data at hand, if and
only if p; < ¢, 1 < j < p. For the purpose of FDP control, ¢ can be selected as the largest value t = £, € [0, 1]
fulfilling that F/Di’(ta) is not exceeding a pre-determined level « € (0, 1), for example, @ = 10%. In practice, one
can carry out a grid search over a set of candidate values of ¢ in order to find the value ¢, for a given a (for more

details, see in [115]).

3.3 Simulation Study

3.3.1 Simulation Setup

We carried out a simulation study to assess the performance of our proposed methodology under different data-
generating schemes. We considered the parameter settings n = 500, p € {500, 1000}, and p; = 10 (for each
baseline-category pair). For each combination of the aforementioned parameter values, we performed 1, 000 Monte
Carlo repetitions. Without loss of generality, we set 8;; # 0 as well as 8, # 0 for j € {1,..., pi}, and we call these
first p; coordinates "active". The remaining py coordinates have been set "inactive", meaning that 8;. = 0 for all in

J€{pi+1,...,p}and c € {1, 2}. Furthermore, we set all intercept terms (@ jc)i<j<p, ce(1,2} t0 zero in all simulations.
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We estimated the common factors {W;, : h = 1,...,k} by applying the least-squares estimator as given in (3.13).
The utilized number k of common factors is reported in each caption of Tables 3.1 - 3.4 below.

For each observational unit i € {1,...,n}, the simulation data have been generated according to the model

exp (31, X7)
1 +exp (Zf;l ﬁle;i)) +exp (Zf; ﬂjzx;i)> ,

Pa(Y\) = 11X9) =

exp (X7, BpX)
1+exp (22, 81 XY) +exp (27, BpX?)
1
1 +exp (Z?;l ﬁleﬁ.i)) + exp (Zf;lﬁjz)(;i)>-

Po(YY = 11X9) =

Po(Yy = 11X9) =

The considered dependency structures for X, ..., X, are given in Model 2.

Model 2 Scenario 1: Xy, ..., X, are stochastically independent and identically standard normally distributed ran-
dom variables.

Scenario 2: Xp 11, ..., X, are jointly normally distributed on R”, namely, according to Ny, (0,Z"), where £* is an
equi-correlation matrix with diagonal elements equal to one, and all off-diagonal elements equal to the same given
value p. Furthermore, the subvector (X, 11, ..., X,)" is stochastically independent of the subvector (X1, ..., X,)".
This is in order to avoid spurious effects of covariates X; with py + 1 < j < p on the response, which would arise
from confounding if the two aforementioned subvectors would be dependent. The random variables X, ..., X, are
stochastically independent and identically N(0, 1)-distributed. The equi-correlation model is a one-factor model

with a dominating first eigenvalue; see, e.g., Example 2.1 in [43].

This simulation study has been run in R version 4.1.1 ([87]) employing the R function rmvrorm() in [46] to
simulate correlation dependency among the independent variables. In addition, we have employed the function
vglm() in [109] for the estimation of the marginal multinomial estimates. The function pfa.test() in [36] has been

used for applying the PFA method.

3.3.2 Simulation Results

We summarize the results from our computer simulations in Tables 3.1 - 3.4 in terms of F/)i’(t), R(7), and S (¢) for
a fixed threshold ¢ = 107*. The estimates for F’IiD(t) have been derived by applying Equation (3.12), and the first
columns of each table correspond to the respective baseline-category pair. In addition, we report the median value
of t, for the conventional choice of @ = 0.05 as well as the average (over the 1,000 Monte Carlo repetitions) of
S (z,). Due to the choice of p; = 10, the largest possible value of S (¢) equals ten for any choice of the threshold
t. The purpose of the summary tables is to illustrate that the proposed framework can produce meaningful results
under different strengths of dependency among the test statistics. In this sense, the simulations serve as a proof of
concept for the Multi-PFA approach.

Tables 3.1 and 3.2 contain our simulation results under Scenario 1 from Model 2. Because the test statistics
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are jointly independent (i.e., joint independence among all X;), 705 is rather small because the "effective number
of tests" (in the sense of Section 3.4 in [27]) equals p under joint independence of all test statistics or p-values,
respectively. This means that a rather strong multiplicity correction is necessary. However, the standard error of
F/Di’(t) is also quite small under Scenario 1, since the FDP is well concentrated around its expectation (the FDR)
under joint independence across among all test statistics or p-values, respectively. With regard to type II errors,
the reported average values of S (fys) demonstrate that, on average, 7 — 8 out of 10 active coordinates could be

identified by our proposed multiple test procedure.

Simulation results under Scenario 2 (Gaussian equi-correlation model) are summarised in Tables 3.3 and 3.4.
Here, the effective number of tests is smaller than p whenever p > 0, and it decreases as p increases. Consequently,
to0s grows with p, too. In turn, this also leads to an improved power of the proposed multiple test, which is
reflected by the numbers reported for S (f), which are under Scenario 2 on average larger than the corresponding

values under Scenario 1.

Table 3.1: Simulation results under Scenario 1 (I)

Median of ~ Std. Error  \ean of  Std. Error Mean of  Std. Error Mean
c FDP(7) of FDP(¢) R(1) of R(¢) N0 of S(¥) Median of 1595 S (f9.05)
1 0.00433 0.00147 5.80 1.39 5.75 1.36 1.60e-03 8.37
2 0.00442 0.00134 5.78 1.36 5.74 1.35 1.60e-03 8.31

The total number of hypotheses equals p = 500; the number of false null hypotheses equals p; = 10 per
baseline-category pair (non-zero regression coefficients equal 1); the number of factors equals k = 10; the
rejection threshold equals # = 107#, apart from the last two columns.

Table 3.2: Simulation results under Scenario 1 (II)

Median of =~ Std. Error  \ean of  Std. Error Mean of  Std. Error Mean
¢ EDP() of FDP()  R() of R(t) S(1) of S(r)  Medianof 1005 S (f005)
1 0.00946 0.00325 5.95 1.35 5.86 1.33 5.52e-04 7.50
2 0.00943 0.00360 5.83 1.43 5.76 1.40 5.52e-04 7.46

The total number of hypotheses equals p = 1000; the number of false null hypotheses equals p; = 10 per
baseline-category pair (non-zero regression coefficients equal 1); the number of factors equals k = 10; the
rejection threshold equals # = 107*, apart from the last two columns.
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Table 3.3: Simulation results under Scenario 2 (I)

Median of =~ Std. Error  \ean of Std. Error Mean of  Std. Error Mean
c p FDP(7) of FDP(¢) R(1) of R(¢) N0 of S(1) Median of 1595 S (f9.05)
1 02 0.00287 0.0199 5.83 1.36 5.81 1.31 2.33e-03 8.63
2 02 0.00273 0.00995 5.90 1.33 5.89 1.31 2.33e-03 8.72
I 0.5 0.000274 0.0475 5.84 1.48 5.81 1.31 6.99¢-03 9.28
2 0.5 0.000265 0.0168 5.88 1.33 5.89 1.31 6.99¢-03 9.31
1 0.8 0.000171 0.0455 5.87 2.46 5.81 1.31 2e-02 9.78
2 0.8 0.000168 0.0141 5.86 1.31 5.90 1.32 2e-02 9.77

The total number of hypotheses equals p = 500; the number of false null hypotheses equals p; = 10 per
baseline-category pair (non-zero regression coefficients equal 1); the number of factors equals k = 1; the rejection
threshold equals ¢ = 107, apart from the last two columns.

Table 3.4: Simulation results under Scenario 2 (II)

Median of = Std. Error  \ean of Std. Error Mean of  Std. Error Mean
c p FDP(7) of FDP(¢) R() of R(¢) N0 of S(¥) Median of #5905 S (f9.05)
1 02 0.00497 0.0208 5.86 1.36 5.81 1.32 1.01e-03 8.00
2 0.2 0.00505 0.0265 5.84 1.38 5.79 1.32 1.01e-03 7.98
1 0.5 0.000299 0.0316 5.84 1.37 5.81 1.32 5.06e-03 9.08
2 0.5 0.000315 0.0496 5.84 1.63 5.79 1.32 5.06e-03 9.07
1 0.8 0.000168 0.0122 5.81 1.33 5.81 1.32 2.9e-02 9.73
2 0.8 0.000169 0.0402 5.84 2.69 5.79 1.32 2.9e-02 9.75

The total number of hypotheses equals p = 1000; the number of false null hypotheses equals p; = 10 per
baseline-category pair (non-zero regression coefficients equal 1); the number of factors equals k = 1; the rejection
threshold equals t = 107*, apart from the last two columns.

3.4 Real Data Application: MALDI Imaging Data

3.4.1 Description of the dataset

We applied our proposed inferential procedure to a hyperspectral dataset obtained from a MALDI imaging instru-
ment. For a detailed description of this dataset in terms of its acquisition protocols, tissue sections, tissue blocks,

etc. (see, [9, 16]). In the aforementioned studies, the researchers analyzed this dataset by merging two lung cancer
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subtypes into a single category. By doing so, the authors worked with two cancer types based on two distinctive
human organs (the so-called "LP task", i.e., lung vs. pancreas). In our study, however, we model this dataset with
a three-class model, using pancreatic adenocarcinoma as a baseline. The resulting goal of the statistical analysis
is to simultaneously perform two (sub-)tasks, namely the pancreatic vs. lung adenocarcinoma and the pancreatic
vs. lung squamous cell carcinoma comparison. As mentioned in the introduction, the high-throughput device that
motivated this study is MALDI IMS. In general, this technology provides molecular information about a given
analyte (for example, tissue) in a spatial manner. More concretely, the MALDI IMS tool measures mass spectra
at multiple discrete spatial positions and yields an image for each unique spot within a provided tissue. For an
illustration, Figure 3.1 displays instances of outputs from a MALDI experiment from three spatial spots. In Figure
3.1, the m/z values are plotted on the horizontal axes, and the relative abundances (intensities values) of ionizable
molecules are plotted on the vertical axes. This spatial molecular "biochemical information may then be used
for the determination of the cancer subtypes or the identification of the origin of the primary tumor in patients"
([91). Each spot is called a mass spectrum ([6, 4]) and it depicts relative abundances of ionizable molecules with
numerous mass-to-charge (m/z) values — "ranging [..] from several hundred up to a few tens of thousands of m/z"
([4]) — whereas a single m/z value in the context of MALDI is interpreted as a molecular mass. The full pipeline
of a MALDI experiment, from a tissue spot to data analysis, is thoroughly illustrated in Figure 1 in [16] and Figure
C2 in [63]. In the dataset analyzed here, formalin-fixed paraffin-embedded (FFPE) (for more details regarding
FFPE see in [76]) tumor samples from 445 patients were provided by the tissue bank of the National Center for
Tumor Diseases (NCT) Heidelberg, Germany. Tissue cores of three cancer (sub-)types were used, comprising lung
adenocarcinoma (ADC) (168 patients), lung squamous cell carcinoma (SqCC) (136 patients) and pancreatic adeno-
carcinoma (141 patients). The corresponding dataset is publicly available from (https://gitlab.informatik.
uni-bremen.de/digipath/Deep_Learning_for_Tumor_Classification_in_IMS — last accessed 7 Febru-

ary 2022).

3.4.2 Data preprocessing

We performed the following (further) data preprocessing steps. First, due to the high dimensionality of the feature
space (27,286 m/z values), spectral filtering was carried out. Namely, we loaded the data into MATLAB R2018 and
used the internal library MSClassifyLib (function MSAdaptiveResampleTrigger()) to apply the spectral filtering
with the default value of 0.4 Da (cf. [63, 16]). Second, the mass range was pruned up to the mass range of 2100
m/z, and we used one mass spectrum from each patient. Finally, the well-established normalization step TIC (total
ion count) was employed on the chosen mass spectra range ([6]). This data preprocessing resulted in a dataset with

445 mass spectra (observational units) and 1579 m/z channels (features).


https://gitlab.informatik.uni-bremen.de/digipath/Deep_Learning_for_Tumor_Classification_in_IMS
https://gitlab.informatik.uni-bremen.de/digipath/Deep_Learning_for_Tumor_Classification_in_IMS
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Figure 3.1: Examples of mass spectra for three cancer (sub-)types.

3.4.3 Analysis of the MALDI dataset

We have modeled each pixel (based on the averaging filter around 0.4 Da, as explained in the previous section)
individually to determine those m/z values that are highly associative for certain cancer (sub-)type. Thus, the
m/z values take the role of the X;’s, and the cancer (sub-)type takes the role of Y from our general setup, where
je{l,....p = 1,579} here. Statistically speaking, our procedure identifies significant differences in distributions

across the (sub-)types and is not only identifying significant peaks in the spectra.

Figure 3.2 displays the empirical distributions of the Z-statistics, along with histograms of the non-adjusted
p-values, for both tasks. Clearly, the Z-values (for both tasks) do not resemble the realization of a random sample
from the theoretical null distribution, which is the standard normal distribution on R. In particular, the empir-
ical variances are much larger than one in both histograms displayed in Figure 3.2. There are two reasons for
this overdispersion, namely, (i) the presence of correlation effects among the Z-values (see [33, 32]) and (ii) the
presence of extremely large (in absolute value) Z-values, which is likely caused by significant effects, peaks and
isotopic patterns. In our previous study, we have observed a similar phenomenon and have described a procedure
(based on the "empirical null distribution") which can be used to account for the part of the overdispersion which

is caused by correlations among the Z-statistics (cf. [115]).

The main results of our real data analysis are presented in Figure 3.3, where we have chosen k = 3 for both

tasks. According to the number p = 1,579 and taking into account the magnitude of the observed correlation effects
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(a) Task: Pancreatic vs. ADC (b) Task: Pancreatic vs. SqCC
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Figure 3.2: Empirical distributions and fitted normal density curves of the Z-values, as well as histograms of the
unadjusted p-values, for both tasks. The fitted normal distributions are N(0.565,3.365%) for the first task and
N(0.543,3.394%) for the second task. As a result of overdispersion and non-zero effect sizes, there are many
non-adjusted p-values which are close to zero, in both graphs.

among the Z-statistics, a plausible range for the rejection threshold ¢ has been selected for being displayed on the
horizontal axes. The subplots in Figure 3.3 illustrate the total number of rejections (R(¢)), the estimated number
of false discoveries (V(¥)), and the estimated FDP (FDP(t)) over this range. Apparently, all three aforementioned
quantities decrease with decreasing ¢ (notice the negative logarithmic scale of the horizontal axes in Figure 3.3).
For both tasks, f]i’(t) ranges in [5%, 15%] for t € [1077, 1073]. Table 3.5 tabulates R(¢) and F/D\P(t) for several

threshold values ¢ from the latter range.

Table 3.5: Main results of the Multi-PFA analysis for both tasks.

(a) Pancreatic vs. ADC. (b) Pancreatic vs. SqCC.
Threshold ¢ R(z) FDP(r) Threshold ¢ R(#) FDP(r)
1.12e-05 374 0.1502 5.03e-06 295 0.1505
7.50e-06 356 0.1357 3.37e-06 289 0.1349
4.12e-06 332 0.1154 2.76e-06 280 0.1304
2.76e-06 320 0.1022 1.85¢-06 262 0.1217
5.57e-07 275 0.0609 8.32e-07 237 0.1013
3.06e-07 253 0.0508 6.18¢-07 168 0.0490

To the best of our knowledge, no biomarkers have been confirmed yet for this dataset (pancreas vs. lung task)
(cf. [9]). However, according to the previous reports, m/z values at 836.5 Da, 852.4 Da and 868.5 Da might
be potential biomarkers (as discussed in [9, 16]). Since we have used data based on a different resolution (0.4

Da) compared to the aforementioned reports, we identified as statistically significant m/z-values which are closely
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Figure 3.3: Main results: Overall number of rejections, estimated number of false rejections, and estimated FDP,
scale.

as functions of the threshold ¢, for both tasks. The values for 7 on the horizontal axis are plotted on the minus log;o
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Table 3.6: Top 10 ranked m/z values based on their original Z-values for the task Pancreatic vs. ADC.

(a) The most sign. m/z-values for Panc. (b) The most sign. m/z-values for ADC
m/z values Z-values P-values m/z values Z-values P-values
886.44 -9.917 <107° 1647.82 8.585 <107°
840.42 -9.570 <107° 1575.78 8.528 <107°
679.34 -9.300 <107° 535.26 8.300 <107°
899.45 -9.176 <107 521.26 8.252 <107
854.42 -8.999 <107 1694.84 8.245 <107
771.38 -8.930 <107 1599.79 8.197 <107
874.43 -8.866 <1076 531.26 8.174 <107
841.42 -8.528 <107° 522.26 7.963 <107°
898.44 8430 < 10°° 532.26 7844 <107
785.39 -8.404 <107 529.26 7.672 <107

Table 3.7: Top 10 ranked m/z values based on their original Z-values for the task Pancreatic vs. Sqcc.

(a) The most sign. m/z-values for Panc. (b) The most sign. m/z-values for SqCC
m/z values Z-values P-values m/z values Z-values P-values
771.38 9285 <107° 535.26 9.196 <10°°
795.39 -8.839 <107 1575.78 8.860 <107
678.34 -8.727 <107 521.26 8.664 <107
785.39 -8.390 <107 530.26 8.406 <107
840.42 -8.334 <107° 531.26 8.381 <107
874.43 -8.276 <107° 522.26 8.339 <107°
886.44 8274  <107° 1694.84 8.125 <10°°
796.39 -8.266 <1076 1611.80 7.946 <107
841.42 -8.202 <107 565.28 7917 <1076

854.42 -8.122 <107° 1764.87 7.910 <107°
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related to the previously published insights. Namely, the adjacent molecules have appeared to be extremely sta-
tistically significant. In particular, for the m/z-value 836.5 Da, based on the spectral filtering used in our analysis,
adjacent m/z values (836.42, 837.41 and 838.42) have been indicated as highly significant for both tasks. Similarly,
for the m/z value 852.4 Da, adjacent m/z values have occurred as highly considerable (853.42 and 854.42). Simi-
larly, we observed the m/z value at 868.50 and the adjacent m/z value at 869.43. Figure 3.4 illustrates the identified
peaks related to the pancreatic status. The Multi-PFA method indicates m/z values around 886.42 Da and 852.42
Da as highly statistically significant. Tables 3.6 and 3.7 tabulate the 10 top-ranked m/z values for both tasks. Their
corresponding Z-values lie in the very tails of the empirical distributions plotted in Figure 3.2. Negative signs in

Tables 3.6 and 3.7 indicate those m/z values that are distinctive for the pancreatic cancer type.
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Figure 3.4: A comparison of the relative intensities at each m/z value across the (sub-)types for different zooms
related to very significant m/z values for the pancreatic association.

Finally, we compare our methodology with two classical procedures for controlling the FDR, namely the
BH ([11]) procedure and the Benjamini-Yekutieli (BY) ([12]) procedure, in Table 3.8. We used the R function
p-adjust() to carry out the latter multiple tests. These comparisons are relevant since the FDR is the expected value
of the FDP, implying that FDP control and FDR control are related concepts. Both the BH and the BY procedures
operate on (marginal) p-values. To obtain these p-values, we consider for each ¢ € {1, 2} the standardized versions
Zicy... Zpe Of ﬁlc, . ,épc as given in (3.7). In particular, the empirical standard errors used for Studentization are
taken as the square roots of the diagonal elements of £, divided by . Next, each Zi (for1 < j < p)is

transformed into the corresponding two-sided p-value Pj. = 20(—|Z.|) = 2(1 — ®(|Z;c|)) (cf. Figure 3.2). The
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resulting numbers of rejections are provided in the columns labeled "BH" and "BY" in Table 3.8. It is apparent
that both BH and BY are (too) liberal in this context. For example, for a nominal level of @ = 0.1, BH and BY
reject approximately 70% of all null hypotheses. The reason for this liberal behavior is that the scaling of the
"empirical null distribution" of Zy, . .. Z,. is different from the unit scale due to strong dependencies, even though
each individual Zj. is properly Studentized (for more details, see in [33, 115]). In order to further substantiate this
point and to rule out the possibility that the observed liberal behavior may result from an inaccurate estimation
of X, we present the columns labeled BH* and BY* in Table 3.8. For these columns, the p-values have been
extracted directly from the marginal model fits (with standard errors based on the marginal Fisher information
matrices), without carrying out the MMM approach. The results remain essentially the same. To diminish the
variance inflation effects of the dependencies and to make the comparisons with Multi-PFA "fair" and meaningful,
we applied Efron’s "empirical correction” of the null distribution ([33]). Briefly put, the idea here is to divide
the Z-values by an empirical value based on their central spread, where it is assumed that the central part of the
empirical distribution of the Z-values presumably corresponds to true null hypotheses. In our case, these empirical
values equal 2.48 (Part (a) of Table 3.8) and 2.50 (Part (b) of Table 3.8), respectively. We denote by BH and
BHE* the columns where this empirical correction has been performed. Now, the variance inflation is corrected,
but the generic procedures turn out to be conservative in comparison with Multi-PFA. The reason for this is that
the correlation effects among the m/z-values are not accounted for by the BH procedure. We may remark here that
the aforementioned variance inflation is taken care of automatically by Multi-PFA. This can be seen by comparing

the values in the columns labeled "Threshold ¢" in Table 3.5 with the value a/p.

Table 3.8: The numbers of rejections for the Multi-PFA, the BH and the BY procedures are compared for
three significance levels.

(a) Pancreatic vs. ADC.
Sign. lev. Multi-PFA BH BY BH* BY* BHf BH¥

a =0.05 253 946 714 957 739 0 20
a=0.10 320 1045 785 1068 812 18 35
a=0.15 374 1120 839 1136 853 115 142

(b) Pancreatic vs. SqCC.
Sign. lev. Multi-PFA BH BY BH* BY* BH? BH¥

a =0.05 168 901 665 922 688 0 0
a=0.10 237 1018 735 1034 764 18 65
a=0.15 295 1097 783 1103  8l11 53 104

3.5 Discussion and Outlook

Motivated by MALDI association studies, this study’s objective has been to evaluate the strength of associations

between a nominal variable of interest — describing cancer (sub-)types in our application — and a large number
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of measured variables (in our case given by m/z values). We have proposed an approach to screen all features
and identify the most associative ones with the multi-class outcome. Our approach decomposes the outcome
variable into multiple baseline-category pairs and approximates the false discovery proportion under arbitrary
correlation dependency within each pair. As demonstrated on simulated data, this approach leads to a sensible
balance between false and true findings. Furthermore, both our simulation study and the presented application to
real data demonstrate that the proposed method can be applied even in cases where the sample size is considerably
smaller than the number of features. This makes the procedure attractive for medical screening applications. Two
central assumptions underlie the proposed methodology: First, we assume sparsity in the sense that the number
of active features is small. Second, we assume that the dependency structure amongst the considered Z-statistics
can accurately be approximated by a multi-factor model. The approach of MMM, however, is flexible in the
sense that it does not depend on heavy assumptions. For its applicability, we only have to assume that the multi-
class outcome is associated with features (m/z values), and that this association can accurately be described by a
(marginal) multinomial regression model for each m/z-value separately. A clear limitation of MMM is that the
approach relies on an asymptotic setting, such that small data regimes (small sample sizes) cannot be handled
with the proposed methodology. Furthermore, the computational effort of the proposed methodology is quite high
because p marginal models have to be fitted.

From the application perspective, we have applied the Multi-PFA method to a MALDI imaging dataset con-
sisting of a large number of m/z values and one spectrum from each patient. To the best of our knowledge, we are
the first to address the three-class problem for this dataset. In this way, we have provided a more detailed analysis
for both lung cancer subtypes than in previous studies.

There are several potential directions for further research. First, it might be captivating to consider different
supervised learning methods (for instance, neural networks with more than one layer) instead of the multinomial
regression model proposed in this paper. Second, it may be of interest to evaluate the uncertainty regarding the
realized FDP in order to provide a confidence region for it, in addition to mere point estimation of the FDP.
Namely, we aim at establishing an "exceedance control" of the FDP, where the latter is approximated by the PFA
estimator ([45, 54]). Based on this, one can construct upper confidence bounds for the FDP, ideally simultaneously
over a grid of rejection thresholds. Third, disentangling correlation effects and regression effects on the empirical

Z-statistics distribution in a more detailed manner is an interesting follow-up research topic in our context.
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Background: Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI MSI) displays
significant potential for applications in cancer research, especially in tumor typing and subtyping. Lung cancer is
the primary cause of tumor-related deaths, where the most lethal entities are adenocarcinoma (ADC) and squamous
cell carcinoma (SqCC). Distinguishing between these two common subtypes is crucial for therapy decisions and
successful patient management.

Results: We propose a new algebraic topological framework, which obtains intrinsic information from MALDI
data and transforms it to reflect topological persistence. Our framework offers two main advantages. Firstly, topo-
logical persistence aids in distinguishing the signal from noise. Secondly, it compresses the MALDI data, saving
storage space and optimizes computational time for subsequent classification tasks. We present an algorithm that
efficiently implements our topological framework, relying on a single tuning parameter. Afterwards, logistic re-
gression and random forest classifiers are employed on the extracted persistence features, thereby accomplishing
an automated tumor (sub-)typing process. To demonstrate the competitiveness of our proposed framework, we
conduct experiments on a real-world MALDI dataset using cross-validation. Furthermore, we showcase the effec-
tiveness of the single denoising parameter by evaluating its performance on synthetic MALDI images with varying
levels of noise.

Conclusion: Our empirical experiments demonstrate that the proposed algebraic topological framework suc-
cessfully captures and leverages the intrinsic spectral information from MALDI data, leading to competitive results
in classifying lung cancer subtypes. Moreover, the framework’s ability to be fine-tuned for denoising highlights its

versatility and potential for enhancing data analysis in MALDI applications.

4.1 Background

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI MSI), also known as MALDI
Imaging, is a label-free tool for spatially furnishing molecular weight information of compounds like proteins,
peptides, and many others (see, e.g., [70, 19]). Provided a thin biological sample (usually a tissue section [4, 16]),
MALDI collects mass spectra at multiple discrete positions within the biological sample. As a result, an image
is obtained where each spatial spot presents a mass spectrum ([3]). The latter depicts the relative abundances
of ionizable molecules with a significant number of mass-to-charge ratio (m/z) values, ranging from a couple of
hundreds to a few tens of thousands of m/z values (see [4, 3, 9]). MALDI has been demonstrated to be a valuable
instrument for many pathological applications (for more details, see [59, 112]), which is possible because of its
feasibility in examining formalin-fixed paraffin-embedded (FFPE) tissue samples. In other words, the MALDI tool
allows analyses of multiple tumor cores across many patients by aggregating them in a single tissue microarray
(TMA) (cf. [19]). As discussed in [63], "the pathological diagnosis of a tumor found in a tissue specimen, including

the determination of the tumor origin and genetic subtype" ([63]) is essential for adequate treatment of patients.
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This study reports our findings on a MALDI dataset based on two lung cancer (LC) subtypes.

As pointed out by several studies (e.g., in [16, 9, 115]), a plain approach to discovering meaningful m/z values
relies upon the idea of identifying significant signal peaks, also known in the literature as peak detection. Focusing
on the relevant peaks, one can neglect those highly associated with noise, as acknowledged in [3]. Significant peaks
are assumed to provide information for discriminating mass spectra from different cancer subtypes (see, among
others, in [118, 110]). Different peak-detection algorithms have been compared in [119]. Furthermore, in [66], a
more recent and novel approach proposes to incorporate an isotope pattern ([100]) around the chosen peaks, which
can boost the peak detection methodology.

Other methods aim to extract "characteristic spectral patterns (CSP)" from MALDI-MSI data (cf. [16]).
Namely, these methods combine spectral information from different correlated spectral features into a lower di-
mensional subspace of the data. Afterward, classification models are performed on the extracted feature vectors
to classify data units into class labels, i.e., the tumor types or subtypes. Some other frameworks tend to perform
feature selection first. Then, based on the selected features, such frameworks execute supervised classification
methods to classify observational units into response labels (e.g., [93]). In the context of variable selection, in
[115, 114], the authors have proposed approaches by means of large-scale simultaneous testing so as to identify
the most associative m/z values with the (cancerous) outcome variables.

The usual challenge modeling methods face is a significant amount of spectral data. As more and more data are
being gathered, analyzing the data efficiently with short computational time becomes increasingly more challeng-
ing. Topological data analysis (TDA) is a contemporary scientific area that arose from diverse works in applied
topology and computational geometry (see [77, 21]). TDA offers an algebraic way of reducing the dimensionality
of datasets and extracting essential features in short computational times.

TDA is a relatively novel field of data analysis, and more theoretical work needs to be done to improve the
methods (cf. [58]). Even so, TDA has been successfully employed in various fields of science, e.g., in physics,
chemistry, and bio-medicine ([99]), as well as in oncology (see [18, 67]). Motivated by these approaches, this
study’s objective is to propose a novel framework based on the algebraic topology of MALDI imaging to get
improved classification results in a shorter computational time.

In the context of MALDI, one can take advantage of TDA by filtering out the most relevant part of the data,
namely the peak-related information. We hypothesize that the importance of a peak increases with its relative
height, also known as topological "persistence". Accordingly, low persistent peaks are more likely to be noise. To
this end, one can benefit from utilizing our topological framework due to its superior characteristics of denoising
and compression.

A general approach to determining a peak’s persistence is the upper-level set filtration, where each peak corre-
sponds to a topological feature. These topological features are tracked from their appearance until they merge with

a larger feature. This way of analyzing the data is fast in its computational time but has a significant drawback.
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While tracking the persistence of each peak, one loses the information about their positions, which is paramount to
carrying out data analysis applications. For example, in the context of MALDI-related studies, the locations of the
biomarkers (cf. [16, 115]) are relevant information for the analysis. To circumvent this limitation, we introduce a
different analysis method: the persistence transformation (cf. [117]). The proposed approach keeps track of each

peak’s position while determining its persistence. This enables the application of this methodology to spectral data.

4.2 Topological Data Analysis

4.2.1 MALDI data structure

The first step of our approach is to transform the input MALDI data in order to reflect the topological persistence.

nxq

S0 0 where

MALDI-MSI datasets are commonly stored in an n X g matrix, denoted by X, and X takes its values in R
each data record corresponds to an intensity value. Usually, mass spectra are stored as rows. While every data
column corresponds to an intensity plot for a certain m/z value (see in [63, 42]), n corresponds to the number
of mass spectra, and ¢ is the number of m/z values within each mass spectrum. Furthermore, the data records
are non-negative since MALDI data presents information on molecular masses of ionizable molecules (cf. [3]).
For the convenience of notation, we assume that each mass spectrum is represented as a set of tuples M :=
{(x1, 81), (X2, 82), - - - (x4, 5¢4)}, where x; is the j-th m/z value and s; is the j-th intensity value for 1 < j < g. Note
that this set M is equipped with a real-valued function f corresponding to the projection to the second coordinate.
That means that the intensity values induce a map f : M — R with f(x;) := s; for I < j < g within each mass
spectrum.

To sum up, our approach processes each mass spectrum (defined by the set M) individually in order to extract

the topological properties of the data, i.e., the topological persistence.

4.2.2 Topological Persistence

Let f : M — R be a real-valued function on a compact set, then for a € R the upper-level set can be defined
as M, := {x € M| f(x) > a}. Note that M, € M, for any a > a’. This yields the "upper-level set filtration"
M, € ... < M, fora, > ... > a; € R (for more details; see Chapter 18 in [58]). In this study, we aim at
utilizing the upper-level set filtration instead of the common alternative, i.e., the sublevel set filtration (defined as
M., := {x € M| f(x) < a}). Since the latter, filtration detects local minima and tracks them until they merge with
other minima. Conversely, the maxima are highly important in MALDI applications because they correspond to
the underlying spectral peaks. As mentioned, peaks provide the necessary information to distinguish mass spectra
from different cancerous subtypes ([3, 115]). To this end, the upper-level set filtration is of interest in this study

since it tracks the local maxima.
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Let x, X € M with a path-connection, i.e. there exists a continuous function p : [0, 1] — M such that p(0) = x
and p(1) = x’. We denote the image of the map p by [x, x'],. Then we say that x and x” are path-connected in M,
and we write x ~, x’, if there exists a path connection p of x, x’, such that V% € [x, x'], : £ € M, i.e. f(%) > a, for
all £ € [x,x],. To track the homology in the upper-level set filtration, we now identify all path-connected points
to each other. The degree of the O-the homology group hq is given by bo(M,) = |M,/ ~, |, i.e. the number of
different path-connected components in M,. These components are called "topological features". Henceforth, we
refer to a (topological) feature in this pure topological sense, not a feature in a statistical sense, like a covariate or
an explanatory variable. Remark that there are no features of dimension one or higher since each data unit (mass
spectra; see Figure 4.5) is represented as a curve.

In the upper-level set filtration, a topological feature is detected for x at a* if and only if x € M, and Vi’ €
Mg : x +4 X', 1ie., x is not path-connected to any other element in M,-. The feature in x merges with another
feature in M+, if a* = max{a|x € M, Adx" € M, : x ~, X' A f(X') > f(x)}, i.e., the largest upper-level set in
which the peak gets path-connected to a larger peak. We call a* the birth of the feature, a* the death of the feature,
and p := a* — a* the persistence of the feature. Since the largest peak (the global maximum) does not merge with
any other feature, its death is defined as the global minimum. The induced merging order is according to the "elder
rule" (see [30]).

To encode all information about features and their persistence in a meaningful and comparable way, the persis-
tence diagram is utilized. Figure 4.1 displays an example of the encoding process for the upper-level set filtration.
Here, the birth and death axis are swapped since the birth values are always greater or equal to the death values. In
this way, all the feature points appear above the diagonal line x = f(x) (cf. Section 4 in [41]). In the persistence
diagram, each feature is represented by a point (a*, a™) with a multiplicity for similar features. The closer a point
is to the diagonal of the diagram {(x, f(x) = x) | Vx}, the lesser its persistence is and vice versa. For more details
of the standard persistence diagram approach, we refer to [31] and [22].

Given two real-valued functions on a compact set f,g : M — R, the resulting persistence diagrams dgm(f)
and dgm(g) can be compared with a suitable metric on the diagrams, e.g., the bottleneck distance (cf. [22, 113]).
This metric defines the closeness of persistence diagrams and can also indicate the closeness of the corresponding
functions in the sense that if the persistence diagrams are different, the functions are different. In the context of
MALDI-MSI data, the persistence diagram can be used as a proxy for distinguishing cancer (sub-)types. The

opposite case that similar persistence diagrams imply similar functions does not hold, as illustrated in Figure 4.4.

4.2.3 Persistence Transformation

Using persistence homology to track the features and applying the bottleneck distance on the resulting persistence

diagrams is a viable way to distinguish functions. However, there is a disadvantage to this approach. While
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Figure 4.1: The persistence diagram. Left hand: A real-valued function f : M — R is plotted with x € M on the
x-axis and f(x) on the y-axis. Right hand: The corresponding persistence diagram is illustrated. Here, the y-axis
represents the birth values, while the x-axis represents the death values. Each point stands for a topological feature
for the function f. The first feature, corresponding to the global maxima, never dies. To indicate this, we mark its
death value with 0.

tracking the persistence of each feature in a comprehensible way, its position is not being tracked. Nevertheless,
as mentioned above, in data-driven applications, including MALDI Imaging, the position of variables is a required
property.

To process the information regarding the positions along with the persistence of peaks, we approach the topo-
logical manipulation of the spectral data differently. Instead of creating a point (a*,a*) € R? for each feature and
displaying it in the persistence diagram, we introduce a new dimension to track the position. For each feature,
this approach gives a point (x,a*,a*) € M x R?, where x € M is the position of each peak. We define a pairing
function u : M — R with u(x) = a. The value q is defined to be the highest value smaller or equal to f(x), which

upper-level set M, contains a point x” having a greater function value (similarly as in [117]):

w(x) :=supfa < f(x)|Ax" € My : f(X') > f(x) Ax ~4 X'} “4.1)

For the global maximum X the pairing value u(%) is not defined, so we define p(%) := min{a € R|3dx : f(x) = a}
instead. Then the birth of a topological feature is given by a* = f(x), while the death is calculated by a* = u(x).

The persistence p of a point x can now be defined to be

p(x) = f(x) —p(x) =a" —a".

For any point x not being a local maximum there is a local maximum x" € My with f(x’) > f(x) and
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X ~¢x X'. Then the pairing of x is trivial, i.e. u(x) = f(x) with the resulting persistence of p(x) = f(x) — u(x) = 0.
Alternatively, for a point x being a local maximum, the pairing is non-trivial, i.e., there is pu(x) < f(x), which results
in a non-zero persistence p(x) = f(x) — u(x) > 0. This pairing value always corresponds to f(X) for a unique local

minimum X , i.€.

u(x) = f(X). (4.2)

The persistence transformation 7 : M — M x R? can then be defined for each x € M to be #(x) = (x, f(x), u(x)) =
(x,a*,a*) € M x R?. For each x € M, the feature triple #(x) = (x,a*,a") consists of the position, the birth value,
and the death value. The storage can be reduced to 3 - m, with m being the number of peaks, by neglecting the
trivial tuples, resulting in the "persistence transformation vector".

Similar to the persistence diagram of the upper-level set filtration, the merging of features in the persistence
transformation occurs according to the elder rule (see [30]), i.e., the topological feature with the higher birth value
persists when merged to another feature. The process can be illustrated in the corresponding merge tree (e.g., in

Figure 4.2).
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Figure 4.2: The merge tree. A merge tree of a real-valued function f : M — R is depicted. On the x-axis are the
x € M values. On the y-axis is f(x) € R (left-hand side) and the height (right-hand side).

4.2.4 Application

The notion of the persistence transformation is, in theory, a great way to store more topological information about a
graph in general. But many applications do not need the whole information provided by the persistence feature. In
these cases, the greater dimensionality of the persistence transformation is rather disadvantageous in calculations.

This could be evaded by introducing a "reduced persistence transformation", where instead of #(x) = (x,a*,a")
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only the position and the persistence are stored: #(x) = (x,a* —a") € M X R for x € M. This computational
reduction has two benefits. First, it compresses the persistence vector. Second, it can track the persistence of each

topological feature and its position.

Another computational improvement for applications can be made by associating low persistent features with
noise. By omitting the possible noise by only considering the k% most persistent features, the accuracy of the
analysis can be improved. In addition, reducing the number of stored features might also improve the run-time of

subsequent approaches.

Finally, in many applications, there exists a total order on the set M, e.g., if M C R. This order can be passed
to the feature space, such that the elder rule for features with equal birth value can be applied deterministically by

using the induced order.

4.2.5 Comparison

The persistence transformation is strictly a better invariant in distinguishing two functions f,g : M — R than
the persistence diagram of their O-dimensional upper-level set filtration. By taking the projection, p;((x, a*,a™)) =
(a*,a") of the persistence transformation, the persistence diagram of the upper-level set filtration can be obtained.
Hence, all functions that can be distinguished by the persistence diagram can also be distinguished by the persis-
tence transformation. Furthermore, there are cases where the persistence transformation differentiates two func-
tions successfully while the zero-dimensional persistence diagram of the upper-level set filtration fails to do so (see

Figure 4.3).

The reduced persistence transformation, on the other hand, is not strictly better than the persistence diagram of
the upper-level set filtration. However, there are cases where the reduced persistence transformation outperforms
the persistence diagram (see Figure 4.4). For MALDI-related applications, one seeks to utilize exactly the advan-
tages that the (reduced) transformation offers. For example, the total height of a peak is less interesting in these
applications than the relative height, and the position of the peak can be used to backtrack molecules. To this end,
in the MALDI-MSI applications, the reduced persistence transformation performs better in analyzing the spectral

data than the persistence diagram of the upper-level set filtration.

The benefit of the persistence transformation can be utilized in different scientific areas where the position of
the peaks is of interest (e.g., [49]). In the context of TDA, data analyses generally only work reliably if the applied
method is stable, meaning that a slight change in the data (given a suitable metric) only leads to small changes in
the numerical results. The persistence diagram has been proven stable (see [22]). Furthermore, there are stability
theorems for other topological methods (see [23, 68]), but to the best of our knowledge, there has not yet been a

proven stability theorem for the persistence transformation. This may be done in further work.
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Figure 4.3: The persistence transformation in comparison to the persistence diagram. Mid: A real-valued function
f: M — R (top row) and its mirror equivalent
g : M — R (bottom row) are illustrated, with x € M on the x-axis and y € R on the y-axis. Left hand: The
persistence transformation of the functions f and g are shown with x values on the x-axis and birth values on the
y-axis. The color coding of the points corresponds to the third dimension, i.e., the magnitude of death values. The
features (i.e., the points) of the functions f and g can be distinguished clearly. Right hand: The persistence
diagram of the upper-level set filtration of the functions f and g is shown with the birth values on the y-axis and
the death values on the x-axis. In contrast to the persistence transformation, the persistence diagrams are
identical.

4.2.6 Implementation and Analysis of the Algorithm

To analyze the MALDI dataset, we implemented a custom-made computer algorithm for the reduced persistence
transformation. The recursive algorithm is based on pairing peaks with their unique local minimum (cf. Equation
(4.2)) to determine their persistence. The pseudo code with a detailed analysis by run-time and storage usage is

given in Appendix A.1, proving the following theorem:

Theorem 1 The algorithm always terminates and has a complexity of o(q) + o(m?), where m is the number of

peaks for each spectrum and returns all features with their persistence.
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Figure 4.4: The reduced persistence transformation in comparison to the persistence diagram. Mid: There are two
real-valued functions f : M — R (blue) and g : M — R (red) plotted with x € M on the x-axis and y € R on the
y-axis. Left hand: The persistence transformation of the functions f (blue) and g (red) are displayed with the x
values on the x-axis and the persistence values on the y-axis. The features of g are distinct from the features of f
(blue). Right hand: The persistence diagram of the functions f (blue) and g (red) are shown. The y-axis indicates
the birth values, while the x-axis shows the death values. The features of g (red) cannot be distinguished from the
features of f (blue).

Note that the implementation of the algorithm stores for each feature the tuple (x, p(x)), where p(x) = a* — a™ is
the persistence of the feature. Without the further cost of calculation, the algorithm could calculate the persistence
transformation instead of the reduced persistence transformation by storing the triple (x, a*, a®). Furthermore, the
algorithm could be adjusted to determine the persistence diagram of the upper-level set filtration instead by storing
the tuple (a*, a*).

By considering only the peak information while tracking the position of the peaks, the storage space can be

compressed to 2 - m, i.e., the x value and the p value.

4.3 Supervised Methods

The second step of the proposed methodology is to carry out a classification method on the resulting persistences
to classify observational units into class labels, i.e., LC subtypes. To do so, we consider two classifiers, logistic
regression (LR) and random forest (RF). Note that our goal is to investigate the performance of the proposed
topological framework in the context of MALDI modeling, not a benchmark study that compares RF versus LR.

For benchmark studies, see, e.g., in [24, 56].

4.3.1 Logistic Regression

Throughout the remainder, we denote the topologically transformed matrix by Z = (z;;)1<i<n, Where the entry
1<j<q
zjj corresponds to a persistence value for the i-th mass spectrum at the j-th m/z value. Let Y be a (random)
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binary outcome variable, meaning that it takes its values in {0, 1}, in our application, describing two LC subtypes.
Further, we denote by Z; the j-th persistence vector corresponding to its j-th m/z value alternative. The aim of the
logistic regression is to model and estimate the effects of the available covariates on the conditional probability,
m = P(Y; = 1|Zy,...,Z;,) for the outcome variable (Y;)i<;<, and the numerical realizations of the covariates
Z; ])11;?(; . In this setting, the observations (Y}, Z;;)< <4 are assumed to be independent and identically distributed
foralli € {1,...,n}. LR models combine the probability zr; with the linear predictor n; via a "structural” (functional)

component given in the linear form 7; = h(n;) = h(Bo + 1Z;1 + - - - + B4 Z;y) (for more details, see Section 2 in [35]).

In this study, we consider the logit (canonical) link function. Then, the logistic response function is given by

exp(1;)

;= h(n;) = Trexp(n)’

Correspondingly, the logit link function can be expressed as

T

g(m) = log (ﬁ) =Bo+PiZu + -+ ByZiy = Z[B. (4.3)
Here, 8 := (80,01, - - -, ,Bq)T and Z; := (1,Z;, ... ,Z,»q)T, where the first coordinate corresponds to an intercept term

and for all i € {1,...,n}. The unknown parameters are (usually) estimated by the maximum (log-) likelihood

principle. The log-likelihood function related to model (4.3) is expressed by

n

1B) = )" {¥:[log(r) — log(1 - 7] + log(1 - mp)}. (4.4)

i=1

For the aforementioned (logit) model, by plugging

exp(Z{ B) . 1
M= along with 1 —m; = —
1 +exp(Z;/ B) 1 +exp(Z; B)

in (4.4), it yields that

n

1B) = ) (¥«zIB) —log (1 +exp(Z] B)) . (4.5)

i=1

Finally, the probability that an unobserved (new) observation is assigned to class 1 is estimated by substituting

(Bo, - - -, By) by their fitted counterparts and Z’s by their numerical realizations for the considered new observation
T
in the conditional P(Y = 1|Z,...,Z,) = %, where we have g + 1 covariates since the first coordinate

corresponds to the intercept term. Respectively, the new observation is assigned to class ¥ = 1 if the conditional
probability, P(Y = 1) > ¢, is greater than a pre-specified threshold ¢, and oppositely to class ¥ = 0. In this
study, we set ¢ = 0.5 — a commonly used threshold (cf. [24]). To obtain the numerical results, we adopted the

"LogisticRegression()" function in scikit-learn, v. 1.2.1 [81] (with no penalty) to obtain our numerical results.
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4.3.2 Random Forest

The RF algorithm has become an established non-parametric procedure for regression and classification tasks. It
has been broadly used in various scientific disciplines ([78, 75, 98]), including subtyping of lung cancer [72]. RF
was originally introduced by Leo Breiman in [17] and it presents an "ensemble learning" approach constituting the
aggregation of a collection of a great number of decision trees ([53]). RF takes advantage of numerous decision
trees, which leads to a reduction of empirical variance in comparison to a single (decision) tree and significant
enhancements in its prediction accuracy ([56]). RF utilizes decision trees in order to calculate the majority votes
in the leaf nodes when deciding a class label for each observational unit ([56, 17]). In essence, RF consists of two
steps. The first step is to build an RF tree. The following step is to classify the data on the basis of an RF tree that

has been generated in the first step. For more details, e.g., see in [65, 75].

In this study, we employ the original variant of RF (see [17]), where each tree of the RF algorithm is constructed
on a bootstrap sample drawn arbitrarily from the data by employing the classification and regression trees method
and minimizes the Gini impurity (GI) regarding the splitting criterion. When constructing each tree (for each split),

solely a pre-specified number of randomly selected (data) covariates are deemed as candidates for splitting.

An important step when using RF is selecting hyperparameters, also called tuning parameters. Their values
have to be optimized attentively since the optimal quantities depend on the data at hand. An essential concept
regarding tuning optimization is "overfitting". In other words, tuning parameters related to complex rules be
inclined to "overfit" the training data. As a result, they produce prediction rules overly specific to the training
data, performing well for that (training) data but potentially underperforming when applied to independent data.
As discussed in [86], the choice of less-than-optimal parameter quantities can be (at least) partially prevented by
utilizing a test set or cross-validation (CV) procedures for tuning. However, it is out of the scope of this study to
identify the (most) optimal tuning parameters in the context of MALDI modeling. Instead, we are predominantly
interested in evaluating the performance of the proposed TDA approach. To this end, we select the "typical default
values" for the RF algorithm, as listed in Table I in [86]. Specifically, we set the tuning parameters in our numerical
experiments as follows: the number of trees equals 1000. The number of drawn candidate variables per split is
equal to +/g (often referred to as "mtry", max_features in scikit-learn). The splitting criterion in the nodes is the
Gini impurity. The minimum number of samples in a terminal node is equal to one (min_samples_leaf in scikit-
learn). Regarding the sampling scheme, the number of observational units that are (randomly) drawn for training
each tree is determined by the sample size parameter. The default value corresponds to 7 (i.e., to the overall number
of data samples). Respectively, observational units are drawn with replacement when generating each tree. The

seed for all experiments was set to 1234.

We carried out the RF approach on the basis of the resulting algebraic vectors Z := (Z;, -+ ,Z;,)" and the

binary outcome Y; for all i € {1,...,n}. Notice that a unit vector has not been considered, i.e., without an intercept
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term, as in the case of LR. We adopted the function 'RandomForestClassifier()’ in [81] (version 1.2.1) to yield the

numerical results.

4.4 Real Data Analysis

4.4.1 Description of the MALDI-MSI data

Here, we present the empirical results obtained by applying multiple classification schemes to MALDI-MSI data
based on different levels of persistence extraction. Several studies have previously analyzed this dataset (cf. [16,
9, 63, 59, 115]). We refer to [16, 59, 63] for an in-depth description of the aforementioned dataset concerning its
acquisition protocols, tissue sections, tissue blocks, etc. Here, we provide only a brief outline of the dataset.

Cylindrical tissue cores (CTCs) of non-small cell lung cancer were taken from 304 patients. Specifically,
168 patients were associated with primary lung adenocarcinoma (ADC), while 136 patients were associated with
primary squamous cell carcinoma (SqCC). CTCs of all patients were gathered into eight tissue microarray (TMA)
blocks (for descriptive statistics, see Table 4.1). As discussed in [63], the tumor status and subtyping for all CTCs
were affirmed by standard "histopathological examination". Furthermore, this dataset has been generated only on
annotated subregions called regions-of-interest (cf. [9]), i.e., subregions comprising only tumor cells.

For illustrative purposes, Figure 4.5 depicts an example of an output from a MALDI experiment taken from a
single spatial location in the provided tissue. In the left panel of Figure 4.5, the m/z values are illustrated on the
x-axis, while the intensity values of "ionizable molecules" are charted on the vertical axis. This spatial information
can be used in two directions, namely, for the determination of the subtyping (i.e., the cancer subtypes) or the
identification of the source of the tumor in tissue. The right panel of Figure 4.5 illustrates the data granularity
following one of the data-processing steps, i.e., the spectral filtering. Namely, the latter means that m/z values
were centered around their expected peptide masses (for more details, see [63] and the references therein). Other
data-processing steps applied to this dataset were baseline correction and total ion count (TIC) normalization.

As pointed out in different studies (e.g., [107, 60]), LC is the primary cause of cancer-related fatalities globally;
for example, there were 1.59 million reported deaths in 2012 (see [60]). Two major LC categories are recognized,
i.e., small cell lung cancer (SCLC) and non-small cell lung cancer (NSLC). The latter constitutes approximately
85% of all LC cases as reported. The two prevailing NSLC entities are ADC and SqCC, compromising approx.
50% and 40% of all lung-related cancers, respectively ([107, 60]). As discussed in [63], the distinction between
these two common subtypes is of great importance for the therapy choice of patients.

The used dataset can be found on Gitlab, as provided in [63]. Note we did not apply any further data-processing
steps to this dataset. Specifically, this dataset contains n = 4669 (observational units, the number of mass spectra),

and the number of m/z values is g = 1699.
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Figure 4.5: An example of a mass spectrum. Left hand: An example of a mass spectrum from a single cancerous
spot within a patient tissue. Right hand: A closer look at spectral data following spectral filtering.

Table 4.1: Descriptive statistics for each TMA

TMA  Number of spectra Ratio ADC: SqCC

TMA, 680 59.3 %
TMA; 437 60.4 %
TMA3 563 41.2 %
TMA, 601 49.3 %
TMAs 512 63.5 %
TMA¢ 650 76.8 %
TMA, 536 50.4 %
TMAg 690 54.3 %

4.4.2 C(lassification evaluation

To evaluate the performance of the classification schemes, we mimic the realistic scenario proposed in [63].
Namely, the data is split into training and test sets. The upcoming results were derived by performing k-fold
cross-validation (CV) on a TMA level. We followed both scenarios as proposed in [63], specifically 8-fold CV and
2-fold CV. Regarding the 8-fold CV, eight distinct test subsets were created based on each TMA from the overall
set of eight TMA blocks. Then, in each of the eight CV folds, each classification scheme was applied to seven
TMAs and predicted on the remaining test set —not considered in the training process. Likewise, we carried out
2-fold CV, creating two subsets A := {TMA,,...,TMA,} and B := {TMAs,...,TMAg}. We reported the obtained
results on the basis of all test sets for the 2-fold and 8-fold CVs.

The classification accuracy was assessed by computing the balanced accuracy. The latter metric is computed as

the average proportions of correctly classified spectra for each class separately. As a result, this metric is indepen-
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dent with respect to imbalanced binary categories, i.e., when one of the target classes appears far more often than
the other in the test set. To illustrate the numerical performances appertaining to the persistence transformation,

we set a tuning parameter k based on different percentages of peaks extraction.
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Figure 4.6: Application of the reduced persistence transformation. A visualizing inspection of the proposed topo-
logical framework. The top row subplot depicts the raw spectrum, while the following subplots illustrate simplified
representations of this raw spectrum given different percentages of peak extraction (abbreviated with k%). Namely,
the raw spectrum is transformed to sparse tuples based on a pre-specified k level of peaks extraction.

4.4.3 Data-analysis results

Figure 4.6 depicts an example of the proposed topological feature extraction. Namely, the top row illustrates an
example of a raw spectrum (cf. Figure 4.5), whereas the next subplots depict extracted persistence values. Apart
from the first row, the m/z values are plotted on the horizontal axes, while the vertical axes show the derived
persistence values, not the intensity values as in the first row of the figure.

Tables 4.2 - 4.3 summarize the classification results obtained by applying LR and RF classifiers based on several
levels of the extracted persistence vectors. The percentage of extracted persistence employed for the evaluation,

denoted by k, ranges in a grid of pre-specified levels —k € {10%, 20%, 25%, 30%, 40%, 50%}. By compressing the
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Statistic  k=10% k=20% k=25% k=30% k=40% k=50%

mean 0.826 0.845 0.859 0.866 0.859 0.859
min 0.722 0.716 0.724 0.743 0.737 0.723
max 0.917 0.937 0.931 0.950 0.935 0.935

median 0.827 0.869 0.886 0.888 0.880 0.878
std 0.074 0.079 0.077 0.076 0.076 0.078

Table 4.2: Comparison table of 8-fold cross-validation. The table tabulates the obtained balanced accuracy results
given different percentages of peaks extraction and non-extracted data based on the LR classifier.

Statistic  k=10% k=20% k=25% k=30% k=40% k=50%

mean 0.831 0.863 0.871 0.878 0.877 0.868
min 0.702 0.734 0.760 0.774 0.776 0.746
max 0.936 0.945 0.940 0.959 0.930 0.949

median 0.849 0.873 0.880 0.892 0.900 0.890
std 0.083 0.076 0.066 0.067 0.061 0.079

Table 4.3: Comparison table of 8-fold cross-validation. The table tabulates the obtained balanced accuracy results
given different percentages of peaks extraction and non-extracted data based on the RF classifier.

raw data with respect to different k, we observed a significant gain in the computational time for executing RF. For
example, to execute the 8-fold CV task on 7 CPUs on a standard machine, it takes 35 seconds when using k = 5%
and 70 seconds when using k = 50%, in contrary to the 215 seconds it takes using the raw data, i.e., the original
variant where each data entry corresponds to an intensity value.

To put our results in the context of other competitors for this dataset, we performed a comparison with a
popular method for retrieving informative parts of the spectral data and executing automated cancer (sub-)typing.
Briefly put, in [63], the authors proposed novel supervised non-negative matrix factorization methods (NMF):
the classification tasks are executed in parallel to feature extractions (in the context of NMF extraction), which
differs from the more classical NMF-related scenario (cf. [16]). The authors introduced 13 distinct classification
schemes. From these, we selected the top 2 competitors; for the remaining ones, we refer interested readers to
Figure 3 and Figure 4 in [63]. These top 2 competitors from [63] are Flog_int and Flog_log, where the number of
NMF "features" is 60, as suggested in the provided code. Our competitors are the persistence transformation where
k is either 30% or 40% and the FR classifier. These schemes are abbreviated to PT_RF_30% and PT_RF_40%,
respectively.

Table 4.4 illustrates that Flog_int and Flog_log perform slightly better than our best performers for this dataset
for the 8-fold CV task and 2-fold Train B. However, the topological-based competitors outperformed the other 11
NMF-based schemes for this dataset, even in some scenarios PT_RF_40% produces numerically similar results

vis-a-vis all NMF-based competitors, cf. Bal. Acc. (2-fold) Train A. The authors [63] concluded that apart from the
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Method Avg. Bal. Acc. (8-Fold) Bal. Acc. (2-Fold) Train A  Bal. Acc. (2-Fold) Train B

PT_RF_30% 87.8% +6.70 90.75% 84.40%
PT_RF_40% 87.7% + 6.01 91.15% 83.53%
Flog_int 89.8% + 4.35 90.8% 89.1%
Flog_log 88.8% + 6.36 91.1% 87.1%

Table 4.4: Performance of the proposed classification algorithms vis-a-vis the best classification competitors from
[63]. PT_RF_k% stands for Persistence Transformation, using the Random Forest classifier with k as a hyper-
parameter. According to [63], Flog stands for the Frobenius norm utilizing the logistic regression classifier. The
suffix "_int" denotes the Integrated approach, while "_log" stands for the Optimized approach.

top three classification schemes, most of the other methods achieved, on average, balanced accuracy values below
80%. This table stands for the proof of concept that our topological framework accompanying the RF classifier
can produce competitive results. Moreover, the RF (non-linear) algorithm can operate in pure high-dimensional
scenarios, i.e., when covariates exceed the observational units n <« ¢q. Therefore, the proposed classification

scheme PT + RF can also be applied in different data regimes.

4.5 Image Denoising with Persistence Transformation

4.5.1 Simulation setup

A (big) challenge in examining real-world applications is the presence of noise that can corrupt the data and lead
to incorrect data-analysis results (see [66, 61]). To this end, researchers have to be careful when analyzing datasets
with a possibility of noise and address it appropriately to improve the accuracy of the results (see [111, 115, 114]).
To assess the effectiveness of the proposed topological framework given the presence of noise, we proceeded as
follows. First, we simulated multiple synthetic mass spectrometry (MS) images, where each pixel of these images
corresponds to a unique mass spectrum. Specifically, each pixel presents an average value for its respective mass
spectrum. Second, we artificially contaminated the spectral data that generated the MS images by adding different
types and levels of noise. Finally, for each figure, we plotted the ground truth, the noise image, and two variants
of denoised MS images in a row. As a result, one can pictorially identify the ability of our TDA approach to
differentiate signal from noise in the images. Two of these results are displayed in Figure 4.7 and in Figure 4.9.
We utilized the "Cardinal” package ([10] v. 3.0.1) in R ([87] to simulate noiseless (ground truth) MS images.
Accordingly, we employed the "SimulateImage()" function with the following parameters: the preset image is two
(i.e., there are two figures, a circle in the top-left corner and a square in the bottom-right corner), the m/z range lies
in 500 — 2000 (resulting in 3466 m/z values), the number of peaks k* = 50, and a noiseless image (i.e., "sdnoise"
equals to zero). We aim to demonstrate the efficacy of our methodology with varying baseline levels so as to
cover baseline value ranges € {0, 5, 15}. Based on these parameters, we simulated multiple MS images with sizes

{30x30,42 x 42,60 x 60}. Following the simulation of the ground truth images, we contaminated the spectral data
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by adding either Gaussian or Poisson noise. We chose increasing values for the standard deviation for the Gaussian
noise ! and A for the Poisson noise, i.e., artificially contaminated synthetic data more and more. These distribution
parameters are given in the caption of each subplot and can serve as a proxy for different signal-to-noise ratio
variants. Due to its relevance to our real-world data application, we proceeded by picking a percentage of the most

significant peaks — signals outside these fractions were considered noise.

Gaussian Noise Pers. Transformation Pers. Transformation
Ground Truth std = 0.1 k=5.0% k = 10.0%

Gaussian Noise Pers. Transformation
Ground Truth std = 0.3 k=50% k =10.0%

Gaussian Noise Pers. Transformation
Ground Truth std = 0.5 k=5.0% k = 10.0%

Figure 4.7: Denoising with the persistence transformation. On the leftmost column, the ground truths of synthetic
MALDI-Images are displayed. In the second column, distinct levels of Gaussian noise are added to the spectral
data. The processed images based on two choices of k are displayed in the third and fourth columns.

Adding artificial noise to the MALDI spectra has two significant effects. First, the height of the existing signal
peaks could be altered. Second, new noise peaks can be established. For low levels of noise, the added noise peaks
are less persistent than the signal peaks. By optimizing the tuning parameter k, our algorithm can differentiate
the bulk of the signal peaks by neglecting the noisy ones in spectral data. A good example of low-level noise
is the Gaussian noise, which is displayed in Figure 4.7 and Figure 4.8 as can be seen in Figure 4.8, most of the

signal peaks can be distinguished from the noise peaks by their height. Hence, the original shapes from the ground

!with a fixed location parameter of 0.1
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truth images can be reconstructed in the denoised images in Figure 4.7 when the tuning parameter k is chosen
accordingly.

Gausian Noise
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Figure 4.8: An example of a synthetic spectrum of the images in Figure 4.7. The ground truth spectrum is displayed
in black, and its different noisy counterparts are displayed in color.

Higher levels of noise, on the other hand, can be challenging for the persistence transformation. By adding
noise peaks larger than the signal peaks, the ground truth can be compromised so that the persistence transformation
can not reconstruct the original shapes. An example of such kind of noise is the Poisson noise, and it is displayed
in Figure 4.9 and Figure 4.10. In Figure 4.10, it is shown that most of the noise spectra exceed the signal peaks.
Even so, with an appropriate k value, the shapes of the ground truth can be reconstructed to some degree in Figure
4.9.

More simulation results can be found in Appendix A.2. We want to highlight the time used for the (denoising)
analysis. It can be seen that doubling the number of pixels results in doubled time for the algorithm, e.g., for
Gaussian noise with a standard deviation of 0.1, the analysis of a 30 x 30 image takes approx. 29 seconds, for a
42 x 42 image it takes approx. 61 seconds, and for a 60 X 60 image it takes approx. 113 seconds on a standard

computer. This illustrates the almost linearity of the implementation.

4.6 Discussion

4.6.1 Summary

Motivated by the MALDI classification studies, the objective of this study has been to propose a novel custom-

made approach for modeling MALDI-MSI data. In general, the study’s methodology consists of two steps. First,
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Poisson Noise Pers. Transformation Pers. Transformation
Ground Truth lam = 0.01 k =5.0% k = 35.0%

Poisson Noise Pers. Transformation Pers. Transformation
lam = 0.05 k =5.0% k = 35.0%

Poisson Noise Pers. Transformation Pers. Transformation
Ground Truth lam = 0.1 k =5.0% k = 35.0%

Figure 4.9: Denoising with the persistence transformation. On the leftmost column, the ground truths of synthetic
MALDI-Images are displayed. In the second column, distinct levels of Poisson noise are added to the spectral
data. The processed images based on two choices of k are displayed in the third and fourth columns.

we carry out the introduced topological framework to obtain the intrinsic information from each mass spectrum,
given thousands of m/z values. Generally speaking, this step can be considered as a data-compression method for
MALDI-MSI data. Second, we execute two supervised classification methods based on the resulting persistence

vectors so as to classify the observational units into lung cancer subtypes.

The usefulness of the proposed topological framework consists of three perspectives. First, our numerical
classification results illustrate that the topological framework extracts the necessary information, which can be
used for further classification tasks. The obtained results are competitive with other data-analysis methods for
this dataset (cf. [63]). Second, the proposed framework compresses MALDI-MSI data, resulting in a significant
computational gain for the RF classifier. Third, we have demonstrated its effectiveness in retrieving the informative
parts of spectral signals under different noisy scenarios. The proposed topological framework can be adopted in a

computationally efficient algorithm depending on a single tuning parameter, i.e., the fraction of used peaks.
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Figure 4.10: An example of a synthetic spectrum of the images in Figure 4.9. The ground truth spectrum is
displayed in black, and its different noisy counterparts are displayed in color.

4.6.2 Outlook

The persistence transformation is a novel tool for topological data analysis, which can be employed in different
real-world applications. Future work to extend the introduced framework might include the application of the heat
equation to reduce the impact of noisy peaks (see [117]), which might increase the classification performance. Al-
ternatively, one can use the persistence pairs as input points for a second persistence homology analysis. However,
any computational improvement would lead to the extension of the computational time. Furthermore, the informa-
tion on the position of the peaks might be used for backtracking to identify (biologically) relevant molecules given
as peaks. Finally, the algorithm used in this paper shows similarity to Morse Theory ([69]) and especially to the

matching theorems in [58]. This presents an interesting topic for follow-up research.






Chapter 5

Discussion

This thesis has proposed novel approaches to address two challenging tasks in analyzing high-dimensional datasets,
particularly MALDI-related data: feature selection and tumor classification. This chapter is structured as follows.
First, we draw conclusions for each chapter in the thesis. The following subsection outlines the contributions of
this thesis. Next, we discuss computational challenges in the context of MALDI and how different pre-processing
steps affect our frameworks. Lastly, we provide an outlook for future research to build upon the contributions of

this thesis.

5.1 Conclusions

Regarding our inferential methodologies, which are presented in Chapters 2 - 3, we can conclude the importance
of incorporating correlation effects in the decision process (i.e., when deciding whether to reject or retain a null
hypothesis), especially for datasets generated under strong temporal or spatial conditions, such as MALDI-related
datasets. We have illustrated this importance by conducting computer simulations under different data-generating
scenarios and real data applications. Referring to the latter, as depicted in Figure 2.2 and Figure 3.2, strong depen-
dencies stemming from the (spatial) data acquisition processes impact the theoretical null distribution, leading to
classical FDR procedures being either too liberal or too conservative, in our cases being extremely liberal. In Chap-
ter 2, the dataset utilized for this study exclusively comprises cancerous cells measured from multiple spots from
each patient, resulting in highly related observational units. We found it convenient (but not essential) to "empiri-
cally correct" the null distribution (for further details, we refer to Subsection 2.4.2) due to the strong dependencies
among the Z-statistics in order to diminish the variance inflation. However, even following this "empirical correc-
tion," the empirical Z-values do not resemble the density of the standard normal distribution (i.e., the theoretical

null distribution) on R; however, as illustrated, it is not a challenge for our (inferential) procedures.

With respect to our topological framework, we propose exploiting the peak-related information by means
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of persistence transformation and utilizing this information for further classification tasks. We have illustrated
the effectiveness of our approach on a (real) MALDI dataset and compared the obtained classification results
with those of competitive frameworks. Additionally, through simulations on synthetic mass spectrometry images
and artificially contaminating them, we have demonstrated the capacity of our topological framework to retrieve
intrinsic information from spectral signals while disregarding noise-associated fluctuations. All in all, it leads us
to conclude that utilizing the (peaks) geometry structure is viable for MALDI-related applications. It is important
to mention that a central assumption of our topological methodology is the existence of peaks and their importance
for considered applications. Therefore, our topological approach is limited to applications in which this property
holds. An anonymous reviewer has commented that our topological framework could be applicable not only to
MALDI-MSI applications but also to desorption electrospray ionization (DESI) applications and secondary ion
mass spectrometry (SIMS) applications (for more details about DESI and SIMS, we refer to [90]). We have not
(yet) examined such datasets to delve deeper into these potential applications. Nevertheless, the feasibility of

applying our framework to DESI and SIMS datasets is worth considering for future investigations.

5.2 Contributions

Motivated by addressing the challenge of discovering associative m/z values in the context of MALDI, the starting
point for our research was proposing inferential procedures capable of considering the following properties in the
analysis of MALDI-related data: the strong spatial dependencies, a sparse assumption in the sense only a small
number of m/z values (synonymously covariates or features) are expected to be associative, high-dimensional
settings (i.e., containing a great number of covariates), and binary or nominal target variables (describing cancer
classes).

Considering all the aforementioned characteristics, from the statistical perspective, our primary contribution in
Chapter 2 is to propose a novel procedure for two-sample comparisons. Briefly put, by utilizing the framework
of multiple marginal logistic regression models and making use of the principal factor approximation estimator
(cf. [38]), our methodology incorporates the correlation matrix of the test statistics. We propose to employ the
multiple marginal models (MMM) framework ([83]), which provides us the capability to approximate the (limiting)
covariance matrix under different data regimes, including situations where the number of features exceeds the
number of observations. Respectively, our inferential procedure can work in high-dimensional setups, viz., when
the number of covariates exceeds the number of observations by magnitude.

The primary contribution of Chapter 3 consists of presenting a procedure for analyzing datasets with categor-
ical outcome variables in high-dimensional scenarios. This methodology (effectively) extends our prior work in
Chapter 2 to a multivariate context. From the statistical perspective, we employ multinomial regression and adapt

the necessary adjustments to tailor the MMM approach in lieu of binary logistic regression. It would, in principle,
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be possible to fit two times our procedure for a two-sample comparison, given some appropriate modifications (i.e.,
re-coding of the outcome variable and filtering out the observational units for the respective pairing), in the case
of three nominal categories. Yet it is nevertheless advantageous to employ our multivariate version. Specifically,
this approach allows for utilizing all (i.e., n) observational units in each marginal fit; otherwise, one would have to
exclude a part of the observational units for each of the two separate runs of the methodology presented in Chapter
3. So, there is a computational benefit since one can analyze datasets with categorical outcome variables without
a need to carry out the aforementioned data manipulations. Our implementation in R ([87]) also works in the case
the (random) outcome variable is not only a vector, but it might be a matrix of random counts, and our generic
function works with more than three classes. Lastly, the class of models that can be taken into consideration under
the multivariate setup is richer compared to the class of the univariate models as in Chapter 2.

From the application point of view, we have carried out our methodologies on two (real MALDI) datasets
given multiple mass spectra per patient and solely a single (mass) spectrum per patient, in this way illustrating
the versatility of our inferential procedures. Our procedures’ results are in accordance with the already published
findings by other researchers for the used datasets.

Now, let us further outline our contributions in the context of MALDI applications. For obtaining their "base-
line method", the authors ([9]) utilized the Mann—Whitney—Wilcoxon test to discover relevant features. Then they
chose "the highest test statistic" in a range of 5 to 100 features, while our approaches contribute by proposing
a statically grounded way to identify the number of relevant features under the constraint of FDP control. In
[5], the authors employed different multiple testing procedures, including the Benjamini-Hochberg procedure and
the Benjamini-Yekutieli (BY) procedure, to perform feature selection based on discrete wavelet coefficients (i.e.,
not directly on intensity values). By contrast, our procedures operate on intensity values and explicitly take into
consideration the (arbitrary and strong correlation) dependencies in the decision process. We have illustrated the
importance of employing dependencies in the decision process. In the context of MALDI, it is fair to say that
signals appear as significant peaks, and multiple methods have been proposed to discover peaks (e.g., [66, 119]).
Since peak detection is an unsupervised process, as highlighted in [16], additional analysis is conducted on detected
peaks with the intention of identifying a (relevant) subset of peaks that exhibit statistical significance with respect
to the response variables. Our screening frameworks reveal the magnitude of (genuine) Z-values of well-researched
biomarkers (signal peaks), isotope peaks, and already reported monoisotopic peaks as highly distinctive for cancer
associations (see Table 2.9 and Figure 3.4). As a result, the dependency-adjusted p-values for the aforementioned
peaks are exceptionally low. Thus, under the constraint of FDP control, we could declare them as false nulls (i.e.,
statistically relevant covariates). Additionally, the signs of the Z-statistics provide with the information of being
distinguishing for particular cancer (sub-)type, specifically ADC (Z; < 0) and SqCC (Z; > 0), as illustrated in
Chapter 2, for instance. These insights provide empirical evidence that our proposed methodologies contribute to

automatically identifying statistically (associative) significant peaks, e.g., for the task of biomarker discovery.
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Regarding Chapter 4 ([57]), our work mainly contributes in the following direction. We propose an algorithm
to calculate the reduced persistence transformation and prove its complexity. Of note, Weise et al. (2020) ([117])
also advocate for the utilization of the persistence transformation (PT) within the context of MALDI. However,
as aforementioned, our contribution consists of proposing a novel algorithm to carry out the proposed topological
framework, specifically to detect peaks and compute their persistence values. Now, we proceed to outline the
contributions from the application point of view.

We have applied our framework to a real MALDI dataset for binary classification. Particularly, we demon-
strated the classification performance of our supervised framework at varying levels of topological extraction
using this dataset. Also, we compared the resulting classification results with those obtained from competitive
frameworks (cf. [63]) based on two different cross-validation schemes. These comparisons serve as validations of
our complete tumor (sub-)typing process. Furthermore, to the best of our knowledge, we are the first authors to
illustrate the denoising and compression properties of the PT in the context of MALDI. Regarding the former, we
have demonstrated this aspect through multiple artificially contaminated images subjected to different levels and
types of contamination. We then displayed the resulting denoised images after applying the PT framework (for
more pictorial details, see Appendix A.2). As regards the compression property, following applying the PT, we
have presented evidence that the running time for the random forest classifier based on compressed data is con-
siderably faster compared to the non-compressed data. Regarding related works, as aforementioned, the first step
of our topological framework is to discover all peaks; therefore, this step is closely related to peak detection (e.g.,
in [66, 119]), which is an active research topic in the context of MALDI. Furthermore, our contribution is that we
strive not solely to identify significant peaks but to utilize peak-related information further for tumor classification.

All in all, our topological framework can serve as a valuable instrument for researchers and data curators,
as it can be solely applied to raw MALDI data aiming for size compression and denoising (not only for tumor

classification) while preserving the necessary information in the context of MALDI.

5.3 Computational challenges

As discussed in [3], MALDI mass spectra (i.e., the observational units) exhibit considerable heterogeneity due to
(some) technical reasons, such as noise, ions diffusion, and more. Consequently, an essential step in the analysis
of MALDI-related datasets is conducting (some) data-processing steps. These processing steps involve a series of
data manipulations aiming to prepare data for further analysis (for more details on mass spectra pre-processing,
see [74]). Generally speaking, we can group these pre-processing steps into two categories. The first category
aims to increase the comparability among mass spectra, while the second category aims to decrease the number of
measured variables. The latter helps reduce the feature space (synonymously, the number of measured variables)

and, therefore, the computational time required to analyze the data at hand without losing valuable information.
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We refer to [3] for more details regarding computational challenges in the context of MALDI.

A crucial step of pre-processing MALDI-Imaging data involves spectra normalization, which refers to scaling
each spectrum up to a specific factor for a more reasonable "intercomparison” of intensity values across different
(mass) spectra, facilitating better comparability (for more details, see [3]). As pointed out in [3], a standard method
for normalization is total ion count (TIC) normalization. In this method, the TIC, the sum of all intensity values
within each spectrum, is computed, then all (spectrum) intensity values are divided by the TIC value, respectively
the summation of intensity values within each mass spectrum is 1 (cf. [117]). The author in [3] (see also the
references therein) discussed the necessity of normalization. Furthermore, this processing step has also been
considered in advanced analysis methods, such as deep learning (cf. [9]). Another pre-processing step that aims to
increase comparability is baseline correction. It involves removing or adjusting the baseline for each spectrum to
align for fluctuations among intensity values.

Regarding the second group of pre-processing steps, researchers typically perform spectral filtering ([63, 16,
93]). Specifically, a non-processed dataset is resampled (or binned) to specific Dalton (Da) unit intervals, which
are centered around expected peptide masses (for more details, see [63]). By applying this step, researchers
aim to significantly reduce the number of measured variables and enable more manageable subsequent analyses.
Generally speaking, m/z values are binned around a higher Da zoom, for example, 0.4 Da. The non-processed
dataset can be quite large, often spanning a couple of gigabytes, and loading such (massive) datasets into RAM
memory demands substantial hardware capacity. The authors in [16] examined different combinations of pre-
processing steps and how those steps affect their analysis approach. Also, the authors in [74] introduced a data-
processing workflow to enhance the extraction of valuable information from mass spectrometry. Another optional
step is peak selection, which also aims to reduce the number of m/z values (MALDI-related covariates) to only
a subset of relevant peaks. Spectral binning, baseline correction, and peak selection require specialized software,
whereas the TIC normalization is straightforward and does not require dedicated software. The R-based package
"MALDIquant" ([47]) offers different pre-processing steps and routines for processing and analyzing MALDI-
related datasets.

In this thesis, we employed "standard" pre-processing workflows using in-house functions built in Matlab. The
influence of different data-processing settings has not been studied throughout this thesis and would require further
investigation. Let us elaborate more on the importance and necessitates of the aforementioned processing steps in
the context of our frameworks.

Regarding our inferential frameworks, baseline correction and data normalization are essential steps to increase
the comparability among mass spectra or, in other words, to diminish the external (extra) variability among the
observational units and align their distributions. The spectral binning step is optional, and our frameworks can be
applied to different Da granularity. However, analyzing datasets with a significantly small (Da) granularity, e.g., a

zoom of 0.08 Da, could result in over 50,000 m/z values. To carry out our procedures, one needs to run a marginal
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regression for each m/z value, meaning 50 thousand marginal fits. It is worth mentioning that marginal fits and
the multiple marginal models (MMM) approach can be parallelized (since we run them independently) in order
to optimize the execution time, and the computational burden can be lessened. However, the subsequent step in
our procedures is to execute the eigenvalue decomposition on the covariance matrix of the test statistics, meaning
one needs lots of RAM to load this 50 by 50 thousand covariance matrix. To this end, the pre-processing step of
binning is good practice. Moreover, it has been proven to be successful in analyzing MALDI-related data (e.g.,
[63, 93, 16]). Lastly, the peak detection procedure is redundant since our (screening) procedures tend to identify
m/z values that are associative with the target variable regardless of whether they are (only) monoisotopic peaks or
biomarkers.

In the context of the pre-processing, we observed one benefit of utilizing our topological framework. Specif-
ically, we simulated multiple spectral data with distinct baseline levels (not only around 0; see Section 4.5) to
demonstrate its capability to eliminate noise from mass spectrometry images. As illustrated in Chapter 4, our
framework successfully retrieved signals from noise, even under this scenario. Furthermore, the authors ([117])
employed the PT framework. The authors argue that the PT pipeline requires only specific intensity normalization
(cf. Section 3.1 in ([117])). They illustrated the superiority of the PT framework over "complex conventional
pre-processing” on a (real) MALDI dataset for binary classification. In this thesis, we applied our framework to
an already processed dataset and compared the classification evaluation with other frameworks on the same pre-
processed dataset. To this end, we did not investigate how distinct pre-processing steps impact the classification
efficacy of our entire framework. As aforementioned, we introduce an algorithm (see, Appendix A.1) that imple-
ments our topological framework. The proposed algorithm’s execution time is linearly dependent on the number
of m/z values and the number of detected peaks within each spectrum. In other words, a reduced number of m/z
values results in a faster running time for our algorithm. As discussed, a feasible way to reduce the number of m/z
values is by applying the spectral filtering step; however, this processing step is optional. It is worth noting that
our algorithm processes each spectrum individually, enabling the algorithm’s parallelization. This means multiple
(mass) spectra can be processed simultaneously on multiple workers, leading to faster execution and improved

computational efficiency.

5.4 Outlook

Regarding our multiple testing frameworks, several follow-up questions might be interesting. First, we have ex-
amined MALDI datasets with relatively balanced categorical classes (binary and nominal). As discussed in [91]
(cf. also in [50]), the imbalance in terms of binary outcomes can lead to an inflation of the type I error rates. In
this thesis, we have not studied the approximation accuracy of our methodologies in the context of imbalanced

categorical, either binary or nominal (target) classes. To this end, we need first to comprehend the performance



Chapter 5: Discussion 81

of inferential frameworks given the phenomenon of class imbalance. If the FDP control is not that sufficient, I
assume, for example, a plausible treatment would be to balance datasets artificially, viz., to correct class imbal-
ance (cf. [48]). I have to admit that a reviewer has stated this intriguing question, but from my perspective, it is
excellent and deserves further investigation. Second, it might be captivating to evaluate the uncertainty regarding
the realized FDP so as to provide a confidence region for it, in addition to mere point estimation of the FDP ([54]).
The objective is to establish an "exceedance control” (cf. [45]) of the FDP estimator, as considered in the previous
chapters. As a result, we can construct upper confidence bounds for the FDP, ideally simultaneously over a grid
of rejection thresholds. Last but not least, we employ the maximum likelihood estimator (MLE) to estimate the
unknown parameter in the proposed methodologies. However, the presence of outliers in data can (significantly)
ruin the obtained estimates (cf. [71]). Some outliers in the independent variables can cause parameter estimates
to be (arbitrarily) large or small. To this end, we could draw wrong conclusions because of not correctly yielded
estimates. A plausible remedy might be by adapting robust alternatives of the MLE, for example, in the spirit of
trimmed likelihood estimators (TLE) (for more details, see [71, 73]).

With regards to the algebraic framework, there are two more open questions (from my point of view) apart
from those stated in the Outlook Subsection 4.6.2 of Chapter 4. Firstly, we extracted equal persistence information
from each spectrum (observational unit) for our (supervised) MALDI data analysis, defined as a k percentage of all
(detected) m peaks. Since we define a set M for each spectrum and extract its persistence information individually,
it would be beneficial to extract this k percentage more dynamically from each spectrum. Namely, extracting more
topological information in the case of class misclassification for the respective observational units. Secondly, we
consider a trivial pairing when the topological feature is a low persistent peak (i.e., its relative height is low).
Therefore, we assume that this topological feature is noise and encode its value as 0. However, an alternative
solution might be to encode trivial pairings as missing values (i.e., NAs) and employ a more sophisticated machine-
learning classifier that explicitly deals with missing values.

Finally, this thesis provides an outlook regarding incorporating multiple testing with the persistence transfor-
mation. Firstly, I am inspired by this study ([5]) in the context of biomarker discovery in MALDI. The authors
employed another compression technique, namely, discrete wavelet transformation, and conducted different mul-
tiple testing procedures based on the obtained (discrete) wavelet coefficients at different levels to identify the most
distinguishing m/z values for cancer association. A similar idea might be an excellent application within the scope
of our topological framework. In simpler terms, one could conduct a multiple testing procedure (and by incorpo-
rating dependency effects) based on persistence values (rather than m/z values) at different peak extraction levels,
resulting in topological feature selection.

Secondly, we propose to employ "reduced persistence transformation" (see Subsection 4.2.4), where in lieu of
t(x) = (x,a*,a*) solely the position and the persistence are stored: #(x) = (x,a* —a*) € M xR for x € M. However,

another interesting application might be simultaneous statistical inference based on pairwise comparisons of "birth"
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and "death" values (a*,a") (not their difference) for each m/z value (i.e., at every position for x) across all mass
spectra (observational units). The latter application is plausible since our topological algorithm needs to pair all
inflation points (i.e., minima and maxima). In other words, the algorithm always estimates k = 100%, and then
one can pick a lower percentage for k (i.e., k < 100%) in order to compress the data at hand effectively. Note that
the algorithm executes once the process and the post-selection choices of k£ do not require any further executions.
Applying a multiple testing procedure based on the aforementioned (all) pairwise comparisons (for k = 100%)
would be beneficial to discover a subset of persistence vectors with statistically significant differences in their
relative heights. As pointed out in [3], "[s]electing many peaks slows down the segmentation and can introduce
additional variation". Incorporating statistical inference with our peak detection algorithm would allow us to
control the selection of a peak-based subset among detected peaks, addressing this concern effectively. Note that
such application differs from our inferential procedures (i.e., Chapters 2 - 3). Since the former application tends to

answer the question of significant peaks, no associative peaks, meaning this is unsupervised peak detection.

"I understand you’ve got to go through tough times to get better" - Dirk Nowitzki.
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Appendix

A.1 The persistence transformation algorithm

Here, we provide the pseudo-code of the algorithm introduced in Chapter 4. Furthermore, it contains the proof of

the Theorem 1.

Algorithm 2: Recursion start
Input: [/(xo).... /(tg1)]
Return: [(X, p(X)),...]
maxima, minima, featurePairs « @
for all x; € [xp, x,—1] do
if x; is maximum then
maxima « (x;, f(x;))
else if x; is minimum then
minima « (x;, f(x;))
SORT(maxima, f(x), >)
SORT(minima, f(x), <)
: (X, f(®)) « maxima.pop(0)
. featurePairs « (&, f(X) — minima[O][1])
13: RecursionStep(xy, X, maxima.copy(), minima.copy(), featurePairs)
14: RecursionStep(x,, X, maxima.copy(), minima.copy(), featurePairs)
15: return featurePairs

R AN A R o
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Proof 1 (Proof of Theorem 1:) The algorithm to calculate the reduced persistence transformation is divided into
two parts: the recursion start (Algorithm 2) and the recursion step (Algorithm 3).

The recursion start (Algorithm 2) gets as input the list of all the intensity values for each m/z value, marked
as f(x;). Let m be the number of maxima in this mass spectrum. In the beginning, empty lists are created for the
maxima, the minima, and the results (called "featurePairs"). The latter list stores the x value, i.e., the position, as
well as the persistence of each peak. Notice that each recursion step updates the list instead of returning results.

In the next step, all the minima and the maxima are stored in the corresponding lists in tuples of the form

(x, f(x)). For this, the algorithm iterates through the list of the f(x;). If the value is larger than its neighbors, it



Algorithm 3: Recursion Step

1: Input: start, end, maxima, minima, featurePairs
2: for all (x;, f(x;)) € maxima do
3 if x; ¢ [start, end) then
4 maxima < maxima\(x;, f(x;))

5: if |maxima| = O then

6:  return

7: (X, f(%)) « maxima.pop(0)

8: RecursionStep(start, X, maxima.copy(), minima.copy(), featurePairs)
9: for all (x;, f(x;)) € minima do

10:  if x; ¢ (%, end) then

11: minima « minima\(x;, f(x;))

12: (¥, f(x")) « minima.pop(0)

13: featurePairs « (X, f(X) — f(x"))

14: RecursionStep(x’, X, maxima.copy(), minima.copy(), featurePairs)
15: RecursionStep(x’, end, maxima.copy(), minima.copy(), featurePairs)

is marked as maximum and stored in the corresponding list. Correspondingly, values that are smaller than their
neighbors are marked as a minimum. This identification of extremal points can be made in linear run-time since
the list is traversed just once, resulting in a complexity of o(q). The two lists maxima and minima are then sorted

by their corresponding value f(x;) (the minima list inverted) with a complexity of o-(m - log m).

For the largest feature, the global maximum, the persistence is defined to be the difference to the global min-
imum (see Equation 4.1). These values are the first elements of their corresponding lists. After calculating the
persistence, the maximum is removed from the list, and the found feature (x, p(x)) is stored in the list persisten-
cePairs. The recursion step is called afterwards with the intervals [xo, X) and [x,-1,%). Notice that the second
interval is reversed. As input, the recursion step gets a copy of the two lists minima and maxima, as well as the
original list featurePairs. All these computations can be done in constant time, i.e., o(1). After the last recursion

step, all the features are detected and stored in the featureFairs list and can be returned.

The input for the recursion step (Algorithm 3) consists of two indices, namely start and end (indicating the part
of the data which is processed in the current recursion step, i.e., the positions of m/z values), a list of maxima and
a list of minima, and the shared list of featurePairs. In the first step, the routine removes all the maxima not in
the currently processed part of the data. There are at most m elements in the maximum list, so the complexity of
this task is o(m). If the list is empty after the removing step, the recursion step reaches the end and can return.
If not, it removes the first element X from the list. This is the most persistent feature (in terms of topology) in the
processed part of the data. The elder rule (cf. [30]) states that the feature can only merge with a feature with a
larger persistence, which is per construction at the index end. The corresponding minimum (cf. Equation (4.2) to
X can only be in the interval (%, end) so the minima list can be filtered in a similar fashion to the maxima list with
the same complexity. Since there are more possible features in the interval (start, %), the recursion step is called

once more for this interval.



The values % and the smallest minimum x' from the minima list generate a topological feature. This feature is
updated in the original featurePairs list, and the recursion step can be repeated with the two intervals (x', X) and
(x’, end).

The recursion step is processed at least once for each maximum with three extra calls after no more maxima
are left, i.e., it runs at most 4 X m times. Given the complexity of each step of o(m), the complexity of all the

recursion steps together is o(m?). This gives an overall complexity of the algorithm of

o(q) + o-(mz) +o(m-logm) = o(q) + o-(mz).

For each maximum, there is a tuple stored which contains the information of the position and the persistence,
resulting in an overall storage use of 2m elements.

The algorithm always terminates since, at each recursion step, one maximum is removed from the list of maxima
—if it is not already empty. Likewise, each part of the input list is being processed. Since there is only a finite
number of elements in the maxima list (i.e., m), the algorithm terminates after all are processed. Even more, the
algorithm returns all the features with their persistence. Each maximum creates a feature, and all maxima are
processed. They are paired with the correct minimum between themselves and a feature with a higher persistence
according to the elder rule (see [30]). Hence, the algorithm always terminates and returns the correct solution in

o(q) + o(m?) run-time.

A.2 Additional simulations

Distinct types and levels of noise are added to the ground truth and displayed. Finally, the results of the denoising

with the persistence transformation are depicted.



Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation

Baseline: 0 STD=0.1 k = 5%, Time = 28.61 k = 35%, Time = 28.61
Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation

Baseline: 0 STD =0.3 k =5%, Time = 29.16 k = 35%, Time = 29.16
Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation

Baseline: 0 STD =0.5 k = 5%, Time = 29.23 k = 35%, Time = 29.23

Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STDh=0.1 k = 5%, Time = 100.74 k = 35%, Time = 100.74



Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STD =0.3 k = 5%, Time = 54.81 k = 35%, Time = 54.81

Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STD=0.5 k = 5%, Time = 48.17 k = 35%, Time = 48.17
Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STDh=0.1 k = 5%, Time = 230.25 k = 35%, Time = 230.25
Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STD=0.3 k = 5%, Time = 102.25 k = 35%, Time = 102.25
Ground Truth 30x30 Gaussian Noise Per. Transformation Per. Transformation

Baseline: 15 STD=0.5 k=5%, Time =77.16 k= 35%, Time =77.16




Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 0 STh=0.1 k = 5%, Time = 60.73 k = 35%, Time = 60.73

Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 0 STD=0.3 k = 5%, Time = 77.23 k = 35%, Time = 77.23

Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 0 STD = 0.5 k = 5%, Time = 72.10 k = 35%, Time = 72.10

Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STD =0.1 k = 5%, Time = 202.28 k = 35%, Time = 202.28

Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STD =0.5 k = 5%, Time = 84.49 k = 35%, Time = 84.49




Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STDh=0.1 k = 5%, Time = 416.99 k = 35%, Time = 416.99

Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STD=0.3 k = 5%, Time = 203.51 k = 35%, Time = 203.51

Ground Truth 42x42 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STD=0.5 k = 5%, Time = 156.66 k = 35%, Time = 156.66

Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 0 STh=0.1 k = 5%, Time = 112.51 k = 35%, Time = 112.51
Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation

Baseline: 0 STD=0.3 k = 5%, Time = 110.85 k = 35%, Time = 110.85




Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 0 STD =0.5 k = 5%, Time = 109.01 k = 35%, Time = 109.01

Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STDh=0.1 k = 5%, Time = 419.68 k = 35%, Time = 419.68

Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STD=0.3 k = 5%, Time = 223.06 k = 35%, Time = 223.06

Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 5 STD = 0.5 k = 5%, Time = 176.00 k = 35%, Time = 176.00

Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STD=0.1 k = 5%, Time = 894.99 k = 35%, Time = 894.99




Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STD=0.3 k = 5%, Time = 450.77 k = 35%, Time = 450.77

Ground Truth 60x60 Gaussian Noise Per. Transformation Per. Transformation
Baseline: 15 STD =0.5 k = 5%, Time = 331.21 k = 35%, Time = 331.21

Ground Truth 30x30 Poisson Noise Per. Transformation Per. Transformation
Baseline: 0 LAM = 0.1 k = 5%, Time = 13.13 k = 35%, Time = 13.13

Ground Truth 30x30 Poisson Noise Per. Transformation Per. Transformation
Baseline: 0 LAM = 0.5 k = 5%, Time = 28.11 k = 35%, Time = 28.11




Ground Truth 30x30 Poisson Noise Per. Transformation Per. Transformation

Baseline: 5 LAM = 0.1 k = 5%, Time = 17.20 k = 35%, Time = 17.20
Ground Truth 30x30 Poisson Noise Per. Transformation Per. Transformation
Baseline: 5 LAM = 0.5 k = 5%, Time = 34.66 k = 35%, Time = 34.66
Ground Truth 30x30 Poisson Noise Per. Transformation Per. Transformation
Baseline: 15 LAM = 0.1 k = 5%, Time = 25.12 k = 35%, Time = 25.12
Ground Truth 30x30 Poisson Noise Per. Transformation Per. Transformation
Baseline: 15 LAM = 0.5 k = 5%, Time = 43.51 k = 35%, Time = 43.51

Per. Transformation Per. Transformation
k = 5%, Time = 31.78 k = 35%, Time = 31.78

Ground Truth 42x42
Baseline: 0




Ground Truth 42x42 Poisson Noise Per. Transformation Per. Transformation
Baseline: 0 LAM = 0.5 k = 5%, Time = 64.90 k = 35%, Time = 64.90

Ground Truth 42x42 Poisson Noise Per. Transformation Per. Transformation
Baseline: 5 LAM = 0.1 k = 5%, Time = 31.45 k = 35%, Time = 31.45

Ground Truth 42x42 Poisson Noise Per. Transformation Per. Transformation
Baseline: 5 LAM = 0.5 k = 5%, Time = 63.44 k = 35%, Time = 63.44

Ground Truth 42x42 Poisson Noise Per. Transformation Per. Transformation
Baseline: 15 LAM = 0.1 k = 5%, Time = 48.94 k = 35%, Time = 48.94

Ground Truth 42x42 Poisson Noise Per. Transformation Per. Transformation
Baseline: 15 LAM = 0.5 k = 5%, Time = 85.30 k = 35%, Time = 85.30




Ground Truth 60x60 Poisson Noise Per. Transformation Per. Transformation

Baseline: 0 LAM = 0.1 k = 5%, Time = 51.43 k = 35%, Time = 51.43
Ground Truth 60x60 Poisson Noise Per. Transformation Per. Transformation
Baseline: 0 LAM = 0.5 k =5%, Time = 113.24 k = 35%, Time = 113.24
Ground Truth 60x60 Per. Transformation Per. Transformation
Baseline: 5 LAM = 0.1 k = 5%, Time = 67.30 k = 35%, Time = 67.30
Ground Truth 60x60 Poisson Noise Per. Transformation Per. Transformation
Baseline: 5 LAM = 0.5 k = 5%, Time = 131.27 k = 35%, Time = 131.27

Ground Truth 60x60
Baseline: 5

Per. Transformation Per. Transformation
k = 5%, Time = 143.12 k = 35%, Time = 143.12
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