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Abstract:

High surface sensitivity and lateral resolution imaging make Time-of-Flight Sec-
ondary Ion Mass Spectrometry (ToF-SIMS) a unique and powerful tool for biological
analysis. Many of these biological systems, including drug-cell interactions, require
both the identification and location of specific chemicals. ToF-SIMS, used in imag-
ing mode, is making great strides towards the goal of single cell and tissue analysis.
The experiments, however, result in huge volumes of data. Here advanced compu-
tational approaches employing sophisticated techniques to convert these data into
knowledge are introduced.

This thesis aims to produce a framework for data analysis, integrating novel al-
gorithms, image analysis and 3D visualisation. New schema outlined in this thesis
address the issues of the immense size of 3D image stacks and the complexity con-
tained within the enormous wealth of information in ToF-SIMS data.

To deal with the issues of size and complexity of ToF-SIMS data, new techniques
to processing image data are investigated. Automated compression routines for ToF-
SIMS images using a peak picking routine tailored for ToF-SIMS are evaluated. New
user friendly GUIs capable of processing and visualising very large image stacks are
introduced as part of a tool-kit designed to streamline the process of multivariate
analysis and image processing. Along with this two well known classification rou-
tines, namely AdaBoost and SVMs, are also applied to ToF-SIMS data of several
bacterial strains to test their ability to classify SIMS data accurately. This thesis
present several new approaches to data processing and interpretation of ToF-SIMS

data.
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Chapter 1. Introduction

1.1 Mass Spectrometry

Mass spectrometry (MS) is an analytical technique that is used to determine the
mass of chemical compounds. Since the mass of a chemical compound is dependent
on its elemental composition, it can be an important measure for its identity. Since
the advent of mass spectrometry in the early 1900’s [71] it has gradually grown from
a very specialist analytical technique into a mature method that is widely used and
one of the most powerful tools for the identification of unknown compounds. Fields
of application include biology, medicine, forensics, organic and inorganic chemistry,
materials engineering, food engineering and others. MS is a widely used tool, both
in academia and in industry.

MS has the advantage that it does not necessarily have to be used as a stand-alone
technique, but can be combined with one or several steps of separation techniques.
These separation techniques include gas chromatography (GC), liquid chromatogra-
phy (LC), solid phase microextraction and virtually any other analytical separation
technique. Coupling of separation techniques to MS can either be indirect, in which
separation is done in a stand-alone experiment and followed by a MS experiment,
or directly in which both are combined in a single setup. The latter method (e.g.
LC-MS) is very common for routine analysis of diverse complex mixtures.

To determine their mass, chemical compounds need to be brought into the gas
phase, ionized, separated based on their mass (mass-to-charge ratio) and detected.
All these steps are crucial in the successful generation of a mass spectrum. Gas phase
ions are typically generated in vacuum or transferred into vacuum directly after they
are created. Methods to do this include, but are not limited to, Secondary Ion Mass
Spectrometry (SIMS), Electron lonization (EI), Electrospray lonization (ESI) and
Matrix Assisted Laser Desorption and Ionization (MALDI).

The combination of several ionization techniques can be used to combine their
specific advantages and generate complementary data. In most cases, the analytes
are brought into the gas phase and ionized in a single step. After bringing ions into

the gas phase and into the vacuum, they have to be separated based on mass and
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detected. Mass analysis can be done using sequential mass filtering, in which ions
that fit in a single mass window are transmitted and all other ions are blocked. The
mass window is scanned and ions are detected for each mass window. Sequential
filtering methods include quadrupole filtering and magnetic sector filtering. More
efficiently, all present gas phase ions are analysed in a single MS-run. The latter
method is much more economic because the loss of ions that is inherent to the
sequential filtering method is circumvented. Methods that detect all ions in a single
measurement step include Time of Flight Mass Spectrometry (ToF-MS), Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-MS) and Orbitrap
mass spectrometry. Combinations of mass filters and mass analysers are also quite
common.

All mass spectrometers measure mass-to-charge ratio (m/z) as opposed to simple
mass. This [IUPAC standard m/z denotes the quantity formed by dividing the mass
of an ion by the unified atomic mass unit (u) and by its charge number (positive
absolute value)[73]. Masses tend to be singly charged, however this is not always the
case. If an ion is more highly charged for example if z (charge) = 2, then that ion
will appear at half its mass. The larger or more intense a peak is in the spectrum,
the greater the abundance of that ion. Mass spectrometry uses the atomic mass
unit as the standard mass unit, though the Dalton (Da) is also used.

This form of analysis produces a mass spectrum of the constituents within the
sample i.e. the mass spectrum generally contains data corresponding to the masses of
fragmentation products of a molecule. The nature of fragmentation process relates
quite specifically to the structure of the molecule and the technique used. This
chemistry is then used to deduce the structure of the unfragmented molecule or
parent material.

In brief summation: measurement of a mass spectrum requires ionization of a
sample, filtering the reactant and product ions based on mass and charge, detection
of the ions after filtering and storing of the data. Many techniques are used to

ionize molecules for mass spectrometry. These include Secondary Ion (SI), Electron
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Ionization (EI), Photon lonization (PI) , Field Ionization (FI) , Chemical Ionization
(CI) , Electrospray ionization (ESI), Fast Atom Bombardment (FAB) and others.
Understanding the ionization process is crucial to understanding the mechanisms
by which mass spectral data are produced. Once formed, ions are accelerated and
focused into a mass analyser. There are several common ways to accomplish mass
analysis: time-of-flight, magnetic field, quadrupole field and ion cyclotron resonance.
This thesis focuses on SIMS, specifically ToF-SIMS but most of the content is ap-

plicable to other forms of MS.

1.2 Time-of-Flight Secondary Ion Mass Spectrom-
etry

ToF-SIMS is the mass spectrometry of ionised particles that are emitted when a
surface is bombarded by energetic primary particles/ions. The secondary ions are
removed from layers on the surface of a sample. These ions are then accelerated
into a “flight tube” and their m/z are determined by measuring the time at which
they reach the detector (i.e. Time-of-Flight). A brief explanation of the technique is
given in this section. A thorough explanation of the TOF-SIMS technique is given
in a book edited by Vickerman and Briggs [78].

SIMS is a widely used technique to analyse the chemical composition of solid
surfaces and thin films. It can be applied to analyse both the elemental and the
molecular composition of the surface. The emitted (sputtered) secondary particles
are electrons; neutrals species atoms or molecules; atomic or cluster ions. The vast
majority of sputtered particles are neutrals, but it is the secondary ions that are
analysed and detected by a mass spectrometer. Ion beam induced chemical damage
to the surface plays an important role. This has had a large effect on the history of
SIMS owing to the fact of damage arising due to primary ion choice. Thus, Static
SIMS, a regime of SIMS developed in the late 1960s in Benninghoven’s group [4]

in Miinster, in which only a small part (< 1%) of the surface is exposed to the
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primary ion beam, was introduced. In this regime, each measured secondary ion
originates from an untouched part of the surface and is therefore representative of
the virgin surface. The possibility to do static SIMS, extended the SIMS technique
from an elemental analysis technique to a molecular analysis technique. With the
introduction of cluster ion beams the capability of SIMS instruments has increased

dramatically to allow analysis beyond the static regime [5] [31].

1.3 Fundamental Principles

The SIMS equation as given by [79]:
L, =LYat0,n (1.1)

Where I, is the secondary ion current of species m, I, is the primary particle
flux, Y;, is the sputter yield, o™ is the ionisation probability for positive ions, 6,, is
the fractional concentration of m on the surface layer and 7 is the transmission of
the analysis system. The SIMS equation gives a framework for understanding the
process of the experimentation.

Samples are prepared in an ultra high vacuum. Primary ions are accelerated
through an electrical field toward the sample stage. Kinetic energy, and thus particle
velocity, are generated through the relationship of Ek = qV = %va. The beam
of primary ions impact the surface with energies in the range of 10s of keV. The
primary ion beam causes a collision cascade amongst surface atoms and atoms,
molecules and molecular fragments are usually ejected from the material’s surface.
Secondary particles produced closer to the site of impact tend to be dissociated ions
(positive or negative). Secondary particles generated farther from the impact site
tend to be molecular compounds, typically fragments of much larger macromolecules
[65]. The secondary ion yield depends on the nature of the analyte and has become
an important value to understand, especially when trying to image a sample. These

values must be known to reconstruct an accurate quantitative description of the
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Figure 1.1: Schema of the SIMS process.

original sample chemistry:.

The secondary ions are then accelerated into a flight path on their way towards
a detector. Because it is possible to measure the “time-of-flight” of the ions from
the time of impact to detector on a scale of nanoseconds, it is possible to produce a
mass resolution in sub atomic mass units. Figure 1.1 gives an diagrammatic overview
of this process. By analysing the observed spectra in terms of fragmentation and
subsequent ion formation of the sample this can reveal the overall structure or

composition of the original sample.

1.3.1 Static SIMS

As mentioned above Static SIMS is a regime which imparts a low primary ion current
to hit ‘fresh’ regions of the sample surface to liberate ions, molecules and molecular
clusters for analysis. The conditions require a very low primary ion dose (less than
10"cem =2 ions for a gallium beam), which is much less than 1% of the surface layer

that is impacted by the primary ions [79]. This means a small amount of primary
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ions are used to bombard the sample per area per unit time. Static SIMS is used
to determine surface concentrations of elements and molecules without significantly
altering the sample. Static conditions are defined as those which maintain the

integrity of the surface layer within the time-scale of the experiment.

1.3.2 Dynamic SIMS

In contrast to static SIMS, “dynamic” SIMS is the method of choice for quantitative
analysis, because a higher primary ion current results in a faster sputtering rate and
produces a much higher ion yield. Thus, dynamic SIMS gives a higher secondary ion
response. TOF-SIMS is also capable of sputter depth profiling. The higher ion flux
used in dynamic SIMS eats away at the surface of the analyte, the beam steadily
‘digs’ deeper into the sample and generating secondary ions that characterise the
composition of the sample as a function of depth. Depth profiling allows monitoring
of all species of interest simultaneously, and with high mass resolution. By monitor-
ing the entire mass spectrum at each depth unexpected contamination in the sample

can be detected.

1.3.3 Primary Ions

For SIMS analysis there are a large number of properties to consider when choosing
a primary ion source. The primary ion source of choice depends on the goal of the
analysis. First generation primary ions were inert gas ions (Ne™, Ar* and Xe™) [9].
These sources were then followed by surface ionization sources, typically C's™ ions.
liquid metal ion source (LMIS) generated ions used were, and are, Ga™ and In™ [3].

It was proposed by [5] that if clusters break up on impact then many individ-
ual atoms will bombard the surface of an analyte almost simultaneously and this
would promote larger fragments from the surface. This has been shown to be the
case in numerous studies with different cluster primary ion beams such as [46]. It
was also shown by molecular dynamics simulations comparing Ga™ and Cg, pri-

mary ions [56] [58] that cluster ions provide more secondary ions and more high
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mass ions. The use of buckminsterfullerene (Cy;) is a quite recent addition to the
spectrum of ion sources, offering high secondary ion formation efficiency and low
sub-surface chemical damage. The low chemical sub-surface damage by Cg, primary
ions makes molecular depth profiling and analysis far beyond the static limit possible
[24] [81]. Low chemical damage and high secondary ion yields have also been shown
for even larger cluster primary ions like Aujfy[45] and more recently A _so00 [1]

and (Hy0) {000 [67]-

1.3.4 Detectors

There are generally two detector devices that are used to process the signal in SIMS
instrumentation, a time to digital converter (TDC) and an Analogue to Digital
Converter (ADC). Classical SIMS instruments generally use a TDC, this leaves
them subject to Poisson noise due to the counting statistics. As it is a digital
system, multiple simultaneous events cannot be recognised, thus a finite dead time
can be observed. Therefore, with high secondary ion fluxes all ion signal may not be
recorded. With recent SIMS experiment this has become an apparent issue. Though
Poisson noise can be scaled out with a high degree of accuracy [42] and recently dead
time corrections have been implemented [76].

An ADC is used in the J105, also the Biotof can select the use of an ADC e.g.
for post-ionisation experiments. The ADC directly maps the electron cascade as
opposed to the TDC which counts binary when the voltage exceeds a threshold.
This leaves the J105 outside of counting statistics and thus Poisson scaling.

In an ideal world SIMS detection would result in pin-sharp peaks. However, there
are issues of ions with different sputter energies and their associated flight paths
through the analyser that give rise to a 'peak width’ and 'peak shape’. The analyser

type will have an effect on both the shape and width.
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Figure 1.2: 3D biochemical images of freeze-dried oocyte, showing changes in (a)
phosphocholine peaks m/z 58, 86, 166, and 184, (b) signal summed over the m/z
range 540-650, (c) signal summed over the m/z range 815-960, and (d) cholesterol
peak at m/z 369. Color scale normalized for total counts per pixel for each variable
(m/z range) [23].

1.3.5 Image data

In imaging mass spectrometry, images are created based on mass spectral informa-
tion. Ions are generated from the surface of the material as the primary ion beam
is rastered across the sample surface. The generated ions are then detected in a
mass analyzer. This is done for an image of e.g. 256x256 pixels. Spatial resolution
is dependent on the primary ion beam widths, ranging from about 50 nm to 1 um.
The resulting dataset contains a full mass spectrum for each image pixel. These
mass spectra can contain intensity values for individual, multiple or a whole range
of m/z values.

The total ion image is the sum of all peaks in the spectrum, this can be viewed
to give a topographic map. When a peak of interest is observed by the analyst,
an intensity plot can be made that visualises the distribution of the related ion at
the sample surface and used to interrogate regions of interest, for their chemical
composition, via computer processing after the datasets have been instrumentally

acquired. When this is done for multiple m/z values of interest, each m/z value
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can be assigned a colour, giving a colour plot that visualizes the spatial distribution
of several ions throughout the sample. The acquisition of a full mass spectrum at
multiple image pixels results in a “data-cube”, a collection of intensities for each
x-position, y-position and m/z value. The choice of data storage during or after
acquisition depends on the way data were acquired. By imaging multiple layers of
a sample a 3D model can be constructed from the data which allows for spatial
distribution to be analysed in three dimensions [21].

The ability to analyse samples in such a manner has drawn great attention in
recent times due to its applicability to biological samples [46]. Figure 1.2 shows a
3D representation of a Xenopus laevis Oocytes as imaged by ToF-SIMS [23]. Visu-

alisation of SIMS data is discussed more in Section 5.3.

1.3.6 Approaches to Data

Raw data from the mass spectrometers comes in the form of mass spectra with
attached meta-data. Depending on the resolution at which the data are acquired,
the size of the files will vary up to very large files greater than tens of gigabytes.
There are currently two proprietary formats in-house, one for each instrument.

One current impediment in the ToF-SIMS community is that of file formats.
Currently there are a few manufacturers of ToF-SIMS instrument (ION-TOF[41]
and PHI [57] to name two). With each of these comes a proprietary file format.
Generally these file formats are not open, therefore data transfer becomes a problem.
Beside data transfer, problems due to file formats no longer being supported can
also arise. Though there is a standard, it is rarely used. Proprietary file formats
can be a problem for analysing or transferring data. Standardisation of file formats
is an important step to integrating a community of research. This along with the
lack of large databases hinders the potential of ToF-SIMS.

Interpretation of individual spectra can be characterised in two ways. The first is
interpretation by comparison with other spectra. The second is by using fragmen-

tation patterns from molecular information. Thus, identifying molecular structure
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prediction from the spectral data. Complementary data from other techniques can
also be an aid in the process. This thesis is designed to simplify some of the tasks
associated with these interpretive steps.

In mass spectrometry mass spectra contain all the molecular/atomic information.
By examining these, the researchers can determine the composition of the test sam-
ple. However, datasets from the instrumentation have become enormous. To deal
with these massive datasets statistical methods have been applied to aid users in
their analysis of these datasets. Multivariate Analysis (MVA) tools can be used
to extract information from these. Methods such as Principal Component Analy-
sis (PCA), Discriminant function Analysis (DFA) [70], Partial Least Squares (PLS)
[33], Multivariate Curve Resolution (MCR) [75], Maximum Autocorrelation Factor
(MAF) [77] and others have been utilized. Especially when dealing with large data
sets, tools like PCA can be invaluable.

The goal of using these methods is to extract information from the datasets which
may be unattainable by conventional methods. PCA is most commonly used to
extract differences between samples or datasets and thus classify them into groups.
PCA has also been used to extract chemical information for imaging. DFA has often
been applied as a subsequent technique to PCA for further discrimination [2].

PCA is an unsupervised method for identifying patterns in data. The goal of PCA
analysis is to identify trends or patterns, through variance, in data and expressing
the data in terms of Principal Components (PCs), which are axes with the maximum
variance. The first principal component (PC1) is the direction that describes the
highest degree of variance through the data. The second principal component (PC2)
is the axis in a direction describing the highest degree of remaining variance after
the first PC and is orthogonal to it.

Classification algorithms have begun to become more prominent in their applica-

tions to SIMS data. classification routines will be discussed in more depth in Section

4.
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1.4 Aims

The primary aim of this thesis is to improve current methods for dealing with SIMS

data. To do this, two key areas relating to SIMS data are identified:

e The very large size of current SIMS images/image stacks.

e The complexity of the data.

These two overarching areas can be broken down into sub-categories, some of
which this thesis focuses on. When discussing file size issues such as storage, com-
puter memory and processing the data crop up. If trying to comprehend the com-
plexity of data many approaches can be taken, such as simplification of the data,
incorporating complex algorithms for MVA and approaches for intuitive visualisa-
tion. To broach these issues some novel approaches to SIMS data are proposed.

From here the thesis takes the following form:

In Chapter 2 a new algorithm for automatic peak picking of SIMS data is intro-
duced and tested.

In Chapter 3 some fresh techniques for compression of SIMS images are presented
and evaluated.

Chapter 4 introduces new classification routines to SIMS data and compares the
results to a commonly used approach of PC-DFA.

There are two major sections in Chapter 5, the first section brings new procedures
for reading files and mean centring of sparse data for ease of analysis. Some spectral
matching tools are also introduced here as an aid in spectral interpretation. Finally a
collection of tools created in Matlab are introduced to automate standard processing
techniques such as visualisation and performing PCA on data.

Finally in Chapter 6 there is some general discussion regarding the outcomes of

the experiments and approaches presented and some final conclusions are drawn.
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2.1 Introduction

The term ‘peak picking’ is used to describe the exercise of determining a ‘discrete
spectrum from continuous data’f. This is in contrast to arbitrary peak selection
based on a priori knowledge of the sample [80] and/or by applying a simple intensity
threshold to the data.

Peak picking fundamentally is a method of locating peaks within a spectrum.
Classically peak picking has been used to find peaks to generate peak lists [74].
From this the area of each peak discovered can be used instead of its original or fitted
distribution, thereby reducing the information to a single mass channel. There have
been many approaches adopted to do this by the mass spectrometry community
[44][54].

Peak detection is a challenging task since mass spectra are often tainted by noise,
ToF-SIMS is no exception to this. As a result, various algorithms have been proposed
to facilitate the identification of informative peaks. These algorithms differ from each
other in their principles, implementations and performance [83]. In order to create
a functional peak picking algorithm for ToF-SIMS some open source algorithms are
investigated in relation to SIMS data.

ToF-SIMS has gone through a resurgence in recent years with the ability to do
3D biological chemical analysis. With this, data which are much more complex and
vastly more complicated to interpret with respect to a sample has also followed. To
understand these data sophisticated computational approaches are needed. Reduc-
ing the complexity of data by peak picking can be viewed as one of these approaches.
For peak picking to be an option as a pre-processing technique, reliable, reproducible
and accurate methods are imperative. In this chapter the aim is to provide a com-
prehensive comparison of existing peak detection algorithms and extract reasonable
principles and schemes on which to apply them.

It is possible to peak pick manually but aside from the time aspect, the quantity

fA term suggested at the 59" TUVSTA Workshop on Surface Chemical Analysis: Improving
data interpretation by multivariate and informatics techniques, Trinidad and Tobago, 2010
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and the necessary accuracy make this unreasonable, therefore it is recommended to
do it automatically. For a human, detection of most peaks is not an issue. Intuitively
our eyes are able to discover the largest peaks with a quick glance, but generally
with less accuracy, due to some subjectivity, when concerning smaller peaks. Auto-
matic peak detection is a more robust approach, as the same algorithm will produce
the same results, a fact which cannot be said of manual peak selection. However,
detecting true signal from a spectrum still remains an issue due to low abundance
signal, which may be buried by noise. This can cause high false positive rates of
peak detection. Overlapping peaks or shoulder peaks can corrupt interpretation
of a spectrum, distorted peaks due to acquisition characteristics or asymmetries in
peaks can cause errors in detection rates which all affect the efficacy of peak picking

approaches.

2.1.1 What is a peak?

To expand on the process of peak picking a definition of what a peak actually is
is needed. One commonly used definition, initially developed by Yasui et al. [84],
relies on local maxima, that is to say a point with higher intensity than N other
points in a local neighbourhood. This approach applied to peak picking is generally
performed by searching for maxima in a pre-defined window width, repeating the
process so that window covers the entire spectrum. A list of potential peaks is
returned. Window widths which are too small will result in keeping low intensity
noise fluctuations as peaks, while values that are too big will potentially exclude true
signal. Another common way of considering a peak is in relation to signal-to-noise
ratio. Here, a peak is defined as signal that is observed above three times a common
baseline for example.

These definitions are simplistic and do not deal with more complex spectral fea-
tures such as overlapping peaks or shoulder peaks. More information is available in
a spectrum other than just a maximum, in regards to spectral features/peaks. Every

peak has an underlying distribution dependent on the type of machine and the set-
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tings of that machine. Therefore, a peak can be defined as a clear signal distribution
above an observed noise level or baseline where an underlying distribution can be
observed. This definition is general enough to cover all types of mass spectrometry
but specific enough to discriminate peaks from noise. This definition does not how-
ever deal with the stated fact of overlapping or shoulder peaks. Following this, an
overlapping peak is defined as a distribution where two or more evident peaks are
observed without the ability to resolve either peaks underlying distribution clearly
or fully. A shoulder peak is defined as a peak overlapping with another peak to
the extent that a clear valley between the two peaks is no longer evident, but there
is an obvious deviation from the peaks expected underlying distribution due to an

additional signal distribution.

2.1.2 What can Peak Picking be used for in ToF-SIMS?

Classically peak picking has been used for single spectrum analysis or collections
of spectra. From this peak lists can be generated. These peak lists can then be
used in a variety of ways such as databasing [69]. By peak picking, fitting can
be performed and more information about a peak can be gleaned. The area and
standard deviation of each peak can be calculated and used instead of its spectral
intensity. Thus, peaks can be reduced to a single mass channels. In other fields of
MS, peak picking has been an input in Biomarker discovery [85]. In Chapter 3 peak
picking is used as a tool for compression of SIMS images, as opposed to manual peak

selection.

2.2 Peak Picking routines

Recently in the MS community it has become apparent that more statistically rel-
evant methods for automatically finding peaks are a necessity. In the mass spec-
trometry community as a whole there have been reviews of some of these algorithms

[83][85]. By incorporating aspects of several approaches a new peak picking algo-

33



Chapter 2. Peak Picking Applied to ToF-SIMS

rithm tailored for ToF-SIMS is proposed here. Due to the nature of the SIMS process
and its resultant spectra, in comparison with other MS techniques, a tailored peak
picking algorithm is needed which can accommodate its nuances. Features such as
the large disparity in signal-to-noise ratios, and signal intensity as a whole, across a
spectrum and the high levels of peak overlaps need to be accommodated to produce
an accurate representation of a spectrum.

This method however can easily be adopted for other forms of MS or indeed any
data with Gaussianesque peaks, where the goal is to locate peaks. Generally peak
picking algorithms take the form of baseline estimation, noise smoothing or removal

and peak picking, a brief overview of peak picking is given below.

Baseline

Baseline correction is typically a two-step process, estimating the baseline and sub-
tracting the baseline from the signal. However, unlike other forms of MS where
baseline correction is needed, in ToF-SIMS it is not necessary. This is due par-
tially to the low levels of chemical noise in SIMS, in comparison to techniques such
as MALDI. However, noise is still a problem when it comes to automated peak

identification in SIMS.

Smoothing filters/ noise removal

Smoothing filters are often applied as a pre-processing step in peak picking routines,
one type of these used is a moving average filter. A moving mean average filter is
used to smooth out high frequency signal while retaining lower frequency signal.
This is achieved by taking the average of N neighbouring points (user defined value)
of data and substituting the averaged value for the value at that point. Once this
is done the next point in the series or spectrum is calculated in the same way.
Saviztky-Golay [63] filtering can be considered as a generalized moving average
filter. It performs a least squares fit of a small set of consecutive data points to

a polynomial and takes the central point of the fitted polynomial curve as output.
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This type of filter has been widely adopted. Wavelet filtering has also become a
popular approach for noise removal [53][51].

When smoothing is applied to mass spectra it smooths out noise but it can also
smooth out real spectral features such as low intensity peaks and shoulders. If
real signal is smoothed out and consequently not detected by the algorithm this

information is lost in future analysis that uses this approach.

Peak picking

One of the most basic approaches adopted was that of Yasui et al. [84]. A peak was
found by scanning through a spectrum and evaluating each point. If the point is a
local maximum of N neighbouring data points, where N is some arbitrary number of
data points, then this is considered a peak. This method, though being simplistic,
is effective if the peaks are free from noise, noise has been removed by smoothing
and/or noise removal techniques have been adopted. Since noise is ever present in
SIMS data this brings into question the efficacy of the noise removal and smoothing
filters that are implemented. More recent approaches have negated the used of noise

filter by using wavelets, this is discussed more below, Section 2.2.2.

Intensity threshold

A simple solution to the problem of peak picking with noise is to use an intensity
threshold. By setting some arbitrary value as an intensity threshold all points above
the threshold can be considered as peaks. Then applying smoothing and a local
maximum function as above gives an estimate of the peaks in the spectrum. However

this does not take into account true peaks below the intensity threshold.

2.2.1 Cromwell

Coombes et al. [13] created a peak picking approach which was an extension to sim-
ple locating local maxima in a spectrum. They applied their approach to MALDI

data. Their method relied mainly on pre-processing of spectra using calibration,
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de-noising, baseline removal, noise estimation and then locating local maxima. By
performing these extensive transformations to their data they aim to remove the
difficulties associated with searching for local maxima. They investigate two ap-
proaches, one using single spectra the other using the mean spectrum.

Firstly they ensure that all spectra are well calibrated. Then they de-noise
the spectra using wavelet regression, the Undecimated Discrete Wavelet Transform
(UDWT). Hard thresholding was performed in their case to remove noise. The
wavelet coefficients are calculated and all coefficients less than a certain threshold
are set to zero. An estimate of the noise level across the spectrum was calculated by
using a median filter. Estimation and removal of the baseline is then performed on
the denoised signal via a monotone local minimum curve calculation. The spectrum
is then normalised to total ion counts. Peaks are then found via a local maximum
search and a signal to noise ratio calculated. Peaks below a certain signal to noise
ratio are discarded.

This method applies steps which may not be applicable to SIMS data such as
baseline removal, as there is no baseline in SIMS data. Also the use of a denoising
step is negated in the Continuous Wavelet Transform (CW'T) approach of Du et al.
[17]. which will be discussed further in the coming sections. This method will be
evaluated against other peak picking routines on SIMS data in the Results, Section

2.5.

2.2.2 CWT

Du et al. [17] introduced the concept of using the continuous wavelet transform
for the purpose of peak picking. This method has become very successful in the
mass spectrometry community [83]. Peak picking is carried out by applying the
continuous wavelet transform to a spectrum. This is done through implementing
the Mexican hat wavelet (Figure 2.1b) which is proportional to the second derivative
of a Gaussian probability density function. This produces a 2D coefficient matrix

with size of M x N (Figure 2.3d), where M is the number of scales of the wavelet
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Figure 2.1: Graphical representation of the first and second Gaussian derivative
wavelets.

and N is the number of mass channels in the spectrum.

To illucidate the process the Mexican hat wavelet was applied to a simple model
spectrum from Figure 2.5a. Figure 2.2 shows the results of this. Figure 2.2a-2.2¢
show the wavelet coefficients for the scale 1, 10 and 15 respectively. Figure 2.2d is
the 2D plot across 50 wavelet scales.

The Mexican hat wavelet with scale one provides the best match (highest ampli-
tude in the cwt coefficients) for peaks with a width of about two mass channels. The
amplitude of the cwt coefficients gradually increase as the width of a peak increases,
reaching a maximum when the scale best matches the peak width, and gradually
decreases as the scales continues to increase. Viewing this as a 2D plot (Figure 2.3d)
ridges’ corresponding to the peak locations can be observed as the scaling and shift-
ing of the wavelet change. These can be viewed as ridges in 3D space (Figure 2.16b
is an example of this) and reduces the problem of peak identification to finding the
maxima in the cwt coefficients and linking them as ridgelines, which correspond to
peak locations, in this 3D space. One of the advantages of this approach is that by
using the cwt transform a denoising or smoothing step is not required as wavelets
are invariant to noise.

The peak picking process outlined by Du et al. is to first find the local maxima
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at each wavelet scale. A sliding window is used whose size is proportional to the
wavelet scale to find these maxima. The next step is to link these local maxima as
lines, “ridge lines”. To create a ridge line, each maximum is found at the largest
wavelet scale, then the nearest maximum point in the next scale directly below
is investigated. The distance between two adjacent points on a ridge line should
be smaller than some window/threshold. If there is a maximum within the window
scale, this point is added to the ridge line and the next scale down can be searched for
a maximum. If the gap is larger than a given threshold, the ridge line is terminated.
At the end of each ridge line the points on the ridge are removed from the searching
list so as not to interfere with future ridges. The search is then re-initiated on the
rest of the maxima in that scale until all maxima at that scale have been searched
and removed. Following this, searching of the remaining maxima in the next lower
down scale is carried out until all maxima are exhausted from the cwt coefficient
matrix at the smallest scale.

Having created all the ridge lines, ridge lines with a length larger than a certain
threshold are saved with ridge lines shorter than this threshold discarded and not
used for further analysis. Ridge lines are beneficial as false peaks can be removed if
the length of their ridge line is smaller than the given threshold set by the users. Du
et al. estimate the width of a peak as being proportional to the scale corresponding
to the maximum amplitude on the ridge line, this allows for a peak candidate to be
dropped if its width is not in a given range.

To identify the peaks based on the ridge lines three rules were defined to identify

the major peaks:

1. The scale corresponding to the maximum amplitude on a ridge line is propor-
tional to the width of the peak; therefore this should be within a certain range

corresponding to a tolerance allowed for the width of a peak.
2. The signal-to-noise ratio should be larger than a threshold.

3. The length of ridge lines should be larger than some threshold.
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For a broader introduction to wavelets and their advantages over Fourier trans-

forms for spectroscopic data see [12].

2.2.3 GDwavelet

Nguyen et al. produced a peak picking algorithm also based on wavelets called
GDWavelet [53]. GDWavelet utilizes three main processes: a bivariate smoothing
model, Gaussian derivative wavelets, and envelope analysis. Gaussian derivative
wavelets are investigate from the first Gaussian derivative, the Mexican hat (second
derivative) and the third derivative. Nguyen et al. approach the problem slightly
differently than Du et al. investigating three derivatives, ultimately only using the
first two for analysis. They also make extensions to the approach using bivariate
shrinkage for denoising and envelope analysis to retain small amplitude ‘real’ peaks.

The use of the bivariate shrinkage function is to remove noise without removing
true signal. This is carried out in the Stationary wavelet transform (SWT) domain.
Research by Sendur et al. [66] showed that algorithms utilizing the dependency be-
tween coefficients can give better results than those using the independency assump-
tion. Therefore they created a smoothing function which employs the dependency
across coefficients/scales.

In their paper Nguyen et al. propose using the zeroline crossing lines instead of
ridgelines of maxima. Zeroline crossing is as it sounds, the point at which signal
crosses zero. They achieve this using the first derivative Gaussian wavelet, Figure
2.1a. As with Du et al. this is performed in the wavelet domain. For the first
derivative of a Gaussian wavelet applied to MS type data this generates one zeroline
crossing for a peak. Figure 2.3 shows the results of applying the first derivative
Gaussian wavelet to the same simple spectrum as Figure 2.2. The Mexican hat
generates two zeroline crossings and for the third derivative this generates three
zeroline crossings. Nguyen et al. use the first derivative zeroline crossing to find
peak centres, following this, the second derivative (Mexican hat) is used to estimate

the peaks parameters.
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Figure 2.3: First derivative Gaussian wavelet applied to a simple spectrum.
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To find a peak’s centre they apply the wavelet transform using the first derivative
of a Gaussian. They then find all zerocrossing points. By linking these points across
all scales, similar to linking ridgelines, in the wavelet domain the peaks centre can be
estimated. Since there are no maximum on a zerocrossing line they use the average

position of the zerocrossing line as the centre of the peak. Given by:

i = %zguo(s) 2.1)

Where p; denotes the peaks centre, ug(s) is the zerocrossing line at scale s, for a

line of length N. To estimate the standard deviation of a peak, they use:

52

Uzezeft(s) = \/(Uozeft(s) - ,Ui)Q Y (2-2)

52

Oi—right(5> = \/(UOTight(S) - Mi)2 - 5 (2-3)

Where 0;_jc5i(s) is the estimated standard deviation for the left side of the peak
at scale s, ugef(s) is the zerocrossing to the left at scale s, u; is the estimated centre
and s is the scale. These values can then be calculated across all scales, by averaging
these values an estimate of the standard deviation can be derived.

In their paper they also go on to propose a method for estimating the peaks true
height using the above calculated values.

Zerocrossing lines are a similar approach to ridgeline analysis in that zerocrossing
lines below a certain threshold can be discarded. For an in-depth look at wavelets
see [29]. This method is evaluated against the CWT method outlined above in the

Results, Section 2.5.

2.3 Peak Picking Routine for SIMS data

In order to perform accurate peak picking on SIMS data a comparison was carried

out on the core processes of two of the discussed methods above, the CWT approach
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of Du et al. [17] and GDWavelet as adopted by Nguyen et al. [53]. The results of
this comparison can be seen in Section 2.5.1. The results of this section inform the
rationale for adopting the approach outline below.

The philosophy adopted when designing the peak picking approach was to be as
accurate as possible in finding peaks, overlapping peaks and peak shoulders. The in-
clusion of noise peaks can be a problem with such algorithms, hence a well designed
algorithm must exclude as much erroneous data while incorporating maximal true
information. This includes peak shoulders. Finding of and separating peak shoul-
ders can add real chemical information about a particular sample. To achieve this,
the peak picking algorithm must not only find peaks and shoulders but also sep-
arate/deconvolve them. This is necessary since overlapping peaks can distort the
desired information in neighbouring peaks and peak shoulders are also an example
of this. An estimate of the actual information contained in these shoulders and
overlapping peaks is essential to obtain an accurate representation of the chemistry
contained within a mass spectrum. Below is an outline of the approach that was
found to retain the most accurate information about a spectrum while discarding

unwanted noise.

2.3.1 Finding spectral features

Following the approach of Du et al. peaks were found using the continuous wavelet
transform via the Mexican hat wavelet. When the cwt is applied to a spectrum the
problem of finding a peak is transformed into finding maxima in the cwt coefficients.
The use of ridgelines allows the exclusion of small unwanted peaks and noise. Fur-
thermore, the setting of a minimum threshold ensures that low resonating data are
excluded from ridgelines. The cwt approach is compared to the zeroline crossing
method in the Results Section 2.5.1.

As has been discussed previously, SIMS data contains a wealth of information.
Some of this information comes in the form of overlapping/shoulder peaks which

can contain instructive chemical information. It is desirable to know if these peaks
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are present. To find shoulder peaks the peak picking routine needs to be kept
highly sensitive in terms of scale and ridge length. This may force the algorithm to
incorporate erroneous peaks. However, these can generally be filtered out using the
noise peak removal steps below.

Following the analysis in the results section it becomes apparent that the ridgeline
approach can fall subject to picking the wrong peak centre due to overlap or shoulder
peaks. To combat this, the zeroline crossing method is applied as an additional check
of the peak’s centre. The zeroline crossing can fall prey to similar effects as the cwt.
However, if operated over small, therefore sensitive, scales the effect due to overlap
or shoulder peaks should be small if non-existent.

Thus, the cwt approach is applied to the spectrum to find peaks and shoulders,
then the zeroline crossing is applied to adjust peak centres. If there are no zeroline
peak centres within a local region then the cwt centre is used, if there are multiple

then the closest is used.

2.3.2 DMass scale variance

Peaks widths can vary greatly in terms of standard deviation and in terms of the
number of data points they encompass across the mass spectrum. Generally peaks
get broader at higher mass values due to the non-linear ToF detection. To facil-
itate this, different wavelet scales can be searched for different mass regions. By
increasing the starting-finishing wavelet scale range the ridgeline approach becomes
less sensitive to small peaks and noise. It is important to include the scale which
contains the maximum on the ridgeline. Also, this is a filtering method to exclude
noise.

As the width of peaks being searched increase in terms of their position on the
mass scale the wavelet scale range is also increased in keeping with the increases in
peak width along the mass scale. This is discussed further in the Results, Section

2.4.1.
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2.3.3 Parameter estimation

Parameter estimation as adopted previously by Du et al. will suffer from the same
problems as described above with overlap in larger wavelet scales. This can include
the maximum coefficient on the ridgeline. This subsequently affects outcome of
their parameter estimation. The methodology of Nguyen et al. has a more robust
interpretation. They recommended to take an average across all scales using the
zeroline crossing of the Mexican hat. They use the zeroline crossing at both sides
of a peak at each wavelet scale. Thus this approach is more robust to noise and
fluctuations. It is noted that there is still the problem of overlap when two peaks
are close or the scales chosen are larger than necessary. Consequently, it is proposed
that only the first several scales are used to compute a value for standard deviation
or FWHM. This reduces or eliminates the problem of the overlapping signals causing
an effect in the wavelet domain and gives a much better estimation of the peaks true
values.

By averaging across wavelet scales this can reduce error due to overlapping peaks,
large noise or low signal-to-noise ratio. However, accurate information is need for
peak picking to be implemented in the application proposed in the Chapter 3, as
one of the goals is to separate overlapping signal in an image, therefore peaks are

fitted to the data (outlined in Section 2.3.5).

2.3.4 Noise/erroneous peak removal

Classically to remove unwanted noise smoothing techniques have been employed.
The goal to only remove noise and noise peaks and not to remove real signal. Given
the information gathered from the previous steps numerous thresholds can be set
to remove unwanted noise peaks without smoothing of data. These parameters can
be tuned as desired by the user depending on the level of accuracy or compression
desired.

As was suggested by Du et al. a signal-to-noise ratio can be used. Here all peaks

that have been picked become the numerator with noise in the local region as the
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denominator. Noise is estimated in the wavelet domain as the average value of the
coefficients in the first wavelet scale in the local region. Peaks with a ratio below
a threshold can then be excluded. Du et al. suggest a SNR of three. In practice
this value works well. However, for data such as J105 data where noise is more
monotonic then in conventional machines, this value can be too high and exclude
subtle peaks as a result, thus this parameter should be lowered or excluded.

Using the estimated peak values from the previous section of parameter estima-
tion or by using the values from the peak fitting section (Section 2.3.5), peaks can
be excluded due to their estimated FWHM or their standard deviation. Here a min-
imum/maximum threshold is again applied as the tunable parameter. If the peak
does not meet this threshold then peak can be excluded. This threshold should
be carefully set as peaks can vary widely across a spectrum. Different values for
different mass ranges can also be set.

Finally a simple intensity threshold can also be set. For the analyst who only
wishes to observe peaks of certain intensities, a minimum threshold can be set to
exclude peaks that are too low in intensity. In using this parameter caution should
be observed as noise levels generally vary across the mass spectrum and a simple
threshold may be too simple an approach as low intensity peaks at high mass may
be characteristic of the sample. Again, a threshold can be varied according to mass

range.

2.3.5 Peak fitting

Once the peaks parameters have been estimated peak fitting routines can be applied.
Here, scripts written in MATLAB (version R2009a, MathWorks Inc., MA, USA),
some utilising routines from the PLS_Toolbox (version 4, Eigenvector Research Inc.,
WA, USA), were used to fit Gaussian peak shapes to spectral features discovered
in the spectrum. The Gaussian peak shape was adopted in order to exemplify the
procedure performed. Other mathematical functions, or peak shapes derived directly

from the data, are equally applicable. Once fitted, the resulting components provide
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the underlying peak positions, widths etc. These computed values can be used for
further calculations or as a guide to the data.

A least squared fitting routine was adopted to fit the peaks. Here upper and lower
bounds need to be set to constrain the algorithm. These bounds were set loosely
because, in general, peaks values and location can be estimated to a reasonable
degree. However, there can be some outliers in this approach, discussed more in
Section 3.5. Also it should be noted that to optimise the whole spectrum at once
takes far too long. Thus, sections of the spectrum are assessed in separate regions.
This was done to decrease the time to compute the result. This can cause peaks to

be fitted incorrectly, discussed more in Section 3.5.

2.4 Data

2.4.1 Model Data

Model data were generated to exemplify the strengths and weaknesses that an ap-
proach may have. By generating data with a wide variety of features that are likely

to occur in real data a judgement can be made about an approaches efficacy.

Model noise

Noise is created by a call to the randn function in Matlab which creates normally
distributed pseudorandom numbers. These then can also be controlled and varied by
adding a mean and multiplying by a standard deviation. The noise can be more or
less intense by varying these values. This noise can then be added to the subsequent
model data for further analysis of the algorithms accuracy. An example of noise with
a mean of 1 and a standard deviation of 0.5 can be seen in Figure 2.4. eight sets of
noise were created by increasing the standard deviation in 0.5 increments from 0.5
to 4. These varying noise levels were then added to the model spectra to create the

effect of increasing the signal-to-noise ratio similar to the drop in signal-to-noise in

real SIMS data.
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Figure 2.4: Model Gaussian noise.

Independent peak data

The simplest test of a peak picking algorithms performance is on standalone peaks.
To test this, data with five standalone peaks were generated. Peak heights vary
from 50 counts down to 10 counts. The centre of each peak is located on multiples
of 2 along the mass axis. Each peak has a FWHM of 0.25 Da equating to a peak in
a SIMS spectrum from around the 200Da. Figure 2.5 show these peaks before and
after adding noise as described above. The noise in the Figure 2.5b has a mean of
1 and a standard deviation of 0.5.

Single Peaks With Noise

Single Peaks

(a) Single peaks no noise.
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(b) Single peaks with noise of mean 1 and standard
deviation 0.5.

Figure 2.5: Single peaks without noise (2.5a) and with noise (2.5b).
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Double peak data

More complex peaks are often found in SIMS data. To model this a ‘double peak’
set was created. The first peak in each set is again centred on the integer units.
However, a second peak is added to each peak from the single peak data. The second
peak is located 1.5 FWHM away and half as intense as the single peak data. Figure

2.6 shows an example of this with and without noise added.

Double Peaks With Noise

Double Peaks
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(b) Double peaks with noise of mean 1 and stan-

(a) Double peaks no noise. dard deviation 0.5.

Figure 2.6: Double peaks without noise (2.6a) and with noise (2.6b).

Shoulder peaks

In high resolution SIMS data, peaks can often contain ‘shoulder peaks’ as discussed
above. Data simulating shoulder peaks was generated (Figure 2.7). Additional
peaks are again added to the single peak data. The second peak in each set are this
time only one FWHM away from the parent peak and half as intense. This gives an
obvious deviation from a standard peak shape but does not give a second maximum

in the set or a clear trough between peaks.

Converging peaks

Data that encompasses double peaks and shoulder peaks can be seen in Figure 2.8.

Here there are six sets of peaks. The first peak in each case is 50 counts high and is
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Shoulder Peaks Shoulcljer Pgaks Wlth ‘NOISe.
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(b) Shoulder peaks with noise of mean 1 and stan-

(a) Shoulder peaks no noise. dard deviation 0.5.

Figure 2.7: Shoulder peaks without noise (2.7a) and with noise (2.7b).

located on integer locations as before. The second peak in each set has an intensity
of 25 counts. For each set the second peak “moves” 20% of the FWHM closer to
the first peak, starting from two FWHM away i.e. starting at 0.5 Da away from the
centre of the first peak and getting 0.05 closer in each set therefore 0.45, 0.4, 0.35,
0.3, and finishing 0.25 Da away in the last set. This means the last two peaks are

located at 12amu and 12.25amu respectively.
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Figure 2.8: Converging peaks without noise (2.8a) and with noise (2.8b).
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Varying width peaks

To test the wavelet scale at which a maximum is observed across peaks of varying
widths, data with peaks of varying widths were generated, Figure 2.9. The peaks
follow sizes (number of data points in the peak) modelled on real Biotof data. Table
2.1 below describes rough estimates of peak sizes gathered from a Biotof spectrum.
From these results the model data in Figure 2.9 were generated. The values of each
peak can be seen in Table 2.2. This information can be used to seed the peak picking

algorithm in terms of which wavelet scales to search for a given mass range.
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Figure 2.9: Peaks with increasing width.

2.5 Results

2.5.1 Wavelet methods comparison CWT vs. Zeroline cross-
ing
Both the approaches adopted by Du et al. and Nyugen et al. incorporate finding

peaks using multi scale wavelet transforms. Du et al.’s approach has been widely
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Mass Range Small Peak Large Peak
Position | No. of data pts. | Position | No. of data pts.

0-50 26.03 18 41.07 27
50-100 57.73 19 57.14 44
100-200 136.5 30 134 50
200-300 236 30 217 49
300-400 332.9 50 354.7 80
400-500 447.9 70 441.6 70
500-600 562 70 542.9 90
600-700 640 72 663 80
700-800 744.5 80 781.8 80

Table 2.1: Rough estimates of number of data points in a selection of peak from
various mass ranges.

FWHM A1 3571141212835 4.2
No. ofpts. | 3| 7 | 11 |17 | 44 | 49 | 67 | 83 | 99

Table 2.2: List of peak widths used to create data in Figure 2.9.

adopted and highly cited. This approach has also attained the highest results in
comparisons against other peak picking routines for MALDI data [83]. Nyugen et
al. claim to achieve a higher accuracy over the CWT method on SELDI-TOF data.

As described earlier Du et al. used the Mexican hat wavelet and formed ridge lines
in the wavelet domain. Taking the maximum point on the ridgeline gave the centre
of the peak and was proportional to the peaks parameters. Nyugen and colleagues’
approach uses the first derivative Gaussian wavelet to locate peaks and created
zerocrossing lines to find peak centres, they also used the Mexican hat wavelet to
estimate peaks parameters.

To test these approaches thoroughly, both algorithms are stripped down and
tested on the model data as described above. Results of these experiments are
displayed as confusion matrices. Confusion matrices will take the form Figure 2.10:

Here true negatives will be set to zero as this category is simply the remainder of
the unclassified mass channels in the spectrum and the value would be very large
and nondescript for the purposes of the comparisons here. To illustrate; single

peaks with no noise for both approaches gave results seen in the confusion matrices

02



Chapter 2. Peak Picking Applied to ToF-SIMS

Prediction outcome
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Figure 2.10: Design of confusion matrix.
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Table 2.4: Confusion matrix for zero-
line crossing on single peaks with no
noise.

Table 2.3: Confusion matrix for Mexi-
can hat on single peaks with no noise.

in Tables 2.3 and 2.4 and Figure 2.11a. Here both approaches pick all 5 peaks with

no false positives or false negatives.

Single peak with noise

With the addition of noise the problem of peak picking becomes more difficult but
also more realistic. As the noise intensity increases the smallest peak’s signal-to-
noise ratio drops rapidly thus making it harder to decipher from the noise. As
described in Section 2.4.1 noise is added with differing standard deviations ranging
from 0.5 - 4 in 0.5 increments, thus there are 40 total peaks in the model data; 5
peaks with noise of 0.5 standard deviation added, 5 peaks with noise of 1 standard
deviation etc..

These experiments were carried out by optimizing each of the two routines to be
as accurate as possible while minimizing the number of false positives. Parameters

were set constant across all levels of noise. Both approaches have two variables to
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Figure 2.11: Results of Mexican hat and zeroline crossing for single peaks without
noise 2.11a and with noise 2.11b.

40 | 0 40 | 0

010 010
Table 2.5: Confusion matrix for CW'T Table 2.6: Confusion matrix for ze-
on single peaks with eight levels of roline crossing on single peaks with
noise. eight levels of noise.

set: the number of points along the ridge/zerocrossing line to be considered a peak
and the number of scales to be used. However, the CW'T approach has the advantage
that a minimum threshold can be set to remove points below a certain threshold
in the wavelet domain, thus these cannot be considered maxima and included in
a ridge line. This helps reduce false positives. Looking at the confusion matrices
(Tables 2.5 and 2.6), both approaches accurately pick all 40 peaks without picking

any false positives.

Double peaks with noise

In SIMS data, a spectrum containing all single peaks is not observed in general
applications; this will never be observed if looking at biological data using current
instrumentation. Realistically peaks are found to overlap. These overlapping peaks
again increase the difficulty of the problem of automated peak picking. Peak picking

routines have to be accurate enough to discriminate each peak, not pick two peaks
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as a single peak, while limiting the number of false positive from noise. The double
peak model data gives a more realistic approximation to real data than the simple
single peak model data. With the addition of the model noise there are 80 total
peaks in these data. Again, parameters were tuned, and kept constant, for sensitivity
while limiting the number of false positives.

Examination of the confusion matrices (Tables 2.7 and 2.8) indicates that both
routines did identify correctly most of the peaks. The CWT approach scoring slightly
higher here. In the false positive category the CWT well outperforms the zero-
line crossing. This shows that the balance between sensitivity and specificity is
favourable in the CWT approach. The number of false positives is less than half
of the zeroline crossing method. Some discrepancy can be seen between the picked

centres of the peaks in Figure 2.12b, this will be discussed further in Section 2.5.1.

Double Peaks Without Noise Doib'e Peaks With Noise std 2.5
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Found Peaks by Zeroline crossing | | ok
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(b) Results for double peaks with noise standard

(a) Results for double peaks with no noise. Jeviation 2.5.

Figure 2.12: Results of CWT and zeroline crossing for double peaks without noise
2.12a and with noise 2.12b.

78| 2 76 | 4

50 | 0 1151 0
Table 2.7: Confusion matrix for CWT Table 2.8: Confusion matrix for ze-
on double peaks with eight levels of roline crossing on double peaks with
noise. eight levels of noise.
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Converging peaks with noise

The converging peaks data were designed to simulate a range of peaks that occur in
real SIMS data. Peak overlap varies widely in real data and an analytic approach
to investigating this phenomenon was desired. Similarly to previous analysis, model
noise was added making a total of 96 peaks with varying overlap.

As with the double peak data the CWT method outperforms the zeroline crossing
method. Here the CW'T picked 90 peaks correctly, with only 33 false positives. This
is compared to 79 correct and 113 false positives for the zeroline crossing. A clear
difference between the ability of each approach to remain sensitive while excluding
unwanted noise is observed. The zeroline crossing method cannot pick the small

features and remain sensitive to noise exclusion. This is discussed more in the next
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Figure 2.13: Results of CWT and zeroline crossing for Converging peaks without
noise 2.13a and with noise 2.13b.
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Table 2.9: Confusion matrix for CWT Table 2.10: Confusion matrix for ze-
on Converging peaks with eight levels roline crossing on Converging peaks
of noise. with eight levels of noise.
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Shoulder peaks

Shoulder peaks are a common occurrence in real SIMS data. This is especially true
of high resolution machines. The ability to find these peaks can give descriptive
information about the sample. In Chapter 3 a use case for finding such peaks is
described.

Observing Figure 2.14, similar to the converging peaks example the zeroline cross-
ing method was unable to classify the shoulder peaks, even when set to maximum
sensitivity. The CWT approach however had little trouble discovering them. As can
be seen in Figure 2.14 when some noise is added the CWT method does not classify

many false positives even though it is very sensitive to the shoulder peaks.
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(a) Results for Shoulder peaks with no noise.

Figure 2.14: Results of CWT and zeroline crossing for Shoulder peaks without noise
2.14a and with noise 2.14b.

Identification of centre of the peak

The accurate location of peak centres is one of the goals of this type of analysis.
Above favourable aspects of the CW'T approach have been experimentally discov-
ered. One of the pitfalls of the CWT approach can be the accuracy of finding peak
centres across large scale differences. For single peaks it performs very well. But
real world spectral analysis where there is noise and peak overlap this can cause

discrepancies in the peak identification. To simulate large scale differences the num-
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ber of input scales to the CW'T approach was varied from low, therefore accurate
at small scales, to very high, accurate at very large scales. The results of this on
double peak data can be seen in Figure 2.15.

Starting with Figure 2.15a the input number of scales, 20, matches well with the
data. In Figure 2.15a-2.15d the picking of the location of the large peaks gets pulled
toward the centre of the combination of the large and small second peak. This
is a clear result of the fact that at larger scales the maximum point on the ridge
line is now at the wavelet coefficient that includes a combination of both peaks.
The zeroline approach results do not change in the figures due to scales not being
varied. As was described in Section 2.3 a combination of both methods is adopted
to avoid these effects. The CWT approach is highly accurate across large scales
while remaining resilient to noise distortion. However, in cases like this a second
vote on the estimated centre of the peak could avoid misclassification. By keeping
the zeroline method at a sensitive level these zerocrossing lines can be used instead

of the CWT centres.

Varying width peaks

Figure 2.16a shows the model data described in Section 2.4.1. These data were gen-
erated to test the scales at which the Mexican hat wavelet coefficients resonate with
peaks of different widths. Figure 2.16b shows the results of applying the Mexican
hat wavelet across 60 scales to the data in Figure 2.16a. Table 2.11 describes the
results of this experiment. From this table a guide to the input scale across differ-
ent mass ranges can be generated. Thus, allowing the peak picking method to be
sensitive to low intensity or sharp peaks while remaining broad enough to categorise

large or broad peaks at different mass ranges.
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Figure 2.15: Results of varying the CWT scale from 20-50.

FWHM 1

3

5

7114121283542

Maximum wavelet scale | 2

2

3

5| 11 | 17 | 21 | 26 | 33

Table 2.11: List of the FWHM and number of data points in the peaks in Figure

2.16.

2.5.2 Full Routine Peak Picking

As was noted by [13] the number of peaks found per spectrum is not, by itself, an

adequate measure of the quality of a peak finding algorithm. It is important to

ascertain if the peaks being found by the algorithm correspond to real phenomena

in the spectra. To test the efficacy of all the algorithms described above against

the approach adopted here, real data acquired on the Biotof were used. Here peak

picking was applied to a spectrum to test the accuracy and adaptability of each of

the approaches studied in terms of real world data.

A selection of mass ranges were extracted to visualise the performance of each

99



Chapter 2. Peak Picking Applied to ToF-SIMS

Varying Data Point Peaks
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Figure 2.16: Peaks of varying width 2.16a. 2.16b 3D representation of the wavelet

coefficients applied to 2.16a.
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of the approaches. A low, middle and high mass range are used to best display
how the peak picking routines perform across a full spectrum. Figure 2.17 shows
the results of peak picking from the Cromwell method, the GDWavelet method
(zeroline crossing) and the approach adopted here based on the CWT method for
a low mass range of 22 Da - 32 Da. All routines had their particular parameters
tuned to maximise the number of true positives while limiting false positives.

From Figure 2.17 it is clear that all three methods perform well on this mass range.
All three methods pick all the visibly observable peaks. However, Cromwell (Figure
2.17a) picks a larger proportion of false positive than the two wavelet approaches.
Comparing GDWavelet (Figure 2.17b) and the new routine ( Figure 2.17c) there
is little difference except the GDWavlet picks slightly more false positives for this
mass range.

Figure 2.18 shows the results of three approaches applied to the 104-114.5 Da
mass range. Here some overlapping and shoulder peaks are observed. Again all
three approaches pick the clear peaks. There are three shoulder peaks in this set
located at 111.2, 113.2 and 114.2 Da. GDWavelet the zeroline crossing approach does
not select these as peaks, Figure 2.18b. Cromwell selects the two more pronounced
peaks at 113.2 and 114.2, Figure 2.18a. Only the new approach selects the subtle
shoulder peak at 111.2 Da. Also both the Cromwell and GDWavelet approach select
more erroneous small peaks than the new approach.

Continuing up the mass range in the SIMS spectrum the signal intensity drops.
Figure 2.19 shows the results of the three methods for the mass range 503-513 Da.
One of the limitations of the Cromwell approach becomes very evident at this mass
range (Figure 2.19a). Here the smoothing that was applied to maintain specificity
at lower scales over smooths at higher scales. Thus a lot of peaks are not selected in
this mass range where signal-to-noise is very low. Both wavelet approaches continue
to select peaks well. However, GDWavelet selects more false positives again for this

mass range (Figure 2.19b). The new approach clearly out performing the other two.
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Figure 2.17: Results of Cromwell 2.17a, GDWavelet 2.17b and new routine 2.17c for
a section of a Biotof spectrum, mass range 22-23 Da.
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Figure 2.19: Results of Cromwell 2.19a, GDWavelet 2.19b and new routine 2.19¢ for
a section of a Biotof spectrum, mass range 552-568 Da.
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2.6 Discussion

In Chapter 3 peak picking is applied as an input into a compression routine for
ToF-SIMS images. Depending on the desired needs of the analyst this peak picking
routine can be tailored accordingly. If largest compression is desirable then discovery
of shoulder peaks and low intensity peaks may not be a necessity. However, if
retention of data is the desired outcome of peak picking the routine then it can be
tuned to gather maximum amounts of information. This may include noise but will
give a result closer to maximum signal retained.

Advantages to this approach over previous approaches are the fact that it can
easily be tuned for SIMS data. High accuracy across a whole spectrum can be
achieved. Also, the peak fitting routine can compensate for errors in the peak
parameter estimation and the peak centre estimation. As was noted these methods
can fall prey to overlap distortions. This is especially true in the case of parameter
estimation. The fitting routine can compensate for this.

As was noted to reduce the computation time, the fitting routine is passed sections
of the spectrum to fit, 2 Da for example. This can cause errors in the fitting due to
the routine trying to minimize the errors on a fit within this window and can fit a
peak much too large if there is overlap with another peak just outside the window.
To compensate for this, bounds need to be set in a reasonable on the fitting routine
to limit the scope for fitting.

A fast version of the routine has also been produced which excludes the calculation
of estimation of parameters and peak fitting. This significantly reduces the runtime.
This type of analysis may be slightly less accurate due to not peak fitting, especially
in terms of shoulder peaks. However, if the location of peaks is all that is desired

this gives a quick approach without losing much accuracy.

65



Chapter 2. Peak Picking Applied to ToF-SIMS

2.7 Conclusions

In this chapter peak picking routines were applied to ToF-SIMS data. An investiga-
tion into the most applicable method to apply to SIMS data was carried out. The
results of this indicate that an amalgamation of the CWT method and the zeroline
crossing gives the best results for diverse sets of SIMS data. An extension to these
and previous methods is the fitting of a generalized distribution to increase accuracy
and to separate overlapping signal.

Accuracy on real data of was achieved across diverse SIMS data. Peak separation
was deemed a necessity as overlapping peaks distort the actual information that
can be acquired by peak picking routines. Overlapping peaks and peak shoulders
exemplify this. To extract an estimate of the actual information contained in these
shoulders and overlapping peaks is essential to obtaining accurate representations
of the chemistry contained within a mass spectrum. To do this; scripts were written
to fit the model peak shape as best as possible to the convoluted raw data, thus
allowing for the peaks parameters to be calculated rather than estimated as in a
previous step and used in further calculations. Chapter 3 uses the peak picking

routine as a pre-processing step in the analysis of SIMS Images.

66



Chapter 3

Compression of SIMS images
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3.1 Introduction

The size of ToF-SIMS datasets has become an issue in recent times. Though com-
puters are increasing in capability the data sets being acquired from SIMS instru-
mentation have also been increasing dramatically. Instrumentation with higher duty
cycles produce images with more pixels more quickly [24]. 3D molecular imaging is
now also possible [32], stacks of images that can easily reach tens of gigabytes are
produced. Improved mass resolution and sensitivity also provide more discernible
peaks [10]. The ability to create ‘tiled” images of large surfaces [38] is also a source of
massive files sizes. This chapter investigates methods of compression of ToF-SIMS
data and proposes alternatives to the classical practices of binning data, where mass
resolution is lost, and manual selection of mass ranges over peaks to image.

As stated previously the term ‘peak picking’ is used to describe the exercise of
determining a ‘discrete spectrum from continuous data’. This is in contrast to
arbitrary peak selection based on a priori knowledge of the sample [80] and/or by
applying a simple intensity threshold to the data. Peak picking as described in
Chapter 2 was used as an input to the approaches described here.

Peak picking is a method of locating peaks within a spectrum. Classically peak
picking has been used to find peaks to generate peak lists. From this the area
of each peak discovered can be used instead of its original or fitted distribution,
thereby reducing the information to a single mass channel. There have been many
approaches adopted to do this by the mass spectrometry community [17] [53]. In the
previous chapter peak picking was applied to locate peaks, estimate their parameters
and fit a generalised distribution. Here this information is applied to ToF-SIMS
images to evaluate new and classical approaches for interpreting images.

Individual pixels, in general, do not contain enough information to accurately
identify a peak’s position or distribution, due to lack of signal intensity within
a given single pixel. However, by summing the signal from all the pixels in the
image, this usually produces a spectrum with good signal-to-noise: the total ion

spectrum. A peak list can be formulated from the total ion spectrum. Using this
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information, each of the constituent pixel spectra can be queried as to their values
under a peak’s distribution. However, if there are shoulders or overlapping peaks
within the total ion spectrum, this complicates analysis. These spectral features
must be ‘de-convoluted’ or separated to estimate realistic values to achieved more
instructive compression than classical binning. By evaluating in this way, a highly
sparse matrix for all spectra contained in an image can be compiled. In-house
testing indicates that this compression method can give a compression of over 95%,
e.g. assuming four discernible peaks per Da and a mass range of 1 — 1000 Da,
with 100,000 mass channels, a compression of 96% is achieved. This allows for
much faster statistical analysis to be performed without the need for massive RAM
requirements and opens the door for more computationally intensive methods of
data processing to be adopted, e.g. MVA.

Here three new methods of processing images are proposed. These methods are
explained in Section 3.3 and the results of these methods are analysed using model

and real data in Section 3.4 and [50].

3.1.1 Imaging a mass range

When imaging a peak, the analyst can manually sum across a portion of a peak to
generate an image. This can be representative of the signal’s distribution throughout
the image. However, this is very dependent on the mass limits manually chosen by
the user; an inherently subjective approach. This is especially true if peaks are
overlapping. If the chosen bound is set towards the neighbouring, overlapping peak,
the more likely it is to erroneously contain signal from that neighbouring peak.
However, by moving the bound away from the neighbouring peak some of the true
distribution will be lost from the image resulting in a reduction in contrast. The
proposed techniques outlined here aim to limit the false signal that can be assigned
to a peak by manual peak selection arising in an image while maintaining maximum
signal levels and thus contrast. Methods described below will also give automated,

reproducible methods for all peaks/images. This has the advantage of averting the
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subjective and near irreproducible nature of manual selection and can be applied

repeatedly to different peaks/images.

3.1.2 Binning

Since manual imaging of peaks is generally not performed for all peaks in the spec-
trum, a common approach adopted to perform exploratory analysis is binning. When
data are binned, either to nominal mass or some other arbitrary unit, the distribu-
tion of the original signal is lost and so the true peak position, the centre of that
distribution is also lost. The binning method simply sums mass channels together in
a regular fashion. The advantage of this is that signal is summed together, therefore
the amount of data are reduced and signal distributions are also condensed. How-
ever, the latter is also one of the disadvantages of binning data. Signal distributions
are not considered and as a result can be spread across two or more bins. This im-
plies that signal arising from the same distribution can be separated and considered
differently as far as multivariate methods are concerned. Conversely distributions
that are independent of each other can be put into the same bin. This gives an
unnecessary mixing of the data.

With recent advances in instrumentation mass resolution has increased, however
mass resolution is lost when data are binned resulting in an effect contrary to the
developments in instrumentation. As has been previously noted [36], different pre-
treatments of images can have a large effect on MVA techniques and some binning
routines were noted as having a detrimental effect on certain types of MVA.

Figure 3.1 demonstrate some general binning routines and the effect they have
when applied to some arbitrary peaks. In Figures 3.1a-3.1c¢ the pink region represents
the size of the binning window, the convention of binning around the nominal mass
unit was followed for these examples. It is apparent that in Figure 3.1a the two
peaks shown were binned into the same bin. The bin here is 1 Da wide placed about
the nominal mass unit. This style of binning is common and as is illustrated vast

amounts of information are lost by this approach. By reducing the size of the bin in
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Figure 3.1: Visual representation of common bin sizes over peaks.

Figures 3.1b and 3.1c¢ the amount of data summed to a bin is smaller, thus allowing
for better resolution of the peaks. However, in Figure 3.1c the bin size still does not
fit well with the data and some of the second peak will be put within a different bin.
Also, the smaller the bin size the smaller the compression thus the greater the size of
the processed data. In Section 3.3 three new methods are proposed as alternatives

to binning for processing image data.

3.1.3 Problem statement

The aim of this chapter is to illustrate alternatives to manual peak selection or
binning of data. all methods below aim to compress image data by finding peaks
(peak picking) and compressing these peaks into a single mass channel at the peaks
estimated centred. Figure 3.2a depicts the total ion spectrum of simple model data.
As opposed to simply binning the data here the processes estimate the peaks position
and compress the peaks using some bounds (Figure 3.2b). By approaching the data
in such a way the compression acts as a noise filter by excluding noise from the
compression.

For such simple data this seems trivial. However, SIMS spectra are much more
complex. The problem attacked in this chapter is how to deal with more complex
features in an image. The processes outlined below are all methods to combat
complex SIMS data. SIMS spectra include much more features such as overlapping

peaks and shoulder peaks. All the routines outlined below perform equally well on
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Figure 3.2: Model data with 3.2a and without 3.2b some defined peak bounds.

single isolated peaks, such as those in Figure 3.2, which can easily be compressed.
To compare the suggested methods of compression some model data were created
for ease of direct comparison. Real instrument data were also acquired using two
specifically chosen samples that exhibited the desired characteristics for testing and

will be discussed in Section 3.4.

3.2 Data

3.2.1 Model data

A simple data set was simulated in order to produce two distributions of signal
overlapping in the total ion spectrum, but spatially separated in the total ion image.
Here the Box-Muller transform [6] was utilised to generate a randomised collection
of Gaussian peaks of equal intensity, with Gaussian distribution on the mass scale.
This transform simply generates a list of normally distributed numbers from a list of
random numbers, these then are used as the location of the signal intensity within the
pixels of the generated images. The procedure was repeated for two Gaussian peaks
of different intensity and which exhibited an overlap. These separate distributions
were then arranged in an image such that all pixels on the left of the image had

signal arising from peak A (left peak) and those from the second, lower intensity
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peak B (right peak) had signal to the right of the image as shown in Figure 3.3a -
3.3f. Figures 3.3e and 3.3f show these data combined in both the total ion spectrum
and the total ion image. Following the same approaches outlined for the two peak

model data above, a three peak model data set was also generated. The results of

which can be seen in Figures 3.4.
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Figure 3.3: Images of the two peak model data.
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Figure 3.4: Images for the three peak model data.
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Figure 3.5: Total ion spectrum 3.5a and total ion image 3.5b of a sample containing
regions of silicon oxide and tantalum oxide.

Rationale

The motivation for creating model data in such a manner was to choose a simple
example that clearly defines the strengths and weaknesses of each approach of data
analysis and to give a simple visual metric, as well as a percentile score, to high-
light the potential benefits of the methods. These model data are clearly an over
simplification but is used to exemplify the proposed approaches. Since peaks gen-
erated from the J105 are observed to be generally Gaussian these model data give

a realistic, if simplistic, estimation of actual data.

3.2.2 Acquired data

Considering the simplistic data generated for use in the previous section, another
steppingstone to a full data set is a limited section of real data. To test the efficacy
of the proposed algorithms another simple set of data should be illuminating when
acquired from a real instrument. To obtain these data an experiment was designed
to give results similar to the model data while being actual data acquired by the
J105 instrument. A sample was created so as to contain two regions of different
sample chemistry. However, to illustrate the use of the methods, the samples used

were selected to have some characteristic peaks which would overlap in the spectral

75



Chapter 3. Compression of SIMS images

258

L I L I L
196.75 196.8 196.85 196.9 196.95 197 197.05

14l 200 250

(a) Mass range of two overlapping peaks. (b) Total ion image of mass range in (a).

Figure 3.6: Zoomed mass rnage of total ion spectrum 3.6a and the corresponding
total ion image 3.6b of the silicon oxide and tantalum oxide image (Figure 3.5).

domain, but would be clearly separated in the image domain. Figure 3.5 shows the
total ion spectrum and total ion image for a sample comprised of a region of silicon
oxide and a region of tantalum oxide.

Looking at a region of the total ion spectrum below 197 Da there are two clear
peaks which overlap, Figure 3.5a. Looking at the total ion image for this region gives
an image as seen in Figure 3.6b. It should be noted that these peaks arise from two
separate spatial locations, one from the silicon oxide and one from the tantalum
oxide. The methods described below are applied to all data described above in the

results, Section 3.4.

3.3 Methods of compression

3.3.1 Binning

Binning as outlined previously is simply the regular summing of data points, in
this case mass channels, to achieve compression. In Figure 3.1 there are three
depictions of binning routines applied to a set of peaks based about an arbitrary
mass range. The outcomes of these approaches are not ideal for further data analysis

or interpretation as information is lost. The loss of peaks distribution information
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is a major draw back in terms of specific chemical analysis.

In certain types of MVA each bin/mass channel in the spectrum/histogram are
considered as independent of each other, each being their own dimension. When
binning routines are applied to single distributions they can be split into two or more
bins and thus signal from one distribution are considered as independent variables.
Akin to this is when more than one distribution is binned together. These are then
considered as from the same distribution and are regarded as such by the multivariate
routines. The subsequent approaches described aim to circumvent these problems

associated with binning of data.

3.3.2 Selective binning

Here it has been proposed that simple binning of data is not optimal for analysis.
A logical step forward would be to group (bin) only individual peaks together. This
would reduce data significantly while also not including unwanted noise in the bins
from in between the individual peaks as outlined in Section 3.1.3. However, this
simple approach does not consider overlapping peaks.

A slightly more sophisticated approach to this problem is to bin single peaks into
one bin and with peaks that overlap to use some point between the peaks as a
terminating factor. Thus, this reduces the amount of false signal in any one bin
but also gives large compression. Consider the examples in Figure 3.7. Here, by
choosing a central point, this limits the contribution of peak B in the peak A bin
and visa versa. This then reduces the information into two individual bins. This
method is comparable to manual selection of limits and is considered as a basis for
the following methods.

Peak picking as outlined in the previous chapter is adopted to find peaks. Once
peaks are found a peak distribution can be fitted to these features. Using this
information a search can be performed to investigate overlapping peaks. All single
peaks can be compressed into a single bin. For peaks that overlap the central point

between the peaks in question can be used as a limiting factor to determine what is
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Figure 3.7: Visual representation of the selective binning process.

included in each peak bin. However, instead of just using the central point between
the peaks another approach is to use the point at which the two fitted distributions
meet. This is chosen as the limiting point because in the case of a large first peak
and a small second peak the central point between the peaks is not a realistic limit
as the second bin would contain a much greater proportion the first peaks signal
than it should. However, the point at which the fitted distributions overlap is the
point which will limit the amount of any one peaks signal being included in the
other peaks bin. This then will take into account peaks that have large intensity
differences. Figure 3.7 depicts an example of this approach. This method can easily

be extended to any number of overlapping peaks.

3.3.3 Scaling compression

As can be seen from the previous method it does not deal with the problem of signal
that is in the overlap region (the overlap region is represented in Figure 3.8b as the
shaded region). The approach simply tries to maximize true signal in a bin and
limit the false signal in that bin. Unfortunately, there is not enough information
within the total ion spectrum to make a decision about this signal. However, after
a fit has been applied to the total ion spectrum, an estimation of the signal can be
generated from the fitted peak distributions.

As signal closer to the centre of peak A is more likely to originate from peak A

than peak B and the opposite for peak B, a scaling factor which reflects this has
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Figure 3.8: Visual representation of generating the scaling factor to apply for the
scaling compression process.

been created to apply to signal in the overlap region in each pixel of the image.
Equations 3.1 and 3.2 are created from a fit of a Gaussian to the two overlapping
peaks in the data (Figure 3.8a). Since all the signal in the overlap region should be
used, these scaling factors are a ratio which sum to one. Each pixel in the image is
then scaled using this function to define the proportion of the overlap region that
should be attributed to peaks A and B. The scaled signal for A and B can then
be summed with the signal outside the overlap region within each individual pixel.
This defines a value of peak A and peak B within each pixel.

By scaling all the data across the image an estimation of the actual signal is
calculated for each of the peaks. This then can be apportioned to each peak’s bin.
Clearly this method scales isolated peaks with a factor of 1, so as to use all desired

signal.

As
Asca ing — i 3.1
g Agit + Byi (31)
Byt
Bsca ng — 1 1 3.2
tng Apit + Brig 3:2)

Where Ay, is the fit of a Gaussian to peak A, By; the fit of a Gaussian to peak
B, Ascaing 1s the calculated scaling factor for peak A and Bgcquing is the calculated

scaling factor for peak B.
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Figure 3.9: Visual representation of the signal classification process.

3.3.4 Classification of signal

Method two (scaling compression) attempts to deal with the problem of overlapping
signal within an image. However, it is still a simplistic approach which includes false
signal in both peaks bins. It also reduces real signal from each peak in their partic-
ular bin. To combat this a third method has been devised which aims to separate
the two overlapping peaks completely. This cannot be done by just incorporating
the total ion spectrum, more information is needed. Additional information can be
obtained from the spatial information i.e. distribution of signal across the image.
By incorporating this information and looking at individual pixels and groups of
pixels it is proposed that a decision can be made as to which peak the signal in each
pixel came from. Looking across the image pixel by pixel ultimately all the signal
from within the overlap region can be separated.

For this new approach consider a single pixel, pixel x, from the model data which
only has signal within the overlap region (Figure 3.9a and 3.9b). It is exceedingly
difficult to decide from which peak distribution this signal came without prior knowl-
edge. However, by incorporating surrounding pixels, a trend of signal in that local
area can be observed. Figure 3.9c is a plot of the signal arising from pixel z in
3.9a and 3.9b with the eight neighbouring pixels’ signal also included (Figure 3.9a).
Now in Figure 3.9c a clear difference is observed; that there is more signal trending
towards peak A than peak B. Using the scaling factors applied in the previous sec-

tion, a single value for signal in peak A and peak B can be calculated. By looking
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at the scaled signal under peak A’s distribution and the scaled signal under B’s
distribution the signal from pixel x is assigned to peak A.

Note that a tolerance level of a certain percentage was used here. This tolerance
level was set to 20% after empirical testing. A tolerance was used so that if the
calculated values for Peak A and Peak B were close, then that signal should not
be classified using only this information. In this case, if there remained not enough
intensity difference between peak A and peak B in the immediate pixels around pixel
x to make a decision, more information is needed to make the decision. In this case
the region of interest was expanded again to incorporate more pixels, thus widening
the area of the image to aid in the classification. This method is then repeated for
each pixel in the image and all signal from the overlap region is assigned to their
respective peaks.

However, this method assumes that the nearest neighbours of pixel x will have
signal originating from the same distribution, that of peak A for this example. If
there is no localisation of signal in the immediate pixels around pixel x expanding
the region of interest incorporates signal that is spatially further away from pixel
x. This is more likely to bring in signal from the incorrect distribution, i.e. peak
B. If this is the case and the signal is incorrectly assigned, that would imply that
the true distribution from which the signal in pixel x originated is isolated spatially
from other signal arising from that distribution. In real world data there is little
information that can be gleaned from such a pixel.

To use this method the assumption that peaks generally localise to certain regions
of the image must be made. This will be somewhat dependant on the pixel size.
This is an assumption, nevertheless, if these peaks overlap in the total ion spectrum
and overlap spatially within the image there is no way to separate them as no other
information is available. Thus, since the peaks overlap in the spectral and spatial
domains, if the signal is wrongly (impossible to tell) binned to the wrong peak no
information has been lost. Therefore, a scaling method may be most appropriate in

situations such as this or perhaps the two peaks could be placed in the same bin.
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This effect is discussed more in the Discussion, Section 3.5.

For this method the overlap region is started at three standard deviations from the
mean of peak B (to the left of peak B) and ends at three standard deviations from
the mean of peak A (to the right of peak A) while the outer regions of both peaks is
taken as the point at which the fitted peak reaches a value of 1. This is done so as
to ensure that all the information from a given peak is included even if some noise
is inserted. This also keeps the overlap region to a slightly more limited range. This
is important because if peaks are close together then they will have a lot of overlap,
this not only increases the computation time but can also increase the complexity

of the problem. These values can be varied depending on user preferences.

3.4 Results

3.4.1 Two Peak Model Data

Figure 3.10 shows the original signal for peak A and peak B and the results of the
three outlined methods. Here the desired result it that which most closely resembles
the original, Figure 3.10a and 3.10b, as this is the original and true signal. As can
be seen selective binning does not give a very close representation of the original
data. This is because it chooses a point between the two overlapping peaks to decide
where each peak begins and finishes. Therefore true signal is lost to the wrong peak
and erroneous signal is gained for that particular peak. This is evident in both peak
A and peak B. It is clear that the way the approach was designed that this would
be an observed effect.

Selective binning does however perform better than scaling of the data. Intuitively
it should be noted that only portions of the data in the overlap region belong to
peak A. Similarly for peak B. Thus by scaling all the data with a scaling factor it
has a blurring effect, collecting portions of the incorrect peak’s signal and “giving

away” portions of its true data.
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Figure 3.10: Images depicting the results of the three approaches for compression of
data.
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Compression Technique | Peak A percentage | Peak B percentage
Selective Binning 97.34 94.77
Scaling method 94.83 93.82

Classification of signal 100 99.90

Table 3.1: Results of different compression routines on two peak model data.

By far the most accurate method for this data is the classification approach. This
approach almost entirely re-created the original signal except for one misplaced pixel.
Table 3.1 records the percentage of the true signal assigned by each method to the
correct peak. Also from this perspective, as well as the visual, the classification
method performs with the most accuracy.

From further exploratory analysis reasons can be shown why this pixel was mis-
classified. Noting the position of this pixel; it is directly on the interface between
the two image regions containing the peaks. This has an interesting effect since in
every classification of signal in the overlap region, a pixel’s signal and its surrounding
pixels information is used. This implies that when a pixel is at the interface between
two different signal regions the signal from both peak A and peak B distributions
are used in the calculation. In the case of the misclassified pixel there was more
signal from peak A in the surrounding pixels than there was from peak B. Thus the
signal was classified, incorrectly, into peak A.

Another fact to be taken into account is that every pixel containing signal from
peak A is more intense than pixels containing signal from peak B. This may have
a small effect at the interface between two regions, especially if one peak is much
more intense than the other. However, in cases similar to these data this effect is

limited to the interface between regions.

3.4.2 Three Peak Model Data

In Figure 3.4 a three peak model data set was been created as described earlier
(Section 3.2.1). For these data, not only are there three overlapping peaks but

peaks A and C' are located in the same pixels spatially and slightly overlap in the
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Figure 3.11: Images depicting the results of the three approaches for compression of
data.

spectral domain. Figure 3.11 represents the results of the three methods applied to
these data for each of the individual peaks.

Accessing the results it is clear that similar outcomes to the two peak model
data is observed, with the classification approach achieving the best results and the
scaling method achieving the poorest. The scaling method and selective binning
routines again fail for the same reasons as noted in the previous section. Table 3.2
represents the percentages correctly assigned for each peak, with the classification

approach performing with the highest accuracy.

The classification approach again fails in a few pixels at the interface region. This
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Compression Technique

Peak A percentage

Peak B percentage

Peak C' percentage

Selective Binning 99.13 93.77 96.29
Scaling method 98.44 91.30 94.55
Classification of signal 100 99.94 99.70

Table 3.2: Results of different compression routines on three peak model data.

should be noted as a feature of the current design of the algorithm. Unlike the
two peak method it can be seen that the classification approach has also failed in
classifying some pixels not near the interface. When observing closely between the
classification results for peak A and peak C' the same pixels have been misclassified.
Thus the signal in those pixels have been incorrectly assigned to peak A instead
of peak C. It should be noted here that there is some slight overlap between peak
A and C in the spectral domain, thus they not only have an overlap region with
peak B but also with each other. Therefore there is overlap not only in the spatial
domain but some also in the spectral domain. When this is the case the algorithm
will classify signal based on the intensity of signal around the pixel in question. In
these data peak A is more intense and thus signal that is in this overlap region will

be favourably classified into peak A. More on this in the Discussion, Section 3.5.

3.4.3 Real Two Peak Data

The real data acquired from the J105 (discussed in Section 3.2.2) gives another level
of complexity over the model data. Figure 3.12 shows the results of the selective
binning approach and the classification approach. Also shown in the figure is a dif-
ference image for each peak. The difference image is used to highlight the variances
between the two approaches. From looking at the results of each method it is hard
to distinguish which approach has yielded better results. However, the difference
image draws a clear distinction between the two results. The green in the differ-
ence images indicate where the classification approach has more signal and the red
indicates where the approach has less signal. Again the classification approach has

performed much better at separating the overlapping peaks. For peak A there is
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Figure 3.12: Images depicting the results of the selective binning approach and
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discrepancy in signal intensities.
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Figure 3.13: Section total ion spectrum containing two overlapping peaks and total
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more signal in the left portion of the image the silicon oxide region and less in the
right hand region, the tantalum oxide region. Conversely for the second peak. This
demonstrates that the classification approach is superior for this style of data where

there are localised regions of signal.

3.5 Discussion

As discussed above the classification approach works well when signals are localised
spatially. It was alluded to in the three peak model data that when peaks overlap in
the spectral and image domains that the classification approach does not perform
optimally. Figure 3.13 shows two peaks from the same real data set as used above.
Here both peaks overlap in the spectral and also in the image domain.

Figure 3.14 show the results of applying the three methods (selective binning,
scaling and classification) to these peaks. From Figures 3.14e and 3.14f it is appar-
ent that the classification method has performed much differently to the other two
approaches. As was outlined previously when two peak overlap in the spectrum and
the image the signal is preferentially classified to the higher intensity peak by the

classification method.
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Figure 3.14: Images depicting the results of the selective binning approach, scaling

of data and classification of signal approach for real data that overlap both in the
spectral and image domains.
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For data such as these, the best approach is difficult to ascertain as there is not
enough information to decide which peak the data in the overlap region comes from
and therefore the true classification cannot be resolved. Here the suggestion is that
either the scaling or the selective binning approach be applied to data of this nature.
It is clear that both will contain erroneous information, but the idea is to limit this
as much as possible. Another approach here would be to bin both these peaks into
a single bin for further analysis.

The methods applied here can be directly applied to 3D image stacks. Firstly by
summing all the pixels to create an overall total ion spectrum. This then could be
peak picked and the methods applied to the images sequentially. Another approach
would be to apply the methods to each image independently and then compile the
images together again. However, with this approach there may be some compli-
cations due to the fact that peaks that are detected may fall into different mass
channels across layers depending on the accuracy of both the instrumentation and
the peak picking algorithm.

Other alternatives for 3D image stack could be to search not only in the neigh-
bouring pixels in an image but with neighbouring pixels between images. This may
give valuable information in terms of localisation as small regions of interest could
potentially be probed better by these separation methods with this information.
However, instrumental factors may also have an effect on these approaches, such as
alignment of the data planes, non-normal incident ion beams, defects in 3D struc-
tures etc.

Computation time can be a limiting factor in some cases, in the absence of high
throughput analysis for example. Hence, one of the reason that compression such as
binning has been classically done. Clearly the time taken to compute each of these
algorithms is dependent on the number of peaks in the total ion spectrum but also on
the number of overlapping peaks within the spectrum. This is especially true for the
classification method as it has to loop over each pixel within the image for each mass

channel in all the overlap regions. This as compared to the two other approaches
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which, for the selective binning is just a simple bin sum once the limits have been
set. For the scaling approach it is just simply multiplying all the data by scaling
factors and summing the results together. Thus the selective binning and scaling
methods are very easily and quickly applied. The time to run the classification
method is highly dependant on the image size the number of peaks and the number

of overlaps.

3.6 Conclusions

In this chapter some of the challenges and shortcomings of the current norms of
compression and imaging in ToF-SIMS image analysis have been discussed. Three
new approaches were suggested as alternatives to these approaches. These new
methods were evaluated on both model and real data. The proposed method of
scaling the data does not give favourable results and thus should not be pursued as
an alternative. However, both the selective binning and classification methods gave
promising results. The selective binning approach is fast and gives reproducible
results superior to current methods. This is suggested as a first step in image
analysis.

The classification method gives by far the best results when signal is localised,
however in its current implementation it can be slow to compute. This may be a
draw back for some but could be a realistic approach were dedicated scripts and
machine in place to perform the computation. Moreover, this approach could be
used for selected overlapping peaks of interest as opposed to the entire image data.
This gives a convenient medium between solely using either approach. The selective
binning approach used as default with the classification approach used on selected
overlapping peaks.

All the methods described here used automated peak picking as described in
Chapter 2 as an input. However, all approaches can be decoupled from the automatic

process and could be applied to user defined peaks similarly.
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4.1 Introduction

ToF-SIMS has traditionally been seen as a semi-quantitative technique. Though
this is true in the sense that the information received from analysis is only a portion
of the true total content of the sample, also things such as the matrix effect can
affect the results of an analysis, it may be possible to garner quantitative results.

Classical ToF-SIMS machines had to adhere to the static limit to maintain sample
integrity. However, with the advent of cluster ion beams it has become apparent
that analysis beyond the static limit can be achieved. This has pushed the field
into 3D molecular analysis. To capitalize on technique improvements with more
quantitative analysis could allow SIMS to become a more mainstream technique for
sample analysis.

Though the information gathered in a SIMS experiment is only a portion of the
sample, there is still a huge wealth of information received which is characteristic
of that sample. Using this information it may be possible to postulate decisive
classifications. By using classification algorithms, characteristic traits of particular
samples can be learned. These traits can then be used to classify an unknown sample
into a given group. This approach has become popular in many MS fields in recent
times, with the advances both in the machine learning aspects and the advances in
the capability of MS instrumentation [16] [19].

Classically one barrier to this type of analysis have been lack of standardisation
between instrumentation, the low number of spectra that it was possible to acquire
from a sample and even lower number of samples tested. Due to the limitations
of classical instrumentation it was difficult to obtain a useful set of data on which
to apply classification methods. However, the large effort in [22] produced data
which was fit for purpose. Here these data will again be used for comparison and
investigation of classification techniques.

Some classification techniques have been applied to SIMS data previously include
Principal Component Discriminant Function Analysis (PC-DFA) [72] and Neural

Networks (NN) [62]. To introduce the topic of classification first a brief description
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of methods to validate classification approaches are outlined.

4.2 Validation

With the development of new learning algorithms and their application into new
fields there is a need for accuracy estimation methods. Methods allowing the com-
parison of several different learning algorithms are important for the performance
evaluation. When faced with numerous different classification techniques one needs
to test these in terms of their estimated accuracy to make an informed decision
about which approach is most relevant to their data or problem.

The general form of validating models/classifiers is to somehow create a 'training
set’ and a ’test set’ (validation set) on which to evaluate the model built by the
particular approach. The training set is used to build a model and the model is
then applied to the test set to evaluate the models efficacy.

When applying any MVA or classification technique to data scaling is often de-
sirable or even necessary. Scaling approaches are discussed more in Section 4.5. If
scaling is applied to data care must be taken to correctly apply to the test set the
same scaling as applied to the training data. Note for some approaches all the data
cannot be scaled before generating the training and test sets, instead the training
set must be scaled first and the test set then must be scaled in the same manner. If
this is neglected or misapplied results can suffer greatly.

Here some common approaches for estimating a model accuracy are introduced.

For further information refer to [43].

4.2.1 Holdout

Holdout is one of the simplest forms of validation. This is sometimes known as
test sample estimate. Here the data are divided into two distinct groups, a training
set and a test set. There is no rule enforcing what size each set should be, but

general convention is that two thirds of the data are placed in the training set,
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with the subsequent one third placed in the test set. The training set is used to
build a model which can then be applied to the test set. The results of which can
be viewed as a percentage accuracy. Training on 66% can reduce the ability to
build comprehensive classifiers, especially if the number of samples is small and the

number of groups is large, therefore other approaches are often favoured.

4.2.2 K-fold CV

K-fold is a style of validation, which is similar to holdout, where K instances (spec-
tra) are left out of a set for testing. For example, 5-fold cross validation is where the
data are randomly partitioned into 5 sets. Of these sets, one is retained as a test set.
The cross-validation process can then be repeated another 4 (K — 1) times. Thus,
each of the 5 sub-samples is used only once as the validation set. The 5 results give
a coarse estimate of the mean can then be averaged to return a single estimation of
accuracy. The advantage of this approach is the fact that each sample is used once
in the validation. Thus, each instance (spectrum) from the original data is predicted
once. Meaning, that the cross-validation accuracy is the percentage of the original

data which was correctly classified.

4.2.3 Leave-One-Out-Cross-Validation

Leave-One-Out-Cross-Validation (LOOCV) is a method whereby all the data except
for one spectrum is kept as the training data and the test set comprises of a single
spectrum. This process can then be repeated for each spectrum. This can be
considered a special case of K-fold where K is equal to the number of spectra in
the original data. This results in each spectrum being used only once in the test set
and the results can be seen as a percentage of the original data which were correctly
classified.

For each iteration of LOOCV almost all the data are used in the training set,
this has the advantage for small data as it allows models to be built that are close

to the models of the full data. However, for large data this approach may be time
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consuming and thus not an attractive approach.

4.2.4 Bootstrapping

Bootstrapping, introduced by Efron (further detailed in [18]), is a method employed
to assign measures of accuracy to classification estimates. This is achieved by sam-
pling a subset of the data the same size as the original data with replacement.
Thus, if there is n spectra in the original data, the Bootstrap set will also have n
samples. Given the fact that bootstrapping is done with replacement the probability
that any instance is chosen in the training set is 0.632. Therefore the probability
that an instance is in the test set is 0.368.

To generalise the results of Bootstrapping it can be performed repeatedly, thus
building up statistics. From these repeated test, statistics such as the mean and

standard deviation of the classifier can be obtained.

4.2.5 Stratification

Stratification is a process whereby each class is considered independently by the
generation of the training and test sets under a given approach. For example in K-
fold, instead of dividing the total data into K-folds, stratified K-fold would create
K-folds from each class and then concatenate them to create the training and test
sets. This approach of stratification can give less biased results [43], especially if the

differences in class sizes is large or one or more classes is a small set of samples.

4.3 Classification Techniques

4.3.1 PC-DFA

PCA (Section 1.3.6) is used here as a dimensionality reduction technique to input
into Discriminant Function Analysis (DFA). DFA is a method applied to decipher
among sets of samples from differing distributions or populations. Generally in the

SIMS community DFA has been the conventional terminology used but DFA is also
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addressed as Canonical Variates Analysis (CVA), here the convention is continued
and DFA will be used.

PCA has become a staple of chemometric analysis. PCA is a dimensionality
reduction tool. As such it can play a vital role in a diverse set of problems. In
PC-DFA PCA is used as a dimensionality reduction tool which is then modified in
the DFA step to create a sub-space where classes of samples are separated in this
sub-space. PC-DFA has been applied numerous times in the SIMS community with
good results [2][70].

PCA can be considered as an unsupervised method for identifying patterns in
data. The goal of PCA is to identify trends or patterns, through variance, in data
and expressing the data in terms of the maximum variance. DFA, a supervised
technique then calculates a linear composition of the PCA variables to create a
weighted output of these. The goal of this analysis is to maximise between group
variance while minimizing within group variance. Thus, in the space in which the
instances are projected they are well separated in space according to class. This is
achieved by maximising the Fisher ratio. By applying DFA in effect the PCA results
are warped into a new space where groups are more easily separable. By doing this,
in contrast to PCA, the DFA results are not orthogonal. From here classification
can be applied.

Here a distance metric is used to calculate to which distribution the test data are
closest. The Mahalanobis distance metric is used here. Using the Mahalanobis dis-
tance is preferable to say city block/ Euclidean distance as it takes into account the
multivariate distribution of the data and is scale invariant. The test data are clas-
sified to the group/class to which it is closest in terms of the Mahalanobis distance.

The Mahalanobis distance is given by:

4, = /(¢ = G)og'(x — G (4.1)

Where d, is the Mahalanobis distance of spectrum z,G is the mean of the group

of target points and o' is the inverse of the covariance of group G.
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With PC-DFA there are two tunable parameters; the number of principal com-
ponents to use as an input to DFA and the number of discriminant functions to
calculate. Here however the number of discriminant functions is limited either the
number of groups minus one or the number of dimensions. In general 10 principal
components retains a very high percentage of the variance within the data. In [22]
three PCs were used as an input to DFA to ensure the model did not overfit the
data. Some methods have been proposed for selection of relevant number of PCs to
used such as a PRESS test or a scree plot. In Section 4.6 the number of input PCs
is kept constant to track efficacy of different pre-processing techniques and to allow

for direct comparison of results.

4.3.2 AdaBoost

AdaBoost, introduced by Freund and Schapire [27] is an ensemble method for con-
structing a “strong” classier as combination of weak learners or classifiers. By choos-
ing a defined set of weak classifiers, these then sum together to make a final decision
classifier. AdaBoost was chosen as a method of analysis for SIMS as it relies on sim-
ple weak classifiers to build a strong classifier. a weak classifier can be intuited as a
rough rule of thumb, or a rule that is right most of the time. This is attractive for
SIMS due to the variability in SIMS data, even on samples with the same chemistry.
Thus, as AdaBoost learns with simple weak classifier, it reduces the need for having
a decisive difference between two classes, instead the subtle trends can be used to
learn the differences. Below a brief description of the AdaBoost algorithm is given,
for a more complete description refer to [28].

Suppose hypothetical data as in Figure 4.1. Where the 4’ is representative of
one class and the ’-’ are representative of another. These two dimensions can be
considered as two individual mass channels in a SIMS spectrum, with the value
along each axis the intensity of that signal. The next step is to learn these samples
so that the model can classify new unseen hypothetical spectra.

In the case of AdaBoost it looks to find a simple classifier that will correctly
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Figure 4.1: Graphical representation of the Boosting process, depicting some model
data. Reproduced from [64].

classify as many of the samples in one go as possible. Each sample has the same
weight to begin, meaning that each sample is as important as every other sample.
This is important to note as AdaBoost seeks to minimize the weighted error of the
samples. In the case of this hypothetical data the weak classifier is calculated to be
the line h; in Figure 4.1b. As can be seen from the figure, all the samples to the left
are now classified by this weak classifier as positive samples and all samples to the
right are classified as negative. This gives an error of 30% as three of the '+’ class
are misclassified.

AdaBoost now takes this results and re-weights all the samples accordingly. Cor-
rectly classified samples are down weighted and incorrectly classified samples are
increased in weight, Figure 4.1c. Once this is done the algorithm again tries to
classify using a weak classifier. This time however, the weighting of each sample
is not the same. Here AdaBoost calculates the weak classifier that minimises the
weighted error. Therefore, it is no longer looking to just classify samples correctly,
it is preferentially trying to classify the samples that were previously misclassified.

AdaBoost calculates the second weak classifier as hy in Figure 4.2b. Here it has
now classified the rest of the '+’ class correctly. However, it has now misclassified
three - class samples. These samples are now re-weighted again, Figure 4.2c. On
the third round of boosting AdaBoost calculates a third and final classifier that

reduces the error to zero Figure 4.2d.
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Figure 4.2: Graphical representaion of the Boosting process. Reproduced from [64].

This process of applying weak classifiers and re-weighting the samples is contin-
ued as many times as the user desires, or generally when the error reaches zero. For
unseen data, each weak classifier is applied to the data, a final score is then assigned
to that unseen spectrum for example. This final score is a linear (weighted) combi-
nation of all the weak classifiers. The higher the final score the more likely it is to
be correctly classified. In a two class case, higher positive score means the sample is
classified in the positive class, conversely for the negative scores. The closer to zero
the score the more uncertain the output. One of the clear advantages of AdaBoost
other than simplicity is the fact that parameter tuning is not a problem. Compared
to SVMs (discussed in the next section), where parameter tuning is highly impor-
tant and is not trivial to select the best tuning parameters for a given kernel. Also
tuning of these parameters can be time consuming, AdaBoost avoids these.

AdaBoost classification returns a value for a particular classification. By looking
at the values across all the classes an estimate of the models certainty on a particular
classification can be estimated. Also with AdaBoost an insight into the classification
approach can be gained by looking at the weak classifiers. Thought the weighting of
each spectrum will change at each round of boosting, all spectra are equally weighted
for the first round of boosting. Thus, by looking at the top N results for the weak
learner the mass channels that are instructive for classification can be observed.

This is discussed more in Section 4.7.
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4.3.3 SVDMs

Support vector machines (SVMs) are a group of supervised learning methods that
can be applied to classication or regression. SVMs were originally proposed by
Cortes and Vapnik [14] and have become a standard of classification within the Ma-
chine Learning community. SVM applications have been applied to numerous areas
including bioinformatics [30] and mass spectrometry [82]. SVMs were originally
defined for the classication of linearly separable classes of objects but have been ex-
tended for non-linear applications. Below a brief description of linear and non-linear
(Kernel) SVMs are introduced. The routines applied here are the LIBLINEAR [20]
and LIBSVM [11] implementations which are freely available and contain MATLAB
interfaces through Mex files. For a more in depth description of SVMs and their

applications in bioinformatics see [8].

Linear SVMs

Linear SVMs aim to find the unique hyperplane, or line if data are two dimensional,
having the maximum margin between two classes. Written in its simplest form the

linear boundary is given by:

g(x;) = sgn(wz; +b) = sgn(b + Z WiT;;) (4.2)

j=1

where w and b are called weight and bias parameters that are determined from
the training set, x is an individual sample. The sign of ¢ determines which class an
unknown is classified to, positive classifies as one class and negative the other. This
classification function finds the hyperplane (w, b) that can be defined by coordinates
x satisfying the condition wz’ 4+ b = 0 which divides the dataspace into two regions

opposite in sign.
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(a) SVM projection to highe: .
dimensions. (b) SVM decision plane. (¢) SVM non linear classifier.

Figure 4.3: Graphical representation of the SVM process. Reproduced from [§]

Kernel SVMs

SVM can also be used to separate classes that cannot be separated with a linear
classier, thus non-linear. In these cases, the coordinates of the objects are mapped
into a feature space using non-linear functions. The feature space is a higher di-
mensional space than the space of the input samples. This higher dimensional space
then allows the two classes to be separated with a linear classier (Figure 4.3). This
typically produces a non-linear classification boundary in the original input space.
The dimension of the transformed space can be very large, but through sophisticated
mathematical approaches this undesirable effect can be negated.

The cookbook approaches outlined by [40] suggest a straight forward approach

for analysis. The steps postulated for analysis are:

Transform the data to a sympathetic format

Conduct a simple scaling.

Conduct a simple scaling.

Use cross-validation to find the best C' and + parmeter.

Use the best C' and ~ to train across the whole training set.

Apply/test the model.. ..
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Figure 4.4: Grid searches.

Cross validation grid search

There are two parameters that need to be tuned for an RBF kernel; C' and . It is
not known which C or « is best for a given problem. Thus, a parameter search is
implemented here. The aim of this is to ascertain the most applicable parameters to
train the proposed model so that the classifier model can accurately predict unseen
data. A common utilised approach is to perform N-fold cross validation with a
range of parameters. This will create a two dimensional parameter space. The grid
search thus trains and test the data using N-fold cross validation for each point
in the parameter space. The prediction accuracy obtained from the test set with
the highest accuracy reflects the performance on classifying an unseen data set. A
grid search can be time consuming, therefore using a coarse grid first to find an
applicable range a useful approach. After identifying a “better” region on the grid,
a finer grid search on that region can be conducted . Figure 4.4 depicts a coarse
and fine grid search for C' and . After the best C' and v parameters are found, the
whole training set is trained again to generate a final classifier.

For cases such as the data here, i.e. small sample size with large feature size the
SVM, has been noted as a good tool. In [40] they note that on data such as these
that the linear form of the SVM can perform as well as the non-linear as the data
are already high dimensional thus a projection to a higher space may not be needed.

Therefore, non-linear mapping does not improve the performance. The linear SVM
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has the advantage that only the C' parameter needs to be searched. It also should
be noted that the linear SVM is a special case of the RBF kernel, therefore the
RBF should perform at least as well as the linear once the parameter space has
been searched appropriately. Here both methods are test on the data to compare

performance on SIMS data.

4.4 Data

The data used for this investigation are UTI bacterial data previously studied by
PC-DFA [22][72]. The data were acquired using the BioToF instrument [7]. The
data consist of 6 different bacteria: E. coli, Klebsiella oxytoca, Klebsiella pneumonia,
C. freundii, Enterococcus spp., P. mirabilis. For further details on the data refer
to [22]. Each bacterium will be considered to be one class. Thus, there are six
classes in this classification investigation. A total of 163 spectra were used for the
classification study across the six classes.

Comparisons are made in terms of scaling, binning and mass ranges of data using

some of the validation methods outlined previously in the results, Section 4.6.

4.5 Scaling

Scaling of data is an important step in any analysis of data. The outcomes of a given
approach can be changed dramatically due to the use of scaling. The main objective
of scaling is to avoid features that have greater intensity ranges dominating those in
smaller numeric ranges. However, by applying some scaling it can have an adverse
effect. This is especially true within MS type data where there is a large proportion
of the spectrum which is noise. Thus scaling or any pre-processing must be carefully
considered.

The same pre-treatment must be applied to all spectra in the training and test
sets. Thus if the training data are scaled to max counts, the same scaling factor

must be applied to the test data. Data pre-processing can consists of several different
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approaches from peak selection, probabilistic weighting, peak intensity scaling, and
weighting of peak intensity due to its mass position. Below different types of scalings
are discussed and their application to classification problems. Poisson scaling was

performed on all data prior to scalings outlined below.

Binning

Due to the variability in SIMS data they are often binned for computational sim-
plicity and size reduction. Here data are binned across several different scales to
test the effect it has on classification routines. Data are binned to 0.1, 0.25, 0.5 and

1 Da. Here the convention of binning around the nominal mass was observed.

Square root scaling

Spectra obtained from time of flight mass spectrometers tend to have large peaks in
the lower mass range, this is due to the nature in which the spectra are recorded.
Since higher mass values are often more descriptive it can be instructive to pre-treat
the spectra by taking the square root of the intensity values (Equation 5). This is
done as higher mass values tend to have much less intensity. This has the effect of
both reducing the relative power of the larger low mass peaks, thus increasing the
power of the less intense higher mass peaks. Also the cube root and higher powers

can be applied.

Mass intensity scaling

Another form of pre-treatment is multiplying each intensity by its corresponding m/z
value raised to a power (Equation 6). This again greatly increases the significance
of values with a high mass and thus decreases the significance of lower mass peaks.

Normalise max counts

To normalise to max counts each mass channel in the spectrum is divided by the

maximum number of counts for that mass channel, thus each mass channel becomes
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a value between 0 and 1.

Autoscaling

Mean centre and divide by standard deviation of each mass channel. The result is

that each column of has a mean of zero and a standard deviation of one.

Vector normalisation

Vector normalisation is the normalising of each element of the vector by the length

of the vector. This gives vector which have unit length.

Normalise total counts

Each mass channel is divided by the total number of counts, thus the entire spectrum
sums to 1.
Results comparing these scaling techniques can be found in the results, Section

4.6.

4.6 Results

4.6.1 Linear vs. Kernel SVM

To compare a linear SVM and a kernel SVM here we apply both methods to the
data outlined earlier. Using leave-one-out cross validation to test the efficacy of
each approach. By applying leave-one-out a direct comparison on the misclassified
spectra can be observed.

To test each approach the data are scaled to a 0-1 range in keeping with procedures
outlined in Section 4.3.3. Thus each mass channel in the training set is scaled by
the max value in that mass channel across all the training spectra. The test set is
then scaled using the same values to scale as the training set. For each iteration a

grid search across the C' and v parameters for the kernel SVM, the C value for the
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. . Classification technique
Applied Scaling PC-DFA | AdaBoost | SVM
No Sclaing 77.30 85.28 26.38
Scaled 0 — 1 77.30 85.28 95.71
Square Root 77.30 85.28 -
Square root and scaled 0 — 1 76.07 85.28 96.32
Cube root 76.69 85.28 -
Cube root and scaled 0 — 1 76.69 85.28 96.93
Data*mass and scaled 0 — 1 77.30 85.28 93.32
autoscale 77.91 85.28 93.25
vecnorm 79.14 88.34 95.71
Max counts 79.75 88.34 95.09
Total counts 78.53 91.41 95.71

Table 4.1: Results of LOOCYV for various scalings.

linear SVM, is performed to ensure maximum accuracy. Input data were binned to
1 Da as detailed above for ease of analysis.

For leave-one-out cross validation the linear SVM achieved 92.02% correctly clas-
sified, while the RBF attained 95.71%. 5-fold cross validation results followed the
same trend. It was noted in [40], for data such as the data used here where the num-
ber of samples is much less than the number of features, the linear classifier performs
well and it may not be necessary to map to a higher dimension but that the RBF is
at least as good as the linear after the parameter space has been searched. In this

case the RBF outperforms the linear classifier. For the subsequent experiments the

RBF kernel is used.

4.6.2 Scaling

Scaling of the data can be an important pre-processing step in classification. Here
an investigation into the efficacy of several different scaling approaches was carried
out. Each scaling was applied both to the training and test data as outlined in
Section 4.5. A leave-one-out cross validation approach was adopted to investigate
these approaches. This was done so that direct comparison between the effects of

the scaling routines could easily be interpreted.
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Table 4.1 shows a list of the different scalings applied to the data with the corre-
sponding percentages for the LOOCYV. These experiments were all run on the same
data i.e. as described above and binned to 1 Da. To find the parameters for the
RBF kernel SVM a grid search was again applied at each iteration. For AdaBoost
and PC-DFA the parameters were kept constant. With 10 principal components
and 5 discriminant functions used for PC-DFA so as not to overfit the data and the
number of weak classifiers was set to 20 for AdaBoost.

Having tested different scaling possibilities, it is clear that no single scaling routine
generates the best results for the different classification approaches for this data.
Though the scaling acquired diverse results, with the exception of no scaling for
SVMs, the scalings had little effect on the overall percentage results. However
trivial the increases may seem, on larger data these effects could be compounded.

From the results it should be noted that for SVMs the data needs to be scaled to
a small range such as -1 to 1, or as was generally the case here from 0 to 1 as noted
in Section 4.3.3. This scaling has a dramatic effect on the classification ability of the
SVMs as can be noted from first results for SVM in Table 4.1. This is the reason
that two results are absent for the SVM as the goal was to test the effect of the 0-1
scaling on AdaBoost and PC-DFA. Scaling 0-1 it has no effect on AdaBoost, either
in classification percentage or which spectra were misclassified. From the table of
results the square root and square root scaling which is again scaled 0 to 1, this
has an effect on the PC-DFA. Though the classification results themselves do not
vary much the actual spectra which were incorrectly classified do change somewhat.
This effect was also observed with the cube root scaling with and without scaling
the data from 0 to 1.

For PC-DFA scaling the data to max counts produced the best results, while for
AdaBoost scaling the data to total counts produced the highest percentage, with

cube root scaling for SVM giving a slight percentage increase.
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Classification technique

Applied Scaling

PC-DFA | AdaBoost | SVM

Binned 0.1 55.21 75.46 89.96
Binned 0.25 59.51 80.98 91.41
Binned 0.5 63.19 88.96 92.64
Binned 1 78.53 91.41 95.71

Table 4.2: Results of LOOCYV for various binning scales.

4.6.3 Binning

Here the classification routines were tested with SIMS data binned to different mass
ranges. Binning is a common approach adopted throughout the SIMS community.
The effect of binning can have both positive and negative outcomes depending on
ones perspective. Intuitively it would seem that classifying on full resolution data
would be more instructive as the true signal acquired can be classified and individual
peaks can be resolved to do this. However with this said full resolution data also
contain a majority of mass channels that contain noise. These mass channels are
considered by the classification routines and could be used to build the classifica-
tion model. The advantage of binning here is that not only is true signal summed
together, but the noise is summed. Binning over different scales could average the
noise out and thus reduce the likelihood of noise interfering with the classification.
Table 4.2 shows the results for LOOCYV on the data with scaling to total counts kept
as the scaling routine across all binning approaches.

Observing Table 4.2 there is a direct correlation between binning of the data and
the ability of the classification routines to correctly classify the samples. Here the

smaller the bin size the lower the accuracy of each classification routine.

4.6.4 Mass Range

In classical SIMS the majority of the signal acquired appears in the lower mass region
of the spectrum. Thus the higher up the mass scale the smaller the signal to noise

ratio. At the lower end of the spectrum salt peaks can dominate. The case was made
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. . Classification technique
Applied Sealing =55 S Er X faBoost [ SVM
1-1000 78.53 91.41 95.71
50-1000 82.82 90.18 94.48
100-1000 78.53 87.73 93.25
50-300 84.05 91.41 95.09
50-400 83.44 92.64 95.71
50-500 76.69 90.18 95.71
50-600 77.30 90.80 94.48
50-750 77.91 90.18 94.48

Table 4.3: Results of LOOCYV for various mass ranges. All binned to 1 Da.

for removing the first 50 Da in [22] to exclude these salt peaks which can dominate
spectra and are less molecule specific. For these reasons here an investigation into
the effect of pre-selecting mass ranges for classification is carried out.

From the Results in Table 4.3 the selected mass ranges over which the spectra were
tested resulted in differing percentages with no decisive pattern. There is somewhat
of a pattern to be observed, all three algorithms achieve their highest results over
smaller mass ranges, 50 — 300 and 50 — 400. No one mass range clearly dominates
in terms of percentage correctly classified. However, the 50-400 range did achieve
the highest results for both AdaBoost and SVM.

It is interesting to note the results of PC-DFA for 1—1000, 50—1000 and 100—1000.
Here the classification jumps once the first 50 Da are removed but drops again once
the next 50 Da are removed. Presumably the classification is being forced to classify
on a smaller range when mass ranges are removed and thus the improvement in
classification could be understood, but also possible discriminatory information is
also being removed thus the drop in classification. Also the other routines do not
suffer in such a dramatic way but their percentages do drop over these mass ranges

also.
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Classification Routine | Mean percentage | Standard Deviation
PC-DFA 77.48 4.66
AdaBoost 84.21 5.32
SVM 92.69 3.54

Table 4.4: Results of 500 Boostraps for classification routines.

4.6.5 Bootstrapping of models

To test the validity of generated models. Bootstrapping with substitution as de-
scribed in Section 4.2.4 was applied to the data. 500 Bootstraps were run for each
set. Stratification was used here to ensure that each class had an appropriate num-
ber of spectra to train and test. Table 4.4 details the results of these experiments.
For these experiment the data were scaled independently for each classification rou-
tine. With the highest scoring scaling being applied to each approach as estimated
by LOOCYV in Table 4.1.

From Table 4.4 SVMs achieve the highest performance. They attain the highest
classification percentages but also the smallest standard deviation in comparison to

the other two methods.

4.7 Discussion

The experiments carried out here verify that it is possible to attain very high accu-
racy classification results with SIMS data. However, extracting chemical information
from the classifiers to decipher how a certain classifier model computes a results is
not straight forward. Since the SVMs used here project to a higher dimensional
space little information can be extracted. Distance scores can be returned describ-
ing the distance of the unknowns to each of the support vectors. In the case of
PC-DFA the PCA scores and loadings can be interpreted and the DFA loadings can
also be looked at for peaks of interest.

AdaBoost is based on weak classifiers which can easily be visualised. However, at

each round of Boosting the weightings on each spectrum change and the algorithm
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Figure 4.5: 100 decision stumps (weak classifiers) for two classes (Red and black).
The blue circles indicate the weak classifiers.

tries to preferentially classify. Therefore the weak classifiers after the first round of
boosting become very difficult to interpret. However, by looking at the top N weak
classifier in the first round of Boosting when all the spectra are weighted equally
some insight into the differences between classes and how the algorithm works can
be gained. Figure 4.5 shows the top 100 weak classifiers for a two class set. The red
spectra are one class and the black spectra another class. The blue circles represent
the weak classifiers. From this figure it can be seen that there are a lot of weak
classifiers at very high mass range thus these are mass channels which are “good”
for classifying or at least seen as better than the rest by AdaBoost. There are also
lots of classifiers in the lower mass ranges. This is a Univariate style of analysis and
could be instructive to an analyst in discovering differences in chemistry.

One of the limiting factors of this study was the small class sizes as an input. To

achieve higher classification results more data may be needed. Though the sample
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sizes were small the proof-of-concept has been realised, that SIMS data can give
decisive classification results. To expand on this type of analysis requires a large
effort in terms of experimentation. However, with the recent advances in duty cycle
of machines like the J105 larger data can be investigated.

Classification of image data is another degree of complexity. The information
contained in any single pixel may be too little to train an accurate classifier. Con-
versely the total ion spectrum may contain information from too diverse a set of
pixels. Problems due to sample size and sample stubs can play a large role here.
The number of pixels analysed that contain the particular sample to be tested. Also
different ion doses will produce different results, with the transmission of the ma-
chine or tuning of the machine playing a large role also. With some of these effects it
may be possible to scale out the effects, but this is still only speculation. There are
still many factors which need to be addressed before large scale classification rou-
tines can be applied to SIMS images. However, with the proof of concept achieved

here there is clearly scope for this type of analysis to progress.

4.8 Conclusion

Here classification techniques were applied to ToF-SIMS data. Results of classifica-
tion clearly show that SVMs perform the best on these data. However, reasonable
levels of accuracy were achieved by both PC-DFA and AdaBoost. Validation tech-
niques confirm that SVMs perform with the highest accuracy. Scaling routines
investigated suggested that there may not be one optimal approach for these data,

but that each classification routine perform optimally on different scalings.
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5.1 Introduction

As introduced in Chapter 1 ToF-SIMS has become a sophisticated analytical tool.
Evaluating, storing and processing the subsequent data is increasingly a challenge
due to the nature of the data acquired. One of the most fundamental tasks in this
line of investigation is to understand the resultant spectra observed from the anal-
ysis. However, with these large datasets and indeed the complexity of some spectra
observed, increasingly the bottleneck appears in the processing and interpretation
of data.

New methods have been presented here for processing SIMS data. In this chapter
a suite of tools for the processing of SIMS data and images in both 2D and 3D is
presented. This suite implements solutions for several stages of data processing, in-
cluding input file reading, peak detection, compression, normalization, visualization,
classification and interpretation. The tool-kit implements the methods discussed in
previous chapters as well as further extensions which allow for easy data analysis and
interpretation. The toolbox has been implemented in Matlab. These tools are to
complement already available resources such as those available from the Multivariate

Surface Analysis Homepage [39].

5.1.1 Rationale

Processing and visualisation of data is an important step for any analyst. Unfor-
tunately not all instrument software allows the capability of analysing data in a
comprehensive way. This is true of current in-house instrumental software. To fur-
ther process data in addition to acquisition software, Matlab is generally used as the
tool of choice. Here analysts have an array of in-built routines to apply to their data.
However, not every analyst has the expertise to write or even use scripts successfully
in Matlab. One of the goals of implementing this tool-kit was to assist the analyst

in processing their complex data.
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As has been outlined previously SIMS data can be very large. In Chapter 3
approaches for compression of SIMS images were introduced. Here the goal is to
compress the data both in terms of size, for storage or archival purposes , but also
for ease of interpretation. Routines such as this only become useful if the data can
actually be read into a computer’s memory (RAM). In this chapter approaches are
presented for reading very large files.

PCA is a central analysis step for many SIMS users (Section 1.3.6). Mean centring
of data is common place, however if trying to perform PCA on an image at full
resolution some problems arise. The fact that mean centring removes the sparseness
of the data is one of these problems as it can cause memory issues in a standard
computer. Here an approach is presented to combat this and mean centre SIMS
data without the loss of sparseness of the original data.

When performing exploratory analysis of a sample it can be instructive to compare
unknown samples with known samples for comparative purposes. To achieve this
spectral matching can be applied. By 'matching’ an unknown sample with a list or
database of known samples and returning a list of chemically similar spectra could
help in analysing unknown spectra. In Section 5.2.3 an investigation into some
common spectral matching procedures is carried to test their applicability to SIMS
data.

Visualisation of 3D image data (actually 4D including the spectral domain) in
Matlab can be a task, especially since the data from SIMS machines can be so large
and thus need to be read in sparse format. This becomes a problem as Matlab can
only deal with 2D sparse data. Two GUIs are presented here for processing data,
performing PCA analysis and visualising the results, both for 2D and 3D SIMS

image data.
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5.2 Data Processing

5.2.1 Importing of data

Images acquired on the J105 can easily reach tens of gigabytes. Reading these files
into RAM can be an issue, even considering the sparse nature of the data. In-house
routines have been set up to convert the data from the proprietary file format into a
format readable by Matlab. The problem then becomes an issue of getting this large
data into Matlab memory successfully without exceeding the available memory of
the computer.

Routinely analysts bin or use peak selection on acquired data to reduce the size
of the data so as to be able to perform MVA in Matlab. This may not be an
optimal approach as information is lost when binning or peak selection is used.
Some compression techniques were discussed in Chapter 3 to avoid these techniques
while achieving large compression. However, some of these routines require the data
to be loaded in memory to be performed, while some could conceivably be performed
iteratively on single spectra without all the data being present in memory.

Here a workaround is presented for reading very large sparse data files without
compression or exceeding memory, given that the size of the data in sparse format
does not exceed the memory available. Other approaches to this problem have been
addressed by use of encoding schemes [61].

In Matlab to read in sparse data from the disk from an external format the Matlab
routine spconvert is utilized. A problem can arise with spconvert in the way that it
reads the data. The routine reads the data as a full matrix and then converts it to
a Matlab sparse matrix. The disadvantage of this is that the sparse nature of the
data is not conserved throughout the loading process. Thus, this can very easily
exceed the memory available on a standard machine. To combat this, a script was
designed which breaks the data down into defined chunks. By doing this, the amount
of non-sparse data being read can be limited to remain within a feasible limit. After

each chunk is read, it is then converted to sparse format. Then all the sparse chunks
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can be combined together into a sparse matrix containing all the data.

This allows for reading of very large files into Matlab while minimizing the memory
requirements. There is however a trade-off between loading time and RAM usage
here. Matlab is very fast at matrix operations on sparse data, but can be very
slow when trying to do individual operations such as deleting or adding a portion of
data. Therefore, the smaller the number of sparse matrix chunks used the faster the
loading routine. This means the fewer chunks the quicker the loading, but this also
means a greater RAM requirement. This then becomes a trade-off scenario between
the two. This setting can be manually altered depending on the machine being used.
Reading files in this manner can be useful for other reasons which will be discussed

further in the discussion, Section 5.4.

5.2.2 Mean centring sparse data

As has been discussed above, there is a need to keep data in a sparse format to
allow it to be stored in the RAM of a standard computer or even of a computer with
relatively large RAM (16gb). Storing the non-sparse (dense/full) data has a huge
RAM requirement depending on the data being analysed. In general to perform
PCA the data are mean centred. This is routinely done so that the ‘axis rotation’
carried out by PCA is through the data from the origin. This however causes a
problem for large SIMS data. Since large SIMS data needs to be stored in a sparse
format and subtracting the mean from the data causes all the zeros to be changed
to non-zero values, thus the sparseness of the data is lost. This then will exceed
the memory available within a standard machine if the data are large. Methods for
applying memory efficient PCA have been proposed for MS data by [60], however
this does not deal with the sparseness issue.

Here a new approach to bypass the memory issues is presented. To illustrate the
approach presented, some simple 3D model data were created. Figure 5.1 shows
this three dimensional data. The data are separated into two groups and away from

the origin, with the mean shown by a black circle. Figure 5.1b shows the same
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(a) Model 3D data. (b) Model 3D data mean centred.

Figure 5.1: Model 3D data before and after mean centring.

data mean centred. To illustrate the rationale for mean centring data for PCA a
comparison of the scores and loadings gathered from performing PCA on the data
before and after mean centring can be seen in Figures 5.2 and 5.3.

Observing the scores and loadings for the mean centred and original data it is clear
there is a large difference between outcomes. Comparing the scores of PC1 v PC2
(Figures 5.3a and 5.3b ) it is clear that the axis with the largest variance between
the data have been selected by the mean centring approach. A full view of the PCs
can be seen in Figures 5.3e and 5.3f plotted against their original data. From these
it can be seen that mean centring produces a much more optimal approach. With
mean the centred data the within group variances can be directly observed from the
scores plot of PC2 v PC3, Figure 5.3d. The PCA of the original data, even though
there is a separation between the groups, is not as intuitive as with the mean centred
data and the within group variance is very difficult to characterise.

In Figures 5.3e and 5.3f the loadings are plotted against their original data. From
this it should be noted that the PCA of the original data produces a first PC that
is some combination of the mean of the data and the axis with most variance.
Whereas the mean centred data has the mean removed and thus has no role in the
PCA, therefore the first PC is the axis with the maximum variance. This illustrate

why mean centring is important for PCA.
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Returning to the point that uncompressed SIMS data cannot be mean centred
on a normal computer within the available memory. Thus, another approach that
can reach the same outcome as mean centring data is the goal here, without mean

centring the original data.
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Figure 5.2: Loadings of model 3D data before and after mean centring.
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Figure 5.3: Scores of model 3D data before and after mean centring.
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Here it is proposed to perform PCA, project the mean of the data into the PC
space (or calculate the mean in the PC space, each approach is equivalent), mean
centre in the PC space and then redo the PCA on the mean centred scores. This
results in a new scores matrix and a new loadings matrix. By multiplying the
loadings from both iterations of PCA a ’full’ set of loadings can be generated which
span the two instances of PCA i.e. the full loadings give the equivalent loadings as if
PCA had been applied only once and the final scores are used. Thus, this results in
a scores and loadings matrix as if PCA had only been applied once on mean centred
data.

At first glance this may seem arbitrary. However, by removing the mean in PC
space we can take advantage of PCA’s dimensionality reduction. When running
PCA most of the variance appears in the first few PCs. By retaining a large number
of PCs almost all of the variance can be retained, while achieving a huge compression
in terms of the number of dimensions. In this reduced space the mean can easily
be subtracted without reaching near the size of the original data. Once the mean
has been subtracted in the PC space, PCA can be reapplied to give the same (or
similar) results as if the original data had been mean centred.

Figure 5.4 illustrates the approach outlined on the simple 3D data. The left
column of figures is the results of new approach. Thus the data are mean centred
after the first iteration of PCA and then PCA is reapplied to the scores and the
loadings from both iterations are combined. The right column of figure is the results
of PCA on the mean centred data as before. On first inspection it may appear that
the two results are different as Figures 5.4a and 5.4b are not identical, however PCA
is not directionally biased and thus one is simply the opposite direction of the other
i.e. they are the same axis. Similarly for Figures 5.4e and 5.4f. This is proof of
concept of the new approach.

Figure 5.5a shows the results of the new approach on the original data with the
loadings plotted. For comparison the results of PCA on the mean centred data can

be seen in Figure 5.5b.
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Figure 5.4: Loadings of model 3D data before and after mean centring.
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Figure 5.5: Model 3D data before and after mean centring.

This approach gives exact results for this simple data as it is three dimensional
and all the variance was retained throughout, if the dimensionality reduction of the
first PCA is to be utilised this does not give the exact results as mean centring
the original data. This is because all the variance needs to be captured, meaning a
matrix the same size as the original, which is what is desired to avoid.

However, there is a convergence to the correct result depending on the number
of PCs used. The more PCs used, the more variance retained, therefore the closer
the answer is to the mean centring the original data approach. Table 5.1 list results
for some real data acquired on the J105, a section (mass range) of which was used
so that it could be mean centred in the available memory to check for convergence.
To test how close the new method approximated the classic mean centred results
a range of PCs were used. By calculating the distance of each point estimated
by the new approach against each point in the classical mean centring approach
and summing all these distances, a single value of 'closeness’ is calculated, Table
5.1 describes these results. The table are the results from a 100 Da mass range of
a 128x128 pixel image. 10 PC’s were used for the calculation. Thus the sum of
differences result is the sum of the distance of each one of the 16384 pixels in 10

dimensional PC space. From empirical testing 500 PCs used on J105 data gives a
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No. of PCs used for initial PCA | Sum of difference from mean centred PCA
100 8194.5
500 988.0821
1000 448.2913
2000 93.0355
4000 .0813

Table 5.1: Results of 'closeness’ for different numbers of PC used to estimate mean
centred PCA results.

very close approximation.

5.2.3 Spectral Matching
Matching algorithms

There are numerous algorithms for spectral matching or similarity matching which
have been applied to spectroscopic data. Three of the most prominent are the dot
product, the Euclidean distance and the absolute value distance [68]. These three
methods will be tested for their efficacy at matching ToF-SIMS data as in [37].
The accuracy of results depend on various factors. The data must be calibrated
correctly, depending on the instrument and the primary ion used, spectra can appear
vastly different. For the matching routines to be useful they must overcome these
differences to rank the most similar spectra at the top of the ‘ranking list’.

Other matching algorithms have also been applied to MS data. Probably the best
known of these is the Probability based matching (PBM) system developed by [48].
PBM was developed to identify compounds in mixtures using spectra from GC-MS.
PBM has been compared to the three methods tested here and ranked highly [68] but
the cosine was found to give the best results. However, in [49] PBM was shown to
have a slight advantage. The PBM algorithm is sold commercially, its performance
was not tested here.

Other matching routines such as SISCOM [15] used in MassLib, which is software
developed to search libraries of mass spectra. Speclnfo is a database which contains

mass spectra, IR and NMR data and uses the cosine (or INCOS) method as the
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Figure 5.6: Graphical representation of Cosine matching.

search algorithm [52]. Other methods have also been cited [34] [35], however the

cosine has performed as well as any of these.

The Dot product

Taking two spectra, one spectrum an unknown and the other a library spectrum,
Wy and Wy respectively, and implementing the concept of n-dimensional space the
angle between these two vectors can be found. The traditional form of the dot

product can be seen in Equation 5.1.

WL.WU = |WL| ‘WU’ COS(G) (51)

Rearranging Equation 5.1 allows the angle between the vectors to be calculated

for an entire mass spectrum; Equation 5.2.

(W Wy)?

—_— 2
SIS (5:2)

cosine =

Figure 5.6 shows a graphical representation in two dimensions of two 2D vectors.
Using the formula from Equation 5.2 the angle between these vectors in 2 dimen-
sional space and similarly more complex spectra in higher-dimensional space can be

found. Since the angle between spectral vectors will always be between 0° and 90°
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degrees, as the coordinate for each dimension is along the positive direction, thus
the value returned will always be between 0 and 1. A value of 0 means that the
angle between the two vectors in n-dimensional space is 90° degrees. A value of 1
indicates that the angle between them in n-dimensional space is 0° degrees, generally
neither of these will be reached. Since similar spectra will occupy a similar place
in n-dimensional space, the closer the angle between the spectra the more closely

related the spectra.

Euclidean distance

The Euclidean distance metric relies on the same principles as the dot product, how-
ever the metric evaluates the relationship between two vectors differently. Equation

5.3 shows the formula for the Euclidean distance metric (£).

S(Wp, — Wy)2] ™"
YWy

E= |1+ (5.3)

This is also known as the ’sum of the squares of the differences’ between the peak
intensities. This metric sums the square difference in each dimension and normalizes
over the unknown spectrum. This returns a value between 0 and 1. 0 meaning totally

unrelated and 1 meaning exactly the same.

Absolute value

Similar to the Euclidean distance, the absolute value distance uses the same princi-

ples but evaluates the vectors differently. Equation 5.4 shows the formula:

S|W,— Wyl

A=
T s,

(5.4)

This is the sum of the absolute differences between the peak intensities. Again this
evaluates each corresponding dimension and normalizes over the unknown spectrum.
It also returns a value between 0 and 1. 0 being totally dissimilar and 1 being

identical.
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The latter two metrics (Euclidean and absolute value) can be considered as eval-
uating spectral points within n-dimensional space. The library spectra create a
hyper-volume around the unknown in this space. These metrics evaluate a distance
from the unknown point to each point corresponding to the library spectra.

When testing an unknown, a corresponding spectrum/spectra may or may not
be contained within the library. Depending on this the outcomes of the search will
vary. If the unknown is present within the library, the hyper-volume swept out by
the library points in space should contain one or more points which are close to
that of the unknown. However, if the unknown is not contained in the library, the
hyper-volume should not contain a point close to the unknown. Since there is a lot
of variance between even spectra obtained from the same sample, the incorporation
of a ranking list is important.

The metrics outlined above generally are only half of a search algorithm. The

second half can be considered as data pre-processing.

Data pre-processing

Even though these metrics can return reasonable results, improvements can be made.
Pre-processing of spectral intensities can have a beneficial effect on search perfor-
mance by emphasizing desirable characteristics thus giving more relevant matches.
However, the same pre-treatment must be applied to all spectra including the un-
known. Data pre-processing can consist of several different approaches from peak
selection, probabilistic weighting, peak intensity scaling, and weighting of peak in-
tensity as a function of its mass. Spectra obtained from time of flight mass spec-
trometers tend to have more numerous large peaks in the lower mass range. This is
due to the nature of the SIMS process. As such these low mass peaks hold a large
power over the distance metrics. Since higher mass values are often more descriptive
it can be instructive to pre-treat the spectra by taking the square root or the cube
root of the intensity values (Equation 5.5). This is done because higher mass values

tend to have much less intensity. This has the effect of both reducing the relative

129



Chapter 5. Data processing and interpretation toolbox

power of the larger low mass peaks, thus increasing the power of the less intense

higher mass peaks.

W= VI (5.5)

where Wy, is either the unknown Wy or the library spectrum Wi, n is an
assigned value and I is the vector of intensity values of that spectrum.

Another form of pre-treatment is by multiplying each intensity by its correspond-
ing m/z value or by its m/z value raised to a power n (Equation 5.6). This again
greatly increases the significance of values with a high mass and thus decreases the

significance of lower mass peaks.

Other scaling parameters could be applied here, such as those applied in Chapter
4. Results comparing these pre-processing techniques can be found in the Section

5.2.3.

Comparing spectra of various sizes

When acquiring data using a ToF-SIMS instrument, the range of acquisition is set
by the user of the instrument. This, while being convenient, means that the ranges
that a spectrum is acquired over vary depending on the user. This creates a problem
for the spectral matching routines outlined here since they require the input vectors
(mass spectra) to be of equal length (dimensions). There are different reasons for
this, either the molecule being test had a low mass range and there was no need for
a large range acquisition, or the operator did not want or need to see high mass, or
the instrument might have been incapable of detecting high masses.

Taking the spectra of different sizes there are two options immediate options; the
first is to contract the longer spectra by truncating them, the second is to pad out the

shorter spectra with zeros thus increasing their length. For this study both of these
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options were examined. The rationale here, was to give the unknown spectrum the
best fit possible with the known spectra. Therefore, all library spectra were made to
the same size as the unknown, thus using all relevant information from the unknown.
Padding out shorter spectra may suggest that the best fit is not found. However,
padding with zeros does not change the shorter spectrum’s point/vector position
in n-dimensional space, consequently this will not affect the results of the search.
Conversely, if a library spectrum was a match for an unknown but the mass range
was too short to incorporate all the relevant data by truncating the larger spectrum

the two will have equivalent mass scale and should produce a good match.

Library and test spectra

The SurfaceSpectra Static SIMS Library version 4 is the most comprehensive col-
lection of static SIMS data currently available. It is commercially distributed by
SurfaceSpectra ltd. [69]. All matching experiments were carried out on positive ion
spectra for which the static SIMS library currently has one thousand. This library,
in conjunction with spectra acquired from researchers in the MIB were used in this
study. Not all spectra either acquired in-house or in the Static SIMS Library have
the same mass ranges or resolution. For this reason all spectra were binned to 1
Da. Though the Static SIMS Library contains numerous different samples it also
contains multiple samples of Irganox 1010. This was useful when running these
experiments as will be shown in the following sections. Also contained in the li-
brary are related molecules of Irganox, such as cationised Irganox 1010 and different

structures of Irganox.

Comparison of weighting

Figures 5.7a shows a graph of the top fifty results obtained from matching an Irganox
1010 spectrum contained within the static SIMS library against the other one thou-
sand positive ion spectra. Similarly Figures 5.7b and 5.7¢ were generated using the

same data. These tests were carried out with no scaling applied to the spectra, as
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(c) Top fifty results for a absolute value distance search, unknown is Irganox
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Figure 5.7: Results of three approaches to spectral matching with no scaling applied.
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outlined above (Section 5.2.3).

Comparing each of the approaches against each other it is clear that the dot
product metric attains the best results. It performed the best because it obtains the
highest proportion of Irganox 1010 matches in the top of the ranking. In comparison
with the other two techniques it also has a better range of discrimination, meaning
that the value of the results drop away much faster in this technique than with
the other two metrics. With this said, a couple of Irganox results which are not
1010 receive high results too. Though not being the same molecule, these do have a
similar structure and thus their mass spectra will have many commonalities. This
is a good result to see molecules with similar chemistry being ranked highly. This
is useful especially if the unknown is not contained in the library. The second best
metric appears to be the Euclidean distance. This metric while not performing as
well as the dot product, still outperforms the absolute value distance which does
not match an Irganox 1010 as its highest rank (disregarding the the first result as
this is the test spectrum matched against itself).

Figure 5.8 shows the same search carried out on the same data except with each
mass spectrum having been pre-treated by taking the square and cube root of the
intensity values respectively. These searches appear to be much less successful than
the first, without scaling. However, it has increased the value of the higher matches
within the hit list. The order of the ranking has also been change slightly in each
of the searches with each benefiting from the scaling in this respect. The cube root
scaling appears to be bringing the results closer together, in terms of the value of the
result there is less variance across the results, which could lend itself to errors in the
ranking and misleading results were there no matching spectrum for the unknown
in the library. From reasoning this is what one should expect. When increasing
the value by which the root is taken, the intensity values, and hence the variance
between spectra will diminish very rapidly. This will in turn make spectra more

similar.
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(¢) Euclidean matching with square root scaling.

(d) Euclidean matching with cube root scaling.
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(e) Absolute matching with square root scaling.
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f) Absolute matching with cube root scaling.

Figure 5.8: Results of matching routines with square and cube root scaling.
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(c) Euclidean matching with mass squared scaling. (d) Euclidean matching with mass cubed scaling.
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(e) Absolute matching with mass squared scaling. (f) Absolute matching with mass cubed scaling.

Figure 5.9: Results of matching routines with mass squared and mass cubed scaling.
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Figure 5.9 shows the same search with pre-treatment by multiplying each intensity
value by the square or cube of their corresponding m/z value. This has a large
effect on the outcome of the search, especially for the dot product search. As can
be seen the high values in the ranking remain, whereas the lower scored results
sharply drop down to a minuscule value (below 10%). This is very advantageous in
that it separates high scoring matches from low scoring matches in a decisive way.
This, assuming a correct match, makes the ranking much shorter for the purpose
of analysis and much easier to interpret. There appears to be little effect on either
the Euclidean distance or the absolute value results. However in comparison to the
original result, the ranking is slightly better than with no scaling in terms of the
population of the top results.

There is no dramatic difference between the square and the cube results for any of
the search methods. However, the mass cubed has a higher proportion of desirable
results at the top of the ranking. From this, one might propose the product of the
mass raised to the power of 4. However, as will be discussed, by increasing this
value it increases the probability of false positives, especially with respect to the dot
product method.

Figure 5.10 shows the search with all spectra having been pre-treated by both
scaling, square root of their intensity and multiplying each intensity by its corre-
sponding m/z value squared and cubed. The cube root scaling will no longer be
applied since it reduces the variance of the results by too large a factor.

The dot product results 5.10a and 5.10b clearly depict the most useful set of
results. For both scalings, the first 20 results have 16 out of 17 Irganox 1010 at the
top with the remaining one just below around position 22. Also three out of the first
20 results are Irganox of similar type but not Irganox 1010. The steep drop from
good results to bad result is one of the big advantages of this approach. The ability
to discriminate in such a way is a desirable characteristic in a spectral matching
routine. In the other two approaches, though correctly match the first couple of

results, the proportion to which they rank is not as high as the dot product. Also,
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Figure 5.10: Results of matching routines with square root and mass squared/cubed
scaling.
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the range over which they do so is much smaller than the dot product and would,
had the results not been known, very hard to decipher. From these results it is
unambiguous that the dot product method is a much more powerful tool than the
other two methods at ranking the similarity of mass spectra.

From the results above it is easy to see the advantages of the pre-treatment
schema in regard to the dot product method. Though the other two approaches
were improved the results were less evident. Using scaling techniques can ensure a
more selective set of results at the top of the ranking list and create a steep drop
from high scoring to low scoring results. This has clear advantages for the user as
it narrows the field of investigation immensely. There are however some problems
with this mode of analysis. One library spectrum has matched very highly in the
ranking, especially after scaling. This result outlines one of the problems with the
dot product method when scaled as described. This problem and a solution to it

will be discussed below.

Problems

Figure 5.11a shows the top eight in the hit list from a search carried out on an
L-Arginine sample. The Static SIMS library [69] only contains one spectrum of
L-Arginine (it also contains L-Arginine hydrochloride and L-Arginine (cationised)
which appear in the ranking), which appears in the second position in the ranking.
The top result is a false positive. The root of this problem can be found by inspecting
both spectra. In Figures 5.11b and 5.11c the spectra for L-Arginine and 7-hydroxy-
4-methylcoumarin can be seen. From observation the most dominant peaks in both
spectra can be found at 175Da. This in itself should not be a problem for the
distance metrics as many peaks are likely to overlap in any given search and the rest
of their intensity peaks are quite different.

However, since both spectra are being pre-treated by taking the square root of
intensity and by the product of the intensity and the mass cubed, this places massive

influence on this very intense peak. This effect affects the dot product most notably
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Figure 5.11: Results for L-Arginine.
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since this peak will be so high in intensity after scaling, both spectral vectors will
be pulled largely in this dimension. This has the effect of reducing the angle vastly
since the distance travelled in that dimension is so large, hence why the 7-hydroxy-
4-methylcoumarin obtains such a high rank. This same effect was also seen in the
Irganox 1010 searches where a valine-valine spectrum had an intense peak corre-
sponding to one of Irganox 1010s. This effect is largely due to the pre-treatment of
the spectra. However, the same effects are not as apparent in the Euclidean distance
or the absolute value as these two methods used the difference between peak inten-
sities to generate their results, therefore the scaling does not affect them in this way.
Though this is a feature of the technique it should be apparent to the user when
investigating a search why and where this effect can happen. The method should
not be treated as a black box method but as a complementary tool.

A suggested solution to this problem is to take the product of the scaled results
with that of the unscaled results. By doing this only results that appear high in both
rankings will remain high. Thus false positives that arise from the scaling should be
minimised. Figure 5.12 show the results of this scaling when applied to each metric.

As was predicted this dropped the values of the false positive from the top of
the ranking while keeping good results. This appears to have little effect on the
Euclidean distance and the absolute value. The results are not improved and in fact
they appear slightly worse than without applying this scaling. For the remainder of
the experiments this scaling will be applied to the dot product but not to the other
two metrics.

In Table 5.2 the percentile scoring of each method tested in this study are shown.
These results were recorded using scaling as outlined above by taking the mass cubed
and square root scaling, and the product with no scaling for the dot product. The
results are from test run on the Static SIMS library [69] using spectra therein and
spectra recorded in house.

From this table it is clear that the dot product method is the most effective

matching metric achieving almost 80% correct identification in the top three spectra
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root scaling multiplied by result with no scaling..

with square root and mass squared/cubed

scaling multiplied by result with no scaling.
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Dot Product

Euclidean Distance

Absolute Distance

First 66.7 53.33 43.33
Top three 10 10 16.67
Outside top three 23.33 36.67 40

Table 5.2: Percentile scoring of each matching metric as found from testing spectra
from the Static SIMS library[69] and in house acquired data against the Static SIMS
library.

of the ranking list. This as compared to the Euclidean distance 63.33% and the
absolute value distance 60%. These results are in keeping with other studies carried
out which test these routines [68]. However, the results found here are lower than
those produced elsewhere. This is possibly due to the limited test set of only 30
spectra for this study.

Not described in this results set is the difference seen in the ranking list. How-
ever as seen in the results above the dot product was much more effective in this
regard. Generally when observing the ranking results, the more a particular result
is repeated near the top of the ranking the better, as this should indicate to the user

that there is a strong correlation between the two spectra.

Arginine depth profile study

Since the advent of cluster ion beams in ToF-SIMS the concept of 3D imaging has
become possible. One of the essential characteristics of cluster beams to be used
for this line of analysis is that the damage being caused cannot be more than that
which is being removed. What has been found with Cg, and other cluster ions is
that after an initial period of etching a ’steady state’ is reached where the damage
caused is essentially equivalent to the damaged material being removed. This can be
shown graphically in Figure 5.13a. This graph is the variance of a 175 m/z peak in
an L-Arginine sample throughout a depth profile. The 175 m/z peak is the [M+H]
ion observed in ToF-SIMS. This means that this peak will characterise the damage
being imparted on the sample. This is so because as the damage increases this peak

should diminish because damage caused to the molecule will leave fragments and
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Figure 5.13: Comparison of the variance of the 175 m/z peak of L-Arginine against
a spectral match of a L-Arginine depth profile

not the full molecule.

The first point on the graph is an undamaged surface that is being sampled and
should be unique to all other data points. Following that, 100% of the surface is
calculated to be impacted for each subsequent point. For example, point 2 should
have an ion dose of 1.0210'® ions/cm? which is approximately equal to one layer of
removal (depending on the sample and definition). Therefore, point three is 2.0210'3
ions/cm? and two ‘layers’ of material should be removed. There is a dynamic that
takes place between sample removal and sample damage. On this plot, around point
5 is where sample damage is about equal to damage removal. As can be seen the
'steady state’ decreases a little so that there is some extra damage accumulation
after point five, but it is minimal compared to the previous four points.

Using the dot product to test a depth profile of L-Arginine, the results in Figure
5.13b were found. It is interesting to see that the variance as found by the dot
product across the entire spectrum follows the same trend as that found for the 175
m/z peak. When inspecting the individual spectra in the sets, the trend in the 175
peak can be clearly seen. However, as the 175 peak intensity reduces the fragments
ions due to damage increase. This is not as easily tracked by simple observation,

but the dot product routine evaluates this extremely well. Similar results were not
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Figure 5.14: PCA GUI

found using the Euclidean distance or the absolute value distance.

5.3 Interpretation toolbox

5.3.1 PCA GUI

Reading files, scaling, processing and visualisation of data in Matlab can be a daunt-
ing task for individuals who have little or no experience in programming or indeed
Matlab. Here a GUI is presented to read data files and process images acquired
either on the Biotof or the J105 data. This GUI can also be easily extended to
other file formats. Figure 5.14 shows the GUI for two dimensional images, called
PCA_GUIL

This GUI allows for ease of analysis. Simply by clicking on the Load J105 data
the analyst can browse their folder structure to the desired image to analyse. The

Graphical User Interface (GUI) has been set up with the reading routine for large
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Figure 5.15: Total ion spectrum and image for sample data.

files as described in Section 5.2.1. To fully describe the functionalities of the GUI
a sample image is used as an example. The data were acquired on the J105 and
is a sample of Prostate tissue, this sample was chosen to exemplify the features of
the GUI. Figure 5.15 show the total ion image and the total ion spectrum for the
sample.

As can be seen in Figure 5.15b, the image is dominated by some signal arising
from two regions (bright green regions). From Figure 5.15a there is a peak which is
very intense in comparison to it’s surroundings around 900 Da. This peak looks out
of place and is possibly a noise peak from switching of the buncher voltage. A noise
peak such as this peak was a feature of the J105. To remove this peak the start and
ending mass of the desired range to be removed can be input into the remove mass
range fields of PCA_GUI.

Figure 5.16 shows the resulting output after removing the noise peak. As can be
seen in the new total ion image the high intensity regions still remain and dominate
the image. To investigate the source of this high intensity signal one needs to inspect
the spectra of these pixels. Using the click and plot function in PCA_GUI this can
be achieved.

Click and plot opens a new window (Figure 5.17a) in which the user click on the

desired pixels to view the spectrum of this pixel (Figure 5.17b). When the user has
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Figure 5.16: Total ion spectrum and image for sample data with peak removed.

selected all the pixels they wish to view, they simply hit enter and this ends the
click and plot function. This allows the user to inspect the spectra.

Looking at the spectra (Figure 5.17b) from the pixels that dominate the total ion
image it is clear that there is very intense signal coming from just below 133 Da.
This could be due to caesium contamination. Again the user may wish to remove
this signal. By using the functionality of PCA_GUI they can do this.

Figure 5.18 shows the new total ion image after the removal of the 133 Da peak.
Now that this intense signal has been removed, a clearer view of the whole sample
can be seen. Before proceeding to carrying out PCA on the sample the user may
wish to scale the data. Three scaling routines have been inserted in the GUI’s
functionality. Square root scaling and data multiplied by mass as have been outlined
already. Also Poisson scaling has been included for use on data. The description of
the PCA section of the GUI will be elaborated on more in the next section where

three dimensional data are studied.
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Figure 5.17: The click and plot routine applied to the image data, with two spectra
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Figure 5.19: PCA_GUI_3D.

5.3.2 PCA_GUI_3D for 3D images

Three dimensional data can now be routinely acquired on instruments equipped
with polyatomic sputter sources including the J105. With this, software which is
capable of handling such data is also necessary. As has been adressed an approach
has been adopted for reading in very large files into Matlab. This approach has
again been incorporated in to the PCA_GUI_3D.

Again sample data are used to illustrate the functionality of this GUI. An image
stack acquired on the J105 of HeLa-M cells is used [59]. These data are 20 layers
of 128 x 128 pixels, with a mass range of 0-600 Da. During acquisition these data
were resampled to fixed mass channels of width 0.05 Da. The size of these data on
disk is 1.3 gh. Once read into Matlab and written back to disk the data in sparse is

only 5 Mb per layer, thus 100 Mb.

148



Chapter 5. Data processing and interpretation toolbox

B Figure 1: Sliceomatic ] (2] B
File Controls  Object Defaults  AllSlices  Help k]

OO TNNAKOY
Colorhlap
jet o] Q‘D

Alphaltap

X Slice Contraoller ]
40 B0 80 100 120 rampup ~
| ' ] |

¥ Slice g Z Slice

120
120

| .
- <= 10 -
12- {80 and o
L]
10- - Mg
i a0
Gl 1 1" 120
et oy 50 A
;1 5 \s‘u rface?((‘umru\lerl og
] 1$ -
2000 4000 6000 8000 10000 *
(a) Total ion spectrum of real data. (b) Total ion spectrum of real data.

Figure 5.20: Model 3D data before and after mean centring.

Once the data has been loaded, to keep it in sparse form the matrix must stay in
two dimensions as Matlab is incapable of handling three dimensional or four dimen-
sional sparse data. This poses problems in terms of processing and visualisation of
the data. Through use of specific calls the data can be visualised without making the
whole data ‘full’ or non-sparse. To view the total ion images it is simply the sum of
each spectrum at each pixel, thus only one value needed per pixel for visualisation.
Similarly for imaging of a mass range. Here the tool Sliceomatic is implemented.

Sliceomatic is the tool used for 3D visualisation of the data. Sliceomatic can be
downloaded from [47]. This tool makes visualisation of 3D data easy and intuitive.
Figure 5.20a shows the Sliceomatic output of the total ion images of data acquired
on the J105. As described these data have 20 layers. By moving the sliders at the
top left and right the analyst can view different slices of the data in three dimensions.
Figure 5.20 shows an image that has been output from Sliceomatic to be saved or
used in report etc. Sliceomatic works on 3D data but as discussed through specific
calls to Sliceomatic the 4D SIMS data can be viewed intuitively. By viewing total
ion data or imaging mass ranges the SIMS data can be viewed in 3D.

As with the two PCA_GUI, PCA_GUI_3D has the click and plot functionality.

The difference here is that a layer needs to be specified to use this function. The
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Figure 5.21: Click and plot functionality of image stack 5.21a. 5.21b scores image
from PCA of image stack

desired layer is input into the GUI. Figure 5.21a shows the click and plot routine
active on a layer of this 3D image stack.

Removal of a mass range is also incorporated in the same approach as outlined for
PCA_GUI. Similarly, scaling can be directly applied to the two dimensional matrix
without losing sparseness. However, scaling routines which seek to mean centre in
some way will remove the sparseness of the data and thus can lead to memory issues.

PCA can be directly performed on the sparse two dimensional matrix. The results
of this are simply the scores and loadings for the number of principal components,
which should cause no memory issues, depending on the number of PCs used. These
can be stored in three dimensional matrices as they will be non-sparse data and can
easily be viewed, Figure 5.21b.

An additional function is incorporated in the GUI, remove pixels. This function
takes in a threshold and a PC number. This function removes pixels from the data
that are either above or below a certain threshold within the input PC. This is a

quick means of removing substrate or unwanted pixels from an image or image stack.
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As can be seen in Figure 5.21b, the substrate pixels have a much different score than
pixels arising from the cells. By choosing a value in this PC the substrate pixels can
be removed. By doing this further analysis can be performed on the image stack
such as PCA on the new data set without the substrate, thus forcing PCA to look at
variances within the biological information and not between organic and inorganic.
This approach of substrate removal has been used in [25]. Example results of this

can be seenin Figure 5.22
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Figure 5.22: Total ion images for selected layers before and after substrate removal.
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5.4 Discussion

The classification routines mentioned in Chapter 4 were not discussed in this chapter.
These are not part of the core toolbox. Though these routines were not written in-
house extension to these were written for processing of data. These processing scripts
include the leave-one-out cross validation, N-fold cross validation, bootstrapping and
scripts for automation of the process. These extension scripts are part of the toolbox
and allow for an automated process of classifying data.

All scaling routines referenced previously are available for use. Along with these
also the peak picking routine with demos and the compression routines discussed in
Chapter 3 are included in the toolbox.

By combining the approaches adopted to read large files, and the approach used
to mean centre large sparse data for PCA, the size of data that is able to be read
can increase dramatically again. By reading only sections of data and projecting
into a reduced PC space this reduces the size of the data in memory vastly and thus
larger files can be read. This means that extremely large files, such as big image
stack should be no problem to read and perform PCA on without lossy compression
of data. A similar approach has been adopted by [55] to read very large files using
random projections.

The one important note here is that the PC space to which the data are projected
must have most of the variance of the data contained within it. This can easily
be done when all the data are present in memory, but difficult to do when reading
chunks of data. For example if the first N spectra were read and used to generate
the PC space, there is no reason to think that these N spectra are characteristic of
the whole image. To subvert this problem we suggest reading selected sections of the
data first to obtain the PC space and then reading the rest of the data iteratively and
projecting onto this calculated space. To ensure as much of the variance is captured
we suggest reading in a spectra from evenly spaced pixels/layers to incorporate as
much variance as possible. Every 30th spectrum for example. This approach has

not been verified but the author sees no reason why with careful implementation

153



Chapter 5. Data processing and interpretation toolbox

why this should not allow extremely large files to be read in and mean centred PCA

performed on them.

5.5 Conclusions

In this chapter a toolbox for analysis of SIMS data has been presented. The tool-
box is designed to streamline processing of SIMS data. This includes reading files,
scaling, visualising, performing MVA and classifying SIMS data. Approaches for
dealing with large data were introduced. Dealing with reading files and a new ap-
proach to mean centre sparse data were presented. Results showing the dot product
is an effective spectral matching technique for SIMS data were achieved. For this
data pre-processing was investigated and was found to have a significant positive
effect on the outcome of the search algorithms. Square root of the intensity and
the product of the intensity by the cube of its corresponding mass was found to be
optimum when taking the product with unscaled results.

Though the contents of the toolbox have been designed and test on in-house data
(Biotof and J105), the toolbox is not dependant on these file formats or data types.
The two GUIs currently only have support for these data types but could easily be
extended to incorporate other file formats. The rest of the toolbox is open for use

on any data once the data is read into Matlab.
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6.1 Discussion/Future work

This chapter summarizes the thesis by drawing conclusions and discussing possible
avenues to follow for continuation of this line of study.

In Chapter 5 a new approach was outlined to mean centre large sparse image
data. Some model data were used to demonstrate the rationale for mean centring.
However, the model data did not exemplify typical SIMS image characteristics,
namely they are hugely sparse. The results of this section clearly showed that mean
centring by this approach was possible. It did not however deal with the outcome of
PCA on real full resolution highly sparse data. In Figure 6.1 the total ion spectrum
of the data used for the study in Chapter 5 can be seen. This is a section of an
image acquired on the J105.

These data were used to test mean centring but the results of PCA on the data
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Figure 6.1: Section of real image data.

with and without mean centring were not discussed previously. Figure 6.2 shows
the results of PCA, the loadings, with and without mean centring on this data.
Examining the loadings it is clear that there is little to no observable difference.
Obviously as was calculated in Chapter 5 there are some difference. This raises the
question of why the loadings would be so similar when not mean centred.

Consider the mean of this data. Since the data are hugely sparse the mean may
well be very small in comparison to signal levels, due to the image being so sparse.
Therefore, when mean centring all the zeros move down slightly and all the signal
accordingly. When PCA is applied the highest variance in any mass channel is thus
going to be the difference between the pixels that have no signal and the pixels that
have signal. Even if the mean is not very small, again the largest difference in any
mass channel will be the difference between the pixels that have signal and the pixels

that do not. This therefore suggests that mean centring of very sparse data such as
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this may be redundant.

As a possible alternative it may be interesting to try mean centring the non-zero
data. This would keep all the zero data at the origin for that their respective mass
channels and thus they would play no role in the calculation of the PCs. However,
the fact that there is no signal in a pixel for a particular mass does not mean there
is no information there. The fact that there is no signal is information and a source
of variance throughout the image. Thus this approach may produce undesirable
results.

The tool-kit presented in Chapter 5 could be extended to include more multi-
variate approaches such as MAF or MCR. This could easily be done given that the
architecture is already in place. Along with other MVA techniques the GUI’s could
include more of the algorithms outlined in this thesis along with other routines to
create a comprehensive analysis tool-kit.

A larger study would be instructive to compound the findings of the spectral
matching routines. Also, an ideal identity search algorithm would assign probabili-
ties to the candidate compounds in the hit list that reflect the true likelihood that
each is the correct match. This could potentially be done with the current ‘score’
as assigned by the dot product. However, the limits that would be set for a correct
match would be somewhat of an arbitrary empirical threshold. While the methods
tested here gave a good indication if the same mass spectrum is in the library being
searched, they do not work nearly as well for identifying components in mixtures.
By testing patterns such as the distance between peaks more relevant results may
be acquired. By applying peak picking algorithms to the data it should reduce
the complexity of the data by removing unwanted noise. This may also help the
matching metrics improve results.

The classification routines applied here demonstrated the clear ability to perform
accurately on SIMS data. To extend the work done here some more exploratory
work could be performed to test the ability of the classification approaches to classify

across different instruments and ion beams. A possible first step could be to train
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and test on the data used for the spectral matching study, i.e. Irganox 1010 samples.

The compression techniques outlined in Chapter 3 could be extended by testing
their ability to work on image stacks. By investigating incorporating pixels in the
neighbourhood region across images as well as within images. Another approach
would be to test compressing each individual image in an image stack and recom-
bining the results using alignment algorithms or binning routines. The simplest
approach would be to sum all the layers to give an overall total ion spectrum as the
starting point and applying the routines to this.

Finally peak picking could be used to automate chemical discovery by locating
descriptive peaks in a spectrum and searching chemical databases with relevant
information to aid the analyst. This approach overlaps with the work in [37] and

could help SIMS in becoming a higher throughput technique.

6.2 Project conclusions

The stated aim at the beginning of this thesis was to improve current methods for
dealing with SIMS data. The two broad areas identified in regards to SIMS data

were:

e The very large size of current SIMS images/image stacks.

e The complexity of the data.

Large data.

In terms of the size of the data, three approaches were detailed to deal with this
problem. Reading sparse data files into memory was the simplest approach, but
also an effective workaround. This allows for much larger image data to be read into
memory. Following this, compression of images were discussed in Chapter 3 which
give a huge reduction in data size without manual peak selection or binning. When
this is applied in conjunction with the peak picking routine from Chapter 2 an auto-

mated process is created that gives fast, reliable and reproducible results. Thirdly,
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mean centring of sparse data without memory issues was discussed in Chapter 5.
This section illuminates the problem associated with mean centring SIMS image
data and negates them by use of PCA’s dimensionality reduction. Though this may

not be necessary as discussed in Section 6.1.

The complexity of the data.

Peak picking introduced in Chapter 2 is a tool that can be used for compression
or as a guide to aid in elucidating spectral chemistry. The results of peak picking
can be used in a spectral sense to establish peak lists and for images as an input to
compression techniques. In Chapter 5 a tool-kit for importing, processing, visualis-
ing and analysing data was detailed. This includes spectral matching for database
searching, routines to aid classification and GUI’s for automatic processing of data.

In final summary, the routines that have been detailed here were designed to aid
SIMS user in the next generation of SIMS instrumentation/experimentation and

beyond and to provide deeper insight, accuracy and speed of analysis.
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