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Abstract

Using independent vector analysis (IVA) to analyze and find subgroups in func-
tional magnetic resonance imaging (fMRI) and functional ultrasound (fUS) data
requires a lot of manual labour. Recently methods like subgroup identification
using IVA (SI-IVA) and IVA for common subspace identification (IVA-CS) have
tried to reduce this labour through automation. However, both methods did not
test for accuracy. This thesis shows through simulations that these proposed
methods are not accurate or robust enough to be trusted and that spectral clus-
tering is a better alternative for automatic subgroup identification. Spectral
clustering is then incorporated into the analysis of experimental fUS data of two
groups of mice to try and identify these automatically. In this analysis, adaptive
constrained IVA (acIVA) was used to incorporate references, further improving
the interpretability of the results as components are directly linked to prior con-
straints. However, applying subgroup analysis showed that the mice could not
be clustered based on their response to the stimuli. Still, spectral clustering
is more accurate in the simulations making it a promising alternative for au-
tomatic subgroup identification. Furthermore, combining spectral clustering
with acIVA makes the results more interpretable due to constrained compo-
nents not being subject to permutation ambiguity.
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Introduction

One of the best-kept secrets is how the brain works, bit by bit this mystery is being chipped away at through
new functional imaging techniques like functional ultrasound (fUS), giving more insights as to what hap-
pens inside the brain. This data has to be processed and interpreted to reach further conclusions, requiring
improvements to existing analysis methods to get there. This thesis will assess some of these methods and
thereafter examine experimental fUS data with those methods.

In the field of functional imaging, functional magnetic resonance imaging (fMRI) has been the standard
when investigating the brain for more than two decades [1]. This is because the fMRI measures blood-oxygen-
level-dependent (BOLD) signals. This BOLD signal is of interest as it is linked to neural connectivity through
neurovascular coupling. While fMRI is often used, there are spatial and temporal limitations when measur-
ing BOLD signals. The spatial resolution for 3 T experiments is 2-3 mm and the measurement frequency is
below 0.5 Hz [2]. This makes it hard to accurately analyze small subjects and higher frequency signals. In
2011 a new functional imaging method called fUS was introduced, which shows improvements in spatial and
temporal resolution compared to fMRI [3]. Instead of measuring BOLD signals, f{US measures the cerebral
blood volume (CBV). CBV is also linked to neural connectivity through neurovascular coupling, making fUS
an interesting alternative to generate more insights about the functional connectivity for stimulus-related
responses [4].

To find differences between the subjects that are imaged it is first necessary to extract the underlying
sources that generate the recorded fUS data. Extracting these underlying sources can be done in two ways
for fMRI and fUS [5]. The first focuses on a model-based analysis that is heavily reliant on good a priori as-
sumptions. The second method is a more data-driven approach based on blind source separation (BSS), this
is a more explorative approach to analyzing the data, where fewer assumptions are made. A classic BSS ap-
proach to capture components in fMRI is through independent component analysis(ICA) [1], which tries to
separate the data into components (sources) that are independent of one another. This allows ICA to reveal
regions of interest and associated time courses in a data-driven manner [5]. This thesis will focus on an ex-
tension of the latter method called adaptive constrained independent vector analysis (acIVA) which remains
data-driven but also allows for joint analysis of multiple subjects and allows for including prior information
through constraints.

However, after the components have been extracted it is still necessary to manually identify and com-
pare each component to infer differences between groups of subjects. This takes a large amount of manual
labour [6]. To reduce this labour, two methods called: subgroup identification using IVA (SI-IVA) and IVA for
common subspace identification (IVA-CS), have been proposed, these methods try to automatically highlight
subgroups within the extracted sources through automatic subgroup identification. These methods success-
fully found subgroups within the datasets to which they were applied, however, there are no indicators given
as to how accurate these methods are. This thesis will perform an analysis of these subgroup identification
methods and compare them with other clustering algorithms to find a robust and reliable subgroup iden-
tification method. After this performance analysis, the best method among those tested will be used with
experimental fUS data where two groups of mice are subject to the same stimuli. By applying the selected
subgroup identification method it is the question to see if these groups can be extracted from the data.



Background

Before the fUS signals are decomposed into sources and used to find subgroups, a short introduction to fUS
is included to explain what the imaging technique is, what is being measured and how this relates to neural
activity and the stimuli.

2.1. Functional Ultrasound

fUS is arelatively new imaging technique introduced in 2011 [3]. fUS uses a probe that pulses ultrasonic waves
into a targeted area, and these ultrasonic waves create backscattered echoes when interacting with tissue.
Capturing these echoes is what allows fUS to create an image. When this ultrasonic wave touches tissue that
moves (such as blood) a Doppler shift happens to the frequency of the echo relative to the movement of the
tissue. By capturing these shifts f{US measures the CBV changes in a pixel. Like BOLD, CBV does not directly
measure neural activity but can highlight regions where neural activity takes place through neurovascular
coupling, as the CBV changes highlight where more or less blood is flowing at each moment signifying neural
activity.

To accurately measure this signal, plane-wave illumination is used where multiple tilted waves are emit-
ted at different angles. By combining these measurements fUS is capable of making an image every millisec-
ond. These are still subject to large amounts of noise and outliers, therefore, after acquiring a number of
these images a compound image is computed to create a good contrast and resolution and reduce the effects
of noise. Since the measurements include movements from any tissue within the target area, signals not re-
lated to the CBV are also captured. To capture only blood movements, a high-pass filter is used to remove
signals that move slower than blood [7]. This results in the eventual power Doppler image (PDI) to be de-
scribed by an average of the high-pass filtered single images [7]. Resulting in the intensity I of the pixel at
location (x, z) in the PDI to be given by:

N stz 1)1

I(x,z) = N

, 2.1)
where N is the number of images used for the compound image, and s(x, z, t;) is the value at pixel (x, z) from
image t;. N can be freely chosen but is generally around 200, this results in each compound image consisting
of 200 images that are measured at a frequency of 1 KHz, meaning that the final PDIs are measured at a
frequency of around 4 to 5 Hz as it depends on N. The spatial resolution that was achieved in the introduction
of fUS was 100um x 100um x 200um. Showing that fUS has a better spatiotemporal resolution than fMRI
which had a spatial resolution in the millimetres and a temporal resolution in the seconds.

Since fUS measures a different signal compared to fMRI the methods may not be comparable, therefore,
research has been performed to see how both methods compare and differ in terms of extracted networks.
For example, in [8] fUS is compared to fMRI when it comes to extracting resting state networks (RSN) of mice.
It was found that applying the same pipeline on both methods results in the same RSNs being extracted, the
major difference between the methods was that fUS gave rise to bilateral components that were unilateral in
fMRI. This means that fMRI extracts the RSNs such that both brain halves are independent, and fUS extracts
RSNs where both halves are dependent. Nevertheless, it was deemed that fUS is a suitable alternative for
functional imaging, and methods used for fMRI are also applicable to fUS.



2.2. Hemodynamic Response Function 3

2.2. Hemodynamic Response Function

It should be of note that the captured signals (which are a hemodynamic response) will not be of the same
shape as the stimulus, due to the brain having to process and respond to what is happening when an input is
supplied. The processing of this input is modelled through a linear time-invariant system where the output
is generated through a transfer function. Within functional imaging, this transfer function is usually denoted
as the hemodynamic response function (HRF). This means that the HRF transforms the input through a con-
volution to what is eventually measured. A general model for what an HRF looks like under physiological
constraints in fUS is shown below [9]:

h(t,0) =01 (T 027 052 %7 e™1), 2.2)
where I is the gamma function, and 0 is a parameter set that controls the shape of the HRF, with 6; controlling

the height, and 0, and 05 controlling the delay and dispersion of the HRF. An example of what these look like
under various settings for 8, and 63 is shown in Figure 2.1.
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Figure 2.1: A family of HRFs under different conditions for 82 and 3. It can be seen that changing only a single parameter will affect
both the delay and dispersion of the HRE

The 6 parameters of the HRF can vary depending on the input, meaning that when two different types of
stimuli are provided, it also is necessary to find the parameters for the HRF for both stimuli.



Methodology

This chapter introduces the data model and how it is possible to recover the individual sources that make
up the data through ICA. This is followed by an introduction of independent vector analysis (IVA) and its
extension acIVA and how these improve upon the usage of ICA. The chapter ends by introducing the methods
that perform automatic subgroup identification and an alternative method for subgroup identification that
will also be included in the performance assessment.

3.1. The data model and ICA

The brain can be considered to consist of regions that perform specific tasks, these are sources that need to be
extracted. However, when imaging the brain the signals measured are a combination of all these underlying
sources, obfuscating which region is performing which task. The goal is to extract these underlying sources
to see how every subject responds to specific stimuli. By assuming that these tasks are independent it is
possible to perform ICA and extract independent sources within the brain. In this section, the fUS data is first
expressed mathematically, which is followed by how ICA manages to extract these underlying sources.

Expressing the data mathematically is done as follows. For all K mice a fUS dataset is recorded that con-
sists of V voxels measured at T samples, this data can be interpreted as being generated by N independent
sources that are instantaneously mixed to obtain the observation x¥1(5) e RY measured at time ¢ for subject
k. This can mathematically be expressed as:

xM (1) = AWK (), 3.1)

where X% = [x[¥ (1), x!¥(2), .., xK(1)] e RV*T, 81K = [slK (1), 1K1 (2), -, s!F(T)] e RV*T, and A € RV*N are
the recorded data, the source matrix, and the spatial mixing matrix respectively. This allows for Equation 3.1
to be written in matrix form as:

XK = AMgH, (3.2)

which is the data model for the fUS data. Finding S!*! in this situation is defined as a BSS problem, which is
where only X'¥! is known with the goal being to estimate S/*/. One popular method of solving the BSS problem
is through the use of ICA which approximates S’ under the assumption that the sources are independent and
that the mixing matrix does not change over time [10]. Which fits the data model described in Equation 3.2.

ICA finds these sources by finding an unmixing matrix W¥! which is ideally the inverse of AX!, such that
when the data is multiplied with the unmixing matrix an estimate for the sources is returned as seen in the
following equation:

W[klx[k] :A[k]_lA[k]s[k] — S[k]’ (3.3)

with 8!¥ being the estimated source matrix, while subject to containing independent sources.

Calculating the unmixing matrix under the assumption of independent sources can be done in various
ways, one way is through the minimization of mutual information. Minimizing the mutual information be-
tween two variables results in both variables not explaining one another making them independent. This is
the approach of the InfoMax algorithm [11]. Another popular approach is that of fastiCA which maximizes

4
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negative entropy, with the idea that all source probability density functions should be as far from normally
distributed as possible to achieve independence between the sources [12]. Once the unmixing matrix has
been found and the independent time courses have been extracted it is possible to extract the spatial mixing
matrix A¥! through back-reconstruction [5].

In this way ICA can be applied to extract independent time series, usually called temporal ICA (tICA) [5].
However, ICA can also be applied to the transpose of the data matrix, resulting in the source matrix containing
N spatially independent voxel maps. These voxel maps are spatially independent regions within a subject,
this method is usually called spatial ICA (sICA). In this thesis, the temporal response to the stimulus is of
interest, therefore the focus is placed on extracting independent time series through temporal analysis as
these can be compared with the stimulus to see how the subjects respond to the stimulus.

Performing ICA on each subject separately will result in K independently estimated source matrices that
are subject to permutation ambiguity. Theoretically, these can be identified manually but doing this by hand
would require a lot of manual labour when the number of subjects and sources increase [6]. One way to solve
this permutation ambiguity is by automatically organising the components with self-organized clustering
as is done in self-organized ICA (sogICA) [13]. This method still performs ICA on each subject separately,
but sogICA performs post-processing to automatically find similar sources across subjects and groups them
according to similarity. While this method is capable of grouping components, it is not maximally using
the available information. It is expected that the subjects behave similarly within a group and this can be
leveraged by extending ICA to simultaneously analyze all subjects. Examining the subjects simultaneously
instead of independently turns the BSS problem into a joint BSS (JBSS) problem, where dependencies across
subjects are taken into account. By turning this into a JBSS problem this shared information can be used
and allows for the grouping of the estimated sources during the component extraction without the need for
post-processing. Performing this joint analysis requires changes to ICA which will be discussed in the next
section.

3.2. Independent vector analysis

Solving JBSS can be done in various ways, one approach is to concatenate the datasets of all subjects either
spatially or temporally and perform a single ICA on the resulting dataset [14]. This is called group ICA (GICA)
which is a popular method for making group inferences in fMRI data [5]. However, by creating this single
large dataset GICA assumes that all subjects share a common subspace, which may not be the case when two
groups are analyzed. It is also possible to define the data as a tensor, taking the subjects as a third dimension,
allowing for tensor ICA [15], where the data is a trilinear combination of three outer products that represent
the group spatial maps, group time courses and subject loadings. These subject loadings represent how much
each subject is represented by the same outer product of a group spatial map with a group time course. This
method also assumes a common subspace for all subjects which again might not be the case. Therefore,
another method is of interest when looking for subgroups, this method is called IVA. IVA does not assume
a common subspace like GICA, instead promoting a common subspace while leaving room for individual
variability [16], [17]. This makes it possible to capture differences within a single dataset containing both
groups while also promoting the extraction of components common to all subjects, how IVA achieves this is
further explained in this section.

For IVA to extract these common components, it is first necessary to go back to ICA. Where instead of
doing ICA for each subject separately IVA concatenates the data matrices and assumes that the spatial mixing
matrix for each subject can be unique, unlike GICA which assumes that the mixing matrix is the same for all
subjects. This results in the following equation:

x1] Alll 0 0 sl
XK1 0 0 AKl SK]

where A is now a block diagonal matrix, and the components within each S'¥! are still independent. To pro-
mote similarity across subjects, IVA allows for dependence across $!¥! by adding a construct called the source
component vector (SCV), which identifies similar components across subjects and groups them during opti-

T
mization. Let st (¢) = sgk] ,--, SL’C] 1), 51[\];] (t)] then the SCV for source 7 is defined as:

sn(0 =[P @), sF 0], 3.5)
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taking the T SCVs corresponding to a component n and stacking them into a matrix as follows:

Sn: [Sn(l);sn(z)"";sn(T)]y (36)

results in a source component matrix (SCM). Optimizing the dependence within the SCVs will result in
similar sources being grouped in the same SCV. This dependence is enforced by maximizing the mutual in-
formation within each SCV. This way the n-th SCV will compare the n-th source across all subjects, and if
all subjects share this source it will be visible through the SCV. Below is a visualisation of IVA with the SCMs
Figure 3.1 taken from [18].

1 =
— Source
independence dependence
2 =
L] L]
[ ] [ ]
[ ] [ ]
. V SCM
SCV o
K

X[k] A[k] S[k]

Figure 3.1: Visual representation of the IVA process, with each colour being an independent source. The SCMs try to maximize the
dependence within themselves, grouping similar sources across subjects.

To get the unmixing matrix W a cost function is minimized. Taking the approach of minimization of
mutual information to get independent sources and applying it to the estimated sources [s1, 82, -+, Sn] gives
the following cost function:

N
FvaW) =I[s1,8p,---,sn]1 = Y Hlspl— Hls1,82, -+ ,sn] (3.7a)

n=1
N
Z His,] - W[I]X[l],W[Z]X[Z], . ,W[K]X[K]] (3.7b)
N K
= 3. Hisil - Z log(det (wi)|-c, 3.70)

where [ is the mutual information, H(s,) the differential entropy, and C the constant H [xm,x[Z],-n ,x[K]],

where Equation 3.7c is obtained through the entropy of the linear transformation Wx also being defined as
logldet(W)| + H[x]. Furthermore, the differential entropy Hl[s,| can be rewritten into ZIk(:l

with I(s,) being the mutual information within the n-th SCV. Substituting this into Equation 3.7c gives the
following cost function for IVA:

K
Y Hls,

k=1

N
FvaW) =)

n=1

K
- Y log|det(WH)| - c, (3.8)
k=1

which shows that minimizing the cost function simultaneously optimizes for maximum mutual information
within each SCV while also keeping the components independent within a subject.
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This shows that IVA does not enforce a common subspace for each component, instead trying to pro-
mote it while allowing for subject variability within each component. This allows IVA to capture both groups
without them interfering with each other. This does come at a computational cost due to a larger number
of parameters that must be estimated with W. Furthermore, while the components are grouped according
to similarity, it is still required to manually identify which component is related to the stimuli. To do this
automatically acIVA is used which will be discussed in the following subsection.

Adaptive constrained IVA
During the experiment one or two stimuli are provided, making the components related to these stimuli
of special interest. Unfortunately, it is necessary to identify the components related to the stimuli through
some form of post-processing as the components are subject to permutation ambiguity each time IVA is run
again. This ambiguity can be removed by specifically targeting the extraction of the components related to
the stimuli. This can be done through adaptive constrained IVA acIVA, which targets references (constraints)
during the IVA analysis [19].

Let L be the number of references that are expected in the data, then d; is the [-th reference signal. To
target these during extraction a constraint is added to the cost function in Equation 3.8, resulting in the new
IVA cost function being:

K

L
1
Facva = Fva— Y — X

2 2
max{0, ¥ 1 y,¢ (8%, a,)V]” = (¥ } 3.9)
> g% 2 {{max{on erig (3]}~ ()
where y; is the penalty parameter, u[lk] the Lagrange multiplier, and g(égk],dl) is the inequality constraint
which is defined as:
g (s di) = p} e (s, a1) <0, (3.10)

with p; being the constraint parameter, and e(égk] ,d;) is some function that measures similarity between the

reference and estimated component. In this thesis, € is chosen to be the absolute correlation coefficient.
Which results in the cost function being that of constrained IVA [20].

In constrained IVA the selection of p; is of large importance as it heavily impacts the estimated sources.
Selecting a large value for p; results in the estimated source being forced to be the reference, leaving no
room for variability, inversely setting p; to be too low could cause the estimated source to not be related to
the reference at all. By making this p; adaptive, constrained IVA becomes acIVA. acIVA uses a set of possible
values (p;) with i € N that is given for pgk] in ascending order, during gradient descent for each step the highest

value of p is found that satisfies Equation 3.10, this is then taken to be pgk] from which the Lagrange multiplier
is computed and a new gradient is found. This means that the cost function in Equation 3.9 is used for the
L components linked to a reference, and the cost function in Equation 3.8 is used for N — L components not
linked to a reference.

Making the constraint parameter adaptive allows IVA to be guided to the solution without incorrectly
enforcing the reference. On top of that it can be seen from Equation 3.9, that acIVA improves interpretability
since the first L components are not subject to permutation ambiguity, instead being linked to the first L
references. For example, adding a single reference related to a puff stimulus would mean that only the first
component has to be checked to see if the subjects react to the puff stimulus. By checking the first SCM it can
then be directly seen which subjects react to the first reference.

3.3. Subgroup identificaiton
Analyzing the SCMs can now give insights into how subjects react to a stimulus. By applying clustering it
may even be possible to detect specific patterns in how subjects react, in turn allowing for clustering of these
subjects. This is what the two subgroup identification methods using IVA have proposed. These methods
are called: IVA for common subspace analysis (IVA-CS) and subgroup identification using IVA (SI-IVA) [21],
[22]. Both subgroup identification methods rely on the covariance matrix of the SCMs to perform clustering.
Therefore, the covariance matrix is introduced first, this is followed by a discussion of the proposed methods
and one of the other clustering methods that has been tested.

The covariance matrix of each SCM is of interest as it can highlight which subjects share which compo-
nent. One can compute the covariance matrix C, for SCM S, as follows:

Cn=1/T)S,SE, (3.11)
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where the covariance matrix is equal to the correlation matrix when the SCM is standardized beforehand.
This way the (i, j)-th element of C,, highlights the correlation between subjects i and j for source n. A visual
representation of this is shown in Figure 3.2. Note that the correlation coefficient is extended to be the abso-
lute value of the correlation coefficient, this is done to remove the effects of sign ambiguity from IVA which
can influence the clustering.

Figure 3.2: The covariance matrix C, will show which subjects are correlated with one another. Here the colours within the SCM S,
highlight the independent sources. Resulting in the covariance matrix having high correlations (yellow) at position (i, j) when i and j
have the same source and low correlations (blue) when i and j have different sources. For example, subjects 1, 2, 3, and 5 have the blue
component within Sy, resulting in C; having columns 1, 2, 3, and 5 being similar.

These covariance matrices are nice for clustering due to the covariance matrix quickly showing which
subjects share a component and which do not. IVA-CS and SI-IVA also use these covariance matrices to
identify subgroups, by either interpreting it as a weighted adjacency matrix where a subgroup is a cluster
in the graph or taking each column (or row) as a data vector and trying to group these through clustering
methods like k-means. Both methods will be discussed in the following subsections, starting with SI-IVA.

3.3.1. Subgroup identification using IVA

SI-IVA clusters the subjects by performing k-means clustering for each covariance matrix, however, this means
that the number of subgroups M within the covariance matrix has to be determined beforehand. Selecting
the number of subgroups for k-means is usually done through heuristic methods like the elbow or silhouette
methods. However, instead of employing these heuristics, SI-IVA proposes a new method of finding M using
the Gershgorin Disc theorem [22], [23].

The Gershgorin disc theorem bounds eigenvalues of a square matrix inside discs, these discs are defined
c% 1 of disc i is the sum of the absolute values of the non-diagonal entries

of the i-th row of C,,, with the disc being centered at c,[li ol Resulting in the gershgorin discs being defined as

{z eR:|z— c% < R; } Each Gershgorin disc contains one eigenvalue of C,,. Applying this to the covariance
matrix gives that all discs are centered at (1,0) since the diagonal is all ones and all eigenvalues should be
within the largest disc. Let Rpin = min; R; be the radius of the smallest disc of C;, then according to SI-IVA, the
number of eigenvalues outside of the smallest disc is the number of subgroups in C,,. The reasoning behind
finding the subgroups this way is that the smallest disc represents an energy threshold and the eigenvalues
that surpass this threshold represent clusters whose energy exceeds the threshold of this smallest disc. A
visual representation of this process is shown in Figure 3.3 taken from [22].

as follows: The radius R; = }_
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0 Real axis

Figure 3.3: SI-IVA applied to the covariance matrix shown on the left which contains two subgroups. On the right, the Gershgorin discs
are drawn and the eigenvalues are plotted, showing that two eigenvalues cross the threshold which agrees with the shown covariance
matrix. These images are taken from [22]

Imaginary axis

While finding the number of subgroups SI-IVA stores the eigenvectors u,, of the eigenvalues that cross the
threshold. This is done because they are used for clustering. SI-IVA assumes that each eigenvector represents
a single subgroup, meaning that by segmenting each eigenvector into two groups using k-means will return
the subgroups accordingly.

The authors give no bounds on the accuracy of SI-IVA or when it will work. However, in this thesis, a
theoretical analysis was performed showing that SI-IVA will always identify there being one subgroup, even
in the case when there is none. This analysis can be found in Appendix A. This analysis does not show if SI-IVA
can correctly estimate the subgroups in the case that there are one or more subgroups in C,,.

3.3.2. IVA for common subspace identification

IVA-CS uses the covariance matrix to identify subgroups but does not use k-means, instead opting for modu-
larity maximization of the covariance matrix. Modularity is a graph theory measure that helps identify com-
munities within a network [24]. In this case, the covariance matrix is interpreted as a weighted adjacency
matrix where each subject is now a vertex and their correlations are the connecting edges. The modularity
Q is given by summing over C;; — k;k;j/2m for all pairs of subjects i, j that are considered to be in the same
subgroup, where k; is the degree of vertex i, and m is the total degree of the covariance matrix.

This can be expressed mathematically through the modularity matrix B whose elements are defined as:

B;j=C;j—kik;j/2m, (3.12)
which gives that the modularity Q can be defined as:
Q=s"Bs, (3.13)

where s is a column vector of 1s or —1s, where the elements indicate to which group a subject belongs such
that if s; = 1 it means that subject i belongs to group 1 and s; = —1 if subject i belongs to group 2. This shows
that if two unrelated subjects are grouped a negative value is added to the modularity due to them having a
low value for C; ;. Therefore, the goal of modularity maximization is to find the correct groupings to maximize
the modularity Q.

It is possible to express s as the linear combination of the normalized eigenvectors u; of B, such that
s= Z?Ll a;u; and a; = ul.T -s. Plugging this into Equation 3.13 gives:

N
Q=) ] -9)*A;, (3.14)
i=1

with A; being the eigenvalue related to eigenvector u;. It can be seen, that by sorting the eigenvalues from
largest to smallest 1; = A, = --- = A it will follow that s should be chosen to be the principal eigenvector 1,
resulting in a maximization of Q. However, the principal eigenvector does not consist of only +1 so to allow
for groupings all non-negative values in s are set to +1 and all negative values are set to —1. To see if this is the
best segmentation of C,, all subjects will change their group once to see if the modularity is higher by doing
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so. This can also result in the modularity showing that all subjects belong to the same group as long as Q is
at its maximum when s = 1. If a segmentation is done, it is possible to apply modularity on the segmented
matrices again, this can be done recursively until the modularity is maximized. Showing that modularity does
not need to know the number of subgroups beforehand.

3.3.3. Spectral clustering

With both SI-IVA and IVA-CS discussed, the methods from literature have been covered. However, it can
be seen that the subgroup identification is mainly a clustering or community detection problem. Therefore,
other existing clustering methods can also be used for subgroup identification. The tested clustering methods
were kept simple with k-means on the complete covariance matrix and spectral clustering. Spectral clustering
will shortly be described in this subsection.

Spectral clustering makes use of a lower-level representation of the data to effectively cluster the data
with k-means. By representing the data through a limited set of eigenvectors spectral clustering allows itself
to cluster datasets where k-means would fail [25]. The spectral clustering process goes as follows: the i-th
column c; of the covariance matrix will be considered a data point for subject i, with which an affinity matrix
A can be constructed whose elements are defined as:

a2 2 ap .
Al-j={ exp(=|le;—¢;l["120%) ifi# ] (3.15)

0 ifi=j

where o is a scaling parameter of the affinity drop-off. Let D be a diagonal matrix where the (i, /)-th element
is the sum of A’s i-th row, then construct a matrix L as follows:

L=D"2AD" 1?2 (3.16)

now take the k largest eigenvectors (with k being the number of subgroups) u;,uy,---,u; of L and place
them in a new matrix X = [uj,uy, -, U] € RN*k_ After normalizing the rows of this matrix k-means will be
performed where now the points for each subject are the rows of this X matrix.

In the ideal case, the affinity is 1 between subjects part of the same subgroup and 0 when they are not part
of the same subgroup, this will result in A being block diagonal which in turn makes L block diagonal. Taking
the k largest eigenvectors of this block diagonal matrix consisting of k blocks will result in X also being block
diagonal. For example, in the case of there being 3 subgroups, L will consist of 3 blocks and each eigenvector
contains non-zero entries for the respective block. Stacking this into X and normalizing the rows results in
the following:

100
X=1o0 1 0| (3.17)
001

with 0 being the zero vector and 1 being the ones vector. Performing k-means on this new matrix will cluster
each subgroup due to each subject only having a non-zero entry for their respective subgroup. In real data,
the matrix is not block diagonal but the affinity matrix should still signify the subgroups, in turn meaning that
the eigenvectors also represent the subgroups. As with SI-IVA, it is still necessary to determine the number of
subgroups. For this, the elbow method is applied on the eigenvalues of the covariance matrix. This is done as
the eigenvalues give a clear cutoff point as to how many eigenvectors are required to explain the covariance
matrix, which should be close to the number of subgroups.



Simulation results

From the methods discussed no performance guarantees were given on how well they would be able to cor-
rectly identify subgroups from the SCMs. Therefore, before going to real data and letting one of these methods
automatically identify subgroups it is first necessary to see which method is most robust and accurate. To do
this a large number of covariance matrices will be generated on which these methods will be evaluated. This
chapter will highlight this process, starting with how the covariance matrices are simulated, followed by the
performance results of these methods, after which a discussion will follow that explores and explains these
results.

4.1. Simulating covariance matrices

To test the accuracy of these methods it is necessary to simulate a large number of random covariance ma-
trices. A covariance matrix can take a large number of appearances depending on a number of variables that
are linked to the data, these are: The number of subjects K, the number of subgroups M, the minimum num-
ber of subjects in a subgroup n, the distribution of correlations between the subjects in the same subgroup
fsubgroup (X), and the distribution of correlations between subjects that are not part of the same subgroup
Jnoise (x). Using these parameters, a random covariance matrix can be simulated.

The following pipeline generates the covariance matrices: First, each subject is randomly assigned to be
part of a subgroup or part of none, resulting in M + 1 sets of subjects. Where M sets have the subjects that
correlate within their subgroup, and the last set is the group of subjects with no correlations with any other
subject. With these subgroups defined, it is possible to simulate a covariance matrix C, this is done by first
generating a lower triangular matrix whose elements are given by:

Jsubgroup (%) ifi < jandi, jare in the same subgroup
Curil,ij = Jhoise (%) ifi < jandi, jdo not share a subgroup , 4.1)
0 otherwise

which gives a simulated covariance matrix after the following:

C=Cyuy+CL +1, 4.2)

tril

with I being the identity matrix of size K x K. The transpose ensures the simulated covariance matrix is
mirrored along the diagonal, as the covariance matrix is also always mirrored along the diagonal.

The distributions of the correlations in and outside of subgroups can be freely chosen, examples would
be that of a truncated normal distribution or a uniform distribution. For these simulations, the uniform dis-
tribution is used. An example of the random matrix generation is shown in Figure 4.1, where two matrices are
generated with the same hyperparameters, from this figure it can also be seen how the larger yellow squared
are the subgroups that need to be identified.

4.2. Results

To test the accuracy, 10000 matrices are randomly generated given a set of hyperparameters. To highlight how
performance changes when changing a parameter 6 cases will be examined. One set of hyperparameters is

11
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Figure 4.1: An example of two simulated covariance matrices with the same simulation parameters: K = 20 subjects, L = 2 subgroups,
m = 5 minimum size of each subgroup, fsubgmup (x) = U[0.7,0.9], froise(x) = U[0.05,0.25]. The two matrices have different subgroups
due to the random initialization. The left matrix has a subgroup from subjects 4 to 10 and a subgroup from subjects 11 to 20. The right
matrix has a subgroup from subjects 6 to 10 and 13 to 17.

the baseline, the remaining 5 cases will have only one parameter changed with respect to this baseline. The
chosen parameters for each case are shown in Table 4.1.

Table 4.1: Table containing the hyperparameters used in each experiment, with the first case being the baseline and the second till the
sixth cases having one hyperparameter changed with respect to the baseline.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Number of
subjects K 30 20 30 30 30 30
Number of
subgroups M 2 2 1 2 2 2
Minimum size 5 5 5 8 5 5
n of subgroup
Jsubgroup (X) U[0.7,0.9] U[0.7,0.9] U[0.7,0.9] U[0.7,0.9] U[0.5,0.6] U[0.7,0.9]
Jroise (X) U[0.05,0.25] | U[0.05,0.25] | U[0.05,0.25] | U[0.05,0.25] | U[0.05,0.25] | U[0.1,0.4]

The results of these tests are shown in Table 4.2.

Table 4.2: The accuracy of the tested clustering methods in the 6 cases as shown in Table 4.1. Spectral clustering performs best from
these tested methods, noteworthy is SI-IVAs bad performance which can be linked to the number of subgroups being above 1.

Case 1 Case2 | Case3 | Case4 | Case5 | Case6
SI-IVA 2.72% 8.79% 100% 5.8% 0.3% 0.08%
IVA-CS 74.5% 92.38% | 98.95% | 93.09% | 65.8% 52.01%
Spectral clustering | 99.73% | 99.88% | 99.96% | 100% 99.35% | 99.27%
K-means 98.68% | 98.37% | 99.95% | 99.27% | 91.37% | 97.06%

These results show spectral clustering to be a robust and reliable method for this range of parameters.
More cases are tested to verify the robustness of spectral clustering in a wider array of scenarios. These pa-
rameters are shown in Table 4.3 and the corresponding results in Table 4.4.

4.3. Discussion

From the results, it is clear that spectral clustering performed best out of the compared methods but it can
not guarantee high accuracy for every type of scenario (see cases 8 to 10). The methods from the literature
generally perform worse and rarely on par with spectral clustering, even k-means outperforms the proposed
methods.
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Table 4.3: The extended cases tested to assess the robustness of spectral clustering that vary more from the baseline than previously

tested,
Case 7 Case 8 Case 9 Case 10

Number of
subjects K 10 40 20 40
Number of
subgroups M 1 2 3 3
Minimum size 3 8 3 5
n of subgroup
Jsubgroup (X) U10.6,0.9] U[0.6,0.9] U[0.7,0.9] U[0.5,0.9]
Jnoise (%) U[0.05,0.4] | U[0.05,0.5] | U[0.05,0.4] | U[0.05,0.4]

Table 4.4: Results for the extra cases tested, it is found that SI-IVA is accurate when there is only one subgroup. Furthermore, spectral
clustering shows signs of robustness but many small clusters can lower its accuracy.

Case7 | Case8 | Case9 | Casel0
SI-IVA 96.92% | 0.03% 0% 0%
IVA-CS 96.9% 29.47% | 20.31% | 5.8%
Spectral clustering | 99.05% | 98.83% | 87% 90.21%
K-means 88.17% | 95.51% | 49.45% | 73.93%

The bad performance of SI-IVA can largely be attributed to the wrong prediction of the true number of
subgroups which in turn causes the clustering to fail. However, this is not the only reason SI-IVA fails, per-
forming clustering on the eigenvectors one by one also creates issues, as this can cause the two subgroups
to become a single large one. As is done in spectral clustering, taking more eigenvectors and performing
k-means simultaneously may solve this issue. The results further suggest that SI-IVA is only capable of de-
termining the correct number of subgroups in a situation where there is only one subgroup. To confirm this
further numerical experiments were performed to see when SI-IVA correctly determines the correct number
of subgroups. For this experiment, 1000 matrices are generated with the same distribution as in case 1 but
the number of subjects and subgroups are being changed. This gives the results shown in Table 4.5.

Table 4.5: Results showing the accuracy of SI-IVA when it comes to determining the number of subgroups in a covariance matrix. It can
be seen that for more than 1 subgroup SI-IVA tends to underestimate the number of subgroups unless the subgroups are relatively large
and cover a large part of the covariance matrix. The average estimated subgroups also highlight that SI-IVA estimates there to be at least
one subgroup even when there are zero.

Number of | Minimum subjects | True number Average estimated
. Accuracy

subjects per subgroup of subgroups subgroups

10 5 0 0% 1

10 5 1 100 % 1

20 5 0 0% 1

20 5 1 100 % 1

20 5 2 88.9 % 1.889

20 5 3 6.5 % 1.6110

30 5 0 0% 1

30 5 1 100 % 1

30 5 2 30.8% 1.308

30 5 3 0.1% 1.322

30 5 4 0% 1.105

These results numerically confirm that SI-IVA estimates the number of subgroups to be 1 no matter the
covariance matrix. These results also suggest that SI-IVA can be accurate when the subgroups are relatively
large and the number of subgroups small. Since the accuracy is higher when the covariance matrix is smaller.
SI-IVA is not accurate when the subgroups are small since in that case the second-largest subgroup does
not have an eigenvalue that passes the threshold set by SI-IVA. To pass this threshold it is required that this
second subgroup has a large enough size to pass this energy threshold. This experiment also shows that the
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clustering approach from SI-IVA fails, as case 1 is repeated in this experiment. Table 4.5 shows that 30% of
the time SI-IVA has the correct number of subgroups estimated in case 1. This does not align with the 3%
accuracy seen in Table 4.2, this discrepancy is explained by the bad-performing clustering. Showing that
SI-IVA is not a robust approach for subgroup identification.

The performance of IVA-CS is better compared to SI-IVA, however, it is not great. In Figure 4.2, an example
is shown where IVA-CS is incorrect, with the left showing the original covariance matrix and the right showing
the identified subgroups from IVA-CS through alpha maps.

Original covariance matrix Alpha maps applied to modularity identified subgroups
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Figure 4.2: An example covariance matrix from case 1 where subgroups found by IVA-CS are highlighted in the right image, the method
correctly finds the larger subgroup, yet it includes subject 14 with the smaller subgroup while this subject does not correlate with said
subgroup

From Figure 4.2, it can be seen that modularity incorrectly includes a subject into a smaller subgroup.
Analyzing the principal eigenvector in this case and setting it to +1 would give the correct subgroups, but
changing the sign of subject 14 results in higher modularity, therefore it is included with the subgroup rang-
ing from 4 to 8. This is not the only error that IVA-CS makes, it also happens that modularity partitions a
correct subgroup into smaller ones due to there being a higher modularity possible if this large subgroup is
segmented further. The inverse can also happen where the method stops too early as partitioning a small sub-
group is not seen to be effective under modularity maximization. These cases make modularity and therefore
IVA-CS unfit for automatic detection of subgroups since these errors happen at both extremes, which makes
it hard to resolve this with further extensions. It is also questionable to use modularity to find subgroups in
this case, this is because modularity is originally intended for connected unweighted graphs, yet here IVA-CS
assumes the covariance matrix to be a fully connected weighted graph.

Going back to the original results shows that spectral clustering and k-means are better suited for this
subgroup detection when compared to the methods that have been proposed in literature. This does not
mean that they are perfect, especially case 9 proved difficult for all methods, in Figure 4.3 a situation is shown
where both k-means and spectral clustering fail in identifying the correct subgroups in case 9.
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Figure 4.3: K-means and spectral clustering performed on the same covariance matrix in case 9. On the left, the subgroups from k-means
are highlighted showing that subjects 5, 13, 14, and 17 are included with the group from 2 to 4. On the right are the subgroups found by
spectral clustering, showing only subject 13 to be included with this small subgroup.
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The results with case 9 can possibly be ignored due to the relatively small subgroup sizes. However, these
results also highlight the rare errors of these methods in the other cases and are therefore further analyzed.
The error seen in Figure 4.3, is that extra subjects outside of a subgroup are added to a subgroup. This addition
of these subjects outside of the subgroup happens due to random initialization of the centroids of k-means.
It is prone to fail when two centroids are initialized close to the origin causing the uncorrelated subjects to be
partitioned instead of the subgroups. Even when using spectral clustering this appears to happen in rare cases
as is seen in Figure 4.3, but this cause of error is more common in k-means which is why it performs worse
when compared to spectral clustering. Since spectral clustering shows a better accuracy and is more robust
towards the previously discussed errors it is the obvious choice to use for automatic subgroup identification
in the rest of this thesis.



Experimental results

The simulation results highlight that spectral clustering is the preferred method for automatic subgroup iden-
tification, therefore, this method will be used when examining experimental fUS data. This chapter will ex-
plain the fUS data used, the pre-processing of this data, how the references are selected for acIVA, and even-
tually the results from applying acIVA and spectral clustering.

5.1. The data

There are two fUS datasets used in this thesis, both are recorded by the CUBE research group from Erasmus.
These datasets consist of two groups of genetically different mice nine in total. These mice are subject to the
same stimuli while being recorded. In the first dataset, the mice are subject to two stimuli. The first stimulus
is an LED light flashing into the mouse’s left eye for a short moment. The second stimulus in this experiment
is a short air puff that is applied to the left eye a moment after the LED has been turned off. This pattern is
repeated 20 times during a recording, and in Figure 5.1 this pattern is visually shown.

Stimulus pattern

Led stimulus
Puff stimulus [7

Activation

0 100 200 300 400 500 600
Time [s]

Figure 5.1: The stimulus pattern applied in the first experiment, with the LED and puff stimulus alternating.

For the second experiment, only the puff stimulus is applied, however, the recordings are made over sev-
eral days, allowing the mice to learn the pattern. By analyzing these datasets it is possible to see if the mice
react differently with respect to the stimuli and if they react differently over time due to them learning the
stimulus pattern. The results will be related to the first experiment unless stated otherwise.

During recording 4 slices are recorded in a sagittal plane. In Figure 5.2 the sagittal plane is shown, with an
image taken from [26]. Both halves of the brain will therefore have 2 slices imaged.

Since each slice is sagittal it results in the PDIs being stored as (X x Z), where x and z define the location
in the X and Z dimension, on top of this the 4 slices can be considered to be in the ¥ dimension. Since
each recording consists of 2023 compounded PDIs it gives that the data can be described as XK ¢ RX*Zx¥xT
resulting in X'¥! being a 4-D array, with T being the number of samples (compounded images).

For interpretability, a background map is created for each mice, to help with the identification of the
functional regions of each mouse. This background map will be created using an averaging of the data over

16
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sagittal

Figure 5.2: The three planes used in anatomy. In this thesis, the dataset used consists of images in the sagittal plane, meaning that the
mice can be split into a left and right portion. This image is taken from [26].

time to highlight regions with high intensity. This background map, which is created for each slice, is a 3-D
array ZIKl e RX*#*Y which has entries defined as follows:

W L1108 (Kezy)

X,2,Y T ) (5.1)

such that each voxel is the mean of that specific voxel over the length of the recording. An example of such a
background map is shown in Figure 5.3, where the white indicates areas with a high average intensity. Slice 1
is the leftmost slice and slice 4 is the rightmost slice.

Background for subject 1
Slice 1 Slice 2

Figure 5.3: The background maps for subject 1. The white areas show vessels and functional areas where CBV changes are more common.
Slice 1 is the leftmost slice and slice 4 is the rightmost slice.



18 5. Experimental results

5.2. Pre-processing

The raw PDI data could theoretically be directly used with the acIVA algorithm, however, the compounded
images are still subject to noise and these images capture more than just the brain which can interfere with
and slow down the processing. Therefore, to speed up the process and reduce the effect of noise certain
pre-processing steps are applied to the PDI data.

The first pre-processing step is the reduction of the data that is processed. As can be seen in Figure 5.3
there are large black bars on both sides of the image, these are areas that are outside of the brain and therefore
are not of interest. This means that especially the X dimension of the data can be reduced, as there are no
black bars at the top or bottom. Cutting of the black bars results in X being reduced by a quarter for each
slice, the Z dimension is left unchanged.

After the data reduction, the data is smoothed in both the time and spatial dimensions, this is done to
reduce the effect of noisy spikes in the data and make the active regions require that the surrounding pixels
share a similar time course. This makes it harder for single pixels with outliers to become part of active regions
as the smoothing causes the surrounding pixels to dampen the outlier. This way peaks related to the stimuli
are not removed since the surrounding regions will behave similarly. This smoothing is done with a Gaussian
kernel of size 5 x 5 x 5 and performed on each slice separately, meaning that the kernel is in (X x Z x T).
The Y dimension is not taken into account for the smoothing because the slices are too far apart to perform
smoothing.

This concludes the major data cleaning steps are performed, but to perform acIVA it is necessary to have
a matrix instead of a 4-D array. To achieve this the spatial dimensions have to become one, this is done
by first vectorizing each slice, resulting in the data being in the form XK1 € RXZ*Y*T  This is followed by
concatenating the vectorized slices under one another resulting in the final data format being X!¥! ¢ RXZY T,
This makes it possible to perform acIVA and get an unmixing matrix and source matrix back.

Since X ZY is a large number processing this with acIVA will take an enormous amount since acIVA will
try and extract XZY components. This is not only computationally very expensive but also unlikely to be
necessary as it is expected that the number of underlying sources (components) is no more than 50. There-
fore, dimensionality reduction is applied to reduce the necessary computations and only extract the expected
amount of underlying sources. This dimensionality reduction is done through PCA which reduces the spatial
dimension of the data from X ZY to C which can be freely chosen. C is the number of components kept, such
that these C components explain as much of the original data’s variance as possible. Selecting C is of impor-
tance as it directly describes how many underlying sources make up the data, selecting it too low and sources
of interest may be lost, selecting it too large means extra components may be kept that are just noise inter-
fering with the results. Various information-theoretic criteria exist that can help identify what the number of
components could be, these are methods like the Akaike information criterion [27], or Bayesian information
criterion [28] that have been used in similar studies. However, in this thesis, the elbow method has already
been implemented for spectral clustering and will therefore be used again. Using the elbow method it is found
that 63 components should be kept, however, this is a relatively large number when compared with similar
studies of mice with fMRI that find 15 to 30 components [29], [30]. Therefore, the number of components
kept is set to 50 as a compromise. An investigation is done later on in subsection 5.4.2 to see what happens
when the number of components is further reduced to what is usually seen in literature. To complete the
pre-processing, after PCA the data is normalized such that acIVA can be performed.

5.3. Reference selection

It is still necessary to create the references for acIVA. With these experiments, there are only 1 or 2 stimuli
provided meaning that only 1 or 2 references have to be supplied to acIVA. As discussed in chapter 2, it is not
possible to directly use the stimulus itself as a reference, since it is transformed through the HRF. Therefore,
two HRFs have to be estimated, one for each stimulus.

To accomplish this a set of HRFs is generated creating potential references when convolved with the stim-
uli. These potential references are all correlated with the time course in each pixel of the data. The best
reference is found by looking for the reference that has the highest correlation with one of the pixels. An
example of the reference found when looking at the LED stimulus is shown in Figure 5.4, with both the es-
timated reference compared to the time course in the voxels and a heat map showing which areas are also
correlated with this stimulus. From these areas it can be seen that the top left of the image has an active re-
gion corresponding to the visual cortex, showing that this region responds to the LED stimuli. Doing this for
all subjects and averaging their results provides the following 8 parameters for the HRFs as shown in Table 5.1
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for both the LED and puff stimulus.
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Figure 5.4: A visual representation of the correlation analysis is shown for a single subject. The top shows the identified LED reference
together with the time course which it has the highest correlation with. The bottom shows other areas that are also correlated with the
found stimulus. The top left is where the visual cortex is, showing that this region responds to the LED stimulus

Table 5.1: The 6 parameters found for both stimuli through these experiments.

LED | Puff
6, | 4 2
6, | 2.2 3.6
0; | 1 1

5.4. Results

With the pre-processing and reference estimation done the subgroup identification can be done after per-
forming acIVA. Since acIVA is relatively new it will also be compared to IVA in the following subsection. This
will be followed by multiple minor analyses where parameters like PCA dimensions and data formatting will
be discussed within this pipeline. It should again be noted that the results shown are that for the experiment
with both the LED and puff stimuli unless mentioned otherwise.

5.4.1.IVA and acIVA results

Since acIVA uses a reference it may potentially be more prone to be biased when compared with IVA which
does not use a reference to decompose the data. By performing both methods on the same dataset it is
possible for their differences and similarities to be examined.

The conditions under which these methods are run are those previously mentioned, the number of com-
ponents the data is reduced to through PCA is 50. All slices are analyzed simultaneously and for acIVA the
references are constructed using the HRF parameters found in Table 5.1. Due to the random initializations of
the unmixing matrices in both methods, it can be hard to compare the two with only a single run, to promote
the robustness of the decompositions a robustness metric called cross intersymbol interference (cross-ISI)
is used [31]. Through cross-ISI it becomes possible to find a more robust unmixing matrix by running IVA a
number of times and finding the unmixing matrix that is closest to all other unmixing matrices. In this thesis,
10 unmixing matrices are generated after which the most robust is selected through cross-ISI.
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Running both methods and constructing the covariance matrices will show differences and potential sub-
groups already. Since the covariance matrices are not sorted after IVA it is chosen to sort them by highest

mean correlation to allow for easier comparisons. The resulting covariance matrices are shown for IVA and
acIVA in Figure 5.5 and Figure 5.6 respectively.

Covariance matrix with highest mean covariance (1-10)
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Figure 5.5: The components with the highest mean correlation between subjects as found by IVA. These matrices show that the first

10 components are quite similar across the subjects. From manual analysis it is found that component 4 is related to the LED and
component 14 is related to the puff.
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Figure 5.6: The components with the highest mean correlation between subjects as found by acIVA. Less components are extracted that

are common across all subjects. Source 1 and source 2 are those found using the LED and puff reference respectively, showing that these
time courses are found in all subjects, but weaker with respect to the puff.

When comparing the results in Figure 5.5 with the results in Figure 5.6, it should be noted that the com-
ponent numbers can not be compared due to the random initializations creating permutation ambiguity.
However, when looking at the results it can be seen that both methods capture the same highly correlated
signals. From further investigation, it can be seen that these are the same low-frequency signals unrelated to
the stimuli and therefore of no further interest.

When looking for the signals related to the stimuli it is not hard to find them using acIVA as the first 2
components are those related to the 2 references supplied. This means that components 1 and 2 are related to
the LED and puff stimuli respectively as long as these exist within the data. For IVA these have to be manually
extracted, manual analysis reveals components 4 and 14 to be related to the LED and puff respectively in
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this specific case (it can be different when run again). For both methods, the components related to the
stimuli show no subgroups according to spectral clustering. Analyzing the time courses and spatial maps of
these components also shows that both methods extract a similar signal. An example of this is shown in the
time courses extracted for the LED signal for both methods as shown in Figure 5.7 and Figure 5.8. The only
difference is that IVA leaves out one subject and a low-frequency signal is added on top of the LED signal.
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Figure 5.7: The time course of the fourth source extracted by IVA for each subject. Showing that all subjects correlate except for subject
52 (7) as can also be seen in the covariance matrix. The sign ambiguity of IVA can also be seen here.
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Figure 5.8: The time course of the first source extracted by acIVA for each subject. This is the component that uses the LED reference
during IVA. In this case acIVA shows that all subjects react to the LED stimulus even subject 52.
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Examining the time courses is only one part of the story, as the spatial maps corresponding to these time
courses reveal where this activity pattern takes place. Examining the spatial maps for the LED component of
both methods reveals that both methods agree that activation takes place in the visual cortex. To highlight
this activation, heat maps are created showing where activation takes place. These heat maps are created
by first performing z-score standardization on the spatial map and only showing the pixels with an intensity
[I] > 2. Doing this for both methods and taking the average of these activation maps results in Figure 5.9.
This figure shows that both methods extract similar regions, with the differences being likely due to random
initializations.

Average of spatial map across subjects for component 4 Average of spatial map across subjects for component 1

Figure 5.9: The spatial maps for slice 1 extracted for the LED component in IVA (left) and acIVA (right). Both methods extract the visual
cortex in the top left for all subjects, with only minor differences between the spatial maps. These differences can be attributed to the
random initializations.

These spatial maps and time courses show that both methods extract the same signals related to the stim-
uli, making acIVA a suitable alternative. Furthermore, acIVA is capable of directly returning the components
related to the stimuli due to the references removing the need for manual identification for some of the com-
ponents. For these reasons, acIVA will also be used for the remaining analyses.

The covariance matrices related to the stimuli showed no sign of subgroups according to spectral clus-
tering, however, it is still possible to apply spectral clustering on the remaining covariance matrices found by
acIVA. Doing this results in one component showing interesting subgroups. This is component 19 and the
covariance matrix with the found subgroups is shown in Figure 5.10, with the subgroups highlighted by the
red squares.

Source 19

Subject index
Carrelation

Subject index

Figure 5.10: Component 19 extracted by acIVA which has a subgroup from subject 1 to 5 and subject 6 to 9 according to spectral clus-
tering. It can also be seen that the subgroups correlate relatively well with one another, indicating that the extracted component is only
slightly different when comparing across the subgroups

Examining the time courses of this component shows that this component consists of both the LED and
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puff stimulus simultaneously, as shown in Figure 5.11. Investigating the time courses shows that one sub-
group reacts half a second later to the stimuli when compared with the other subgroup, indicating that this
appears to be a good subgroup identification by spectral clustering. However, these subgroups do not cate-
gorize the mice according to their real subgroups.
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Figure 5.11: The time course for each subject for component 19. Showing that all subjects react to both stimuli. The subgroups found

by spectral clustering indicate that the top row would be a subgroup and the bottom row would be a subgroup. The top row reacts half a
second earlier to the stimuli when compared to the bottom row.

Performing this analysis for the second experiment where the mice can learn about the puff stimulus also
does not reveal the subgroups through spectral clustering, nor does it reveal subgroups related to learning.
In this experiment, there are only 8 mice analyzed since one mouse missed a slice, but of each mouse, there
is a recording where they encounter the stimulus for the first time and one where they have had time to
learn about the stimulus. This makes it a total of 16 recordings that are analyzed simultaneously, with the
first 8 before training and the last 8 after training. The resulting covariance matrices with the highest mean
correlation are shown in Figure 5.12, with component 1 being the component related to the puff stimulus.

Covariance matrix with highest mean covariance (1-10)
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Figure 5.12: The covariance matrices from the second experiment where the mice have time to learn. The first 8 id’s represent the mice
before training and the last 8 id’s represent the same mice but after training. Source 1 represents the puff component, which shows no
subgroup over time, as the correlations are high between the first 8 recordings and the last 8 recordings.
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5.4.2. PCA dimensions

As discussed earlier, the number of components that are usually used during data reduction is half of what
is estimated here. This section will investigate the differences when the number of components is chosen to
what is seen in similar studies. The number of components usually found within literature is 20 to 30 com-
ponents [29], [30], therefore, both 20 and 30 components were tested, but only the case with 30 components
will be discussed due to the results behaving similarly in both cases.

Examining the covariance matrices when only 30 components are extracted already shows a clear differ-
ence, these covariance matrices are shown in Figure 5.13. Since acIVA is used, it can be seen directly if the
stimuli-related components are extracted. Looking at component 1, related to the LED stimulus, it is seen
that a signal common to all subjects is extracted, examining the time courses confirms that this component
is also related to the LED stimulus. Looking at component 2, which is related to the puff stimulus, it is seen
that no common signal is extracted. Examining the time courses of this component indicates that the puff
component is lost due to the lower order PCA. Furthermore, the component previously highlighting potential
subgroups through a combination of both stimuli is also lost, nor did any new covariance matrices show up
that highlight the actual subgroups through spectral clustering.

Covariance matrix with highest mean covariance (1-10)
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Figure 5.13: The ten components with the highest mean correlation across the subjects when performing acIVA with 30 components.
Component 1 related to the LED is still retrieved and is shared across the subjects as seen with 50 components. The second component

related to the pulff is not shared between the subjects meaning that for at least some subjects the puff component is removed with the
lower order PCA.

There might be various reasons as to why this higher-order PCA decomposition is required in this specific
analysis. The first reason could be due to multiple slices being analyzed simultaneously, as opposed to ana-
lyzing each slice separately which is done in the works using 20 to 30 components. By including all slices more
components may be necessary since some slices may contain sources specific to that slice. Furthermore, this
order of 20 to 30 components is used in the context when group PCA is applied as an added processing step.
This is performed after an individual PCA order reduction has been performed where each subject keeps
more than 30 components. This is followed by concatenating all subjects and performing a single group PCA
with an order of 20 or 30. This is done to further reduce the computational complexity in datasets with a large
number of subjects [32], [33]. However, since the number of subjects is small and therefore the number of
total components also being small, it was deemed unnecessary to use group PCA. Using group PCA to get to
20 components would result in a fairer comparison but has not been implemented and tested due to limited
time. However, it is also hypothesized that the multi-slice analyses might be the cause for the higher order
PCA, which will be further investigated in the following subsection.
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5.4.3. Single - and Multi-Slice Analysis

Analyzing four slices instead of a single slice at a time, results in a reduced number of components to estimate.
This reduced number of components improves efficiency due to fewer computations and fewer results to
analyze. However, it may be that this analysis oversimplifies the data since this method assumes that the
signals measured aren't shifted in time over the slices and instead happen simultaneously. To see if this is
the case a single-slice analysis is performed to compare the results. The PCA order discussion will also be
continued in this subsection as the multi-slice analysis may be the reason for the earlier seen discrepancy in
order estimation.

Going from the multi-slice analysis to the single-slice analysis means that the usual pre-processing steps
are applied except for the concatenation of the slices. Now each slice y will be considered a separate data
matrix Xg,k] € RXZ*T with only the y-th slice of each subject being supplied to the acIVA algorithm.

In the first tests, the PCA order was kept at 50 for each dataset. After performing acIVA it can be seen
that the stimuli components are more significant in the left-most slices while being weaker in the right-most
slices. This is as expected as the stimuli are only being applied to the left eye. However, this is also no new
information as the spatial maps of the multi-slice analysis also show this weaker activation in the right slices
within the LED and puff component. The subgroup analysis also reveals no new subgroup patterns in any
stimuli-related component in any of the slices. The covariance matrices with the highest mean are shown for
the two outer slices in Figure 5.14 and Figure 5.15.

Covariance matrix with highest mean covariance (1-10)
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Figure 5.14: Covariance matrices for slice 1. The LED and puff components are extracted similarly as in the multi-slice analysis, with
only minor deviations in the correlations.
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Covariance matrix with highest mean covariance (1-10)

Source 34 with mean corr = 0.9 Source 14 with mean corr = 0.83 Source 38 with mean corr = 0.8 Source 21 with mean corr = 0.61

Source 1 with mean corr = 0.6

Source 5 with mean corr = 0.57 Source 6 with mean corr = 0.49 Source 2 with mean corr = 0.45 Source 44 with mean corr = 0.41 Source 40 with mean corr= 0.4

Figure 5.15: Covariance matrices for slice 4. The LED and puff components are extracted but weaker, showing that the stimuli are only
applied to the left eye. This also highlights the unilateral response to the stimuli, with only one brain half reacting significantly to the
stimuli.

To see if there is a delay over the slices, the peaks are extracted from the stimuli-related time courses.
Doing this shows no delay between the slices, the peaks are also not shifted when compared with the multi-
slice analysis. This does not mean that there is no delay between the slices, as it could also be that the delay is
smaller than the measurement frequency. Comparing the spatial maps related to the stimuli also highlights
no major differences between the two forms of analysis, as an example the average spatial map for slice 1
related to the LED is shown in Figure 5.16, showing the same activation regions as seen in Figure 5.9.

Average of spatial map across subjects for component 1

-

Figure 5.16: Average spatial map for the LED component in the first slice with single-slice analysis. Again the visual cortex is highlighted
in the top left as expected and is similar to what is extracted with multi-slice analysis.

Gathering these results is also more time consuming due to there being four acIVAs being executed with
the same input data size as is done in the multi-slice analysis. This also gives four times the number of com-
ponents to look through, these components are slightly different from those seen in the multi-slice analysis,
this could be an improved accuracy or an effect of random initialization conditions. Therefore, it is hard
to argue whether the extracted components in the single-slice analysis are better. This makes the multi-slice
analysis a faster and more interpretable method due to there being fewer components in total, this may come
at a cost of accuracy but that requires further investigation.

Reducing the number of components to 30 in the single-slice analysis results in similar results as in the
multi-slice analysis with 30 components. In the leftmost slices, the LED component is extracted and the puff
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component is extracted in some but not all mice. For the right slices, the same pattern happens with weaker
correlations. This indicates that the higher-order PCA may be required with fUS experiments since valuable
information regarding the stimuli is lost when keeping only 30 components.



Conclusions

Methods like SI-IVA and IVA-CS perform automatic subgroup identification using IVA. These methods lacked
a performance assessment making it unclear when their results can be trusted. In this thesis, a performance
assessment of these methods was performed by simulating a large number of covariance matrices and check-
ing the accuracy of these methods. The simulations show that spectral clustering is the preferred clustering
algorithm over those used in IVA-CS and SI-IVA.

Applying spectral clustering to a stimulus-related fUS dataset with two groups of mice did not reveal the
true subgroups in the components related to the stimulus. However, using acIVA instead of IVA helped with
interpretability as it revealed the components related to the stimulus without the need for manual identifica-
tion.

It was also found that the number of components kept when performing data reduction in these studies
might need to be higher, as the lower-order data reduction resulted in the loss of components related to the
stimuli.

While the true subgroups were not revealed by spectral clustering, it was shown through the simulations
that this method is a more robust and reliable alternative to SI-IVA and IVA-CS when looking for subgroups
in fUS data.

6.1. Future research
While this thesis answered some questions, it also generated new ones that could be used as a possible direc-
tion for future work. These are as follows:

Using spectral clustering as a subgroup classification algorithm was shown to be a better approach, how-
ever, this is not the only clustering method that exists and improvements are still possible. By comparing
more clustering methods it may be possible to further increase the accuracy over a larger number of scenar-
ios, resulting in more trust in the results when applied to real data.

Analyzing the subgroup identification methods only through simulations means that we can only get so
close to real life. Having a dataset of covariance matrices from real experiments that are labelled by an expert
could give a better insight into the accuracy of these methods when applied to real data.

This thesis made use of a temporal IVA, resulting in the components being independent time courses.
These were used to try and identify subgroups, however, spatial IVA is also possible. Therefore, it may be of
interest to also try spatial IVA and see if the independent spatial maps may result in the correct identification
of the subgroups.

Using acIVA resulted in increased interpretability through the stimuli being used as references. Adding
more references would result in even fewer components that would need to be manually identified. There-
fore, an investigation into standard underlying sources could be of interest, as these can always be used no
matter the dataset, improving the interpretability of IVA results.

In this thesis, the number of components kept when applying PCA is different from what is common in
literature. It is still unclear as to what causes this discrepancy. Further investigation will highlight what the
actual number of underlying sources needs to be for future research.
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acIVA adaptive constrained independent vector analysis

BOLD blood-oxygen-level-dependent

BSS blind source separation

CBV cereberal blood volume

cross-ISI cross intersymbol interference

fMRI functional magnetic resonance imaging

fUS functional ultrasound
GICA group independent component analysis
HRF hemodynamic response funciton

ICA independent component analysis

IVA independent vector analysis
JBSS joint blind source separation

PCA principal component analysis

PDI Power Doppler Imaging

SCM source component matrix
SCV source component vector
sICA spatial independent component analysis

sogICA self-organized independent component analysis

tICA temporal independent component analysis
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Analysis of SI-IVA

An analysis of SI-IVA is performed in this chapter for when there is no subgroup in the covariance matrix that
SI-IVA is applied to. This could mean that the extracted component exists in all subjects or that the extracted
component does not correlate with any of the subjects. For cases with subgroups in the covariance matrix,
no bounds are provided due to this requiring bounds for the second-highest eigenvalue or smaller.

SI-IVA detecting subgroups

SI-IVA performs subgroup identification by using the Gershgorin disc theorem on the covariance matrix C.
The Gershgorin disc theorem states the following: For a complex matrix A € C"*" with entries a;;. Let R; =
3 j#i la; ;| be the absolute sum of the non-diagonal entries of row i of A which will be used to define a disc.
Since in this analysis, the covariance matrix consists of purely positive values the radius can be described as:
Ri = ¥ j#iCij- With this, a Gershgorin disc can be defined as a disc with a radius R; centered at the point
¢ij, in this case the diagonal of C contains all ones which places the center of each disc at one. These discs
give bounds as to where the eigenvalues of A are located. SI-IVA uses these discs in combination with the
eigenvalues to determine the number of subgroups in C. Let Ryin = min; R; be the radius of the smallest
disc of C, then according to SI-IVA, the number of eigenvalues outside of the smallest disc is the number of
subgroups. The pseudocode that performs subgroup detection in SI-IVA is shown below.

Algorithm 1 SI-IVA algorithm
1: procedure SI-IVA(C)
2: m=0
3 A; —sort( eig(C))
4 Ri—Xjzilcijl
5: if A; > Rpin + 1 then
6
7
8

m—m+1
: end if
: end procedure

Analyzing eigenvalues of the covariance matrix

Now that SI-IVA is explained it is possible to examine when it is correct for the case of no subgroups, this is
achieved by examining the eigenvalues of C. For this examination the eigenvalues of C are sorted in descend-
ing order:

Amax =12 A2 221,12 Ap = Amin, (A.1)
since the number of subgroups m should be 0, it follows that all eigenvalues should be smaller than Ry, +
1, therefore it is sufficient to check if the following holds:
n
Amax < Rmin +1=min )_ ¢;j, A.2)
1

j=1
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since if this statement holds it is given that m will not increase and the number of subgroups stays 0,
inversely if Apmax > Rmin + 1 while there are no subgroups in C a proof is given that this method incorrectly
determines that there are subgroups while there are none.

Start by reconsidering what the bound is that an eigenvalue needs to pass to increase the number of
subgroups, this being Rmin + 1. It can be seen that due to the off-diagonal entries all being positive and all
diagonal entries being 1 that this threshold is also equal to:

n
Rmin+1=min ) ¢;j, (A3)
i3
since Rpin = min; ), ;‘l:l, j#i Cij and c;; = 1. Meaning that Ry, + 1 is the minimum row sum.
Now it is possible to compare the bounds of the maximum eigenvalue with this threshold of the minimum
row sum. One bound for the eigenvalues of a Hermitian matrix (which the covariance matrix is) is the Rayleigh
quotient. The Rayleigh quotient says the following about the eigenvalues of C:

Amin < x"Cx < Amax (A.4)

for any unit vector x € C" with x* being the conjugate of x. Equality holds on the right side if x is the
principal eigenvector such that Cx = ApaxX. This makes it that Apax > X*Cx for any unit vector x that is not
the principal eigenvector of C. Take x = [1,1,--,1,1]7 % -, then x*Cx = . ¥; ¥ ¢;; which is the average of C
multiplied with 7, comparing this with the minimum row sum gives the following:

1 n
Amaxz—ZZcijzmjanij, (A.5)
n-y 7 i j=1

the equality between the minimum row sum and average can be removed under the assumption that one
of the rows of C sums to a different value than any other row in C resulting in the average of the row sums
not being equal to the minimum row sum. Under said assumption the statement can be turned into a pure
inequality as follows:

1 &
Amax = — E E ¢ij >min E Cij» (A.6)
n-y I i j=1

and with the minimum row sum being equal to the threshold of Ry, + 1 results in Equation A.6 being
rewritten to:

n
Amax > miin Y cij=Rmin+1, (A7)
j=1

with Equation A.7 it becomes clear that SI-IVA will always detect one subgroup under the condition that
the average row sum is equal to the minimum row sum. This is independent of the number of subgroups
in the covariance matrix, meaning that in covariance matrices where all subjects are part of the subgroup,
SI-IVA will detect a subgroup and will try to partition this covariance matrix through k-means.

Extending this analysis to check how SI-IVA performs when there are more subgroups would require
bounds for the second largest eigenvalue or third largest eigenvalue. To the best of my knowledge, there
are none strong enough to perform a good theoretical analysis in cases of 2 or 3 subgroups, but testing with
simulations highlights that SI-IVA tends to underestimate when m > 1 and the number of subjects in the
subgroups are small compared to the total number of subjects.
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