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Abstract

In the last decade, the new functional neuroimaging technique functional ultrasound (fUS) has emerged
as a potential new tool for clinical and neuroscientific applications. Unlike several conventional meth-
ods for functional brain imaging, fUS offers an unparalleled combination of submillimeter-subsecond
spatiotemporal resolution and the ability to penetrate deep into brain tissue and capture large areas of
interest. This makes fUS an exceptionally valuable tool for investigating brain function. The principal
physiological mechanism utilized by fUS imaging is neurovascular coupling, which connects neuronal
activity with local hemodynamic changes. Within the brain, increased neuronal activity results in the
dilation of nearby blood vessels, subsequently leading to an increased local blood flow and volume.
In fUS, the increase in blood volume is measured by the intensity of the Doppler signal caused by the
Doppler effect.

To obtain relevant information from functional neuroimaging data, blind source separation (BSS) is
often used. BSS is the separation of a set of source signals from a set of mixed signals, without the
aid of information about the source signals or the mixing process. A commonly used BSS method for
identifying brain networks and artifacts in functional neuroimaging techniques like fMRI is independent
component analysis, which is a low-rank matrix decomposition. This work explores the use of canon-
ical polyadic decomposition (CPD), a low-rank tensor decomposition, for BSS of fUS data. The CPD
approximates a 3rd-order tensor, consisting of a space, frequency, and time dimension, by a sum of
rank-1 tensors. The proposed method offers three key advantages that make it highly relevant to the
field of fUS signal processing: 1) Tensor-based BSS by CPD allows for frequency as a third dimension
to complement the spatial and temporal dimensions; 2) Tensor-based BSS by CPD allows for the use of
all raw fUS data (compound images) rather than only power doppler images, exploiting more available
information; and 3) Tensor-based BSS by CPD allows for a BSS method without strong constraints
such as the case with matrix-based methods like independent component analysis.

The full processing pipeline developed in this work consists of four distinct stages. In stage one,
pre-processing is carried out through SVD filtering, temporal demeaning, and pixel-based normaliza-
tion. During the SVD filtering, normalization of the singular values is performed, which is novel. In stage
two, compression is performed using truncated multilinear singular value decomposition. In stage three,
BSS is carried out using CPD on the compressed data. In stage four, stable components are extracted
by running the CPD 100 times and clustering the resulting components. These clusters were then av-
eraged to create mean components. The CPD rank was estimated based on two quantifiable aspects:
1) Correlation between mean components and 2) Frequency of occurrence of mean components.

The method is entirely data-driven, can be applied to entire raw fUS datasets, and can run on a
laptop with standard RAM. Application to task experiment data of a mouse verified that activity that
is temporally correlated with the stimulus can be extracted in expected regions. The components
also indicate expected functional connectivity, which is often not the case for matrix-based methods.
Moreover, frequency spectra showed different characteristics for different types of components, which
displays the relevance of this dimension for BSS, especially for nuisance components.

In conclusion, the proposed tensor-based blind source separation pipeline for raw fUS data was
able to identify artifacts and meaningful neurological components based on distinctive characteristics
in the temporal, spatial, and spectral domains. This work serves as a starting point for more advanced
denoising, the identification of novel brain networks, and the comparison of brain networks across
healthy and pathological conditions. Nevertheless, further research is necessary to ensure the utility
of the method.
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Introduction

First, an introduction on functional ultrasound (fUS) imaging and related concepts will be given, which
is based on the comprehensive paper by Montaldo et al.[1]. Afterwards, the contribution of this work
will be explained.

1.1. Why functional ultrasound?

In the last decade, the new functional neuroimaging technique fUS has emerged as a potential new tool
for clinical and neuroscientific applications. Unlike several conventional methods for functional brain
imaging, fUS offers an unparalleled combination of submillimeter-subsecond spatiotemporal resolution
and the ability to penetrate deep into brain tissue and capture large areas of interest. This makes fUS
an exceptionally valuable tool for investigating brain function. While local brain imaging techniques
such as optical imaging and implanted EEG have high spatial resolution, they do not allow for investi-
gating brain functions that span whole brain regions or even brain networks. In contrast, whole-brain
imaging methods such as fMRI offer broader coverage but are constrained by lower temporal resolu-
tion, capturing only static "snapshots” of activity. fUS, however, bridges this gap by enabling dynamic,
high-resolution visualizations of brain activity across large regions. See Figure 1.1 for a comparison of
the characteristics with other modalities.

Surface FNIRS
EEG

FMRI
(,i\\é/j/

PET \
- &
— Local Brain Imaging é

L6 Spatial Resolution

Temporal Resolution

High

Figure 1.1: Main functional imaging techniques depicted based on temporal resolution, spatial resolution, and porta-
bility. Also, a division is made between local and whole-brain imaging, retrieved from [2].

1.2. Neurovascular coupling

The principal physiological mechanism utilized by fUS imaging is neurovascular coupling, which con-
nects neuronal activity with local hemodynamic changes. Within the brain, increased neuronal activity
results in the dilation of nearby blood vessels, subsequently leading to an increased local blood flow and
volume. This response aims to meet the additional oxygen and glucose requirements of the activated
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2 1. Introduction

brain region. The hemodynamic response function (HRF) characterizes these changes, capturing the
delayed increase in blood flow that typically peaks several seconds after the onset of neuronal activity.

1.3. Doppler effect

In fUS, the increase in blood volume is measured by the intensity of the Doppler signal caused by
the Doppler effect. The Doppler effect is often explained as the shift in frequency that occurs when a
sound source (i.e., an ambulance siren) is moving. Also, when a sound is emitted by a static source and
reflected by a moving target, its frequency is shifted positively when the target is moving towards the
source and shifted negatively when it is moving away from the source. In the context of brain imaging,
the Doppler signal is the echo produced by moving tissue and blood cells when a short pulse is sent
out to the brain by an ultrasound probe.

1.4. Acquisition

The fUS acquisition pipeline is depicted is Figure 1.2. f{US imaging uses angled plane waves sent to the
brain through a cranial window. A linear array transducer is used, such that the backscattered signals
(left side Figure 1.2), that are later beamformed and coherently compounded, constitute a 2D image
of a given brain slice (middle Figure 1.2). Next, ensembles of adjacent compound frames are formed
and filtered to reject undesired clutter from tissue artifacts. Finally, the filtered frames are integrated
over the ensemble to create power-Doppler images (PDls), whose pixel amplitude varies in proportion
to the changes in local cerebral blood volume (right side Figure 1.2).

10 kHz

— 2Hz

500 Hz

Figure 1.2: Acquisition pipeline of fUS, image based on Montaldo et al.[1].

1.4.1. Clutter filtering

The acquisition of fUS data is very heavily affected by noise. Effective separation of blood and tissue
signals is essential due to the significantly stronger echoes produced by tissue, which are approximately
two orders of magnitude higher, compared to those generated by blood. Specifically, echoes from red
blood cells contribute only 1% of the overall signal amplitude. Initially, separation was done using high-
pass filters, assuming brain tissue moves slowly (<4 mm/s) and produces lower-frequency signals than
blood. However, this also removes signals from slower-flowing capillaries and arterioles (0.1-10 mm/s),
which make up over 80% of cerebral blood volume and are the first to dilate during neuronal activation
[3]. See Figure 1.3 for a visual explanation of this concept. Currently, the most commonly used method
to perform clutter filtering is a singular value decomposition (SVD). This removes components with high
spatiotemporal coherence, such as tissue noise.
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- Frequency +

(a) Brain (b) Frequency spectrum

Figure 1.3: a) Realistic case of a brain voxel where multiple blood vessels and the tissue are mixed. The grey oval represents
the ultrasound probe that sents a short pulse which produces an echo after hitting the structures. The red arrow represents the
direction and amplitude of tissue motion and the black arrows represent the direction and amplitude of blood flow in the vessels.
b) Frequency spectrum of the fUS signal. When multiple small vessels of different orientations are mixed in the same voxel, the
spectra are added (blue). Opposite flow directions generate positive and negative frequencies. However, the intensity of the
spectrum is proportional to the total number of cells in the voxel or to the blood volume. Brain tissue also moves but more slowly
than the blood in most of the vessels, thus generating Doppler frequencies close to 0 (red). The tissue signal must be eliminated
using filtering methods. Figures are obtained from [1]

1.5. Blind Source separation

To obtain relevant information from functional neuroimaging data, blind source separation (BSS) is
often used [4]-[7]. BSS is the separation of a set of source signals from a set of mixed signals, without
the aid of information about the source signals or the mixing process. A common example of a source
separation problem is the cocktail party problem, where several people are speaking at the same time
in a room (like at a cocktail party), and someone is trying to follow one of the conversations. In the
context of this work, one would like to separate source signals related to artifacts and brain networks
that are mixed in the fUS signal.

1.5.1. Independent component analysis

A commonly used BSS method for identifying brain networks and artifacts in functional neuroimag-
ing techniques like fMRI is Independent Component Analysis (ICA) [8]. For ICA, a low-rank matrix
decomposition, the following model is commonly assumed:

X ~ AS, (1.1)

where X € RINXIT is the observed brain signal. The columns of A € R/V*R represent the R spatial
component maps, where I is the number of pixels of one spatial map. The rows of S € RR*IT represent
the time courses of the respective component maps, where I is the number of timepoints. Although
meaningful components have been extracted using ICA-based approaches, they require either spatial
or temporal independence, which is not realistic as brain networks can overlap and be correlated in
both space and time. Also, a correlation between physiological noise and brain networks exists [7], [9].

1.6. Contribution
1.6.1. Proposed model

This work explores the use of canonical polyadic decomposition (CPD), a low-rank tensor decomposi-
tion, for BSS of fUS data. More specifically, the following model is proposed:

R
Izzarobrocr, (1.2)
r=1

where T € RIVXIFXIT js the observed brain signal. I is the number of bins of the frequency spectrum.
Furthermore, a, describes the r-th source in space, b, describes the r-th source in frequency, and
¢, describes the r-th source in time. Thus, CPD approximates the 3rd-order tensor by a sum of R
(estimated number of sources) rank-1 tensors. CPD is generally unique under mild conditions. These
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mild conditions are that the components should be sufficiently different and that their number is not
unreasonably large. A deterministic condition that can tell us something about the uniqueness of CPD
when the factor matrices have been computed is Kruskal’s condition [10]. For this, Equation 1.2 can
be rewritten in the matrix format

T~ [[AB,C]] (1.3)

where the columns of A represent all a, spatial maps, the columns of B represent all b,. spectral
maps, and the columns of C represent all ¢, temporal maps. Then, according to the Kurskal’s condition,
if

ks + kg + ke = 2R +2

the CPD is essentially unique. k, is the Kruskal rank of A: the maximum value of k such that any
k columns of A are linearly independent. An essentially unique decomposition is subject to the trivial
indeterminacies of permutation and scaling.

1.6.2. Advantages
The proposed method offers three key advantages that make it highly relevant to the field of fUS signal
processing:

» Tensor-based BSS by CPD allows for frequency as a third dimension to complement the spatial
and temporal dimensions.

The frequency spectra are expected to exhibit distinct characteristics among artifacts and brain regions
due to the Doppler effect. For instance, static tissue noise, resulting from minimal motion, is likely
to produce a symmetric spectrum centered around zero frequency, as there is no significant relative
motion to cause a frequency shift.

In contrast, movements of the mouse, such as shifts in a specific direction, may produce an asym-
metric spectrum due to the Doppler shift. When tissue or external objects move toward or away from
the probe, the resulting frequency shift skews the spectrum to either the positive or negative side,
depending on the direction of motion.

Similarly, for vessels feeding a brain region during activation, blood flows consistently in one di-
rection, resulting in a spectrum with energy concentrated on one side—either positive or negative—
depending on whether the flow is toward or away from the probe. The frequency range of the signal
corresponds to the relative velocity between the probe and the blood flow.

The addition of the frequency dimension in the model allows for exploiting the diversity in the Doppler
spectra to decompose the data. Tensor-based methods, such as CPD, inherently allow for more than
two dimensions of data, in contrast to matrix-based methods like ICA.

» Tensor-based BSS by CPD allows for the use of all raw fUS data (compound images) rather than
only PDlIs, exploiting more available information.

When performing matrix-based BSS, such as ICA, on fUS data, the analysis is typically conducted
on PDIs. These PDlIs are ensemble averages of 200—250 compound images, resulting in a significant
loss of detail. In theory, the compound images could be stacked to form a very wide, or "fat,” ma-
trix, where each column represents a compound image. However, this approach introduces problems
related to both interpretability and computational complexity.

Interpretability issues arise because the time-related information resulting from ICA would corre-
spond to each individual compound image rather than a larger, more meaningful group of images (like
the average of 200-250 images in a PDI). This is problematic because individual compound images
are noisy and less representative of overall patterns in the data. Since ICA would be blind to the fact
that the compound images belong together in one ensemble, it can be compared to attempting to un-
derstand someone’s speech by analyzing every single sound they make instead of looking at whole
words or sentences. Tensor-based methods, like CPD, avoid this issue because they work with the
entire 3D structure (space, time, frequency), preserving the relationships (ensembles) within the data
and making the results easier to interpret.
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From a computational perspective, performing ICA on a very fat matrix of compound images is
more computationally expensive than performing ICA on a skinnier matrix of PDls. ICA typically in-
volves solving global optimization problems on the entire matrix, such as maximizing non-Gaussianity
or performing eigenvalue decomposition on large covariance matrices. These operations scale poorly
as the dataset size increases, especially with very wide matrices. CPD, on the other hand, explicitly
assumes a low-rank model, meaning the tensor is approximated by R rank-1 components (outer prod-
ucts). This structured assumption simplifies the optimization, reducing the number of parameters to
estimate and the size of intermediate computations.

Thus, the proposed method can use compound images while maintaining interpretability and limiting
computational complexity, preserving the details in this "raw” data.

» Tensor-based BSS by CPD allows for a BSS method without strong constraints such as the case
with matrix-based methods like ICA.

While ICA requires either spatial or temporal independence, which is unrealistic and could there-
fore produce invalid neuroscientific results, CPD only requires mild conditions. This means it is fully
data-driven, allowing exploration of the data as it is.

To the best of the authors’ knowledge, this is the first time that (tensor-based) BSS is performed
on raw fUS data. For a graphic explanation of the difference between a conventional matrix-based
approach and the proposed tensor-based approach, see Figure 1.4.

| Matrix-based | Tensor-based |

—— Ffrequency bins
—— Ffrequency bins

i |

N pixels

N pixels
‘T‘ Integrate Ny
frequency > ]
£ : timepoints
l dimension
N pixels
Stack T l
l timepoints N pixels
Ttimepoints
N pixels

—— Ffrequency hins

— Ttimepoints

Figure 1.4: Comparison between matrix-based and tensor-based approach. The color gradient represents the
detailed information present in the raw data. For visual purposes only five timepoints are shown.



6 1. Introduction

1.7. Problem statement
The overall goal of this thesis is as follows:

To create a tensor-based blind source separation pipeline for raw fUS data to identify artifacts and
meaningful neurological components based on distinctive characteristics in the temporal, spatial,
and spectral domains.

This main goal can be captured in four research questions. The first question is as follows:

RQ 1. What pre-processing techniques are needed on the raw functional ultrasound data
to remove nuisance and ensure adequate and relevant BSS?

When creating a pipeline for BSS on raw fUS data, an important aspect is handling the large size
of such data. To ensure relevance for neuroscientific research, utilizing the pipeline should be possible
with the random-access memory (RAM) of a general laptop. In this case, the RAM of a general laptop
is defined as being around 8GB. To illustrate the importance of a compression step, the raw fUS data
files used in this thesis are approximately 37GB. Therefore, the second question is as follows:

RQ 2. How can raw functional ultrasound data be compressed such that CPD is possible
with standard RAM?

To ensure the validity of the pipeline it is important to assess if the resulting CPD components are
unique and stable. Therefore, the third question is as follows:

RQ 3. Does the pipeline result in unique, stable CPD components?

And lastly, to ensure the relevance of the resulting CPD components, it is important to assess if they
are physically meaningful. Therefore the fourth question is as follows:

RQ 4. Are the CPD components meaningful from a neuroscientific perspective?



Methodology

2.1. Preliminaries

Since notations and terminology used for tensors and tensor networks differ among scientific literature,
an overview of the notations used in this work is presented in Table 2.1. This notation is adopted from
[10].

Notation Meaning

Scalar

Vector

Matrix

Tensor

Size of the nth dimension
Mode-n matricization/unfolding
Mode-n product

Frobenius norm

Outer product

Khatri-Rao product

Hademard product
Moore-Penrose pseudo-inverse
,(Rq,.,Ry) Tensor rank R and multilinear rank

®0 ° ::x§><3~|>< X X R
=" 2

-~ —+

Table 2.1: Matrix/tensor notations and symbols used in this work

2.2. Data

The data used in this thesis consists of a fUS experiment which was conducted at the Center for Ultra-
sound and Brain imaging at Erasmus MC (CUBE). In the experiment, a visual stimulus was displayed
to a mouse in 20 blocks of 4 seconds in duration, see Figure 2.1 for a graphic representation. The vi-
sual stimulus consisted of a rectangular patch of randomly generated, high-contrast images, i.e. white
“speckles” against a black background. Each stimulus epoch was followed by a random rest period of
[10,15] seconds. Three slices of the mouse brain were imaged sagitally at Bregma -2.55, +2.15, and
-2.15 mm [11]. Complex-valued compound images of the mouse brain were made at a sampling rate
of 800 Hz, and each ensemble consists of ~200 compound images. Each recording lasts ~6 minutes,
resulting in 288000 successive compound images. These are used as input data for the processing
pipeline. Conventional pipelines would integrate over the ensemble to create PDIs with a sampling rate
of 4 Hz. This would result in 1440 successive PDls.

7
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GE

Figure 2.1: Set-up experiment, image retrieved from [12]

2.3. Pipeline

The full processing pipeline used on the data consists of four distinct stages. An overview of all steps is
provided in Figure 2.2. In stage one, pre-processing is carried out through filtering, temporal demean-
ing, and pixel-based normalization. In stage two, compression is performed using truncated multilinear
singular value decomposition (MLSVD), which will be explained in detail later. In stage three, BSS is
carried out using CPD. In stage four, stable components are extracted to ensure reproducibility.

Temporal

Filtering demeaning

Pixel-based

normalization

v
Stable
CPD e component
extraction

Figure 2.2: Processing pipeline

2.3.1. Filtering

SVD-filtering was performed on each ensemble by setting the first (i.e., largest) 30% and the last (i.e.,
smallest) 1% of the singular values to 0, the former rejecting tissue clutter whereas the latter removing
noise. Also, the singular values were normalized to remove differences in energy between ensembles,
potentially coming from unremoved tissue clutter. It is relevant to note that this normalization step is
not common in fUS processing. Then, the Fourier transform of the ensemble was calculated to obtain
the frequency spectrum, of which the magnitude was taken. Repeating this for every ensemble results
in a tensor T € RINXIFXIT where Iy is the spatial dimension, I is the spectral dimension and I is the
temporal dimension.

2.3.2. Temporal demeaning

Column-wise demeaning in the temporal mode unfolding of the tensor was performed such that T 3) =
T - %11T), where | represents the identity matrix and 1 a column vector of ones. The purpose is
to ensure that compression of the signal by MLSVD will not retain singular values containing the signal
mean (offset), but rather singular values containing deviations from the mean which are of greater
(neuroscientific) interest.
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2.3.3. Pixel-based normalization
Matrix normalization of the N pixels was performed by taking the Frobenius norm ||I[n o || where I[n ot

vn € [N] is the n-th horizontal slice of tensor T. Large vessels such as arteries and veins will contain
fast flowing blood that produces a higher magnitude of the fUS signal compared to small arterioles
and venules. Nevertheless, especially those smaller vessels are central to the neurovascular coupling
effect, as they constitute over 80% of the total cerebral blood volume and are the initial vessels to
undergo dilation in response to neuronal activation [1]. CPD will fit the signal with the highest variance,
which creates a bias towards large vessels. Therefore, normalization is necessary.

2.3.4. Truncated multilinear singular value decomposition
Compression of the data was performed by truncated MLSVD. MLSVD is a factorization of a tensor
into a relatively small size core tensor and factor matrices, expressed as:

T~Gx, U x, UP x, U® (2.1)

where T € RIN*IFXIT js the tensor, U® e RIvR Y@ e RIFxRz Y@ e RIT¥R: gre the orthogonal
factor matrices, and G € RF1*R2%Rs i the all-orthogonal core tensor. The core tensor is ordered in
the sense that the Frobenius norms of the slices in each mode are decreasing with the increase in
the running index. Therefore, a tensor can be approximated by discarding the columns of the factor
matrices and the corresponding slices of the core tensor with small singular values. Truncated MLSVD
can be obtained by Algorithm 1, which makes use of SVD [10].

Algorithm 1 Truncated multilinear singular value decomposition of a third-order tensor

Input: Tensor T € RINX/FXIT truncation (R, Ry, R3)

Output: Low multilinear rank approximation T ~ G x4 u® Xy U@ X3 u®
: foralln € {1,2,3} do

U,, Sn,Vi < svd(Tey)

: end for

. U™ « first R, columns of U,

. U@ « first R, columns of U,
: U® « first R; columns of Ug
LG Txg UNT 5, UDT 5, u®T

N o9 R N 2

However, performing SVD on large matrices that can not be stored in (standard-sized) RAM is not
feasible. To solve this, randomized SVD with power iterations was used. The implementation such
as depicted in Algorithm 2 was used, with the first mode unfolding of tensor T serving as an example.
Randomized SVD uses random sampling to identify a subspace that captures most of the content of a
matrix. The input matrix is then compressed to this subspace, and the reduced matrix is used to obtain
the SVD. In cases where the rank is known, randomized SVD will estimate an adequate subspace as
long as R is equal or larger than this true rank. In the context of this thesis, the rank is unknown, and
therefore so-called power iterations are needed. These power iterations involve multiplying the current
subspace approximation by the original matrix and orthogonalizing the result. These iterations serve
to improve the quality of the subspace estimate by focusing more on the directions that capture the
most important variance of the matrix. By iteratively refining the approximation, the power iterations
compensate for the uncertainty in the rank. It can adapt to capture the most significant components of
the matrix, even if the exact rank is not known.

Algorithm 2 is a slight adaption from Halko et al.[13]. Specifically, in the original algorithm an extra
orthonormalization (qr) was performed in step 4, while here this was only done in step 5. These
orthonormalizations are practically used to alleviate round-off errors in the floating-point computation.
The adaptation was made due to memory constraints, as the available RAM would not suffice for the
extra orthonormalization step. However, as noted by Feng et al.[14], this adjustment has minimal impact
on accuracy. Furthermore, although not stated in Algorithm 2, all matrix multiplications (step 2, 4, 5, 7)
were performed block-wise to limit RAM usage.
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Algorithm 2 Randomized SVD with power iterations

Input: T,y € R'V¥/FIT, rank parameter R, maximum number of power iterations P
Output: U € RINV*R S € RR*R VT g RIFITXR
1: Q «randn(lgly, R)
2. Q< qr(THQ)
3: while not converged or power iteration limit is not reached do
4: K« T?l)Q
5; Q < qr(THK)
6: end while
7. WeQ'T
8: [0,S, V~T] « svd(W," econ’) > SVD is performed on a matrix with dimensions R X Il
o U<QU

2.3.5. Canonical polyadic decomposition
To perform BSS on the compressed tensor, CPD is used. The proposed algorithm follows from the
framework described by Vervliet et al.[15]. The goal is to decompose T into R rank-1 tensors such that

T~LX;Ax;BXx;C (2.2)

where L € RF*R*R ig g superdiagonal tensor of rank R, and A € R'V*R B € RIF*R C € RIT*R the
factor matrices. In further notations, the diagonal weights in L are absorbed into the factor matrices.
An alternating least squares (ALS) approach was followed to obtain A, B, and C. In order to solve for
the first CPD factor matrix (spatial), the following cost function has to be minimized

f(AB,C) =Ty —ACC O B)'||}
=Tr((T)) Tay) = 2Tr((T1))"A(C © B)") (2.3)
+Tr((C © B)ATA(C © B)T)
Taking the derivative of f(A, B, C) with respect to matrix A gives:
9f(A,B,C)
oA

Now, df (A,B,C)/dA = 0 is set to get a closed-form solution for A. Also, the MLSVD representation of
T (Equation 2.1) in its first mode unfolding is plugged in, which is Ty = UG, (U™ ® U®)T. This
gives:

= —2T;,(C © B) + 2A(C'C ® BB). (2.4)

A=U"Y6,U® @u?)T(c oB)C'Cc®B'B)

(2.5)
=V, U?7c O UPTB)(C"C ® B'B)",

where the 'trick’
(U(s) ® U(Z))T(C OB) = u®re 0 u@rg (2.6)

was used to minimize the number of computations. Following the same steps for the third factor matrix
(temporal), the following update was obtained:

c =U¥G,U?"BO UM A)B'BEAA) 2.7)

For the second factor matrix, which entails the frequency spectra, a non-negativity constraint was
added to the cost function. This constraint matches the prior knowledge that the frequency spectra are
absolute, and therefore enhances interpretability. One can see that the problem

min [T -B(CO A3
(2.8)
st. B=0,
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can be split into I sub-problems, which could be parallelized:

min ||te); —Pbjll} st b; >0, (2.9)
b

J

where P = (C © A), and column-vectors B and E(z)j are the j'th row of B and T, respectively. The
fast non- negatlve least squares (FNNLS) algorlthm proposed in [16] is used. The algorithm takes two

inputs PP and P” t(z)] Since our data is |mpI|C|t p’ t(z)} is obtained by substituting the second mode
unfolding of the MLSVD representation, T,y = u?cG @) (U(3) ® U(l))T, and use (2.6) again to compute

P'(T)" = (TP)"
= (COATUY @UM)(Ge)TU?" (2.10)
= (U(3)TC 0) U(Z)TA)T(G(Z))TU(Z)T

at once. Subsequently, one can take a column j, which is equal to PTE(Z),-. Furthermore, PP =

c’c ® ATA. Thus, now FNNLS can be run within the context of our problem. A summary of the
implementation can be found in Algorithm 3. Note that the factor matrices of the MLSVD and CPD
must have the same rank R.

Algorithm 3 ALS for the CPD of a third-order tensor in MLSVD representation with a non-negativity
constraint on the second mode

Input: the factor matrices U” € RIv<R U® e RIFR, U®) e RIT*R | and core tensor G € RF*R*R of
the low multilinear rank approximation of tensor T, maximum number of iterations M
Output: A € RINXR B g RIFXR C g RIT*R
1: Random initialization of A,B,C
2: while iteration limit is not reached do

3 A<UPG,,uP cou® B)c’c ®B"B)t

4: Normalize column vectors of A

5. P'P<C'COA'A

6 Pty « UPTCOUPTA)T(G,)TUP"

7: for all columns j do B

8: B[:,j] « FNNLS(P'P,P t . )

9: end for
10: Normalize column vectors of B

1. €« U®¥6,wUP"Bo UV A)B'BEATA)
12: Normalize column vectors of C, store the norms in vector 1

13: end while
14: return A,B,C and 24

2.3.6. Stable component extraction

For many matrix and tensor factorizations, including the CPD, the associated objective functions are
nonconvex. Consequently, the optimization algorithm used may converge to local optima rather than
the global solution. To improve the likelihood of finding a stable outcome, it is common practice to run
the optimization multiple times, each time starting from a different initialization. The final solution is then
selected based on some criterion, often the one with the lowest cost value. However, in noise-sensitive
applications, this approach does not guarantee the most meaningful result. In those applications, when
fitting the CPD model by minimizing the mean squared error, one or more of the CPD components may
model variance that is due to the noise or strong artifacts, neglecting ‘true’ sources of interest that
remain undiscovered.

Since fUS data is highly affected by noise, assessment of the reproducibility of the CPD is needed.
[17] has proposed an algorithm for this purpose that investigates the similarity of components across
all repetitions of the decomposition with different initializations and clusters them accordingly. Although
related to the well-known ICASSO, this method does not depend on a user-defined number of clusters,
which enhances reproducibility. The steps of the clustering approach are as follows:
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1. Run CPD 100 times with random initialization, and store the resulting factor matrices with each
R components.

2. Using the factor matrices, run the algorithm of Van Eyndhoven et al., which will construct a sim-
ilarity matrix of the components and compute the Eigenvalues of this matrix. It will suggest the
number of significant eigenvalues (clusters) based on the largest gap between consecutive eigen-
values.

3. Select the number of clusters as suggested.

4. Run the second part of the algorithm of Van Eyndhoven et al., which will cluster the components
by a user-defined clustering method. Clusters are ordered based on the number of components
they contain. Clusters that have components from less than 5% of the runs are discarded.

5. Compute the spatial, temporal, and spectral mean of each cluster. Due to the sign ambiguity of
CPD, the modes are sign-flipped such that they all positively correlate with each other to prevent
cancelling each other out.

By using this clustering approach, the resulting mean components will represent components that occur
frequently over different runs.

2.4. Validation and rank estimation

The success of CPD for a certain application is based on the match of the model to the way the ob-
servations are generated [18]. Selecting the right model order (rank) plays a key role in model match.
Similar to the initialization, this is often done by choosing the rank which results in the lowest cost func-
tion. However, in this noise-sensitive context, it does not guarantee the most meaningful result. While
it remains ambiguous, in this work the rank was estimated based on two quantifiable aspects:

1. Correlation between mean components.

To allow for useful interpretability of the mean components, there should be enough diversity
among them. If they are all highly correlated with each other, attributing physical significance
to them would make little sense. Therefore, for different ranks, the correlation between mean
components is calculated and the distribution is visualized in histograms. Ranks that exhibited
limited diversity, particularly those with high correlation values dominating the distribution, were
deemed unsuitable.

2. Frequency of occurrence of mean components.

A good model match enhances the stability of the solutions, reflecting better agreement with
the way observations are generated. Since higher stability leads to components that occur more
frequently over different runs, the occurrence of components can be used as a proxy for choosing
the correct rank.

For ranks up to 40, stable components were extracted, and both the correlation between mean
components and their frequency of occurrence were analyzed. The rank estimation was guided by
these metrics. Although the maximum rank was chosen somewhat arbitrarily, having more than 40
components does not appear to be neuroscientifically meaningful. See Figure 2.3 for the process flow
of the rank estimation. While these metrics provide valuable insights, they lack the sensitivity to detect
subtle variations in model fit, highlighting the estimation’s approximate nature.
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Figure 2.3: Rank estimation flow

2.5. Assessing neuroscientific relevance

Since there is no ground truth or reference available to assess if the CPD components represent actual
neurological information and/or artifacts, it is difficult to assess the neuroscientific relevance. Neverthe-
less, there is some prior knowledge which can be used to assess the results. The most important prior
knowledge is the timecourse of the visual stimulus that was displayed to the mouse. The timecourse
can be correlated with the PDIs of the data to understand which areas are highly correlated with the
task. This is a so-called correlation analysis and helps to identify regions of interest (ROIs). One way
to assess the validity of the CPD components is to see if these ROls are also present in (some of) the
spatial maps.

Furthermore, the timecourses of the components can be correlated with the task timecourse. Com-
ponents that are expected to be associated with the task should have a high correlation with the task
timecourse.






Results

3.1. Identification of ROls

The correlation analysis reveals activations in two ROls: visual cortex (VIS) and lateral geniculate
nucleus (LGN), see Figure 3.1. Both are known to be involved in the visual pathway. Although all three
slices show activations in these regions, the VIS and LGN in slice A have a higher correlation with the
task (more yellow) than slice B and C.

(a) Slice A (b) Slice B (c) Slice C

Figure 3.1: Thresholded correlation images (PCC > 0.10) overlaid against the mean PDI for the different slices, displaying LGN
(bottom region) and VIS (top region). The correlations are calculated with a 2.5 s delay of the stimulus. The slices were imaged
sagittal at Bregma -2,15, +2.15, and -2.55 mm for slice A, B, and C respectively. PCC = Pearson Correlation Coefficient

3.2. Compression

See Table 3.1 for a comparison between the storage complexity of the tensor in original format and the
truncated MLSVD representation. Based on the number of entries, such as depicted in the last column
of Table 3.1, the achieved data compression ratio is 1:5 898.

Representation Complexity (0) | Complexity (entries)
Original tensor o?® 4.65 * 10°
Truncated MLSVD representation | O(3IR + R?) 7.89 x 10°

Table 3.1: Comparison between the storage complexity of the original 3th-order tensor T € R!N*IFXIT and the truncated MLSVD
representation, where I = max(Iy, I, I7). The values in the last column are based on the parameters Iy = 16490, Ir = 197,
It = 1432, and R = 40. These parameters resemble the dimensions of the slices and the maximum rank used for compression.

To gain insight into how the functional information is preserved, a correlation analysis was done
on the data after compression, see Figure 3.2. To perform this, the tensor was reconstructed and
the frequency dimension was collapsed to form PDIs. In all three slices, the correlations in the VIS
are higher (more yellow) than in the initial PDIs (Figure 3.1). However, the correlations in the LGN
seem vanished. One should realize that these correlations are observed after compression and pre-
processing of the data.

15
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(c) Slice C

(a) Slice A (b) Slice B

Figure 3.2: Thresholded correlation images of the data after pre-processing and compression overlaid against the mean PDI for
the different slices. The correlations are calculated with a 2.5 s delay of the stimulus. PCC = Pearson Correlation Coefficient

3.3. CPD and rank estimation
3.3.1. CPD iterations

For the CPD, a maximum number of iterations of 10 was chosen. This is based on the relative changes
in the estimated factor matrices over the CPD iterations, such as presented in Figure 3.3. For all three
slices, the similarity converges after about four iterations, implying 10 will suffice.

o
o

CPD iterations CPD iterations CPD iterations

(b) Slice B, rank 15 (c) Slice C, rank 15

(a) Slice A, rank 20

Figure 3.3: Relative changes in the estimated factor matrices over the CPD iterations. Similarity was calculated by }; ¢ /R, where

o is the vector of singular values resulting from the matrix multiplication of two consecutive factor matrices (Az_lAk). The data
points are the averaged similarities of the 100 runs used for the extraction of stable components. The variability is depicted by
the error bars. The displayed ranks are the same ones as used for the neuroscientific analysis.

3.3.2. Clustering

For the clustering algorithm of Van Eyndhoven et al.[17], different options can be picked for the con-
struction of the similarity matrix as well as the clustering itself. To choose the most useful settings the
correlations between the time courses of the resulting mean components were calculated to assess
diversity. Based on these results, see Appendix A, an appropriate clustering method was picked.

3.3.3. Normalization of singular values

Since the normalization of the singular values in the filtering step is rather unconventional, this pro-
cessing step was evaluated separately. In Figure 3.4 one can see the differences between the pipeline
with and without this step. For all three slices, the maximum frequency of occurrence is higher for the
pipeline with the normalization step. Also, for slice C, the distribution of the correlations is very concen-
trated at the high correlations for the pipeline without the normalization, but there is much more variety
when the normalization is included (Figure 3.4e v.s. 3.4f).
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(a) Slice A; Proposed pipeline with rank 20. (b) Slice A; Pipeline without normalization of singular values with rank 20.
Maximum frequency of occurrence = 30. Number of clusters = 62. Maximum frequency of occurrence = 24. Number of clusters = 74.
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(c) Slice B; Proposed pipeline with rank 15. (d) Slice B; Pipeline without normalization of singular values with rank 15.
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(e) Slice C; Proposed pipeline with rank 15. (f) Slice C; Pipeline without normalization of singular values with rank 15.
Maximum frequency of occurrence = 26. Number of clusters = 61. Maximum frequency of occurrence = 16. Number of clusters = 54.

Figure 3.4: Histograms of timecourse correlations between mean components for two different pipelines

3.3.4. Rank estimation

To achieve the best model fit the correlation between the mean components as well as the frequency of
occurrence of the mean components was assessed. These choices for all three slices are elaborated
on in the following subsections.

Slice A

For slice A, R = 20 was chosen based on the analysis of the correlation between the mean components
and the frequency of occurrence of the mean components.

In Table 3.2, an overview of the number of clusters and the maximum frequency of occurrence of
these clusters is given for different ranks. One can observe a peak in the max frequency of occurrence
at rank 20. The correlations between the mean components are also adequately spread out for rank
20. To illustrate differences between ranks, the histograms of the correlations for ranks 15, 20, and
25 are depicted in Figure 3.5. One can see that while for rank 15 the distribution is concentrated at
the high correlations, it is more spread out for rank 20. While it is even more spread out for rank 25,
this is not a measure of goodness of fit. Rather, having a somewhat diverse histogram is a necessary
requirement for useful interpretability. Thus, based on the peak in occurrence (Table 3.2) and satisfying
the requirement of diversity in correlations, rank 20 was considered a good fit for the model.
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Rank

Maximum frequency of occurence

Number of clusters

5

10
15
20
25
30
35
40

12
25
22
30
15
15
20
14

18
40
55
62
82
100
115
138

Table 3.2: Maximum frequency of occurrence and number of clusters for different ranks for slice A.

0.0

0.2 0.4 0.6 0.8 1.0

Pearson Correlation Coefficient

(a) Rank 15

0.0 0.2 0.4 0.6 0.8
Pearson Correlation Coefficient

(b) Rank 20

Count

1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pearson Correlation Coefficient

(c) Rank 25

Figure 3.5: Histograms of timecourse correlations between mean components for three different ranks

Slice B

For slice B, R = 15 was chosen based on the analysis of the correlation between the mean components
and the frequency of occurrence of the mean components.

In Table 3.3, an overview of the number of clusters and the maximum frequency of occurrence of
these clusters is given for different ranks. The maximum occurrence is 24, which is reached at rank 10

and 15.

Rank

Maximum frequency of occurence

Number of clusters

5

10
15
20
25
30
35
40

20
24
24
14
17
18
13
14

18
34
50
65
63
79
116
129

Table 3.3: Maximum frequency of occurrence and number of clusters for different ranks for slice B.

When comparing the histograms of the correlations (Figure 3.6), one can see a clear difference
between rank 10 and 15. For rank 10, the distribution has a sharp peak at the high correlations
(PCC~0.95), and (almost) no correlations are present below 0.4. For rank 15, the distribution is more
spread out. Thus, based on the peak in occurrence (Table 3.3) and the diversity in correlations, rank
15 was considered a good fit for the model.
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Figure 3.6: Histograms of timecourse correlations between mean components for three different ranks.

Slice C
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Forslice A, R = 15 was chosen based on the analysis of the correlation between the mean components
and the frequency of occurrence of the mean components.

In Table 3.4, an overview of the number of clusters and the maximum frequency of occurrence of
these clusters is given for different ranks. One can observe a peak in the max frequency of occurrence

at rank 15.

Rank | Maximum frequency of occurence | Number of clusters
5 7 17

10 16 49

15 26 61

20 21 76

25 19 101

30 19 114

35 19 135

40 18 153

Table 3.4: Maximum frequency of occurrence and number of clusters for different ranks for slice C.

The correlations between the mean components are also adequately spread out for rank 15. To
illustrate differences between ranks, the histograms of the correlations for ranks 15, 20, and 25 are de-
picted in Figure 3.7. Thus, based on the peak in occurrence (Table 3.4) and satisfying the requirement

of diversity in correlations, rank 15 was considered a good fit for the model.
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Figure 3.7: Histograms of timecourse correlations between mean components for three different ranks.
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3.4. Neuroscientific analysis

In this section several relevant components of the three slices will be presented and further analyzed.
Nevertheless, given the large number of components, these will be limited to components that con-
tribute to answering the research question.
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Given the ambiguity in scaling of the estimated factor matrices, visually interpreting the frequency
spectra can be challenging. To address this, three metrics were calculated for the spectra of all com-
ponents. The first metric is the ratio of the maximum energy of the highest peak on one side of the
spectrum (+ or -) to the highest peak on the other side of the spectrum, providing a measure of asym-
metry. The second metric, calculated for the side of the spectrum (+ or -) containing the highest peak,
is the ratio of the peak energy to the energy at the maximum absolute frequency (400 Hz or -400 Hz).
Since it was observed that these extremes contain the minimum energies, this metric provides a rela-
tive indication of the peak’s prominence compared to the rest of the spectrum. The third metric involves
calculating the half bandwidth of the peak on the side of the spectrum (+ or -) with the highest peak.
The half bandwidth represents the width of the frequency range at half the peak’s maximum power, in-
dicating the sharpness of the peak and whether the energy is concentrated around a specific frequency
or more broadly distributed.

3.4.1. Slice A

For slice A the mean asymmetry ratio of the components was 1.278 (SD: 0.902), the mean relative
height was 3.83 (SD: 0.95), and the mean half bandwidth was 26.4 Hz (SD: 4.61 Hz). In general, the
frequency spectra of the components contain two peaks, one on the negative side between -100 and
-200 Hz, and one on the positive side between 100 and 200 Hz.

The mean component that has components from the highest number of runs is depicted in Figure
3.8. The spatial mode displays a rather uniform activation of most areas in the brain, except for a large
vessel close to the VIS. Note that, considering the ambiguity in sign of the estimated factor matrices, it
is not possible to define if this activation is positive or negative in reality based on this figure.
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Figure 3.8: Mean component 1, which is the component that was present in the most runs (30 times). The spatial mode (a) is the
mean spatial signature of the components belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of
the components belonging to this cluster. The mean spectra and time courses are superimposed in red. The timepoints where
the stimulus is 'on’ are visualized as vertical blue lines. The asymmetry ratio was 1.267, the relative height was 3.24 and the half
bandwidth was 29.6 Hz.

When the time course of the component (Figure 3.8c) is correlated with the time course of the
task with a varying delay, the correlations such as depicted in Figure 3.9a can be observed. From
a correlation of approximately 0 before the stimulus, the correlation becomes positive with a peak at
~0.1 s after the stimulus. Then, the correlation switches from positive to negative at ~2.5 s and peaks
around ~5 s. The correlations with the delayed stimulus for a duration of multiple stimuli are displayed
in Figure 3.9b. The described correlation pattern is repeated at similar intervals as that of the visual
stimuli. Keep in mind that the interval between stimuli varies slightly each time, probably explaining the
decaying height of the correlations.

The mean components that have the second and third highest frequency of occurrence are depicted
in Figure 3.10 and Figure 3.13. Both components contain the VIS and LGN in their spatial map, but
differences can be observed as well. While for mean component three activation is especially prominent
in the VIS and LGN, for mean component two this is more spread out to other brain regions in the top
area as well. The two timecourses are very similar (PCC of 0.99). In Figure 3.20, one can observe
the correlations with the stimulus signal for a range of delays. Both graphs show a similar trend, with
peaks located at ~2.5 s delay. However, the peak of component three is somewhat higher than for
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component two. It is relevant to note that almost all members belonging to cluster 2 and 3 come from
different CPD runs. More specifically, only one component is member of both cluster 2 and 3. This
means that both components likely represent the same underlying source, only the source is extracted
slightly differently depending on the CPD run.
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The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
blue lines. The asymmetry ratio was 1.277, the relative height was 3.06 and the half bandwidth was 29.7 Hz.

11 ’.:" o
5] »
3 I »
y ®

41
5 1
64
7
81

-4 -2 0 2 4

[mm]
(a) Spatial mode
0
14 oy
2 p 5 ’
N -
. »

ol ’
5]
61
7
84

-4 -2 0 2 4

[mm]

(a) Spatial mode

—0.02

—0.04

0.20

0.15

0.10 A

0.05

0.00 -

—400 -300 -200 -100 0 100 200 300 400
Frequency [Hz]

(b) Spectral mode

0.3

0.2

0.1

0.0

-0.1

-0.2

T
50

T T T T T
100 150 200 250 300 350
Time [s]

(c) Temporal mode

Figure 3.11: Mean component 3, which occurred 11 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
blue lines. The asymmetry ratio was 1.078, the relative height was 3.17 and the half bandwidth was 29.6 Hz.



22

3. Results

0.20

0.15
0.10

0.05

~0.05 \\/\/

—0.10 1

Pearson Correlation Coefficient
o
o
3

—0.15 4

-0.20 T T T T T T T
-6 -4 -2 0 2 4 6 8 10
Delay of stimulus signal [s]

(a) Correlation with component 2

Pearson Correlation Coefficient

0.20

0.15

0.10

0.05 4

—0.10

—0.15 1

-0.20 T T T T T T T
-6 -4 -2 0 2 4 6 8
Delay of stimulus signal [s]

(b) Correlation with component 3
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Figure 3.13: The spatial modes of the 11 cluster members belonging to mean component 3
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To show the variance in the spatial map of component 3, the spatial maps of all cluster members
of component 3 are depicted in Figure 3.13. Overall, one can observe very similar maps with some
differences, especially for members 2 and 8 (D.1b, D.1h).

To aid the interpretation of component 3, the visual map was thresholded with 2.5 times the SD
and overlaid against the mean PDI, see Figure 3.14a. One can now more easily see that the activated
regions correspond to the identified ROIs (Figure 3.1a). The assumption that this component is related
to the task signal is further strengthened by observing the correlations with the delayed stimulus for
a duration of multiple stimuli, see Figure 3.14b. Peaks in the correlation can be observed at similar
intervals as that of the visual stimuli.
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Figure 3.14: Further analysis of component 3

In Figure 3.15 and Figure 3.16 two artifactual appearing mean components can be observed. In
the spatial map of component 13, a noisy hue can be observed around the brain. In the spatial map
of component 56, a more demarcated artifact is visible in the bottom. When comparing the frequency
spectra, component 13 has rather round peaks while component 56 has sharp, well-defined peaks.
This is also reflected in the values of the relative height (2.83 vs 4.47) and half bandwidth (31.6 vs
23.1). Another interesting observation for component 13 is the sharp peaks in the time course which
are visible in the first ~50 s.
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Figure 3.15: Mean component 13, which occurred 8 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
blue lines. The asymmetry ratio was 1.418, the relative height was 2.83 and the half bandwidth was 31.6 Hz.



24 3. Results

1 » 0.000 4

T T T T T T T T T + T T T T T
-2 0 2 4 —400 -300 -200 -100 0 100 200 300 400 0 50 100 150 200 250

0.3

0.075 0.175 1

0.050 0.150 0.2

0.025 0.125
0.000 0.100 1

-0.025 0.0754

—0.050 0.050

0.025 4
-0.075

[mm] Frequency [Hz] Time [s]

(a) Spatial mode (b) Spectral mode (c) Temporal mode
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The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
blue lines. The asymmetry ratio was 1.176, the relative height was 4.47 and the half bandwidth was 23.1 Hz.

3.4.2. Slice B

For slice B the mean asymmetry ratio of the components was 1.644 (SD: 0.224), the mean relative
height was 4.79 (SD: 1.11), and the mean half bandwidth was 19.8 Hz (SD: 4.82 Hz). Similar to slice
A, the frequency spectra of the components contain two peaks, one on the negative side between -100
and -200 Hz, and one on the positive side between 100 and 200 Hz. An interesting observation that
was present in almost all temporal maps is the sudden change of the signal around ~ 200 s.

Two components that contain the VIS and LGN are 9 and 50, see Figure 3.17 and Figure 3.18. Nev-
ertheless, activations in other areas are also present. It is relevant to note that all members belonging
to cluster 9 and 50 come from different CPD runs. Thus, no components are members of both cluster
9 and 50. When the timecourses are correlated with the timecourse of the task with varying delays,
the correlations such as depicted in Figure 3.19 can be observed. For both components, a peak in
the correlation can be observed after ~ 2.5 s delay. However, the peak of component 50 is somewhat
higher than for component 9.
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Figure 3.17: Mean component 9, which occurred 9 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
blue lines. The asymmetry ratio was 1.295, the relative height was 4.26 and the half bandwidth was 20.4 Hz.

T T
300 350



3.4. Neuroscientific analysis 25
0
0.04 0.3
1 - ‘A 0.175 4
v L
2] e 0.02 0.150 02
4 .
3 4 4 01251 01
Ay / 0.00 0.100 4
> 0.0
51 o 0.075 1
64 -0.02 0.050 4 -01
71 0.025 -0.2
1 - -0.04
8 0.000 1
T T T T T - - - - r - : - -0.3+ T T T T T T T
-4 -2 0 2 4 —-400 -300 -200 -100 100 200 300 400 0 50 100 150 200 250 300 350

Pearson Correlation Coefficient

[mm]

(a) Spatial mode

(b) Spectral mode

Time [s]

(c) Temporal mode
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belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
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blue lines. The asymmetry ratio was 1.194, the relative height was 3.46 and the half bandwidth was 11.8 Hz.

0.20

0.15 1

0.10 1

0.05 4

0.00 1

—0.05 4

—0.10 4

—0.15 1

-0.20 T T T + T T T T
-6 -4 -2 0 2 4 6 8 10

Delay of stimulus signal [s]

(a) Correlation with component 9

0.20

0.15 4

0.10 1

0.05 1

0.00

—0.10 1

Pearson Correlation Coefficient

—0.15 A

-0.20 T T T + T T T T
-6 -4 -2 0 2 4 6 8 10
Delay of stimulus signal [s]

(b) Correlation with component 50

Figure 3.19: Correlation between the delayed stimulus signal and the time course of mean components 9 and 50

To facilitate the interpretation of component 9, the visual map was thresholded at 2.5 times the
standard deviation (SD) and overlaid on the mean PDI, as shown in Figure 3.20a. This approach allows
for easier identification of the activated regions, which correspond to the identified ROls (Figure 3.1b).
The assumption that this component is related to the task signal is further supported by examining
its correlations with the delayed stimulus over multiple stimuli durations (Figure 3.20b). Peaks in the
correlation can be observed at similar intervals as that of the visual stimuli.
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In Figure 3.21 and Figure 3.22 two artifactual appearing mean components can be observed. In
the spatial map of component 20, a noisy hue can be observed around the brain, predominantly in
the upper part of the spatial map, similar to component 13 of slice A (Figure 3.15). Also similar to
component 13 of slice A, a sharp peak in the time course can be observed around ~5 s. In the spatial
map of component 56, a more demarcated artifact is visible in the bottom, similar to component 56 of
slice A (Figure 3.16). Although less pronounced than for slice A, differences in the frequency spectra
of the artifactual components can be observed as well. While component 34 has quite round peaks,
component 20 has sharp, well-defined peaks. This is also reflected in the values of the relative height
(4.11 vs 5.52) and half bandwidth (23.9 vs 20.1).
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Figure 3.21: Mean component 34, which occurred 5 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical

blue lines. The asymmetry ratio was 1.622, the relative height was 4.11 and the half bandwidth was 23.9 Hz.

—-0.02

. ol ~0.04

> . _,_.%%i —0.06

[mm]

(a) Spatial mode

0.1754

0.150

0.125 4

0.100

0.075 4

0.050

0.025 4

0.000

—400 -300 -200 -100 [ 100 200 300 400
Frequency [Hz]

(b) Spectral mode

—0.14

-0.24

-0.3

T T T T T T T
50 100 150 200 250 300 350
Time [s]

(c) Temporal mode

Figure 3.22: Mean component 20, which occurred 7 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
blue lines. The asymmetry ratio was 1.428, the relative height was 5.52 and the half bandwidth was 20.1 Hz.

3.4.3. Slice C

For slice C, the components primarily seem to contain noise, and based on visual inspection no spatial
map was found that seemed to contain the VIS and LGN. Most components have a spatial map that
contains an artifact on the bottom, similar to component 20 of slice B (Figure 3.22) and component 56
of slice A (Figure 3.16). Two examples are component 1, the component with the highest occurrence,
and component 6, which are depicted in Figure 3.23 and Figure 3.25.
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Some components also show activations in the upper part of the brain. An example is component 5,
depicted in Figure 3.25. In this component, while the artifactual area shows activation (red), the brain
area shows deactivation (blue), suggesting anticorrelation. However, this could also be the other way
around, given the sign ambiguity of CPD.
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Figure 3.25: Mean component 5, which occurred 14 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical
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The frequency spectra of component 1, 6, and 5 show very sharp peaks and the overall shape
seems very rough, as compared to the frequency spectra of component A and B. Based on this, the
previously defined metrics do not seem interpretable, and will therefore not be discussed for this slice.



Discussion

This chapter discusses the results and evaluates how they answer the research questions posed in
Section 1.7.

Pre-processing
Using an iterative design process, three pre-processing steps were identified to ensure adequate and
relevant BSS: filtering, temporal demeaning, and pixel-based normalization.

In the filtering step, SVD filtering was performed using conventional thresholds that have been
shown to produce useful results in the literature [19]. The goal of this step is to remove tissue clutter.
Given the overlap in subspaces between the clutter and blood signals, the aim was to discard enough
of the tissue subspace to ensure that the clutter does not dominate the signal—and, by extension, the
CPD components—without removing so much that the blood signal is also lost. By retaining the portion
of the clutter subspace that overlaps with the blood signal, these two subspaces could be separated
using CPD. For slices A and B, the chosen thresholds appeared to suffice: some components contained
clutter, while others contained task-related blood signals. This indicates that the discarded subspace
was neither excessive nor insufficient. However, for slice C, the CPD components were dominated by
clutter, suggesting inadequate source separation. Possible explanations could be insufficient subspace
removal, higher noise variance relative to the blood signal variance in the remaining subspace, or a
combination of both. In general, it is ideal to use high-quality data with minimal clutter caused by motion
or other artifacts. The PDlIs correlated with the task signal (Figure 3.1) suggest that the task signal is
less prominentin slice C compared to, for example, slice A, indicating lower data quality. Nonetheless, it
may be worth exploring whether slices could benefit from different SVD thresholds. However, manually
selecting such thresholds is challenging and not in line with the data-driven nature of the method.
Also, the size of the clutter subspace is probably not fixed, indicating a dynamic threshold is needed.
In literature, algorithms have been described that allow for automatic, dynamic thresholding, but no
‘golden standard’ exists [20], [21]. Also, since these algorithms were not designed for the goal of BSS,
they might not be useful. A paper by Baranger et al.[22] that compares 14 different estimators for
the optimal threshold, concludes that the one that uses the spatial similarity matrix (SSM) outperforms
all others based on the contrast-to-noise ratio. To check if this algorithm would also be useful from
a functional connectivity perspective, the raw data of slice C was SVD filtered with thresholds based
on the proposed algorithm[23], and the resulting correlation image was compared to the one following
from the previously defined, fixed threshold, see Appendix B. However, the (preliminary) result is not
convincing, since the correlation image seems to have lower correlations.

Something that is not common practice in fUS processing is the normalization of the singular values
performed in the filtering step. Based on the results presented in Figure 3.4, this step seems to improve
the results. For all three slices, the maximum frequency of occurrence increases. Especially for slice
C a large difference can be observed between the pipeline with and without this step. Therefore, the
normalization of the singular values is deemed a valuable addition to the pipeline.

In the other two pre-processing steps the data was further optimized for BSS. In the temporal de-
meaning step, the offset was removed, and in the pixel-based normalization step, the influence of large

29
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vessels was reduced.

The primary objective of the pre-processing steps in the pipeline is to generate CPD components
that align with the goal of this study, namely, identifying artifacts and meaningful neurological com-
ponents. In data where such meaningful neurological signals are not very strong (e.g. slice C) other
signals tend to be more dominant, making it challenging to extract the desired signals, e.g. task-related
ones. While it can be argued that this reflects the nature of the actual data, it is less relevant from a
neuroscientific perspective. A straightforward approach would be to only use data wherein the (strong)
presence of certain desired signals are known. However, this may not always be predefined or easy
to verify. Introducing additional preprocessing steps to enhance relevant signals and suppress irrel-
evant ones could therefore be beneficial. That said, achieving this in a data-driven manner may be
difficult since it potentially requires making assumptions about the source signals — an approach that
could undermine the intended purpose. A method that is very controversial but often used in functional
neuroimaging, specifically for fMRI, is global signal regression (GSR) [24]. Here, a global signal is as-
sumed to be present in the data, which should be removed to emphasize relevant signals. The global
signal is removed from the time series of each voxel through linear regression. The global signal can
be defined as the signal obtained from averaging all timeseries along the spatial dimension. Different
researchers have different ideas as to whether GSR should be used in the processing of fMRI. While
some reason that GSR can remove unwanted global confounds, others conclude that it can introduce
artefactual anti-correlations that were not originally present in the modeled data [24]. Although GSR
requires the assumption that a certain 'global signal’ is present in the fUS data of this work, it could
be a useful addition. Therefore, this step was added to the pipeline and the results were compared to
the results of the pipeline without this step. However, the results were not convincing, and the pipeline
seemed to produce worse results, see Appendix C.

Compression

Successful compression was achieved using MLSVD, enabling the pipeline to operate within standard
RAM constraints. MLSVD retains the information that captures the highest variance in the data, which
distinguishes it from approaches such as (random) sampling. However, compression inherently re-
sults in the loss of certain parts of the data. Whether this is disadvantageous in this specific context
remains unclear. Ideally, the discarded subspace primarily contains noise, in which case MLSVD not
only compresses but also denoises the data. Nevertheless, the discarded subspace might also include
neuronal information with low variance, for example, task-aspecific resting state neural activity.

While (computational) efficiency was not within the scope of this work, two relevant remarks can
be made regarding this. First, since both the filtering and compression steps involve SVD, it may be
possible to integrate them into a single step, thereby improving the efficiency of the pipeline. However,
because the filtering step occurs before temporal demeaning and pixel-based normalization, while the
MLSVD is performed afterward, integrating these steps is not straightforward. Second, given the large
raw data tensor and therefore large matrices that are used as input to the randomized SVD, the com-
pression (and pre-processing) is very computationally costly, and takes multiple days (~2). While
optimized to a certain extend, there are likely more optimizations possible to reduce this run time. Nev-
ertheless, one should realize that pre-processing and compression only need to be performed once for
a sufficiently high rank. After this, the MLSVD representation can simply be truncated to other (smaller)
ranks and be used for CPD, which (due to the compression) has a runtime of only a few seconds.

In general, both the issues of discarding information by compression and the computational cost
could be improved upon by using hardware that has a (much) higher RAM and allows for faster pro-
cessing. Nevertheless, this would make it much less accessible for neuroscientific research.

Stability CPD components

To identify stable components, 100 CPD iterations were performed, and the results were clustered to
account for the non-convexity of the cost function. A high occurrence of a cluster indicates that the
corresponding component is highly reproducible or "stable,” as it appears in the factor matrices across
many iterations. By using the rank estimation process such as defined in Figure 2.3, it was possible
to choose optimal ranks based on the pre-defined metrics (frequency of occurrence and correlation).
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For every slice a peak in frequency of occurrence was found for a rank that also had variety in the
distribution of the correlations. This strengthens the idea that the proposed method for rank estimation
is useful.

In the ideal situation, the factorizations consistently converge to the same rank R solutions in every
run, and thus the number of clusters would equal R and each cluster would occur 100 times. For slice
A, 62 clusters were identified, and the most stable cluster occurred 30 times. While 30 out of 100
repetitions might not seem particularly frequent, it is worth noting that visual inspection revealed many
similar clusters. For instance, multiple clusters resembled a similar artifact or brain network across
different runs, likely resulting from different local optima reached during the decompositions. Examples
are the components in Figure 3.23 and 3.24 and the components in Figure 3.17 and 3.18. In general,
greater trust should be placed in components belonging to large clusters (with higher occurrences), as
smaller clusters are more likely to represent components tied to individual, potentially suboptimal, local
minima. One way to increase the number of occurrences per cluster and reduce the total number of
clusters could be to modify the initialization of the CPD. In this work, random initialization was used to
maintain a data-driven approach. However, using a non-random initialization might restrict the process
to a smaller subset of local minima, potentially increasing the number of occurrences per cluster and
decreasing the overall number of clusters. Nevertheless, selecting the right initialization would be
challenging and would inherently require making assumptions, which could undermine the data-driven
nature of the approach and introduce bias.

Neuroscientific relevance

Overall, the proposed method appears to generate components that are neuroscientifically meaning-
ful. For both slices A and B, components were identified that include the VIS and LGN and exhibit a
peak correlation with the stimulus approximately 2.5 seconds after its onset. These brain regions and
timing are consistent with expectations for a visual stimulus and align with findings in the literature [12],
[25]. Additionally, the timing of the peak correlations with the stimulus follows a pattern consistent with
expectations, occurring at intervals similar to the spacing between the stimuli. Furthermore, especially
for slice A, it is worth emphasizing that these components have a relatively high occurrence (stability),
which underscores the relevance of the results and therefore the proposed method.

A less straightforward component is component 1 of slice A, which occurs the most and is thus the
most stable. The spatial map seems to indicate whole-brain activation and a relatively lower activation
of the background. Moreover, the timecourse has relatively high correlations with the stimulus. There
are two potential explanations for this phenomenon. The first is based on neuroscientific literature that
supports the idea that visual stimuli can elicit brain-wide activation by engaging both sensory processing
and arousal-related mechanisms [26]-[28]. Arousal-related factors, such as running, whisking, and
pupil diameter, influence neuronal activity and modulate the activity of sensory cortices, including the
visual cortex. This behaviorally related neuronal activity extends across the brain [28]. If this component
indeed reflects whole-brain activation caused by arousal, it could also account for its correlation with
the stimulus. The hypothesis, in this case, would be that the mouse anticipates the visual stimulus,
entering a state of arousal shortly before the stimulus (<2.5 s delay) and returning from this state
shortly afterward (>2.5 s delay). However, this explanation does not account for the relatively strong
activation of the background, which appears to be an artifactual baseline. This leads to a second
potential explanation: the component might represent an artifact introduced by the pipeline. It might be
possible that one of the preprocessing steps introduces an artificial baseline. Alternatively, many of the
CPD factorizations could include a component representing nonspecific, residual variance, which may
then cluster together during the clustering step. For completeness, the spatial maps of all members of
component 1 are presented in Appendix D. To verify if the whole-brain activation remains present when
the background is removed, a masking procedure was performed. See Appendix E for details. The
whole-brain activation is observed in the components following from both the masked and unmasked
data. Therefore, this suggests that the whole-brain activation is not (entirely) artifactually driven by
pixels outside of the brain, indicating potential physiological relevance.

For all three slices, components containing nuisance signals were identified. The shape of these
nuisances is generally well-defined, with limited activations within the brain. Itis particularly convincing
that the same types of artifacts consistently appear across all three slices (e.g., Figures 3.16, 3.22,
3.23, 3.24 and 3.15, 3.21). The slices were acquired at (somewhat) different time points, and thus the
nuisance caused by mouse movements is not identical. However, the shape of such nuisance signals
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can be expected to remain similar.

Based on the obtained frequency spectra, which are especially novel about the proposed method,
some interesting observations could be made. In general, a ‘gap’ in energy around 0 Hz is present in
the frequency spectra, which is to be expected due to the SVD filtering. Furthermore, for all spectra, two
peaks in energy are visible between +/-100 and +/-200 Hz. This matches the observations found in the
thesis of Soloukey Tbalvandany[29], where a correlation analysis showed that correlations of the VIS
with the stimulus are particularly high for the frequency subband 100-200 Hz (Figure 12.3). Apart from
the similarities across frequency spectra of the components, differences could be observed as well.
Given these differences, one can assume the frequency dimension contributes to the BSS, i.e. helps
separate the underlying sources. Based on the defined metrics, some patterns can be observed across
the components. Especially specific characteristics were found for ’local’ artifacts, such as Figure 3.16
and 3.22, and more global artifacts, such as Figure 3.15 and 3.21. When comparing the two, the former
has rather round peaks and low relative height, while the latter has sharper, more well-defined peaks.
This information regarding the frequency content of underlying sources is new and is not possible to
obtain with matrix-based methods that only include space and time information. Initially, the author
suspected that components displaying a task-related activation would have a frequency spectrum with
energy concentrated on one side of the spectrum. However, for Figure 3.10, 3.13, 3.17 and 3.18 this
does not seem to be the case, as a peak on the positive and negative side is visible with relatively
similar energy. An explanation could be that although the blood does all flow towards a certain task-
related brain area, i.e. feeding vessels, this blood does not necessarily all flow towards or from the fUS
probe. For example, blood that flows through vessels that are perpendicular to the imaging plane or
have certain bends that cross the imaging plane will result in both positive and negative frequencies,
while they still flow towards the task-related brain area. This is similar to the visual representation of
the brain in Figure 1.3a.

When comparing the results of the proposed method with results generated by matrix-based meth-
ods, e.g. ICA, some interesting differences can be observed. In spatial ICA, where spatial indepen-
dence is assumed, brain regions are often quite well demarcated, with very local activations and little
to no activations elsewhere in the brain. This eases the interpretation of such components, and people
with limited prior experience can interpret them. For the results of the method proposed in this work,
a deeper understanding is needed to interpret the results. For example for the component in Figure
3.13, multiple areas are activated (VIS and LGN), and a deeper understanding can be achieved by
analyzing the correlation with the task signal. However, the author argues that ICA gives too simplified
results, ignoring functional connectivity. More specifically, in ICA decompositions, the VIS and LGN
would show up in two separate components, while for the method in this work the VIS and LGN show
up simultaneously in both slice A and slice B. Therefore, functional connectivity is suggested in the
method of this work, while this is not the case for ICA. Since the overall goal of functional neuroimag-
ing, and BSS specifically, is to unravel the underlying brain dynamics, being able to represent such
functional connectivities in the components is critical. Similar distinctions can be observed in the han-
dling of artifactual components. In ICA, spatially distributed noise, such as that seen in Figure 3.21, is
often split into multiple components. This fragmentation limits the observation of global dynamics and
complicates attempts to infer the origins of such artifacts.



Conclusion

In conclusion, the proposed tensor-based blind source separation pipeline for raw fUS data was able
to identify artifacts and meaningful neurological components based on distinctive characteristics in the
temporal, spatial, and spectral domains.

Application to task experiment data of a mouse verified that activity that is temporally correlated
with the stimulus can be extracted in expected regions. The components also indicate expected func-
tional connectivity, which is often not the case for matrix-based methods. Moreover, frequency spectra
showed different characteristics for different types of components, which displays the relevance of this
dimension for BSS, especially for nuisance components. The method is entirely data-driven, can be
applied to entire raw fUS datasets, and can run on a laptop with standard RAM.

Nevertheless, further research is necessary to ensure the utility of the method. Data of other ex-
periments and cranially imaged data should be tested to see if relevant components can be extracted.

Future work

This work serves as a starting point for more advanced denoising, the identification of novel brain
networks, and the comparison of brain networks across healthy and pathological conditions. To achieve
these goals, it is essential to obtain the most optimal CPD factorizations for a given dataset. Here,
optimal” refers to reaching the local optimum that is the most neurologically plausible. Achieving this
likely requires further optimization of the pipeline, particularly in terms of CPD initialization and pre-
processing, both of which depend on the specific experimental context.

To define an appropriate initialization, the pipeline could initially be run with random initializations.
The resulting components that are deemed relevant could then serve as a starting point for a more
informed initialization that leads to an optimal CPD factorization.

For denoising, once such an optimal CPD factorization is achieved, noise-containing components
can be discarded, and the data can be reconstructed to produce a denoised version. It is important
to note that, in this work, clusters are averaged to form mean components. However, these mean
components cannot be used for reconstruction since they are not part of the actual CPD factorization.
However, similarity metrics can be used to identify a component within a cluster that is most similar to
other members of the cluster, which can then be used for reconstruction.
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Parameters clustering algorithm

In the clustering algorithm of Van Eyndhoven et al.[17], different algorithms are available for the con-
struction of the similarity matrix as well as the clustering itself. The differences among the combinations
of settings can be observed in Figure A.1. Given the dominant high temporal correlations of options
b and c, these options were deemed inferior. Although based on visual inspection the components
of options a and d were similar, option a was chosen because of the higher variety in the correla-
tions. For more information regarding the settings, see the associated code of [17] and [30] on GitHub
(https://github.com/svaneynd/structured-cmtf).
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Figure A.1: Histograms of timecourse correlations between mean components for different clustering settings for slice A
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SVD filtering threshold

Slice C was SVD filtered based on the algorithm by Baranger et al.[23], see Figure B.1. The correlations
are more pronounced for the conventional threshold than for the dynamic threshold (Figure B.1a v.s.
B.1b).

-4 -2 0 2 4
[mm]

(a) Conventional threshold (b) Algorithm by Barranger et al.
Figure B.1: Thresholded correlation images (PCC > 0.10) of slice C overlaid against the mean PDI for the fixed threshold used

in this work and the dynamic, automatically chosen threshold of the algorithm of Barranger et al.[23]. PCC = Pearson Correlation
Coefficient

41






Global Signal Regression

GSR was added as a last pre-processing step before compression. For slice A, rank 15 was chosen
based on the frequency of occurrence and correlations between mean components. In Figure C.1 and
Figure C.2, two components resembling components 2 and 3 (Figure 3.10 and 3.13) of the pipeline
without GSR are depicted. In Figure C.3, their respective correlations with the stimulus are presented.
Compared to the components of the unregressed pipeline, the components have a lower frequency
of occurrence and a less defined VIS. Furthermore, artifactual spikes are visible in the timecourse of
mean component 16. The correlation with the stimulus of component 15 is slightly higher than for
the components from the unregressed pipeline. However, the highest correlation with the stimulus of
component 16 is lower and has an altered timing (~-1 s). Based on these results, adding the GSR step

was not deemed beneficial.
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Figure C.1: Mean component 15, which occurred 8 times. The spatial mode (a) is the mean spatial signature of the components
belonging to this cluster. The grey is the plotted spectra (b) and time courses (c) of the components belonging to this cluster.
The mean spectra and time courses are superimposed in red. The timepoints where the stimulus is 'on’ are visualized as vertical

blue lines.
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44 C. Global Signal Regression
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Spatial maps members cluster 1, slice A
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D. Spatial maps members cluster 1, slice A
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Figure D.1: The spatial modes of the 30 cluster members belonging to mean component 1
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Masking of slice A

A mask containing (primarily) the pixels within the brain was created. This was done by a function that
thresholded the activation level of the pixels. Subsequently, the edge of the activated pixels was taken,
and extensive manual refinement was performed to create a continuous brain boundary. The function
was developed by Sofia Kotti, also see [31]. In Figure E.1, both the masked and unmasked PDI are

depicted.

(a) Unmasked

(b) Masked

I
i 13'\';.:' el o 28
»

Figure E.1: The masked and unmasked version of the PDI of slice A. The log of the PDI was taken to better visualize activations

in the background.
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Figure E.2: Mean component 4 resulting from the masked version of slice A, which occurred 11 times. The spatial mode (a)
is the mean spatial signature of the components belonging to this cluster. The grey is the plotted spectra (b) and time courses
(c) of the components belonging to this cluster. The mean spectra and time courses are superimposed in red. The timepoints
where the stimulus is ‘on’ are visualized as vertical blue lines.

In Figure E.2, a mean component following from the masked data similar to the one in Figure 3.8

47

300

350



48 E. Masking of slice A

is presented. In the spatial map, one can clearly see that the pixels outside of the mask have no acti-
vation (white). The whole-brain activation is present in both the masked and unmasked components.
Therefore, this suggests that the whole-brain activation is not (entirely) artifactually driven by pixels
outside of the brain, indicating potential physiological relevance.
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