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Abstract

To better understand how brain signals are processed and even how the human mind
works, analyzing the hemodynamic signal model is one of the most essential steps. In
the CUBE group of Erasmus MC, functional ultrasound (fUS) data of a mouse’s brain
is recorded. By using this fUS dataset, this thesis will solve the problem regarding the
joint estimation of hemodynamic response function (HRF) and the underlying stimulus.
Usually, hemodynamic responses are investigated in the time domain, while this thesis
provides another perspective from frequency domain signal processing.

We consider the hemodynamic response as a convolutive signal mixture, then try
to transform it into an instantaneous mixing model by converting the context into the
frequency domain. By applying independent vector analysis (IVA), this estimation
problem can be solved without facing permutation ambiguity which is a well-unknown
problem regarding independent component analysis (ICA). Additional steps before and
after IVA are also discussed so that a whole estimation road map is formed.

Both simulation and experimental analysis are provided to validate this estimation
algorithm. Results show that by using this method, both stimulus and HRF estimation
can be achieved satisfyingly in a suitable experimental setting. This thesis provides in-
sights and future potentials for IVA to be further investigated in neural signal processing
problems.
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Introduction

For generations, the human mind has always been a mysterious and exhilarating topic
that scientists dedicated countless time and efforts to investigate. Omne of the key
methods to unmask the mystery is by studying brain functional activation signals non-
invasively.

Due to the existence of neurovascular coupling (NVC), brain activation in certain
regions will cause an increasing requirement of blood flow, and this kind of metabolic re-
sponse is called hemodynamic response. There are many functional imaging techniques
used to capture this response, such as functional magnetic resonance imaging (fMRI)
and functional near-infrared spectroscopy (fNIRS). However, regarding the penetration
depth for image acquisition as well as spatial and temporal resolution, these methods
all have their limitations. In recent years, functional ultrasound (fUS) has emerged as
a competitive technology with the potential to be used widely for functional imaging
due to its portability, high spatial and temporal resolution, and low cost [!]. However,
practical requirements like opening the skull for probing can be a disadvantage for fUS,
but it is realizable in a laboratory environment. In this paper, signals collected using
fUS will be used for analyzing the hemodynamic response.

To investigate the hemodynamic response in one or more brain regions, a common
experimental design is to expose the test object to one or more stimuli, and then record
signals from regions of interest. A linear time-invariant (LTT) model is commonly used
to model this process, where the impulse response (IR) is called the hemodynamic
response function (HRF). Estimating HRF is one of the most essential topics in in-
vestigating brain activities because HRF serves as a link between the observed signals
and the underlying neural activities. In addition to HRF, the stimulus signal is also of
interest to many researchers, as it can be seen as input of the LTI system, and therefore,
represents the underlying neural activity. By jointly estimating HRF and stimulus, the
brain functional network and the whole cognitive process can be better understood.

Different from many previous works on this similar estimation problem which work
in the time domain, this thesis proposes a method performed in the frequency domain.
This new perspective exploits the convolutive nature of the observation signal and
transforms it into an instantaneous mixing problem at each frequency bin. The pro-
posed method is inspired by a similar mixing model in audio signal processing problems
where frequency domain techniques are more widely used.

1.1 Thesis Research Question

This thesis explains how HRF and stimulus are estimated, and the meaning of the
results. The main research question can be expressed as three smaller research questions
as listed below, which will be solved in this thesis sequentially.



e RQ1: How to convert the signal estimation problem into frequency domain?

e RQ2: What frequency domain technique can be considered in solving this esti-
mation problem?

e RQ3: What neuroscientific insights can the estimation results give?

1.2 Thesis Outline

In this thesis paper, several neuroscientific background topics are introduced in Chapter
2, which are essential to getting into the actual research question itself as well as
developing the algorithm. In Chapter 3, previous literature related to HRF and source
estimation will be concluded which inspired the formation of this paper. After that, in
Chapter 4, the main methods implemented in each step of the estimation procedure are
explained. With these methods fully explained, in Chapter 5 the simulation pipeline
and corresponding results will be discussed, which investigates the proposed estimation
algorithm from a theoretical perspective. Then in Chapter 6, a similar procedure will
be used for experimental data which is recorded from a mouse’s brain using fUS. Both
pipeline steps and results will be explained here, and the results will be compared
and evaluated. Chapter 7 discusses existing limitations in the proposed estimation
procedure, and also gives several possible directions for future work. Finally, Chapter
8 concludes this paper.



Background

In this chapter, background information about several topics related to neuroscience
will be explained in detail. First, functional ultrasound (fUS) is the imaging technique
involved in this thesis, and its working mechanism will be explained in Section 2.1.
After acquiring fUS imaging data, to further investigate the brain regional response to
different stimuli, brain mapping and its relation to the concerned estimation problem
will be introduced in Section 2.2. It can also help to explain the experiment result
which will be discussed in later chapters. Finally, for a better understanding of the
hemodynamic system, Section 2.3 will provide a visual example to explain the relation
of the brain, hemodynamic response, stimulus signal, and HRF.

2.1 fUS Imaging Technique

2.1.1 Comparison with other techniques

Techniques like fMRI, fNIRS, and fUS which are used to capture hemodynamic signals
share a similar mechanism that depends on the NVC process in the brain. When
neural activities happen in a certain brain region, the local blood flow will increase,
which gives the possibility to indirectly observe local brain activities by measuring the
blood movement.

For fMRI, blood oxygen level-dependent (BOLD) changes are captured using MRI
signals when the brain is activated in certain regions. Due to NVC, the concentration
change of deoxyhemoglobin which is significantly paramagnetic will influence the local
magnetic environment, and it will change the local MRI signal decaying speed [2].
For fNIRS, optical intensity measures are influenced by NVC instead of magnetic field
intensity. This technique provides lower spatial resolution compared with fMRI, yet

requires lower cost and gives better temporal resolution [3]. For fUS, Power Doppler
(PD) signals which come from ultrasound waves reflected back from brain tissues are
used to represent cerebral blood volume (CBV) change [1] [5], which will be explained in

detail in the next section. Since this indirect representation of neural activity through
signal measurements is shared among these techniques, they can also share similar
signal processing methods.

2.1.2 PDI Acquisition

Functional ultrasound imaging is based on the Doppler effect of blood cell movement in
a certain brain region. When the image acquisition begins, a set of tilted plane waves
are sent towards the brain tissue, and the ultrasonic energy scattered back will form
images that can be coherently summed into a compound image. This summation step
provides better image contrast and resolution, as well as a lower noise level.



However, the resulting compound images contain not only information about blood
cell movement, but also other tissues. To only preserve changes due to blood cell
movement, a high-pass filter can be applied to compound images over time, which will
filter out the influence of tissues that moves slower than blood [6] [7].

After acquiring all the filtered compound images, power Doppler signals can be
calculated by averaging across several samples, as shown in equation 2.1 below. At the
spatial location (z,z) of the PDI, the pixel value can be calculated as:

N.
20

se(z,x,t;)]?
I(z,x) = J;\(f il

where N is the number of filtered compound images for averaging; s¢(z,x,t;) is the
pixel value of corresponding filtered compound image.

The obtained PDI signals are proportional to the CBV of corresponding locations.
Therefore, the underlying neural activities can be represented as changing CBV through
NVC mechanism, then "translated” into PDI values using fUS imaging technique.

(2.1)

2.2 Brain Mapping

As explained in the previous sections, fUS is the neuro-imaging technique used in this
thesis. It can generate spatial maps which match pixel locations to PDI values. Sim-
ilarly, there are techniques that match biological properties (such as cellular gene ex-
pression) and functions (such as memory and cognition) of the brain to spatial regions,
which are called (functional) brain mapping [3].

Brain mapping can be considered a generalized form of neuro-imaging. With decades
of efforts in brain mapping research, scientists have gathered data and built several
successful projects for the human and animal brains, including the Allen Brain Atlas !
[9] which will be referred to here. Allen Mouse Brain Atlas matches in situ hybridization
(ISH) data, which represents DNA or RNA sequence appearance in tissues, with spatial
regions in adult mouse brain.

For this thesis, visual stimulus is of concern, therefore visual cortex regions will be
investigated in the following parts. Figure 2.1 shows one slice of the Allen Mouse Brain
Atlas, which is located around the same position as the experimental data used in this
thesis. The visual cortex region is shown as dark green color, which locates on the
up-right and up-left corners of this image.

To investigate the regional behavior in the brain regarding visual stimulus, signals
from left and right visual cortex regions will be measured and analyzed in this thesis.
In this thesis, the regional brain property is represented through HRF, which can be
evaluated based on the Divided Visual Field Paradigm: a visual stimulus that appears
in the left visual field will lead to visual information projected to the right cerebral
hemisphere, and conversely, the visual stimulus appears in the right visual field will
be mainly projected to the left cerebral hemisphere [10] [I1]. Therefore, the mapping
between the left/right visual cortex in the brain and the direction of visual stimulus
can be established.

Website: https://mouse.brain-map.org/



Figure 2.1: Coronal Mouse Brain Atlas from Allen Brain Map Database.

Although this paradigm has many limitations and is relatively coarse because the
connection between both cerebral hemispheres also exists [12], it still can serve as
general guidance to analyze visual stimulus-related measurements. The usage of this
paradigm will be demonstrated later in this thesis during experimental data analysis.

2.3 Hemodynamic Response

As mentioned in the previous section, one of the focuses of this thesis is to find out how
different brain regions respond to different stimuli through hemodynamic responses.
To introduce the hemodynamic system which we will dive into in later chapters, the
following figure shows a simplified illustration of the signals and terminologies.

As shown in Figure 2.2, the brain is activated by a stimulus signal (blue line),
which can be considered the source of the LTI system. In the small brain region of
concern (black square), the measured fUS signal is the hemodynamic response (red
line) to this stimulus, which can be considered the observation of the LTT system. The
hemodynamic response will be generally slower than the stimulus due to the processing
of this dynamic system. The impulse response of the dynamic system which represents
the regional property is HRF (green line). Here only two activation duration appears
in the stimulus signal as an example, while in the real case the number of activation
will be more.

Different from this simplified illustration, the estimation problem in this thesis will
consider not only one region of the brain but multiple, and the number of sources will
also be more than one. In this case, each of the brain regions will have a unique HRF
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Figure 2.2: Hemodynamic-related signals at a certain brain position.

for each of the source stimuli.

To transfer this signal estimation problem to the frequency domain, a frequency
expression of HRF is needed, which is called the hemodynamic transfer function (HTF).
The expression of both HRF and HTF will be further explained in Chapter 4.



Related Work

Functional brain mapping, as well as stimulus and HRF estimation, are among the
most concerning research topics in the neuro-signal processing field. This chapter in-
troduces existing literature about this signal estimation problem, as well as its similarity
with certain audio signal estimation problems. In Section 3.1, literature focusing on
time domain HRF and stimulus analysis will be briefly explained and concluded into
several categories. In Section 3.2, several frequency domain approaches which exploit
the hemodynamic signal model’s convolutive nature will be introduced. Finally, this
chapter will end by introducing several audio signal estimation methods that share a
similar convolutive model with the current problem. The related works introduced in
this chapter can serve as an inspiration that leads to the formation of the estimation
method used in this thesis.

3.1 Prior Work in Time Domain

Most of the previous works regarding HRF estimation are based on certain canonical
HRF models [13]. These models have a fixed expression and constrained parameters
that can be tuned to control signal properties like amplitude, peak delay, etc [11] [15]
[16]. By this simplified assumption of HRF signals, different algorithms were proposed
to estimate HRF parameters instead of the HRF itself. However, due to the complex
and still partly-unknown nature of neural signals, this parameterized method has its
limitations. One of the major drawbacks is that one fixed expression cannot adapt to
the varying HRF across the whole brain, nor among different stimuli.

To improve the HRF model flexibility and achieve better estimation results, HRF
modeling using signal basis sets can also be found in the literature. By linearly combin-
ing basis and fitting into the signal model, regression coefficients are estimated which
will finally be used to construct an HRF signal. Several well-known signal basis sets

are B-splines [17], finite impulse responses (FIR) [18], wavelets [19], and canonical HRF
with its derivatives with respect to time and dispersion [20]. This basis signals fitting
method is also known as the general linear model (GLM) [21]. HRF estimated using

this method can capture more differences across brain regions because it’s more flexible
compared to the parameter estimation method. Generally, the more basis signals are
used, the more reliable and accurate the HRF modeling can be, but it will also lead to
the over-fitting problem due to a large degree of freedom [22] [16]. Another limitation
is that, since the basis fitting process is based on the statistical model rather than the
physical model, the result may not be a faithful representation of the reality which
happens in the brain [23].

Another choice to estimate HRF is by using data-driven methods, which don’t
require a pre-defined HRF shape [21]. By using the data-driven method, the HRF



result is less biased and even more flexible compared with GLM method [25].

In addition to estimating HRF, stimulus estimation is also a popular topic. As
previously illustrated in Fig. 2.2, in the hemodynamic model there are three signals of
concern. Then by putting noise into consideration, their relation can be expressed as:

r=hx*xs+n (3.1)

Here z is the hemodynamic response, h is the HRF, s is the stimulus signal, and
n is the additive noise. When estimating A, many previous methods are based on the
measured x as well as a known stimulus s, which will not always be available in exper-
iments. Therefore, the requirement of estimating both h and s based on measurement
x is of significance during hemodynamic analysis. To achieve this joint estimation of
both stimulus and HRF, simplifications are usually applied to the problem. For exam-
ple, some proposed methods assume the HRF is identical or constrained across brain
regions or events [26][16]. Some other methods for joint estimation are only applicable
to one-dimension observation data x instead of the whole brain [27] [28].

3.2 Prior Work in Frequency Domain

Though the frequency domain approach is widely used in other signal processing prob-
lems, the number of its application in hemodynamic signal estimation is still limited.
It is a generally more complex and indirect approach compared with the time domain
since it requires additional transformation. However, the frequency domain approach
provides the possibility to simplify the signal model from convolution mixture to in-
stantaneous mixture using Fourier transform.

Some literature performs hemodynamic analysis in the frequency domain assuming
both observation = and stimulus s are known (using the same symbol as in Eq. 3.1).
In [14], HRF is extracted from fMRI by applying the Fourier-wavelet regularised de-
convolution (ForWaRD) algorithm in the frequency domain to effectively mitigate the
influence of noise. ForWaRD algorithm is a regularisation technique that is used to
modify the frequency coefficient after raw HRF estimation by pointwise division. This
algorithm also relies on a parametric HRF model. In [29], cross-spectral density func-
tions are calculated for observations z and a fixed stimulus s by using periodograms.
And instead of estimating HRF itself, this method provides the total power of all HRF's
in the frequency domain as the final result.

When stimulus s is assumed unknown but periodical, frequency domain analysis
as discussed in [30] can be applied to a one-dimension observation, single stimulus
scenario. This method estimates the underlying correlation structure of hemodynamic
response signal by doing spectral density analysis. This method can effectively prevent
signal analysis from being affected by high-frequency artifacts.

Due to the small amount of literature that can be referred to regarding frequency
domain hemodynamic signal analysis, we’ll turn to literature about audio signal pro-
cessing to find further possibilities to solve this estimation problem.



3.3 Prior Work in Audio Signal Estimation

A popular application field that may share a similar signal model with the concerned
joint estimation problem is the audio signal estimation problem. Therefore, methods
developed in the audio signal processing literature can be used as a reference to find
applicable methods which can be re-implemented for hemodynamic signal estimation.

In the audio signal estimation scenario, several microphones are placed at different
positions in a room, and each of them records a version of the displayed source signals.
The recording picked up by the microphone experiences reverberation in the room, so
the signals can be expressed in a convolutive model similar as Eq. 3.1. Now x represents
the audio signal recorded by the microphone, h is the room impulse response (RIR)
between one source and one microphone, and s is the displayed source signal. There are
two main topics in this audio estimation scenario: blind source separation (BSS) and
blind channel identification (BCI). BSS is to estimate source signals s when only the
recording signals are known. BCI is to estimate RIR and acoustical transfer functions
(ATF), which is the frequency domain expression of RIR, from the recordings.

To realize BSS, one of the most popular methods is by using independent component
analysis (ICA), either in the time or frequency domain [31]. This method is usually
used when source estimation is the priority since it doesn’t give a direct result about
channel information. This separation problem is comparable to estimating stimulus
signals, therefore ICA in the frequency domain is a potential choice, which will be
discussed further in the next chapter.

To perform joint estimation of both source and RIR, second-order statistics can be
utilized together with designed cost functions, which turns the estimation problem into
an optimization problem [32] [33].
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Methodology

In this chapter, the most essential steps and methods used to model and analyze hemo-
dynamic response signals are discussed in four sections. Section 4.1 will introduce model
assumptions for the hemodynamic system, as well as the use of short-time Fourier trans-
form which provides the possibility of moving the research problem to the frequency
domain. In section 4.2, the core technique used in the proposed analyzing pipeline,
Independent Component Analysis (ICA), and its higher dimensional extension, Inde-
pendent Vector Analysis (IVA), will be discussed in detail. After implementing IVA in
the algorithm, other necessary steps for getting estimations results and evaluation are
covered in Sections 4.3 and 4.4, whose results will be shown later in the next chapter.
Finally, in section 4.5 the HRF and HTF models will be explained.

4.1 Problem Formulation

4.1.1 Signal Modeling

The signal model assumption for this estimation problem can be expressed as a convo-
lution model as follows, which is an ideal model without considering noise:

P-1

zi(t) => Y hi(p)si(t — p) (4.1)

=1 p=

Here x(t) € RT represents the j* hemodynamic response time sequence (observation),
where j = 1,2,..., M. Similarly, s;(t) € RT represents the " stimulus signal time
sequence (source), where i = 1,2,..., N. The convolution mixing filter hj;;(p) € R”
for the j** observation and the i stimulus, is the corresponding time domain impulse
response, which is the HRF with length P.

Alternatively, this convolution model can also be written using the convolution

operator:
N

2i(t) = hji(t)  sit) (4.2)

=1

During simulation and experimental signal estimation which will be discussed in
later chapters, the presence of noise v;(t) € R” will be considered, which is assumed to
be white and additive. Under this assumption, the model will be written as follows:

N

x(t) = Z hyi(t) * si(t) + v;(t) (4.3)

i=1

11



In our setting, we assume both HRF and stimulus signals are unknown. Therefore,
the research question in the time domain can be interpreted as: Knowing M observation
time series xj(t), how to find N underlying sources s;(t) and corresponding mixing filters
hji(t)?

4.1.2 Transformation Using STFT

To convert time series problems to the frequency domain, short-time Fourier transform
(STFT) can be used as a powerful tool. It can provide signal frequency domain infor-
mation that changes over time. For an L-point STFT, using a window function w(t)
and with a certain shift length J which creates enough overlap between windows, z;(¢)
can be transformed into:
L—
wl (k) = w(l)a;(kJ + 1)e7>r! (4.4)
1=0
where wy = (f —1)/L, with f =1,2,..., L as the frequency.

For a window length L large enough than the length of mixing filter hj;(p) [34], the
convolution model expressed in Eq. 4.2 can be transformed into frequency domain by
applying STFT on both sources s;(¢) and observations x;(¢). Then the signal model
can be rewritten in the frequency domain as:

—

wf(k) = hisl (k) (4.5)

here both :z:;c (k) and s/ (k) are STFT coefficients of frequency f at the k-th time frame.
The discrete-time notation used here is k, which represents the STFT time frame
index, and it will be mostly omitted from the rest of this thesis paper for convenience.
For example, random variable :L’{ represents the STFT coefficient at frequency bin f
and observation j.
Equation 4.5 can be combined across frequency bins at certain observation j into
an array of time series, represented as:

X; = [x;,...,xf,...,xﬂT (4.6)

Similarly, 4.5 can also be combined across observations at a certain frequency f:

x! = [x{,...,xf,...,:z:ﬂ]T (4.7)

Their dimensions are x; € RF*X and x/ € RE*M,
Due to the instantaneous mixing nature of signals in each frequency, equation 4.5
can be expressed in matrix form:

x/ = H's/ (4.8)

where H € RM*N*F ig the 3-D mixing array which stores the values of each Fourier-
transformed convolutive filter hj; together, and H/ represents the un-mixing matrix at
each frequency f, as shown in the bottom sub-image in Figure 4.1.
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To combine equation 4.6 and 4.7 further, the 3-D array representation of :c{ can
be written as X € RI*EXM a5 shown in the top-right sub-image of Figure 4.1. Here
x]f is the elemental entry, and x; and x/ can be seen as 2-D slices inside X at certain
observation j and frequency f, respectively. Similarly, the source signals can also be
represented as 3-D array S € RE*EXN " ag the top-left sub-image of Figure 4.1.

time frame

time frame (k)
(k) k=1.2...K L7
k=1.2..K

source index . -
(i) ¥y observation : ;
i=12__.N : index
i 0 ; 7
frequency j=12..M o
M
f=1,2...F
P frequenc
frequency q y
P . Y
f=12 F =12, F
observation
index
)]
j=12,.. M

source index

Figure 4.1: 3-D arrays S (top left), X (top right), and H (bottom)

After this step, the research problem can be expressed further as a short-time Fourier
estimation problem: Knowing the observation 3-D array X, how to estimate the under-
lying source S and corresponding system mizing matriz H'? To make sure this model
is solvable, not only the window length L used for STF'T should be long enough then
the convolutive filter hj;(p), but the equation number should also be larger than the
total unknown number in model 4.8, which can be expressed as N < M.

Compared with equation 4.2 which uses a convolution mixture to represent the
problem setting, now equation 4.8 converts the problem into F’ separated instantaneous
mixture estimation problem in the frequency domain. As discussed in Chapter 2, there
are plenty of previous applications mainly focusing on audio signal processing sharing a
similar signal model with this one, the next research question will be: which technique
can solve this problem?

4.2 From ICA to IVA

In order to solve Eq. 4.8, the stimulus estimation result can be expressed as:

13



vyl =8/ = Wix/ (4.9)

where y/ = § is the stimulus estimation result, which is a time series vector similar
to the expression in Equation 4.7, and WY is the un-mixing (separation) matrix with
a N-by-M dimension, at frequency bin f =1,2,..., F.

4.2.1 ICA

As introduced in Chapter 3, ICA is a well-known signal processing approach, which can
be used to achieve BSS for some audio signal problems. The method assumes signals
are mixed instantaneously, and different sources are statistically independent of each
other. Although here it cannot be directly applied to the hemodynamic signal model,
understanding ICA can still significantly help to explain the methods proposed in this
thesis.

To explain how ICA works, here we can assume an instantaneous signal mixing
scenario: X is the observation data matrix with M observations and each has T time
samples; S is the underlying source data with N independent sources and each has
T time samples; A is the mixing matrix where A € CY*™_ The matrix form of this
mixing model can be expressed as:

X=A4-5 (4.10)

Since the M observations are measured individually, each observation as a column
inside matrix X can be expressed as an instantaneous signal mixture:

N
vi=Y Ajusi, j=1,.,M (4.11)
=1

The goal of ICA is to separate N statistically independent sources s; from the
mixture. One of the main approaches to achieving this separation is by minimizing
the mutual entropy among different sources. There are many ICA algorithms already
developed in the literature, like the natural gradient method [35], InfoMax method [30],
and FastICA method [37].

Usually, ICA is applied to achieve temporal independence, which means the sepa-
rated independent sources are time series, this is called temporal independent compo-
nent analysis (tICA). While for some biomedical applications, when ICA is applied on
voxel time series, the goal will change to achieve spatial independence by separating
voxel groups (regions). This method is called spatial independent component analysis
(sICA) and can be used to detect brain networks [35] [39].

4.2.2 Frequency domain ICA and Permutation Problem

In the current problem, for a fixed frequency f, the signal mixture can be seen as a
tICA separation problem. By performing parallel ICA calculations at each frequency
bin, the underlying source signals shown in the instantaneous mixing model 4.9 can be
estimated as y/, and this process can be executed across all frequency bins.
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Also, using this ICA model at each frequency f, by calculating the Moore-Penrose
pseudo-inverse of WY the corresponding mixing matrix can also be recovered:

o’ = (wh (4.12)

where ' € RM*N is the HTF estimation result at frequency f. Therefore, theoretically
by using ICA on the observation x/, desired stimuli and mixing filters can both be
estimated.

To get stimulus y;, all STFT coefficients for the i-th source across frequency bins
should be collected for reconstruction. However for each ICA calculation, the resulting
un-mixed coefficients yif inside y/ are in random order regarding source index i =
1, ..., N across frequency bins. For example, for a N = 2 mixture, at frequencies f, and
f1, stimuli estimation after ICA could be in different index order, like:

yo =y oy =yl (4.13)

and as a result, if without any additional step, signal reconstruction for each source
index will fail. And obviously, a similar random-index problem will also happen for the
un-mixing matrix W/, due to equation 4.9.

In ICA-related literature, this random-index problem is well-known as permutation
ambiguity (PA), where proper grouping algorithms are required to group elements from
the same source together, so they can be put into one column and then reconstructed
back into a time domain signal.

To solve the permutation ambiguity, previous works have already provided several
grouping algorithms involving many different fields of applications, from speech signal
which has more additional environment parameters [10], to EEG signals [11] which is
similar to the problem being discussed here.

One of the most popular and classic solutions to permutation ambiguity is called
the Hungarian algorithm [12], and there are also later approaches developed based on
this algorithm dedicated to being applied to different specific scenarios [13]. In this
thesis paper, instead of proposing additional grouping algorithms to solve PA, we use
another method that prevents permutation from happening in the first place. Compared
with adding a grouping algorithm after ICA, this method is simpler and can solve the
separation problem and permutation ambiguity at the same time.

4.2.3 IVA for Frequency Domain Signal Estimation

Due to the permutation problem which occurs in the frequency domain ICA algorithm
discussed above, another signal independence analysis algorithm is proposed, called
independent vector analysis (IVA), which was originally designed for frequency-domain
blind source separation problem [14][15][34]. And since IVA inherits ICA’s features
and also focuses on source separation in noise-free scenarios, in the rest of this chapter,
signla model described in Eq. 4.2 will be used, if not specified otherwise.

Instead of calculating independent uni-variate components at each frequency bin,
the IVA algorithm treats multi-variate vectors as basic components when doing indepen-
dence analysis. Figure 4.2 shows the relation between an elemental vector component
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xT(k) = [x1"(). . X" (K), ... xm (k)T
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Figure 4.2: Observation signals X and the elemental vector component structure (shown in
blue) for IVA.

x; (ko) and observation X. (Similar vector expression can be also applied to the target
stimulus estimation result Y, where source number N will replace observation number

Therefore, Eq.4.8 can be stacked together across frequency bins and rewritten as the
signal mixing model for IVA (# represents element-wise multiplication where matrices
are elements):

x!,.ox! LX) = L A TS s st (4.14)

Then by combining the entries into 3-D array forms as shown in Fig.4.1, this ex-
pression can be simplified into:

X = H#S (4.15)

The basic component vector shown in red can be represented as:

x;(ko) = [z} (ko), 23 (ko), s ¥l (Ko), ooy 2l (Ko)" j=1,2,...,M; ko€ [0,K] (4.16)

which contains uni-variate components across all F' frequency bins at a single time frame
ko for observation j. In Fig. 4.2, j = 1 is used as an example. It is also a temporal
element of x; as represented in equation 4.6. Using this multi-variate vector of time
sequence, the previously mentioned procedure which requires F' times ICA calculation
can be simplified into one IVA calculation since the information of all frequency bins
is concentrated into one elemental vector component.

To achieve both separation of different sources and correct grouping to achieve

permutation, there are two corresponding assumptions that the signal mixture model
should follow [16]:
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e Components of one source are mutually independent with components of another
source along time;

e Elements inside one source vector are dependent on the other elements along
frequency.

To express this duality in equations, an objective function can be defined using the
definition of mutual information among different vectors, here interpreted as different
sources. Kullback-Leiber divergence between two functions is used to calculate this
mutual information (dependency):

C=IZ(Y)=KL (p(yl, Yo Y H Q(Yi))

Py, Yo - Y
:/p(YI7y27"'7YN>ZOQ ( 1 N2 N)dyldyN
1L a(y:)

F
= /p(xl,XQ, oy X)) logp(X1, Xa, .oy Xy )dXq...dX )y — Zlog|deth| (4.17)
f=1
N
- Z/p(Yi)lOQQ(Yi>in
i=1

F N
= const. — Z log|deth| — Z Ellogq(y;)]

f=1 i=1

The first function p(y,,ys,...,¥y) is the joint probability density function (PDF) of
all sources, and the second function HZN q(y;) is the product of marginal PDF's of each
source as multi-variate time sequence. The constant term in the final step comes from
the definition of x;’s entropy H(x;), which is already known. By using the equation
4.9, we can express Y into observations X and mixing matrix W/ as: y/ = W/x7.
By assuming this process zero-mean and spatially white, rows of the un-mixing matrix
W/ are orthogonal, therefore Z?Zl log|detW/| = 0.
Now equation 4.17 can be simplified into:

C = const. — Z Ellogq(y;)] (4.18)

i=1
By using the definition of entropy again, equation 4.18 can be expressed as:
N N F
C = const. + Z H(y,) = const. + Z(Z H(yl) - I(yi)) (4.19)
i=1 =1 f=1

which is due to the relation H(y,) = Z?Zl Hyl) - I(y,).
From equation 4.19, to achieve min(C), it’s equivalent to min(zjl;l H(yl)) and
max(Z(y;)). In other words, the goal of finding mutually independent sources comes
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together with maximizing the mutual information of elements within each source vector.
This conclusion proves the two assumptions are both valid for solving the IVA problem.
The detailed steps in the IVA algorithm will be provided in the following parts,
which are similar to traditional ICA in general, but with multi-variate variables instead
of uni-variate variables, and therefore, each step will also be a multi-variate version!.

4.2.3.1 IVA Preparation

For each frequency f, perform zero-mean on x/ by subtracting mean values along time:

x! = x! — Eg[x/] (4.20)

Zero—mean

Then by doing principle component analysis (PCA) at each frequency, data is
whitened and the dimension M is reduced to N, making the following parts an N-
to-N un-mixing problem. The final result of this preparation step is z/:

Zf = Qxi’cero—mearw (Q = D_l/QEH> (4'21)

where Q is a linear transformation matrix, with D = diag(Aq,...,A\y) the diag-
onal matrix of the first N largest eigenvalues of spatial correlation matrix R =
X K e rean]E, and E = [eq, ..., ex] which is matrix of their corresponding

eigenvectors.

4.2.3.2 Learning Algorithm - Natural Gradient Method

According to equation 4.18, which is the cost function of this dependency minimization
problem, we can differentiate the cost function calculated from z/ with respect to the
un-mixing matrix, to find the one which can achieve the lowest cost:

AW oc —— - (WHTW/ (4.22)

where (Wf Y'W/ is the scaling matrices. Then the gradient learning rule can be ex-
pressed as:
AW! ={1-E[¢(y)) -y} W/ (4.23)

W/ — W/ . AW/ (4.24)

where ¢(y/) is a multivariate nonlinear score function, and 7 is the learning rate.
When the value difference between two iterations is smaller than a certain threshold,
this iteration algorithm stops and outputs W with y,.

To find a suitable score function ¢(y/), first we can express it as a vector:

o(y) =[s(y]) - o))" (4.25)

and for each entry, the nonlinear function can be related to its source prior PDF across
frequency.

!The algorithm described below is partly based on the Matlab code provided by:
https://github.com/teradepth/iva
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According to [31], experiments on audio signals indicate that super-Gaussian distri-
bution is a suitable choice to represent its frequency domain source prior PDF. There-
fore, for simplicity, here we also assume super-Gaussian distribution for stimuli in this
experiment. So the source prior can be expressed as a dependent multivariate super-
Gaussian distribution as in [31]:

1 F
p Odloglayl Ly v
¢( z) - 9 [f] - 7 v (426)
Yi > lyi P

4.2.3.3 IVA Reconstruction

After getting un-mixing matrix WY from Equation 4.24, we can restore the original
dimension using matrix Q. After that, the scaling ambiguity can be solved by adjusting
the separation matrix:

W/ = diag(W)) W/ (4.27)

norm

Then by using equation 4.9, the separated source y/ as well as 3-D array Y can
be obtained. After that, by performing inverse-STFT (ISTFT) on Y using the same
parameters as STFT before, we can finally find the separated stimuli time sequences

4.3 Stimulus Estimation

4.3.1 Post-IVA Recovery

Ideally, the source estimation results from the IVA algorithm should be the true stim-
uli. However, due to model inaccuracy and estimation errors, the results cannot be
reconstructed perfectly. For this research problem, since the sources are neural stimuli
sequences, their unique shape can be taken advantage of. Their shapes are similar to
impulse trains but with several seconds of activation duration for each impulse and a
certain pattern of rest time in between.

This unique source sequence shape will cause the IVA estimation results to be spiky
in the time domain, with several peaks representing potential activation moments.
Using this information, we can better reconstruct the source stimuli by locating when
activation happens on the time axis, then applying a certain signal waveform to it.

In the estimation algorithm, a MATLAB function findpeak() is used to provide peak
locations and corresponding height values. In order to find at which time point stimuli
happen, this function can take several configurable parameters and constrain which
local maximums in the signal should be counted as reasonable peaks: the minimum
peak value, the minimum distance between two peaks, the total number of peaks, etc.
Which parameters are configurable depends on the actual experimental setting, and
more determined information will lead to a more accurate estimation result.

After finding all activation moments, an activation waveform can be applied to all
the moments to mimic the neural activation incidence. The neural activation waveform
is usually modeled as a smoother shape compared with a square wave [17], so here we
use two exponential curves, as shown in Figure 4.3. After inserting all the activation
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Figure 4.3: Assumed neural stimulus waveform. (The total length can be adjusted according
to experimental requirements about stimulation duration.)

time points with the waveform, the output time sequence can be seen as the final
stimulus estimation result.

4.3.2 Stimulus Estimation Evaluation

There are two source evaluation methods that are applicable in this thesis paper, with
their own different features and usages. In the following two equations 4.28 and 4.29,
we assume the estimated sequence is represented as y and the real sequence as s.

(1) The first evaluation method is using normalized cross-correlation between the
estimated source and the real source sequence, which will be equal to 1 at zero lag
when two sequences are exactly the same (in this case it’s an auto-correlation):

. 1 A
Rys norm(m) = R,s(m) (4.28)

R, (0)R.s(0)

(2) The second evaluation method is quantifying signals into discrete stimulus events
and calculating the event appearance correctness. This method is simpler compared
to the first one but requires setting a period within which the estimated stimulus
appearance can be considered a ”hit”. By using the Kronecker Delta function, this
method can be expressed as:

KDuuy(y.5) = 5 3 6(0(0), ) (4.29)

where p = 1,2, ..., P is the index of a stimulus event, and P is the total number of
stimulus events in one source signal.
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4.4 HRF Estimation

4.4.1 Simultaneous Method

From the IVA algorithm described in Section 4.2, IVA final results contain not only
the estimated source time sequence 5;(t), but also un-mixing matrices W/ at each
frequency f. From equation 4.12 we know that hemodynamic transfer function (HTF),
which represents the frequency domain transformed HRF', can be derived directly from

W/ as 0 = (W/)t. So theoretically, each h;i(p) can be estimated by applying ISTFT

to the vector hj; which contain frequency elements with same observation index j and
source index 1.

4.4.2 Revised Simultaneous Method

To improve the result of the simultaneous method, this revised method modifies the
IVA algorithm used in the previous steps. At the end of each iteration of updating W,
first calculate temporary mixing matrices A/ = (Wf )T for each f, then stack them back
into 3-D array A in the same order as W. As the canon HTF model will be known as
equation 4.31, then each column aj; is fitted to the HTF model and outputted together

as A. Finally, calculate the un-mixing matrices back by W/ = (A, and use them
to proceed to the next iteration.

Revising the IVA algorithm by utilizing the HTF model information can restrain
each column in the mixing 3-D array A to be more canonical, iteration by iteration.
Therefore, IVA can not only find a fixed mixing pattern between observation positions
and sources but also make this mixing filter converge to an HTF-shaped signal. This
revised algorithm will also influence stimuli estimation performance.

However, because the error in IVA stimuli estimation results compared with real
stimuli cannot be avoided, the HTF information is also affected, and unlike source
sequence estimation, the error in HTF cannot be compensated by using additional steps
like the peak-finding process. So practically, HRF estimation achieved by using direct
IVA results will lead to large errors, making this revised method also inappropriate to
actual data.

4.4.3 Sequential Method

To estimated HRF, the already achieved stimulus estimation results §;(t) can be used
together with observation signals z;(t). In this way, the HRF estimation can only
happen after stimulus estimation, which leads to this sequential method.

By using equation 4.8 where both X and S are known either by given or by the previ-
ous estimation, we can calculate the deconvolution problem directly from this equation.
Besides, as the canonical HTF shape can also be known from previous literature, it can
be used to reshape the estimation result, the detailed steps will be discussed in the
next chapter.
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4.4.4 HRF Estimation Evaluation
The evaluation of HRF can come from two aspects:

1. The statistical accuracy of estimated HRF signal shape compared with the real
HRF signal, which is similar to stimulus evaluation criteria;

2. The neural scientific meaningfulness of HRF estimation results, represented by
HRF-related parameters’ regional and stimulus-wise behavior.

The first one can be applied to the simulation result since real HRFs (ground truth)
are manually generated, therefore, can be known and used for evaluation. However,
for experimental estimation, there’s no real HRF signal to be known, so the related
parameters (e.g. amplitude value, peak delay, total length,...) of HRF can be used to
evaluate the estimation performance. As already discussed in Chapter 2, one of the
most significant patterns regarding HRF regional behavior with respect to different
visual stimuli is that the left visual-related brain region will respond to visual stimuli
appearing on the right more significantly, and vice versa. By using this pattern, we can
use only the amplitude value of each HRF signal to evaluate HRF estimation results.
The detailed evaluation results will be given in the next two chapters.

4.5 HRF and HTF model

Although in this thesis, the stimulus and HRF estimation algorithm is not based on
canonical HRF/HTF models, they will be used during the fitting procedure and in
some future improvements. Therefore, this section will introduce the Gamma models
for HRF and HTF which are used in this thesis.

As mentioned in the previous chapter, the hemodynamic process is usually modeled
as an LTT system. HRF is the system’s impulse response and is usually described using
Gamma functions in many previous researches [15][22][18]. Here to further simplify the
expression, a three-parameters canonical model with one Gamma function can be used
to express HRF shape [19] :

f(t,0) = 0,(T(0,)) 1052t bat (4.30)

Since the goal of this thesis paper is to analyze the hemodynamic process in the
frequency domain, a frequency domain HRF model should also be generated. By ap-
plying Fourier transform to Equation 4.30, we can derive the canonical hemodynamic
transfer function (HTF) as %

F{f(t,0)} = 6.05(65 + j2m )% (4.31)

In this thesis, equation 4.31 will be used for fitting estimated HTF results, which
can give a more meaningful HRF signal shape after being transformed back to the time
domain for evaluation.

2This HTF expression is developed by ir. S.E. Kotti, PhD student in Circuits and Systems (CAS) group,
TU Delft.
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Simulation Data and Results

In the previous chapter, most of the major techniques used in the proposed algorithm
are introduced. To test the algorithm’s performance using artificially generated data,
a simulation is designed which will be explained in this chapter. In Section 5.1, a
pipeline that describes how signals are generated and estimated will be explained with
example inputs and outputs. Then in 5.2, the estimation results will be evaluated and
the influence of changing different parameters will be explained.

5.1 Simulation Pipeline

The simulation assumes the scenario as: N stimulus time sequences (sources) are fed
into the signal model, and M observation time sequences (observations) are recorded
from positions that have distinguished characteristics regarding their responses to stim-
uli. One source consists of a fixed number P of stimuli with a certain shape, and every
two adjacent stimuli are separated by a resting time ¢, which is randomized in values.
The task of the estimation algorithm is to recover N sources and (N x M) corresponding
HRFs from the known M observations.

Figure 5.1 shows the main steps of simulation, which consists of a Generation Pro-
cess, which outputs artificial observation time sequences, and the following steps for
signal estimation. The main variables passed between steps are also annotated in the
diagram.
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Figure 5.1: Simulation Pipeline
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5.1.1 Generation Process

Before generating any signals, the algorithm should first configure signal model
parameters. In this step several important parameters will be set: fUS sampling rate
F, which is close to the rate used in the actual experiment; source number N and
observation number M which should satisfy N < M; randomized resting duration’s
maximum and minimum values [t min, trmaz] between two stimuli; stimulus duration
which is constant for all sources; the total number of stimuli P in one source; duration
of HRF's; window length L used in STFT which should be longer than HRFs” duration;
SN R for additive white noise.

As an example for this simulation, the values in Table 5.1 are used. All the results
and plots shown in the rest of this chapter will use this set of parameter values, if not
specified otherwise.

Table 5.1: Parameters used in the simulation procedure.

Simulation Parameters
T, 1]
N 2
M 3
tr,min 5 [S]
tr,ma:p 20 [S]
stimulus duration 3 [s]
P 10
HRF duration 15 [s]
window length L 20 [s]
SNR 10 [dB]

After configuring all the parameters needed for the simulation, the next step is to
generate HRF's, which are treated as ground truth in the simulation. By using the
Gamma HRF model shown in Equation 4.30, three model parameters [0, 60s, 03] are
needed for each observation-source pair and used to construct corresponding HRF as a
time sequence with a duration of 15s. Figure 5.2 below shows the HRF's used in this
simulation.

To generate sources according to the setting mentioned above, we concate-
nate P identical pieces of stimuli into a time sequence, with a randomized rest time
tr € [trmin, trmaz] between every two adjacent stimuli, and this process repeats for both
sources we need. The stimulus waveform is the same as Figure 4.3, with a 3s duration
above half-peak value (which is 0.5 here). The N = 2 sources are statistically indepen-
dent from each other, and their appearances in time domain is also random, as shown
in Figure 5.3.

The final step in Generation Process is to generate observations, which will be
output as ey, ;(t) to the next step. This generation step takes HRF's hj;(t) and sources
si(t) from the previous two steps as input, where i = 1,2 and j = 1,2,3. By using
the signal model in equation 4.3, HRF's are convolved with corresponding sources and
summed into observations, then each observation is added to their corresponding white

24



HRF for source 1 HRF for source 2

06 T T 045
| 04t |
05 | |
I 035 |
| 1 i
04t | 03|
| | |
|
i 025 |
037 (1 |
[1 0.2
IR |
| \
[\ |
02 [ 1\ 0.15 |
\ \ |
ITRRRY 01
o1 ] n
/ \. 0051 \
AN I\
0 0
0 5 10 15 0 5 10 15
Time (s) Time (s)

Figure 5.2: Generated HRF's corresponding to each source-observation combination. The
0 parameter sets generated for the 15! source are: 67 = [3.0071,0.7064,1.7902]; O =
[2.3674,0.5578,3.2731] ; 63 = [6.3406,0.3134,4.4608]. For the 2" source: 6; =
[2.8096,0.0740, 4.4442]; 8, = [3.2245,0.6841, 2.5571] ; 05 = [3.8848, 0.4024, 3.2672].
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Figure 5.3: Sources generated for simulation.

Ssignal

noise sequence based on its signal power and SN R = . This generated observation
time sequence is an artificial version of the recorded fUS signal, and therefore, will be
given to the following estimation procedure as initial input.

5.1.2 Stimulus Estimation

The first step of estimation process is denoising with a low-pass filter which has cut-off
frequency at 0.2 [Hz|[19]. This step filters out high-frequency artifacts in observations,
by using the information that hemodynamic response signals mostly contain informa-
tion in a higher frequency range. The output of this step is x;(t), which corresponds
to the one in equation 4.2.

To transform z;(t) into the frequency domain, STFT is applied as explained in
Section 4.1.2, which gives 3-D array X as output which is applicable for IVA in the
next step. This X will also be used in later steps to calculate HRF.

After deriving the 3-D array X, IVA can be implemented to estimate the underlying
sources, as discussed in detail in Section 4.2.3. The outcome of IVA Y is also a 3-
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D array representation of estimated sources. Then after ISTFT, the estimated time
domain source sequences are derived as y;(t).

As the last step to get the final stimuli estimation result, a post-IVA recovery is
needed as already stated in Section 4.3.1. This recovery process can be visualized as
Figure 5.4, where blue signals are estimated sources y;(t) by IVA, red circles indicate
which peak will be recovered as the estimated stimulus, and yellow signals are scaled
true stimuli for easier comparison. Then after applying the stimulus waveform at each
peak time point, the estimated source sequences $;(t) are comparable to the known
real sources s;(t), therefore can be evaluated using the method mentioned in Section
4.3.2. For this example, the cross-correlation evaluation gives a score of 0.8762, and
the discrete score is 0.85.
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Figure 5.4: Post-IVA recovery by locating peak positions and replacing them with stimulus
waveform.

5.1.3 HRF Estimation

After acquiring X and $;(), we can calculate HRF by first transforming $;(¢) into a
time-frequency domain 3-D array g, then by using the signal model described in Eq.
4.14, frequency domain HTF can be directly calculated using the Sequential Method as
described in Section 4.4.3, and easily transformed into HRF results.

However, the estimated HTF/HRF result now may have a distorted shape due to
the influence of system error, remaining noise, or model inaccuracy. To get an HRF
result resembling the canonical shape, an additional fitting step is required before the
final ISTFT. Each HTF result is fitted into the canonical HTF model as shown in
equation 4.31 by solving the following optimization problem:

. 2
Juin |IAf(E 0)[];

= iy [Re{ | FUF0)) ~ HTFo} + in{|I P10} — HT 3}
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where HT' F,g,, represents the raw HTF estimation result as described in Section 4.4.3
waiting to be fitted, and F{ f(¢, @)} represents the signal model with 6 to be estimated,
which has the same length as HTF . s,.

In this optimization problem, three parameters in 8 are derived which can minimize
the cost function f. Since the HRF model shares the same set of parameters as the
HTF model, by feeding 0 back into the HRF signal model, we can have the final fitted
HRF result. Figure 5.5 shows one of the results (hg: 2"¢ observation’s HTF/HRF to
the 2" stimulus) of our example. The left plot is the HTF result, and the right one
is the HRF result. The blue line represents the true HTF/HRF previously generated
in Figure 5.2a; the red line represents the result without fitting; while the yellow line
is the final fitted result. From the plots, we can see that the final result is close to the
ground truth, and the fitting tuned the result towards a more canon-like shape without
too much compromising the estimation performance.

For HRF, peak value (amplitude) and peak delay in time are the two most essential
parameters. In this example, the fitted HRF result has a better peak value compared
with the raw result, with only a 1.75% relative error. However, the peak delay of fitted
HRF is a little worse than raw HRF. Since this only shows one example among 6 HRF
results, the estimation performance regarding peak value and peak delay will be further
discussed in the next section.
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Figure 5.5: Example estimation results for HTF and HRF

5.2 Evaluation

5.2.1 Stimulus Estimation Performance

As mentioned in Section 4.3.2, there are two methods for source evaluation. The cross-
correlation method as expressed in Eq. 4.28 gives the similarity between the estimated
source signal and the true source signal, and therefore, it’s more accurate than the
second one which treats each stimulus as a discrete instance. As a result, in this
section, only the first method is used, if not specified otherwise.
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As discussed in Table 5.1, there are 10 related parameters in this simulation, among
which some are configurable. To investigate how stimulus estimation performance will
change in different scenarios, the stimulus estimation score can be plotted versus sev-
eral parameters of interest. And by analysing these parameters’ influence to the per-
formance, suggestions towards future experimental design can be concluded. In this
section, every data point in all the following figures are calculated by averaging the
performance score of 5 trials where source signals and HRFs are randomly generated,
using the same set of parameters. The error bar indicated the standard deviations of
each set of data. And for each plot, the parameter of interest will change, and other
parameters remain the same.

Figure 5.6 below shows that with a fixed number of observations (here M = 15),
increasing source number N can lead to a gradually decrease performance. This is
easy to understand because it’s equivalent to increasing the number of unknowns while
the given information is fixed.

N v.s. performance (M=15)

0,9
0,8
0,7

0,6

0,5
0 2 4 & 8 10 12

number of stimulus sources

Figure 5.6: Performance influences by number of stimulus sources.

Figure 5.7a and 5.7b below show the influence of increasing observation number
M. With a fixed number of stimuli, when more observations are known, theoretically
the performance will be better. However, from the figures we can see that the perfor-
mance is not significantly relevant to this change. This result may due to the PCA
process inside IVA algorithm, where dimension reduction is applied. When more ob-
servation is known to the algorithm, this step will reduce more information which leads
to a compensation towards the final result. Also, the plots shown that the trials has a
relatively high variance, therefore the result may also be influenced by randomness.

By concluding findings in Fig. 5.6 and Fig. 5.7, the experimental design suggestion
is: set a small number of sources as estimation target, and record smaller number of
observation signals for a shorter computation cost.

Figure 5.8a shows how performance will change when maximum rest duration be-
tween two activation t, ., increases. It can be concluded that a longer possible rest
duration upper bound can lead to a better separation performance. Figure 5.8b shows
when the possibility duration of rest time is fixed to be 10s, how rest time length in gen-
eral can influence the performance. We can conclude from the plot that the performance
is not significantly influenced by the general rest time. However, in real experiments,
the total rest duration will be restricted by practical limitations and cannot be too
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Figure 5.7: Performance influenced by number of observations.
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By concluding Fig. 5.8a and 5.8b, the experimental design suggestion is: give a
larger range of possibility for rest time, and keep the total rest duration within a

reasonable length.

Finally, in Fig. 5.8c, the influence of noise level is shown. A higher SNR level will

lead to a better estimation performance, which is as expected.
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Figure 5.8: Performance influenced by different parameters.

5.2.2 HRF Estimation Performance

35

In this section, HRF estimation results for the example will be evaluated in three
aspects: amplitude, peak delay, and the whole HRF. Performance of these aspects can
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be quantified as: amplitude relative error measured in %, A(Peak delay) measured in
seconds, and signal mean square error (MSE), respectively.

In this example, there are 6 HRF results in total, each corresponding to one pair of
observation and source signals. In the following Table 5.2, each aspect is calculated as
the average of all 6 results, which represents the performance in general.

Table 5.2: HRF estimation result evaluation in three aspects.

HRF Evaluation
Amplitude relative error 14.8 %
A(Peak delay) 0.33 [s]
MSE 0.0012

For the amplitude value, the estimated result is very near the true HRF in most
cases. The average error between estimated amplitude and true amplitude is around
15%, which is on an acceptable level. The fitting process sometimes may reduce the
amplitude error compared with the raw HRF, as shown in Fig. 5.5. However, it is not
always guaranteed. For the peak delay, the difference between estimated HRF and true
HRF is around 0.33s on average. Compared with the 15s duration of HRF, this error
is very small. Similar to amplitude value, the fitting process is not always helping with
reducing the error. The averaged MSE of the HRF estimation has a value of 0.0012,
which means in this example, the estimated HRF is very similar to the true ones.

The HRF estimation performance can also be influenced by changing model param-
eters listed in Table 5.1, which is similar to stimulus estimation. Because the HRF
estimation is performed sequentially after stimulus estimation, its performance will in-
herit the patterns related to parameter changes and shown in Fig 5.6, 5.7, and 5.8,
therefore not repeated here.
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Experimental Data and Results

To further investigate the performance of this proposed estimating algorithm, in this
chapter, experimental fUS data will be used as observation signals, and the results will
be evaluated and discussed similarly as in Chapter 5. In Section 6.1, a pipeline that
illustrates data pre-processing, as well as estimation steps, will be discussed. In Section
6.2, the estimated stimulus will be analyzed by comparing it with other methods and
comparing performance among different trails. Then in Section 6.3, the HRF estimation
results will be shown and evaluated.

6.1 Experimental Pipeline

The main differences between this experimental processing pipeline and the simulation
in Chapter 5 are: (1) No data generation steps are needed; (2) More pre-processing
is required to get the IVA-calculable observations x;(t). Therefore, in Figure 6.1, the
blocks after getting x;(t) are the same as the ones in Figure 5.1, and as a result this
section will focus on explaining the steps before getting z,(¢).
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Figure 6.1: Experimental Pipeline

6.1.1 Data Description

The fUS dataset was recorded by CUBE research group from Erasmus MC. It is a
PDI recording of a mouse’s brain over time. In the experimental setting, there are two
screens in front of the experiment object (mouse), one on the left and another on the
right, which both display a series of icons that varies over time. A series of icons are
displayed on each which differs in shape and size. Figure 6.2 shows all the icons used in
this experiment and their corresponding index from 1 to 20. Each icon is repeated 10
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times, and each time 3 seconds. The resting period is designed as a completely black
screen, which is a random period between 5 to 9 seconds. The appearance of stimuli
icons is also random.

In the rest of this chapter, we assume each different stimulus icon’s appearance as
a source signal, therefore, there are 20 different sources in total in this dataset. Since
for this experiment, PDI is recorded continuously when different icons are displayed on
screens, to extract the corresponding hemodynamic response we need to cut relative
time series out of the whole PDI recording. This ”cut and paste” step may lead to non-
continuity inside extracted observation signal, but this effect can be reduced somehow
by the temporal filtering step which will happen later.

Left Right Left Right
Screen Screen Source Screen Screen

Source

(1) (6) (12) (16)
(2 (7) (12) (17)
(3) (8) (13) (18)
(4) 9) (14) (19)
(5) (10) (15) (20)

Figure 6.2: Stimuli icons in different sizes, shapes, and positions shown on screen.

As discussed in Chapter 2, the PDI recording is formed by averaging compound
images over time. Here the fUS time series has the sampling frequency Fy = 4.6503[H z].
The fUS data are stored as (N, x N,) time sequences, where N, and N, are the PDI
image sizes along = and y axis. Therefore, the imported PDI here can be treated as
observation signals in all (N, x N,) voxels.

Although the actual stimuli are part of the estimation targets (unknown) of this
experiment, their true appearance patterns (ground truth) can be known from the
experimental process which can be used for evaluation. To roughly visualize how the
mouse’s brain responds to each stimulus, 20 temporal correlation maps between all 20
stimulus series and the whole brain PDI voxel time series are generated and shown in
Figure 6.3.

Each column of 5 maps represents stimuli of one certain shape and position and
increases in size accordingly. It can be observed that, as icon size increases, the PDI
brightness of certain regions which represents response amplitude also increases gen-
erally. The relation between the position (left or right) of the stimulus and the brain
region with a higher response can also be observed, since the left stimulus will mostly
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Figure 6.3: 20 different stimuli vary in position, symbol shape, and size.

receive a higher response from the right half of the brain, and vice versa.

6.1.2 Data Pre-processing

The raw PDI data acquired from fUS cannot be directly applied to the same pipeline
as simulation data, because of the large voxel number, the noise, etc. Several pre-
processing steps are needed to convert the PDI into desired x;(t).

There are two main steps in data pre-processing after importing PDI. The first
is selecting area and period of interest. By cutting off edges with no useful
information, the total data size can be reduced, therefore the image dimensions changed
to (Ng, X Ny,), where N, < N, and N,, < N,. Here N,, and N,, are the new voxel
dimensions of the slice. To select several sources for analysis which is less than 20, the
time periods when sources of interest are happening also need to be extracted. We use
N = 2 source for this chapter, and source index 4 (Left, Square, Size 4) and 9 (Right,
Square, Size 4) will be used as an example to show estimation performance regarding
stimulus position. The extracted sources are shown in Figure 6.4, which can be used
later to evaluate stimulus estimation.

The second step is to rescale, normalize and filter. To rescale the extracted PDI
signals, we can treat the PDI image at each time point separately, and by dividing each
voxel value with the mean value across the whole image at one moment, a rescaled
relative PDI image is generated. For each relative PDI image, the relative values
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Figure 6.4: Sources with index 4 and 9

of voxels are maintained at a similar scale across time; while the amplitude behavior
across the image is also preserved since a larger amplitude voxel will always have a larger
relative value after rescaling. This is used to mitigate the potential global change in
amplitude level which happen across time. Then, to normalize the PDI signals, the
temporal mean of each voxel is subtracted from the original signal and then divided by
their temporal standard deviations. Finally, a low-pass filter with a cut-off frequency
at 0.2 [Hz| is applied to each voxel, so that noises can be mostly mitigated, which is
similar to the denoising step in the simulation pipeline.

Now, the updated PDI consists of (N,, X N,,) time sequences which are the hemo-
dynamic response to source indexes 4 and 9. The voxel numbers is around 17k and
time points is around 1Kk.

6.1.3 Spatial ICA and Region Selection

The PDI at the current stage usually has a larger number of voxels than the number
of time points. To reduce the total number of observation signals, voxels need to be
parcellated together into regions. This can be implemented using Spatial ICA (sICA),
as already introduced in Chapter 4. The whole brain activity can be treated as a
superposition of smaller independent brain activity patterns which happen in different
volumetric regions, and as a result, the voxels v here are labels of time sequences, which
makes spatial independence analysis possible. The ICA model can be expressed as [50]:

B(v,t) =Y M.(t)Cy(v) (6.1)



where v € R? is the voxel location on the slice; R is the total number of independent
patterns; C,(v) is the spatial activity map with size (N, x Ny); M.(t) € RT is
the corresponding activity time course. Since C(v) here represents the spatial map
of different activities, it can be used to generate R parcellated regions which we are
interested in. By taking the inverse of each spatial map, the parcelization maps D(v)
can be generated for each independent activity, which indicates how to weigh the whole
brain activity at each voxel to form parcellated regions.

After getting R parcelization maps of voxels, a manual selection of observation
regions is needed to pick several most informative maps, in order to further reduce
the total number of ”"observations”, as well as concentrate on meaningful parcelization
maps which reflects the regional behavior of the whole brain under certain stimuli. This
step can be assisted by the known brain atlas as introduced in Chapter 2, where we can
know which brain regions are corresponding to visual activities. In this example where
R = 30, 5 maps can be manually selected as informative regions, as shown in the first
row in Figure 6.5, while other maps are generally noisy or not meaningful according to
the brain atlas.

Mymatisesst sepssten - [P re— [Erm —

Figure 6.5: Selected parcelization maps and regions after thresholding.

To further process these maps and find brain regions that can be treated as regions of
interest for observation signals, a threshold is needed for each map. Here the threshold
is set to be at the first 1/4 highest value of parcelization map, and after thresholding,
the selected regions of each map can also be shown in the second row of Figure 6.5 as
yellow regions.

Now there are 5 regions of interest derived from brain activity maps, and the final
step in this part is to calculate observation signals from these regions. Since the
maps are N, X N, matrices with weighting coefficients as its entries, the calculation
of signals should follow the weight given by the entries. Besides, since the summations
of all entries within a region are not always equal to 1, a normalization is needed to
unify each map’s weighting scaling to be summed to 1. The process of calculating the
J-th observation signal can be expressed as:

)= Y DI (6.2)

vERegiongp,

where Regiony, ; with j = 1,...,5 represents one of the 5 selected thresholded regions;
D;(v) is the spatial parcelization map; and I(v,t) is the PDI shown as time sequences.
Now all the pre-IVA processing are finished, and the rest steps are the same as

simulation, only with a different observation number M = 5.
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6.2 Stimulus Estimation

By using the proposed estimation algorithm, the stimulus estimation result of this
example can be shown in Figure 6.6. Similar to the simulation result, here blue signals
are estimated sources y;(t) by IVA, red circles indicate which peak will be recovered as
an estimated stimulus, and yellow signals are scaled true stimuli for easier comparison.
The cross-correlation evaluation gives a score of 0.8293, and the discrete score is 0.95.
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Figure 6.6: Experiment source estimation

6.2.1 Comparison with temporal ICA

One of IVA’s advantages is that, compared with the traditional and widely-used tem-
poral ICA (tICA) method to recover source stimulus, the IVA algorithm is based on
the convolution model as stated in Eq. 4.3, while the temporal ICA method is based
on a much simpler instantaneous mixing model assumption as expressed in Eq. 4.11.
The goal of this comparison is to show that the convolutive model is important for
stimulus reconstruction and stimuli can be estimated more accurately using this model
assumption.

Figure 6.7 and 6.8 shown below compare both methods’ stimulus peak estimation
results, which is an important intermediate output before source estimation. In Figure
6.7, neither of the sources’ peaks can be derived from temporal ICA separation results.
While in Figure 6.8, the left subplot clearly shows that the peaks derived from IVA
separation results can be used to recover source 1, and similarly, the right subplot can
be used to derive source 2. Since for tICA, neither estimated results can be clearly
assigned to corresponding true sources for cross-correlation evaluation, here the second
evaluation method shown in Eq. 4.29 will be used. The "hit” tolerance is set to be a
single stimulus activation duration. Using this evaluation equation, tICA will have a
score of 0.3 out of 1, while the score of IVA is approximately 1.

Using the same evaluation equation in Eq. 4.29, a comparison between IVA and
tICA among all pair of sources can be shown in Fig. 6.9. It can be observed that IVA
achieves a generally better stimulus separation performance compared with tICA.
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Figure 6.8: IVA stimulus peaks estimation results

6.2.2 Source Position Estimation Result

To further focus on estimating sources distinguished by position (icon shown on the left
or right screen), 10 pairs of tests can be formed as shown in Table 6.1, and by applying
the experiment pipeline steps on all of these trials, we can calculate evaluation score
for each trail. As mentioned before, the stimulus estimation results are evaluated using
cross-correlation between results and the true sources as expressed in Eq.4.28.

The first test between stimulus indexes 1 and 6 doesn’t generate results due to
poor performance. The estimated results are not comparable to either true source,
therefore an evaluation score cannot be calculated. The rest of the tests are evaluated
in score values (unit = 1). From the table, we can observe that square stimuli have a
generally better performance than circle tests, and stimuli with a larger icon will have a
better performance compared with a smaller one. However, this relation is not strictly
linear, because each trial’s performance may also be influenced by other factors, like test
subject’s tiredness or memory. Also, the example we chose in the previous explanations
(source index 4 and 9) is the best case regarding source estimation among all other pairs.
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Table 6.1: Stimulus Estimation score for different pair of sources.

Stimulus Index (Square) | Score | Stimulus Index (Clircle) | Score
1.6 N/A 11, 16 0.4053
2,7 0.4859 12, 17 0.4865
3, 8 0.5601 13, 18 0.5902
4,9 0.8293 14, 19 0.5681
5, 10 0.7802 15, 20 0.5450

As a comparison in literature, another thesis using the same dataset as this thesis
also performs an estimation of stimulus [51]. One of its goals is to predict if the stimulus
appears on the left or right screen. It uses the second stimulus estimation method as
stated in Section 4.3.2, and the best result comes from the sparse dictionary learning
(sDL) method, which is 0.87. It is higher than the best case as shown in Table 6.1.
However, the worst case of this data-driven algorithm will have a score of around 0.5
(random guess), due to its classification nature. While for the IVA estimation, the
worst case can reach a score of 0 when none of the peaks are recognized.

6.3 HRF Estimation

The HRF results can also be calculated following the experimental pipeline. One pair
of HTF/HRF estimation results is shown as Figure 6.10 (for region R; and the 1%
stimulus). Different from the plot of simulation HRF results, since in the experiment
scenario the true HRFs (ground truth) are known, here the blue lines represent HRF's
calculated using true sources, which can be referred to as an upper bound of estimation
results. The red lines represent HTF/HRF estimation results without fitting, and the
yellow lines represent fitted results. Due to HRF’s physical properties, the length of
the shown HRF result is trimmed to 10s.
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Figure 6.10: Estimation results for HTF and HRF

6.3.1 Evaluation

To evaluate HRF results without knowing the true HRF's, the second method mentioned
in section 4.4.4 can be applied here. According to the Divided Visual Field Paradigm,
a stimulus that appears in the left visual field will lead to a higher response in the
right cerebral hemisphere, and the right stimulus will cause a higher response in the
left hemisphere. Since one of the most important HRF characteristics is its amplitude,
it can represent the level of response: a larger HRF amplitude means a higher response
level.

Using the information mentioned above, HRF results of all M = 5 observations
regions to N = 2 stimuli sources can be shown in figure 6.11. The first row is observation
maps which also indicate their most activated brain regions (left or right). The second
row is HRF estimation results corresponding to the first source (stimulus index 4, left
screen), and the third row shows results for the second source (stimulus index 9, right
screen). The number marked in each HRF plot is the amplitude value. The significantly
larger one within each pair is written in red, and the values from unsatisfying results
are marked in braces.

The two chosen stimuli icons have the same size and shape and only differ in position
(left screen or right screen). Therefore, the source amplitudes of both stimuli can be
assumed equal. And as a result, the level of response can be reflected through HRF
amplitude, and compared with each other. Here HRF length of all results is trimmed
to 10s.

It can be seen that in this example, both right brain observation regions R; and
Rs have a higher response to the left stimulus. For the left brain observation regions,
two out of three HRF results show a higher response to the right stimulus, while for
region L, both stimuli are having a similar level, therefore not very distinguishable. In
conclusion, in this 5-by-2 HRF test, a 4/5 = 80% correctness is achieved.
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Discussion

In this chapter, the research questions raised in Chapter 1 will be first answered ac-
cordingly in section 7.1. Although the results shown in previous chapters demonstrate
a desirable performance, there are still drawbacks that exist in this proposed estima-
tion process regarding the current research problem. The proposed method will be
critically discussed from two aspects: its limitations and potential aspects for future
improvement. In Section 7.2, limitations regarding the estimation algorithm’s assump-
tion, methodology, and results generation will be explained. Then based on these
limitations, in section 7.3, several possible directions for future work are proposed.

7.1 Answers to Research Questions

In Chapter 1, there are three research questions raised for this thesis. Corresponding
answers and explanations will be given here:

e RQ1: How to convert the signal estimation problem into frequency domain?

ANS1: In this thesis STFT is used to convert the signal estimation problem
into frequency domain. As a result, IVA algorithm can achieve STFT coefficient
vectors separation across all frequency bins.

e RQ2: What frequency domain technique can be considered in solving this esti-
mation problem?

ANS2: First ICA is considered for stimulus separation, then IVA is found to be
its suitable higher dimension extension for this estimation problem. The ideal
goal is to achieve stimulus and HRF separation simultaneously, while the attempt
failed due to the erroneous HRF results. Therefore, a sequential method is chosen
for HRF estimation after acquiring stimulus results.

e RQ3: What neuroscientific insights can the estimation results give?

ANS3: The experimental analysis in this thesis proves that convolutive model
assumption is more accurate then instantaneous mixing model. It is done by
comparing the stimulus estimation results between IVA and tICA results. The
HRF estimation results also indicates the hemodynamic response level difference
between left and right hemisphere when exposed to visual stimulus in left /right vi-
sual fields. However, since the dataset and the corresponding settings are limited,
theses insights still require further proof to be applied generally.
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7.2 Limitations

From the answers to the research question as well as the proposed algorithm itself, we
can see that this method explained so far still has several limitations:

(1) Prior source PDF is not exactly super-Gaussian. In section 4.2.2, when
explaining the learning algorithm used in IVA, the source prior PDF information is used
for constructing score functions gb(y{ ) as expressed in Equation 4.26. Currently, there’s
little literature investigating the actual prior PDF of neuro-signal stimulus, therefore,
it is assumed that stimulus source signals will have super-Gaussian distribution in the
frequency domain, which is a conclusion from audio signal research and used here for
simplicity. Although IVA can still be successfully performed on neuro-signals using this
super-Gaussian prior PDF, the estimation performance may be compromised due to
this context mismatch.

(2) Applicable scenarios and settings are limited. As described in Section
5.2.1, there are several parameters that will influence the estimation performance, such
as the number of observations and sources, rest time, and SNR level. While in real
cases, the values of these parameters are not always the ”best” choices. Therefore, the
estimation performance’s upper bound will be affected. This can also be observed in
Table 6.1, where different pairs which differ in appearance order, size, and shape will
have different performances, which is reasonable but still requires further investigation.

(3) Noise model is too simplistic. Here we only consider additive white noise in
the signal model, while the real noise and artifacts in the fUS signal are far more complex
than that [52]. There are different noise sources that can come from physiological,
thermal, and also motion-related behaviors. Therefore, after simply de-noising additive
white noises, there will still be artifacts that remained in the signal data.

7.3 Future Work

Based on the previous discussion of methodology and limitations, several directions of
future work can be proposed as follows:

(1) To reduce the influence of inaccurate prior source PDF, more research regarding
neural stimulus’ frequency domain property can be conducted. It can be realized by
designing source stimuli with a certain pattern, which not only has a prior PDF that
can be expressed easily, but also can lead to better performance with this method. In
this case, the multivariate score function can also be chosen more accurately.

(2) To further investigate the most suitable scenarios where this method is appli-
cable, more simulations and experiments with various settings can be performed. It
can also help validate assumptions like certain properties of neural signals and the
capability of this IVA algorithm.

(3) A more complex noise model can be used in simulation and experimental fUS
processing. And as a result, corresponding de-noising algorithms should be performed
in addition. The noise model can be chosen based on the experimental paradigm in
which certain influencing factors can be ignored by choice, such as thermal artifacts
which can be treated as a constant through a short experiment. While other factors
that are related should be kept.
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(4) The Revised Simultaneous method can be further improved by utilizing HRF
information which is acquired afterward so that the estimation result can be improved
in an iterative way. Since the IVA algorithm only assume there is a certain filter existing
in each mixing process, the information about the filter itself (in this case, HTF) is not
used fully, which leads to a sub-optimal result. Although the attempt as mentioned in
4.4.2 failed, this IVA algorithm still holds the potential to be improved better so that
stimulus and HRF can be estimated together in one step, rather than sequentially.

(5) Since the dataset used in Chapter 6 is segmented and connected again to form
corresponding observation signals, the non-continuity caused by this step may lead to a
larger error during estimation. Therefore, a more suitable experiment for this proposer
estimation method can be designed in the future.
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Conclusion

In this thesis paper, a joint estimation method is proposed for both HRF and stimulus
using fUS data.

In the first chapter, an introduction is given about fUS imaging and the hemody-
namic system. The thesis research problem consists of three parts: how to convert the
context into frequency domain; what technique can be used; what insights can be found
from this estimation.

In the second chapter, background information is given regarding three topics. The
fUS technique and PDI imaging process are explained. Then, brain mapping is intro-
duced, which provides this estimation problem with a broader context. An illustration
of the concerned hemodynamic signals is also shown in this chapter.

In the third chapter, literature related to HRF and stimulus estimation, as well as
audio signal application which shares a similar signal mixing model are discussed. For
the time domain hemodynamic analysis, HRF canonical model and GLM method are
two of the most popular choices. There’s also a data-driven approach that provides
a more flexible scheme for signal estimation. For frequency domain analysis, there’s
not so much related work, which provides space for more new developments. Then by
discussing the audio signal analysis problem, ICA is found to be a potential method
for further investigation.

In the fourth chapter, the main steps and techniques used in the proposed estimation
algorithm are explained in detail. First, the estimation problem itself is explained using
equations for signal modeling and domain transformation. Most notations and symbols
involved in the algorithm are also introduced there. Then ICA and its frequency domain
application attempt are explained, which leads to the conclusion that the permutation
problem is not what we desired. Therefore, IVA which shares a similar essence with
ICA is introduced, which avoids the aforementioned permutation problem, and can
provide frequency domain solution in a more direct way. Then the detailed steps in the
IVA algorithm are explained, as well as additional steps needed after IVA to achieve
stimulus and HRF estimation. Finally, HRF and HTF Gamma model is introduced,
which will be used later in the result fitting step.

In the fifth chapter, artificial data is generated for simulation. Then an exam-
ple setting is used to generate results using the proposed pipeline. In this 2-source
3-observation example, IVA is used first to find stimulus peaks when activation hap-
pens. Then by reconstructing the source signal, stimulus estimation is achieved. HRF
estimation and final fitting are done after acquiring stimulus results, which leads to
a sequential method. The estimation results here are displayed and evaluated sepa-
rately. Quantitative scores are given to the evaluation, from which we can see that this
simulation example has satisfying performance.

In the sixth chapter, experimental data provided by Erasmus MC is used for analysis.
First, the dataset itself is introduced, which leads to the example that will be used
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throughout this chapter. Then by applying the experimental pipeline to the dataset,
each step along the way is explained together with visualized results. The sICA method
is used for pre-processing the dataset, which can reduce voxel dimension and create
regions of interest in the fUS image. Then by constructing observation time courses,
IVA can be applied to the response signals, which leads to final estimation results. The
stimulus estimation result is shown and compared with the tICA result, which is based
on an instantaneous mixture assumption. The comparison shows that IVA achieves a
much better estimation of stimulus compared with tICA. Since the example only shows
the results of one pair of stimuli, another table is used to show the general source
estimation performance of all 10 stimulus pairs. From the evaluation scores, we can
conclude that this algorithm’s performance may highly rely on suitable experimental
settings, since some pairs have very good performance while others don’t. Finally, the
HRF results are also shown and evaluated, which takes advantage of the Divided visual
Field Paradigm for result validation. The result shows that the HRF amplitude result
follows our assumption with an 80% correctness, although there are still a few results
that don’t perform as expected.

In the seventh chapter, first researches questions are answered based on all the pre-
vious chapters. Then several limitations of the current work are listed, which critically
explained the drawbacks of some techniques and experimental designs. According to
the limitations and inspirations from previous chapters, several potential future working
directions are also listed as a reference.

In conclusion, this thesis provides a solution to the concerned research questions.
This proposed estimation approach gives satisfying results for both stimulus and HRF
estimation using frequency domain methods under suitable experimental design. It also
provides valuable insights into the convolution hemodynamic signal system, which may
benefit researchers who are interested in neuroscience and ICA /IVA-related topics.
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