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Abstract

The presence of a fractal pattern, characterized by self-similarity at various scales, has been observed
in numerous physiological signals. This thesis specifically investigates the fractal dynamics of the heart
rate. The main objective of this project is to analyze the underlying mechanisms that contribute to
this complex structure, aiming to gain a deeper understanding of its nature and how it is influenced
by different diseases. The study focused on three distinct groups which included healthy subjects,
individuals with congestive heart failure, and those with atrial fibrillation. The study aimed to adapt
and expand a stochastic model proposed by Ivanov et al. |21], which originally focused on modeling
the fractal dynamics of the heart rate in healthy individuals. The model assumes that the heart
rate is influenced by the parasympathetic and sympathetic systems. In this project, the model was re-
implemented and extended to incorporate diseased subjects. The extended stochastic model accurately
represented the fractal dynamics of the heart rate, showing strong correlation with observed patterns.
Atrial fibrillation resulted in a complete loss of fractal dynamics at low scales, replaced by a random
signal. Congestive heart failure had a lesser impact but showed a reduction in the influence of the
sympathetic and parasympathetic systems. These findings highlight the model’s strength in elucidating
complex physiological processes. Looking ahead, further advancements can be made by incorporating
additional factors, paving the way for even more comprehensive understanding.
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Chapter 1

Getting Started

1.1 Introduction

Fractals are complex structures that exhibit self-similarity at different scales and have been observed
in a wide range of natural systems. In particular, the fractal pattern has been observed in many
biological signals, including the heart rate, which is an important indicator of cardiovascular health.
This pattern is believed to reflect the complex interactions between the different physiological systems
that regulate the heart rate. This thesis aims to analyze the fractal dynamics of the heart rate using
various techniques and models and investigate the differences in the fractal pattern between healthy
and diseased subjects.

1.1.1 Background and Significance

Fractal patterns have been observed in many physiological signals, including gait |15, 20, 18, 29| and
heart rate |12, 11, 42|. These signals display complex patterns that cannot be easily characterized
by traditional signal analysis methods. In 1994, Peng et al. |32 introduced a method that quantifies
the long-range correlation observed in signals with a fractal pattern. This method, called detrended
fluctuation analysis (DFA), has since been widely used to identify fractals in various biological signals
[15, [20]. In particular, DFA has been used to investigate how the fractal pattern of heart rate signals
changes with the progression of diseases or aging |33, |12].

The dynamics of the heart rate have been the subject of numerous mathematical and statisti-
cal modeling attempts. One of the earliest models was introduced by Warner and Cox |35|, who
proposed various mathematical equations to predict the heart rate based on sympathetic and vagus
efferent nerves to the heart. Subsequently, several other models emerged, with many of them adopting
statistical approaches such as autoregressive models |6] and point process models [3]. In a more spe-
cific context, Stirling et al. [39] developed a model for heart rate response to exercise using differential
equations, considering the dependence of heart rate on time and oxygen demand. More recent advance-
ments have explored the application of machine learning techniques. Neural networks, ranging from
simple artificial neural networks |41] to more complex models incorporating Long Short-Term Memory
(LSTM) networks, have been investigated. The utilization of LSTMs enables capturing correlations
between interbeat intervals, often augmented with attention mechanisms [26].

Despite the existence of several models with compelling features and outcomes, none of them have
incorporated the fractal dynamics of heart rate. The only model identified that considers the fractal
pattern is the one proposed by Ivanov et al. |21] which models the heart rate of healthy subjects.
Given that the primary focus of this study is on fractal dynamics, this model appears to be the most
pertinent foundation for modeling the fractal dynamics of heart rate.

The objective of this project is to explore this existing stochastic model developed for modeling
the heart rate and adapt it to incorporate diseased patients. By doing so, we aim to gain a deeper
understanding of the effects of these diseases on the fractal dynamics of the heart rate and how these
changes can be modeled. In addition, this project aims to evaluate the performance of these models
in differentiating between healthy and diseased patients based on their heart rate dynamics. This



information could be used to develop new diagnostic tools for cardiovascular diseases and to better
understand the underlying mechanisms of these conditions.

1.1.2 Structure of the Thesis

To achieve the objectives of this thesis, the following structure is adopted.

In the remaining sections of this chapter, section provides a brief overview of fractals and the
heart rate, which are essential concepts for understanding this project. Following that, section
introduces the two datasets utilized in this work.

Chapter [2] focuses on analyzing the structure of fractal signals. This chapter is divided into two
parts: first, we explore the methods used to analyze fractal signals (section , and then we apply
the most suitable method to heart rate signals (section .

Once a solid understanding of fractals is established, the subsequent focus is on modeling the
fractal pattern of heart rate. Chapter [3explores the Ivanov model, a stochastic model that has proven
successful in generating fractal heart rate signals. In section [3.1] we present the model and identify
the parameters that influence the fractal pattern of the generated signals. In sections [3.2] B-3] and [3:4]
we explore three different methods to fit the most appropriate parameters on real heart rate datasets,
which include data from healthy subjects, as well as individuals with congestive heart failure and atrial
fibrillation. Finally, in section we analyze the quality of the parameters estimation for each subject
and provide an interpretation.

Lastly, in chapter [4] we briefly explore generalized linear models, another potential heart rate model
and evaluate its potential for fractal modeling.

1.1.3 Code Availability

All the different methods employed and discussed in this study were implemented using the Python
programming language within a Jupyter Notebook environment. The documented source codes can
be accessed from the following GitHub repository:
https://github.com/0d1BB/ATFEO015-1-Fractality-as-a-health-indicator!.


https://github.com/OdlBB/ATFE0015-1-Fractality-as-a-health-indicator

1.2 Context

1.2.1 What is a Fractal?

When someone evokes the word fractal, most people think of geometric figures that self contain them-
selves, i.e. figures that whatever the scale at which we look, we will always see the same figure. Some
known examples are the Koch snowflake (Figure or the Sierpinski carpet. If these figures are in-
deed fractals, they are just a small subset of the whole set and represent an extreme example of what a
fractal actually is. What characterises a fractal is the self similarity (and not the self-containing) at all
scales. Let’s take the example of the coastline of Britain. At a scale of 10km, the beaches and cliffs can
be seen. Once zoomed at a scale of 1km, new small beaches appear. This keeps happening by zooming
again and agairﬂ As can be seen on Figure even though the pictures were taken at different scales,
the coast line remains pretty similar. However, at a certain point, such as the molecular scale, this
phenomenon is no longer observable. Self-similarity at all scales is an ideal case, and in reality, the
range of scales at which fractals can be observed is limited by upper and lower bounds.

Temporal Self-Similarity

300 min

Figure 1.1: Left: Koch snowflake. Right: A fractal temporal process at different time scales. Figure

from ref [12].

Figure 1.2: Britain coast at scales of 10km (left) and 1km (right). Source: https://www.youtube.
com/watch?v=pAiR7gbxzaQ.

Another characteristic of fractals is that they have an infinite perimeter (due to the self-similarity
at all time scales) but a finite surface. Let’s consider the Britain coastline again. Obviously, the surface
of Britain is finite. However, the perimeter will grow with the precision. This happens because the
more we zoom in and increase the precision, the more details of the coastline such as cliffs and small
beaches become visible, causing the perimeter value to increase.

"More details in https://www.youtube.com/watch?v=pAiR7g5xzaQ
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1.2.1.1 Fractals in Time Series

In the context of this project, the concept of fractal patterns is applied to time series analysis and more
specifically on biological signals. As depicted in Figure some signals also exhibit self-similarity.
Before diving into the fractal signal, we first need to know what are white and Brownian noise.
White noise is a type of noise that has a flat frequency spectrum meaning that it contains all
frequencies at equal intensity. It is called "white" because it is analogous to white light, which contains
all visible colors at equal intensity. In terms of time series, it consists in a time series with

® a zero mean,

e a finite standard deviation that is constant in time,

e no correlation between the lags.

Brownian noise is the integration of white noise. It has a power spectral density that is inversely
proportional to the frequency squared, which means that its power decreases as the frequency increases.
It is also referred as random walk noise, meaning that the time series can be built by using a random
walk process. It has the following properties apart from the ones in table

e Drift: non-zero mean drift, which means that over time, the values tend to move in one direction

or another;

e Diffusion: the values tend to spread out over time due to random fluctuations.

contrast to white noise, which has equal variance at all times.

This is in

The fractal signal is more commonly referred as "1/f" noise or pink noiseﬂ [23]. It exhibits a
power spectral density that is inversely proportional to the frequency. This means that the power
of the noise decreases as the frequency increases. In terms of that definition, it is also referred as a
noise that is between white and Brownian noise (see Figure . Additionally to the characteristics
presented in table , 1/f noise also exhibits persistence which refers to the characteristic of the noise
to exhibit long-lasting fluctuations and variations that persist over time without quickly diminishing
or transitioning to different states.

Property H 1/f noise White noise Brownian noise
Randomness The values of the sequence The values of the sequence | The values of the sequence
are not predictable or are not predictable or are not predictable or
deterministic. deterministic. deterministic.
Stationarity The statistical properties The statistical properties The statistical properties
change over time. don’t change over time. change over time.
Autocorrelation || The correlation between two | No correlation between Due to the random walk
points decreases slowly as the points. structure, each sample
the time that separates them depends on the previous one,
grows. resulting in a correlation
between successive values.
Memory The value at any given time | Independence between the | The value at any given time

depends not only on its
immediate past but also on
its more distant past.

points.

is influenced by the values
that came before it.

Table 1.1: Statistical characteristics comparison of white noise, 1/f noise and Brownian noise

2More details about 1/f noise in https://www.youtube.com/watch?v=ToZFyIvnQnI&t=492s
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Figure 1.3: (A) Simulation of the noise signals (B) Detrended fluctuation analysis (DFA) (C) spectral
analysis. Figure from ref ,@/

1.2.2 Heart Rate

In the heart rate, what is actually measured is the interbeat time, i.e. the time between two beats of
the heart . One could think that the heart rate follows a smooth curve but it turns out to be quite
"chaotic". Actually, in the article , the authors explain that a constant heart rate is associated
with diseased people.

In order to determine the heart rate, we first need to get the ECG signal. This signal is a repre-
sentation of the electric activity of the heart. The electric pulse is what enacts the contraction of the
heart. The form of the electric signal during one heart beat is commonly called the "PQRST" form.
In order to explain this "wave", we first need to have a bit of knowledge of the heart anatomy. The
heart has four different cavities: the right and left atrium and the right and left ventricle. The atria
are the cavities in which the blood enters and the ventricles are the ones from which the blood leaves
the heart. These last two cavities are actually the most powerful and the ones responsible for all the
blood circulation. Let’s now get back to the electric signal. In Figure we have two "PQRST"
waves. The "P" part corresponds to the electric signal propagating into the atria, while the "R" part
is the electric signal propagating into the ventricles. The interbeat interval is measured by taking the
time between two "R" peaks. A representation of the whole process is available on Figure [1.4]

The heart rate can be influenced by various factors. In the context of this project, we consider
three of them:

1. The sinoatrial (SA) node is a small cluster of specialized cells located in the right atrium
of the heart, and it serves as the natural pacemaker of the heart. The SA node generates
electrical impulses that initiate each heartbeat, and these impulses travel through the atria to
the atrioventricular (AV) node, and then to the ventricles, causing them to contract and pump
blood throughout the body.

2. The parasympathetic nervous system, which is also known as the "rest and digest" system,
tends to slow down the heart rate. The parasympathetic fibers that innervate the heart release
the neurotransmitter acetylcholine, which binds to receptors on the SA node and slows down

10



the rate of electrical impulses generated by the node. The parasympathetic nervous system is
primarily active during periods of rest and relaxation, such as when you’re sleeping or sitting
quietly.

3. The sympathetic nervous system, which is also known as the "fight or flight" system, tends
to speed up the heart rate. When the body perceives a threat or stressor, the sympathetic nervous
system is activated, and sympathetic fibers that innervate the heart release the neurotransmitter
norepinephrine, which binds to receptors on the SA node and increases the rate of electrical
impulses generated by the node. This prepares the body for action by increasing blood flow to
the muscles and organs and increasing the heart rate and blood pressure.

Of course, the heart rate can be influenced by other factors such as physical activities, emotions,
body temperature, ... However, these are beyond the scope of this project.

Interbeat Interval
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Figure 1.4: On the left: Heart interbeat. On the right: Heart beat process. Figure from ref

1.2.2.1 Diseases

In this work, we analyse the heart rate of healthy and diseased subjects and compare them. More
specifically, we consider two different diseases:

1. congestive heart failure,
2. atrial fibrillation.

The first one is a condition that occurs when the heart, and more specifically the ventricles loose
pumping power, thus not meeting the body’s needs. This often occurs when the muscle is weakened
or damaged. One of the possible reactions to this lack of pumping can be an acceleration in the heart
rate in order to maintain a sufficient blood flow to the body.

The second one also impacts the heart rate but in a different way: it impacts the electrical impulses.
As briefly explained earlier, in order to get a beat, an electric signal needs to be propagated into the
heart and this is done in a very specific order:

1. The signal starts from a region on the right atrium called the sinoatrial node (also called the
natural pacemaker).

2. The signal is then propagated through the atria, so that the blood in these cavities flows into
the ventricles.

3. The electrical impulses then go through the ventricles, leading to the contraction ejecting the
blood out of the heart.

11



Note that this is a simplified version of what is actually happening but it is enough for the scope
of this work.

In atrial fibrillation, the subject has an irregular heartbeat due to the electrical impulses of the
heart becoming disorganised, leading to contractions in the atria to be totally desynchronised and thus
inefficiently making the blood flow from the atria to the ventricles. Furthermore, the contractions no
longer start at the sinoatrial node but now start anarchically anywhere in the atria.

12



1.3 Datasets

1.3.1 First Dataset: ECG for Healthy Aging

The first dataset is made of various ECGs, grouped by age (see table that were recorded from 1.121
healthy subjects. This dataset is available on physionetﬂ The length of the recording varies between 8
and 45 minutes. The fractal pattern isn’t something observed on ECG signals but on interbeat signals,
thus the signals need to be processed before being used.

However, as will be developed in section [2.2.1] the time series obtained from this dataset are too
short to observe the fractal pattern and in the future analysis, only the second dataset will be used.

[Gow[ 1 [ 2 [ 3 [+ [ 5 [6 7]
Size | 46 [ 422 [ 229 | 105 | 43 | 50 [ 50
Age | 18-19 [ 20-24 [ 25-29 | 30-34 | 35-39 | 40-44 | 45-49
I 8 | 9 [ 10 [ 11 ] 12 ] 13 ] 14 ] 15 |
50 18 [ 24 [ 19 | 13 7 12 7
50-54 | 55-59 | 60-64 | 65-69 | 70-74 [ 75-79 | 80-84 | 85-92

Table 1.2: Age groups of the first dataset

1.3.2 Second Dataset: Heart Rate of Healthy and Sick Subjects

The second dataset is available on physionetﬁ This dataset offers 15 heart rates signals, each time
series being around 24 hours long. The set can be divided into 3 groups:

1. group n: this group contains 5 times series of healthy subjects,
2. group c: this group contains 5 times series of subjects with congestive heart failures,

3. Group a: this group contains 5 times series of subjects with atrial fibrillation.

As areminder, congestive heart failure occurs when the heart muscle doesn’t pump the blood as well
as it should and can lead to an acceleration of the heart rate. Atrial fibrillation occurs when the electric
activity in the heart goes wrong and thus the contractions in the atrium are totally desynchronised
often leading to a fast and irregular heart rate (more detail in section .

It happened that some signals contained abnormal heart beats (especially the ones of subjects with
congestive heart failures). The intervals that precede and follow these beats should be considered as
outliers. For this, a second series was proposed with these outliers being removed. DFA (see section
being very sensitive to outliers, this second series were the ones that were used for further
analysis. However, it is important to note that not all of the outliers were removed and a few still
remained. Additional information can be found in the dataset documentation.

3https://physionet.org/content/autonomic-aging-cardiovascular/1.0.0/
“https://physionet.org/content/chaos-heart-rate/1.0.0/
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Chapter 2

Identify the Fractal Pattern on Time
Series

2.1 Methods Overview

The first step is to determine the structure of a time series that has fractal patterns and how to
characterise it. It has been determined that the fractals can be associated with "1/f" noise (see section
[1.2.1.1)). There are several ways to characterise these different signals but the two most used methods
are the detrended fluctuation analysis (DFA) |15 20] and the power spectrum analysis [11]. Both
methods consist in representing a data with a curve and summarise that data with a value (« for
the DFA method and f for the power spectrum analysis). As can be seen in Figure , the value
determines which kind of signal we have. These two methods are actually linked since 5 = 2a — 1
[5]. Both are used to evaluate what is called the Hurst exponent, which is a measure of the present
correlation in a time series.

2.1.1 Method 1: Detrended Fluctuation Analysis

Method overview The detrended fluctuation analysis (DFA) is a method that quantifies the pres-
ence of long-term correlations, or self-similar behavior, in time series data. The method, initially
introduced by Peng et al. [32] for analyzing DNA sequences, has gained popularity and become a
widely utilized technique. It has found applications in the analysis of various signal types, including
physiological signals, financial markets, and climate data, and has received over 3.000 citations [ﬂlt can
be performed with the following stepsEI [32, [19]:

1. convert the signal to a mean-centered cumulative sum,

2. define the various "scales",

3. for a given scale, split the data into epochs according to the size of that scale,
4. detrend each epochs,

5. compute the root mean square of each epoch

6. take the mean of all the RMSs as a summary value for that scale,

7. repeat 3 for each scales,

"https://en.wikipedia.org/wiki/Detrended_fluctuation_analysis
*More details in https://www.youtube.com/watch?v=-RmxLZF8adI
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8. compute the linear fit between log-scales and log-RMS, the slope « of this line will is the coefficient
that summarizes the time series.

1 1]
N b ,‘\J )
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4
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T

Compute the mean of the RMSs of
each epoch for each scale. Compute
the slope of the linear fit of these
means based on the scales in a log
plot.

Define scales and divide the
signal into epochs according Detrend each
to these scales epoch

Convert to a mean-
centered cumulative sum

Figure 2.1: This figure illustrates the different stages of the DFA method. The first image shows the
original signal, while the next image displays the signal converted to a mean-centered cumulative sum
(step 1). The middle images depict examples of the signal divided into different time scales, in which
these these sub-signals are detrended (steps 2, 3, 4 and 5), and the image on the right shows the final
curve (steps 6, 7 and 8). The slope of this curve corresponds to the value of the coefficient a.

Results interpretation Based on the computed value, the type of signal can be identified (see

Figure :

anti-correlated time series if o < 0.5,

white noise, uncorrelated time series if a = 0.5,

correlated time series if o > 0.5,
e 1/fnoise if a ~ 1,
e Brownian noise if o &~ 1.5.

From there, the Hurst exponent H can be identified:

e if a € [0, 1], the signal is a fractional Gaussian noise and H = a,

e if a €]1,2], the signal is a fractional Brownian motion and H = o — 1.

Trend of time series The trend of a time series is the general direction in which the values of the
time series are changing over time. It represents the long-term behavior of the time series, indicating
whether the series is increasing, decreasing, or remaining relatively stable over time.

Detrending is the process of removing the trend component from a time series data, leaving behind
only the variation in the series that is not explained by the trend. One of the most common trend is a
linear trend, meaning a straight line can be fitted. Detrending this series simply consists of removing
the straight line best fit [19).

In the context of detrended fluctuation analysis, the local trend is determined and then removed.
The used DFA method is defined by an order N which is the order of the polynomial that will be fitted
to the epochs [5, |19]. For example, the method DFA-2 will detrend the epochs using a polynomial of
order 2.
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Figure 2.2: Linear detrending of a time series

Intuition of DFA  The first step (convert the signal into its mean-centered cumulative sum) is crucial
as it helps determine some trends that wouldn’t be perceived if the original time series was used. This
creates a random walk that is dominated by the large-scale fluctuations in the data, while short-term
fluctuations are integrated out. This has the effect of amplifying the long-term correlations in the data
and reducing the effects of noise and short-term variability.

If we have a look at the method, it first approximates the time series by making linear regressions
into time windows and then measures how much it is impacted by the size of that time window i.e.
the variance of the regressions for a given time window size. If the signal can have quite large time
windows and remain relatively precise, then logically, the coefficient o will be quite high as at small
windows the variance in the detrended signal will be very small (since it was very well approximated)
but eventually, it will loose its precision. On the other hand, if the time series needs very small windows
to be accurately estimated, it doesn’t change much that there is a small or a large time window, there
will be a high variance in both, thus the coefficient o will be small, since the variability will (faintly)
grow El

If we have a look at Figure 2.3] we can see that for white noise, even with small windows, the
variance will already be quite high and will remain high whatever the time window, thus the slope
of all the RMSs computed will be low as no big difference will rise if the signal is approximated with
small or large time windows. On the other hand, for Brownian noise, the slope will be high. Indeed,
for small time windows, the regressions will be very precise and it will gradually loose in precision.

3More details in https://www.youtube . com/watch?v=00LndP201UI&t=322s
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Figure 2.3: Integration of time series. On the top left side: white noise, on the top right side: 1/f
noise, on the bottom: Brownian noise.

2.1.1.1 Implementing and Assessing the Method

In order to perform DFA, two different implementations of the method were used:

1. the first was built from scratch following the various steps described in section [2.1.1]

2. the second was already implemented in the MFDFA packageﬂ

Assessing the method Before performing DFA on any dataset, we first need to check that these
methods are accurate. For that, several signals were generated with a given value for the coefficient
a. DFA (using both implementations) was then performed on these signals to give the estimated o*.
From there, we can compare o with o and determine the accuracy of the methods.

The stochastic packageﬂ was used to generate the signals. That package provides a method
called FractionalGaussianNoise that generates a random signal with a given Hurst exponent. Once
that signal was generated, both DFA methods could be called to assess the value. However, it is
not possible to generate signals with a above 1 (definition of fractional Gaussian noise, see section
2.1.1). Nonetheless, future analyses will include signals that are fractional Brownian motions. The
stochastic package doesn’t offer other methods that could build a signal based on the Hurst exponent
but it has the possibility to generate a signal based on its power spectrum coefficient S (more details
in section with the ColoredNoise method. With the relation 5 = 2a — 1, it was possible to
generate signals with the expected value of a € [0.4,1.6]. Each signal consisted of 10.000 points.

“https://github.com/LRydin/MFDFA
Shttps://github.com/crflynn/stochastic
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NB: another package called FBI"ﬁ was also considered to generate random signals based on the
Hurst exponent. However, due to technical limitations, the methods proposed by this package were
soon discarded as the signals generated with a Hurst exponent close to 0 or 1 weren’t accurate.

Scale impact In order to verify whether it is better to use small scales or scales up to the dataset
length, the code was launched twice: once with scales between 10 and 100 and once with scales between
3 and 1000.

The results on Figure [2.4] contain various interesting information. First of all, when lower scales are
used, the second method (i.e. the one from the MFDFA package) is more accurate than the first one (the
one that was implemented). On the other hand, if larger scales are used (up to the signal length), the
first version tends to become more accurate while the second version becomes less accurate. This leads
to no method "standing out", but the difference between the methods with larger scales is less than
when smaller scales are considered. This is one element that could be in favor of the second method.
Both methods are quite accurate at all scales but some combinations are better than others.
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Figure 2.4: This figure presents the results obtained from performing DFA on signals generated with
the stochastic package of size 10.000. The graphs on the left were obtained from the experiment
using scales in the range [10, 100], while the graphs on the right were generated from scales in the range
[10, 1000]. The top graphs display the exact values of o along with all the computed values o*. For
each « coefficient, five different signals were generated and the computed values for each signal were
subtracted from the actual value. The resulting absolute values were averaged. The bottom graphs
show the evolution of these mean absolute errors.

Time series length impact The tests described earlier only utilized time series of a single size.
However, in future analyses, longer time series with more than 70.000 values will be considered. To
ensure that the DFA method is effective for such larger sizes, the same analysis was repeated with time
series of random sizes selected from the interval [10.000, 200.000|. The chosen scales ranged from 10
to N/10 with N being the size of the time series. The results are presented in Figure indicating
that the DFA method was actually more accurate with these longer signals than with those shown in

Figure [2.4]

Shttps://github.com/732jhy/Fractional-Brownian-Motion
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Figure 2.5: This figure presents the results obtained from performing DFA on signals generated with
the stochastic package of size randomly selected between [10.000, 200.000]. The left graph displays
all the computed o* values along with their exact values. For each a coefficient value, five signals were
generated, and the computed o* values were subtracted from the actual value. Then, the absolute
values were averaged together. The right graph shows the evolution of these mean values.

Implementation and scale choice For the following analyses, the second method with smaller
scales (around 1/10%" of the signal length for the maximum scale) will be used as it was the most
accurate. The other reason why this method will be favored is that it is much faster.

2.1.2 Method 2: Power Spectrum Analysis

The power spectrum of a time series describes the distribution of power into the frequency components
of that signal. In the power spectrum analysis, this power spectrum is then approximated by the
function P(f) ~ f=#. The value 3 is the one that will help identifying the type of the signal (see

Figure [1.3):
e white noise if 5 ~ 0,
e 1/f noise if g ~ 1,

e Brownian noise if 8 ~ 2.

2.1.2.1 Implementing and Assessing the method

Implementing the method The value was determined by creating a log-log plot of the power
spectrum of the signal and performing a linear regression. The slope of the resulting line corresponds
to the 3 coefficient.

Assessing the method The power spectrum analysis implementation was assessed in the same way
as for the DFA method (see section for more details), i.e. a signal with a given value 8 was
generated and the estimation §* was given by the power spectrum analysis. The accuracy can be
deduced from these results.

As can be seen on Figure [2.6] the power spectrum analysis remains quite accurate but is not as
good as the DFA method, especially when the 5 coefficient of the signal is close to 1.
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Figure 2.6: This figure presents the results obtained from performing the power spectrum analysis on
signals generated with the stochastic package of size randomly selected between [10.000, 200.000].
The graph on the left represents all the S* values computed along with the exact values of 8. For
each ( value, the 5 computed values for each signal were subtracted from the actual value (use of the
absolute difference) and were then averaged together. The graph on the right shows the evolution of
these means.

2.1.3 Method Selection

After comparing both methods, it was determined that the DFA method was given preference over the
power spectrum analysis in this work. DFA demonstrated higher precision, especially for signals with
a = =1, and is considered more suitable for fractal pattern analysis in general [19].
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2.2 Identify the Fractal Pattern on Heart Rate Signals

2.2.1 DFA on Different Age Groups

DFA was first conducted on the dataset described in section [2:2.1] with the aim of detecting any
discernible differences in the fractal pattern based on the age of the subject. However, it turns out
that this dataset provides too small signals (with a length ranging from 374 to 5240 beats) leading to
an inaccurate analysis that does not yield any significant findings. As depicted in Figure the «
coefficient is often much smaller than the expected value of 1. Additionally, no significant aging-related
pattern can be detected.
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Figure 2.7: The plot on the left displays the «a coefficient obtained with DFA of each subject of the
first dataset (see section , with dots of the same color indicating membership in the same age
group, ordered from youngest to oldest. The youngest are on the left and the oldest are on the right.
The scales taken into account ranged from 5 to 1/8, where [ is the length of the time series. The plot
on the right shows the average of the a coefficients for each age group. The numbers above the bars
represent the count of subjects in each group.

2.2.2 DFA on the Heart Rate of Healthy and Sick Subjects

Let’s now use the dataset described in section Several analyses were conducted on the time series
by considering the use of the entire time series or only a portion of it.

Analysis on the whole time series The first analyses are DFA on the whole time series. These
analyses are inspired from the ones made by Peng et al. (1995) |33] which performed DFA on healthy
patients and on patients with congestive heart failure.

When DFA was performed on the whole time series, different scales were considered:

1. between 10 and 10.000,
2. between 10 and 100,

3. between 100 and 10.000.

The findings are presented in Figure [2.§ and Figure These figures reveal several important
observations. First, for healthy subjects, the results remain consistently close to the significant value of
1 across all time scales, as depicted by the straight line in Figure On the other hand, for patients
with atrial fibrillation, the time series appears to be completely random at low scales, indicating a
lack of correlation between heartbeats [13|. This is represented by an « coefficient close to 0.5. This
observation suggests the possibility of utilizing it as a potential diagnostic tool. However, as the scales
increase, the a coeflicient rises and approaches the value 1, even surpassing the values for healthy
subjects. This is clearly observable in Figure 2.8 with the curve having a low slope for small scales
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but a higher one as scales grow. Finally, for congestive heart failure patients, although the values are
relatively constant, they exhibit slightly more variability than healthy subjects across different time
scales. The values are also higher than those for healthy subjects, indicating that the time series

becomes more similar to Brownian noise.
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Figure 2.8: The plot above shows the DFA curve for the first subjects in each category. The data for
group n (healthy) is represented on the top left side, group a (atrial fibrillation) on the top right side,
and group c (congestive heart failure) on the bottom. The scales range from 10 to 10.000. The plots

for all subjects are available in appendix [B]
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Figure 2.9: The bar charts display the « coefficient resulting from the DFA method performed on the
entire time series of each subject. The first five bars represent group n (healthy), the next five represent
subjects from group a (atrial fibrillation), and the last five represent those from group ¢ (congestive
heart failure). The results for three different scaling ranges are shown: the top left corresponds to
scales between 10 and 10.000, the top right to scales between 10 and 100, and the bottom to scales
between 100 and 10.000.

Analysis on 8192-beat sub-samples A second analysis was made based on the analysis of Peng
et al. As pointed in that article, it isn’t very practical to diagnose someone based on a 24 hours signal.
Thus, DFA was conducted on sub-signals of the original one made of 8192 beats which corresponds to
around 2 hours. Two different sets of scales were considered:

1. scales between 4 and 16 beats, the resulting value will be called ag,

2. scales between 16 and 64 beats, the resulting value will be called as.

The results are available in table[2.1] It can be seen that the results for healthy people obtained are
extremely close to the ones obtained in Peng et al.. On the other hand, for patients with congestive
heart failure, even though it is quite close, there are still some small differences between our results
and those from Peng et al.. We can make the assumption that this is due to a variation in severity of
the disease between the subjects of the two datasets, but since we don’t have access to the one used
in Peng et al., we have no way to confirm this assumption.

On Figure these intervals are plotted. We can clearly distinguish the subjects with atrial
fibrillation from the rest using co. However, due to the intervals overlapping with each other, there is
no way to distinguish healthy subjects from the ones with congestive heart failure.
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H Healthy Congestive heart failure ‘ Atrial fibrillation ‘

aq 1.2103 £ 0.1754 0.9969 + 0.2854 0.6039 £ 0.0492
a1 in Peng et al. | 1.201 £0.178 0.803 + 0.259 /

a2 0.9915 £0.1167 1.2254 +0.119 0.5453 £ 0.0393
as in Peng et al. 0.998 +£0.124 1.125 4+ 0.216 /

Table 2.1: Results of DFA made on time series made of 8192 beats. These time series come from the
second dataset (section|1.3.2) and a division into sub-signals of the correct size of the provided signals.
The results are presented as mean= standard deviation.

Healthy Peng et al. q t Healthy Peng et al. § t
Healthy 4 —_— Healthy —_—
Heart failure Peng et al. {1 +t t d Heart failure Peng et al. q
Heart failure t t { Heart failure |
Atrial fibrillation{ +F—— Atrial fibrillation { +—+—
056 08 10 12 14 06 08 10 12
a coefficient interval a coefficient interval

Figure 2.10: Intervals of the a coefficient obtained from DFA for healthy and diseased patients. The
intervals on the left correspond to ag, and those on the right correspond to as.

Analysis on a per hour basis A final analysis was performed by looking at the evolution of the «
coefficient in time. It was conducted on a per hour basis. For that purpose, the time series were divided
into signals that correspond to an hour long and DFA was performed on each of these sub-signals. The
results are available on Figure 2.11] The first observation is that no trend can be noticed with the
evolution of time of the « coefficient. This means that DFA won’t be affected by the time at which
the cardiac signal will be recorded. The second observation is that the results confirm what was said
earlier: the subjects with atrial fibrillation can clearly be distinguished from the other subjects but
healthy subjects and patients with congestive heart failure can’t be significantly differentiated based
on DFA.
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Figure 2.11: The plot shows the hourly evolution of the a coefficient from the DFA method for each
subject in the second dataset (refer to section [1.3.2)) on the left and the mean of each group (n for
healthy, a for atrial fibrillation and ¢ for congestive heart failure) on the right.
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2.3 Conclusion

The results obtained with the DFA method have demonstrated its potential as a diagnostic tool for
identifying atrial fibrillation. However, the same cannot be said for congestive heart failure, as the DFA
method has shown mixed results in differentiating between patients with this condition and healthy
individuals.

The Detrended Fluctuation Analysis (DFA) method is a reliable and accurate tool for analyzing
fractal patterns in the heart rate signal (section . However, the size of the signal is a critical
factor for obtaining significant results with DFA, and it is important to ensure that the signal is of
sufficient length before conducting the analysis (section .

Finally, the results also suggest that the time at which the heart rate signal was measured does not
appear to have a significant impact on the fractal pattern detected by the DFA method. This implies
that the fractal properties of the heart rate signal may be a stable feature of the cardiovascular system,
even in the presence of disease (section [2.2.2)).
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Chapter 3

The Ivanov Model: a Stochastic Model for
Heart Rate Fractal Dynamics

3.1 Model Description and Analysis

3.1.1 Model Overview

This chapter focuses on a stochastic model proposed by Ivanov et al. [21] to describe the heart rate
variability of healthy individuals. We examine this model to gain insights into its mechanism for
capturing the fractal dynamics of the heart rate. A good understanding of this model is necessary
because we attempt to fit some of its parameters to the subjects of the second dataset (see section
to determine if the model can be extended to diseased subjects and to identify any differences
between healthy and sick patients.

The Ivanov model |21] is a stochastic model which considers that the heart rate is influenced by 3
elements (more details in section [1.2.2)):

e the sinoatrial node (SA) which tends to keep the heart rate at a constant rate,
e the sympathetic systems (SS) which speeds up the heart rate,
e the parasympathetic system (PS) which slows down the heart rate.

The idea is that the time interval between two heartbeats, denoted as 7(n), behaves like a random
walk process. Different factors influence this process, and each factor has a specific preferred level,
denoted as 7. The process tends to move towards these preferred levels. However, the levels themselves
change over time. To illustrate this idea, a simplified representation of the model’s behavior is shown
in Figure|3.1

™(n)

Figure 3.1: Schematic representation of the dynamics of the Ivanov model. This model consists in
a random walk with stochastic feedback controls. In this specific representation, only two preferred
levels are used: 79 and 7. Figure from ref [21].

In this model, it considers that the time 7(n 4 1) between the heart beats n and n + 1 can be
computed in the following way:
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N

7(n+1)—7(n) = Iga(n) + Ips(n,mps(n)) + Zlés(n, Tés(n)) (3.1)
j=1
where
) wp(l+mn) ifr(n) <7
T(n) = { —];uk(l z n) otherwise, ' (3-2)

with I being the feedback input biasing the walker to a preferred level for a given system (SA,
SS or PS),

T is the preferred level for 7(n) and remains at the same value for a certain amount of time

which follows a probability distribution with a mean of T/Z k>

wg, is the strength of the feedback input I,

71 is white noise.

3.1.2 Implementing and Assessing the Model

Implementation For the probability distribution of the white noise 7, the preferred levels and the
time of an unchanged preferred level T, the same distributions than the ones used in the paper |21]
were used: a Laplace distribution for the first, a uniform distribution for the second and a normal
distribution for the latest. The method to generate a signal takes as parameters:

[

. the input strengths wga, wss, wpg,

2. the number of sympathetic inputs NV,

3. the preferred level 74,

4. the upper and lower bounds on 7pg and 7Tgg,

5. the mean and standard deviation of the white noise 1 (note that the mean should be 0 as it is
white noise),

6. the mean and standard deviation of the time 7T,

7. the number of beats to be generated.
Assessing An example of a signal generated by this model is available in Figure 3.2l It can be seen
that the signal indeed presents a fractal pattern as the signal has a similar pattern at different scales.

Furthermore, the generated signal is similar to a signal of a healthy subject as can be seen on Figure
RIR]
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Signal generated with the Ivanov Model with 2000 beats

Signal generated with the lvanov Model with 20000 beats
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beat beat

Signal generated with the Ilvanov Model with 400 beats
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Figure 3.2: Signal generated from the Ivanov model at various time scales. The signal was generated
with the same variable values as in the paper, i.e N = 7, wga = wgs = wpg/3 = 0.01s. nis a
symmetrical exponential distribution (Laplace distribution) with 0 mean and 0.5 scale. 794 = 0.6s,
and both 744 and 7pg are drawn from a uniform distribution, the first being bound by [0.2,1.0] and
the latter by [0.9,1.5]. Finally, T' follows a normal distribution with a mean of 1000 beats.

Signal generated with the Ivanov Model with 20000 beats

0.2+
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0 2500 5000 7500 10000 12500 15000 17500 20000 0 2500 5000 7500 10000 12500 15000 17500 20000

beats beats

Figure 3.3: On the left, 20.000 beats of the signal of the forth healthy subject in the second dataset
(see section [1.3.2)). On the right, a signal generated with the Ivanov model. The parameters value are
the same as in Figure [3.2]

However, this isn’t enough to assess the model. Thus a Power spectrum analysis along with a DFA
(see section were performed on 1000 signals generated with that model. As can be seen on Figure
[3-4] the signals generated from the Ivanov model are indeed fractals. A mean value of o ~ 1.06006
was found with the DFA algorithm while 5 ~ 1.156 for the power spectrum analysis. In Ivanov et al.
paper , the value for 8 was ~ 1.1 which is quite similar to our results.
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Figure 3.4: Histogram of the values of o for DFA (scales between 5 and 500) and § for the spectrum
analysis on 1000 signals generated with the Ivanov model. The parameters value are the same as in

figure [3.2]

3.1.3 Selection of Default Parameter Values

The default parameter values, which are the same as those used in section [3.1.2] are as follows:

1. wga = 0.01,
2. wgg = 0.01,
3. wpg = 0.03,
4. N =T,

9. 7g4 = 0.6,

6. 755 € [0.2,1],

7. Tps €10.9,1.5],
8. n has a standard deviation of 0.5 x v/2,

9. T has a mean of 1000 and a standard deviation of 500.

Most of these parameters have the same values as in the paper [21]. However two parameters are
defined in a different way:

1. The first one is the standard deviation of the time 7. The reason is simply that that standard
deviation wasn’t specified in the paper. However, as explained in section [3.1.5.5] this parameter
doesn’t have much importance.

2. On the other hand, the standard deviation of the white noise 1 was initially set to 0.5. However,
after generating a signal with the Ivanov model, it turned out that the signals didn’t look as
smooth as the ones generated with a scale of 0.5 (with the Laplace distribution, the standard
deviation is equal to bx v/2 with b being the scale) and looked more like a signal made of "blocks",
thus not looking quite like a healthy patient heart rate signal (see Figure .

On top of this shape less "smooth", the fractal pattern is also lost. Indeed, 1000 signals were
generated with a standard deviation of 0.5 and DFA was performed on these signals. The obtained
mean was « ~ 1.18279 which is quite far from the required value of 1 (see Figure .
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Figure 3.5: Generated signal with the Ivanov model. The parameters are the ones by default but the
standard deviation of 7 is 0.5 on the left and 0.5 x v/2 on the right.
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Figure 3.6: Histogram of the values of « for DFA (scales between 5 and 500) for 1000 signals generated
with the Ivanov model. The parameters are the ones by default except for the standard deviation of
the white noise 1 which is 0.5.

3.1.4 Mechanisms Underlying Fractal Pattern in the Model

The fractal patterns found in some biological signals may be explained by the influence of different
inputs that change at varying time scales, as discussed in previous studies . Haudorff et al.
demonstrated that the combination of random processes with different time scales can produce the 1/f
noise pattern. This model shares similarities with the present study, as it involves the combination of
various inputs that change over time and have their own preferred levels.

Furthermore, if we have a look at the various statistical characteristics of the 1/f noise (section

1.2.1.1)), this model respects them:

e Randomness: there is randomness mainly with the parameter 1 to which we also add the time
T and the preferred levels 7;

e Stationarity: the generated time series aren’t stationary since the statistical properties (espe-
cially the mean of the signal) will change with the preferred levels 7y;

e Persistence: the model indeed has long-lasting fluctuations that persist. In this model, the
time in which all the 74 remain the same is the time during which the signal is in a same state;

e Correlation/Memory: each 7(n) depends on the value of 7(n — 1) which itself depends on
T(n—2), ...

However, this model works as long as the parameters remain in a certain range of values. In the
next section, we have a look at how each parameter can influence the fractal pattern of the model.
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3.1.5 Parameter Effects on Fractal Pattern in the Model

3.1.5.1 Strength of the Feedback Input I
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Figure 3.7: Evolution of the « coefficient obtained with DFA for the value of parameters wga (top left),
wgs (top right) and wpg (bottom). The lags considered were between 5 and 500 and the generated
signals were each of 20.000 points. The values considered for the parameters are between 0 and 0.1. 50
different parameter values were considered and 10 trials were done for each value. The mean of these
10 trials is what is plotted. The green strip represents « coefficients that fall within the range of 0.95
to 1.05, while the blue strips represent coefficients that are 0.5 to 0.1 away from the significant value
of 1.

On Figure [3.7] it can be seen that the three parameters tend to act in the same way. However, there
are differences in their impact.

As the parameter values increase, the « coefficient approaches 0.5, making the signal more similar
to white noise. This is because, as the strength of the input increases, so does the value of Ij (see
Equation . For the SA node, at some point, Ig4 becomes much larger, causing the signal to vary
only around the straight line of 754. A similar effect occurs with wgg, where the values of Iss become
so large that changes in Té g are barely noticeable compared to the signal variation. When this happens,
the signal loses its non-stationarity property and appears more like white noise.

On the other hand, wpg does not seem to significantly affect the fractal pattern, as the larger
values of Ig4 and Igg compensate for the increased input strength. We can however see that the «
values do decrease and with higher values considered, we will see the same curve as for wg4 and wgg.

Finally, when the value of wgg is too small, the « coefficient increases, indicating that the signal
is approaching Brownian noise. This is comparable to having a small value for N, and this is further
explained in the following section.
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3.1.5.2 Number of Sympathetic Systems N
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Figure 3.9: Evolution of the « coefficient obtained with DFA for the parameter N. The lags considered
were between 5 and 500 and the generated signals were each of 20.000 points. The values considered
for the parameter are between 0 and 50. 50 different parameter values were considered and 10 trials
were done for each value. The mean of these 10 trials is what is plotted. The green strip represents «
coefficients that fall within the range of 0.95 to 1.05, while the blue strips represent coefficients that
are 0.5 to 0.1 away from the significant value of 1.

Figure 3.9 illustrates that having a small value for N results in signals that are closer to Brownian
noise. This is due to the fact that Ipg will account for most of the variation in 7(n + 1). As a result,
the signal will be made of "blocks" where the mean of the signal only varies with changes in 7pg,
leading to drifts in the signal (as depicted in Figure. The value N thus needs to be large enough
to compensate Ipg.

On the other hand, as long as the value for NV doesn’t get too large, the model is not too impacted
by the value of N. This is most likely because the I és with higher values for T“;S will compensate the
ones with lower values for Tg g, and thus, there won’t be very large variations in 7(n) as it was observed
with the strengths of the feedback inputs. '

The signal tends to white noise with very large values of N because when there are too many I
inputs, a change in one preferred level will have little effect on the final value. As a result, the signal
becomes stationary (see Figure .
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Figure 3.10: Generated signals with the Ivanov model. On the left, the signal is generated with N =1
and the preferred levels 7pg and 7'511 g are also plotted. On the right, the signal is generated with N = 50.

3.1.5.3 White Noise 7

1517 157
14+ 1.4
134 134
512 v 12
114 11
1.0 1.0
0.9 0.9 1
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Scale of the white noise n Standard deviation of the white noise n

Figure 3.11: Evolution of the « coefficient obtained with DFA for the scale (left) and the standard
deviation (right) of the white noise 1. The lags considered were between 5 and 500 and the generated
signals were each of 20.000 points. The values considered for the parameters are between 0 and 1. 50
different parameter values were considered and 10 trials were done for each value. The mean of these
10 trials is what is plotted. The green strip represents « coefficients that fall within the range of 0.95
to 1.05, while the blue strips represent coefficients that are 0.5 to 0.1 away from the significant value
of 1.

Figure demonstrates that when the scale of the parameter 7 is too low, the resulting signal tends
towards Brownian noise. This is because when the scale is very small, n approaches zero, which means
that the noise has no effect on the signal. In this case, the signal will primarily consist of drifts, which
leads to a signal that is closer to Brownian noise.

On the other hand, when the scale grows, larger values will be observed for n, thus taking more
importance in the Ivanov equation. This can be seen in the decreasing values of a with higher scale
values.

Another observation from Figure [3.11]is that using a scale of 0.5 instead of the standard deviation
is appropriate, as Ivanov et al. mention in their paper that the values should fall between 0.4
and 0.6, which is generally the case for the « coefficient when using the scale, but not when using the
standard deviation.

The mean of 1 isn’t considered here as by definition, white noise has a 0 mean.
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3.1.5.4 Bounds for the Preferred Levels 7,
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Figure 3.12: Evolution of the a coefficient obtained with DFA for the parameters 7pg (on the top,
lower bound on the left and upper bound on the right), 75s (in the middle, lower bound on the left
and upper bound on the right) and 7¢4 (bottom). The considered lags were between 5 and 500 and
the generated signals were each of 20.000 points. The range in parameters values must make sense
biologically and each level will have its own bounds. For 7pg, the lower bound must not be lower than
the value of 754 and must obviously remain under the upper bound, thus the values were considered
between [0.6, 1.5]. The upper bound must not be too long as two heart beats can’t be separated
for more than 10 seconds normally. The considered values were between [0.9, 3|. For 7gg, the lower
bound must not be higher than 7g4 (values considered between [0, 0.6]) and the upper bound must
not be larger than the upper bound of 7pg (values considered in the interval [0.2, 1.5]). Finally, for
TsA, the considered values were in the interval [0.2, 3|. 50 different parameter values were considered
and 10 trials were done for each value. The mean of these 10 trials is what is plotted. The green
strip represents « coefficients that fall within the range of 0.95 to 1.05, while the blue strips represent
coefficients that are 0.5 to 0.1 away from the significant value of 1.

The results on Figure [3.12] show that the bounds of the preferred levels seem to not have much impact
apart from the upper bound of 7gg.
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In a general way, the value of the bounds will not impact the fractal pattern much. However it has
an impact on the value of 7(n). For example, if we have two different subjects that have a different
heart rate average, then the preferred levels in the model will need to be adjusted to account for these
differences.

The reason why the upper bound of 7gs has an influence is because it is too close to the lower
bound, leading to Té ¢ evolving more as a straight line. In that case, we fall back to cases similar to the
ones in section [3.1.5.I] The reason why this wasn’t observed with the lower bound is that we didn’t
consider values close enough to the chosen upper bound in order to remain biologically consistent, but
we can see that the curve was already getting down.

With this logic, we could argue that this phenomena wasn’t observed with 7pg. There are several
reasons why the bounds have little impacts. The first one is that most of the final value of Equation
will greatly depend on the Igg value since it has more importance (7 inputs against one for PS)
even if wpg > wgg. This is for that same reason that the value for 7¢4 hasn’t much impact on the
fractal pattern.

A second reason, that concerns more the upper bound than the lower bound, would be that in a
general way, 7(n) never reaches the bound of 7pg, thus whatever the bound is, we will mostly be in

the first case of Equation (see Figure [3.13).
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Figure 3.13: Generated signal with the Ivanov model along with the evolution of 7pg

35



3.1.5.5 Time for the Preferred Levels T
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Figure 3.14: Evolution of the « coefficient obtained with DFA for the time T for which the preferred
levels 73, remain the same (evolution of the mean on the left and evolution of the standard deviation
on the right). The values of the mean were considered between 0 and the length of the signal. The
standard deviation was considered between 0 and the mean of T'. The lags were between 5 and 500. The
generated signals were each of 20.000 points. 50 different parameter values were considered. Ten trials
were done for each value. The mean of these ten trials is what is plotted. The green strip represents
a coefficients that fall within the range of 0.95 to 1.05, while the blue strips represent coefficients that
are 0.5 to 0.1 away from the significant value of 1.

From the results on Figure [3.14] it can be seen that the time 7" has an influence on the fractal pattern
but only the mean of T has an impact, while its standard deviation has none.

The curve of the mean of T is different from the ones that were previously observed. Here, if the
value is too small, the signal will be close to white noise but it will also happen if the value is too large.
Let’s first consider the case where the mean value is too small. In that case, the correlation between
the points will be completely lost. Indeed, the I} value will no longer depend on 7(n) but on the value
of the preferred levels 73, that will vary at almost each time step. This means that the signal will no
longer try to remain to that preferred level since that level is completely random and changes at each
time step. On the opposite case, if the value becomes too large, that means that the preferred levels
will never change. We then reach cases where the preferred levels are straight lines which means that
the non-stationarity property is lost.

The standard deviation of T' on the other hand doesn’t have any impact on the fractal pattern.
However, larger values for the standard deviation are to be preferred as too small standard deviation
will lead to the preferred levels changing at the same time. The generated signal will more look like
"blocks", while a higher value of the standard deviation leads to "smoother" variations (see Figure
3.15)).
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Figure 3.15: Signal generated with the Ivanov model with a standard deviation for 7" of 1 (on the left)
and 1000 (on the right)
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3.1.5.6 Parameters Impact Summary and Selection for Fitting

Parameters

Impact on the fractal pattern

‘ Other impact

Strengths of the
feedback inputs wgg,
wpg and wgsa

Important impact when the value grows,
especially for wg4 and wgg leading to a signal
close to white noise. Impact more negligible for

wpg. For wgg, a low value leads to a signal
made of "blocks".

Impact on the amplitude of the
signal as well as its standard
deviation.

Number of
sympathetic
signals V

Impact negligible as long as the values are
within a reasonable range, as extremely

small or large values may have more significant
effects.

White noise n

Important impact when the standard deviation
is small as it removes the randomness of the
signal.

Important impact on the
standard deviation as well as
the local amplitude in steady
states.

Preferred levels 754,
Tps and Tgg

Not an important impact as long as the upper
and lower bound, especially the ones for 7gg,
are far enough.

Impact on the mean of the
signal and the range of the
values taken by the time series.

Time for constant
preferred levels T’

No impact of the standard deviation of T" but
very important impact of the mean value as
extreme values (both too small and too large)
will remove the non-stationarity propriety of the
signal.

Table 3.1: Summary of the impact of the various parameters of the Ivanov model

The analysis of table led to the conclusion that the feedback input strengths wga, wpg, and wgg
would be the most relevant parameters to adjust depending on the subject. These parameters have
a significant impact on both the amplitude and fractal pattern of the signal, making them the most

interesting ones to vary.

Let’s examine the other parameters and understand why they were not chosen:

e The parameter N, representing the number of sympathetic signals, has a negligible impact, and
therefore, it is not necessary to fit it to the heart rate time series.

e The white noise parameter n could also be a suitable option since it affects both the fractal

pattern and the amplitude, similarly to the feedback input strengths. However, the impact of the
standard deviation of n is only significant when it is small, and it has little to no impact when it
is large. This makes the feedback input strengths more interesting since they impact the fractal
pattern in a similar way and have a stronger influence on the amplitude.

As the preferred levels have no significant impact on the fractal pattern, fitting these parameters
to the heart rate time series would not be meaningful. However, this does not necessarily mean
that these values must remain fixed. Since the impact of the preferred levels is mainly on the
specific values taken by the time series, they could potentially be adjusted based on observations
of the heart rate signals.

While the time period T for which the preferred levels remain constant does have an impact on
the fractal pattern, we didn’t fit it to the heart rate signals. This is because its value plays a
crucial role in preserving the persistent property of the model. Therefore, it is important to keep
the value of T fixed, and not adjust it during the fitting process. Furthermore, it provides limited
information regarding the impact of the systems on the heart rate, which is why the feedback
input strengths were given preference.

37



Wse Wop Wsp

Tea Tep ‘ Tep ‘
Wssg Wgg Wgg .
Tsg Teg ‘ Teg ‘
Wpg Wpg Weg i
Tps Tps ‘ ) ) Tps ‘
) —
Which parameters . L. ) or !
have an influence on T r;;\ec:;?reatrg?ng:fso ‘ T ‘
the fractal pattern? P ) — 1 \ J

N o

Figure 3.16: Methodology for selecting the most appropriate parameters to be fitted on heart rate
signals.

3.1.6 Parameter Estimation on Real Data

With the most suitable parameters identified to be fitted on the heart rate of different subjects, we
can now proceed to the actual parameter estimation in the subsequent sections. This allows us to
determine the optimal parameter values for each subject. Three distinct methods were employed for
this purpose:

1. maximum likelihood estimation (section [3.2)),

2. approximate Bayesian computation (section [3.3)),

3. Bayesian inference with neural networks (section [3.4)).

As explained in section [3.1.5.6] we will focus on fitting the feedback input strengths wg 4, wpg, and
wgg. The same methodology will be employed for each of the three methods, summarized in in Figure

BIT

1. To assess the parameter estimation method, we will generate multiple signals using the Ivanov
model with known parameter values;

2. Utilizing one of the three methods, we will perform the parameter estimation process;
3. The estimated parameters will be compared to their original values;

4. If the estimated parameters closely match the original values, we can conclude that the method
is accurate and can be applied to estimate parameters in heart rate data.
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Figure 3.17: Methodology used to estimate the parameters wga, wgs and wpg of the Ivanov model
for heart rate signals.
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3.2 First Method for Parameter Estimation: Maximum Likelihood
Estimation

3.2.1 Method Overview

The maximum likelihood estimation (MLE) is a method to estimate the optimal parameters of a model
using available data. This approach involves selecting parameter values that maximize the likelihood,
which is the probability of observing the given data based on the parameter values. Typically, the
likelihood function is denoted as £(0]X ), where 6 represents the parameters of the model and X is the
observed data. The likelihood function for n data points can be written as:

LO1X) = f(X = 21]0) X ... x f(X = z,]0)

where f(X = x;]0) represents the probability of observing the i-th data point z; given the model
parameters 6.

Often, it is more convenient to maximize the log-likelihood rather than the likelihood itself, as it
results in a sum rather than a product.

log(£L(6]X)) = log(f(X = 21/6)) + ... + log(F(X = z.4/6)).

In the end, the estimation for the parameters 6 is given by:
0" = maxglog(L(0]|X)).

3.2.2 Applying MLE to the Ivanov Model: Analytical Form of the Likelihood

To begin, we need to determine the probability distribution of the model. Equation shows that
we need to maximize the probability that the value 7(n + 1) — 7(n) is equal to the difference between
two points in the time series. This involves determining the probability distribution of Iga, Ipg, and
Igg individually. Subsequently, the probability distribution for the sum of all three can be computed.
Since I, is dependent on the value 7(n), we can simplify by maximizing the following probability:

f(X|7(n),0)
where X = 7(n+ 1) — 7(n), and 6 represents the model parameters.
3.2.2.1 Sinoatrial Node
The probability distribution of Ig4 can be determined as follows, given that the value of the preferred

level 7g 4 is unique for the SA node:

{ Isa ~ Laplace(wga x (14 u),wsa x b)  if 7(n) < 754 (3.3)

Isy ~ Laplace(—wga X (1 + p), wga X b) otherwise,

where p is the mean of the parameter 7 in Equation and b is its scale. Note that since 7 is white
noise, p will always be 0, thus for the next probability distributions definition, it will be ignored.

3.2.2.2 Parasympathetic System

The determination of the probability distribution for the parasympathetic system is more complex
since Tpg follows a uniform distribution between two values. To handle this, let us introduce the
following parameters:

® Tpg,... the maximum value for 7pg ,
® Tpg, ., the minimum value for 7pg,

e p the probability that 7(n) < 7pg.
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Finally, we get

Ips ~ Laplace(wpg,wpg X b) if 7(n) < 7ps,;.,
Ipg ~ Laplace(—wpg,wps X b) if T(n) > TPSmas
Ips ~ p x Laplace(wps, wps x b) + (1 — p) x Laplace(—wpg,wpg x b) otherwise.

The last line of the equation is actually sufficient to cover all cases, with the first two lines being special
cases for p =1 and p = 0, respectively.

3.2.2.3 Sympathetic System

The input values Iés for the sympathetic systems follow the same probability distribution as the
parasympathetic system input, using their own parameter values such as 7gg, , , TSSmau s and wgg.
However, since the values IZ?S are added N times resulting in the sum Igg = ijl Igs, random
variables with the same distribution are added, and the probability of this sum can be approximated
by a normal distribution. This approximation is valid when N is sufficiently large, which in this case
was determined experimentally to be N > 3. To simplify our analysis, we define the following terms:

e uss =p X wgs+ (1 —p) x (—wgg), the mean of the probability distribution of Igg,

e 0gg the standard deviation of the probability distribution of Igs. The distribution of Igs can
actually have two shapes:

1. The first one is a Laplace distribution. In this case, the standard deviation will remain
unchanged, thus o0gg = wgg X o where o is the standard deviation of the white noise 7.

2. The second case is the bimodal distribution, meaning the distribution has two trends. This
is the result of the probability distribution being a linear combination of two Laplace dis-
tributions. In the present case, the distribution has two "peaks" which occur at the means
of the two Laplace distributions. In this case, the standard deviation can be approximated
by:

\/U’%s +0? = ((2p+1) x wss)?.

Finally, we have

N
Igg = Zlfgs ~N(N x pgs, VN x 0sg).
j=1

3.2.2.4 Convolution

Let’s take a brief look at convolution before we proceed to derive the probability distribution of
T(n+1) —7(n).

In probability theory, convolution refers to a mathematical operation that involves two probability
distributions. Specifically, given two random variables X and Y with probability distributions f and g
respectively, the convolution of f and g, denoted f * g, is a new probability distribution that represents
the probability distribution of the sum Z = X + Y.

The convolution operation can be thought of as a way to combine the probabilities of two events
in order to compute the probability of their sum. The basic idea is to integrate the product of the
probability density functions of X and Y over all possible values of X and Y that would result in a
particular value of Z. This can be expressed mathematically as:

(f*g)(z) = /f(ac)g(z — z)dx.
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3.2.2.5 Sum of the Inputs

Finding the probability density function of the sum of these three components is not a straightforward
task. As we aim to calculate the probability density of the sum of random variables, we can employ
the concept of convolution.

First, let’s approximate the probability density function of Igs + Ipg:

e if the probability density function of Ipg is a Laplace distribution, then

Isa + Ips ~ Laplace(psa + pps, bsa + bps),
e if the probability density function of Ipg is a bimodal distribution, then
f(Isa+Ips|0) = f(Isal6) = f(Ips|6).
Finally, the probability density function can be estimated in the following way:
f(X10) = f(Isa+ Ips|0) * f(Iss|6).

3.2.2.6 Problem of the Probability of 7(n) < 7%

Now that we have the probability density function of 7(n + 1) — 7(n) given 7(n) and 6, the remaining
step is to determine the probability p that 7(n) < 7, where 73 represents the preferred levels.

For the sinoatrial node, this probability can only take values of 1 or 0 since 754 is constant and
known. However, for PS and SS, the preferred levels vary within two bounds, making the computation
of this probability more complicated. As the levels are selected using a uniform distribution, a naive
approach could be to consider:

Tk — Tlower _bound

P(r(n) <) =

Tupper _bound — Tlower bound

However, this approach overlooks the fact that the preferred levels remain constant for a significant
amount of time. Therefore, 7(n) not only depends on 7(n — 1),7(n — 2),... but also on these fixed
preferred levels. When a time step is reached where the preferred levels have been constant for a while,
7(n) is likely to have reached a steady state. In such a scenario, it would be incorrect to assume that
the probability p is the same as the one previously described. In other words, the proposed probability
distribution is only valid if the preferred levels 7, change at each time step.

In the current scenario, calculating the probability p appears impractical as it relies on several
variables, such as the possibility that 7(n) may be in a steady state, but there is no ways of determining
it as it also depends on the duration T' for which a preferred level 74 remains unchanged.

Therefore, it is unlikely to obtain precise outcomes by applying the maximum likelihood estimation
method to the datasets’ heart rate signals. However, for validation purposes, it was still conducted with
the assumption that 7" = 1, to confirm that despite the model’s significant deviation from reality, the
maximum likelihood method doesn’t provide outcomes that differentiate between healthy individuals
and those with diseases.

3.2.3 Implementing and Assessing the Method
3.2.3.1 Method Implementation

The maximum likelihood implementation for the model was carried out in several steps. First, the
probability distribution for each input I, using the formulas defined in section was constructed,
after which they were gradually combined using convolution.

For the SA node, the required parameters to determine the likelihood are:

e wg4 the strength of the feedback input,
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e the standard deviation of the white noise 7,
e 754 the preferred level of the SA node,
7(n) the previous RR interbeat.
For the parasympathetic system, the required parameters to determine the likelihood are:
e wpg the strength of the feedback input,
e the standard deviation of the white noise 7,
® 7ps,,., the lower bound for preferred level,
e 7pg,... the upper bound for preferred level,
e 7(n) the previous RR interbeat.
For the sympathetic system, the required parameters to determine the likelihood are:
e wgg the strength of the feedback inputs,
e the standard deviation of the white noise 7,
e Tgg, . the lower bound for preferred level,

® 75s,... the upper bound for preferred level,

T(n) the previous RR interbeat,

e N the number of feedback inputs.

3.2.3.2 MLE with One Feedback Input

Method To verify the exactitude of the computation of the probability density function of each input
I, the maximum likelihood estimation was performed but by considering that there is only one of the
input of Equation Thus, we have:

T(n+1) —7(n) = I,.

In order to perform the maximum likelihood estimation, the first step is obviously to determine
the likelihood for a given signal. For that we can use the formulas for I, (SA, SS and PS) described in
section [3.2.2l We compute the likelihood of each points in the provided signal excepted the first one
(since we don’t have 7(—1)). Then, we compute the log-likelihood by summing up the log.

To maximize the log-likelihood, we can use the minimize function from the scipy.optimize library,
which is designed for minimization rather than maximization. To overcome this, we minimized the
negative log-likelihood. In the end, we will have:

wh = ming, Zlog +1) = 7(n)|r(n),0))

with 6 being the parameters needed to compute the probability density.

In order to check that it works, a signal is generated with a given value for w, and the other values
for the strengths of the feedback inputs are set to zero. For example, if we are considering SA, then
we generate a signal with wga = y with y being a given value and wgg = wpg = 0.

For all three inputs, 500 signals composed of 5000 beats were generated with a random value for
their strength w,. A maximum likelihood estimation on these signals was performed to estimate these
values of w,. The absolute difference between the estimated w] and the actual value w, was then
computed in order to assess the precision of the estimation.

This was performed twice:

1. once with the time T varying as specified in the model (see section ,

2. once with T'= 1 such that the naive probability distribution p is correct (see section [3.2.2.6| for
more details).
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Results Results of the two experiments are available in Figures and The parameter
estimations for SA and PS were accurate in both cases. However, the estimations for SS were only
accurate in the second case. The absolute difference between the estimated value of wgg and the
actual value could reach up to 0.012, which is significant considering that the values of wgg were
chosen between 0 and 0.1. Additionally, a loss in precision can be expected when combining multiple

inputs. Therefore, in the following analysis, we will only consider the second case where the value of
T is fixed at 1.
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Figure 3.18: The histograms display the frequency of signals based on the absolute difference between
the estimated w} with MLE and the actual parameter value of a signal generated with the Ivanov model.
The experiment generated 500 signals using the Ivanov model with w, chosen randomly between 0
and 0.1. The remaining parameters used in this experiment are consistent with those specified in
section , except for the two other feedback input strengths, which are set to 0 (e.g., wga = y and
wps = wgs = 0).
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Figure 3.19: The histograms display the frequency of signals based on the absolute difference between
the estimated w} with MLE and the actual parameter value of a signal generated with the Ivanov model.
The experiment generated 500 signals using the Ivanov model with w, chosen randomly between 0
and 0.1. The remaining parameters used in this experiment are consistent with those specified in
section , except for the two other feedback input strengths, which are set to 0 (e.g., wsa = y and
wps = wgs = 0) and the time 7" which is set to 1.

3.2.3.3 MLE with Two Feedback Inputs

Method Now that we have confirmed the accuracy of the maximum likelihood estimation for one
input, we can now evaluate the same approach considering that the value 7(n+ 1) —7(n) is dependent
on two inputs:

T(n+1)—7(n) = I, + 1.

The process of computing the separate likelihoods remains unchanged, but in order to determine
the probability of I, + I, we utilize the convolve function from the scipy.signal library. Before
the convolution can be performed, we first need to compute f7,(x|¢) and fr, (x|6) for all points, which
is obviously unfeasible. Thus, we compute the values within a chosen interval that is defined by the
bounds mean £ 3 x std, with a precision of 0.0001. In other words, the value of f(z|f) is computed
for every 0.0001 values in the specified interval.

The convolution operation is computationally expensive, and hence the maximum likelihood es-
timation was carried out on 50 signals with random values of w, and w, chosen between 0 and 0.1.
Additionally, the length of the signals was decreased to 1000 points.

Results The results of these experiments can be found in Figure [3.20 The majority of the exper-
iments produced accurate results, but there were some cases where the accuracy was poor. This can
be attributed to the imprecision of the convolution process, which causes a loss of accuracy. The
imprecision can create local minimums which the optimization algorithm minimize can get stuck in,
leading to less accurate results.
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Figure 3.20: The histograms illustrate the frequency of precision values (absolute difference between
estimated and actual values) for the estimated w} and w; (mix of 2 inputs) using MLE on signals
generated with the Ivanov model. The top histograms show estimation results on signals not containing
the SS inputs (wgg fixed to 0), the middle ones show results for signals without the SA input (wga
fixed to 0), and the bottom ones show results without the PS input (wpg fixed to 0). T is set to 1,
and the remaining parameters follow those specified in section The estimations were performed
50 times on signals with 1000 points. The values of w, and w, were randomly selected between 0 and
0.1. The abscissa axis of the middle histograms is limited to 0.015 for clarity, but 8 precision values
exceeded this limit, with 5 around 0.08.

3.2.3.4 MLE on the Whole Model

Method Finally, using convolution, the likelihood estimation was performed by estimating the like-
lihood of the sum of all inputs as in Equation The parameter estimation was conducted on 50
signals consisting of 1000 points, with the strengths of the feedback input randomly selected between
0 and 0.1.

Results The results are available on Figure They show that the estimation of the feedback
input strengths is often inaccurate, with over half of the experiments yielding an absolute difference
between the estimated value w}, and the true parameter value w, greater than 0.1. This inaccuracy can
be attributed to the loss of precision incurred during the convolution, which causes the minimization
to get trapped in a local minimum.

Ideally, to avoid this issue, one would aim for a precision level lower than the tolerance of the
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minimize algorithm. However, achieving such a level of precision would require substantial computa-
tional resources.
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Figure 3.21: Histograms representing frequency of signals that had a given precision (absolute difference
between the estimated value for the estimated parameter and the actual value) for the estimated
wy. The signals generated with the Ivanov model on which the maximum likelihood estimation was
performed are made of 1000 points and 50 trials were performed. T is set to 1 and the values for wg4,
wgs and wpg were randomly selected between 0 and 0.1. The remaining parameters are the same as

the ones described in section B.1.3

3.2.4 Conclusion

Although the maximum likelihood estimation is a commonly used method for estimating parameters
from data, it is not a suitable approach for the Ivanov model due to several issues. Firstly, it is highly
challenging to obtain an analytical form of the model’s likelihood, as explained in section [3.2.2.6]
While a naive expression can be derived and tested, a second problem arises from the fact that the
Ivanov model is a stochastic process composed of a sum of inputs, which means it is also a sum of
random variables. This requires the use of convolution to compute the likelihood of the model, which
is highly computationally intensive and results in a loss of precision. Therefore, we can conclude that
the maximum likelihood estimation is not a suitable method for parameter estimation in the Ivanov
model.
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3.3 Second Method for Parameter Estimation: Approximate Bayesian
Computation

3.3.1 Method Overview

In the previous section, it was shown that accurately estimating the parameters based on the likeli-
hood is not feasible. An alternative method is to use approximate Bayesian computation (ABC) [40].
This approach is often employed when the likelihood function is either intractable or computationally
expensive. Instead of computing the likelihood function, ABC approximates the posterior distribution
of parameters p(6|X) by simulating the system and comparing the simulated data to the observed
data using a distance function. The basic concept of ABC is to accept parameter values that generate
simulated data that are similar to the observed data, up to a specified tolerance level. The most
commonly used algorithm is the rejection algorithm, which follows the following steps [43]:

1. Sample a candidate parameter §* from a prior distribution p(6);
2. Simulate a dataset X™* from the model;

3. Compare the simulated dataset X™* with the experimental data Xy, using a distance function d
and a tolerance e. If d(Xo, X*) < ¢, accept 6*;

4. Repeat until N parameter values have been accepted.

The choice of distance function is not limited to any specific type as long as it effectively measures
the similarity between the observed and simulated data. Examples include the Euclidean distance or
Manhattan distance.

Assessing the similarity between the observed and the simulated data solely by measuring the dis-
tance between them can be inadequate, especially in the case of time series where it is often challenging
to replicate the exact same series. Instead, a common approach is to measure the distance between
a summary statistic S(X) that reduces the data to a more manageable set of features, such as mean,
standard deviation, autocorrelation, etc. This allows for a more effective comparison between the
observed and simulated data.

Selecting the appropriate summary statistics, distance metric, and threshold value is crucial for
the performance of the ABC algorithm and depends on the specific case at hand. Hence, these choices
should not be overlooked.

The rejection algorithm has a major drawback: if the prior distribution p(#) differs significantly
from the posterior distribution p(6|X), the algorithm will generate many 6* that are far from the true
value of 6. As a result, the algorithm will have a high rejection rate, which makes it highly inefficient.

To address this issue, we introduce an alternative version of the ABC algorithm based on sequential
Monte Carlo (SMC) [43] [38]. The ABC SMC algorithm aims to iteratively refine the approximation of
the posterior distribution of parameters by selecting multiple thresholds, denoted as € > €3 > -+ >
er > 0. The algorithm operates as follows:

1. Initialize €1, €9, ..., e and set the population indicator to t=0;
2. Set the particle indicator i = 1 (a parameter estimation value is called a particle);

3. If t = 0, sample 0** independently from p(f). Else, sample * from the previous population
0,1 with the weights w;_; and perturb the particle to obtain 0** ~ K.(6]|0*) where K; is a
perturbation kernel.

If p(0**) = 0, return to step 3.
Simulate a candidate dataset X*.

If d(X*, Xo) > €, return to step 3;
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4. Set Qt(i) = 0** and compute the weight for particle H,Ei) in the following way

- 1 ift=0
i .
wy = p(6;”) it
R t> 0.
SO T R
if 1 < N, seti=14+ 1 and go to step 3.
5. Normalize the weights.
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Figure 3.22: Conceptual overview of the ABC method with the rejection algorithm. Figure from ref
/16].
3.3.2 Applying ABC to the Ivanov Model: Tools Selection

3.3.2.1 Summary Statistics

Three summary statistics are chosen for the ABC algorithm on the heart rates:

e The DFA coefficient: since the fractal dynamic of the heart rate is being considered, this
summary statistic is an obvious choice for parameter estimation;

e The autocorrelation: long-range correlation is a statistical characteristic of 1/f signals, as
described in section [1.2.1.1] so it makes sense to use this statistic;

e The variance: the parameters to be estimated are the strengths of the feedback inputs (see
section , which have an impact on the signal amplitude and, consequently, the variance
of the signal. The variance is relatively small compared to the two previous statistics, so a factor
of 50 (determined experimentally) is used to increase its importance.

3.3.2.2 Distance Function

For the ABC algorithm on the heart rates, the Euclidean distance was chosen to measure the similarity
between the observed and simulated data. This is a common choice in ABC as it is easy to compute and
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interpret. Moreover, it provides a natural way to use the summary statistics that we selected. Indeed,
since the summary statistics are real-valued vectors, the Euclidean distance naturally quantifies the
distance between them. Other distance functions could have been chosen, but the Euclidean distance
is a reasonable first choice and often yields good results in practice.

3.3.2.3 Thresholds

The chosen thresholds are generated in three stages as follows:

1. The first 20 thresholds are evenly spaced between 1 and 0.1;
2. The next 20 thresholds are evenly spaced between 0.1 and 0.01;

3. The final 20 thresholds are evenly spaced between 0.01 and 0.001.

However, it was found that some of the parameter estimation computations were excessively slow
at certain thresholds, with little difference in the resulting parameter distributions. Therefore, a time
limit was imposed on the parameter estimation computation, and it may not always complete at the
final threshold.

3.3.2.4 Prior Distribution

The chosen prior distribution for the parameters wga, wgg, and wpg is a uniform distribution given
by wy ~ Uniform(0,0.1).

3.3.2.5 Perturbation Kernel

The perturbation kernel for parameter estimation is commonly implemented using either a normal
distribution or a uniform distribution. For this particular project, a normal distribution is deemed
more suitable, and thus we selected 8** according to the following procedure:

0** ~ N'(6*,0.01).

The choice of a standard deviation of 0.01 is considered appropriate because the original distribution
of p(#) is a uniform distribution between 0 and 0.1. This value is small enough to avoid considering
an excessively large range of values, yet large enough to prevent getting trapped in a narrow range of
values if an iteration yields parameter estimates far from the correct value.

3.3.2.6 Number of Points for the Time Series

The length of the time series was set to 5000 points, which strikes a balance between efficiency and
accuracy. The ABC algorithm produces a substantial number of time series, so the longer the time
series, the more time the parameter estimation will take. However, the fractal pattern of the signals
generated by the Ivanov model is due to the signal varying based on preferred levels that themselves
vary based on a time T (see sections|3.1.5.5and [3.1.4)). This time T follows a normal distribution with
a mean of 1000. Therefore, a value of 5000 seems appropriate as it will capture various modifications
in the preferred levels but will not generate excessively large signals.

Since the time series used in this project for the Ivanov model have a size of 20.000, the subset of
5.000 points to be analyzed will be selected randomly, starting from a randomly chosen initial point.

3.3.3 Implementing and Assessing the Method

The implementation of the method utilized the tools outlined in the preceding section. As explained in
section the evaluation of the method involved generating signals with predetermined parameter
values with the Ivanov model. The estimated parameters obtained through the ABC method are then
compared to the original parameter values to assess the performance of the method.
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The Ivanov model parameters to be estimated are the feedback input strengths wg 4, wgs, and wpg,
as discussed in section [3.1.5.6] Figure [3.23] shows that the ABC algorithm does not provide accurate
results. However, it shows promising results for estimating a single feedback input strength, even
for wgg, which was not the case for maximum likelihood estimation, as described in section [3.2.3.2
Therefore, a revised model will be presented.
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Figure 3.23: The histograms depict the parameter estimation distribution obtained using ABC SMC
for a signal generated by the Ivanov model, with the parameter values set as described in section[3.2.3.2]
The same tools described in section [3.3.2] were used, and 100 parameter estimations were generated
for each considered threshold. The top left panel shows the estimations for wg4, the top right panel
shows the estimations for wpg, and the bottom panel shows the estimations for wgg.

3.3.4 Revisited Ivanov Model
3.3.4.1 Model Overview

In this section, we examine a modified version of the Ivanov model (previously discussed in section
. Although the underlying stochastic process remains the same, the interpretation will be slightly
different due to simplifications. Specifically, we still assume that the time between beats 7(n) follows
a random walk process that is biased towards preferred levels. However, in contrast to the previous
model, we omit the inputs for the sinoatrial (SA) node and the parasympathetic system. We then
have:

N

T(n+1)=7(n) =Y F(n,7(n)) (3.4)

Jj=1
with
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Jw(@+n)  ifr(n) <7
I(n) = { —w(l+mn) otherwise. (3:5)

In the revised version of the Ivanov model, the inputs are not assigned to any particular system but
are rather considered as inputs that can be influenced by both the sympathetic and parasympathetic
systems. The preferred levels change over time, as in the original model, and their values determine
the impact of the sympathetic or the parasympathetic systems. If a preferred level at a particular time
is close to the center of the range, it will be considered as an input that isn’t influenced by any system
and follows the rhythm of the SA node.

Upon reflection, this version appears to be more coherent, particularly for the inputs of the sym-
pathetic system. This is because the sympathetic system is intended to accelerate the heart rate, but
its preferred level, representing the desired interbeat time, could be greater than the preferred level of
the SA node. Additionally, the uniform distribution for this input was centered on 754 (the preferred
level of SA).

3.3.4.2 Parameters Value Choice

The majority of the parameters in this model are analogous to those in the original model. To avoid
repetition, we only provide a brief overview of them. For a more in-depth understanding of the reasoning
behind each parameter, please refer to sections and The parameters in this model are as
follows:

e For the number of inputs considered N, the original value was set to 7. Considering that we
removed two inputs and that Ipg had a bigger impact than the other inputs, we will now set NV
to 10.

e The white noise 1 remains unchanged (Laplace distribution with scale = 0.5 and mean = 0).

e The preferred level 77 will remain the same than for the SS inputs of the original model, i.e.
centered around the SA level and bounded between 0.2 and 1. These levels follow a uniform
distribution.

e The preferred levels will remain constant for 1" beats before changing. The distribution of T'
remains unchanged (normal distribution with mean = 1000 and standard deviation = 500)

e The parameter value for w was the most challenging to determine as it was the parameter we
aimed to fit to certain subjects in the model. To select an appropriate value for this parameter,
we conducted an analysis similar to that in section and the outcomes are presented in
Figure Based on these results, w was set to 0.015.
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Figure 3.24: This graph shows the variation of the « coefficient calculated using the DFA method with
respect to the parameter w. The lag values used for the analysis range from 5 to 500 and the signals
used for the calculation are generated with the revisited Ivanov model and are of 20.000 points. The
parameter w varies between 0 and 0.05, with 50 different values considered. For each value of w, 10
trials were performed, and the mean of the results is displayed in the graph. The green strip represents
a coefficients that fall within the range of 0.95 to 1.05, while the blue strips represent coefficients that
are 0.5 to 0.1 away from the significant value of 1.

3.3.4.3 Implementing and Assessing the Model

Implementation No implementation of the model is necessary as it can be modeled by changing
the parameters of the original model in the following way:

1. wsa =wps =0,

2. wgg = 0.015,

3. N =10,

4. TSSpwers TSSuppers TPSiowers TPSupper @ Ts4 are unchanged,
5. the mean and standard deviation of T" are unchanged,

6. the mean and scale of n are unchanged.

Assessing Figure shows that the signal generated by the model is very similar to the heart rate
of a healthy subject, indicating that the model is a reliable approximation. Furthermore, DFA was
conducted on 1000 signals (see Figure , and the mean « coefficient was found to be around 1.073,
which is quite close to the significant value of 1. Thus, this model generates a signal that successfully
captures the fractal pattern of the heart rate.
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Figure 3.25: The figure on the left shows the heart rate signal generated by the revisited Ivanov model,
with parameter values of w = 0.015, 77 € [0.2,1], and n ~ Laplace(0,0.5). On the right, we can see
the first 20.000 interbeats of the heart rate signal from the fifth healthy subject in the second dataset

(section [1.3.2)).
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Figure 3.26: The histogram shows the distribution of the « coefficients computed using the DFA
method on 1000 signals generated with the revisited Ivanov model. The lags considered are between 5
and 500. The parameter values used for the model are w = 0.015, 77 € [0.2, 1], and 1 ~ Laplace(0,0.5).

3.3.5 ABC on the Revisited Model

Similar to the approach taken for the Ivanov model, we choose to fit the feedback input strength w for
various signals. This is motivated by the same reasons discussed in section

3.3.5.1 Assessing ABC on the Ivanov Model Revisited

Before proceeding with parameter estimation on the heart rate signals using the ABC algorithm, it is
important to verify the reliability of the method, just like for the maximum likelihood estimation (see
section . To assess the accuracy of the ABC algorithm, the parameter w using signals generated
from the revisited Ivanov model was estimated. Three different estimations of the parameter w for
signals were performed with the following values:

1. w = 0.005,
2. w = 0.01,
3. w=0.025,
4. w = 0.05,
5. w = 0.075.
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The parameter estimation results obtained using the ABC algorithm are depicted in Figure It
can be observed that the ABC method performs quite well in estimating the parameter w, particularly
for small values. Although the algorithm appears to be slightly less accurate for higher values of w,
the relative difference between the actual value and the estimated value remains similar to the relative
difference observed for smaller values (see Figure|3.28). Therefore, while the precision of the estimation
may decrease for higher values of w, the ABC method can still be considered a reliable estimator for
the revisited Ivanov model parameter w.

— Trial 1
—— Trial 2
0.0751 — Trial 3 %
005 =2
0.005 %

0.00 0.02 0.04 0.06 0.08
Estimated value w*

Real value of w

Figure 3.27: This figure presents boxplots displaying the distribution of parameter estimations w*
obtained using the ABC algorithm on signals generated with the revisited Ivanov model. The parameter
w was set to 0.005, 0.01, 0.05, and 0.075, and for each value, three signals were generated and their
corresponding w parameter was estimated 100 times for each threshold. All parameters of the Ivanov
model are the same as described in section [3.3.4.2] except for the feedback input strength. The ABC
SMC algorithm tools used are the same as in section [3.3.2l The computation was terminated after
a specified time limit, with the last threshold considered falling within the range of 0.01463158 and
0.08410526.
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Figure 3.28: This figure serves as a summary of figure For each parameter value considered, the
relative difference between the estimated parameter value w* and its actual value w is computed for
each trial.
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3.3.5.2 Parameter Estimation on Heart Rate Signals

Method Having established the reliability of the ABC method for parameter estimation in the
revisited Ivanov model, we can now apply it to estimate the parameter w for real subjects. The Ivanov
model, which was previously considered for time series of 20.000 points, will now be applied to the
signals in the dataset described in section Since all the signals in this dataset consist of at least
70.000 points, they were divided into four separate time series, each containing 20.000 points apart for
the last one that might be smaller.

The analysis was conducted in two stages. In the first stage, a fitting was performed on the
initial 20.000 points of each subject’s signal, allowing for a longer computation time and thereby
achieving greater precision. The second stage involved the remaining three time series, corresponding
to the points in the intervals [20.000, 40.000], [40.000, 60.000], and [60.000, 80.000]. Although the
computation time was shorter in the second stage, it still provided sufficiently accurate parameter
estimations.

Results The results of the first fitting can be seen in Figure [3.:29] while the results of the second
fittings are shown in Figure Although there is some overlap between the healthy subjects and
those with congestive heart failure, a clear distinction can still be observed between the two groups
based on the parameter w. The parameter w tends to be smaller for subjects with congestive heart
failure, indicating that the influences on the heart rate from the components (SA node, sympathetic
and parasympathetic systems) are weakening. This suggests a decrease in the effectiveness of these
components in regulating the heart rate.

In contrast, subjects with atrial fibrillation can be easily identified by their significantly larger
estimations of the feedback input strength w*. According to the model, this suggests a substantial
influence of the components in affecting the heart rate.
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Figure 3.29: The boxplots illustrate the distribution of parameter w (of the revisited Ivanov model)
estimations obtained using ABC on real heart rate signals from subjects in the second dataset (refer
to section [1.3.2). The subjects are categorized into three groups: the first five subjects (group n) are
healthy, the middle five subjects (group c¢) have congestive heart failure, and the last five subjects
(group a) have atrial fibrillation. The ABC tools described in section were employed for the
analysis. The parameter fitting was conducted on the first 20.000 points of each time series. The ABC
algorithm was executed for a specific time limit, resulting in a final threshold range between 0.05631579
and 0.098.
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Figure 3.30: The boxplots illustrate the distribution of parameter w (of the revisited Ivanov model)
estimations obtained using ABC on real heart rate signals from subjects in the second dataset (refer
to section [1.3.2)). The subjects are categorized into three groups: the first five subjects (group n) are
healthy, the middle five subjects (group c) have congestive heart failure, and the last five subjects
(group a) have atrial fibrillation. The ABC tools described in section were employed for the
analysis. The fitting process was conducted three times, each time on a different portion of the subject
signals. Trial 1 focused on beats within the interval [20.000, 40.000], trial 2 on [40.000, 60.000], and
trial 3 on [60.000, 80.000]. The ABC algorithm was executed with a specified time limit, resulting in
a final threshold range between 0.09336842 and 0.1463158.
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Figure 3.31: The boxplots illustrate the distribution of parameter w (of the revisited Ivanov model)
estimations obtained using ABC on real heart rate signals from subjects in the second dataset (refer to
section [1.3.2)). The boxplots provide a summary of the parameter estimation distribution within each
group of the dataset (n for healthy, a for atrial fibrillation, and ¢ for congestive heart failure), serving
as a concise representation of the results depicted in Figures and

3.3.6 Conclusion

Similar to the MLE method, the ABC method demonstrated limitations in accurately estimating the
parameters of the Ivanov model. However, unlike the previous method, the ABC method can be
employed to estimate the parameters of a revised model (section .

The ABC method specifically estimates the feedback input strength parameter w. The estimations
of this parameter for the subjects in each group yielded interesting results, as noticeable distinctions
were observed between the groups. This shows the potential for modeling each group separately using
the Ivanov model.
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3.4 Third Method for Parameter Estimation: Neural Networks

In the preceding sections, we explored two different methods for parameter fitting of the Ivanov model
on real heart rate time series. However, neither of these methods yielded accurate parameter estima-
tions. In this section, we introduce a final approach using neural networks to address this challenge.

3.4.1 Applying neural networks to the Ivanov Model
3.4.1.1 Libraries

The time series will be embedded using PyTorch.

The lampe packageE] was employed to estimate the parameters. This package provides methods
that, given the data, estimates the posterior distribution of the parameters. It is implemented using
PyTorch.

3.4.1.2 Datasets

Three distinct datasets were created, each serving a specific purpose:

e the training set: This set consists of 2!6 time series,
e the validation set: This set consists of 2'2 time series,

e the testing set: This set consists of 210 time series.

All time series within these datasets contain 20.000 data points and are generated using the Ivanov
model. The parameters used to generate the signals are set to their default values (see section
except for the parameters under estimation, namely the feedback input strengths wga, wgg, and wpg.
These strengths are randomly chosen within the range of 0 to 0.1 for each individual time series.

To efficiently store and load the dataset, the lampe . data module provides a class called HD5Dataset.
The use Eff this process of generating and storing the datasets was heavily influenced by the lampe
tutorial

3.4.1.3 Embedding

Prior to parameter estimation, the dimensionality of the time series needs to be reduced. To accomplish
this, an embedding was constructed using convolutional neural networks (CNN). CNNs have demon-
strated remarkable effectiveness in analyzing images and uncovering significant patterns within them.
Subsequently, they have been applied to time series analysis and proven to be a dependable tool for
extracting patterns and facilitating classification [46]. The embedding architecture employed in this
study is specifically designed to convert the input time series data into a learned feature representation.

Theoretical background A convolutional network, also known as a convolutional neural network
(CNN), is a type of deep learning model designed for processing structured grid-like data, such as
images or time series data |28} |1].

The key component of a convolutional network is the convolutional layer, which applies a set of
learnable filters (also called kernels) to the input data. These filters slide over the input, computing a
dot product at each location and producing a feature map. This process allows the network to capture
local patterns and spatial dependencies present in the input. It has several features:

e The number of channels which refers to the depth dimension of the input and output data. It
represents the number of feature maps or filters used in that layer. Each channel focuses on
capturing different types of features in the input data.

"https://github.com/francois-rozet/lampe
’https://lampe.readthedocs.io/en/stable/tutorials/simulators.html
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e The kernel size, also known as the filter size, which determines the spatial extent of the receptive
field used for the convolution operation. It specifies the dimensions (width and height) of the
sliding window that moves over the input data.

e Padding which is an optional technique used to preserve spatial information during the convo-
lution operation. It adds extra pixels or values around the input data, effectively increasing its
size.

Typically, convolutional networks also include pooling layers, which reduces the spatial dimensions
while retaining important information.

Convolutional networks often conclude with fully connected layers, which connect all the neurons
from the previous layer to the next layer, and finally end with a softmax layer for classification or a
regression layer for regression tasks.

During training, convolutional networks optimize their parameters through backpropagation and
gradient descent, aiming to minimize a chosen loss function. This process allows the network to learn
to recognize complex patterns and features in the input data, making them well-suited for tasks such
as image classification, object detection, and image segmentation.
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Figure 3.32: These illustrations depict the underlying principles of a convolutional neu-
ral network (CNN). The figure on the top left demonstrates the operation performed
by the convolutional layer, while the figure on the top right represents the operation
carried out by the pooling layer. The bottom figure provides an overview of the
general architecture of a CNN. Source: https://www.analyticsvidhya.com/blog/2021/05/
convolutional-neural-networks-understand-the-basics/.

Embedding architecture

e Convolutional layers: The embedding starts with a 1D convolutional layer that takes as input
a single channel, representing the time series data. This layer convolves the input with 16 filters,
each with a kernel size of 1.

Following the initial convolutional layer, a stack of 10 additional convolutional layers is employed.
Each of these layers uses the same number of channels as the previous layer (16), a kernel size of
3 and a padding of 1.
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e Activation function: After each convolutional layer, a scaled exponential linear unit (SELU)
activation function is applied.

e Pooling layers: To reduce the spatial dimensions, max pooling is applied after each convolu-
tional layer. Max pooling is performed with a kernel size of 3 and a stride that varies depending
on the layer position.

e Flatten and fully connected layer: Following the stack of convolutional and pooling lay-
ers, a flattening operation is applied to convert the multi-dimensional feature maps into a one-
dimensional vector. This flattened representation is then passed through two fully connected
layers which reduces the data to a vector of size 8.

3.4.1.4 Model Architecture

After creating the embedding, the remaining architecture follows a straightforward approach. The
lampe package provides the NPE module, which takes the embedded time series as input and returns
an approximate posterior distribution p(f|x), where 6 represents the parameters to be estimated and
x represents the time series.

The implementation closely follows the approach outlined in the lampe tutoriallﬂ with similar steps
and procedures.

3.4.2 Training and Assessing the Method

Training The neural network is trained using the training set and validated using the validation set.
Training is performed using batches of size 256, and the torch.cuda library is utilized to accelerate
the process on compatible hardware.

Expected coverage To evaluate the accuracy of the neural network estimation, the lampe .diagnosis
module provides methods to calculate the expected coverage of the model.

The concept of expected coverage, as defined in the lampe tutorial, can be described as follows:
"The expected coverage of a posterior estimation p(f|x) at a credible level 1 — « is the probability of a
set of parameters 8* to be included the highest density region of total probability 1 — « of the posterior
estimator, given an observation z* ~ p(z|6*)" [

The highest posterior density region corresponds to the credible region with the smallest volume.
A credible region is a space © that satisfies the condition [17]:

/ p(f|x =x0)df =1 — a.
(C]

If the expected coverage at a credible level 1 — v is equal to 1 — «, the estimator is considered
calibrated. In other words, the plot of expected coverage should align along the diagonal. If the curve
falls below the diagonal, it indicates overconfidence of the model, while a curve above the diagonal
suggests underconfidence.

Testing the model The expected coverage of the trained network was evaluated on the testing set.
The results are available on Figure [3.33] It can be seen that even though the curve isn’t totally aligned
with the diagonal, it is pretty close, which means that the model is pretty calibrated. On Figure
[3.34] the parameters estimations on two different time series of the testing set are available. We can
observe that the first one is a very good approximation while the other one is not totally accurate.
However, even though the parameter estimations won’t be totally accurate, we can still conclude that
the estimations remain quite close.

3https://lampe.readthedocs.io/en/stable/tutorials/embedding. html
“https://lampe.readthedocs.io/en/stable/tutorials/coverage.html

61


https://lampe.readthedocs.io/en/stable/tutorials/embedding.html
https://lampe.readthedocs.io/en/stable/tutorials/coverage.html

e e o= =
iy (=41 o L=
| i i

Expected coverage

=
-]
I

=
=]
I

T T
0.0 0.2 0.4 0.6 0.8 1.0
Credible level

Figure 3.33: Expected coverage of the trained neural network. A curve bellow the diagonal means an
overconfident model while a curve above it means a underconfident model.
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Figure 3.34: Parameters estimation for two time series of the testing set with the trained neural
network. The estimation on the left is the one of the first time series of the training set and the one on
the right is for the 25" time series of the training set. The parameters estimated are the feedback input
strengths of the Ivanov model (more details in section . The cells located on the rightmost side
depict the posterior probability distribution p(w,|X) of the parameter value for the respective time
series. The remaining cells represent the joint probability distribution for two parameters.

3.4.3 Parameters Estimation of Heart Rate Signals

Given that the model was trained on time series consisting of 20.000 points, the parameter fitting for
the Ivanov model on real heart rate signals also needed to be performed on time series of the same
length. To achieve this, the first 60.000 points of each signal from each subject of the second dataset
(see section were considered, and the fitting process was conducted three times on different
segments of the signals.

The obtained results can be analyzed in two steps. Firstly, we can examine the results for healthy
subjects and assess the proximity of the estimated values to those chosen in this study. Secondly, we
can investigate any differences that may exist among the various groups.

Results of healthy subjects The original model for healthy subjects |21] established the reference
values as wgq = wgs = wps/3 = 0.01, which were also utilized in this project. Figures 3.36),
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and [3.38 demonstrate that the estimations for at least ws4 and wpg in healthy subjects’ signals are
remarkably close to these initial values apart from the first healthy subject which exhibits a relatively
high value for wgs. Nevertheless, referring to Figure [3.7) in section where the impact of the
parameters was analyzed, this value is not high enough to have a substantial impact on the fractal
dynamic of the heart rate.

On the other hand, the parameter wgg tends to be slightly smaller, especially for subjects nl, n2,
and nb. In section 3.1.5.1] it was observed that a small value for wgg can affect the fractal dynamics
of the heart rate signal. However, this effect is counterbalanced by the higher estimations of wpg.

Overall, despite some differences between the estimations and the original model values, the esti-
mations remain quite close. This finding further strengthens the claim that the Ivanov model can be
effectively employed to model the heart rate of healthy subjects.
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Figure 3.35: The figure illustrates the median and mean of the parameter estimations for the three
parameters (wsa, wss, and wpg) of the Ivanov model, specifically for each healthy subject in the
second dataset (refer to section (1.3.2)).

Results of all groups From Figures [3.36] [3.37] and [3.38] we can observe a similar trend to the
fitting using ABC (refer to section : the strengths of the feedback inputs tend to decrease for
congestive heart failure and increase significantly for atrial fibrillation.

However, several additional observations need to be mentioned. Firstly, for congestive heart failure,
the decrease in strengths is mainly noticeable for wgs and wpg, while the decrease for wgg is less
apparent.

Secondly, it can be observed that the predictions for subjects with atrial fibrillation have a higher
variance (indicating greater uncertainty) compared to subjects in the other two groups. It could be
hypothesized that atrial fibrillation, being closer to white noise, exhibits a highly randomized signal,
making it challenging to accurately model. However, this increased uncertainty is primarily observed
for wg 4, indicating that this parameter have a lower importance in the case of atrial fibrillation. Upon
closer examination of Figure [3:38] it can be seen that for wpg, the uncertainty is primarily driven by
subjects ab and a4, while the predictions for wpg among the three remaining subjects have the lowest
variance of all subjects. Furthermore, although the variance for wgg remains relatively high, it is still
small enough to differentiate subjects with atrial fibrillation from those in the other two groups. In
conclusion, while wg4 cannot be clearly confined to a specific interval for modeling the heart rate of
subjects with atrial fibrillation, wgg can be placed within a distinct interval, and caution should be
exercised when interpreting wpg due to its large variance in two of the subjects.
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Figure 3.36: The boxplots display the distribution of parameter estimations for wga (top left), wpg
(top right), and wgg (bottom) within each group (n for healthy, a for atrial fibrillation, ¢ for congestive
heart failure) of the second dataset (see section. The parameter fitting was performed using the
neural network architecture with three trials on the first 60.000 points of each signal (20.000 points
for each trial). Each boxplot represents the distribution of estimations from the three trials for each
subject within the group.
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0.097
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The mean and median of the parameter estimations for wga, wgs, and wpg of the

Ivanov model are shown for each group (n for healthy, a for atrial fibrillation, and ¢ for congestive
heart failure) in the second dataset (see section [1.3.2)).
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Figure 3.38: The boxplots depict the distribution of parameter estimations for wga (top left), wpg
(top right), and wgg (bottom) across subjects in the second dataset (see section (1.3.2]). The parameter
fitting was conducted using the neural network architecture with three trials on the first 60.000 points
of each signal (20.000 points for each trial). Each boxplot represents the distribution of estimations
from the three trials. A more detailed distribution of each trial is available in appendix [C|

3.4.4 Conclusion

Among the methods explored, the utilization of a neural network emerged as the only reliable approach
to estimate the desired parameters of the Ivanov model.

The parameter estimations obtained from the heart rate signals in the second dataset (section
yielded interesting insights. Firstly, the estimations for healthy subjects closely aligned with
those of the original model, providing reassurance regarding the effectiveness of the original model in
simulating the heart rate of healthy individuals. Secondly, notable distinctions were observed among
the different groups, indicating the potential for individualized modeling of heart rate based on the
specific disease.
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3.5 Results Summary and Interpretation

3.5.1 Results Summary

In the previous sections, we investigated several methods to estimate the feedback input strengths
parameters of the Ivanov model. The objective was to apply these methods to actual heart rate
signals in order to obtain the best parameter fit for the model. Among these methods, two emerged
as particularly noteworthy:

e the ABC method applied to a revisited model (refer to section [3.3.4)),

e a neural network utilizing the lampe package.

Both of these approaches provided sets of parameter estimations that could be utilized to approxi-
mate the posterior distribution p(6|z) of the parameters. The outcomes of the fittings for each subject
can be found in sections [3.3.5.2] and [3.4.3

The key findings were as follows:

e The neural network fitting for the parameters produced values similar to those in the original
work for healthy subjects, indicating that the model is effective for simulating heart rate signals.

e For subjects with congestive heart failure, the strengths had lower values than those for healthy
subjects, suggesting a reduction in the impact of the sympathetic and parasympathetic systems.

e In contrast, for subjects with atrial fibrillation, the strengths were very high, indicating an over
influence of the sympathetic and parasympathetic systems.

H Group n ‘ Group ¢ ‘ Group a

w with ABC

0.0201 £ 0.0046

0.0074 £ 0.0033

0.0482 £+ 0.0091

wg4 with the neural network

0.0134 = 0.009

0.0027 £ 0.0028

0.0379 £ 0.0367

wgg with the neural network

0.0061 £ 0.0032

0.005 £ 0.0027

0.0418 £0.0113

wpg with the neural network

0.0347 +0.0073

0.0161 £0.0112

0.0771 £ 0.0313

Table 3.2: For each group (n for healthy, ¢ for congestive heart failure, and a for atrial fibrillation),
this table presents the intervals of parameter values that can be utilized to generate a heart rate signal
using the (revisited) Ivanov model. The intervals were computed as mean + std, using parameter
estimations obtained through the ABC method (section and the neural network (section [3.4).

3.5.2 Assessing the Fit to Real-World Data

Comparing time series Now that we have performed fittings using several methods, it is inter-
esting to evaluate their relative effectiveness. However, comparing time series poses a challenge as
it involves techniques from the field of time series data mining, which is an active area of research
[44]. Most existing methods for comparing time series involve measuring the "closeness" of two time
series, either by directly computing the Euclidean distance between them or by applying alignment
techniques to superimpose them and then assessing the difference |9} 45, 4|. However, these methods
have limitations, including the fact that many proposed techniques are specific to particular datasets
[22, |8]. Additionally, in the context of this project, we are dealing with noisy data, which means that
identifying similar trends among the time series is not feasible. Consequently, aligning the time series
and calculating distances between them won’t provide meaningful insights.

Hence, our main objective is to evaluate the model’s ability to generate signals that exhibit similar
characteristics to the original ones. Specifically, we will analyze the fractal dynamics of the generated
signals in comparison to their corresponding subjects.
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Figure 3.39: Methodology for assessing the Ivanov model’s capacity to replicate the fractal signal of
each subject, utilizing the parameter estimations obtained from the ABC method for the revisited
model (see section [3.3.4) and the neural network.

Visual aspect An initial comparison can be made by examining the visual characteristics of the
time series. In Figure [3.40] the first 20.000 data points of the time series for the first subject are
displayed for each category, along with simulated signals generated using the Ivanov model and the
revisited Ivanov model (see section . Upon visual inspection, it is apparent that the simulated
signals closely resemble the original signal, demonstrating a strong visual similarity between them.
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Figure 3.40: These figures depict the heart rate signals of the first subjects from each group in the
second dataset (n for healthy, ¢ for congestive heart failure, and a for atrial fibrillation). The top
signals display the first 20.000 data points from the dataset. The middle signals represent signals
generated using the revisited Ivanov model (section [3.3.4)), where the parameter w is set to the mean
value obtained from parameter estimations using the ABC method (see section. Lastly, the bottom
signals correspond to signals generated using the Ivanov model with default parameters (see section
, except for the feedback input strengths wga, wgs and wpg, which are set to the mean value
obtained from parameter estimations using the neural network (see section . A simulation for all
subjects is available in appendix
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Detrended fluctuation analysis After visually confirming the similarity between the simulated and
original signals, the next step is to assess whether the fractal pattern or its loss is accurately reproduced
by the model with the fitted parameters for each subject. To accomplish this, 100 simulated signals
were generated for each subject, and the resulting « coefficient was computed. Figure presents a
summary of the obtained results.

The overall results indicate that both models have successfully preserved the presence or absence of
fractal dynamics. However, a few subjects, particularly those in the congestive heart failure group, have
slightly deviated results, which may affect the reliability of their heart rate simulations. Nonetheless,
these difference are not significant enough to dismiss the model altogether, but they indicate room for
improvement.

In conclusion, this model is capable of accurately representing the heart rate of healthy subjects
and can be extended to individuals with both congestive heart failure and atrial fibrillation.

I Real value
3 Mean over 100 trials

EE Real value
1.44 3 Mean over 100 trials

nl n2 n3 n4 n5 cl c2 c3 c4 c5 al a2 a3 a4 a5
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Figure 3.41: This figure compares the a coefficient obtained using the DFA method for the real heart
rate signals of the subjects in the second dataset (see section with the simulated signals generated
using the (revisited) Ivanov model. The analysis considered scales ranging from 10 to 500, and the
time series consisted of 20.000 points each. For the real signals, the DFA method was applied to the
first 20.000 points. For the simulations, 100 signals were generated for each subject using parameters
randomly selected from the estimations made specifically for that subject within the (revisited) Ivanov
model. The value displayed represents the mean « coefficient computed across all these simulated
signals. The top figure presents the results obtained using the revisited Ivanov model and the parameter
values obtained through ABC (see section , while the bottom figure illustrates the results obtained
with the Ivanov model and the parameter values obtained through the neural network.

3.5.3 Improvement Suggestions

Considering more parameters There are two potential strategies for improving the current model.
Firstly, it may be worthwhile to investigate the preferred levels bounds of the Ivanov model, which were
not previously considered in the fitting process as it was not deemed impactful on the fractal dynamic.
However, since subjects with congestive heart failure have smaller amplitude compared to healthy
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subjects, adjusting the bounds and expanding or reducing the potential values for the preferred levels
may have a greater impact in this group. This approach could be explored using the ABC method on
the revisited model initially.

To evaluate the feasibility of this suggestion, a similar approach to the previous section was em-
ployed for DFA with the parameter estimations obtained earlier using ABC. The only difference is
that the signals generated for the estimation assessment now have preferred level bounds based on the
values observed in the specific subject under consideration for the « coefficient comparison.

The results, depicted in Figure indicate that this proposition holds merit and shows promising
potential. The improvements achieved with subjects who initially had poor results, such as n4, c3, and
c4, are substantial. However, this preliminary experiment merely confirms the usefulness of adapting
the preferred level bounds based on the heart rate signal values during parameter estimation. To
conduct a more comprehensive analysis, the entire process described in Figure must be repeated,
taking into account the dynamic adjustment of the preferred level bounds. The poor results observed
for n1 and the atrial fibrillation group highlight the necessity of undertaking this complete process to
obtain a deeper understanding of the parameter estimation and model fitting.

1.4 I Real value

3 Mean over 100 trials

1.24

1.09

0.8 A

0.6 -

0.4 A

0.2

0.0- T
nl n2 n3 n4 n5 cl c2 c3 c4 c5 al a2 a3 a4 a5

Subject

Figure 3.42: This figure compares the a coefficient obtained using the DFA method for the real heart
rate signals of the subjects in the second dataset (see section[1.3.2)) with the simulated signals generated
using the revisited Ivanov model. The analysis considered scales ranging from 10 to 500, and the time
series consisted of 20.000 points each. For the real signals, the DFA method was applied to the first
20.000 points. For the simulations, 100 signals were generated for each subject using parameters
randomly selected from the estimations made specifically for that subject within the revisited Ivanov
model. Furthermore, the bounds of the preferred level are adapted to the subject considered.

In a broader sense, it is possible to consider fitting all the parameters of the Ivanov model for
all subjects. However, it is important to recognize that incorporating more parameters significantly
increases the complexity of parameter estimation, potentially leading to a decrease in precision.

Another suggestion for incorporating new parameters in the model or parameter estimation is to
introduce additional components that account for other factors influencing the heart rate, such as
blood pressure or exercise.

LSTM embedding Secondly, an alternative embedding technique could be applied in the fitting
of parameters with the neural network. The current choice of CNN for embedding was motivated by
its ability to recognize various patterns in time series data. However, an alternative approach worth
considering is the use of LSTMs (Long Short-Term Memory). LSTMs possess the capacity to capture
important information from a sequence while disregarding less significant details. Given the long-range
correlation exhibited by fractal time series, LSTMs could prove to be particularly advantageous in this
context.

69



3.5.4 Results Interpretation

The outcomes of these parameter fittings indicate that in the case of congestive heart failure, the influ-
ence of the sympathetic and parasympathetic systems appears to diminish significantly. Conversely, for
atrial fibrillation, there is a notable increase in the impact of these systems accompanied by a dimin-
ished significance in the Ivanov model of the sinoatrial (SA) node, as indicated by its exceptionally high
variance for the parameter estimations. This observation can be attributed to the absence of a sinus
rhythm in individuals with atrial fibrillation, which implies that the SA node no longer regulates the
heart rate. These findings highlight the distinct physiological mechanisms underlying these two cardiac
conditions, shedding light on the potential role of autonomic regulation in their pathophysiology.

According to Dr. Philippe Marcelle, a cardiologist at "CHC asbl Liége", and Dr. Sebastien Robi-
net, a cardiologist at "CHU Uliége", these results are consistent with the existing knowledge about
congestive heart failure and atrial fibrillation.

According to Dr. Robinet, these findings align with previous studies conducted on heart rate
variability [31], which is a closely related area of research. He emphasizes that the results obtained
for congestive heart failure closely correlate with existing prognostic indicators. However, he notes
that these results may be less applicable to atrial fibrillation due to its absence of a sinus rhythm.
While still meaningful, the relevance of these findings in the context of atrial fibrillation is somewhat
diminished.

Dr. Marcelle also highlights the progress made in recent years in understanding these diseases,
particularly the increasing recognition of subgroups within congestive heart failure. Dr. Marcelle
suggests that while the overall findings are accurate, further exploration of these subgroups would be
valuable to ensure the applicability of the results to all cases, considering the heterogeneous nature of
congestive heart failure. Regarding atrial fibrillation, Dr. Marcelle recommends considering additional
factors such as the health of the atrioventricular node. Overall, while the model demonstrates its
effectiveness, Dr. Marcelle also highlights the importance of physiological justifications for the number
of feedback inputs for the parasympathetic and sympathetic systems.

This insight suggests new opportunities for future research, indicating that a more detailed dif-
ferentiation of the signals based on disease subgroups could be conducted to observe any potential
variations.

3.6 Conclusion

It has been demonstrated that the Ivanov model is an accurate model for representing the fractal
pattern of the heart rate in healthy individuals and can be extended to diseased subjects.

Several methods were explored to adapt the Ivanov model for individuals with congestive heart
failure and atrial fibrillation by using parameter estimation. Among these methods, only neural net-
works (section demonstrated reliability, while the ABC method (section was applicable only
to a revised version of the model (section . In contrast, maximum likelihood estimation (section
proved to be highly inaccurate and unsuitable for this particular case.

The parameter estimations resulting from these methods allowed for differentiation between the
three groups (healthy, congestive heart failure, and atrial fibrillation). Furthermore, the results demon-
strated accuracy, as the estimations successfully replicated the correct fractal dynamics of the signals
(section [3.5]).

Nevertheless, perfect accuracy was not achieved for all subjects, with slight differences observed in
the fractal pattern. This indicates potential avenues for further improvement and exploration of the

model (section [3.5.3]).
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Chapter 4

Going Beyond: an Introduction to
Generalized Linear Model

4.1 GLM overview

In this project, we focused on analyzing a stochastic model specifically designed for modeling the heart
rate. However, the fractal dynamics observed in the heart rate signal can also be found in many other
physiological signals. It would be intriguing to explore the possibility of extending this model to a more
generalized framework that could be applied to model various fractal signals. One potential avenue for
such an extension is the use of generalized linear models. In the following section, we provide a brief
overview of generalized linear models and their potential for heart rate modeling.

A Generalized linear model (GLM) is an extension of the linear regression model [27, |30]. Unlike
the linear regression model, GLMs allow for a wider range of probability distributions, making it more
flexible. The linear regression model assumes that the conditional expectation of the response variable
Y is a linear function of the predictor variables:

EY|X)=XTp.
The linear regression model is based on a normal distribution assumption, so that
Y =X"B+¢

with € ~ N(0,0?). Alternatively, we can say that

Y|X ~ N (u(X),0%I)

with u(X) = X73.

Figure 4.1: Linear regression schematic representation. Figure from ref [27]
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In contrast to linear regression, the generalized linear model assumes that Y| X follows a distribution
from the exponential family (more details in appendix . Moreover, it assumes that a function of the
mean is a linear combination of the predictors:

G(u(X)) =X"3

with G being called the link function.
GLMs consist of three components |37, 36]:

1. Random component: It refers to the probability distribution that describes the variation in
the response variable.

Y ~ distribution from the exponential family.

2. Linear predictor: It is a linear combination of the predictor variables used to model the
relationship between the predictor variables and the response variable. The linear predictor is
specified as:

n=Gu)=Xp.

3. Link function: As mentioned earlier, it is a function used to transform the response variable
to a linear combination of the predictor variables. Table shows link functions for several
distributions. The link function must satisfy the following requirements:

e it must be continuously differentiable,
e it must be strictly increasing,

e the image must be in R (and thus must be invertible).

In the case of the canonical exponential family, we can use the canonical link, which is obtained
as:

g() =0 = ()" ().
In appendix we will discuss the intuition behind this formula.

’ Distribution ‘ f(y) ‘ Canonical link ‘
Bernouilli (1 — p)t=v n= IOg(ﬁ)

Poisson “y—?e*“ n = log(p)
Exponential %exp(—%) n= %
Gamma ﬁ(%)d’exp(—%)y(b_l n= i

exp[—(y—1)?/(26)°] —

Normal Ton nN=U
Inverse Gaussian \/ S exp(—)‘(gT;’;f) n= ﬁ

Table 4.1: Example of distributions from the exponential family

4.2 GLMs on Time Series

After reviewing the principles behind GLMs and the general overview of the method, we can proceed
to model the heart rate of the second dataset (described in section by estimating the parameters
B. To predict the interbeat for beat n, the previous n — t interbeat observations will be used as the
input variables X. It should be noted that since fractals show long-range correlation, the value of ¢
must be chosen large enough.

For time series, we can consider two cases for the GLMs:
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1. keeping the signal unchanged,

2. converting the signal into a count time series.

4.2.1 Implementation

The fitting of the parameters 3 for GLMs was implemented using the GLM module from the statsmodels.api
library |34]. This module enables the fitting of the parameters based on given observations and their
corresponding response variable Y, along with the distribution considered.

For a given heart rate signal, we ignore the first £ points and use all the remaining points as the Y
values. The preceding ¢ points in the signal are the observations for that given value.

After the fitting is completed, we can simulate a signal using the following steps:

1. Take the first ¢ points of the original heart rate signal. These points will be the starting obser-
vations for the simulation;

2. Compute the scale of the exponential distribution using the scale attribute from the GLM.fit ()
method,;

3. Compute the expected value u with u(X) = G~HX"3);
4. Generate a new point randomly using the chosen exponential distribution;
5. Add the new point to the observations and remove the furthest point in the observations;

6. Go back to step 3 and generate a new point.

4.2.2 GLMs on the Heart Rate Signal
4.2.2.1 Normal Distribution

The first distribution that we considered is the normal distribution, which implies a simple linear
regression model. We set t = 1000 for this model.

Fitting the GLM on the signal did not provide accurate results. As shown in Figure [£.2] a visual
inspection reveals that the generated signal is significantly different from the signal on which the
parameters were fitted. Nevertheless, this does not necessarily mean that the model is useless and
should be discarded. Interestingly, a fractal analysis using the DFA method shows that even though
the amplitudes of the signals are quite different, the fractal pattern of the signals is actually reproduced
(see Figure . While this project will not undertake any further analysis, this result is encouraging
with regards to the potential of GLMs for modelling heart rate signals.
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Figure 4.2: The figure shows heart rate signals. The left panel displays signals from the first subject
of each group (n for healthy, a for atrial fibrillation and ¢ for congestive heart failure) in the second
dataset (described in section . The middle panel shows a generated signal with parameters fitted
with GLM using a normal distribution on the signal of the subject with the same scale as the left
panel. The right panel shows a signal generated by simulation of GLM with a different scale.
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Figure 4.3: These bar plots illustrate the a coefficient for each subject, obtained from the DFA method
with scales ranging from 10 to 1000. The first five bars correspond to the healthy subjects, the middle
five represent the subjects with atrial fibrillation, and the last five bars correspond to the subjects
with congestive heart failure. The plot on the left shows DFA performed on the real signals from the
second dataset, while the one on the right shows DFA conducted on the signals generated using the
parameters fitted with GLMs on the subjects of this dataset.

4.2.2.2 Inverse Gaussian Distribution

The inverse Gaussian distribution is the second distribution that is being considered. This choice was
motivated by the fact that it was previously used to build a statistical model of the heart rate, which
shares some similarities with a GLM .

Similar to the normal distribution, fitting GLMs with the inverse Gaussian distribution resulted
in signals with very low amplitude compared to the original signals. However, unlike the normal
distribution, the inverse Gaussian distribution failed to replicate the fractal pattern of each signal,
and only produced signals that resemble white noise (see Figure . These results do not necessarily
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indicate that the inverse Gaussian distribution should be rejected, given that it has been previously
used for heart rate modeling. However, if one were to further explore the use of GLMs for heart rate
modeling, it would be prudent to first investigate the use of the normal distribution.

Simulated signal for n1

0.62 -

0.61 4

0.60 -

RR interval(seconds)

0.58 1

0 10000 20000 30000 40000 50000 60000 70000 80000
beats

Figure 4.4: Simulation of heart rate signal for subject nl (healthy) from the second dataset (see section
1.3.2)) using parameters fitted through GLM with the inverse Gaussian distribution.

4.2.2.3 GLMs on Count Time Series

An alternative approach to consider is transforming the heart rate time series into count time series
, . This involves creating time bins of a specific size in which the number of beats will be
recorded. The choice of distribution to use will depend on the length of the bins:

e for small time bins, the count will either be 1 or 0, and a Bernoulli distribution should be used,

e for larger time bins, the count can be greater than 1, and a Poisson distribution should be used.

However, these approaches are not analyzed in this work. In the case of the Bernoulli distribution,
a large number of beats needs to be considered, which means that an extremely large number of
observations (time bins) are required, which requires powerful computational tools, and therefore, it
wasn’t considered in this project.

Although the Poisson distribution is more feasible, the fractal dynamics of the heart rate cannot be
analyzed since we have no way of knowing how the beats are distributed within the bins. This causes
us to lose the fractal properties of the heart rate that we aim to analyze in this work. However, this
does not necessarily mean that count time series should be discarded altogether, and further analysis
may lead to potential models with great promise.

4.3 Conclusion

We have only scratched the surface of the potential of GLMs for modelling the heart rate signal.
Despite the inaccuracy of the results obtained with the normal distribution, the fact that a fractal
pattern similar to the original signal was reproduced shows the promising potential of this approach.
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Chapter 5

Conclusion

The objective of this project was to gain a deeper comprehension of the fractal nature of biological
signals and to construct a model that could elucidate the elements responsible for this fractal pattern
in such signals. Additionally, the project aimed to examine how these components may change in
response to diseases.

The study primarily centers on the heart rate signal and seeks to investigate the influence of
three principal components, namely the sinoatrial node (SA), the sympathetic signal (SS), and the
parasympathetic signal (PS), on its variability. The investigation specifically compares three groups
of subjects, healthy individuals, subjects with congestive heart failure and individuals afflicted with
atrial fibrillation.

The initial focus lies in identifying the presence of a fractal pattern in the signals and conducting
preliminary observations. The DFA method was identified as a suitable technique to identify the
fractal pattern. The findings suggest that individuals with atrial fibrillation exhibit a loss of the fractal
pattern at smaller scales, indicating its potential as a diagnostic tool. Although a slight distinction
was observed between healthy subjects and those with congestive heart failure, it is not substantial
enough to definitively differentiate between the two groups.

This project centers around the utilization of the Ivanov model, an existing stochastic model intro-
duced by Ivanov et al. |21]. The Ivanov model is based on a random walk process that incorporates
inputs influenced by the SA, SS, and PS components. To align the model with real datasets, the
strengths of these inputs were calibrated using three distinct approaches: maximum likelihood es-
timation, approximate Bayesian computation (ABC), and neural networks. Among these methods,
the neural network emerged as a reliable estimator, while the ABC method demonstrated reasonable
accuracy when applied to a slightly adjusted version of the model.

The results of the model fitting were found to be intriguing. In the case of individuals with
congestive heart failure, there was a noticeable reduction in the strength of the inputs, indicating that
the heart rate is less influenced by the various systems. On the other hand, individuals with atrial
fibrillation demonstrated an opposite reaction, with a significant increase in the strength of the inputs.

The results obtained in this study demonstrate a significant level of accuracy in modeling the heart
rate and its fractal dynamics for both healthy subjects and those with congestive heart failure and atrial
fibrillation. Although the model did not achieve total accuracy, there are various potential avenues
for future work, such as exploring the possibility of fixing custom parameters, which were fixed in this
study, or considering the potential of using LSTMs to better integrate the long-range dependency of
the fractal dynamics in the parameters fitting.

Although the Ivanov model is specifically designed for heart rate signals, fractal dynamics can also
be observed in other biological signals. Considering the model’s ability to accurately reproduce this
fractal dynamic, it could be interesting to generalize its application. In this regard, the potential of
using generalized linear models (GLM) to model the heart rate was briefly investigated. Despite the
modest accuracy of the generated signals, some of them successfully captured the fractal pattern ob-
served in the original subjects. This finding highlights promising opportunities for further investigation
into the fractal dynamics of biological signals.

The fractal pattern observed in biological signals is a complex structure that we have yet to fully

76



comprehend. This study has provided insight into the potential of modeling the fractal pattern of the
heart rate, examining the elements that influence it and how they can evolve with diseases, ultimately
affecting the fractal pattern. The field of research in this area is extensive, and the model developed
in this study could be extended to many other horizons.
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B DFA on Dataset with Healthy and Sick Patients
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C Parameters Estimation of the Ivanov Model with Neural Networks
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Heart Rate Signals Simulation with the (Revisited) Ivanov Model
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Heart rate of c1

Subjects with Congestive

Heart Failure
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D.3 Subjects with Atrial Fibrillation
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E Exponential Family

The exponential family is the group of all distributions for which the probability (density) function is
of the form:

k k
f(2,0) = h(@) f(x)exp[y_ mi(0)T;(x)] = h(z)exp[y_ n:(0)Ti(x) — B(O)].
i=1 i=1

Table presents some examples of distributions from the exponential family. Although some of
these distributions may not appear to be in the exponential family format, they can be transformed
to the correct format.

Let’s take two examples. First, let’s consider the normal distribution X ~ N (p, 0?) with 8 = (u, 02)

2

(z — p)? R G
P ) = exp(og 5~ g g g s — log(ov2n)).

f(@,d?) =

We thus have a distribution of the exponential family with:

o« h(z) =1

o Ty(x) =22

o n(0) = —52
.« To(2) =2
o p(f) =%

o B(0) = L5 +log(ov/27)

Next, let’s take the example of the Bernouilli distribution. Its probability mass function can be
changed into

P(X =) = (1= )~ = explalog(p) + (1~ a)log(1 ~ ) = explalog(2—) ~og(=—))

with p* = exp(zlog(p)).
We thus have

o hz)=1

Ti(z) =2
o m(0) = log(:£;
o B(0) = log(+1)

In the context of the generalized linear model, we will only consider a subset of the exponential
family called the canonical exponential family.

o Y0~ 009)

with ¢ being the dispersion parameter indicating how "spread" the distribution is. 6 is called the
location parameter and indicates the position where the distribution lies.

+c(y, 9)]
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E.1 Mean
We know for a fact that [ f(y,0,¢)dy = 1. From there, we can derive

with (y, 0, ¢) = log f(y, 0, ¢). We thus have

1 0.0) = 2 ol
Therefore:
g Y -b(9)
90— a(9)
and thus
ol, EY)-0b(0)
Moo= a@ "

which leads to the final result of

E.2 Example of the Inverse Gaussian Distribution

We will transform the original analytical form of the inverse Gaussian distribution into an expression
that resembles the canonical exponential form.

A
f(x> - V 2723 eXp 2,u T

- eXp( /’L $+1 log) )

2ge
= exp(— ++> +31o8(g2))
= exp(—3 2 —|— a_ 1 log(zmg))

We now fix 6 = —ﬁ and ¢ = % Therefore, we have i =+/—20.

(x0+\/—20
¢

f(z) =exp ~ 205 T 2108 37555)

We therefore have:

° a(p) =9

e b(0)=—v—-20

o c(x,p) = %log 727;3(;5 — ﬁ

For the canonical link, the constants are often removed. Therefore, the canonical link can be
computed in the following way:
0 =

= p= =V'(0)

sl-

1
12
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