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Abstract

This thesis consists of two parts focusing on the origin of vasomotion and stochastic

resonance in vascular motion, respectively.

The first part of the thesis concentrates on the origin of vasomotion. Vasomotion is the
spontaneous time-dependent contraction and relaxation of micro arteries with an
oscillation frequency of about 0.01 - 0.2 Hz. The physiological mechanisms of vasomotion
have not been thoroughly understood. From a dynamics point of view, the heartbeat is
the only external loading exerted on the vascular system. Since the period of heartbeat
is not constant but variable, we speculated that nonlinear blood flow in the vascular
system and variable heartbeat would induce low-frequency vasomotion. We simulated
linear flow in a single pipe and nonlinear flow in a network of tubes and found that
nonlinear flow would generate low-frequency components. As the vascular system is
highly nonlinear, we could deduce that the variable period of heartbeat and the
nonlinearity of the vascular system induce vasomotion. Furthermore, using a laser
Doppler flowmeter, we measured the time series of radial artery blood flow. Two modified
time series were reconstructed with different heartbeat curves but with the same period
as the measured time series. Wavelet spectral analysis showed that the low-frequency
components were induced by the variable period and independent of the shape of the

heartbeat curve.

The second part of the thesis focuses on stochastic resonance (SR) in vasomotion. SR
is characterized by a system's response to noise and signal-to-noise ratio (SNR). The
SNR ascends rapidly and peaks at the point where the SR occurs, after which the SNR
descends gradually with increasing noise intensities. We used a laser Doppler flowmeter
to measure the time series of radial artery blood flow after adding different disturbances
on the forearm. With different cuff pressures added to the radial artery blood flow, the
SNR of different frequency bands (~1 Hz, ~0.3 Hz, ~0.1 Hz, 0.03 Hz, and 0.01 Hz) in the
pulse signals changed with pressure. We can infer that the ancient Chinese physicians
diagnosed by applying pressures on the wrist to sense the SNR changes of different

frequency bands in the pulse signals which relates to cardiac, respiratory, myogenic,



neurogenic, and endothelial activities. With the disturbance of different noise added to the
radial arterial blood flow, the experiment pulse signal was decomposed by HHT. We
obtained instantaneous SNR and instantaneous noise from the decomposed IMFs, and
the phenomenon of SR was observed in frequency bands around 1 Hz, 0.3 Hz, and 0.1
Hz. The SNR results show that the noise has effects on the blood signal related to the
respiratory activities (~0.3 Hz), but has little influence on the signal related to cardiac
activities (~1 Hz). Adding white noise and then stopping white noise causes an increase

in SNR in the frequency band related to vasomotion (~0.1 Hz).
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Chapter 1 Introduction

1.1 Physiology of vasomotion

Vasomotion is spontaneous time-dependent contraction and relaxation of arteries, mainly
in the micro arteries? but also in the large arteries?. Vasomotion may reveal the status of
vascular function in other systems, and abnormalities in microvasculature may indicate
the onset of some diseases®“. Many studies have been conducted to recognize the link
between vascular motion and cardiovascular disease®>®. However, the mechanism
involved in vasomotion is still not fully understood. The phenomenon of vasomotion was
observed by Jones’ in 1852 of rhythmic changes in the batwing, and since then it has
been detailed in many pieces of research both in vivo and in vitro. Both in living animals
and in isolated arteries, vasomotion has been detected®'°. Apart from vessel diameter
changes, several methods are applied to detect vasomotion, such as measuring blood-
cell velocity'!, capillary pressure variations?!?, or laser-Doppler flow (LDF) signals!3. Many
studies!*?° analyzed characteristic frequencies of blood flow oscillation signals and these
frequencies components correspond to several types of activities. Oscillations around ~1
Hz are related to the cardiac activity; oscillations around ~0.3 Hz are related to the
respiratory activity; and oscillations between from 0.001 to 0.2 Hz are related to
endothelial and myogenic activities®2. Vasomotion is the oscillation related to endothelial
and myogenic activities whose frequency interval is from 0.001 to 0.2 Hz. The in vivo
study of vasomotion activity allows the behavior of the vasculature to be discussed in
natural circumstance, and in vivo flow motion manifest a pattern that different periodic
activities of various origins are integrated?!. In our experiment in vivo in which blood flow
oscillation was measured by LDF, several low frequencies components related to
vasomotion were observed (Figure 1-1). In vitro, several frequency components related
to vasomotion activities were observed in isolated arteries from different species and
different vessels??23, which is consistent with our experiment and other measurements in
vivo?425, In vitro studies help researchers to detail the experimental conditions to acquire
knowledge of vasomotion physiology and to identify the inherent activities of vasomotion.

Vasomotion is usually unpredictable and arduous to imitate in vitro experiments and fails

1



to be replicated in vitro, whereas the origin of different activities found in vivo experiments

may be less clear?®:?7,
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Figure 1-1 Measured blood flow oscillation in the radial artery
Conventionally, there are mainly five experimental methods to demonstrate vasomotion.
The first method is vital microscopy. This is a conventional method to investigate
vasomotion that the movements of blood vessels are directly observed. The experiments
carried out by Colantuoni et.al’® were conducted on anesthetized hamsters in vivo. They
observed blood vessels by chamber window that implanted on skin fold. The second
method is pressure measurement. In the study of Mahler et.al'?, after direct cannulation,
the provided arteriovenous pressure difference remained unchanged during the entire
measurement, and the ratio of resistance in precapillary to postcapillary could be obtained
by measuring the pressure in the capillaries. Pressure fluctuations were found, which may
reflect vasomotion, in agreement with the findings in Wiederhielm and Weston's?®
experiment. The third method is blood-cell velocity measurement. The research by Fagrell
et.al'! recorded the capillary blood flow, where the velocity in the capillary was determined
by measuring the time to pass a certain distance along. In their observations, most
subjects had spontaneous fluctuations in blood cell velocity at the frequency of ~0.1Hz,
which may be related to vasomotion. The fourth method is laser-Doppler flow
measurement. There is an extensive application of LDF to study human skin circulation
in the last half century because the LDF signal achieves a appraisal of tissue blood flow3%-
32, LDF uses the Doppler effect in the illuminated tissue to calculate the blood flow and
can be used to detect the blood flow oscillations3334, After photons in light beams are shot

into the tissue, Doppler shifts induced by moving erythrocytes are evaluated by the cell's
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scattering angle, wavelength, and velocity vector3®. LDF is completely non-invasive and
real-time at high sampling rates, and the frequency features of LDF signals can be

processed with wavelet analysis®®.

However, the neighboring vessels and main circulatory factors''323% such as blood
pressure fluctuations, are disturbances that need to be resolved in our measurements
mentioned above. There is another method based on isolated vessels. This method can
strictly follow controlled conditions and examine the local phenomena of excised isolated
vessel segments with various kinds of organ-bath techniques. Notwithstanding that in vivo
vasomotion is generally detected in capillaries, the isolated vessels are limited to
relatively large arteries for technical reasons.

Localized oscillations in human skin blood flow circulation are presented in the studies3’
39 which indicates the existence of oscillations origin from the local and non-nervous, and
the method based on isolated vessels can still suggest some cellular mechanisms of
vasomotion. In many experiments, it is difficult to determine vasomotion under real body
conditions. It is formidable to define the number of specific tones, so it is difficult to
determine concentration-response curves explicitly*®. Nevertheless, in the last half-
century, achievements have been made on the exploration of cellular mechanisms and
the physiological significance of vasomotion. The development of imaging techniques for
visualizing intracellular contributes to the revelation of the possible cellular mechanisms

underlying vasomotion.

1.2 Cellular mechanisms of vasomotion

For the generation of vasomotion, the existence of a cellular oscillator is necessary*42.
The cellular oscillator can be modeled as a feedback loop in which one or more steps in
the loop represent a series of events to ensure the oscillation*®. Based on the cellular
mechanisms of vasomotion, cellular oscillations are partitioned into cytosolic and
membrane oscillators**. Oscillators originating from the cytoplasm may be unnecessarily
related to in membrane potential shifts that is found to be associated with the release or
absorption of Ca?* in intracellular storages®“°. It has been suggested that the oscillating

of Ca?* release and absorption is responsible for vasomotion vasodilation>*®. Intracellular



oscillators can be visualized by the intracellular Ca?* transients and generally can be
achieved under experimental conditions*¢. The periodic oscillation of Ca?* waves was
observed by Ruehlmann et al.4’. The Ca?* waves in the intracellular calcium concentration
([Ca?*])) represent rhythmical oscillation and are not synchronous between adjacent cells.
After electrical and pharmacological stimulation to vascular smooth muscle cells (VSMCs),
Ca?* oscillates asynchronously?®48. When vasomotion occurs, oscillations of the [Ca?*]i
in VSMCs are synchrony but not asynchrony, the Ca?* wave disappears, and the global
[Ca?*]i oscillations appear?®32-34, Despite the stimulus-induced Ca?* oscillation, the Ca?*
waves also occasionally occur spontaneously*’4°. And in lower concentrations of
contractile agonists condition the spontaneous Ca?* oscillation is more distinct*®50-52,
Experimental data of Jacobsen et al.*® observed significant heterogeneity in Ca?* waves
of different VSMCs in the vascular wall. In addition, for the purpose of synchronizing the
Ca?* oscillation in a single VSMCs, the synchronization by membrane potential variation
concerns the interaction of the cytosolic oscillator and the membrane*3. Other types of
oscillations that are based on either oscillation of the glycolytic pathway or interaction of
ion currents in the sarcolemma such as Na, K-pump, which may be effective under some
conditions, are less mentioned*°. The Ca?* signals communicate through gap junctions
and the intercellular spread of membrane potential oscillations may induce the
synchronization of Ca?* oscillating among sufficient smooth muscle cells (SMCs) which
generate vasomotion. The myoendothelial junctions (MEJs) provide the pathway for such
electrical coupling, which are more affluent in the gap junctions between SMCs. The
synchronization of voltage and [Ca?']i oscillations among SMCs is achieved by
endothelium through MEJs coupled between the endothelial and smooth muscle layers*4.
Endothelium may act as a favourable pathway for the signal transmission along blood
vessels and have an important effect on coordinating Ca?* fluxes through electrical
coupling in individual SMCs®3.

Above all, rhythmical contraction in vascular smooth muscles is the basis of vasomotion.
Contraction and relaxation of VSMCs are primarily driven by the oscillatory transient of
intracellular Ca?* through the operation of a cytosolic Ca?* oscillator®. Nevertheless, the
mechanisms under the contraction and relaxation of vascular smooth muscles are not

exhaustively known.



1.3 Vasomotion response to different stimulations

The cellular response in vasomotion can be affected by many physiological stimuli, such
as acetylcholine (Ach), potassium ion, norepinephrine (NE), and phenylephrine (PE)>>9,
Topical application of vasoactive agents was delivered to stimulate the vascular wall in
the study of Segal and Duling® and Welsh et al.5%, and this local stimulus on the vascular
wall leads to the partial changes in membrane potential of SMCs and transmits to adjacent
vascular cells. Ach is capable of evoking a powerful hyperpolarization through the Ca?*-
activated K* channels®?. The responses of the experiment stimulated by Ach indicate that
Ach induced the release of metabolites from arteriolar ECs which carried out SMCs
hyperpolarization and contributed to vasodilation®3. In the research of Peng et al.*, the
NE stimulation of SMCs leads to intermittent Ca?* emit from the sarcoplasmic reticulum.
The released Ca?* activates a membrane conductance and excited an inward current
which results in depolarization and causes Ca?* influx which activates Ca?* release in
overall cells. Thereby the Ca?* wave becomes global oscillations, synchronizing the cells
and causing contraction of SMCs. After applying stimulation by NE and assessing the
effect on CI- conductance of isolate VSMCs, Boedtkjer et al.®* found that in vasomotion
Cl conductance is critical in [Ca®']i oscillations. Furthermore, the application of
pharmacological tools such as niflumic acid, flufenamic acid, and mefenamic acids which
blocks Ca?*-activated CI- channels, activates Ca?*-activated K* channels®. This
observation together with the analogous structure between Ca?*-activated Cl- channels
and Ca?*-activated K* channels indicate that a homologous motif could exist. PE is
proverbially used as a vasoconstrictor to find out the mechanism of Ca?* oscillations
SMCs®. Lamboley et al. conducted experiments in which arterial strips were stimulated
by different PE concentrations, and revealed that the recruitment of SMCs strongly
depends on the concentration of PE®’. At a low concentration of PE, no local contraction
was detected, and cell recruitment was not synchronous enough to generate
vasoconstriction. With the increase of PE concentration, the number of recruited SMCs
significantly increased, leads to an [Ca?*]i oscillation, and exhibits vasomotion. At a high
concentration of PE, SMC recruitment almost completed instantly, the [Ca?*]i oscillated
synchronously and was accompanied by a strong arterial strip contraction. In Haddock &
Hill's research® by using ryanodine, the vascular tone remained unchanged, the SMCs
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depolarized, the Ca?* waves asynchrony abolished and rhythmical contractions were
eliminated. The frequency of Ca?* oscillations and spontaneous depolarization from the
vessel wall increased and amplitude decreased. The Ca?* waves were observed, but Ca?*
oscillations in individual SMCs were not detected. With some other treatments such as
charybdotoxin and disulphonic acid, Ca?* waves of individual SMCs oscillated
synchronize in neighbouring cells. And weak rhythmical contractions were observed, and
the amplitude of the contractions and depolarizations oscillated periodically. Overall, the
cellular Ca?* oscillations involve several mechanisms, and vasomotion can be affected

by various physiological stimuli.

Vasomotion can be influenced by certain mechanical stimulations, such as stimuli to
muscle fibers, intravascular pressure, temperature, vessel wall sheer stress. The
segment of arteriole was cannulated and pressured in the research of Rivers® to study
the effects of pressure on arterioles. Pressure transients in arterioles induce the change
in the tension of smooth muscle which causes intercellular communication response,
scilicet the muscle stretching leads the changes in membrane potential of VSMCs. The
intercellular communication initiated by membrane potential variation spreads to the
vasculature network and promotes global responses. Therefore, the arteriole pressure
change could generate signals in the vasculature and spread throughout the network.
The rhythmical fluctuations of blood flow in response to temperature changes were
studied by Sheppard et al.’®. The responses of blood flowmotion to cooling are similar to
that during reduced pressure®, and as a result of vasoconstriction, there is an immediate
drop in frequency and an increment in the amplitude of the synchronized myogenic
oscillations. At low temperatures, the blood perfusion is reduced, and the metabolic
activity and the rate of spontaneous oscillation are slowed in the smooth muscle fibers.
During the heating process, vasodilation is produced, and the smooth muscle fibers are
extended. The PSD proportion of the oscillation ~0.1 Hz reduced, and the PSD proportion
of the oscillation related to cardiac activity increased. The effects of vessel wall stress on
vasomotion were also investigated by Koenigsberger et al.”X. The shear stress applied to
the ECs induces Ca?* influx through stretch-activated channels which increases the Ca?*
level in the ECs. The Ca?* level in the SMCs increases due to the stress in SMCs and

decreases due to the stress in ECs. In addition, the myogenic response was promoted by
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stress in SMCs and suppressed by stress in ECs. Typically, the shear stress causes an
increase in Ca?* levels in SMCs and vasoconstriction. The muscle fiber was stimulated in
the research of Berg et al. ’2. The muscle fibers' construction produces the dilation of the
remote upstream arterioles and initiates a vasodilatory signal. The increase in capillary
blood flow, involving conducted vasomotor responses and possible flow-dependent
expansion, is regulated by dilations of the upstream arterioles away from the contracting
muscle fibers and is not affected by the direct release of vasoactive metabolites. Davis et
al.”® studied the contribution of Ca?* in the stretching response of vascular smooth muscle
to an increasing active force. They found that stretching individual VSMCs led to the
increase of intracellular Ca?*. Stretching can induce Ca?* to release from intracellular
stores and Ca?* influx to cross the plasma membrane. A mechanical stimulus was
generated in the experiment of Demer et al.”* by a microprobe impulse which is a discrete
and detailed mechanical force and applied to a single cell. Both stimulated and adjacent
ECs respond to direct mechanical stimulation. [Ca?*]i increases and spreads from the
contact site to the cell edges as a Ca?* wave. As the distance from the stimulated cell
increases, the time delay of Ca?* wave appearing in neighboring cells increases, and the
peak [Ca?*]i in each cell decreases. In Li et al.’s experiments’®, an acoustic shear wave
was generated by the mechanical movement of a needle and was able to initiate cytosolic
Ca?* rise in both excitatory and non-excitatory cells, to induce Ca?* oscillations, and to
augment in vivo Ca?* release into blood plasma in mice. The periodic transports of Ca?*
flux introduce a time-periodic cytoplasmic calcium concentration, the cross-bridges
formation in smooth muscles, and the development of muscle stress. The resultant
muscle stresses determine the rate of change in vessel diameter: vasomotion?22, Arterial
blood vessels respond to an increase in vessel pressure, a phenomenon that Bayliss®
termed the myogenic response. Generally, myogenic contractions are thought to be
initiated by vascular smooth muscle and capable of regulating Ca?* entry through voltage-
gated Ca?* channels. Micheal’s experiment results’’ illustrate that arteriole vasodilation
in response to an acute pressure increase and the [Ca?']i is changing with different

pressure.



1.4 Pathophysiological role of vasomotion

Vasomotion may mirror the conditions of other systemic vascular functions, the
microvascular abnormalities may reflect the sequence of pathological conditions, and
changes in the pattern of vasomotion implicate several pathological conditions*®7879, By
assessing vasomotion in patients with different pathological conditions, the
characteristics of oscillations in the blood perfusion provide further insights into
microvascular disease. There are number of studies about the significance of vasomotion
in hypertension. The positive correlation between vasomotion and blood pressure in
hypertensive rats reveals an inseparable connection between high blood pressure and
the oscillatory ability of blood perfusion’®77:89, Correspondingly, essential hypertensive
patients observed increased amplitude in vasomotion. Rossi et al.? investigated the
relationship between essential arterial hypertension and vasomotion of skin arteriole. In
patients with long-standing essential arterial hypertension, the absent post-ischemic
increase of the skin vasomotion component was observed which was not reported in
newly diagnosed hypertension patients. A disturbed skin blood flowmotion response to
ischemia and a preserved increase in skin blood perfusion after ischemia indicate that the
myogenic activities are engaged in skin blood flow control and it is more sensitive to
explore skin vasomotion than to measure skin reactive hyperemia in the assessment of
skin vasomotion disorders, in the early stage of essential arterial hypertension.
Subsequently, they conducted experiments to investigate the skin blood flowmotion in
hypercholesterolemic patients®l. The increase in PSD of the vasomotion frequency
component (~0.01 Hz) which is induced by a blunted Ach and related to endothelium
activity may predict skin microvascular endothelial dysfunction in hypercholesterolemic
patients without clinically manifest. The investigation of the skin vasomotion to study
endothelial cell dysfunction in the skin microvascular bed is of clinical significance for

patients with hypercholesterolemia.

The observation of Schmidt et al.3! denotes that the prevalence of vasomotion is
increased in patients with the mild peripheral arterial occlusive disease. Nevertheless, for
the patients who have similar blood flow, the tissue oxygen levels were notably higher in

patients who were detected with vasomotion than those not detected. This finding is



profitable for perspectives of pathogenesis and treatment in peripheral arterial occlusive
disease.

Ramadan et al.8? explored the pathophysiology of ischemia caused by mental stress.
They observed that the response of vasomotion to mental stress may recognize the
hazards of initiating induced myocardial ischemia, and that the vasomotion dysregulation
would initiate induced myocardial ischemia. In addition, mental stress-induced ischemia

potentially is treatable and/or improved by targeting at modulating vasomotion changes.

The endothelial function in the skin microvascular bed was examined in systemic
scleroderma patients in the research of Schlez et al.83, and the results illustrate that the
endothelium-independent vasomotion in systemic scleroderma patients is considerably
perturbed. In both healthy subjects and patients with systemic scleroderma, the injection
of Ach resulted in endothelium-independent vasomotion. A critical decrease in capillary
blood flow velocity and an increase in vascular diameter were observed in healthy
subjects, but not in systemic scleroderma patients, and thus the endothelium was

damaged in patients with systemic scleroderma.

Skin endothelial-dependent vasomotion in Type 2 diabetes patients has been discussed
by Schmiedel et al.?*. A general disturbed endothelium-independent vasomotion is found
in Type 2 diabetes patients suggesting that diabetes impairs microvascular perfusion
generally and that an impairment of the endothelium-dependent mechanisms is involved
in microalbuminuria. Thus, microalbuminuria associated with microvascular endothelial
dysfunction in Type 2 diabetes patients seems to be closely related to the perturbed
endothelium-dependent mechanisms. This phenomenon represents that vasomotion
functional derangement or vascular structural abnormalities originate from
microalbuminuria in Type 2 diabetes. In insulin-independent diabetic patients and diabetic
patients with neuropathy, analogous findings have been observed by Schmiedel et al.8
that the vasomotion was impaired®487. These observations are in compliance with several
animal studies with streptozotocin-induced diabetes showing that vascular tone virtually

vanishes in bat wings, hamster cheek pouch?®, and rat spinotrapezius muscle®®,

Jongh et al.®° have demonstrated that obesity-associated microvascular dysfunction is
caused by a local and direct effect on the microvasculature. The results show that skin



microvascular vasomotion observed in women with obesity is severely impaired and with

less endothelial activity compared to that in slim women.

The importance of vasomotion for oxygen delivery and nutritional blood supply has been
illustrated in several studies®%4. The vasomotion in skeletal muscle ceased in the
experiment of Rucker et al.?2, and the functional capillary density and individual capillary
blood flow decreased in the periosteum, subcutaneous tissue, and skin. The skeletal
muscle is not capable of eliciting nutritive perfusion by itself, while vasomotion in skeletal
muscle can maintain the microvascular perfusion in the muscle and neighboring tissues
and may safeguard the nutritional blood supply within muscles. The observations in the
research of Bertuglia et al.®® indicate that vasomotion has a significant influence on tissue
oxygenation and could reduce average blood flow resistance which helps to the balance
between blood flow in tissue and vessels. The hyperoxia support enhances the
vasomotion patterns, and the changes in the pattern of vasomotion stimulate the

microvascular responses which would result in the change in mean vessel diameter.

Thus, there is undoubtedly physiological significance that the exploration of the

mechanism of vasomotion provides clues to understand different microvascular diseases.

1.5 Variation of heart period

Traditionally the heart beating is considered as a regular rhythm with a constant heart
period. However, the heart rate, i.e., the number of heartbeats per minute, is a
nonstationary signal in fact. As shown in Figure 1-2, the heart period measured with LDF
is changing with time, which indicates that the heart period varies from beat to beat. Heart
rate variability (HRV) is the alterations in the time intervals between adjacent heartbeats®.
Being a reliable reflection of blood pressure, vascular tone, regulation of autonomic
balance, heart, gas exchange, gut, possibly facial muscles, and many other physiological
factors, HRV helps the human body adapt to environmental challenges and relates to
health, self-regulatory capacity as well as adaptability®®°8. Furthermore, healthy and
diseased biological systems exhibit dissimilarities in their spatial and temporal complexity
of the general regulation of heart rhythm, which can be reflected by HRV and processed

to reveal existing or imminent cardiovascular disease®.
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Figure 1-2 Measured heart periods

Baroreceptors are blood pressure sensors involved in short-term HRV, which locates in
the aortic arch and internal carotid arteries®’. Linked to vascular tone, blood pressure,
and heart rate, baroreflex accelerates or decelerates heart rate as well as vascular tone
when baroreceptors detect ascent or descent in blood pressure during respiration
activities©®101 - Other impact factors such as the central nervous, endocrine, and
chemoreceptors also contribute to different frequency components in short term HRV
spectrum®192 A survey reveals'®® that the system producing the healthy heart
oscillations is not only simply linear and has complex and nonlinear components.
Exposed to dynamic methods of HRV quantification, the unnoticeable heart rate nonlinear
variations can be described by mathematical chaos!®*. Nonlinear fluctuations in HRV
provide the cardiovascular system with rapid responses to uncertain conditions, but the
elevated value of nonlinearity of HRV is not a healthy indicator for stressors and disorders

of diseases!0>.

1.6 Numerical models related to vasomotion

Several models have been developed for the generation of vasomotion to identify the
underlying cellular mechanisms. As mentioned in section 1.2, the cellular oscillations are
partitioned into cytosolic and membrane oscillators. In terms of cytosolic oscillators, many
reports'©6-108 provide models for the generation of oscillations in [Ca?*]i. Ca?* oscillations

caused by sarcoplasmic reticulum-released Ca?* ions are presented by these models and
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the simulation results of the models have received experimental support. These models
give evidence that vasomotion is related to the actions of a cytosolic Ca?* oscillator.
Parthimos et al.'%® investigated the cellular mechanisms underlying vasomotion by a
theoretical model about vasomotion in rabbit ear artery. In their study, cellular oscillations
in the rabbit ear artery were considered, and vasomotion was characterized as a low-
dimensional chaotic process with only a small number of variables modeled. Both the
cytosolic and a membrane oscillator are independently involved in the theoretical model,
and a variety of oscillation modes can be precisely created. They hypothesized that the
independent oscillatory activity induced by membrane oscillator initiates fast oscillation,
while cytosolic oscillator initiates slow oscillation. In another report from Griffith et al.0,
by using pharmacological analysis, they confirmed the hypothesis that the origin of fast
oscillation is related to the membrane oscillator, and that the cytosolic oscillator can
generate slow oscillation. Furthermore, Parthimos et al.'1°® made a mathematical model
based on isolated rabbit arteries. The simulation of complex chaotic patterns of response
can be achieved considering that arterial tone is regulated by the nonlinear interactions
between ion transport systems. They simply illustrated the individual cell oscillations but
did not include multiple cells. A few models are made in multiple cells to investigate
vasomotion. In the process mentioned in section 1.2, vasomotion is generated by the
synchronization of Ca?* oscillations in a network of VSMCs. Later in 2007, Parthimos et
al.'*! discussed a vasomotion model that employed membrane potential, [Ca?*]i in the
cytosol, and Ca?* in intracellular stores as dominant variables. By a combination of
synchronized cells, the complex chaotic behavior of response is analyzed. All of the
above models discussed the cellular mechanisms of vasomotion and oscillations in
VSMCs, however, the fundamental mechanism of vasomotion has not been clarified. In
addition to the above studies that explored the flow-dependent stimulations on the
features of vasomotion, the cellular mechanisms, the effects of myogenic, and
microvascular perfusion regulation were investigated by Ursino et al.''? through a
numerical model of a microvasculature. Their model evaluated the effects of flow-
dependent stimuli on vasomotion, such as variations in arteriolar effective diameter and
variations in arterial blood pressure. And vasomotion patterns related to vasodilation and

vasoconstriction were evaluated. A theoretical model with dynamic variables in vessels
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such as diameter and activation level were presented by Arciero'3. Arciero’s model was
used in both a single vessel and simplified networks and involved the effects of wall shear
stress and oxygen-dependent metabolic signals on smooth muscle activation. Based on
Arciero’s model, the generation of vasomotion depended on several parameters, the level

of metabolic stimuli, vascular characteristics, and vasoactive substance.

1.7 Noise type

White noise is a noise whose frequencies are distributed equally over a wide range of
frequencies with uniform intensity. Colored noise is noise with uneven distribution of
frequency components. Pink noise is one of the colored noises whose intensity has an
inverse correlation with the frequency, and the energy is equal for all octaves. At a
constant bandwidth, the pink noise decreases at a rate of 3 dB per octave.

1.8 Stochastic resonance

By adding random perturbations, feeble information in the signal of the nonlinear system
is amplified, discriminated, and optimized. This phenomenon refers to stochastic
resonance (SR) which can be described by the response of the system to varying noise!*4,
SR is discernible in nonlinear systems when the signal to noise ratio (SNR) ascends
sharply to a peak then decreases moderately due to a continuous increase in input noise
intensity!®. Three fundamental components include in SR are: an energetic activation
barrier which acts as a form of threshold, a feeble coherent input such as periodic signal,
and a source of noise that is inherent in the system or adds to the coherent input!®,
Because of its generic nature, the threshold behaviors of SR indicate many physiological
functions, and SR extends its applications in many technical fields such as classical and
guantum physics, engineering, chemistry, biology, and medicine!!’. The first SR study in
biological and biomedical aspects was conducted in 1991 on neuronal networks!18120,
and then further discussions were conducted in more specific areas such as crayfish
mechanoreceptors?!, isolated rat skin sensory neuron system??, and hippocampal brain
tissuel?®. In recent years, researchers have found that SR is involved in human blood

pressure control which is called the ‘baroreflex’ system??4. As mentioned in section 1.5,
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in the baroreflex system, baroreceptors detect blood pressure fluctuation, and as negative
feedback, heart rate and vascular tone are modulated. The experiment conducted by
Gluckman et al.*?® in a mammalian brain and the dynamical model proposed by Mandell
and Selz!?® illustrate that the information processing in the brain is enhanced by noise,
and their findings support the conclusion that in the brain the noise performs a functional
role. In both arterial and venous, there are receptors in the baroreflex system located in
the neck region monitoring the blood pressure. The brain stem receives the afferent inputs
from receptors and transmits efferent outputs through a common pathway into the
peripheral organs. Without the addition of noise, this weak subthreshold signal would
neither result in an appreciable blood pressure response nor stimulate a baroreflex
response. After the addition of noise to the receptors, together with the weak signal inputs,
an enhanced output response is produced which is conveyed via a common pathway load
into the heart system. The threshold-like behaviour is related to SR whose nonlinearity
initiate the intensified baroreflex response in brain stem?*?6.127, SR involved in this process
acts at the higher level of the brain stem, demonstrating functional benefits of adding
noise to the brain which optimizes the response!!’. However, there is inherent
background noise in the human cardiovascular system?®, and even without additional
noise, the weak fluctuations in venous blood pressure will not result in perceptible heart
rate responses but conversely alter the baroreflex sensitivity and trigger the arterial
baroreflex!?®. Therefore, the transmission process between blood pressure and the
outputs of efferent neural activities is impractically simple and linear in baroreflex
physiology evaluation'?®13°, and might be influenced by intrinsic background noise. Most
importantly, recouping brain dysfunction by adding external noise provides an
experimental foundation for biomedical engineering applications3!. Furthermore, based
on the concepts of nonlinear dynamics of SR, optimizing weak biological information is
not restricted to the method of noise-aided transmission but also bifurcation schemes*32
and self-organization!®, Finally, there are several biomedical applications of SR such as
improving human balance control and somatosensation'3*135 enhancing cochlear
implants'36-138 and mechanical life-support ventilators3113°, Several researchers are still
looking into the biological mechanism of unpredictable fluctuations4%-144 that is significant

in the development of biomedicine.
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1.9 Summary and research gap

The above-mentioned numerical studies in section 1.6 proved that the cytosolic oscillator,
the membrane oscillator, and the metabolic oscillator can activate vasomotion. But the
fundamental mechanism of vasomotion is still unclarified, and how the vasomotion
frequency band is generated has not been studied. Based on the descriptions of
vasomotion, smooth muscle, and calcium flux above, we have three findings: (1) the basis
of vasomotion is the rhythmical contraction in vascular smooth muscles; (2) contraction
and relaxation of VSMCs are primarily driven by the oscillatory release of Ca?*; and (3)
Ca?* can be released either by applying an acoustic shear wave on ECs and muscle cells
or by stretching on SMCs. | suppose that the shear wave causes the release of Ca?* and
the rhythmical contraction of vascular smooth muscles, and hence governs vasomaotion.
Thus, the blood flow oscillation induces the shear wave on SMCs, which induces
vasomotion. We tried to find the inherent mechanism of vasomotion deep in the blood
flow itself. However, the experimental studies on vasomotion illustrated in sections 1.2
and 1.3 are focused on cellular mechanisms. In this thesis, we extract the signal
characteristics from experimental data and try to reveal the origin of this blood flow
oscillation. Several studies on SR in biology and biomedical engineering are mentioned
in section 1.7. The studies on SR in blood flow mainly focused on the baroreflex system,
which is related to respiratory activities, and SR in other frequency bands has not been
demonstrated yet. In this thesis, we try to study the phenomenon of SR in pulse signals
in all frequency bands, which are related to other activities such as cardiac, endothelial,

and myogenic activities.

1.10 Objectives of this thesis

The first part of the thesis is devoted to the numerical simulation of linear flow in a single
pipe and nonlinear flow in a piping network. The main objective is to find out the origin of
low-frequency blood flow oscillation (~0.1Hz) and the mechanism of vasomotion. Since
the two fundamental determinants in the blood circulation system are the heartbeat and

vascular structure, the objectives of this part are:

(1) To develop a 3D model of the vascular structure.
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(2) To numerically investigate the relationship between the variable period of input

heartbeat and low-frequency components of the output.

(3) To numerically investigate the relationship between the nonlinearity of the vascular

structure and low-frequency components of the output.

The second part of this thesis aims to investigate the origin of vasomotion experimentally.
From a dynamics point of view, the heartbeat is the only external loading exerted on the

vascular system. The objectives of this part are:
(1) To characterize the pulse signal from the experimental data.
(2) To investigate the lower frequency band (0.01~0.2 Hz) and find its origin.

The first part and the second part of this thesis illustrate possible mechanisms that could
induce vasomotion. The third part of the thesis is about SR. This part aims to study the

phenomenon of SR in pulse signals. The objectives of this part are:

(1) To investigate the effect of pressure adding to the radial arterial blood flow to SNR of

the pulse signal.

(2) To study the effect of noise adding to the radial arterial blood flow to SNR of the pulse

signal.

1.11 Organization of this thesis

The structure of this thesis is presented as follows. Chapters 1 and 2 give a brief
introduction to vasomotion and methods. In Chapter 3, linear flow in a single pipe and
nonlinear flow in a piping network are investigated numerically. The simulated results with
different inputs are discussed. The inherent frequency of the human microvasculature
system is studied. In Chapter 4, the laser Doppler flowmeter is used to measure the time
series of radial artery blood flow. The experimental time series is reconstructed to find the
origin of vasomotion. In Chapter 5, the phenomenon of stochastic resonance is
investigated by adding disturbance to the radial artery blood flow. Chapter 6 concludes

this study and lists the future work.
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Chapter 2 Methods

2.1 Wavelet analysis

Fourier spectrum analysis and wavelet analysis are two important methods of spectral
analysis employed in studying regulation mechanisms of the skin microvascular
vasomotion®20, It assumes in Fourier spectrum analysis that a time series is composed
of a finite number of periodic sinusoidal functions which are different in frequencies and
phases. Fourier spectrum analysis conveys the overall amplitude of a signal at particular
frequencies which can be utilized to describe the cyclic pulses in skin blood flow. Wavelet
is a zero-mean function located in time and frequency domain. And a three-dimensional
construction can be built using the wavelet transform for a time series based on the time-
frequency plane!#®. There are two types of wavelet transforms, continuous wavelet
transform (CWT) and discrete wavelet transform (DWT). The continuous wavelet
transform contributes to discovering the major oscillatory modes of a signal and the
changing of those modes in times. Thus, the skin blood flow signals are suggested to be
analyzed using continuous wavelet transform due to their continuously varying features.

The continuous wavelet transform of a signal g(u) is given by,

g(s,) = % fiw (=) g

where t is the position of the signal over time, s is the scale factor, and y is the wavelet
function. The wavelet used in this thesis is a Morlet wavelet because of its excellent
balance between time and frequency positioning. The complex Morlet wavelet is defined

as,

¢(u) — 4ieiszoue—uz/z
T

\/_

2.2 Hilbert-Huang transform

Generally, Fourier spectra give a relevant description of linear and stationary signals, and

the analysis results are only capable of indicating global properties. Thus, it is
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controversial to apply Fourier spectrum analysis to nonlinear and nonstationary signals.
In a real situation, the most process is neither linear nor stationary. Hilbert—Huang
transform (HHT) is recently proposed and designed by Huang et al.'46148 and is
potentially viable in analyzing data from nonlinear and nonstationary signals. This method
is an empirical method that consists of empirical mode decomposition (EMD) and Hilbert
spectral analysis (HSA)'#°. As a part of HHT, HAS is a way to present non-stationarity
through obtaining instantaneous frequency and amplitude. The Hilbert transform y(t) for

any real value signal x(t) is,

x(1) dt
T

1 oo
y© = Hx@] =PV [ 2

in which PV indicate the Cauchy principal value of the singular integral. The analytic
signal is defined by, z(t) = x(t) + iy(t) = a(t)e®®, where the instantaneous amplitude

is a(t) =+/x%2+y?, the instantaneous phase function is 6(t) = arctan (%) , and

. . de
instantaneous frequency is w = a

As a crucial part of HHT, the EMD is derived from the local signatures of nonlinearity.
Based on the assumption that the data may have many coexisting simple oscillatory
modes of significantly different frequencies one superimposed on the other at any given
time'%%, the EMD can decompose any complicated data into intrinsic mode functions
(IMFs). IMFs are defined to satisfy the following two conditions (1) in the whole dataset,
the number of extrema of the signal and the number of zero-crossings must either equal
or differ by one, and (2) at any point, the mean value of the envelope defined by the local
maxima and the envelope defined by the local minima is zero®°. The IMF is extracted by
the following steps:

(1) Identify all the local extrema of an input signal x(t)

(2) Connect all maxima and minima which will form the upper envelop and lower envelop
and calculate the mean m, of the envelope defined by the local maxima and the

envelope defined by the local minima
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(3) The difference d, between input data x(t) and their mean m, is calculated that

d, = x(t) — m4, and d, satisfies the definition of an IMF

(4) Repeat the shifting process above after k times of iterations, dqx = dqx-1) — Mk ,

and the IMF ¢; = dq

(5) The residual r; = x(t) — ¢, is treated to be a new set of data and repeat the same

shifting process r, = 1,1 — ¢,

(6) Sum up the residual equations, x(t) = ¥, ¢; + 1, that is the input signal x(t) is

decomposed into IMFs ¢, and residual r,.

After Hilbert transform for each IMF component, the signal x(t) can be expressed as

n

x(t) = Re[z a; (H)etd @it
j=1
In many studies?®152 HHT is validated empirically, and HHT is able to reveal signals’
true physical meanings in the time and frequency domain. This methodology provides
much more apparent results than analysis results of traditional methods, particularly in
time-frequency-energy representations!4?. Recently, HHT is applied to biomedical signal
analysis, such as decomposes of electrocardiographic signal'>3-15%6  and
ballistocardiograph signal*®”1%8, By decomposing signals and extracting ambiguous
information hidden behind the signals, the effects of external stimuli on the cardiovascular

system may be determined.

2.3 Signal to noise ratio
The signal to noise ratio (SNR) is defined as the ratio of the signal power to the noise
power,

SNR =P,/ B,

where P; is the average signal power and P, is the noise power. It is normally adopted

by engineers when both signal and noise are broadband that the SNR is calculated by
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the ratio between the total integrated signal power S,, to that of the total integrated noise

power N, 1°°
SNR =S,/ N,

The decibel uses a logarithmic scale to represent signals and thus a wide range of ratios
can be demonstrated easily. Many signals have a very wide dynamic range, and based

upon the definition of decibels (dB), the SNR can be expressed in dB as,

SNRdB = 1010g10 (Sp/ Np)
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Chapter 3 Numerical study of microvasculature

3.1 Simulation set-up

(b)

() (M (@) (h>/

Figure 3-1 Numerical models: (a) real vessels in hand; (b) numerical vessel structure in hand; (c)

(©) (d)

connected-tubes model; (d) three-connected-tubes model; (e) four-connected-tubes model; (f) five-
connected-tubes model, and (g) single tube model
The blood vessel model of palmar vessels is shown in Figure 3-1(a). The two examples
of constructed models are indicated in Figure 3-1 (b) and Figure 3-1 (c). In our simulation,
the numbers of connected tubes in Figure 3-1 (c) are 3, 5, 6, 8, 16, and 32, respectively.
The diameter of the tubes is 2 mm, and the first connected tubes are located at 25 mm
points on the main tubes. The connected tubes are spaced at 10 mm intervals. The three-
connected-tubes vessel model shown in Figure 3-1 (d) includes five tubes simplified from
palmar arteries. Models with tubes of 1Imm, 2 mm, and 4 mm diameter were investigated

separately. The length of the two main tubes is 100 mm, and the length of the connected
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tubes is 20 mm. The connected tubes are spaced at 25 mm intervals. The four-connected-
tubes vessel model is shown in Figure 3-1 (e) with connected tubes spaced at 20 mm
intervals. The five-connected-tubes vessel model is shown in Figure 3-1 (f) and the
connected tubes are located at the 17 mm, 33.5 mm, 50 mm, 66.5 mm, and 83 mm points
on the main tubes. The six-connected-tubes vessel model is shown in Figure 3-1(g) and
the connected tubes are located at the 18.75 mm, 31.25 mm, 43.75 mm, 56.25 mm, 68.75
mm, and 81.25 mm points on the main tubes. The diameter of the tubes in the four-
connected-tubes vessel model, the five-connected-tubes vessel model and the six-
connected-tubes vessel model is 2 mm. The single tube model shown in Figure 3-1 (h)
was also studied as a comparison. The density of the blood is set as 1050kg/m?, and non-
Newtonian properties are determined by the Casson model. The nonlinear effect of the
vascular system and its relationship to the low frequencies were investigated in a three-
connected-tubes model using ANSYS CFX. The actual velocity waveform® as shown in
Figure 3-2 is used to simulate the inlet velocity with different frequencies in the radial

artery. The no-slip wall boundary condition was adopted to the vessel wall.
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Figure 3-2 Inlet velocity for numerical simulations (modified from a report study*6%)

3.2 The Casson model

The blood is a multiphase flow that contains plasma and three main types of cells, namely
red blood cells, white blood cells, and platelets. As a result, blood has a significantly non-
Newtonian behaviour®®l. A non-Newtonian fluid is one whose viscosity can change under
force, which indicates that the shear stress and the shear strain rate in the blood do not

simply maintain a linear relationship. As shown in Figure 3-3, normal human blood
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exhibits shear-thinning behavior compared to Newtonian behavior (hardened red blood
cells in plasma). The red cells are a tangled network of aggregated cell structures that
disorganize the blood flow streamlines when the shear rate is less than a critical value,
and consequently, the apparent blood viscosity is extremely high at low shear rates or
shear stress. With the shear rate or shear stress increasing, the linear aggregates of
blood cells gradually disintegrate, and the apparent viscosity decreases and approaches
to an asymptotic value. In small capillary hemodynamic, the diameter of vessels is
commensurate to the diameter of red blood cells, so red blood cells are subject to drift to
the capillary center and form a cell-free layer which is a layer of plasma along the vascular
wall'®?. As a result, the viscosity of blood is decreased with increasing vessel size when
shear rates are high, and this phenomenon is referred to Fahraeus and Lindqvist effect.
However, when vessel diameter is large enough compared to the red blood cell diameters,
the blood viscosity is approximately constant in these large vessels and the blood flow
maintains bulk properties'®?. The Casson model is one of the most popular models that
describe the blood flow viscosity in narrow arteries. It has been demonstrated by many
researchers'®3-165 that this model satisfactorily predicts blood flow in narrow arteries at
low shear rates. The Casson model considers both shear-thinning behavior and a
parameter in Casson fluid, namely the yield stress of the blood.

Viscosity (mPa sac)
Deformability

= = = RBC in buffer
= == |grdaned RBC in plasma

01 1 10 100

Shear rate (sec™)
Figure 3-3 Shear-thinning effect (RBC-Red blood cell)'62
In the Casson model, blood is modeled as an isotropic, homogeneous, non-Newtonian
fluid.
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VT =10 + /Ky

where 1, is the yield stress, y is the shear rate, and x is the viscosity coefficient of

Casson fluid. The apparent viscosity is obtained from the equation below and reads,

Ju= ;—.°+«/E

where the model parameters are chosen according to Docorato’s report't: ¢, =
4%x1073Pa, k = 3.5x1073Paqa - s.

3.3 Validation of numerical models
3.3.1 The validation of the turbulence model

The pulsatile flow often tends to be turbulent. In physiological flows, additional complexity
is created by the complex geometry and non-Newtonian fluids. Even the flow transition of
laminar to turbulence in simpler Newtonian fluids pulsating in straight tubes is not well
understood. It is reported in earlier studies!®’-17! that the threshold Reynolds number for
the onset of turbulence increases with the Womersley number. The Womersley number
is 1.28 for the case of 2 mm diameter and 1 Hz frequency. The input period for the
simulation has a main period of 5 s, which means that the Womersley number is very
small in the simulation. Thus, the Reynolds number of transition threshold in our cases
might be extremely low. The flow in our simulation cases might be turbulence. So, the
turbulence model Shear Stress Transport (SST) is used. To investigates the accuracy of
the model, the three-connected model with 2 mm diameter and 2 mm/s velocity is
simulated with the laminar model and SST model, separately. The mean wavelet results
are shown in Figure 3-4, where the heart beating period is 1 Hz and the main cycle is 0.2
Hz. The frequency results for simulation using SST show an accurate representation of
the input frequencies. The frequencies observed in the results for simulations using
Laminar are 0.8 Hz and 0.2 Hz. The frequency 1Hz in the actual condition is shifted to
0.8Hz, which cannot reflect the real situation. Thus, it is reasonable to use the SST as the

turbulence model in the simulations.
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4 Three connected tubes, 2mm, 2mm/s
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Figure 3-4 The mean wavelet results for the point on the first connection for the three-connected tube model using different
turbulence model

3.3.2 Effect of time step and significant figures of r on simulation results

3.3.2.1 Single tube model, = with different significant figures, time steps of 0.05 s and 0.01 s

From a basic conjecture, the value of m and the selected time step are two possible
contributors to numerical errors. To highlight low-frequency oscillations that are possibly
introduced by errors, a low pass filter is used to cut the input frequency. Figure 3-5
demonstrates the filtered wavelet analysis results for a single tube model. The inlet
frequency was 1 Hz and m was estimated to be 3.1415. With two different time steps,
the results include different low-frequency components. Since the input is a 1 Hz signal
for all these simulations, such low frequencies may be attributed to numerical errors.
Because both results involve the low-frequency component of ~0.1 Hz, it is likely that

frequencies caused by errors interfere with the studies of vasomotion.
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Figure 3-5 Single tube model, inlet oscillating at 1Hz, different time steps, m=3.1415, wavelet

analysis
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Figure 3-6 Single tube model, inlet oscillating at 1 Hz, time step of 0.01 s, m=3.14159267, wavelet

analysis
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Figure 3-6 shows the wavelet analysis results of the single tube model in which the inlet
frequency is 1 Hz, the time step is 0.01 s, and m round to 8 significant figures and is
approximated to 3.1415927. Similar to the two cases mentioned above, a low pass filter
is used. No low frequency is observed in the filtered results. The mean wavelet results
are computed as the time-averaged power spectrum from wavelet analyses and
demonstrated in Figure 3-7. At 1 Hz input, the processed power spectrum curve of the
(0.01 s, 3.14159267) case is flat in ~0.1 Hz frequency band which means that low-

frequency components are eliminated by adopting a more accurate n value.
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Figure 3-7 Single tube model, inlet oscillating at 1Hz, mean wavelet analysis
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3.3.2.2 Three-connected-tubes model, 7 with 8significant figures, time step of 0.01 s

wavelet analysis = 10 r—mean wavelet analysis
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Figure 3-8 Three-connected-tubes model, inlet oscillating at 1 Hz, wavelet analysis and mean

wavelet analysis
To further validate whether the time step being 0.01 s and m estimated to 8 significant
figures are reasonable settings for connected-tubes models, the three-connected-tubes
model with 1Hz inlet frequency is simulated. As shown in Figure 3-8, no ~0.1 Hz
oscillations are observed which means that 0.01 s time step and m estimated to 8

significant figures are reasonable settings for models.

3.3.3 Mesh independence

We validated the mesh independence by simulating a steady flow and detecting the
velocity on the first connection of the models in Figure 3-1 (c), (d), (e), and (f). The inlet
velocity was set to 2 mm/s. The results of the mesh-independence study are shown in
Figure 3-9. The element number for each model is chosen at a point where there is little
difference when the mesh is further refined. Thus, the mesh resolution for models in
Figure 3-1 (c) with 3, 5, 6, 8, 16, and 32 connections are 2522139, 1123259, 747613,
928151, 1664500, and 1664500, respectively. An element number of 1264830 is chosen
for the three-connected-tubes model with 2 mm diameter, 1352966 for the four-
connected-tubes model, 1423657 for the five-connected-tubes model, and 8231819 for
the six-connected-tubes model. Considering a high level of frequency accuracy and
computational cost, the mesh resolutions with 1247633, 3071290, and 923742 elements
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are chosen for the three-connected-tubes models with 1 mm,4 mm and 8mm diameter,

respectively.
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Three-connected-tubes model,
2 mm diameter
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Three-connected-tubes model,
8 mm diameter
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Figure 3-9 Mesh independence

3.4 Low frequency induced by input period variation

3.4.1 0.2 Hz frequency input for different models
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Figure 3-10 Velocity input with a period of 5s
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Figure 3-11 Monitor points on the model
In order to verify the influence of heart period variation on blood flow oscillation, the main
period of the inlet velocity signal was set to 5 s, including five different input heart periods,
i.e.,0.93s,1s,1.145s,1s, and 0.93 s. The velocity profile is shown in Figure 3-10. The
wavelet analysis results for the three-connected-tubes model and single tube model are
shown in Figure 3-12, where ~1Hz has ultrahigh PSD compared to other lower frequency
oscillations. Hence, mean wavelet analysis was implemented to identify lower frequency
components. Figure 3-13 shows the mean wavelet results for the three-connected-tubes
model and single tube model. The blue curve shows the results for the single tube model,
where 0.984 Hz is the mean heart rate; 0.2 Hz is the input frequency, and 0.4 Hz and
1.97 Hz are the harmonic frequency of 0.2Hz and 0.984Hz, respectively. The red curve
shows the results for the three-connected-tubes model. The input frequencies (0.2 Hz
and ~1 Hz) and several low-frequency components (0.01 Hz to 0.1 Hz) are found at the
point before connection, i.e., at monitor point a. The oscillation of blood flow in the three-
connected tubes model has several low frequencies compared to that in the single tube
model. Thus, low frequencies in simulation results of the three-connected-tubes model
are not only induced by the variation of heart period but also caused by the nonlinear
vasculature. To further investigate whether various locations have different low-frequency

oscillations, data from other monitors, as shown in Figure 3-11, are analyzed.
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Figure 3-13 Single tube model and three-connected-tubes model, point before connection, 0.2 Hz

input frequency, mean wavelet analysis

Figure 3-14 displays the wavelet analysis results at various locations (monitor points e, f,

and g) on the three-connected-tubes model. Figure 3-15 displays the results of the four

points (a, b, ¢, and d) on the straight tube before and after connections. The power mainly

concentrates at ~1Hz in the wavelet analysis results of the points on the straight tube,
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while the results of the points on three connections exhibit a pattern where the power
spectrum is not purely concentrated at ~1 Hz, but spreads in the region from 0.5 Hz to 2
Hz. Meanwhile, at these points on connections, the power spectrum of low-frequency
oscillations varies with time which resembles the frequency feature discovered in the
experiment data in Figure 3-16. Linear regression analysis helps to find the relationship
between the inlet velocity and the computed velocity of the points on the connections (e,
f, and g). The coefficients of determination R? are 0.007759, 0.002389, and 0.004832,
respectively, which are close to zero, indicating that the correlation between the inlet
velocity and the computed velocity of the points on the connections is nonlinear. In
contrast, the linear regression of the input velocity and the computed velocity of the point
on the single tube generates an R? of 0.992135 which is close to one and means a linear
correlation. As a summary, the linear regression analysis results of the inlet velocity and
computed velocity in the three-connected-tubes model show that the interconnected

vasculature induces a nonlinear effect in the flow velocity at the points on the connections.
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Figure 3-17 Three-connected-tubes model, 0.2 Hz input frequency, mean wavelet analysis
Mean wavelet analysis is performed for clearer observation of oscillation frequencies for
the three-connected-tubes model, and the results are shown in Figure 3-17. Curves within
the red box in the graphs on the left, Figure 3-17 (a) and (c), are magnified and displayed
in the graphs on the right, Figure 3-17 (b) and (d), respectively. As shown in Figure 3-17
(a), the inlet frequencies (0.2Hz and ~1Hz) at the points before and after connections play
a dominant role in their flow oscillations. Meanwhile, in the results on the connections

shown in Figure 3-17 (c), the vasomotion related frequencies (~0.1Hz) have a higher
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power spectrum than that of inlet frequencies. In Figure 3-17 (b) and (d), several low
frequencies oscillations are identified, i.e., 0.00953 Hz, 0.052 Hz, and 0.101 Hz. The
0.101 Hz frequency might be the subharmonic of 0.2Hz input frequency. The power
spectrum at 0.0953 Hz at the monitor point f on connection 2 is much higher than that at
monitor point e on connection 1 and g on connection 3, because the flow through
connections 1 and 3 are influenced by inlet and outlet settings. The main straight tubes
and the connections in the model are compared to arteries and branches in the vascular
system, respectively. The findings above comply with the two facts below: (i) the
vasomotion is mainly observed in microvasculature®*7.172.173; and (ii) the power spectrum
of 0.001 ~ 0.1 Hz may be higher than that at heart rate!’#17>, By comparing the results of
0.2 Hz input frequency from the single tube model with those from the three-connected-
tubes model, we found that these ~0.1 Hz low frequencies are generated by the
interaction of geometry. At the same time, for the three-connected-tubes model shown in
Figure 3-8 with 1Hz constant inlet frequency, no low frequency is observed from the
results. Therefore, the generation of low-frequency oscillations needs not only the
interaction of geometry but also the variation of the input period. It concludes that the low-
frequency oscillations (0.01 ~ 0.1 Hz) are most likely due to the interconnected vessel
geometry and the frequency change in the cardiac cycle.

3.4.1.1 Effect of the diameter of the tubes and inlet velocity

The tubes of 1 mm and 4 mm diameter were simulated to investigate the influence of the
tube diameter on frequencies. The mean wavelet analysis results are shown in Figure
3-18. From Figure 3-17 and Figure 3-18, the model with 2 mm diameter tubes induces
the most complex low-frequency components. And as the diameter of the tubes increases
to 4 mm, the complexity of low-frequency components decreases. Further, the mean
wavelet analysis result for model with 8 mm diameter tubes is nearly flat below 0.2 Hz.
We can speculate from the mean wavelet results that the complexity of the induced low-
frequency components decreases with increasing vessel diameter after a certain size of
the diameter. The coefficients of determination R? between the inlet velocity and the
computed velocity at the point e on the first connection are shown in Table 3-1. Either the

model with 2 mm, 4mm and 8 mm diameter has an R? close to zero. The model with 1
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mm diameter tubes has the maximum R? of 0.131068. The results show that the diameter

of vessels has influence on the induced nonlinear effect on the flow velocity at the points

on the connections.

Table 3-1 The coefficients of determination (R?) of the inlet velocity and the computed velocity of the

point on the first connections, 2mm/s, different diameter

Diameter 1 mm 2mm 4 mm 8 mm
R? 0.131068 0.007759 0.065449 0.011931
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Figure 3-18 Three-connected-tubes model, points on the connections, mean wavelet analysis,
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From Figure 3-19, using a maximum inlet velocity of 4 mm/s and 8 mm/s will induce
several low frequency oscillations, i.e., 0.0959 Hz and 0.0177 Hz for 4 mm/s and 0.1Hz
and 0.027Hz for 8 mm/s. Compared to a maximum inlet velocity of 4 mm/s and 8 mm/s,
using a maximum inlet velocity of 1 mm/s induces more complex low-frequency
components, i.e., 0.0972 Hz, 0.0558 Hz, and 0.0165 Hz. It can be speculated that the
low-frequency components induced at low velocities are more complex than at high
velocities. The coefficients of determination results are shown in Table 3-2, where the
simulations with a maximum inlet velocity of 1 mm/s and 4 mm/s have R? similar results
of around ~0.5, in contrast, the results of R? for models with 2 mm/s and 8 mm/s are close

to zero.

The Womersley number is used to describe the frequency of pulsating flow associated

with viscous effects. It is calculated by « =§ /? where a is the Womersley number,

D is the vessel diameter, f is the frequency, and y is the dynamic viscosity of blood.
The Womersley numbers for all these eight models range from 0.5 to 2, corresponding to
the artery. Then, the three-connected-tubes model with a 2 mm diameter is scaled to
1/100 to simulate the arteriole condition whose Womersley number is about 0.01. Figure
3-20 shows the mean wavelet results for the scaled model with 0.02 mm diameter tubes
and 1 mm/s velocity. Several low-frequency oscillations are noted, and there is no obvious
relationship between these included low-frequency components and the variation in small
vessel diameters. And the result of R? between the inlet velocity and the computed

velocity point e on the first connections is 0.576280.

Table 3-2 The coefficients of determination (R?) of the inlet velocity and the computed velocity at the

point on the first connection, different maximum inlet velocities

Velocity 1 mm/s 2 mm/s 4 mm/s 8 mm/s
R? 0.694723 0.007759 0.703345 0.071927
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Figure 3-19 Three-connected-tubes model, points on the connections, mean wavelet analysis,

different maximum inlet velocities: (a) 1 mm/s, (b) 4 mm/s and (c) 8 mm/s
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Figure 3-20 Three-connected-tubes model, points on the connections, 0.02 mm, 1 mm/s, mean

wavelet analysis

3.4.1.2 Effect of the number of the tubes

The number of connected tubes was increased to 4 and 5 to investigate the influence of
geometry on frequencies. In Figure 3-17, and Figure 3-21, the number of connected tubes
changes from 3 to 5, and several low-frequency oscillations are identified in all these four
models. The coefficients of determination results are shown in Table 3-3, where the three-
connected-tubes model, five-connected-tubes model six-connected-tubes model have an

R2 close to zero. The four-connected-tubes model has the maximum RZ2 of 0.484198.

Table 3-3 The coefficients of determination (R?) of the inlet velocity and the computed velocity at the

point on the first connection, different number of connections

Number of connected tubes 3 4 5 6
R? 0.007759 0.484198 0.002775 0.061840
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Figure 3-21 Three-connected-tubes model, points on the connections, mean wavelet analysis,
different number of connections: (a) four connected tubes, (b) five connected tubes and (c) six

connected tubes

3.4.1.3 Effect of different open-close states

Different open-close states of the three-connected-tubes model are also studied.
Condition1 and 2 refer to different inlet and outlet settings as shown in Figure 3-22(c) and
Figure 3-22(d), respectively. And the mean wavelet results are shown in Figure 3-22 (a)
and (b). Under condition 2, low-frequency components, such as 0.075 Hz, are induced
and the ~1 Hz frequency still plays a dominant role at monitors on the connected tubes.
Different from the results under condition 1, the power spectrum of the point on connection
2 is much lower than that of the point on connections 1 and 3. The coefficients of
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determination results are shown in Table 3-4, the R? result of condition 2 is close to one

which means that there is a linear correlation between the input velocity and the computed

velocity at the points on connections. The results indicates that the low frequency

oscillations are mainly induced by the vessels with blood flow from the same directions.

Table 3-4 The coefficients of determination (R?) of the inlet velocity and the computed velocity at the

point on the first connection, different open-close states

Condition Condition 1

Condition 2

R? 0.007759

0.822124

Three connected tubes, 2 mm, 2 mm/s, Condition 1
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Figure 3-22 Three-connected-tubes model, different open-close states, 2 mm diameter, 2 mm/s

maximum inlet velocity, 0.2 Hz input frequency, mean wavelet analysis
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3.4.2 0.02459 Hz frequency input for different models
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Figure 3-23 Measured data at the radial artery in the wrist, wavelet analysis and mean wavelet

analysis
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Figure 3-24 Velocity input of 40.5 s period
As shown in Figure 3-23, the measured average heart rate is 1.362 Hz, but it is difficult
to determine how the heart period changes. However, we managed to figure an
approximating method to build the numerical model of heart period variation. The mean
wavelet analysis demonstrates that 0.02461 Hz has a higher PSD than that of heart rate
(~1Hz), so from the measured heart period data, we truncate a segment that added up to
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40.5 s (0.02459 Hz) to establish an input period for the numerical simulation. The
constructed input period of 40.5 s consists of 55 sub-cycles, and the velocity profile is
shown in Figure 3-24. The velocity profiles between 30 s and 35 s in the red box are
magnified.
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Figure 3-25 Three-connected-tubes model, points on three connections, 0.0245 Hz input frequency,
wavelet analysis

In Figure 3-15 and Figure 3-26 where the input frequencies of the three-connected-tubes

model are 0.2 Hz and 0.0245 Hz, respectively, the data on the points before and after the

connection shows a similar pattern that ~1Hz frequency oscillation plays a dominant role

and low-frequency components are not obvious. In the results at the points on the

connections (shown in Figure 3-25), there is a broad frequency band from 0.2 Hz to 1 Hz

which resembles the real blood flow oscillation shown in Figure 3-16, and a net shape
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pattern is recognized. The shape of results at the points on connections 2 and 3
demonstrates a more complicated structure than that at the point on connection 1.
Besides the net shape frequency band, ~0.1 Hz is also captured at the three monitor

points on connections.
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Figure 3-26 Three-connected-tubes model, point before and after three connections, 0.0245 Hz input
frequency, wavelet analysis

Figure 3-27 demonstrates the mean wavelet analysis, and the results in the red box are

magnified. The input frequency of 0.0245 Hz is observed in three monitors, while 0.0489

Hz, 0.0972 Hz, and 0.147 Hz could be the harmonic frequencies of 0.0245 Hz. Similar to

the results of 0.2 Hz input frequency, the point on connection 2 has a higher power

spectrum at 0.0489 Hz, 0.0972 Hz, and 0.147 Hz than that of the points on connection 1

and 3, which is also consistent with the two facts mentioned in Section 3.4.1.

| speculate that vasomotion-related frequencies (~0.1 Hz) are the harmonics of the input
heart rate variation frequency, indicating the likely relationship between the low-frequency
blood flow oscillations and the harmonics of the heart rate variation frequency.
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Figure 3-27 Three-connected-tubes model, 0.0245 Hz input frequency, mean wavelet analysis

3.5 Frequency of the system

Every vibration mode has its own characteristic frequency. The characteristic frequency
of the arterial system depends on its geometry, mass density, and tethering’¢. For the
vasculature model in Figure 3-1 (b), the root mean square (RMS) of oscillating pressure
at different inlet frequencies is tabulated in Table 3-5. The RMS of oscillating pressure
increases dramatically from 1 Hz to 1.87 Hz and then decreases gradually, indicating the

frequency of the vasculature system is 1.87 Hz.

Using the same method, the natural frequencies of systems in Figure 3-1 (c) with different
numbers of connected tubes are investigated. As shown in Figure 3-28, the frequency is
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2.29 Hz for the single-connected tube system, 0.67 Hz for 16 connected tubes, and 0.37
Hz for 32 connected tubes, indicating that the frequency of the system decreases with the
complexity of the microvasculature. Real human microvasculature is much more
complicated than the vasculature in Figure 3-1 (c), and therefore we speculate that the
frequency of the human microvasculature system is lower than 0.37 Hz. We wonder if the
low-frequency vasomotion is due to the interaction between the cardiac rhythm and the

frequency of the vasculature system.

Table 3-5 RMS of oscillating pressure for different frequencies

Frequency (Hz) 0.072 1 1.87 10 25 50
RMS(Pa) 0.0107 8.4077 68.0392 29.9428 10.1772 6.9592
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Figure 3-28 Frequencies of the connected-tubes model system
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Chapter 4 The origin of vasomotion

4.1 Experiment procedure

Figure 4-1 Laser Doppler flowmetry

We measured the oscillating radial artery blood flow at the wrist for four health subjects,
two females and two males aged between 20 to 30 years. The baseline characteristics of
the four subjects are presented in Table 4-1. They were asked to (i) avoid caffeine intake
for two hours before the test; (ii) remain seated and still during the measurement; and (iii)

avoid drugs for three days before the experiment.

Table 4-1 Anthropometric parameters for four subjects

Subject1 Female 150 50 67 108 73
Subject2 Female 164 52 70 116 87
Subject3  Male 168 55 73 115 78
Subject4  Male 178 85 79 125 76

During LDF measurement, two laser probes were connected to the Laser Doppler
perfusion and the temperature monitor. Each probe contains one transmitting optical fiber
and one receiving optical fiber. When attached to a specific skin location, probes will

50



receive the Doppler-shifted laser light reflecting the activities of red blood cells which are
traveling through vessels. The detailed principle and application of LDF are introduced in
section 1.1. The sampling frequency or the sampling rate is the number of samples
obtained in one second. A 40 Hz sampling rate was used, meaning a 0.025 s time interval.

The measurement time was 10 minutes.

The measured time series exhibited a periodical pattern so that the whole measurement
time could be divided into beat-to-beat periods. Based on the heartbeat curve, we
reconstructed two modified time series period by period, namely the average flux signal
and the reconstructed signal. The average flux curve is generated by averaging all data
points in each period. The reconstructed signal y(t) consists of sinusoidal curves and
each sinusoidal curve is constructed by a sinusoidal function and a lift. The sinusoidal
function’s amplitude (A4) equals to half of the difference between maximum value (D,,..)
and minimum value (D,,,;,) in each period. The lift is the average flux (F) in each period.
After the reconstruction of the average flux curve and the sinusoidal curve, the irregular
fluctuation on the heartbeat curve is eliminated and its influence on low frequencies is
minimized. Figure 4-2 indicates reconstructed time series and measured time series in

three periods with the sequence axis as the x-axis.
y(t) = ASin(2m*t/T) + F

n
_ i=1D;

n — Number of measured data in each period

D; — Measured data in each period
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Figure 4-2 Reconstructed data and experimental data in three cycles

4.2 Experiment results
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Figure 4-3 The wavelet analysis of the measured time series, the reconstructed signal, and the

average flux signal
Figure 4-3 shows the wavelet analysis of the measured time series, reconstructed signal,
and average flux signal. In general, the frequency distributions of these three cases are
similar to each other. The lower frequencies band is almost the same. In the case of the
average curve, the frequency is very weak at 1 Hz but quite strong at the lower frequency
band. To show the comparison clearly, we took the mean value along the time span, as

shown in Figure 4-4.
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Figure 4-4 The mean wavelet analysis of the measured time series, the reconstructed signal, and

the average flux signal

Figure 4-4 demonstrates the mean wavelet analysis of the measured time series, the

reconstructed signal, and the average flux signal for the four study subjects. The

measured and reconstructed sinusoid time series have the same heart rate peaks and an

overlapped lower frequency band. The average flux signal can be extracted from the

measured time series of the reconstructed signal. So, the measured time series and the

reconstructed signal contain all the information of the averaged flux data and share some

oscillation features as the average flux signal. It is obvious in Figure 4-4 that the

frequencies below 0.2 Hz are almost identical in the mean wavelet curves of these three

signals. The same component contained in these three signals is the average flux. Thus,

the shared lower frequency band (0.01~0.2 Hz) in the mean wavelet analysis results of
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the reconstructed signal and measured time series comes from the average flux. Because
the average flux in each period represents the local average blood flux, it can be
speculated that the lower frequency band (0.01~0.2 Hz) is induced by the averaged blood
flux in each heart period.

Table 4-2 The coefficients of determination (R?) of mean wavelet analysis data between the

reconstructed signal, the average flux signal, and the measured time series

(a) all mean wavelet analysis data

R? Subject1 Subject2 Subject3 Subjectd
Reconstructed signal 0.990513 0.999836 0.967729 0.999832
Average flux signal 0.991526 0.999997 0.999914 0.999974
(b) mean wavelet analysis data of frequency below 0.25Hz

R? Subject1 Subject2 Subject3 Subjectd
Reconstructed signal 0.997176 0.999991 0.999912 0.999917
Average flux signal 0.999524 0.999997 0.999994 0.999973

Linear regression analysis helps to find the relationship between the measured time
series and the reconstructed signal with sinusoid curves, as well as the relationship
between the measured time series and the average flux signals. The coefficients of
determination (R?) interpret the ability of a model to predict or explain an outcome. In
Table 4-2, the R? of mean wavelet analysis data between reconstructed signals and
measured time series, and the R? between average flux signals and measured time series
are close to one for the four subjects, which indicates that the mean wavelet analysis
results of the reconstructed signal and the average flux signal are linear with respect to
the measured time series. The average flux signals fit the measured time series better
than reconstructed signals on account of larger R2. Also, the intercepted mean wavelet
analysis data of frequency below 0.25 Hz generates an even larger R?. The lower
frequency components of the average flux signal are the same as that of the measured

time series.
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Chapter 5 Stochastic resonance

5.1 Pressure disturbance

5.1.1 Procedure
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Figure 5-2 Five frequency bands in the wavelet analysis result
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Figure 5-3 Instantaneous power spectrum in wavelet analysis
We measured the oscillating radial artery blood flow at the wrist for four health subjects,
two females and two males aged from 20 to 30. The sampling rate is 20 Hz, which is
equivalent to a 0.05s time interval. As shown in Figure 5-1, a sphygmomanometer cuff
was placed on the forearm, and the cuff pressures were set to 0 mmHg, 5 mmHg, 10
mmHg, 15 mmHg, and 20 mmHg during different periods. The measurement time
continued 50 minutes, consisting of five periods of 10 minutes each., And for each subject,
there are four groups of experiments. After wavelet analysis of LDF signals was
conducted, five frequency bands were observed, ~1 Hz, ~0.3 Hz,~0.1 Hz, ~0.03 Hz, and
~0.01 Hz, which correspond to cardiac, respiratory, myogenic, neurogenic, and
endothelial activities, respectively'’®. For each LDF signals’ wavelet analysis results, we
specified each frequency band with an upper-frequency limit and a lower-frequency limit
which is shown in Figure 5-2. Through wavelet analysis, we can obtain the instantaneous
power spectrum demonstrated in Figure 5-3. The instantaneous SNR can be calculated

by the method stated in section 2.3. The total integrated signal power S, is the signal
area colored in blue shade and the total integrated noise power N, is the noise area

colored in black shade in Figure 5-3.
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5.1.2 Results
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Figure 5-4 The SNR for frequency band around 1 Hz of four subjects with different pressures
We calculated the average SNR from the instantaneous SNR of five frequency bands.
Figure 5-4 shows the average SNR for the frequency band around 1 Hz which includes
four experiments data for each subject. For subject 1, the SNR increases with the cuff
pressure and reaches the maximum at 15 mmHg, and then slightly decreases at 20
mmHg. For subject 2, the SNR increases at 5 mmHg, then decreases at 10 mmHg, and
then continues to increase at 15 mmHg and 20 mmHg, with the maximum average SNR
exhibited at 20 mmHg. The average SNR curve of subject 3 reveals a trend of gradually
decreasing before 10 mmHg and fluctuating at 15 mmHg and 20 mmHg, however, the
maximum average SNR is observed when no pressure is added. A concave shape is
found in the average SNR curve of subject 4. The minimum average SNR shows up at
10 mmHg, and the average SNR at 20 mmHg is slightly larger compared to the other four
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pressure conditions. Generally, the SNR of frequency band around 1 Hz related to the
cardiac activity first reduces with the increase of pressure and then rises, reaching a

maximum at 15 mmHg or 20 mmHg.
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Figure 5-5 The SNR for frequency band around 0.3 Hz of four subjects with different pressures
Figure 5-5 shows the average SNR for the frequency band around 0.3 Hz associated with
respiration activities, where subject 1, 2, and 4 shows a similar trend that the average
SNR curve decreases first, and then oscillates as pressure increases. However, the
maximum value of average SNR is achieved for subjects 1, 2, and 4 at the cuff pressure
of 0 mmHg, 10 mmHg, and 15 mmHg, respectively. For subject 3, the average SNR first
increases with increasing pressure and reaches its maximum at 5 mmHg, followed by a

decrease until a pressure of 15 mmHg, and ended by an increase until 20 mmHg.
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Figure 5-6 The SNR for frequency band around 0.1 Hz of four subjects with different pressures
As shown in Figure 5-6, the average SNR curves present a concave shape for both
subjects 1 and 2 in the frequency band around 0.1 Hz, with the minimum average SNR
at the cuff pressure of 10 mmHg and 15 mmHg. The average SNR curves of subjects 3
and 4 for frequency around 0.1 Hz show a similar trend to that for frequency around 0.3
Hz. The average SNRs of four subjects reach their maximum values at 0 mmHg, 20

mmHg, 5 mmHg, and 0 mmHg, respectively.
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Figure 5-7 The SNR for frequency band around 0.03 Hz of four subjects with different pressures
From Figure 5-4 to Figure 5-8, the average SNRs for frequency bands around 0.03 Hz
and 0.01 Hz are more dispersed than those for frequency bands around 1 Hz, 0.3 Hz,
and 0.1 Hz. The average SNR curve cannot fully represent the trend of SNR results for
the four subjects. However, Figure 5-7 and Figure 5-8 indicate that the SNR will change
with the cuff pressure. According to a historical prospective study made by Bedford’”,
ancient Chinese physicians used their index fingers to apply light, moderate, and firm
pressure to elicit the superficial and deep pulses. We can infer that the ancient Chinese
physicians diagnosed by applying pressures to the wrist to sense the SNR changes in
different frequency bands in the pulse signals related to cardiac, respiratory, myogenic,

neurogenic, and endothelial activities.
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Figure 5-8 The SNR for frequency band around 0.01 Hz of four subjects with different pressures
Table 5-1 demonstrates the deviation coefficients calculated with the standard deviation
divided by the absolute mean value of each group. The average deviation coefficient of
the frequency band around 1Hz is 0.145, which is the smallest among the five frequency

bands, and the lower frequency band the larger the deviation coefficient.

Figure 5-9 shows the instantaneous SNR analysis results of one experimental data group
for subject 1 including five frequency bands, with x-coordinate being the instantaneous
noise and y-coordinate being the instantaneous SNR. The phenomenon of SR is not
obvious in the five frequency bands due to the lack of points that have both low SNR and
low noise intensity. This might be caused by the error from setting frequency bands
manually and using the same frequency bands all the time. Even so, interesting
phenomena are found. The points in the frequency band around 1 Hz are concentrated
on certain paths, while the paths become scattered for the points in the frequency band

around 0.3 Hz. The paths appear more scattered for the points in the frequency band
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around 0.1 Hz and 0.3 Hz. The points in the frequency band around 0.01 Hz are dispersed

and the paths are no longer evident.

Table 5-1 Absolute standard deviation coefficients of SNR

No. Pressure 1Hz 0.3Hz 0.1Hz 0.03Hz 0.01Hz
20mmHg  0.079241 0.141675 0.15096 4.579919 1.493483

15mmHg  0.173929 0.442566 0.163184 0.250906 0.163224

Subject1 10mmHg 0.109898 0.097929 0.577524 3.579548 4.079848
5mmHg 0.110029 0.413008 0.418041 1.642994 0.683826

OmmHg 0.136101 0.227681 0.199869 1.261409 0.699661

20mmHg  0.103657 0.408552 0.263354 0.797862 0.517111

15mmHg 0.10032 0.36766 0.363064 8.222486 1.35193

Subject2 10mmHg 0.145332 0.290975 0.21673 2.003763 0.28659
5mmHg 0.124128 0.27852 0.246491 4.87496 0.863482

OmmHg 0.153695 0.150587 0.314946 1.145253 0.908209

20mmHg  0.061375 0.372958 0.214771 5.055524 1.830897

15mmHg  0.195596 0.255545 0.386683 2.280351 21.30558

Subject3 10mmHg 0.210204 0.087709 0.164427 1.873052 1.157683
5mmHg 0.137776 0.104867 0.28078 2.872052 3.466608

OmmHg 0.118445 0.11093 0.513022 1.995944 0.833824

20mmHg  0.134165 0.169332 2.888569 2.431853 0.54505

15mmHg  0.191567 0.278366 0.372262 4.219339 2.586067

Subject4 10mmHg 0.337039 0.125165 0.579882 1.062785 0.854282
5mmHg 0.19387 0.267297 0.494407 0.973291 2.617802

OmmHg 0.081221 0.158638 0.751562 1.18659 1.070869

Average 0.144879 0.237498 0.478026 2.615494 2.365801
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5.2  Noise disturbance

5.2.1 Procedure

Figure 5-10 A speaker placed on the forearm
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Figure 5-11 An IMF component after HHT
We measured the oscillating radial artery blood flow at the wrist for a 28-year-old health

subject. The sampling rate was 20 Hz which indicates that the time interval was 0.05 s.
As demonstrated in Figure 5-10, a speaker was placed on the forearm, and white noise
and pink noise downloaded from YouTube were added to the pulse signal. All the subjects
adopted a seated position during the measurement. The measurement time lasted 1 hour
and 40 minutes, and there are five periods of 20 minutes each: without adding noise,
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adding white noise, after adding white noise, adding pink noise, and after adding pink

noise.

HHT analysis of LDF signals was conducted. The signals were decomposed into several
IMFs, one of which is shown in Figure 5-11. Wavelet analysis was then applied to these
IMFs, and a frequency band with an upper-frequency limit and a lower-frequency limit
was set for each IMFs, which is indicated in Figure 5-12. According to section 5.1.1,
through wavelet analysis, we could obtain the wavelet instantaneous power spectrum for
IMFs after HHT. As shown in Figure 5-13, because the right half spectrum of IMFs might
be a declining slope, it is difficult to determine the signal power and noise power of the
spectrum in the right half. Therefore, the SNR was calculated by the left half of the
spectrum curve. In the selected frequency band, all extrema were identified, and the
maxima and the minima power point were found in these extrema. Figure 5-13 shows the
integrated signal power S, and the integrated noise power N, in the enclosed area of
the spectrum curve, under blues shades and black shades, respectively, both starting

from the minima power point and ending at the maxima power point.
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Figure 5-12 Wavelet analysis for an IMF
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Figure 5-13 Instantaneous power spectrum in the wavelet analysis for an IMF after HHT
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Figure 5-14 The HHT IMFs of measured data of radial artery at the wrist without adding noise

Figure 5-14 displays the 13 IMFs decomposed from a group of LDF signal data without

adding noise. The first seven IMFs have distinct peak points, and the frequency of peak

points decreases according to the separation sequence of each IMF. The subsequent
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wavelet analysis for each IMF is shown in Figure 5-15. The frequency bands around 1
Hz, 0.3 Hz, and 0.1 Hz are apparent in IMF 3, 5, and 6, respectively. The other two
frequency bands around 0.03 Hz and 0.01 Hz are indistinct in IMF 8 to 13. Therefore, the

latter study is mainly focused on the frequency bands around 1 Hz, 0.3 Hz, and 0.1 Hz.
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5.2.3 Stochastic resonance of different noise
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Figure 5-16 Stochastic resonance at 1 Hz
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Figure 5-17 Stochastic resonance at 0.3 Hz
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Figure 5-18 Stochastic resonance at 0.1 Hz
The instantaneous SNR versus instantaneous noise intensity for frequency bands 1 Hz,
0.3 Hz, and 0.1 Hz are illustrated in Figure 5-16, Figure 5-17, and Figure 5-18,
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respectively. At a certain noise intensity, the SNR ascends sharply to a peak value then
decreases moderately with the increase of noise intensity. There is inherent background
noise changing with time in the human cardiovascular system?!?®, regardless of whether
noise is added. The phenomenon of SR is observed in all these three frequency bands,
which means that the phenomenon of SR exists in the human cardiovascular system.
From these figures, we cannot find the influence of adding the disturbance of noise to the

pulse signal, so the average SNR is then analyzed.

5.2.4 SNR for different disturbances of noise

From Figure 5-16 to Figure 5-18, the maximum SNR is about 102 to 108 multiples of the
average SNR. Because higher instantaneous SNR contributes a major part, the entire
SNR of a signal is represented by the average SNR of the top 1000 largest instantaneous
SNR. Figure 5-19 illustrates the average SNR of the top 1000 largest instantaneous SNR
of frequency band around 1 Hz. Six experiments represent similar responses to white
noise, whose SNR raises after adding white noise and then falls. And there is no
commonality in SNR changing pattern which might be induced by pink noise. Figure 5-20
indicates that there is little change in the value of the average SNR of the ten experiments
under different noise conditions. The conclusion could be dropped that adding noise has
little influence on the SNR of frequency around 1 Hz.
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Figure 5-19 The average top 1000 SNR for frequency band around 1 Hz of ten experiments
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Figure 5-20 The total average top 1000 SNR of ten experiments and their mean + SD at different
noise conditions for frequency band around 1 Hz
Figure 5-21 shows the average SNR for the top 1000 largest instantaneous SNR of
frequency band around 0.3 Hz. Six experiments have the same trends of SNR that SNR
heightens after adding white noise and reduces after stopping white noise. Eight
experiments’ SNRs strengthen after adding pink noise. Six of the eight experiments’
SNRs reduce after stopping pink noise, and two of the eight experiments’ SNR increase

after withdrawing pink noise. Combined with Figure 5-22, both white and pink noise have
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impacts on the pulse signal in the frequency band around 0.3 Hz, and it is evident that
after adding white noise the SNR will increase. This frequency band around 0.3 Hz relates
to respiration activities. This result is consistent with the baroreflex system mentioned in
sections 1.5 and 1.7, where the baroreceptors detect the blood pressure ascent or
descent in respiration activities'°%19 and induce a threshold-like behavior related to
SR1%6.127 Furthermore, the white noise will significantly enhance the frequency signals
around 0.3 Hz, and the pink noise will moderately enhance the frequency signals around
0.3 Hz.
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Figure 5-21 The average top 1000 SNR for frequency band around 0.3 Hz of ten experiments
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Figure 5-22 The total average top 1000 SNR of ten experiments and their mean + SD at different

noise conditions for frequency band around 0.3 Hz

Figure 5-23 shows the average SNR for the top 1000 largest instantaneous SNR of

frequency band around 0.1 Hz. In eight of the ten experiments, SNR will increase after

withdrawing white noise. Same as the trend of the SNR change in the frequency band

around 1 Hz, the SNR has no apparent change after adding pink noise. From Figure 5-24,

the SNR of frequency band around 0.1 Hz in the experiment condition after stopping white

noise shows a clear difference to that before adding white noise. Therefore, it is evident

that adding white noise then stopping white noise would induce an increase in the SNR

of the frequency band around 0.1 Hz.
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Figure 5-23 The average top 1000 SNR for frequency band around 0.1 Hz of ten experiments
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Figure 5-24 The average top 1000 SNR of ten experiments and their mean + SD at different noise

conditions for frequency band around 0.1 Hz

83



Chapter 6 Conclusions and future work

6.1 Conclusions

In this thesis, numerical simulations of blood flow in different models are carried out.
Different geometries and different inlet frequencies based on measured heart period are
studied for their influences on blood flow oscillations. The numerical results have been
processed with wavelet analysis and mean wavelet analysis in order to acquire the blood
flow oscillation frequencies. The analyzed results lead to the following conclusions: (1)
interconnected vasculature induces nonlinear effect; (2) the power spectrum of low-
frequency blood flow oscillations is more prominent at the connections distant from inlet
and outlet than those at the connections close to inlet and outlet and those at main arteries;
and (3) the low-frequency blood flow oscillations may be related to the harmonics or the
subharmonics of the heart rate variation frequency. In summary, the low-frequency blood
flow oscillations are induced by the variation of heart period and nonlinear vasculature.
And the induced low-frequency blood flow oscillations stimulate the release of calcium

flux which then stimulate the smooth muscles contraction and result in vasomotion.

Based on the LDF measured radial artery blood flow signals at the wrist, two groups of
data, namely reconstructed and average data, were acquired by constructing a sinusoidal
flow velocity model using important features from the experimental data. The
reconstructed and the experimental data displayed remarkably similar features in their
results of wavelet analysis and mean wavelet analysis. More importantly, in the mean
wavelet analysis plots, the experimental data, the reconstructed data, and the average
data shared an almost identical low-frequency band from 0.01 Hz to 0.2 Hz. The physical
meaning of average data is the average blood flux in each heart period, so it can be
speculated that the low-frequency band (0.01~0.2Hz) in the experimental data originates
from the variation of the heartbeat period, or that the origin of vasomotion is from the heart

beating period variation.

To investigate the effect of pressure on the blood flow oscillation, different cuff pressures
were added to the radial arterial blood flow The SNRs of different frequency bands (~1

Hz, ~0.3 Hz, ~0.1 Hz, 0.03 Hz, and 0.01 Hz) in the pulse signals changed with pressure.
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We can infer that the ancient Chinese physicians diagnosed by applying pressures to the
wrist to sense the SNR changes of different frequency bands in the pulse signals which
relates to cardiac, respiratory, myogenic, neurogenic, and endothelial activities. To
investigate the effect of noise on the stochastic resonance of blood flow oscillation,
different noise disturbances were added and the measured signals were decomposed by
HHT. By comparing the changes of SNRs for different frequency bands under different
noise conditions, we could speculate that (1) the noise has little influence on the frequency
band related to cardiac activities (~1 Hz); (2) both white noise and pink noise have
impacts on the pulse signal in the frequency band related to respiratory activities (~0.3
Hz); and (3) adding white noise and then stopping white noise will induce a SNR increase

in the frequency band related to vasomotion (~0.1 Hz).

6.2 Future work

In the numerical simulation part, subsequent research will focus on:

(1) Further investigation into the relationship between blood flow oscillation and the

vasculature, e.g., vessel diameter, length, and bifurcation.

(2) The effect of more complicated vascular structure on low-frequency oscillations of
blood flow.

(3) Simulations are carried out on the realistic vasculature models, which can be obtained

by 3D MRI scanning.
(4) The influence of different quasi-period on blood flow oscillations.

(5) Further investigation of the simulation model using the fluid-structure interaction
method, and exploration of the relationship between blood flow oscillation and the
young’s modulus of the vessel wall and the relationship between blood flow oscillation

and vessel wall oscillation.

The further experimental study will include:
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(1) Additional experiments on healthy subjects with different anthropometric parameters,
e.g. age and weight.

(2) More experiments on subjects with different diseases, e.g., hypertension, diabetes,

and obesity.

(3) More experiments for blood flow oscillations in arteries other than the radial artery to
investigate whether SR phenomenon is involved in these arteries and the effect of

different disturbances on SNRs of different frequency bands.
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