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Abstract

There is a significant relationship between temperature and human health. The
cardiovascular system undergoes a process of coordinated changes when the external
temperature or the amount of heat generated changes. To maintain the internal
temperature of the body at a constant level, a variety of physiological and behavioural
processes must be controlled. These responses in the cardiovascular system have been
shown to manifest themselves in significant changes in cardiac output and regional
blood flow. An increase or decrease in blood flow in the skin is the basic response of
the circulatory system to changes in skin surface temperature.

In this work, we used the optical technique of laser Doppler flowmetry (LDF) to
study the dynamics of blood flow at three different ambient temperatures (20 C, 26 C,
and 32 C). We investigated the changes that may be caused by ambient temperature
in healthy young subjects on blood flow and cardiovascular dynamics, e.g., heart rate,
stroke volume, cardiac output, and blood pressure. Optical methods were used along
with a variety of other sensors to assess these changes. In addition, the instantaneous
frequencies of heartbeat and respiration were extracted from the measured ECG, blood
pressure, and respiration time series. Two additional time series were created from
blood pressure, instantaneous systolic and instantaneous diastolic blood pressure.

The resulting time series were then analysed using algorithms developed for
irregular periodic signals. The wavelet power spectrum was applied to evaluate the
contribution of the oscillatory components within the frequency range from 0.0027 to
2 Hz. The physiological characteristics of the six oscillatory components in this range
and their changes with temperature are evaluated and discussed. Phase coherence
analysis was used to study the interaction between the oscillatory components, and the
effects of temperature are evaluated and discussed. We show that while average values

are highest at lower temperatures, the coherence is highest at higher temperatures.
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Glossary & Abbreviations

BP Blood pressure; the force (pressure) exerted by the blood against the walls of the

blood vessels.
sBP sytolic blood pressure; maximum blood pressure during ventricular contraction.
dBP diastolic blood pressure; minimum pressure measured between contractions.
LDF Laser Doppler owmetry.
LDFAL Laser Doppler ux forearm left.
LDindR Laser Doppler ux right index nger.
LDindL Laser Doppler ux left index nger.
AU Arbitrary unit used in laser Doppler owmetry.

Rhythms In the context of the human body, a biological rhythm is a naturally

occurring or changing process in the body that follows a periodic pattern.

ECG Electrocardiogram; A non-invasive recording of the heart's electrical activity

taken from the body's surface.
HR Heart rate; number of times that heart beats per minute.

SV Stroke volume; refers to the volume of blood that is pumped out of the left

ventricle of the heart during a single contraction.

CO Cardiac output; it represents the amount of blood that is pumped out of the

heart in one minute.

HRV Heart rate variability; variability in heart rate as a function of time.
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IHR Instantaneous heart rate.
IRR Instantaneous respiration rate.

RSA Respiratory sinus arrhythmia. it refers to the modulation of heart rate by the

frequency of respiratory activity.

NO Nitric oxide; It acts as a vasodilator, which means that it causes the muscles in
the blood vessels to relax, which in turn extends the blood vessels and improves

circulation.

ACh Acetylcholine; vasodilator that works by relaxing the smooth muscle cells in

the body indirectly through the endothelial cells.

in vitro Studies employing organisms, cells, or biological molecules that have been

removed from their natural biological environment are called in vitro.
In vivo research conducted on organisms or individual cells.
SBF Skin blood ow; refers to the ow of blood within the skin's vascular system.

TBF Tissue blood ow; refers to the circulation of blood within the di erent tissues

of the body, such as the muscles, organs, and other structures.

IAAFT Iterative amplitude adjusted Fourier transform; A technique for creating

surrogate of a signal.

Phase it describes where in time a signal occurs in relation to its overall duration,

or phase of a signal is its position or timing relative to the period of that signal.

Phase coherence In the context of signal processing, it refers to the degree of

correlation or synchronisation between two signals of di erent frequencies.
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Phase di erence or phase shift it refers to the angular di erence between the
phases of two signals at the same frequency at a given time. It is determined

by subtracting the phases of the rst and second signals.

Thermoregulation is the process by which mammals keep their internal tempera-

tures stable regardless of the ambient temperature.



1. Introduction

Temperature has a vital role in the growth and survival of every living being [5].
Environmental temperature uctuations trigger thermoregulatory mechanisms to
protect homeothermy, such as heat-conserving and heat-producing responses, and
heat-dissipating processes, respectively. Hyperthermia and hypothermia, can be life-
threatening conditions that result when external temperatures are too high or too low,
respectively, for the body's regular thermoregulatory mechanisms to handle, or when
the normal functioning of the thermoregulatory system is disrupted [6]. Changes
in external temperature or in heat generation cause the cardiovascular system to
go through a series of coordinated adjustments [7]. In order to maintain a stable
body temperature, a wide variety of physiological and behavioural processes must be
tightly controlled [5]. These responses in the cardiovascular system are manifested in
substantial shifts in cardiac output and regional blood ow. The primary circulatory
response to changes in skin temperature is a rise or fall in blood ow to the skin [7].
The impact of temperature on human health and disease is signi cant. Mainte-
nance of thermal homeostasis is crucial for normal cellular activity and, by extension,
the survival of the human. The temperature of internal organs is the most important
factor to consider when discussing the physiology's relationship to temperature in
medicine. This temperature of the organs within the body is referred to as the
body core temperature [8]. In this research, body temperature and body core

temperature will not be used. Instead, we will refer to temperature in terms of ambient



temperature, which is de ned as the temperature of the surrounding environment
[9]. However, in this study, and for the purpose research, ambient temperature
was controlled to study the e ect of increasing ambient temperature on human
cardiovascular system. Additionally, temperature propagation is closely related to
metabolic demand energy usage, and as we have three di erent temperatures, we will

be able to reason about energy expenditure.

1.1 Measuring the variability of human skin tem-
perature

Evaluation of microcirculatory variations and assessment of blood microcirculation
(blood ow in capillaries and surrounding micro vessels) are important in the modern
clinical assessment and diagnosis of many diseases [10, 11]. It is crucial to catch
such diseases early, when treatment is still an option. These conditions rst show
up in the microcirculatory bed, which is part of the vascular system [12]. The
determining the connections between the micro- and macro-level blood supply systems
and the accompanying metabolic, thermoregulatory, and other processes are still open
guestions in fundamental medicine [13].

In relation to the preceding, there is a signi cant interest in the development
and improvement of tools that are capable of accurate and non-invasive monitoring
of blood ow in various parts of the body under various conditions [14] as well as
in systems that are able to record all vascular components of the blood stream,
speci cally arterial, capillary, and venous components [12]. The existing techniques
for recording blood microcirculation can be categorised according to the physical
principles that are used for measurement. These techniques include optical techniques
such as laser Doppler owmetry (LDF). A key property of microcirculation is its

continuous variability, which is shown to exist in the form of spontaneous variations
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in the blood ow through tissue. A subjective measure of the vital activity in tissues
is provided by the variable microcirculation that exists within those tissues. Changes
and rhythmic oscillations in blood ow can reveal the precise links between the systems
that set the stage for microcirculation. The microcirculation system is characterised
by relatively complex oscillatory processes due to the nature of their oscillatory
activities. It is widely accepted that vasomotions is responsible for the majority
of the spontaneous variation in blood ow that occurs within tissues. However,
this does not mean that vasomotions is the only factor. Surface body temperatures
uctuate throughout a broad spectrum of amplitudes and frequencies as a result of
the physiological activities. Heartbeat pulsations are linked to this behaviour, and
they are characterised by a tiny amplitude and a maximal frequency of temperature
oscillations. Microcirculation is of tremendous interest to research and consequently
medicine, hence data on temperature oscillations in all frequency ranges is needed
[12].

1.2 Outline of thesis

The main goal of this thesis is to use oscillations in microvascular blood ow and
cardiovascular dynamics to investigate the e ect of increasing ambient temperature on
the human cardiovascular system. More speci cally, the aim is to test the hypothesis
that blood ow dynamics and other cardiovascular variables are altered by di erent
ambient temperatures, and to investigate how the metabolic rate responds to these
changes. In addition to this, the data and analysis methods are utilised to determine
whether or not the local or central mechanism regulatory processes are altered as a
result of whole body heating, and to glean as much information as possible regarding
the regulation of human cardiovascular activity at both systemic and peripheral levels.

The oscillations are also studied in terms of their relationship to a variety of ambient



temperature ranges.

Chapter 2 provides an introduction to the physiology of the cardiovascular system
and oscillations in cardiovascular ow under the e ect of whole body heating. It
also provides a literature review on the e ect of increasing ambient temperature on
cardiovascular variables. The techniques of measurement that were applied in the
process of data collection are outlined and discussed in chapter 3. In addition to that,
this chapter discusses dynamical systems, highlights the necessity of viewing biological
systems as thermodynamically open and nonautonomous, and explains the nonlinear
time series analysis techniques that were utilised in order to obtain the results. An
analysis of data recorded on subjects during a rise in ambient temperature is presented
in chapter 4. This provides an opportunity to assess physiological parameters during
whole-body heating. The aim of this chapter is to investigate the dynamics of blood
ow and the variability of heart rate, respiration rate, blood pressure, and cardiac
output under the e ect of heating.

Finally, chapter 5 discusses the results and summarises their physiological

signi cance.



2. Physiological and

thermoregulation background

In the human body, relatively few processes can be said to be in a state of constant
motion. The vast majority shift and change over time as they interact with
one another and with their surroundings. The existence of life depends on these
di erences. Studying the dynamics of complete systems like the circulatory and
respiratory systems requires thinking at every level of organisation, from the whole
organ down to the single cell to the organelles. Understanding life requires taking
into account not only one but all possible scales, and hence all possible oscillators.
Continuous perturbations, either deterministic or stochastic, can a ect living systems
at all scales. These can originate in adjacent dynamical systems or be the result of
random uctuations [15]. However, before attempting to research the interactions
that occur between physiological processes, it is crucial to rst understand their
fundamental physiology as well as the methods that are employed to observe these

processes.

2.1 The blood vessels: physiological background

The blood vessels provide the primary connections that exist between the heart and

the tissues. The intima, also known as the inner layer, the tunica media, often known



as the middle layer, and the tunica externa, also known as the outer layer, make up
the vascular wall [16]. The blood vessels are separated into arteries, capillaries, and
veins according to their respective functions, locations, and sizes (see gure 2.1).

The distribution of blood to the organs is the primary role that the arteries play
in the body. Because of the high pulse pressure in the arteries, their wall thickness
is greater than that of the other vessels. Depending on where they are located in the
arterial tree, arteries can be categorised as either conducting arteries, conduit arteries,
or resistance arteries. Conducting arteries are the largest arteries in the body and
have a substantial amount of elastic tissue. This allows the vessel to expand and
recoil to smooth out the oscillatory uctuations in blood pressure that are caused by
cyclical ventricular contractions. The aorta, the pulmonary artery, and the carotid
artery are all examples of conducting arteries in the body [17]. Conduit arteries, such
as the brachial, radial, and femoral arteries, are branches of conducting arteries; they
carry blood to specic parts of the body [18]. The microcirculation is made up of
the resistance arteries that branch o from the conduit arteries and are responsible
for supplying enough blood to the organ tissue. Arterioles are small blood vessels
that dilate and close in response to sympathetic (de)activation. They are made up
primarily of smooth muscle cells and are densely innervated by sympathetic nerves
[19]. Shear stress, which is de ned as the dragging frictional force that is applied on
the arterial wall by laminar blood ow, is an additional stimulus that might trigger
arteriole dilatation [20].

Capillaries, along with arterioles, are a part of the microcirculation and are where
tissue perfusion actually takes place [19]. The primary role that capillaries play in
the body is to facilitate the movement of gases, metabolites, and nutrients from the
blood into the surrounding tissue. This is made possible by the capillary walls, which

are made up of a single layer of endothelial cells.



Figure 2.1: Structure of blood vessels (artery, vein, and capillary). Arteries and
veins are connected to each other through capillaries [1].

As a result, the channel for di usion between the blood and the tissue uid is made
signi cantly shorter. The slow blood ow serves to increase the time that is available
for di usion, which helps to further raise the e ciency of the di usion process [21].
After this process of gaseous exchange, the blood with its metabolites enters the
venules, where additional gaseous exchange may take place.

Superior and inferior vena cavae, which are attached to the heart, receive blood
from the peripheral veins. The closer a vein is to the heart, the larger its diameter will
be. Vein walls are thinner and more exible than artery walls because of the lower
blood pressure in the venous system. As a result, veins can store a lot of blood at
relatively low pressure. Veins have valves to prevent blood from owing backwards,
and the presence of smooth muscle cells in the vascular wall causes veins to constrict,
elevating blood pressure and so facilitating greater venous return [22].

The veins carry blood back to the heart from the rest of the body. There are

normally two groups of veins in ngers, which are referred to as the super cial veins



and the deep veins. The super cial veins are very important for the body's cooling
system. According to research carried out by Hirata et al. [23], when the body is
subjected to high temperatures, the blood from the periphery travels back to the
heart mostly via the super cial veins. This helps to ensure that the body does not

overheat.

2.1.1 Blood ow of arteriovenous anastomoses

Arterio-venous anastomoses, also known as AVAs, are connections that are found
between small artery and venous plexuses (Figure 2.2). These AVAs are found in
abundance in distal extremities, such as the ngertips and toes [24]. According to
Bergersen et al. [25], one of the potential causes of cold-induced vasodilation (CIVD)
is an abrupt expansion of the AVAs. When the ambient temperature is higher, the
AVAs will open, allowing blood to ow back directly through small veins from the
small arteries that are found in AVA branches. This results in dramatically increased
blood ow and, as a consequence, greater heat loss. As the ambient temperature
drops, the AVAs will close, which will result in a decrease in the amount of blood that
ows through the skin [3]. This will help the body retain its heat.

In response to exposure to low temperatures, blood from the body's periphery
travels back to the heart via the deep veins in order to minimise the amount of heat
that is lost. This, in turn, causes the blood in the nearby arteries to become cooler
by means of a mechanism that facilitates countercurrent heat exchange. As a direct
consequence of this, the blood in the arteries is pre-chilled before it ows into the
capillaries, whereas the blood in the veins is pre-heated before it ows into the larger
veins. This mechanism ultimately limits the body's heat dissipation in cold settings,
which helps to keep the core temperature within a particular range, while also creating

lower hand skin temperatures [26, 27, 2].



Figure 2.2: lllustration of an arteriovenous anastomosis (AVA) in the ngers. AVA
Closed in (a) and Open in (b [2].

2.2 Oscillations in skin Doppler perfusion and the
physiological roots of these oscillations

Only four years after Maiman [28] had successfully demonstrated the rst working
laser, Cummins et al. [29] proposed a method by which the velocity of particles in
solution could be estimated by interpretation of the Doppler frequency shift in light
in back-scattered light. After a few years had passed, Riva et al. [30] utilised this
method to measure the velocities of red blood cells while they were owing through
a glass tube model. However, Stern [31] was the rst person to employ the laser-
Doppler technigue in order to quantify blood perfusion in a microcirculation that had

not been disturbed. Watkins and Holloway [32] and Nilsson et al. [33] were the rst
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to develop the corresponding instruments for measuring blood perfusion, and they
were pioneers in this eld. The ndings of Fischer et al. [34] showed that there is a
strong association between the readings obtained from the devices and microvascular
blood ow. Despite the fact that clinical trials conducted in a variety of settings had
positive outcomes, applications of the method have not been particularly prevalent.
Clinicians typically cite, as the primary reason, the fact that the absence of absolute
units makes it di cult to compare data from multiple subjects. On the other hand,
there is no comparable method that we are aware of for the noninvasive continuous
recording of peripheral blood ow.

According to data, blood ow is shown to oscillate in a regular pattern around a
stable value [35, 36, 37]. The lack of absolute units does not a ect the detection of
oscillatory variations in the ow, and we can calibrate the system by use of a reference
value. Oscillation periods are continually varied (aperiodic) as a result of physiological
perturbations brought on by the open nature of the biological system. Consequently,
a time-frequency analysis of the signal is required. However, issues with time and
frequency resolution arise when oscillations exist on drastically di erent time scales.
Calculating the Fourier transform of a physical signal (e.g, blood ow) allows one to
evaluate the dynamic qualities of the signal. Within this transform, the original signal
is windowed either to reduce leakage or to achieve time localization (in this case, the
short time Fourier transform is obtained). Both of these goals can be accomplished
by windowing the signal. Throughout the entirety of the investigation, the decision
of window length remains an extremely important factor. Stefanovska et al. [38]
however, presented a method to eliminate the explicit choosing of a window length
by using the wavelet transform on blood ow signals. The time and frequency of the
uctuations can be observed at the same time.

Stefanovska et al. [38] used the wavelet transform to study the oscillations in the

peripheral blood ow signal. The frequency region that ranged from 0.005 to 2Hz
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was investigated. As there is no known physiological rhythm with a frequency that
is higher than that of the heart beat, the highest frequency limit was set at 2Hz.
The spectrum analysis of cardiovascular functions revealed that frequencies over 2Hz
contain only higher harmonic components.

The selection of a lower frequency limit was determined in relation to a number
of physiological oscillations that were seen across a continuous time variation [39].
In order to explore the lower frequencies and capture the sluggish oscillations, we
needed to make the recordings for a longer period of time. The amount of blood that
is pumped out of the heart (when it is at rest) in one minute is roughly equivalent
to the total amount of blood that is found in the body [38]. When analysing the
dynamics of blood distribution, it is su cient to set a low frequency limit of 0.005
Hz as a limit on the frequency range. This line of thinking prompted a large number
of studies in which researchers explored the dynamics of microvascular blood ow at
frequency intervals ranging from 0.005 to 2 Hz.

Six distinct frequency intervals were identi ed by using the wavelet transform of
the blood ow signals averaged over a period of time [4, 38, 40]. This was done in
conjunction with prior physiological knowledge. These frequency intervals make their
presence known in the dynamics of blood ow, which in turn re ects a variety of
physiological processes taking place a ecting the microvascular system.

These similar frequency intervals have been used in the analysis of heart rate
variability as well as blood pressure signals [41]. Table 2.1 provides a summary of the
physiological contributions made by oscillatory processes within these intervals, and

we will now analyse these contributions in further detail:
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Band | Frequency range (Hz) Physiological origin
I 0.6 {2Hz Cardiac activity
I 0.145 { 0.6 Hz Respiration
1l 0.052 {0.145 Hz Myogenic activity
\Y 0.021 { 0.052 Hz Neurogenic activity
\% 0.0095 { 0.021 Hz NO-dependent endothelium activity
Vi 0.005 { 0.0095 Hz NO-independent endothelium activity

Table 2.1: Oscillations in blood ow dynamics and their physiological causes in
various frequency intervals [4].

2.2.1 Frequency interval I: Cardiac

The heart is the most obvious cause of physiological oscillations. Its self-sustained
oscillations allow it to perform its fundamental task of pumping blood through the
circulatory system, although these oscillations are not completely autonomous from
other activities in the body. The heartbeat's frequency and strength are strongly
controlled by a demand/supply mechanism [42], which maintains the system's stability
and coordination through inter-oscillatory interactions. Heart activity in healthy
subject can be detected in a signal recorded on the skin using laser-Doppler owmetry
(LDF), indicating that the heart's pumping action has spread to the peripheral
capillary level [43].

It is commonly recognised the heart of a healthy, resting human beats at a rate of
roughly 1Hz, while this rate can drop to as low as 0.6Hz in athletes and rise to as high
as 1.6Hz in those with compromised cardiovascular systems. In the same way that
cardiac activity may be detected all over the body, including in the microvascular skin
perfusion signal, it is also re ected in all arterial blood vessels [44, 45]. As a result of

pressure di erences generated by the heart and lungs, blood ows through the body's
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peripheral arteries.

2.2.2 Frequency interval Il: Respiration

The expansions and contractions of the lungs during respiration cause an oscillatory
pressure to be generated in the network of vessels [46]: the mechanism of its
propagation in the blood ow is more nuanced than that of cardiac oscillations, and
the shape of a respiratory peak in the power spectra of LDF signals is more sensitive
to the subject and location. In addition, the respiratory activity modulates over the
heart, causing the heart's rhythm to quicken and slow down with each breath that
is taken thanks to a coupling that is known as respiratory sinus arrhythmia (RSA)
[43, 47].

In 1993, Bolinger et al.[48, 49] discovered that changes in respiration were respon-
sible for inducing high-frequency (HF) waves, which corresponded to oscillations at
a frequency of approximately 0.3 Hz [49]. In contrast to the oscillation of the heart,
the blood ow signal from the microvascular system does not substantially display

the activity of the respiratory system [48].

2.2.3 Frequency interval Ill: Myogenic

It is believed that the vascular myogenic process is responsible for the establishment
of spontaneous vascular tone as well as the narrowing of blood vessels in response
to an increase in intravascular pressure and their widening when the pressure is
reduced. Theoretically, the myogenic response is physiologically signi cant for
producing a background vasomotor tone against which vasodilators can function, and
for regulating blood ow and capillary pressure [50]. At a frequency of roughly 0.1
Hz, which is typical of myogenic activity. The cardiovascular and respiratory systems

work together to pump blood via the circulatory system. Myogenic autoregulation is
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a process by which the latter can aid in regulating blood ow. Increased intravascular
pressure causes the vascular smooth muscles to contract, while decreased pressure
causes them to relax [51, 52]. The amplitude of myogenic oscillations has been shown
to rise as a result of exercise [53, 54] and to decrease as a result of local cooling [55]

by the use of wavelet analysis.

2.2.4 Frequency interval IV: Neurogenic

The peripheral circulation is controlled in such a way that it distributes cardiac
output to the body's many organs and tissues according to their speci ¢ metabolic or
functional requirements. This occurs while the arterial blood pressure is maintained
within a relatively narrow range. The innate capacity of vessels to react to a wide
variety of mechanical factors (for example, wall tension and shear stress) in addition
to chemical stimuli allows for the e ective regulation of regional blood ows at the
local level (e.g., tissue metabolites and £. On top of this local control system is
another level of regulation that is governed by changes in central brain activity.

This level of regulation adjusts the function of the cardiovascular system so that it
can meet the requirements of the body as a whole. This type of remote control
is an important means to e ect rapid changes in blood pressure, in the amount
and distribution of cardiac output, and in the distribution of blood volume. These
changes are essential to maintain vital perfusion of the heart and brain in the face
of physiological and environmental challenges. Thus, these changes to cardiovascular
function need coordinated activity of central cerebral out ow to the heart and blood
vessels, and cannot be accomplished exclusively by local vascular control systems [56].

The heart, lungs, and all blood vessels, with the exception of capillaries, are all
innervated by the autonomic nervous system. Its constant activity works to maintain
the baseline level of vascular constriction in the body. The nerves are responsible for

the release of substances that have an e ect on the actions of smooth muscles, which
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in turn leads to changes in the radii and resistance of the vessels. Because of this,
the nervous system is involved in the process of vasoconstriction [57]. Blood pressure,
blood ow, and HRV signals have all been seen to exhibit a peak at approximately
0.03 Hz. It was postulated that it could have arisen either from metabolic [58] or

neurogenic activity [59].

2.2.4.1 Control of skin blood ow

There are cutaneous circulatory processes that control the amount of blood being
pumped through the skin. This function is directly related to the regulation of
the body's temperature. Both thermoregulatory re exes (re exes that are driven
by the skin's temperature and by the body's core temperature) [60] and non-
thermoregulatory re exes can a ect the blood ow to the skin (e.g, barore ex). Such

re ex control, in nonglabourus skin, is produced by two arms of the sympathetic
nervous system: an adrenergic vasoconstrictor system like that found innervating
practically all the blood vessels and a distinct, nonandrogenic vasodilator system.
Moreover, the cutaneous blood vessels respond to direct cooling or warming of the
tissues with decreases or increases in blood ow, respectively, depending on the
direction of the response [61].

All areas of nonglabrous skin are innervated by sympathetic vasoconstrictor and
vasodilator nerves, whereas glabrous skin (palms, soles, lips) is innervated only
by sympathetic vasoconstrictor nerves. Norepinephrine is released by sympathetic
vasoconstrictor nerves, and it binds to postsynaptic;- and ,-receptors on cutaneous
arterioles and AVA, where it causes these receptors to contract. In addition,
noradrenergic vasoconstrictor neurons are responsible for the release of one or more
cotransmitters, which are also responsible for vasoconstriction. In thermoneutral
environments, the vasoconstrictor system that is present in human skin remains

tonically active [62]. The vasoconstrictor system is also responsible for the reductions
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in cutaneous blood ow that occur when an individual is exposed to cold temperatures.
During hyperthermia, the activity of these nerves is inhibited, which leads to a 10%
to 20% increase in the cutaneous vasodilation [62].

In humans, hyperthermia can cause the blood ow to the skin to increase to
between 6 and 8 L/min, which is equivalent to around 60% of the cardiac output [63].
The activation of sympathetic vasodilator nerves in the skin is responsible for the
majority (80{90%) of the substantial increases in skin blood ow that occur as a result
of the stimulation [60, 64]. In humans, the sympathetic active vasodilator system is not
tonically active when the body is at its normal temperature of normothermia; rather,
it is only activated when there is an increase in the body's internal temperature,
such as that which takes place during exercise or when the body is exposed to heat
exposure [60, 65, 66].

2.2.4.2 Control of heart rate

The dynamics of the heartbeat as well as its own spontaneous uctuations are directly
controlled by the out ow of the autonomic nervous system (ANS) to the heart
[67]. Parasympathetic (vagal) and sympathetic (adrenal) ANS branches interact
in complex manners, illustrating the multipath feedback system for brain control
of the heart [68]. The time-varying, spontaneous variability of HR is regulated via
three key physiological controls: blood pressure management, temperature regulation,
and respiration. Sympathetic and parasympathetic activity interact to a ect sinus
node activity and cause this variability. Indeed, the purpose of the cardiovascular
homeostatic regulation is to keep the arterial blood pressure at a constant level in
accordance with the amount of blood that is being demanded from the peripheral

circulation [69].
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2.2.4.3 Control of blood pressure

The arterial barore ex functions to achieve and sustain a constant blood pressure.
This re ex system adjusts heart rate, peripheral vascular tone, and other autonomic
cardiovascular factors to restore blood pressure to a normal range. Baroreceptors,
also known as stretch receptors, are mostly found on the arterial walls of the carotid
arteries and the aorta. These walls are where information about blood pressure
is detected. These receptors are able to detect a shift in the dilation of artery
walls whenever there is a change in blood pressure. This shift in dilation is then
communicated via aerent neural bres to the control centres that are situated
in the brain stem. In order to ensure correct control over blood pressure, these
centres receive the inputs from baroreceptors and adjust autonomic out ow, causing
changes in cardiovascular variables (primarily heart rate, cardiac contractility, and
vasoconstriction) [70].

Vasoconstriction and vasodilation work together to maintain a constant blood
pressure throughout the body. (i.e., by adjustment of vascular resistance). The
change in the resistance of the vessel is related to the length (L) of the vessel and
the viscosity () of the blood. Inversely proportional to the radius of the vessel
raised to the fourth power ¢*). This relationship makes it clearly evident that the
sympathetic nervous system, which is responsible for controlling vessel diameter, may
exert a great in uence over the regulation of blood pressure with relatively minor

alterations in artery diameter [71].

R/ — (2.1)
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2.2.5 Frequency interval V: NO-dependent endothelial activ-

ity
The vascular endothelium is a single cell layer that forms the inner lining of blood
vessels and performs various tasks that are important to the homeostasis and tone of
the vascular system. Vascular tone is regulated locally by the endothelial, which
releases both vasodilator molecules (such as endothelium-derived relaxing factor
[EDRF] = nitric oxide, NO) and vasoconstrictor compounds (such as endothelin)
[72].

The layer of endothelial cells that lines the inside of blood vessels not only acts
as a barrier between the blood and the tissues of the vessels, but it also controls
the contraction and relaxation of smooth muscle by releasing a variety of di erent
compounds. It would appear that the activity of endothelial cells is what adjusts
the amounts of various chemicals in order to mediate the metabolic regulation of
blood ow. Nitric oxide, chemical formula NO, is considered to be one of the most
vital vasoactive chemicals. It was observed that the interval V was controlled by
the suppression of NO production of the endothelium [73], which suggests that this
interval is related to NO produced by the endothelium. The dependence on NO of
the oscillations in this frequency interval has been demonstrated by a study that was
conducted on its own [74].

A frequency of around 0.01 Hz, corresponds to NO-related endothelial activity.
While it travels through the network of vessels, the blood delivers nutrients to the
cells and eliminates the waste products that are produced by their metabolism.
Compounds that are involved in metabolism, such as oxygen or carbon dioxide,
have an immediate in uence on the degree to which the muscle of the blood vessels
contracts. The term \metabolic regulation” refers to the process of controlling

blood ow based on quantities of metabolites in the body. The oscillations around
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0.01 Hz appear to originate from endothelial activity, as shown by Stefanovska and
Kvernmo and their co-authors through the simultaneous iontophoretic application of
acetylcholine (ACh, an endothelial-dependent vasodilator) and sodium nitroprusside

(SNP, an endothelial independent vasodilator) [38, 73, 75, 76, 77].

2.2.6 Frequency interval VI: NO-independent endothelial
activity

In contrast to frequency interval V, oscillations around 0.005-0.0095 Hz were found to
be signi cantly higher in response to ACh compared with SNP. It is inferred that the
genesis of these oscillations originated from endothelium-related mechanisms such as
endothelium-derived hyperpolarizing factor (EDHF) [78, 77].

A frequency of around 0.007 Hz, appears to correspond to NO-independent
(possibly prostaglandin-dependent) endothelial activity.  This interval was not
discovered in some of the earlier research, most likely due to the fact that 20 minute
recordings did not give su cient low frequency resolution, and these oscillations were
Itered out during the data pre-processing stage. On the other hand, a signi cant peak
was found to exist about 0.007 Hz later on [78, 55], and this peak can be seen quite
plainly in the work that has been done. When ACh was introduced iontophoretically,
it was discovered that the wavelet amplitude at the corresponding frequencies varies

between healthy subjects and patients su ering from heart failure [77].

2.3 Temperature and cardiovascular response

2.3.1 Thermoregulation within thermoneutral zone

The thermoneutral zone has been studied since the 1940s and 1950s [79], when

Scholander and his colleagues rst proposed the idea. The temperature range in which
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metabolic heat generation and evaporative heat loss may be controlled independently
of one another, leaving temperature regulation solely to the control of sensible (dry)
heat loss [80]. The regulation of sensible heat loss in this context refers to the processes
of controlling heat loss via conduction, convection, or radiation [81]. This indicates
that vasomotor control is the only method of thermoregulation that can take place in
the thermoneutral zone [82, 83, 84, 85].

Figure 2.3 illustrates the thermoneutral zone (TNZ) idea. When the temperature
drops below the TNZ's lower critical temperature (LCT), the body can maintain a
steady internal temperature by increasing metabolic heat generation (via shivering
and/or non-shivering thermogenesis). Once temperatures rise over the upper critical
temperature (UCT), heat can be balanced by means of increased evaporation
(sweating). Sweating and its accompanying vasodilation help humans keep their
core temperatures stable by increasing the rate at which heat is transferred from the
internal to the external environment [86]. Above the UCT, there is also an increase
in heat production, which is caused by greater blood circulation, the activity of sweat
glands, and an overall higher body temperature [87].

The relationship between the TNZ and the ambient temperature is de ned
di erently by various research elds. For instance, in the built environment, operating
temperature is utilised, which is a weighted mixture of air temperature and radiative
temperature [88, 89, 90]. Others use the temperature of the air (dry bulb) or directly
control the temperature of the skin via water immersion or a suit that is perfused with
water. The thermoneutral zone in water is higher (33{35.5C) than in air (28.5{32

C) due to the dierent thermal characteristics (mostly conduction) [85]. In this

research, the TNZ refers to air temperature (i.e. dry bulb temperature).
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Figure 2.3: A diagram showing how the resting metabolic rate of an unclothed
human varies with the temperature of the surrounding environment [3].

2.3.2 Impact on blood ow of raising the ambient tempera-

ture

Temperature is an essential factor that changes because of several factors in the body
that a ect the cardiovascular system's operations, such as blood ow. Fenton et
al. [91] agree that ambient temperature in humans increases because of pathological
situations like in ammation and fever, which impact the cardiovascular system.
The study reveals that increased core temperature in extreme cases even toG42
will contribute to cardiovascular dysfunction. So, the research o ers insight into
how high ambient temperature contributes to issues like increased heartbeat and
high blood circulation rate. Gordon [92] reported that increased body or ambient
temperature a ects cardiovascular functions. The study focused on mice's response
to changes in temperature and concepts of core temperature regulation and variability

to understand how a shift in ambient temperature will a ect the cardiovascular
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system. The research outcomes showed that control of skin blood ow, insulation,
and conductance of heat from the body to the surroundings are vitally connected
thermos-regulatory factors directly in uenced by ambient temperatures.

Savage and Brengelmann proved [83] that temperature change is in uential in
managing skin blood ow. The authors used four men and four women to investigate
how temperature changes a ect the control of skin blood ow. The study's outcomes
reveal that increased body temperature signi cantly impacts blood ow because of
the re ex response to skin temperature. Another study by Mitchell et al. [93] agreed
that ambient temperature in endotherms including humans has a credible impact on
peripheral blood ow. The focused on systematic reviews of various studies that
o er ideas on the relationship between temperature and cardiovascular functions like
blood ow. The outcomes depict how a shift in the body or ambient temperature
is related e ectively to an increase in blood ow rate in the body. For example, if
the existing thermoregulatory drive focuses on protecting body heat, the peripheral
ow is reduced, and the surface temperature reduction may tend towards ambient
temperature. However, if the thermoregulatory purpose is to dispel body heat,
the peripheral blood ow increases, causing a rise in body temperature and arterial
blood temperature. Therefore, the study e ectively explains how knowledge about
thermoregulatory factors in the body or surroundings and ambient temperature gives
insight into cardiovascular factors like blood ow.

Ogawa et al. [94] agreed that there is a close connection between ambient or
room temperature and blood ow. The authors studied 16 healthy male volunteers,
including eight elderly individuals aged 68-78 and 8 young people aged 20-25 years
to test how people of dierent ages respond to changes in temperature. In the
experiment, blood ow was considered a credible indicator in testing how the body
or cardiovascular system responds to ambient temperature changes. The study

outcomes revealed that blood ow is standard at warm temperatures, reduced at
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cool temperatures, and increased at high temperature in young individuals compared
to older adults. However, Natsume et al. [95] revealed that the change in blood ow
with temperature arises because of factors like vasoconstriction and vasodilation. The
analysis proves temperature change interferes with cardiovascular processes like blood

ow.

2.3.3 Impact on respiration of raising the ambient tempera-

ture

Respiration is another activity of the cardiovascular system that is in uenced by the
changes in ambient temperature. Collaco et al. [96] agree that ambient temperature
a ects respiration. They considered the function of the lung in seeking insight into
how ambient temperature a ects respiration rates. Besides, the study describes
temperature as a risk factor for several adverse outcomes in respiratory diseases.
Collaco and the team considered a cohort study that included 14088 men and 14036
females to test the connection between ambient temperature and lung function. The
study outcomes reveal that warm ambient temperature lowers lung functions, and an
increase in ambient temperature will a ect the respiration rate in human beings.
Jensen and Brabrand [97] agree that a heightening of respiratory rate always
precedes an increase in body temperature. Their survey focused on the impact
of factors like temperature on respiration and concluded that adjusting blood
temperature contributes to elevated respiration rates. Cho et al. [98] showed
experimentally that an ambient temperature causes increased respiration rates. The
research revealed how respiration rate could be determined e ectively by monitoring
the temperature changes around the nostrils. Essentially, the use of a robust
respiration tracking algorithm showed that the cyclical changes in temperature around

the nostrils occurs because of the exhalation and inhalation breathing cycles. Also, in
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high ambient temperature, the lungs and cardiovascular system respond by increasing

the respiration rate to restore the temperature to the normal range.

2.3.4 Impact on blood pressure of raising the ambient tem-

perature

Blood pressure is a ected by changes in ambient temperature [99]. The researchers
found that a low temperature causes blood vessels to narrow, elevating blood pressure.
Increasing ambient temperature leads to the dilation of blood vessels, raising blood
pressure. Besides, to understand how raising ambient temperature a ects di erent
measures of blood pressures, Inoue et al. [100], studied how temperature change
shifts the diastolic and systolic blood pressures. Their research tested how the blood
pressures of older and younger men respond to changes in temperature, through
measurements on nine younger men and ten older men. It was found that, older
men experienced a higher rise in both their systolic and diastolic blood pressures
after being exposed to cold temperatures.

Contrary, the reduction in skin temperature results in lessened diastolic and
systolic blood pressure in young men compared to older men. Besides, to prove this
allegation, Lossius et al. [101] investigated how thermoregulatory uctuations a ect
the mean blood pressure in humans because of its connection with heart rate and
blood velocity. Their study used nine healthy volunteers, four males and ve females,
without a background of cardiovascular diseases to test the thermoregulatory response
of their bodies. The researchers concluded that the vasoconstrictor impulse resulting
from the increased temperature in the body lowers mean blood pressure. Jansen
et al. [102] studied 20 adult normotensive volunteers to investigate how ambient
temperature impacts systolic and diastolic temperature levels. They concluded

that, raising ambient temperature contributes to reduced diastolic and systolic blood
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pressures.

2.3.5 Impact on cardiac output (heart rate and stroke vol-

ume) of raising the ambient temperature

Heart rate and stroke volume can also be a ected by changes in ambient temperature.
The study by Lossius et al. [101] concluded that change in temperature, such as
cooling or heating of the surroundings, contributes to uctuations in heart rate. They
used nine healthy volunteers to de ne how a change in temperature a ects heart
heart rate and other cardiovascular system. The study showed that thermoregulatory
uctuations interfere with heart rates. For example, an increased skin temperature
makes the heart beat faster. Shin [103] used pulse rate variability to prove the
assertions that ambient temperature a ects heart rate. Pulse rate variability acted
like an alternative to heart rate variability that can be determined using wearable
equipment. The researchers enrolled twenty-eight healthy young participants in
a temperature-controlled room with an electrocardiogram to measure heart rate
variability in di erent ambient temperatures. It was found that increased ambient
temperature raises the heart rate. Madaniyazi et al. [104] focus on improving
the understanding of the link between ambient temperature and heart rate. They
analysed data from 47591 residents, alternating ambient temperature from Z2
to 28 C while observing blood pressure and heart rate. The results revealed that
increased temperature will always contribute to an elevated heart rate.

Similarly, the rise in ambient temperature interferes with stroke volume in the
cardiovascular system. Wilson and Crandall [105] agree that hot and cold ambient
temperatures impact the control mechanism of stroke volumes like diastolic function,
afterload, preload, and systolic inotropy or function. For example, hot ambient

temperature conditions raise cardiac output, which can also slightly elevate the
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stroke volume. The study focuses on systematic reviews that understand ambient
temperate's impact on cardiac output, including stroke volume. A survey by
Lafrenz et al. [106] describes how ambient temperatures a ect cardiovascular drift,
contributing to a rise in heart rate and a reduction in stroke volume. The research
centered on male subjects to emphasise the consequences of the connection between
ambient temperatures and stroke volume, Lian et al. [107] demonstrated that an
increase in temperature elevates stroke risks. Essentially, the study outcomes revealed
that exposure to ambient temperature by 1C increased the risk by 1.13 % (0.58{1.68),
while a decrease in °C increased the risk by 1.2 % (0.84{1.57).

26



3. Physiological measurements and

methods of analysis

Signi cant advancement in measurement techniques based on a variety of fundamental
principles, from light to electricity, have made it possible to observe and record
spontaneous dynamics in living systems. Methods of data acquisition are described
in this chapter. Methodologies for monitoring and analysing the physiological signals

covered in Chapter 3 are presented in this chapter.

3.1 Participants

The research was conducted on a total of twenty-nine young and healthy human
subjects, fteen of whom are females and the rest (14) are males. However, due to
lack of data, one subject was excluded from analysis and later on when coherence
analysis was performed another subject was removed due to lack of respiration
signals. Therefore, most of the analysis was performed on 28 subjects (power and
coherence analysis), but when coherence analysis was performed between respiration
or instantaneous respiration rate (IRR) with other physiological variables, 27 subjects
were included. The participants' ages ranged from 22 to 27 years old, their height was
between 176 and 181 cm, and their weight ranged from 61 to 75 kg. The participants

are non-smokers, and with the exception of contraceptives, they did not use any
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medications. They were instructed to not consume any beverages containing ca eine
and not to engage in physical activity for at least twelve hours before the experiment.
In addition to that, they consumed a dinner consisting primarily of lighter fare two
hours before the beginning of the experiment. Every participants indicated that they
were in good health, and none of them had any signs or symptoms of cardiovascular
illness. A review of the protocol (Letter of exemption (IRB 00001870/XXX))was
conducted by the regional ethics committee, and the procedure was subsequently

accepted by NSD (ref. code 658935).

3.2 Experimental protocol

The experiments were carried out inside a climate chamber. The participants were
wearing shorts and a singlet while lying supine on a bench and being subjected
sequentially to three di erent ambient temperatures (see gure 3.1). Two protocols
were used, and each participant was randomly assigned to one of them. As shown in
gure gure 3.1, protocol 1 included a temperature rise from 20C to 32 C, with three
distinct plateaus at 20 C, 26 C, and 32 C. Protocol 2 resulted in a cooling e ect with

temperature plateaus at 32C, 26 C, and 20C, as shown in gure 3.1.
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Figure 3.1: Two di erent experimental protocols were used for the study: Protocol 1
and Protocol 2. The temperature plateaus that last for forty minutes. The transitions
between the plateaus take between 6 and 10 minutes.

The duration of each temperature plateau was 40 minutes. It took around 6 to
10 minutes for the temperature to go from one phase to the next. During each of the
three temperature plateaus, the speed of the fan that was controlling the temperature
adjustments was slowed down. A relative humidity of 20% was maintained throughout
the chamber. All signals that are investigated in this thesis was obtained from Maja

Elstad and her group, University of Oslo, Norway.

3.2.1 Measurement setup

Laser Doppler (DRT4, Moor Instruments, Devon, UK) was calibrated before each
protocol and simultaneously captured the beat-by-beat blood ux from the pulp of
both index ngers and the volar side of the left forearm. The laser-Doppler sensor
had a wavelength of 820 nm, and the noise-limiting Iter had a frequency setting of 21
kHz. A Iter with a time constant of 0 :1 sec was applied to the ux output signal (ref:
Bergersen/Vangaard). The temperature of the skin (YSI-401, YSI Inc., OH, USA), as
measured by EXACON, was taken from the pulp of the left third nger and from the
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non-acral skin in the forehead using probes that were connected with surgical tape
(3M Benderm, Micropore No). The heart rate (HR) was measured using a three-lead
ECG (SD 100, Vingmed, Horten, Norway), as well as the room temperature (20,

26 C, and 32C), end-tidal CO2 (CAP10), and respiration movement (Respiration
and Body position Ampli er, Scan-Med a/s, Drammen, Norway). Continuous non-
invasive recordings of arterial blood pressure were taken from the right middle nger
using a Finometer manufactured by Finapres Medical System in the Netherlands.
These readings provide an estimate of the beat-to-beat cardiac stroke volume (SV) as
well as mean arterial pressure (MAP). At the beginning of each temperature plateau,
the arterial pressure signal was calibrated in order to ensure accuracy. All of the
measurements were recorded in a manner that was continuous and simultaneous, and
they were sent online to the computer (program for real-time data acquisition, Morten
Eriksen, Norway). The sample rate for arterial blood pressure, electrocardiogram, and
respiration movements was set to 100 Hz. On the other hand, the heart rate, mean
arterial pressure, systolic blood pressure, pulse rate, and laser Doppler ux data were
averaged over one heart beat, leaving the sampling frequency beat-by-beat. The
diagram below (Figure 3.2) illustrates the measuring setup and the output of the

signal that were recorded.
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