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Abstract

Erythrocyte deformability is known to be compromised due to the increased sti�-

ness of the membrane of malaria-infected erythrocytes, and the latter also exhibit

abnormal adherence to the endothelial cells that line all the blood vessels. This

leads to alterations in the cells' shapes as well as in the viscosity, �ow properties,

and oxygenation of the blood, which are all altered by malaria in a speci�c pattern

that is di�erent from that in other diseases. As the red blood cells are the main

particles of the blood �owing through the cardiovascular system, these changes

result in impaired hemodynamics. The impairments are mostly because of the

spatial distributions (arrangement) of red blood cells. A large number of earlier

studies into the characteristics of erythrocytes have been invasive and conducted

on animal models, and more recently performed with experimental in vitro op-

tical assay models. However, recent technological and theoretical breakthroughs

in biomedical research are enabling the application of non-invasive imaging tech-

niques, yielding clinically relevant information on humans in vivo.

In this thesis, we �rst prove convincingly that the optical technique of laser-

Doppler �owmetry (LDF) can be used to evaluate blood �ow dynamics in dark-

skinned individuals, a matter that has been subject to doubt and discussion since

the introduction of the LDF technique. We then address the long-standing ques-

tion as to whether malaria can be detected at an early stage by investigating the

alterations in blood �ow and cardiovascular dynamics in febrile and non-febrile

malaria patients. The alterations were evaluated not only by optical methods, but

also by use of several other sensors, and the resultant time series were analysed

based on techniques speci�cally developed for non-strictly-periodic, but rather

time-varying signals. Numerous investigations utilising optical methods have pre-

viously reported impaired oxygen delivery, reduced metabolic rate, ATP de�ciency

and respiratory distress in relation to metabolic acidosis in malaria. However, bi-

ological oscillations that manifest in the blood �ow and cardiovascular dynamics,
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and how they change over time, have not yet been utilised. Several measurements

of human blood �ow and oxygenation in vivo have demonstrated the manifesta-

tion of these oscillations in cardiovascular dynamics, and their physiological attri-

bution have been established as being signi�cant. These physiological oscillatory

processes can in principle provide valuable information about the underlying dy-

namical properties of the system. Blood �ow and cardiovascular dynamics were

found to di�er markedly in malaria and it is proposed to use such signatures in

the development of a diagnostic test for the disease.

Besides characterizing the blood �ow and cardiovascular dynamics in malaria,

probable mechanisms in the causation of the observed alterations are explored.

They are associated with two well-known characteristics of malaria: the e�ect of

variant gene expression, race or environmental factors on vascular function; and

the long-term e�ects of malaria recurrence. The former is investigated through

the comparative measurements and analyses of microvascular blood �ow and tis-

sue oxygenation dynamics in white Caucasians and black Africans. The latter

is explored by comparing the blood �ow and cardiovascular data recorded from

patients of black African origin who had su�ered episodes of malaria in the past,

and recovered from it, with that of subjects with no history of malaria.
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Glossary

AAFT Amplitude adjusted Fourier transform. A method
used for building surrogates of a time series.

Aneurisms A swelling that arises as a result of weakened blood
vessel wall.

ATP Adenosine triphosphate, the energy currency of the
cell. ATP is used as an energy source for e.g., protein
synthesis, signalling and cell division.

BF Blood �ow

Blood smear microscopy A method for the noninvasive detection of malaria
parasites in the blood, using a glass microscope slide.

Cytoadherence The abnormal adherence of malaria infected red
blood cells to vessel wall, mostly to the endothelium.

ECG Electrocardiogram. It gives a measure of the electri-
cal activities in the heart.

Diastole A period during heartbeat, when the heart relaxes
and enables the heart to be �lled with blood.

Systole A period during heartbeat, when the heart contracts
and pumps blood into the arteries.

Erythrocyte It is a cell that contains hemoglobin and transports
oxygen to the body. It is also commonly called red
blood cell.

Erythropoiesis The process where new red blood cells are produced.

Febrile Is a symptom of a fever, characterised by a very high
temperature.
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HbA1c Glycated hemoglobin. It is formed when hemoglobin
is exposed to glucose in the blood. Making the
hemoglobin to be covalently bound to glucose.

Hemoglobin An oxygen transport protein containing iron that ex-
ists within the red blood cells.

Hemostasis The processes where blood is prevented from �owing
within damaged vessel. It is the �rst stage of healing
a wound.

Hypovolaemia A decrease in amount of blood �ow in the body.

IAAFT Iterative amplitude adjusted Fourier transform. A
method used for generating surrogates of a signal.

IHF Instantaneous heart frequency

In vitro In vitro (Latin: in glass) studies are conducted using
components of an organism that have been isolated
from their usual biological surroundings, such as mi-
croorganisms, cells, or biological molecules.

In vivo Studies on living organisms or cells.

LDF Laser Doppler �owmetry

Mechanotransduction The process whereby cells sense and respond to me-
chanical stimuli by converting them to biochemical
signals that trigger cellular responses.

NIRS Near infrared spectroscopy. A method used to mea-
sure the changes in concentration of oxy- and deoxy-
hemoglobin in the blood.

NMD Nonlinear mode decomposition. A technique that de-
composes a time series into a set of components, or
modes.

NO Nitric oxide. It serves as vasodilator, causing the
muscles of the blood vessels to relax, widening them,
and enhancing circulation.

NO synthases The nitric oxide syntheses belong to a group of en-
zymes that speeds up the production of NO from L-
arginine.

xxix



Plasmodium falciparum It is one of the deadliest of the protozoan parasite
species that cause malaria.

Pyrexia An increased body temperature.

RDT Rapid diagnostic test. It is one of the standard meth-
ods used for diagnosing malaria.

Rhythms In the context of human body, a biological rhythm is
a natural process in the body that occurs/changes in
a cyclic manner.

Rosetting The processes whereby uninfected red blood cells
bind to a malaria-infected red blood cell, which occurs
after the parasites mature to become trophozoites.

RSA Respiratory sinus arrhythmia. It refers to the modu-
lation of heart rate by the respiratory frequency.

SpO2 Peripheral capillary oxygen saturation. It gives an
estimate of the amount of oxygen in blood.

Stenosis The abnormal narrowing of blood vessels.

Systemic In the context of the human body, a process that af-
fects the entire body is referred as a systemic process,
for example the beating of the heart. The e�ects of
systemic processes may be observed at large distances
from where they originate.
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1. Introduction

1.1 Background and rationale

1.1.1 Malaria

There are still more than 200 million cases of malaria annually. Of the resultant

600,000 deaths, about 90% are in Africa. Development of the infection evolves via

two phases: one that involves the liver (exoerythrocytic phase), and one that

involves red blood cells (erythrocytes). Typically, a bite from the Anopheles

mosquito introduces the parasite Plasmodium (of which P. falciparum is the most

dangerous species for humans) into the bloodstream as motile sporozoites, which

travel to the liver. Following a possible dormant interval, the sporozoites di�er-

entiate to yield thousands of merozoites. After rupturing their hepatocyte host

cells, most of these escape into the blood and infect erythrocytes. Other mero-

zoites develop into male and female gametocytes in the mosquito's gut. After a

blood meal from an infected person, these can fuse and eventually develop into

new sporozoites ready to repeat the infective cycle.

According to WHO almost half the global population was at risk of infection in

2015. The "WHO Global Technical Strategy for Malaria 2016-2030" (2015), identi-

�es `ensuring universal access to malaria prevention, diagnosis and treatment' as a

key pillar of the Strategy http://www.who.int/mediacentre/factsheets/fs094/en/.

The present project, which aims to study the nonlinear dynamics of malaria, would

contribute strongly to this aim. Diagnosis of malaria may be based on the overt

symptoms (e.g. fever, enlarged spleen), by which time treatment may be ine�ec-
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tive. Earlier diagnosis is usually by the microscopic examination of blood �lms,

but:

(a) There are many settings (especially rural) where the test is di�cult to

perform, especially in developing countries like Nigeria.

(b) Reliable results require skill and depend on the level of the parasites in the

blood.

(c) The sensitivity is 75-90 % under optimal conditions, but can be as low as

50%.

Other diagnostic tests are discussed below in Section 1.1.2. Here we comment

that commercially-available antigen-based rapid diagnostic tests (RDTs) can be

more accurate in detecting malaria but, in addition to cost, they vary widely in

diagnostic sensitivity and speci�city. Early and accurate diagnosis of malaria is

therefore uncommon. Where laboratory diagnostic tests cannot be a�orded, use of

the overt symptoms as an indication to treat for malaria can result in mistreatment

of the common cold, thereby reducing the e�ectiveness of the malaria drugs in the

future. There is an unmet need for a better and cheaper method of early diagnosis

for malaria.

When a red blood cell becomes infected, its membrane becomes sti�er and

develops knobs, making it more adhesive, so that it tends to stick to the inner

linings of all the blood vessels. The increased sti�ness and change in surface prop-

erties cause infected cells to pass less easily through the capillaries. The cell also

changes shape, and its ability to transport oxygen is compromised. Consequently,

the viscosity, �ow properties, and oxygenation of blood are all changed by malaria.

These e�ects show up most strongly in the microvasculature, i.e. in the capillary

network. Hence the possibility of diagnosing malaria by examining characteristic

changes in the microvasculature, though no purpose-designed device to perform

this function yet exists.

This study therefore developed a real time technique based on noninvasive op-

tical measurements of blood �ow oxygenation, ECG, respiration and temperature,
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with state-of-the-art nonlinear analyses to identify microvascular changes charac-

teristic of malaria. The method was �nally established following the experiments

conducted on malaria patients in Kano, and on healthy control subjects in Kano

and Lancaster. As we will see, a classi�cation analysis based on an optimal set

of discriminatory parameters distinguished with 90% success between the malaria

and healthy states.

1.1.2 Existing non-invasive diagnostic methods for malaria

Almost any attempt to estimate the number of malaria cases globally is likely to be

subject to dispute, and this is largely due to the lingering challenges accompanied

with the existing diagnostic techniques for the disease. But such conjecture can be

addressed with the introduction of a novel real time malaria diagnosis alongside

an improved public health data reporting system and healthcare access.

Early and accurate diagnosis of malaria is essential for e�ective disease manage-

ment and malaria surveillance. High-quality malaria diagnosis is important in all

settings as misdiagnosis can result in signi�cant morbidity and mortality. It is the

�rst step in the WHO-recommended T3 (Test, Treat, Track) approach to malaria

treatment. WHO recommends prompt malaria diagnosis either by microscopy or

by RDT in all patients with suspected malaria before treatment is administered.

Diagnostic testing improves the management of all patients with febrile ill-

nesses, and may also help to reduce the spread of drug resistance by reserving

antimalarials for those who actually have the disease [1]. Furthermore, the re-

quirement of more expensive drugs may be una�ordable to resource-poor countries

[2]. Although clinical diagnosis is imprecise, it remains the basis of therapeutic

care for the majority of febrile patients in malaria endemic areas, where laboratory

support is often out of reach.

This section reviews brie�y the microscopy and rapid diagnostic tests (RDTs),

which are the two malaria diagnostics that are having the largest impact on malaria

control today, but �rst we consider clinical diagnosis.
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Clinical diagnosis

Clinical diagnosis, although expensive when carried out by professionals, remains

the most commonly used method, and is the basis for self treatment. However, the

overlapping of malaria symptoms with other tropical diseases impairs its speci�city

and therefore enhances the indiscriminate use of anti-malarials for managing febrile

conditions in endemic areas. This led to a report that less than half of the malaria

patients in Sri Lanka hospitals (see [3]) thought they had malaria [4], with many

of them not actually having disease. The precision and accuracy of a clinical

diagnosis varies with the level of endemicity, malaria season, and age group, so

that no single clinical algorithm is a universal predictor [5, 6].

Microscopy

Microscopy examination of blood �lms remains the mainstay of malaria diagnosis

in most large health clinics and hospitals. According to the WHO, however, the

quality of microscopy-based diagnosis is frequently inadequate [1]. Diagnosis by

microscopy has the disadvantages that �

� The distinction of P. falciparum from other human malarial species in caus-

ing sequestration of parasitized red blood cells in microvessels [7] (thought

to result from the adhesion of the parasitized cells to vascular endothelium

[8, 9]) only occurs in the second half of the intra-erythrocytic life cycle. Thus

pigmented trophozoites are rarely seen in peripheral blood �lm, increasing

the likelihood of false negative results.

� False positive result can sometimes be recorded, due to poor blood �lm

preparation that generates artifacts commonly mistaken for malaria para-

sites, including bacteria, fungi, stain precipitation, dirt and cell debris [10]

� For the results to be reliable, some degree of skill is needed on the part of

the person examining the blood �lm. Even in developed countries, expert
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malaria microscopists are scarce [2, 11] and results will also depend on the

level of the parasite in the blood.

� In comparison to expert microscopy, a wide range of poor speci�city local

microscopy is reported [12]; with blood �lms, the sensitivity is 75 to 90%

under optimal conditions, but can be as low as 50%.

� In practice, there are many settings (especially rural) where the test is di�-

cult to perform.

Rapid diagnostic tests (RDT)

The rapid diagnostic test relies on a device that requires no huge capital invest-

ment or electricity, is simple to perform, and easy to interpret. This method detects

malaria antigen in a small amount of blood, usually 5 to 15 µ` by immunochro-

matographic assay with monoclonal antibodies directed against the target parasite

antigen and impregnated on a test strip [2]. However, the RDTs vary widely in

diagnostic sensitivity and speci�city. Malaria rapid diagnostic tests have the po-

tential to improve signi�cantly the management of malaria infections, especially

in remote areas with limited access to good quality microscopy services [1].

Other tests

Saliva and urine have been investigated as alternative, less invasive specimens.

More recently, modern techniques utilizing antigen tests or polymerase chain reac-

tion have been developed, but they are not widely implemented in regions where

malaria is endemic. Where laboratory diagnostic tests cannot be a�orded, the

history of subjective fever is used as the indication to treat for malaria, whence

the abuse of antimalarial drugs mentioned above.
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1.1.3 Physiological oscillations and their potential in

characterising cardiovascular dynamics in malaria

Measurements of blood �ow and oxygenation in human subjects reveal several co-

existing oscillatory processes, covering a very wide range of frequencies [13]. Use

of the continuous wavelet transform reveals at least six such processes [14, 15];

with the same oscillations being seen at di�erent sites and for di�erent measured

quantities, not only in blood �ow and oxygenation. Their physiological attribu-

tion has been established (see Section 2.3.3). Brie�y: hemodynamic oscillations

near 1 Hz and 0.25 Hz are due to cardiac and respiratory activity respectively; the

oscillation near 0.1 Hz is attributable to the natural properties of smooth muscle

which oscillates at about 0.1 Hz even in vitro; that near 0.03 Hz is neurogenic,

associated with autonomic nervous activity; and those near 0.007 Hz and 0.01 Hz

arise [16] from NO-independent and NO-dependent endothelial activity. The phys-

iological oscillatory processes giving rise to the signals suggested the introduction

of a coupled-oscillator model of the cardiovascular system [17]. Understanding the

nature of these oscillations in a healthy biological system allows the observation

of transitions to pathological states. However, up to now, this approach has not

been explored in gaining additional insights that are relevant to malaria therapy.

Malaria is a disease in which the oscillations in blood �ow and cardiovascular

dynamics may be expected to be substantially altered, due to the possibility of

an infected red blood cell's membrane sticking to the endothelial cells that line

all the blood vessels in a processes known as cytoadherence, thereby impairing

the cell's deformation and passage through the capillaries. On this account, the

viscosity, �ow properties, and wall shear stress in blood vessel are all altered by

malaria in distinctive ways. Premised on these unique e�ects of malaria, the

disease provides an opportunity to observe noninvasively the characteristic changes

in blood �ow and cardiovascular dynamics using optically-based equipments, such

as laser Doppler �owmetry.
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1.2 Aim and objectives of the study

The overarching objective is to exploit the intuition of physics of the cardiovas-

cular system to create a robust, reliable and e�ective method for the noninvasive

diagnosis of malaria based on characterization of the oscillations in physiological

data such as blood �ow, ECG, respiration, skin temperature and oxygenation sig-

nals, using optimized nonlinear methods developed for treating time series from

non-autonomous oscillators. The speci�c objectives are:

(a) To investigate whether the technique of laser-Doppler �owmetry (LDF)

can be used to evaluate blood �ow dynamics regardless of skin colour, i.e. in

dark-skinned as well as light-skinned individuals.

(b) Using nonlinear time�series analyses methods to evaluate and character-

ize sets of blood �ow and oxygenation data from subjects of di�erent race,

in-order to unravel the racial di�erences in cardiovascular dynamics.

(c) To evaluate the long-term e�ects of malaria on the microvasculature.

(d) Development of a novel non-invasive measurement/analysis system to

measure simultaneously instantaneous microvascular oxygenation and blood

�ow, and to determine the phase coherence of these two parameters and

other nonlinear characteristics of their oscillations.

(e) Following ethical approval, to use (d) on malaria patients, and healthy

controls, in Murtala Muhammad specialist Hospital, Kano, Nigeria.

(f) Using the results from (d), to identify the analyses that provide the

best discrimination between the disturbed microvascular dynamics of malaria

patients and those of healthy subjects.

(g) Applying a machine-learning algorithm to the results from (f), to perform

a classi�cation analysis based on an optimal set of discriminatory parameters
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that can distinguish with high precision between the malarial and healthy

states.

1.3 Thesis layout

As discussed above, the main goal of this thesis is to describe the use of oscillations

in microvascular blood �ow and cardiovascular dynamics to investigate malaria,

for the purpose of testing the hypothesis that cardiovascular dynamics are altered

in febrile and non-febrile malaria when compared with healthy control subjects.

Furthermore, these oscillations are also explored in treated malaria and in terms

of their relationship to race-speci�c disparity.

Chapter 2 presents background information on the physiology and biophysics

of the cardiovascular system alongside oscillations in cardiovascular �ow in the

context of malaria. Chapter 3 discusses the methods of measurement that were

used in the data acquisition. This chapter also describes dynamical systems, draws

attention to the signi�cance of considering living systems as thermodynamically

open and nonautonomous, and describes the nonlinear time series analysis tech-

niques used to extract the results.

Chapter 4 evaluates the e�ciency of using LDF to capture information about

the dynamical changes in microvascular skin blood �ow from darkly pigmented

skin. The �ndings of this study reveal that with illumination derived from a

laser diode of 780 nm wavelength, the blood �ow dynamics can be investigated

e�ectively using LDF, with the dynamics being unin�uenced by pigmentation,

even in darkly pigmented skin. E�ects of race-speci�c disparities in microvascu-

lar blood �ow and oxygenation dynamics are investigated in Chapter 5. These

promise to illuminate race-speci�c di�erences in cardiovascular dynamics, particu-

larly in relation to cardiovascular diseases such as diabetes and malaria. The aim

of this Chapter is to investigate how cardiovascular and microvascular dynamical

processes di�er between black Africans and Caucasians, using only resting-state

recordings obtained from combined LDF and white light spectroscopy, alongside
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near-infrared re�ectance spectroscopy.

Chapter 6 investigates the blood �ow and cardiovascular dynamics in febrile

and nonfebrile malaria, as compared to healthy controls. The results of the study

provide insights into the pathophysiology of cytoadherence of the infected red

blood cells to the vascular endothelium, and are also used in the development of

a diagnostic test.

Finally Chapter 7 presents analyses of physiological parameters measured from

patients who had su�ered episodes of malaria and recovered from it. This chapter

aims to investigate the long-term e�ect of malaria on microvascular blood �ow

dynamics.
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2. Physiological and biophysical

background

2.1 Nutrient and oxygen transport

Note that for several billion years only bacteria were evolving, i.e. single-celled

organisms evolved, individual cells structured into multi-cellular systems of in-

creasing complexity and, as living organisms evolved further, they di�erentiated

into specially designed tissues arranged to form organs. At this stage of develop-

ment, individual cells could no longer sustain independent life. Hence, a uni�ed

system to supply and disseminate oxygen and nutrients to each cell and remove

the products of their metabolism became an absolute necessity. Cells must ex-

change these substances with their environment for them to survive and this is

accomplished by the cardiovascular system.

2.1.1 The circulatory system

The circulatory system, which is part of the cardiovascular system, sustains the

life of all cells in the living organism on a continuous time scale. It achieves this

task by maintaining the instantaneous chemical environment of the individual cells

present in the body (i.e., the interstitial �uid) in a state suitable for the cellular

function.

The essence of the human cardiovascular system can best be understood from

a brief review of how the circulation of blood around the body was discovered.
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From the earliest perception, blood was identi�ed as a life providing �uid. Until

the early seventeenth century, however, it had been believed that [18] the veins

contained blood which is prepared and puri�ed in the liver from chyle and then

moved through the veins into organs, where it was consumed [18�20]. Galen viewed

that [19] blood vessels carried blood and identi�ed venous (dark red) and arterial

(brighter and thinner) blood, each with distinct and separate functions [19]. He

also proposed that blood is produced in the liver, �owed from the heart through

arteries. Subsequently the blood moves to all parts of the body, where it was

consumed and supposed that there was no return of blood to the heart or liver.

The heart did not pump blood around, the heart's motion sucked blood in during

diastole and the blood moved by the pulsation of the arteries themselves. A small

amount of blood entering the vena cava is diverted to the right ventricle where

it is divided into two streams, one supplying the lungs via the pulmonary artery

to the left side of the heart and other organs from the left ventricle to the right

through "pores", moving to the left heart [18, 21]. According to [20], the �aws in

this view are striking, and one can only wonder how these concepts, established as

dogma, were able to prevail for centuries. The �rst criticism of Galen's view was

proposed by Ibn el-Na�s who became the �rst person to describe accurately the

process of pulmonary circulation [22]. He was of the view that blood �ows from

the right chamber of the heart, passes to the lungs, and spreads in the pulmonary

substance to mix with the air and that it must return to the left chamber of the

heart; however he denied the presence of pores [23, 24] and that there was any

direct path between the two chambers [18].

Finally it was to William Harvey that we owe the conception and proof of the

idea that blood indeed circulates, after he had gone through a sequence of experi-

ments. Fabricius had earlier described the valves of the veins without recognizing

their function. But the role of the valves in the heart was �rst described by An-

drea Casalpino [18]. Harvey was able to show that the valves in the heart they are

arranged so as to allow the passage of blood in one direction only. He described his
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experimental analysis of the movements of the heart and blood, establishing the

phase of emptying the ventricles, known as systole. He concluded that the heart

actively contracts in all dimensions, expelling its contained blood as a muscular

pump to the lungs via the pulmonary artery and to the rest of the body. He also

found that cardiac diastole or dilatation was passive and not active as Galen had

hypothesised. Having demonstrated that the right ventricle is responsible for the

pulmonary circulation, Harvey showed that the left ventricle supplied the rest of

the body through its arteries. He observed that blood �ows towards the heart

in the veins and he demonstrated this experimentally by cutting them. By ob-

structing them with ligatures, he observed the action of their valves in preventing

blood from moving to the periphery [24, 25]. Here again he contradicted Galen.

In 1628, Harvey formulated his results, where he concluded that the circulation

of the blood is the primary purpose of the motion and contraction of the heart

[18]. However he was not able to identify the capillary system connecting arter-

ies and veins; these were later discovered by Marcello Malpighi in 1661 after the

microscope was introduced by Van Leeuwenhoek [18, 26].

The vascular bed is comprised of pre-stressed, curved vessels with numerous

branches, and more or less divergent (arteries which carry blood from the cardiac

pump to the tissues and capillaries) and convergent (veins which drains out blood

back to the heart). The nerve-controlled muscular layer on the walls of the vessels

adjusts their bore to control the �ow (mechanotransduction). There are pressure

and �ow variations within the arterial tree which are linked to their corresponding

wave propagations. The waves propagate with a speed of 5 to 30 m/s and therefore

change their shapes.

The arteries carry blood from the cardiac pump to the tissue capillaries, which

are loci of gas and substance exchanges. However the artery wall can be in-

jured, thus leading to mortal consequences which include dilations of the lumen

(aneurisms) or its narrowing (stenosis) [28? ].

Today, Harvey's theory of blood circulation is widely recognized as the foun-
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dation of medicine which opened the door to modern physiology. It is believed,

however, that [19] Harvey rejected the mechanical explanations that were emerg-

ing as part of the Scienti�c Revolution, led by such contemporaries as Galileo,

Rene Descartes and Francis Bacon, which ushered in a new era of mathematics,

mechanization and an atomic theory. The world was no longer seen in qualitative

terms but rather in mathematical terms. For example, the terms 'hot' and 'cold'

were represented by numbers on a temperature scale. According to the atomic

theory, matter could be broken up into discrete entities, which were not cold, hot,

dry or wet, but rather possessed quantities of length, breadth, depth and motion

[19]. These elements interacted with one another in a mechanical manner. Par-

ticles interacted and reacted according to the laws of physics, not according to a

�nal cause. Premised on the continuous interaction and exchange of matter (par-

ticularly with the surrounding environment) within the human system, therefore,

the human body came to be seen as complex machine [19].

The sections that follow trace the development of the understanding of the

physics involved in blood circulation, by discussing topics of the human cardiovas-

cular system in the light of physics grounded on Harvey's observations.

2.1.2 The cardiovascular system

The cardiovascular system supplies adequate blood to various organs of the body,

responding to sudden changes in need for nutrients [28], which is essential to

maintain life. About 5.5 litres of blood is propelled per minute in a typical human

body for a stoke volume of 80 ml and at a cardiac frequency of 70 beats per minutes

[28]. The non-autonomous nature of cells within the body ensures that the time

taken for oxygen to be delivered between the right atrium and peripheral tissues

has a magnitude of 0 (s) [28].

Cardiac functioning is dependent on several factors [28] which include: (1)

cardiac loads; (2) sarcomere activity, mostly the cross bridge cycling rate; (3) ion

carriers, which determine the rate of ion �uxes and the intracellular concentrations;
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(4) the extra-cellular matrix; and (5) wall perfusion, which is solely responsible for

exchange of nutrients.

Ventricular systole and diastole are strongly coupled. Moreover the re-expansion

of the ventricle helps in re�lling blood in the atrium. Hence, the recoiling force

which arises from the downward motion of the beating heart alongside the stretch

applied on the vessels helps the atrium to �ll.

The function of respiration is to utilize homoeostasis within the human body

[29]. The neural network which is mainly the autonomous nervous system (which

has two subsets, the sympathetic and parasympathetic systems) controls the car-

diovascular system. It also adapts its output to the body's needs depending on its

activity and the environmental stimuli. Hence, the cardiovascular system plays a

vital role in the interaction of respiration (the respiratory system is exposed out-

side through ventilation and alveoli) and circulatory system as described in Figure

2.1 [28, 29]. Furthermore, it is reported that an interaction between respiratory

and circulatory system results in an oscillation that manifest in the sympathetic

nerves, thereby synchronizing the latter with respiratory rhythm [29, 30].
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Figure 2.1: Respiratory and circulatory systems. The respiratory system is open
to the exterior of the human body through ventilation and to its interior via the
alveoli, while the circulatory system consists of two closed loops of pulmonary and
systemic circulation. Pulmonary circulation originates in the right ventricle and
terminates in the left atrium. Systemic circulation originates in the left ventricle
and terminates in the right atrium. Extracted with permission from [29]).

2.1.3 The heart

The heart consists of two synchronized pumps in parallel, composed of two cham-

bers. These two pumps propel blood into the pulmonary and systemic systems

(Figure2.1). They merge into a single and muscular organ, that can beat syn-

chronously [28]. The blood �ow is not driven by absolute pressure, but rather the

di�erences in pressure between the vasculature entry and exit.

The atria serve as auxiliary pumps that enable rapid ventricular �lling partic-

ularly at rest when the cardiac frequency is low. Electrical excitations, originating

from a region in the right atrium called the sinoatrial node (SAN), trigger the

contractions of the heart. The SAN works relentlessly as an oscillator in gen-

erating heart rhythms, while its rate of oscillation is adaptive to changes in the

energy demand of the body and to environmental factors [31]. However, due to

the occurrence of electrical turbulence in the ventricles or to SAN malfunction, the
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heart may spontaneously lose its ability to pump blood e�ectively thus leading to

sudden cardiac death (SCD). SCD accounts for 300,000 � 400,000 deaths annually

in the United States and it is a major cause of death, particularly in industrialized

countries [31�33].

The average oxygen required by the heart is 6 to 8 ml/min per 100 g at rest, and

so approximately 80 percent of oxygen consumption is related to its mechanical

work while 20 percent is for the basal metabolism and myocardial blood �ow.

Arthur Winfree [31, 34] noted that SCD is not a problem con�ned to biology and

medicine alone, but also a phenomenon that arises in physics and mathematics.

This is due to the fact that the heart is not only a biological organ but also

a mechanical pump and electrical conductor [31], and therefore could only be

fully explored through a multidisciplinary approach. This realisation generated

intensive research into understanding the nonlinear dynamics of the electrical and

mechanical properties of the heart [31, 35�39].

The cardiac output (CO) represents the quantity of blood pumped by each

ventricle per unit time that crosses any point in the circulatory system. It is

determined by multiplying the stroke volume (SV is the volume of blood pumped

by the ventricle in each beat, usually about 70 ml) by the heart rate (HR) in

beats per minute [40]. The di�erence between the end-diastole volume (EDV) (the

maximum volume achieved at the end of the ventricular �lling) and the end-systole

volume (ESV) is referred as stroke volume [28, 40]. The ratios of blood volume to

SV in the serial compartments of both systemic and pulmonary circulations are

shown in table 2.1.

There are a variety of factors that determine the cardiac output including the

preload and the afterload. The dilatation force exerted on the myocardium at

the end of the diastole (imposed by the ventricular volume) corresponds to the

preload; meanwhile the resistance force to ejection corresponds to the afterload.

The increase in HR results in an increase of the cardiac output until a critical HR

is attained. However, these two factors can be related to two other factors. First,
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the ratio between the rate of blood �ow and body surface area, which is commonly

referred as the cardiac index. Secondly, the ability of the heart to rapidly adjust

to immediate demands which is described as the cardiac reserve [28].

Pulmonary circulation 16.3

Arteries 5

Capillaries 0.8

Veins 10.5

Systemic circulation 38.7

Aorta 1.3

Arteries 5.6

Capillaries 3.7

Veins 28.1

Table 2.1: An estimate of blood compartment volume relative to the SV (%),
with SV of 80 ml and total volume 4.41. Extracted from [28]

The aperiodic behaviour of the heart describes its ability to respond rapidly

to changes within the body's environment. It may therefore be characterised by

behaviour and thus the normal heartbeat manifests itself with complex nonlinear

dynamics [28, 41]. Correspondingly, stable and periodic cardiac dynamics can be

interpreted as implying an unhealthy state and a bad prognosis. The work of [41]

shows that a decay in random variability over time is associated with a weaker

form of chaos, and it is an indication of congestive heart failure. It is believed that

the changes in diastole duration lead to most of this variability [28].

2.1.4 The relationship between electrocardiogram and

cardiac cycle.

The human heart generates electrical voltages which can be recorded from the

surface of the skin as an electrocardiogram (ECG). The ECG contains P, Q, R, S

and T waves, re�ecting di�erent activities associated with the heart. The spread
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of depolarization through the atria mediates the P wave, and is accompanied by

an atrial contraction, which results in a small rise in the atrial pressure curve

immediately after the P wave. The ventricular depolarization ensues about 0.16

s after the P wave emerges, leading to the appearance of QRS waves at the same

time initiating the ventricles' contraction and causing the ventricular pressure to

start rising. Hence the QRS complex emerges shortly before the commencement

of ventricular systole.

Consequently, the ventricular T wave can then be observed in the ECG indi-

cating the period of repolarization of the ventricles in which the ventricle starts

to relax. Finally, the T wave appears shortly before the ventricular contractions

�nishes.

The existing relationship between the ECG and cardiac cycle is critical for

clinical investigation, as this can provide us with information about pathological

cases (such as malaria) that directly or indirectly have an adverse e�ect on the

heart.

2.2 Vascular architecture and organization

One of the features which governs blood �ow dynamics is the arrangement of the

vascular network (Figure 2.2). It is through the vasculature (blood vessels) that the

ions, proteins and other nutrients carried by the blood are supplied to every tissue

and organ of the human body. As the blood vessels (arteries and arterioles) take

blood away from the heart, the vessels' diameters decrease as one moves further

away from the heart towards the capillary beds, whilst increasing on returning

back towards the heart (venules and veins). Of these vessels, the aorta and venae

cavae are the largest artery and vein in the body respectively.

The artery has a three-layer thick wall (the endothelial lining, middle smooth

muscle and elastic connective tissue layer, and outer connective tissue layer), and

carries relatively high-pressure blood from the heart to the arterioles. The arteriole

has a three-layer wall (smaller arterioles have an endothelial lining, some smooth
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Figure 2.2: Structure and diameter of blood vessel walls. Extracted with per-
mission from [40].

muscle tissue, and a small amount of connective tissue), but it is thinner than

that of the artery, and it helps in controlling blood �ow from arteries to capillaries

by vasoconstriction or vasodilation. The capillary has a single layer of squamous

epithelium, and contains a membrane that allows nutrients, gases and wastes to be

exchanged between the blood and tissue �uid. The venule has a thinner wall than

an arteriole, with less muscle and elastic connective tissue, but it also connects

capillaries to veins. Veins have thinner walls than arteries, although they share

similar layers. Veins carry relatively low-pressure blood from venules to the heart,

and also serve as blood reservoirs.

The blood vessels play another vital role in addition to facilitating blood �ow

and exchange. The endothelial lining of blood vessels produces several substances

(e.g. nitric oxide [NO], endothelin-1 [ET-1], and prostacylin [PGI2) which modu-

late cardiac and vascular function, hemostasis (blood clotting), and in�ammatory

responses [40].

The functional and structural features of each blood vessels vary with con-

secutive bifurcation. Yet the whole cardiovascular system has one structure in

common, and that is a smooth, single-celled layer of endothelium or endothelial

cells that line the inner surface of all blood vessels. Capillaries are comprised only

of endothelium, whereas every other vessel also has additional layers including

smooth muscle and connective tissue.
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Arteries The aorta and other systemic arteries have of thick walls comprising

considerable amounts of elastic and connective tissues. Because they are also made

of smooth muscle, arteries are commonly seen as elastic tubes. Given that the radii

of arteries are mostly large, they act as low-resistance tubes that carry blood to

di�erent organs of the body. The other major function of the arteries associated

with their elasticity is to serve as pressure reservoir for sustaining �ow of blood

across the tissue during diastole.

Arterial blood pressure Arterial pressure is commonly measured as systolic

or diastolic, typically in the form, 126/76 mmHg. The systolic pressure is the

maximum arterial pressure attained during ventricular ejection, while diastolic

pressure is the minimum arterial pressure just prior to the beginning of ventricular

ejection.

Moreover, the pulse pressure can be obtained from the arterial pressure. It

is the di�erence between the systolic and diastolic pressures. By touching the

arteries of the wrist or neck and noticing the pulsation with each heartbeat, the

pulse pressure can be detected. If the volume of blood ejected increases, then the

pulse pressure produced as a result of ventricular ejection becomes greater. More

so, if the blood is ejected with a very high speed, then the pulse pressure also gets

increased.

Arterial pressure changes continuously throughout the cardiac cycle. But the

average between sytolic and dystolic pressures does not in fact represent the mean

arterial pressure, because the diastole lasts longer than systole: the true mean

arterial pressure is approximately the sum of the diastolic pressure and one-third

of the pulse pressure. The mean arterial pressure is a good measure that describes

the pressure at which blood is moving into the tissues in an average cardiac cycle.

Arterioles Two major important roles are known for the arterioles. First, at any

given mean arterial pressure, the arterioles in each organ ensure the regulation of

blood �ow across every organ. Secondly the arterioles are major elements in deter-
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mining mean arterial pressure. Since the latter is identical throughout the body,

changes in relative blood �ow between organs depend solely on the corresponding

resistances produced by the arterioles of each organ.

Arterioles are composed of smooth muscle that can either increase the radius

of the blood vessels by making them to relax via the vasodilation process, or

decrease the radius of the vessels via vasoconstriction. Therefore, the level of

arteriolar smooth muscle contraction in every tissue determines the manner of

the blood �ow distribution. The arteriolar smooth muscle also has spontaneous

activity known as intrinsic tone. External signals such as neurotransmitters could

increase or decrease the level of vessel contraction and this e�ect is controlled by

the intrinsic tone.

Vasodilation in the arterioles occurs when the contractile force is lower than the

vessel's intrinsic tone, whereas vasoconstriction occurs due to an increase in the

contractile force. The direct response of arteriolar smooth muscle to dilation and

constriction is known as the myogenic response. Both vasodilation and vasocon-

striction in arterioles are controlled locally � by mechanisms that are independent

on nerves or hormones, and extrinsically � by mechanisms that are dependent of

nerves (sympathetic and parasympathetic nerves).

Endothelial cells and vascular smooth muscle As mentioned previously,

several mechanisms can mediate the contraction or relaxation of vascular smooth

muscle through the release of biochemical substances including nitric oxide. While

most of the e�ects caused by these substances are through direct action on the

arteriolar smooth muscle, others act indirectly through the endothelial cells ad-

joining the smooth muscle. The endothelial cells responds to these substances in

addition to other speci�c mechanical stimuli, by secreting several paracrine agents

that spread to the vascular smooth muscle.

Nitric oxide, also known as endothelium-derived relaxing factor, is one of the

major paracrine vasodilatory substance released by the endothelial cells. It is

continuously released by the endothelial cells in the arterioles and contributes
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to relaxation of the arteriole. Furthermore, its production is fast and increases

signi�cantly in response to a sizeable number of the chemical inducers.

Endothelin-1 is one of the major paracrine vasoconstrictor substance released

by endothelial cells in response to mechanical and chemical stimuli. It belongs

to the endothelin family of peptide paracrine substances produced by a number

of cells in the di�erent organs. Apart from serving as a paracrine substance, the

endothelin-1 could under certain circumstances serve as a hormone, leading to an

extensive vasoconstriction of the arterioles.

Not only do the endothelial cells in the arteriole secrete substances, but the en-

dothelial cells in the arteries also produce various paracrine substances by extension

that a�ect the arteries' smooth muscle and thus modify their radii and resistances

to blood �ow. As the blood �ows, it exerts force on the endothelial cells (the inner

surface of the arterial wall) and this is referred as shear stress. When the blood

�owing through the vessels increases, so also does the shear stress. The arterial

wall responds to an increase in shear stress by releasing greater amounts of nitric

oxide and some endothelin-1. It is these changes that bring about the relaxation

of arterial vascular smooth muscle and correspondingly dilation of the artery.

Capillaries Approximately less than 90 percent of the entire circulating blood

in the body �ows through the capillaries. The main function of the whole cardio-

vascular system - the supply of nutrients and removal of metabolic end products,

is performed by the 5 percent of blood �owing in the capillaries. The venules are

often regarded as extension of capillaries as some supply and removal of nutrients

and metabolic end products happens there.

Cells present in the microvasculature are usually not greater than 0.1 mm from

a capillary, thereby making the capillaries pervade almost all the body's tissue.

This also ensures the exchange of nutrients and metabolic end products highly

e�cient. About 25,000 miles of capillaries have been estimated in a adult, with

the length and inner diameter of each capillary being 1 mm and 5 µ respectively.

This allows the erythrocytes to squeeze its way through the capillary.
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The organization of the capillaries di�ers considerably from organ to organ. A

typical capillary has no smooth muscle and is comprised of a thin tube with one

layer resting on a basement membrane, whose inner wall is linned with endothelial

cells. In some organs of the body, the capillaries contain additional cells surround-

ing the basement membrane and this impacts on the way substances penetrate the

capillary wall.

The condition of other vessels within the microvasculature in�uence �ow of

blood in the capillaries. For example, an increased �ow in the capillaries result

from vasodilation of the arterioles that supply the capillaries with blood, whereas

a reduction of �ow in the capillaries results from arteriolar vasoconstriction.

The blood moves through the aorta with a very high velocity, but at a lower

speed in the arteries and arterioles. Subsequently the velocity signi�cantly de-

creases as the blood �ows through the capillary network. The slow motion of

blood through the capillaries maximizes the period required for the exchange of

substances between the blood and interstitial �uid. Afterwards, the velocity at

which blood �ows gradually increases in the venules and veins due to the decrease

in their net cross-sectional area.

Veins After leaving the capillaries, blood �ows into venules and subsequently

moves to the veins. In a similar manner as with the capillaries, exchange of

substances between the interstitial �uid and the venules occurs as blood �ows

through the venules.

The last set of vessels that takes blood back to the heart are the veins. The

pressure di�erences between the peripheral veins and right artrium provides the

force that drives the �ow of returning blood. The pressure exerted by the heart

as blood �ows through the arterioles, capillaries and venules is lost due to the

resistance of these vessels, therefore causing the pressure in the peripheral veins to

be lower, usually between 10-15 mmHg. Normally, the pressure in the right artrium

is zero, thereby making the pressure that drives blood from the peripheral veins

to the right atrium stand between 10 and 15 mmHg � since the veins' diameters
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are large and o�er low resistance to �ow of blood. The veins serve mainly as low

resistance channels for the blood returning from the tissue to the heart.

Besides serving as low resistance channels, the veins also maintain peripheral

venous pressure for the �ow returning from venous side to the heart. This is

because the veins' diameters are spontaneously changed in response to variations

in blood volume.

Vasomotion and �ow motion

The maintenance of adequate local tissue perfusion is the result of control mech-

anisms which reside at the level of the microscopic blood vessels, and is aided

by mechanical events: the constriction and relaxation of the vessels whose walls

are endowed with smooth muscle. The �nal outcome of the combination of these

processes is the setting of vascular tone which is associated with the rheological

properties of blood and determines vascular resistance.

Based on studies of the bat wing circulation in 1852 [42], Jones described the

oscillations in tone of blood vessels that result in �ow motion as vasomotion �

which re�ects the oscillations of �ow within an organ. Both in vivo [43�45] and

in vitro [46�50] studies have reported vasomotion in the vascular beds of di�erent

species.

Evidence that signi�cant temporal variability may underlie local regulatory

controls was reported in a number of studies conducted in single microvessels of the

intact tissue, where it was shown that both blood �ow motion and vessel diameter

undergo rhythmic changes [51]. These two phenomena were christened �ow motion

and vasomotion respectively. The rhythmic oscillations in a blood vessel's diameter

re�ect vasomotion in vivo [52, 53]. Consequently, these rhythmic oscillations of

vessel diameter in�uence blood �ow, resulting in the periodic �uctuations referred

to as �ow motion [54]. Flow motion is a phenomenon that is synchronous with the

activity of terminal arterioles and is readily obvious in direct observation of the

capillaries. Hence, �ow motion represents an oscillatory phenomenon, which is a
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consequence of vasomotion [55].

Although vasomotion is considered a local phenomenon, it is not easily observed

in vivo in subjects; but in contrast, �ow motion is easier to monitor through laser

Doppler �owmetry measurements, as well as other techniques, such as near infrared

and white light spectroscopy methods. One has to be careful with these measure-

ments particularly the laser Doppler �owmetry, as they could be in�uenced by

neighbouring bigger vessels and central circulatory factors including blood pres-

sure oscillations. However, this could be overcome by trying to target the smaller

vessels that re�ect the local activities in the microcirculation.

A broad spectrum of oscillation frequencies [14] has been identi�ed in the anal-

yses of �ow motion recorded in vivo using laser Doppler �owmetry [15, 17, 56],

using recordings of oxygen tension [57], and in measurements of oxygenation using

near infrared and white light spectroscopy [58�60]. The frequencies of oscillation

identi�ed have been characterized into several bands, where oscillations at high

frequency originating from the cardiac and respiratory activities are accompanied

by other oscillations at lower frequencies. Flow motions within the 0.005-2 Hz

frequency intervals has been observed in an analysis of laser Doppler �owmetry

recordings in the human skin [16, 61].

Vasomotion appears to be a natural property of the vascular network, occur-

ring at frequencies determined by both local and systemic e�ects. These e�ects can

be directly observed in skin microvascular blood �ow oscillations, with each hav-

ing a distinct frequency and representing di�erent physiological processes. These

activities and their frequency bands spanning from 0.005-2 Hz have been widely

studied in both the healthy and pathological states [15, 62, 63]. The conclusion

reached was that 0.6-2 Hz re�ects the cardiac activity, 0.145-0.6 Hz the respi-

ration, 0.052-0.145 Hz the intrinsic myogenic activity, 0.021-0.052 Hz neurogenic

activity (sympathetic nerve), 0.005-0.0095 Hz endothelial activity [15�17]. Hence,

by analysing the components of vasomotion in health one can explore how their

behaviour is changed in pathological states.
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Furthermore, the intermediate frequencies of vasomotion re�ect local e�ects

that vary along the length of the vessel and are due to signals originating from

locations of well de�ned activity, and perhaps in pathological state such as malaria

may therefore signi�cantly a�ect these manifested activities of vasomotion in blood

�ow. Hence, these phenomena will be investigated in this study alongside the

oxygen dynamics, which is connected with the vasomotion, as will be described in

the next section.

Alterations of vasomotion in disease states

There are signi�cant di�erences in vasomotion between the healthy state and many

pathological states [15, 63�70].

For example, there is clear proof that diabetes in both human [71, 72] and ex-

perimental animal models [73, 74] is associated with an altered pattern and reduced

e�ectiveness of vasomotion. Knowing that vasomotion is strongly modulated by

sympathetic innervation [75], it was therefore proposed that altered vasomotion in

diabetes arises partly from the associated neuropathy [71, 76]. This interpretation

was further supported by the �nding that the vasomotion impaired by diabetes

has a frequency of 0.1 Hz [77], which is the frequency interval associated with

myogenic activity. Furthermore, the alteration of vasomotion in type 2 diabetes

is arguably to promote arterial hypertension [78]. Temperature, which is known

as a major experimental parameter of skin perfusion, has been demonstrated to

impair vasomotion. It is found that heat stress attenuates vasomotion [79, 80].

Earlier studies on laser Doppler �owmetry measurements also demonstrated that,

at high temperature, �ow motion was increased, whilst during the pre-heating, α-

and β-oscillations disappeared [75]. This could further suggest that an increase in

temperature is likely to in�uence the central nervous system, and consequently the

widening of the blood vessels (vasodilatation) alongside its elasticity. Note that,

previous studies [56] have suggested that the β-oscillations are a vascular reaction

of purely neurogenic origin.
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Using the wavelet transform and wavelet phase coherence analysis, more recent

studies [81] have investigated the e�ect of high temperature on simultaneously

recorded skin and muscle sympathetic nerve activities and haemodynamic �uc-

tuations. It was found that an increase in temperature could markedly augment

oscillations in skin blood �ow and skin sympathetic nerve activity, over a wide

range of low frequencies. In addition, the coordination between skin and muscle

sympathetic oscillations was reduced (although not signi�cantly) by an increase in

temperature.

The pattern and e�ectiveness of vasomotion is reportedly altered in hyperten-

sion [70]. Whilst vasomotion appears exactly alike in the skin of humans with

crucial hypertension, investigation has indicated impaired vasomotion following

ischemia in the same group [67]. This investigation in vivo has yet to be con-

�rmed in vitro as the extraction of vasomotion from arteries isolated from the skin

requires biopsies of subjects with hypertension which is challenging [82]. More

recently, evidence has revealed that impaired vasomotion in hypertension is not

fully restored by current anti-hypertension medications, as some impairment is still

found in treated hypertensive patients [70]. The level of coherence in vasomotion

at the 0.1 Hz frequency range in laser Doppler �owmetry recordings was markedly

attenuated in treated hypertension as compared to healthy subjects.

Furthermore, laser Doppler �owmetry signals have shown that the vasomo-

tion rhythm is modi�ed by general anesthesia. This e�ect was uncovered by

Landsverk et al. [68] in their study on eleven patients undergoing faciomaxillary

surgery. With the transdermal delivery (known as iontophoresis) of acetylcholine

and sodium nitroprusside by use of a voltage gradient on the skin, they were able to

measure skin microcirculation before and during general anesthesia with propofol,

fentanyl, and midazolam. The analyses of the laser Doppler �owmetry signals re-

vealed that general anesthesia attenuates the vasomotion in the frequency intervals

associated with the sympathetic and myogenic activities and with the component

modulated by the endothelium.
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Cancer has also been discovered to alter the pattern of vasomotion. Lancaster

et al. have demonstrated that vasomotion is markedly impaired in melanoma

through the analyses of laser Doppler �owmetry measurements of humans with

skin melanocytic lesions [63]. It was reported that vasomotion at lower frequencies

was signi�cantly attenuated in melanoma. Similarly, ageing has also been shown

in several studies [83�86] to have a signi�cant e�ect on vasomotion, as evidenced

by the analyses of complex and nonlinear dynamics of blood �ow signals recorded

with laser Doppler �owmetry [15]. These studies found a signi�cant reduction in

vasomotion with increasing age, particularly in the frequency interval associated

with endothelial-dependent vasodilation.

Therefore, it is undoubtedly clear that a better understanding of the funda-

mental mechanisms underlying vasomotion will advance our knowledge of its phys-

iological and pathophysiological consequences. Furthermore, the reverse may also

hold true, meaning that the impaired e�ectiveness of vasomotion in pathological

states may provide useful information about the underlying pathology, e.g. the in-

complete restoration of the key mechanisms central to vasomotion by the current

anti-hypertension medications [87].

E�ect of vasomotion on tissue oxygenation

Terminal arteriole vasomotion produces a continuous interdependent adjustment

of the capillary hematocrit and erythrocytic velocity, such that the red blood cells

may travel through the capillaries in concentrated waves at a relatively high veloc-

ity. The aforementioned in�uence of vasomotion on capillary hematocrit indicates

the potential e�ect of vasomotion on oxygen delivery to the microvasculature. The

e�ects of vasomotion on oxygen transport to the capillary networks have been stud-

ied and strong evidence suggests that vasomotion helps in facilitating tissue oxy-

genation, although this has not been universally demonstrated [88]. It was found

that patients with mild peripheral arterial occulusive disease exhibiting �ow mo-

tion displayed a signi�cantly higher measure of tissue oxygenation when compared
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to those patients with no �ow motion [54, 89]. The same �ndings were observed in

other studies [90, 91] on laser Doppler �ow motion in peripheral arterial occlusive

disease.

Besides the experimental studies reporting the e�ects of �ow motion on the

oxygenation level, a number of studies based on mathematical modelling have also

a�rmed the in�uence of vasomotion on oxygen delivery [58, 92�95]. Their �ndings

collectively propound the idea that the activity of vasomotion has the potential

for changing the supply of oxygen to tissues by a factor of up to eight [96], with

a more recent investigation suggesting an additional complex e�ect of vasomotion

on oxygenation.

Furthermore, an association between vasomotion and oxygen extraction has

been observed while studying the in�uence of vasomotion on oxygen extraction,

by investigating its consequences for blood �ux derived from LDF and the concen-

tration of oxy- and deoxyhemoglobin in the tissue using optical re�ectance spec-

troscopy [88]. Blood �ow and oxygen transport have been investigated for varying

tissue oxygen consumption rates, in which the importance of the frequency and

amplitude of vasomotion-induced blood �ow oscillations was studied. The e�ect of

myoglobin on oxygen delivery during vasomotion has also been examined. In these

investigations [93], in the absence of myoglobin, it was found that when consump-

tion is high enough to produce regions of hypoxia under steady �ow conditions,

vasomotion-induced �ow oscillations can signi�cantly increase tissue oxygenation

and decrease oxygen transport heterogeneity. The largest e�ect observed was for

low-frequency, high amplitude oscillations. In contrast, at physiological tissue

myoglobin concentrations, it was reported that vasomotion only improved oxygen

supply to the skeletal muscle bed when the myoglobin concentration was low [93].

This unpredicted observation was thought to stem from the bu�ering e�ect of myo-

globin, suggesting that, in highly aerobic muscles, short-term storage of oxygen is

more important than the possibility of increasing transport through vasomotion

[93].
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2.3 Perfusion in skin

Physiologically, the process of supplying nutrients such as oxygen through blood

delivery to the microvascular capillary bed is referred as perfusion. Usually, it

is considered as the volume of blood moving through the aorta to the capillary

bed in tissue per unit time. Inadequate perfusion (i.e. malperfusion) is associated

with serious cardiovascular impairment. A detailed understanding of the anatomy

and physiology of the human skin structures is crucial when studying perfusion in

the skin. Numerous studies of skin perfusion have been used in the evaluation of

microvascular dynamics under pathological and normal conditions, with some of

the studies proposing skin microvasculature as a model for generalized microvas-

cular function [97]. Skin perfusion is mostly studied using noninvasive optical

techniques, as they allow signals to be recorded easily by exploiting the optical

properties of the skin. These include near infrared spectroscopy, laser Doppler

�owmetry, and optical coherence tomography, among others.

2.3.1 Anatomical structure of the skin

The body's largest organ is the human skin. It performs numerous important

functions, and about 15 % of the total body's weight is accumulated by the skin.

Key functions include aiding in thermoregulation and protecting the body against

external attacks.

The skin is comprised of three layers with each of them exercising distinct func-

tions: the epidermis, the dermis and the subcutaneous tissue (called hypodermis)

[98], as shown in Figure 2.3. The epidermis is situated in the outermost layer and

is composed of a speci�c arrangement of cells known as keratinocytes, which are

responsible for the synthesis of keratin protein for the purpose of protection. The

dermis layer which lies on the subcutaneous tissue essentially consists of the col-
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lagen composed of a �brillar structural protein. The thickness of each layer di�ers

substantially, depending on the anatomical position in the body. For example, the

thickness of the epidermis layer of the eyelid di�ers considerably from that of the

sole of the foot, with each measuring about 0.1 mm and 1.5 mm respectively [98].

Figure 2.3: Cross-Section of the skin. Extracted from https://www.

healthlinkbc.ca/health-topics/tp10137

Epidermis The epidermis is the strati�ed complex outermost layer of the skin,

made of squamous epithelium. Several other cells such as the melanocytes are

also contained within the epidermis. The stratum corneum forms part of the

epidermis layer and it emerges following the di�erentiation of the keratinocyte into

horny cells [99]. The epidermis is a repeatedly renewed layer that is mechanically

exhausted by friction thereby producing derivative structures, such as sweat glands

etc. The outer epidermis is renewed as soon as the basal cells go through some

series of proliferations. In the innermost layer of the epidermis, skin cells mature

and migrate from the basal layer to the skin surface and keratinization begins �

a process in which the keratinocyte �rst passes through a synthetic and then a

degradative phase [100]. These cells are present in the inner layer they accumulate

and are subsequently moved to the epidermis. During this process they become
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larger and acquire keratin �laments in their cytoplasm. This kills skin cells at

the surface of the skin which in turn produces stratus corneum that serves as

a substantial skin barrier to prevent water loss. As previously highlighted, the

thickness of the epidermis varies in di�erent parts of the body, due to the stratum

corneum.

Dermis After the epidermis, the dermis is the second-thickest skin layer situated

between the epidermis and subcutaneous tissues. It is a combined system of �-

brous, �lamentous and amorphous connective tissue which provides elasticity and

support to the skin. The main role of dermis is to produce sweat and thus to help

regulate the body's temperature as well as providing the epidermis with blood.

In the dermis layer, there resides a combination of hair follicles, nerves endings

and vascular networks. The follicle is connected to tiny muscles and is responsible

for contractions in response to cold or anxiety. The nerve endings are responsible

for signalling to the brain in response to stimuli from the body. The dermis is

divided into two parts � the papillary dermis which is the thin, upper part and the

reticular dermis which is the thick, lower part. The principal part of the dermis

is the papillary dermis, and it is critical to dermis function. Nutrient delivery

from dermis to the epidermis comes from the papillary dermis, while the strength,

�exibility and elasticity of the skin are mostly provided by the reticular dermis.

Similar to the epidermis, the thickness of the dermis layer di�ers depending on the

anatomical position of the skin.

2.3.2 Optical properties of the skin

At any time the human skin is considered as a site of photobiological reactions

such that can be investigated through spectroscopic imaging. Hence, the features

of the skin's optics have some e�ect, and usually a critical e�ect, in in�uencing

the reactions and the observations. The thickness, and morphological structure of,

particularly, the stratum corneum is invariably a contributing factor, whenever ra-
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diation propagates through the stratum corneum down to the capillary tissue bed.

When the radiation reaches the capillary tissue bed, it is scattered and absorbed

by the structures and chromophores of the skin which di�er between subjects.

Hence an understanding of skin photobiological reactions partly depends on how

well the propagation of electromagnetic radiation within the skin is understood.

Almost all photobiological reactions depend on the wavelength of the electro-

magnetic radiation, because light of di�erent wavelengths penetrates to di�erent

depths within the capillary tissue bed. Since the spectra of light-skin interac-

tions and the fundamental frequencies of the electromagnetic radiation that are

scattered or absorbed by the viable tissue are modi�ed by the optics of the skin,

a special consideration should be given to the scattering and propagation of the

radiation within the tissue when analysing such spectra.

Figure 2.4: Schematic diagram illustrating the optical routes in normal human
skin. Extracted with permission from [101].

The optical routes in normal human skin are shown in Figure 2.4. When a beam

of light is shone on skin (either white or black skin) perpendicularly (i.e normal

incidence), about 4-7% of the incident light is re�ected (i.e regular re�ectance) due

to the change in refractive index between air and the stratum corneum [102]. For

nearly perpendicular incident light, a small fraction of it undergoes this regular

re�ectance [103, 104]. Similarly, some light is internally back-scattered from the
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target capillary tissue bed due to interference between the air and tissue. Given

that the stratum corneum layer of the skin is rough in nature, light is not specularly

re�ected from it � that is to say the light re�ected does not retain its direction, and

also the incident light gets refracted after propagating from the stratum corneum

further into the skin.

As mentioned above, only 4-7% of the incident radiation is re�ected as a result

of regular re�ection at the stratum corneum. The remaining 93-96% of the incident

light can be scattered or absorbed at any of the other layers of the skin. The re-

�ected back-scattered light returned from the skin, as well as the penetration depth

of the light incident on the skin, can be measured. The inhomogeneities between

the refractive index of the medium relative to the physical inhomogeneities leads

to scattering. The magnitude of these inhomogeneities relative to the wavelength,

alongside the variation in the refractive index of the medium and the inhomo-

geneities, determine the intensity and spatial distribution of light scattered. Nor-

mally, scattering is relatively low and is equally-distributed spatially. It changes

inversely with the 4th power of wavelength, for particles whose dimensions are less

than 10% of the wavelength (i.e. subject to the Rayleigh scattering). In contrast

scattering is much higher when the particle is of similar size to the wavelength.

Scattering is very weak when the particle's dimension substantially exceeds the

wavelength (known as Mie scattering). All these types of scattering take place

within the skin. The penetration depth of light in the dermis is thought to be

mostly determined by the scattering from collagen �bers [104].

Optics of the stratum corneum and epidermis Numerous investigations

of the propagation of optical radiation, and especially of ultraviolet light through

excised human epidermis and stratum corneum, have been described dating back

to the study by Hasselbalch [105]. The di�use manner of propagation through

skin layers could not, however, be precisely elucidated in most of the early work.

In the epidermis or stratum corneum of a fair-skinned Caucasian, the ultraviolet

light propagates through the skin mainly at a low wavelength around 275 nm due
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to absorption by chromophores, such as melanin [101].

Melanin chromophores often play a critical role in determining the propagation

of optical radiation through the epidermis and stratum corneum. The inherited

degree of pigmentation makes a huge di�erence to optical propagation. Peptide

bonds are predominantly responsible for the high absorption of the epidermis and

stratum corneum at wavelengths of < 240 nm. Figure 2.5 illustrates the absorption

spectra of a few epidermal pigments. The diagram clearly shows that propagation

of light through the epidermis and stratum corneum is in�uenced by rate at which

melanin chromophores, urocanic acid and other substances absorb the light. Gen-

erally, spectral propagation in the epidermis depends on the epidermal thickness,

as well as on the density and distribution of these chromophores. For example,

melanin and urocanic acid have di�erent densities and distributions, which may be

attributable to the fact that their main function is to protect human skin from ul-

traviolet radiation, by absorbing most of it. However, melanin is the only pigment

that signi�cantly attenuates ultraviolet radiation in the epidermis.

The absorption rate of melanin across spectral interval of 250-1200 nm increases

continuously as it approaches shorter wavelengths. Correspondingly, the absorp-

tion of radiation by melanin substantially declines in the near infrared spectrum

(above 1100 nm or even beyond 780 nm). The total transmission and re�ection of

light of wavelength≥ 1100 nm is not signi�cantly a�ected by melanin pigmentation

[106�108], see Figure 2.6.

Typically, dark-skinned skin contain a greater density of melanin granules,

while Caucasians have less melanin. Investigations based on the comparisons of

di�use versus direct (i.e the proportion of total scattering to scattering across

an optical direction in alignment with the incident light) transmission of either

ultraviolet or visible light onto the epidermis or stratum corneum are completely

independent of wavelength [109]. This implies that transmission of ultraviolet

or visible light at the epidermis results from the rough nature of the skin layer,

and rather than from how the particle scatters in the epidermis. Therefore, the
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Figure 2.5: Ultraviolet radiation absorption spectra of considerable epidermal
chromophores. The protein, urocanic acid, nucleic acids, and other aromatic
chromphores absorbs the radiation which leads to the wide epidermal absorption
spectrum close to 275 nm. Tryptophane (TRYP) is an amino acid, and deoxyri-
bonucleic acid (DNA), and are both crucial for the physiology of the skin. DOPA
and Tyrosine (TYR) are also an amino acid present in human body, they help in
producing melenin in the skin. Extracted from [101].

epidermis is seen as being a layer where radiation including ultraviolet, visible and

near infrared light radiation is mostly transmitted [104].

Optics of the dermis The optics of the dermis layer has di�erent characteris-

tics from those of the epidermis, and is associated with di�erences in structures

and composition. It could be the reason that the epidermis can be separated

and constitutes the foremost optical element of the skin. Hardy, Hammell, and

Murgatroyd studied [108] skin optics by considering several parts of the dermis.

They geometrically measured the fraction of visible and near infrared light that

propagates across skin sections in vitro. Their investigation showed that the Beer-

Lambert relation does hold when the dermis is considered as the material through

which the light travels, and that radiation of longer wavelength exhibits higher

transmission. In another study on the pig dermis [110], it was also found that
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Figure 2.6: Spectral remitttance of dark-skinned and Caucasian skin obtained
from the �exor surface of forearm. The signi�cant increase in the absorption by
melanin across shorter wavelengths and the signi�cant reduction in absorption at
longer wavelengths, is clearly obvious. Extracted with permission from [101]

light has higher transmission through the dermis at longer wavelengths, with a

correspondingly higher remittance at shorter wavelengths.

Accordingly, the skin dermal layer has a signi�cant impact on the depth to

which light penetrates, and mainly explains the �nding [108, 111] that generally,

light (either ultraviolet, visible or near infrared lights) at longer wavelengths has

higher penetration of the dermis than that at with shorter wavelengths.

2.3.3 Dynamical properties of skin microcirculation

The dynamical properties of blood �ow which manifest as oscillations re�ect both

vasomotion and �ow motion. These dynamical characteristics include the dilation

and constriction of the muscular component of the small blood vessel's walls, which

results in rhythmic variations of the vessels' diameters, popularly known as vaso-

motion (see above). In addition, the dynamical properties of blood also encompass

the motion of the blood cells (particularly the red blood cells) and their interface

with the blood vessel walls.
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Oscillations in skin Doppler perfusion and their physiological origin

Based on careful interpretation of Doppler frequency shifted light, Cummins et

al. [112] demonstrated the possibility of measuring the velocities of particles in

solution. This came four years after Maiman [113] introduced the �rst working

laser. The approach of Cummins et al. was used by Riva et al. [114] to measure

the velocities of red blood cells in the glass tube model. However, the measure-

ment of blood perfusion in vivo in an undisturbed microcirculation using a laser

Doppler technique was �rst demonstrated by Stern [115], and has remained the

most widely used method for evaluating microvascular blood �ow. Watkins and

Holloway [116] as well as Nilson [117] pioneered the equipment for measuring blood

perfusion. A successful comparison between measurements made by instruments

and microvascular blood �ow was reported by Fischer et al. [118]. Despite the

promising results obtained from clinical trials, application of the method is yet

to become widespread clinically. This is because the instrument does not output

signals in absolute units, thus making the interpretation of data more challeng-

ing. Nonetheless the technique still remains the most widely used for noninvasive

recording of skin microvascular blood �ow.

Several physiological measurements have revealed that the blood �ow �uctu-

ates in an oscillatory manner [64, 119, 120]. The absence of absolute units does

not in�uence the observed oscillations in the blood �ow, as it can be calibrated

by a reference value. The physiological perturbations that result from the open-

ness of the living system make the periods of oscillations continuously varying

(aperiodic). Therefore, to properly discern such a signal, it has to be analysed in

the time-frequency domain. Even in this domain, equilibrium between time and

frequency resolution becomes challenging as the oscillations in blood �ow occur

on multiple varying time scales. Mostly, the dynamic properties of blood �ow

were assessed by evaluating its Fourier transform. Usually, the blood �ow signal

is windowed either to reduce the leakage or to obtain time localization. Selec-

tion of a window length to determine the time and frequency resolution can be
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a di�cult task. However, Stefanovska et al. [17] introduced a way of avoiding

the explicit choice of a window length by applying the wavelet transform (details

about wavelet transform are provided in Chapter 3) to blood �ow signals. This

allows the simultaneous observation of the oscillations in time and frequency.

Using the wavelet transform Stefanovska et al. investigated the oscillations

that occur in the frequency range between 0.005 and 2 Hz in the peripheral blood

circulations measured by the laser Doppler technique. The upper frequency limit

was chosen because no physiological rhythm higher than the heart beat frequency

is known. Only higher harmonics were detected above 2 Hz.

The choice of the lower frequency limit related to a number of physiological

oscillations that were detected over a continuous time variation [121]. Longer

recordings were required to study the lower frequencies in order to capture the

slow oscillations. On average the volume of blood pumped by the heart (in its

resting state) every minute equates to the whole amount of blood in the body

[17]. It therefore su�ces to set a low frequency limit of 0.005 Hz when analysing

the dynamics of blood distribution. This reasoning led to many studies which

investigated microvascular blood �ow dynamics between similar frequency intervals

of 0.005 to 2 Hz.

From the wavelet transform of the blood �ow signals averaged over time along-

side a priori physiological understanding, six characteristic frequency intervals

were establish [15, 17, 18]. These frequency intervals manifest in blood �ow dy-

namics, thereby re�ecting various physiological activities within the microvascular

system:
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Interval Frequency (Hz) Physiological origin

I 0.6�2 Hz Cardiac activity

II 0.145�0.6 Hz Respiration

III 0.052�0.145 Hz Myogenic activity

IV 0.021�0.052 Hz Neurogenic activity

V 0.0095�0.021 Hz Endothelial metabolic activity

VI 0.005-0.0095 Hz Endothelial activity

Table 2.2: The frequency intervals of oscillations observed in blood �ow dynamics,
and their physiological origins [15].

These same frequency intervals have been applied in the analysis of heart rate

variability/instantaneous heart frequency and blood pressure signals [122]. The

physiological attributions of these intervals are summarised in Table 2.2 and we

now discuss these in more detail:

Frequency interval I (0.6�2 Hz) re�ecting the heart beat It is well-

established that, in a healthy, resting state, the human heart beats at around

1 Hz, and can be as low as 0.6 Hz in those who partake in physical exercise or as

high as 1.6 Hz in individuals with a weak cardiovascular system. Cardiac activity

is re�ected in all arterial blood vessels, meaning that it is detectable around all

parts of the body and also evident in the microvascular skin perfusion signal. Si-

multaneous recordings of the respiration, ECG, and blood �ow recorded with LDF

have demonstrated the physiological origin of the cardiac frequency peak in the

peripheral blood �ow signal [123, 124]. Both the heart and lungs produce pressure

di�erences which cause the blood to �ow in the peripheral vessels. Generally, the

overall contribution of the cardiac activity in the blood �ow signal depends on the

proximity of the LDF probe to bigger or smaller vessels during recordings. To

capture the dynamical activities occurring at the lower frequencies, it is important

to avoid placing the LDF probe in the proximity of bigger vessels and better to aim

at smaller vessels. Other peripheral mechanisms also bring about the oscillations
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seen in the blood �ow.

Frequency interval II (0.145-0.6 Hz) re�ecting the respiratory activity

In 1993, Bolinger et al. [125, 126] found that HF waves were induced by respiratory

changes, corresponding to oscillations around 0.3 Hz [127]. Unlike the cardiac

oscillation, respiratory activity is not strongly manifested in the microvascular

blood �ow signal [125].

Frequency interval III (0.052-0.145 Hz) re�ecting the myogenic activity

The oscillations associated with myogenic activity of vascular smooth muscle cells

have previously been highlighted in the context of vasomotion. Several studies have

demonstrated the presence of oscillations at around 0.1 Hz in blood �ow, blood

pressure and even instantaneous heart frequency signals, and these are related to

blood pressure regulation [128�130]. An earlier study, suggested that changes in

the intravascular pressure constantly stimulate the vascular smooth muscle cells in

the vessel's wall, which in turn is referred to as the myogenic response [113]. More

to the point the work of Folkow in 1963, indicated that myogenic control induces

rhythmic changes in vessel diameter [131]. After some years, it was illustrated

that constriction and dilation of a blood vessel occurs in response to the rise and

fall in transmural pressure. This action was described as myogenic response, it

being argued that it is inherent to smooth muscle and is not in�uenced by neural,

metabolic or hormonal agents.

A number of studies proposed that the spontaneous oscillations measured in

vascular smooth muscle found within the 0.007-0.1 Hz interval are locally gener-

ated: they re�ect the intrinsic myogenic activity of vascular smooth muscle cells

in resistance vessels [43, 120, 132, 133]. Taube [134] similarly observed the pres-

ence of rythmic oscillations within the same frequency interval in a recorded blood

pressure signal, and was substantiated by Hering in 1869 [135].

Furthermore, a study on small arteries in rats revealed that myogenic response

is not altered by the e�ect of the vessels transmitter which is aided through the
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blockade of adrenoceptors [136]. Similar observations have been documented on

cat cerebral [137], rat cerbral [138] and rat saphenous arteries [139], by using

tetrodotoxin to inhibit the nerve action potentials. Convincing evidence has been

presented in these studies, �nding that the myogenic response is as a result of

the reaction of transmural pressure on vascular smooth muscle cells only. This

�nding agrees with an investigation done in humans where blood �ow recorded in

intact skin was compared with that measured from microvascular �aps deprived

of sympathetic nerve activity [140].

Frequency interval IV (0.021�0.052 Hz) re�ecting the neurogenic (sym-

pathetic) activity Several studies have shown that oscillations in this frequency

interval is where the neurogenic (sympathetic) activity lies. An oscillation with

a fundamental frequency peak at 0.04 Hz associated with metabolic [130] or neu-

rogenic activity [141] has been discovered in blood �ow, blood pressure and in-

stantaneous heart frequency signals. The activity is thought to be superimposed

on myogenic activity in the control of blood pressure through changes in vessel's

diameter.

These rhythmic adjustments were referred as β-oscillations by Kastrup et al.

[75]. In a similar investigation, Golenhenhofen and Hildebrant [142], found that

after local and ganglionic nerve inhibition, these β oscillations suddenly vanish,

agreeing with the �ndings of Kastrup et al [75]. Another study also showed that

slow oscillations measured in rabbit skeletal muscle tissue that occur around 0.02-

0.05 Hz suddenly vanish following pharmacological nerve inhibition, thereby indi-

cating that these slow oscillations are under neurogenic regulation [143].

The involvement of sympathetic nerve activity in this frequency interval has

been con�rmed by the work of Söderström et al., where LDF blood �ow was

recorded from free microvascular �aps whose sympathetic nerve activity is inhib-

ited and compared with LDF blood �ow recorded from intact skin [140]. A sig-

ni�cant reduction was observed in the spectral amplitude of blood captured from

skin �ap between 0.02-0.05 Hz frequency interval, and were therefore attributed
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to sympathetic nerve activity. The latter in�uences blood �ow oscillations in nor-

mal tissues with repetition times of 20�50 s (equivalent to 0.02-0.05 Hz). Malpas

[144] further explained that the sympathetic nerve activity essentially contributes

to the processes that regulate blood �ow by rhythmically mediating the dilation

and constriction of the blood vessels [140]. Additional proof for the origin of the

neurogenic oscillations was reported by Landsverk et al. [145] in their work on the

e�ects of brachial plexus block on the skin perfusion, which is widely believed to

instigate sympathetic impairment [146]. Using wavelet analysis on the LDF signal

with a logarithmic frequency resolution the study revealed a signi�cant reduction

in the relative amplitude of the oscillations in 0.0095-0.021 Hz and 0.021-0.052 Hz

frequency intervals, suggesting a blockade in both endothelial and sympathetic

activity.

Frequency interval V (0.0095�0.021 Hz) re�ecting the endothelial ac-

tivity, nitric oxide (NO) dependent Oscillations in this frequency interval

emanate from endothelial activity as proven using di�erent vasoactive substances,

in active endothlial cells and after their inhibition [13, 147]. An experimental study

on rabbit has shown that the vasodilation of a vessel can be instigated by acetyl-

choline (ACh) through the action of endothelial cells [148], and that ACh induces

release of a substance. It was later discovered that the substance released was

a nitric oxide (NO). Skin microvascular endothelial activity was �rst investigated

using the endothelial-dependent vasodilator ACh and the endothelial-independent

vasodilator sodium nitroprusside (SNP), through iontophoresis of these two sub-

stances [147, 149, 150]. Moncada later suggested that endothelial dysfunction could

be checked by examining and comparing an impaired ACh-inducued vasodilation

with SNP-induced vasodilation [151].

Following several investigations into the role of the endothelial-dependent va-

sodilator ACh in rhythmic activities, Kvernmo et al. hypothesised that the dy-

namical properties of blood �ow are regulated by the endothelium [61]. Based

on the wavelet analysis of LDF blood �ow recorded for 20 minutes, they noticed
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that the ACh and SNP responses manifested around the 0.01 Hz. The oscilla-

tion observed at 0.01 Hz was linked to the endothelium mediated vasodilation,

although its physiological origin is yet to be fully explored. A few years later, the

same dose-response protocol was used in a di�erent study that compared healthy

athletes with control subjects and the �ndings reported earlier was substantiated

[152].

The identi�cation of low frequency oscillatory activity near 0.007 Hz brought

about 30-minute recordings of blood �ow alongside the iontophoresis protocol.

The protocol was chosen in order to demonstrate that the observed low-frequency

oscillatory component arose as a result of endothelial-related activity and was

not due to the induced iontophoretic current and transdermal potential di�erence

[153, 154]. It was thus con�rmed that the oscillations observed at the low frequency

interval V did not emanate from the iontophoretic current or transdermal potential

di�erence. Furthermore, the contribution of endothelium to low frequency oscil-

latory activities seen around 0.0095�0.021 Hz interval has been explored in the

literature [16, 68, 145, 155]. These oscillations were demonstrated to be slightly

mediated by NO, as the infusion of L-NMMA diminished the oscillations but were

observed to have suddenly re-appeared with the infusion of L-arginine and not

endogenous prostaglandins [155]. This discovery that low frequency oscillation

around 0.0095�0.021 Hz are NO-dependent was substantiated in a separate study,

which demonstrated that endothelial activity was reduced in congestive heart fail-

ure and was partially restored following β1-blockade treatment [156].

Frequency interval VI (0.005�0.0095 Hz) re�ecting the endothelial activ-

ity, nitric oxide (NO) independent In contrast to frequency interval V, the

oscillations around 0.005�0.0095 Hz were demonstrated to be signi�cantly higher

in response to ACh compared with SNP, whose origin is believed to arose from en-

dothelium related mechanisms such as endothelium-derived hyperpolarizing factor

(EDHF) [16, 56]. Using the same protocol as Kvandal et al. [155] but substi-

tuting ACh and SNP with deionised water (a low conductance electrolyte) and
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NaCl solution (a high conductance solution), Veber et al. [153] tested whether the

observed oscillations around 0.005�0.0095 Hz emanate from endothelial activity or

are due to iontophoretic current induced blood �ow. They observed an increased

oscillatory spectral power in all frequency bands after conducting a cathodal ion-

tophoresis of deionized water, and the comparison between oscillations around

each of the frequency intervals showed that they were not di�erently a�ected. In

addition, they also found that an iontophoresis of NaCl did not signi�cantly in�u-

ence the oscillations in blood �ow, and therefore corroborating the �ndings that

was observed in an earlier study that used the iontophoresis of ACh and SNP [153].

In summary, all of these physiological oscillatory processes interact with one

another, thereby resulting in complex blood �ow signals due to their coupling. Lo-

cally, the exhibition of these complex interactions occurs through the adjustment

of vasomotion by the physiological interplays, particularly those that manifest in

the blood �ow dynamics (shown in Table 2.2) discussed above in section 2.3.3.

Stefanovska and Bra£i£ in 1999 [14, 18] introduced a coupled oscillator model in-

spired by the observation of these six oscillatory frequencies, which demonstrated

the value of skin microvascular blood �ow recordings. The aim was to understand

the underlying mechanistic processes involved in microvascular dynamics of the

healthy state and to investigate how it becomes modi�ed in a pathological state.

To do this they evaluated the in�uences of these oscillations in each frequency inter-

val, using appropriate time-frequency analysis methods. The procedure has been

used in characterising blood �ow dynamics at rest, and proven to be methodologi-

cally good and reproducible [157]. This approach has been widely used to inspect

the skin microvascular blood �ow dynamics in athletes [152] and several patho-

logical states, which include hypertension [67, 69, 70], the e�ect of anethesia [68],

congestive heart failure [56], obesity [158], diabetes [159], critical lamb ischemia

[160], ageing [15, 87] and cancer [63]. Subsequently, the method has also been

extended to the study of microvascular blood �ow in malaria, and biracial groups
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which will be discussed in detail below in Chapters 6 and 5 respectively.

2.4 Microvascular blood �ow model based on the

microvasculature and biophysics of blood �ow

The microvasculature of a perfused tissue facilitates transport and exchange of

materials, and ensures the delivery of blood to each point in the tissue. The

structure of the microvasculature and biophysical behaviour of the blood �owing

through it are important factors in in�uencing material transport and exchange

[161]. There have been extensive researches in the �eld of microcirculation [162�

164].

The microcirculation uses the smallest vessels in the body and consists of the

capillary network: arterioles, capillaries, venules, and terminal lymphatic vessels

regulate blood �ow within organs, transcapillary exchanges, and the removal of

cellular waste [28, 161]. These duties of microcirculation are what di�erentiates

it from the larger vessels of the macrocirculation, which serve as conduits to and

from the heart and peripheral organs. Another interesting distinction is that the

microvasculature is mostly embedded within organs whereas most of the macro-

circulatory vessels are not.

Diseases such as sickle cell anaemia, hypertension, diabetes and malaria, man-

ifest themselves mainly through deleterious e�ects on the microvasculature. Sig-

ni�cant blood loss due to injury or other causes, if not quickly replenished can

lead to irreversible malfunction, circulatory shock and ultimately death. Disrup-

tions or disorderliness in the microvasculature are widely regarded as the prime

contributors to morbidity and mortality around the world. For example, the im-

portance of blood replenishment, irrespective of the cause of the loss, has led to

tremendous e�orts towards establishing blood substitutes for the past two decades.

As loss in blood could result in maldistribution of red blood cell, which in turn

could negatively in�uence capillary viscosity and consequently lead to microvas-
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cular dysfunction. Despite enormous research, there are not yet any substitutes

enabling recovery from the loss of function caused by loss of blood from the cir-

culatory system. So it is still of paramount importance to better explore how the

fundamental features of blood and its �ow behaviours makes it such an e�cacious

means for delivery and exchange in the microvasculature.

Blood is a suspension of discrete elements comprising red blood cells (RBCs)

or erythrocytes, white blood cells (WBCs) or leukocytes, and platelets. The blood

plasma is an aqueous solution comprising di�erent types of chemical species, which

include ions, mainly Ca2+, Na+, Cl-, K+ and macromolecules, ranging up to 500-

kilodalton molecular weight. RBCs are a bioconcave discoid shape, typically with

a diameter and thickness of 6-8 and 2 µm respectively. The cells are found to be

non-nucleated in mammals and consist of a solution of concentrated hemoglobin

wrapped in a highly �exible membrane. WBCs are classi�ed into two main groups,

the agranulocytes and the granulocytes which include, lymphocytes, monocytes,

basophils, phagocytes, macrophages, eosinophils and neutrophils. The WBCs dif-

fer in size and properties, e.g., a typically inactivated neutrophil is approximately

spherical in shape with a diameter of 8 µm. Discoid shaped particles with a di-

ameter of approximately µm are referred to platelets. The distribution of blood

�ow within the networks of microvessels and the overall resistance are signi�cantly

a�ected due to the mechanical interactions between the blood cells and the mi-

crovasculature [161, 163].

The science of the blood �ow, including the deformation of its constituents

elements led to the �eld of hemorheology, due to the crucial necessity for detailed

understanding of the �ow properties of blood. This includes the interactions be-

tween the cellular components of blood and the endothelial cells that line the

blood vessels. However, the shear rate, dimensions, time history and geometry of

the system are also essential factors.

The rheological properties of blood include its non-Newtonian behaviour, which

was realised from viscometric studies of RBCs in suspension [165]. It yielded useful
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details on the properties and behaviours of blood �ow under standard conditions.

However, Aleksander and Paul [163] hold the view that, for numerous pedagogical

reasons this detail is insu�cient to understand the behaviour of blood �ow in the

microvasculature. For example, the viscometric studies cannot adequately predict

the rheological properties of blood in a network, e.g., the microvasculature with its

myriad vessels branches of various length, diameter, and �ow rates [163]. More-

over, in the venules, the endothelial cells that line within its walls are provided

with receptors that communicate with the ligands on the WBCs. The interac-

tions between the ligand-receptor play a pivotal role in RBCs under pathological

conditions such as diabetes mellitus, sickle cell diseases and malaria.

It is of great signi�cance that the blood vessel wall interface has a sensor mecha-

nism that monitors the shear, forming part of the blood �ow regulation mechanism

that also involves the microvasculature. The contractile elements in the vessel wall

require an input that will respond in order to keep these forces constant, therefore

making it an important sensor mechanism. However, the adaptive changes that

occur within the organization of the microvascular network and the vessel wall

(angiogenesis and vascular remodelling) are more or less due to chronic or persis-

tent changes in these forces. The forces are generated by the blood in the vessel

lumen and therefore, the rheological behaviours of blood will strongly in�uence

the mechanics of this coupling [163].

The biophysics of blood �ow in microvessels has been studied for many years,

leading to considerable progress based on a variety of di�erent approaches and

techniques. These include in vivo and in vitro experimental studies, theoretical

and mathematical models [166, 167]. In the attempt to better understand the

characteristics that determine blood �ow in the vessels, a French physicist and

physician in 1830, Poiseuille, conducted a classic experiment on the study of the

hydrodynamics of tube �ow [163, 168]. The foundation for subsequent research on

microvascular �ow and the unique behaviours of blood �ow in small glass tubes

was conducted by the Swedish physiologist, Fahraeus in 1930. Fresh interest in
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the area occurred from 1960 onwards and has led to signi�cant advances in the un-

derstanding of the mechanics of microcirculation [163, 169�172]. A description of

theoretical and experimental achievements in the �eld of microvascular hemorhe-

ology �ow mechanics was provided, and mathematical models were proposed in

[161, 163, 173, 174].

2.4.1 Rheological behaviours of the blood components

Blood can be de�ned as a non-Newtonian, shear thinning �uid which is composed

of more than 90% of cellular elements [174]. As proposed from this physical de�-

nition, the blood viscosity decreases with increasing shear force corresponding to

an increase in the �ow rate in blood vessels as shown in Figure 2.7. Blood vis-

cosity at high and low shear rates di�ers because of the characteristic behaviours

of RBCs. The determinant of blood viscosity at high shear rates is connected to

RBC deformability, while it is RBC aggregation that determines blood viscosity

at low shear rates [173].

Figure 2.7: The e�ect of shear rate on whole blood viscosity. Shear rate is
the velocity gradient between adjacent layers of blood, is expressed as 1/s and is
proportional to �ow rate in a tube (e.g., blood vessel). The lower shear rates cor-
respond to the circulatory conditions in the venous circulation while higher shear
rates characterize the arterial vessels. The unit of viscosity is mPa.s, numerically
equal to centiPoise (cP); water has a viscosity of about 1 mPa.s at 25oC and is
independent of shear rate. Figure modi�ed from [174].
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The rheological behaviours of the constituent elements of blood were recently

reviewed [174]. The main role of RBCs is to carry oxygen from the lungs to the

tissues and to carry carbon dioxide from the tissues to the lungs. It is widely

considered that the solution is Newtonian under physiological conditions and has

a viscosity of ∼6 centipoise (cPs). It is believed that, in the healthy state, the

endothelium does not interact with the RBCs through speci�c receptors: but that

receptor-ligand interaction may be present under pathological conditions. This

view perhaps originated from the experimental studies that reported the involve-

ment of various types of receptors in RCB-EC interaction. For example, in sickle

RBC, the receptors involved in the RBC-endothelium interaction include VCAM-1

[175], P-selectin [176] and αvβb3 [177]. Similarly, other investigations [178, 179] on

malaria have also reported the involvement of di�erent receptors in the interac-

tion between malaria infected RBC and endothelium. Therefore, receptor-ligand

interactions are present under pathological conditions [180]. Furthermore, the

mechanical behaviour of RBCs (e.g., cellular deformability) can be signi�cantly

a�ected by disease processes.

WBCs belong to the immune system. Some get activated by foreign particles or

molecules as they circulate in the blood stream, e.g., in the presence of an antigen,

their shape, cytoskeletal structure, and mechanical properties change dramatically.

Others exist in the interstitial space between the tissue cells. The WBCs are

comprised of a plasma membrane and a three-dimensional cytoskeleton as part

of the cytoplasm, and a nucleus. The rheological properties of WBCs have been

interestingly explained in terms of viscoelastic models and a model of a compound

drop which has a viscous nucleus enveloped by two layers of less viscous �uid

denoting the plasma membrane and the cytoplasm [181]. WBCs also interact with

other cells, especially the endothelial cells, via their adhesion molecules and cell

surface receptors. Several experimental studies in the last decades have revealed

and elaborated the nanomechanics of the interactions of the WBCs as described

in [182�184].
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2.4.2 Red cells deformation

The most �exible cells of the mammalian organism are the RBCs: this is due to

their ability to change their structure to an ellipsoidal shape under the in�uence of

an external force, to a much greater extent than other cells [169]. This behaviour

applies to the RBCs of all mammalian species. The RBC shape alterations facili-

tate their orientation to �ow motion in blood vessel, resulting in decreased blood

viscosity. At high shear rates, the changes in orientation and shape are optimized

[173]. The major determinants of RBC deformation are its biconcave-discoid shape

and lack of organelles and nucleus which are the key features of RBCs [174].

Alterations of RBC deformability

Pathophysiological changes of RBC cytoplasmic and membrane behaviours seldom

accompany signi�cant alterations of RBC deformability. A typical example in cy-

toplasmic viscosity, is sickle cell disease. This is due to a genetic disorder producing

a single amino acid change in the β - globin chain, whereby hemoglobin S is formed

[185]. The deformability of an RBC is also a�ected by disease, including infections,

circulations, circulatory disorders (e.g., ischemia and reperfusion), and metabolic

diseases (e.g., diabetes), etc [186]. However, alterations during disease processes

may signify one of the following changes [186]: (1) cytoplasmic hemoglobin con-

centration and viscosity alterations; (2) changing of shape from biconcave-discoid

to spherical structure, thus reducing the relatively high surface area of a biconcave

disc.

Moreover, it is important to note that part of the hemorheological vicious cycle

involves alterations of RBC deformability. The disturbed tissue perfusion leads to

enhanced formation of oxygen free radical, resulting in impaired deformability,

thus leading to further reduction in blood �uidity [187].
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RBC aggregation

Unlike the case of high shear rates, the biconcave-discoid shape of the RBC is

retained under low-shear conditions, or at stasis where it aggregates into unique

shaped structures resembling stacks of coins. This is a reversible process and is

referred to as rouleaux formation [174]. Frictional resistance between the �ow

streamlines is increased as a result of the aggregation, thus magnifying blood

viscosity under low-shear conditions [173]. Large macromolecules are believed to

induce the RBC aggregation, while the e�ciency of the concentration of such

macromolecules is determined by the cellular properties [174]. Altogether, the

aggregability of the RBC is de�ned by the contribution of cellular properties to

rouleaux formation [188].

Alterations of RBC aggregation

Enhancement of RBC aggregation is mainly caused by an in�ammatory response.

The physical factor that a�ects sedimentation of erythrocyte is RBC aggregation

[189]. However, instead of measuring the erythrocyte sedimentation rate (ESR),

an alternative and more appropriate method of evaluating the rationale behind

in�ammation has been proposed in [190]. During malignant diseases, chronic in-

�ammatory conditions, infections and circulatory disorders, the aggregation of

RBC was found to be increased [191]. Therefore, it was proposed that acute phase

reactants under such clinical conditions are particularly in�uenced by aggregation

[174]. Likewise, it has been suggested that the RBC aggregation index could serve

as a prognostic quantity for ischemic diseases [192].

RBC aggregation is a complex phenomenon, and its in�uence on hemodynamics

is still not completely understood. Contradictory studies report an increase [193�

196], as well as a decrease [197�199] or no e�ect on apparent viscosity [198�200].

Enhanced aggregation is associated with a wide range of pathologies [201], but were

reportedly observed in human subjects who were athletes [201]. It is therefore still

unclear whether RBC aggregation is a deleterious or bene�cial phenomenon [201].
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2.4.3 In�uence of blood rheology on blood �ow and tissue

perfusion

It has became clear in earlier experimental studies that there is a distinction be-

tween in vivo blood �ow behaviour and that studied in vitro [202]. Blood viscosity

was found to have limited e�ect as recorded from measurements based on in vivo

�ow resistance, therefore creating more questions regarding the signi�cance of

blood rheology alteration in terms of tissue perfusion. However, whole blood vis-

cosity was reported to be increased with human ageing [174], in which the reported

relationship indicates the in�uence of RBC deformation instead of the in�uence of

RBC aggregation [203, 204]. Numerous physiological mechanisms are available to

describe the lower apparent viscosity of blood in vivo, such as reduced microvas-

cular hematocrit, in addition to other related biophysical phenomena such as the

plasma skimming, Fahraeus e�ect and Fahraeus-Lindqvist e�ect, all of which are

related to the �ow of RBC suspensions in a narrow tubes. Elaborated discussion

on these hemodynamic factors will be made in the sections that follow, and can

also be found in [205�207].

2.4.4 Biophysical description of blood �ow in microvessels

Rheological behaviours of blood in microvessels can be inferred from in vitro studies

of blood in rotational viscometers and small glass tubes. A segment of reduced

hematocrit and increased concentration of RBCs adjacent to the wall and near the

center of the tube, respectively, result from the mechanical interactions between the

RBCs and tube walls. The e�ects of the overall behaviour of blood �ow in narrow

tubes include the dynamic reduction of intravascular hematocrit (Fahraeus e�ect),

and the reduction of resistance of �ow below the level expected, given the bulk

viscosity (Fahraeus-Lindqvist e�ect). These e�ects are highly signi�cant and can

result in what is termed as axial migration [161, 208, 209]. Though the signi�cance

of these phenomena for blood �ow in living tissue is not fully understood, they
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have been studied extensively in vitro and have also been modelled theoretically.

They will be discussed in next section.

Flow of RBC in narrow tubes � Fahraeus e�ects

From the foregoing discussion, it can be clearly understood that RBCs in many

living organisms undergo deformation due to the in�uence of local forces. They

also go through aggregation, although the RBCs can reversibly disaggregate under

the action of shear forces. These characteristic features of the RBC can account

for the shear thinning property of blood. Across the tube's radius the velocity of

�uid varies from zero at the wall to a maximum near the center of the tube. This

creates a strong correlation between the concentrations and velocity of RBCs over

the cross-section of the tube but the average RBC velocity (V c) is higher than the

mean of the whole blood velocity (V b) [161], thereby decreasing the time required

by the RBC to transit through a segment of the tube. This in turn reduces

the percentage of hematocrit in that particular segment of the tube (i.e., tube

hematocrit, HT) with respect to the hematocrit of blood entering or leaving the

tube (discharge hematocrit, HD), which is expressed in equation (2.1) [161, 210].

HT

HD

=
V b

V c

(2.1)

This phenomena in which the dynamic or tube hematocrit, which is measured

by pausing the �ow and emptying the tube content, is consistently smaller than

the ejected hematocrit measured in the discharge reservoir, is generally known as

the Fahraeus e�ect. [163]

Fahreaus � Lindqvist e�ect

Fahraeus and Lindqvist [211] conducted an experimental investigation on blood

�ow in long glass tubes. They proposed that the resistance of blood �owing in a

tube cannot be predicted from the blood viscosity as measured in large viscome-

ters and the hydraulic resistance of the tube. Their experiment took account of
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Poiseuille's law in estimating the blood's viscosity on the basis that the volume

�ow rate decreases with a decreasing tube diameter. The material properties of

the blood are not well described by this measure of blood viscosity, but better by

the blood/tube property in a particular instance of �ow, and this is known as the

apparent or e�ective viscosity µa.

Several studies have elaborated the dependence of apparent viscosity of blood

on tube diameter, velocity of �ow and hematocrit. A parametric description of

apparent viscosity of blood relative to the viscosity of plasma, as a function of tube

diameter and hematocrit, was merged with results from 18 di�erent studies on

�ow velocities ranging from medium to high velocities. This comparison showed

that, in long tubes of ≤ 300 µm diameters, the measured apparent viscosity of

blood decreases dramatically with a decrease in tube diameter. The viscosity of

blood attained a minimum when the tube's diameter was approximately 5-7 µm,

which corresponds to the diameters of capillary blood vessels [163]. The foregoing

phenomenon is described as the Lindqvist-Fahraeus e�ect

µa = π∆pD4/128QL, (2.2)

ηvitro = 1 + (η0.45 − 1) · (1−HD)C − 1

(1− 0.45)C − 1
. (2.3)

Equation (2.2) de�nes the e�ective viscosity [161, 163], where ∆p is the pressure

drop, D is the tube internal diameter, L is tube length, and Q is the volume �ow

rate. Equation (2.2) reduces to Poiseuille law in the case of Newtonian �uid.

Based on the assumption for blood �ow velocities > 50 tube diameters/s, a

parametric description apparent blood viscosity was obtained from a combination

of data from 18 studies. Equation 2.3 describes the dependence of apparent blood

viscosity (relative to the viscosity of plasma, i.e. relative apparent viscosity) on

tube diameter (µm), hematocrit and velocity. For a constant discharge hematocrit

(HD) of 0.45, the relative apparent viscosity η0.45, is expressed as
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η0.45 = 220 · exp -1.3 D + 3.2− 2.44 · exp−0.06D0.645, (2.4)

where C is a constant denoting the shape of viscosity dependence on hematocrit

and D remains the diameter. Note that, the value 0.45 was estimated from [161].

C = (0.8 + exp -0.075D) ·
(

1

1 + 10-11 ·D12
− 1

)
+

1

1 + 10-11 ·D12
. (2.5)

However, within the range of this diameter (i.e, 5-7 µm), the apparent viscosity

of blood having a discharge hematocrit of 0.45 was found to be 25 % higher than

that of the cell-free plasma, signifying a very low hematocrit dependence. But

the apparent viscosity does increase beyond the level observed in large vessels at

diameters less than ∼ 3.5 µm [161].

2.5 Biophysics of the cardiovascular dynamics in

the malarial state

Circulating malarial infected blood cells are usually destroyed in the spleen, how-

ever, to avoid this fate, the Plasmodium falciparum parasite displays adhesive

proteins on the surface of the infected blood cells, causing the blood cells to stick

to the walls of small blood vessels, thereby sequestering the parasite from passage

through the general circulation and the spleen.

At the onset of malaria, it can be understood from the foregoing that the Plas-

modium parasite invades the RBCs right from the erythrocytic stage and strongly

in�uences the mechanical behaviour of the RBC. However, the consequences of the

pathophysiology of malaria from the mechanistic point of view is believed to be

the signi�cant increase in rigidity and cytoadherence of parasitized RBCs onto the

inner linings of the blood vessels and capillaries, causing them to sequestrate in the

microvascular bed [212]. This sequestration is likely to hinder the action of vasoac-
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tive substances. It also a�ects the blood viscosity which is strongly dependent on

RBC deformability [213], perhaps impairing the combined e�ects (i.e. the cardiac,

respiratory, myogenic, neurogenic and endothelial activities) that manifest as os-

cillations in the dynamics of blood. It is widely known that high deformability is a

prerequisite for healthy RBCs, the reason being that in order to facilitate adequate

transport of oxygen to the various parts of the body the RBCs must squeeze their

way through narrow capillaries where cells exchange nutrients, thanks to their

ability to deform and �ow in the microvascular network. As discussed above, the

capillary vessel is made of a thin monolayer of endothelial cells (ECs) which inter-

act directly with the blood, thus strongly contributing to the dynamics of blood

�ow. Therefore, since the deformability and adhesiveness of RBCs are markedly

a�ected in this disease, it is reasonable to anticipate that the blood �ow dynam-

ics, especially the oscillatory processes associated with microvascular dynamics as

discussed earlier are likely to be impaired in the malarial state.

Exactly how the Plasmodium falciparum erythrocyte membrane protein-3 (PfEMP)

and the knob-associated histidine rich protein (KAHRP) in the development of en-

hanced rigidity in the malaria infected RBCs lead to changes in the mechanical

behaviour of the RBCs still remains unclear. However, Glenister et al. have iden-

ti�ed [214] a signi�cant e�ect of these proteins on the rigidity of cells in malaria.

It has also been reported [215] that almost all cytoadherence is mediated by the

parasite protein PfEMP as well as various endothelial receptor molecules, including

intracellular adhesion molecule-1, E-selecting and vascular cell adhesion.

2.5.1 Distinctive e�ect of malaria on blood �ow and

oxygenation

The increased sti�ness of the membrane of an infected erythrocyte (red blood cell),

[212] and its tendency to stick to the endothelial cells that line all the blood vessels,

cause infected cells to pass less easily through the capillaries. The cell also changes

shape, and its ability to transport/release oxygen is compromised. Consequently,
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the viscosity, �ow properties, and oxygenation of blood are all changed by malaria

in ways that do not occur in other diseases. Hemodynamics is altered [216] on

account of the spatial distributions of erythrocytes [217] and merozoites, and it

is reasonable to infer that endothelial reactivity is a�ected too. Erythrocytes are

an important factor determining the hemorheological properties of blood and the

shear-thinning of blood is mainly attributable to their characteristics. Variations

in the hemorheological properties alter the �ow resistance and wall shear stress

in blood vessels [213] so a detailed understanding of the relationship between the

hemorheological and hemodynamic properties is of great importance. Experimen-

tally [213], it has been shown that increased blood viscosity is associated with a

blunt velocity pro�le and a high velocity component at the wall of a microchannel.

2.5.2 Interactions between malarial (Plasmodium

falciparum) infected erythrocyte and endothelium

cells

Many published articles have shown that sickle red blood cells and diabetic red

blood cells can threaten metabolism, upregulate the expression of vasoactivators

in endothelial cells (ECs) and enhance RBC-EC adhesion [180]. The severity in

the features of malaria is believed to be in connection with the extreme systemic

in�ammation and magni�cation of the RBC-EC adhesion leading to the local ac-

cumulation of infected RBCs [180, 218, 219]. It is commonly believed that the

functional e�ects of infected RBC-EC adhesion is not restricted to blood �ow

impairment alone. Nonetheless, only discerning and gaining an excellent under-

standing of the underlying mechanism hindering the �ow of blood can lead to ways

of ameliorating other consequences of the blood �ow impairment.

The study of the e�ects of the endothelin-1 (ET-1) (a potent vasoconstrictor

produced by vascular endothelial cells) in the microvascular ECs due to interac-

tions between abnormal RBCs and ECs has produced controversial results. The

endothelins (ETs) are involved in the regulation of vascular tone, in the ampli�-
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cation of the in�ammatory response, as well as in normal cell proliferation, repair

and tissue development, thus ET-1 can in turn modulate the endothelial expres-

sion of adhesion molecules and cytokines production [215]. Basilico and colleagues

used static coincubation assays to conclude that the production of both stimulated

and constitutive endothelin-1 in the microvascular ECs decreases with infected P.

falciparum parasitized RBCs as compared with healthy RBCs [180, 215]. This

result seems to contrast with clinical �ndings that reported an increased plasma

level of endothelin-1 in eighteen patients with severe malaria [180, 220].

2.5.3 Possible mechanism underlying endothelial cell

modulation by red blood cells in the malaria state

Activities in the microvasculature are modulated by the action of both biochemi-

cal and mechanical factors. The ligand-receptor mediated process that results in

cytoadherence of RBCs - ECs may activate signal transduction in the ECs, thus

threatening protein production/activation. The biochemical events are reported

to include the release of lipids and free radicals from unstable sickle RBCs (sickle

cells have altered and abnormal organization of lipids [180]). The EC phenotype

is in�uenced by the circulation of RBCs due to their in�uence on mechanical con-

tact and the non-physical mechanisms (Figure 2.8), and this implies that both

mechanism are apparently modulated by �ow of blood as well.

Moreover, convective mass transfer and mechanical forces induced by blood

�ow may contribute to both mechanisms. First, this is because the mechanical

contact between the RBCs and ECs could be in�uenced by the �uid shearing

forces, which often result in cytoadhesion/cytoadherence � that is the processes

whereby the malarial Plasmodium parasite adheres/sticks to the endothelial cell

receptor. The cytoadherence occurs when the dispersive �uid force is resisted by

the interactions between the cells (cell-cell contact). Secondly, the presence of

agonist on the EC may also a�ect blood �ow due to the obstructions in mass

transport [180, 221, 222]. It can be understood from the foregoing that the role of
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ECs is directly a�ected by the hemodynamic forces.

Therefore, an approach that employs dynamical measurements of blood �ow

followed by appropriate data analyses and interpretation could reveal a great deal

of information about the endothelial reactivity in the microvasculature, particu-

larly in the malarial state.

Figure 2.8: An illustration of how blood �ow could in�uence the mechanisms
involved in the endothelial cell modulation by diseased RBCs: (A) example of the
biochemical factors involved include the release of lipids and free radical from sickle
RBC and (B) mechanical contact, including ligand-receptor mediated adhesion and
direct/non-speci�c contact, (extracted with permission from [180]).
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2.6 E�ects of racial disparity on the

cardiovascular system

Awareness of ethnic health disparities in cardiovascular and many other diseases is

increasing, due to the increase in heterogeneity among the world's population. Ex-

tensive data collected from both clinical and epidemiological studies have demon-

strated racial disparity as a health issue [223�225]. This means that it is more

important than ever to address racial e�ects on many physiological processes.

Di�erences in race signi�cantly in�uence the physiology of many cardiovascular

parameters including the blood pressure [226]. By extension, this may manifest as

di�erences in the blood �ow, as well as the layer of cells that form the inner lining

of all blood vessels, the endothelium, which, as discussed above, play an important

role in the regulation of blood �ow.

It is known that African Americans (AA) and Africans are more a�ected by

cardiovascular disease [227], with AAs reported to have higher incidence of hyper-

tension and a higher rate of target organ damage, such as stroke and myocardial

infarction as compared to non-African Americans [228]. The prevalence of hyper-

tension in AA is believed to be related to a decrease in vasodilatation dependent on

nitric oxide (NO) [223], a vascular endothelial cell derived factor which relaxes the

underlying smooth muscle (see above) [229]. Besides more prevalent cardiovascu-

lar diseases, racial e�ects also cause higher incidence of other diseases in which NO

plays a critical role such as type II diabetes mellitus linked with insulin resistance

[230, 231].

Despite the signi�cant contributions being made to decipher the e�ects of race

on the pathophysiology of diseases, most of the studies that provide information

about these e�ects investigate vascular responses in subjects of di�erent races as

well as employing in-vitro techniques to investigate the functionality of endothe-

lium through recording the kinetics of NO/O2 release.
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2.6.1 Racial disparity in the resting heart rate

Racial disparities in cardiovascular dynamics could be associated with quality of

life and lifestyle [232]. One of the fundamental mechanisms behind cardiovascular

disease and associated consequences such as malaria, hypertension and diabetes

may be attributed to impairment of the autonomic nervous system [233].

Several investigations have shown mortality from a number of diseases and

other conditions results from autonomic instability in relation to an increased

sympathetic activity together with decreased parasympathetic activity [234]. This

viewpoint is that parasympathetic cardiac activity, (that is the vagal activity) gets

attenuated over time, while the peripheral and central sympathetic activities be-

come higher [235�237]. It has recently been evinced in the literature that heart rate

variabilty � the dynamical change between consecutive heart beats, is connected

with all-cause mortality and an inreased rate of disease from a plethora of risk

factors including: family hsitory of cardiovascular disease, age and socio-economic

life style [233, 234, 238, 239]. Clinically, heart rate variability has been used for

medical examinations and for prediction of risk of cardiac shock or sudden death,

following hypertension and myocardial infarction [240, 241].

A malfunctional autonomic nervous system has been associated with subjects

that are highly susceptible to cardiovascular diseases [242, 243]. Thus it is argued

that white and black individuals exhibit di�erent cardiovascular autonomic modu-

lation [244, 245]. Furthermore, disparity in the heart rate variability of white and

black subjects has been reported, with some data demonstrating a higher heart

rate variabilty in whites in the resting state compared to blacks and some studies

revealed a contrary result[244�249], although this contradiction could partly result

from the di�erences in the experimental protocols adopted in each study.

Considering the fact that attenuation of vagally mediated heart rate variabilty

is linked with a greater cardiovascular risk in African Americans (AAs), one would

expect a decreased vagally-mediated heart rate variability in AAs compared to Eu-

ropean Americans. However, �ndings from several investigations reveal a higher
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heart rate variability in AAs than EAs [246, 250�253]. For example, Lio et al. [246]

investigated the heart rate variability which was recorded for 2 mins in supine and

resting state, from subjects with atherosclerotic risk. They observed that the high

and low frequency components of the heart rate variability were increased and

decreased respectively in AAs compared to EAs. Although with 2 min recordings

one cannot talk about the low frequencies as a longer recording is needed to prop-

erly capture low frequency information. Likewise, �ndings from di�erent studies

demonstrated not only an increased heart rate variability in AAs [247, 254] but

also evinced the stability of this e�ect longitudinally [255]. While a preponderance

of data has reported higher heart rate variability in AAs, anthropometric charac-

teristics of the subjects recruited and other possible confounding e�ects require

extensive analyses in order to evaluate their in�uence on the detected di�erences.

2.6.2 Racial disparity in endothelial function

Diseases such as hypertension, diabetes mellitus and malaria have associated en-

dothelial dysfunction and the cardiovascular impediments are signi�cantly higher

in blacks than the whites. It has been proposed [223, 256] that the endothelium-

derived nitric oxide (NO), which is a critical in vascular pathophysiology, is in�u-

enced by racial disparity. Physiologically, NO mostly mediates activities within

the cells and organs of the body, and thus protects the cardiovascular system

from pathological impairments or endothelial dysfunction. In addition NO in-

hibits smooth muscle cell proliferation, and the sticking of white blood cells to the

endothelium. One of the primary processes in the onset of vascular diseases is a

the destruction of the path through which NO communicates, and that is simply

the endothelial impairment.

The increase in the production of O−2 and decrease in the synthesis of NO

is thought to be the cause of the decreased NO bioavailability seen in vascular

pathophysiology. The reduction of NO bioactivity and generation of ONOO−,

arise from the swift reaction between O−2 and NO. The substantial reduction of
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NO in the pathogenesis of vascular diseases such as hypertension and diabetes is

a consequence of the raised production of O−2 within the endothelium. In most

situations, however, the origin of the excessive production of O−2 is not clear. How-

ever, several studies have argued that NAD(P)H-dependent oxidases, xanthine oxi-

dase, cyclooxygenase, mitochondrial oxidases, and endothelial nitric oxide synthase

(eNOS) and neuronal NOS participate in the processes that lead to the generation

of O−2 [257�260]. The di�erences in endothelial NO/O−2 / ONOO− metabolism is

widely believed to occur di�erently among biracial subjects [228, 261].

Several independent studies have examined the e�ect of racial disparities in

NO production/bioavailability. It has been demonstrated that endothelial cells in

black individuals produce markedly higher O−2 , whose origin is essentially from

NAD(P)H-oxidase and endothelial NO synthase (eNOS) [261]. A di�erent study

attributed the reduction of NO bioavailability within the endothelium of black

individuals to the dulled response of the vasodilator to acetylcholine [223, 256].

Multiple mechanisms including genetic factors, socio-economic status and envi-

ronmental factors predispose the e�ects of these racial di�erences. The in�uence

of these race-speci�c mechanisms on the pathogenesis of vascular diseases is crucial

for deciphering the complexity of the diseases.

2.7 Experimental models of the erythrocyte and

vascular endothelium interactions

Cells are continuously open to mechanical forces (sticking together), as blood �ows

in the cardiovascular system. Local �uid mechanical forces modulate several cell �

plasma and cell � cell interactions in blood vessels. For example, the equilibrium

between the dispersive forces due to blood �ow and adhesive forces resulting from

the interactions of ligands and counter-receptors conveyed on the cell surface is

what determines the ability of the blood cell and vessel wall to stick together. For

these cells to be properly anchored against shear forces, the sticking strength most
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be strong enough. Moreover, for the successful capture of blood cells from the

blood stream within a very short ligand/receptor interaction time, the kinetics of

this sticking must be rapid [180].

The adhesive interactions between blood and vascular endothelial cells (ECs)

lining the vessel wall are needed to allow diverse biological processes, e.g., hemosta-

sis (platelet-EC or platelet � extracellular matrix adhesion) and in�ammation

(leukocyte-EC adhesion) [180]. However, the abnormal or improper adhesion of

blood elements to ECs can be deleterious because it may hinder blood �ow, di-

minish oxygen supply and therefore cause tissue damage or death. As is clear

from the foregoing, normal RBCs are readily deformable and are not adherent to

inactive ECs. Many studies have revealed that RBCs from patients with sickle cell

anemia, diabetes mellitus, β-thalassaemia, hereditary hydrocytosis, chronic ure-

mia, and malaria, have abnormally increased adhesiveness to ECs [180, 262�269].

The vaso-occlusive pathology and vascular damage identi�ed in these diseases are

argued to have led to the increased RBC-EC adhesion. However, the molecular

mechanism by which the ECs recognize abnormal RBCs and the phenomena that

lead to pathological responses are yet to be understood.

It is of paramount importance to discern the complex interactions between

blood �ow, RBCs, and ECs at the molecular level in order to come up with ther-

apeutics that can tackle this abnormal RBC interaction with ECs. Therefore this

section compares various in vitro experimental models on RBC-EC interactions,

including the static assay, (gravity sedimentation method), the human umbilical

vein model, the micro-pipette technique, the rat mesentric vascular model, the

parallel-plate �ow chamber, and the cone- and -plate viscometer. In addition, we

then review recent understanding of the molecular bases of RBC-EC adhesion,

RBCs modulated alterations and the functions of ECs. Even though in vivo mod-

els provide the optimum approach, it is still challenging to unveil the e�ects of

speci�c molecular mechanisms due to the complexity of the processes.
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2.7.1 Static assay (gravity sedimentation method)

The static coincubation of washed RBCs and cultured ECs was the pioneer in

vitro attempt to study RBC-EC interactions. The abnormally high adhesiveness

of sickle RBCs to ECs from calf aortas and human umbilical veins (HUVECs)

was described by both Hoover and Hebbel respectively using static assay method.

They found a strong correlation between the enhanced RBC-EC adhesion and the

acuteness of microvascular occlusion in sickle cell patients [180, 264]. The same

method was similarly used to describe the enhanced endothelial adhesion of RBCs

from patients with hereditary hydrocytosis, diabetes mellitus, chronic uremia and

malaria [180, 262, 263, 267�269].

In conducting a typical experiment on static assays; washed RBCs are allowed

to settle on and adhere to EC monolayers at 37◦ for a time duration ranging from

minutes to a few hours. After the RBC-EC coincubation is completed, the RBCs

that are unattached are separated by repeated washes; the RBCs that remained

are calculated for obtaining the adherence of RBCs, and ECs are collected for ana-

lyzing their functional changes or altered gene expression. Static assays provide a

speedy and simple method to investigate RBC-EC interactions, and have produced

su�cient information on the molecular mechanisms underlying abnormal cytoad-

hesion (e.g., the ability of the parasite to adhere to endothelial cell receptors) and

RBC-induced EC dysfunction. But static assay produces almost zero �ow in the

blood vessels, thus prolonged static incubation may result in RBC sedimentation.

This can cause an oxygen and nutrient deprived interface between ECs and RBCs,

and thus threaten the EC metabolism. In addition, the static incubation lacks the

dynamic variables present in the physiological vascular environment, such as the

very short contact time for adhesive bond formation [180]. Therefore, the details

obtained from the method may not be reliable for predicting the consequences of

RBC-EC interactions under �ow conditions.
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2.7.2 Human umbilical vein model

The perfusion of human umbilical veins by RBC suspensions at a regulated �ow

rate is a dynamic environment closer to in vivo criteria than the static assays.

In the standard approach of this model, RBC suspensions are pumped through

cannulated umbilical veins, followed by cell-free medium washing. The number of

RBCs that adhere to the vessel wall can be obtained, and the EC products released

into the �ow can also be collected in the e�uent for analysis [180]. Kucukcelebi

et al. were the �rst to use this approach in studying the interactions between

sickle RBCs and ECs [270], where they observed that enhanced adhesiveness of

the sickle RBCs to ECs lining umbilical veins can withstand wall shear stress at

the arterial level [180]. However, the inherent limitation of this approach is that

the �ow type and local wall shear stress are not properly regulated, because the

geometry of the �ow channel is only approximately known.

2.7.3 Micropipette assay

The micropipette method was initially developed by Mohandas et al. in order to

determine a quantitative measure of sickle cell adhesiveness to ECs cultured on

micro-carrier beads [180, 271, 272]. This technique involves the removal of a single

RBC adherent from the EC surface: the strength of the adhesion can be obtained

and the characteristic of adhesive contact can be analysed on a cell-by-cell basis.

In summary, a small suction with the aid of micropipette is used to aspirate

a single RBC and bring it closer to the EC surface. Then, the RBC is gently

pushed against the EC from the pipette by zeroing the suction pressure, and the

pipette is removed: the RBC either sticks to the EC or is repelled away from

the EC surface. The adhesive strength between the adherent RBC and EC is

therefore deduced from the re-aspiration of RBC into the micropipette at increasing

pressures followed by the removal of the pipette until the RBC is pulled away from

the EC [180].
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This method reveals that the interaction between sickle RBCs and bovine aortic

ECs (BAECs) is stronger than that between normal RBCs and BAECs. The

quantitative result of the adhesion strength for the detachment of these cells in

the direction normal to the EC surface is 2.19 ± 1.36 e−10 dyn and 3.08 ± 1.14

e−10 dyn, obtained for normal and sickle RBCs to BAECs respectively [180, 271].

This same technique was later used by Nash and colleagues to measure the strength

of adhesion between malaria-infected RBCs and HUVECs, and it was found to lie

within the range of 10−5 dyn in the direction normal to the EC surface.

2.7.4 Ex vivo mesentric vascular model

The approach of this model is similar to that of the in vivo vascular architecture,

as well as that of the shear force encountered as a result of the blood �ow. The

RBC perfusion was investigated in an isolated, acutely denervated, and arti�cially

perfused rat mesocecum vasculature using the methods of Baez and colleagues

[180, 273] as modi�ed for RBC infusion [180, 274]. The perfusion �uid, which

is driven by a peristaltic pump constantly perfuses the isolated tissue; arterial

perfusion pressure (PA), venous out�ow pressure (P v), and the venous out�ow rate

(F v) are observed throughout the experiment. After observing the measurements

of (PA) and (F v), the variations in each of them was also recorded when a bolus of

RBC suspension is supplied through an injection to the site of arterial cannulation

[180]. However, it was found that at constant (P v) the peripheral resistance units

(PRUs) and pressure-�ow recovery time (T pf) are the two common hydrodynamic

parameters indicating changes after delivery of the sample. The arteriovenous

pressure di�erence divided by (F v) per gram of tissue weight is de�ned as the

PRU, whereas (T pf) is the time taken for (PA) and (F v) to return to their base-

line after sample delivery.

The adhesion of malarial infected RBCs to ECs was investigated by Raventous-

Suarez and colleagues via this method, showing that the adhesion is limited to

venules in the malarial state [180, 275].
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2.7.5 Parallel-plate �ow chamber

The parallel-plate �ow chamber (which is comprised of a silicon gasket, polycar-

bonate base, glass slide or a tissue culture dish where the ECs are cultured) is

an excellent approach for studying RBC-EC interactions, by simulating the �uid

mechanical properties inside the vasculature. In this approach, a syringe pump is

used to perfuse an RBC suspension through the chamber over ECs. By assuming

Newtonian �uid behaviour, the momentum balance equation (shown in equation

2.6) was used to obtain the wall shear stress (τw) on the cell monolayer,

τw =
6µQ

wh2
, (2.6)

where the volumetric �ow rate is Q, the viscosity of perfusing �uid (RBC suspen-

sions) is µ, and h is the �ow channel height with width w [180].

This technique was used for characterizing the enhanced endothelial adhesion

of RBCs from malaria patients [269, 276]. A simpli�ed version of the parallel-plate

�ow chamber in which ECs can also be cultured inside a micro-slide, and a syringe

pump is used to perfuse an RBC suspension, is known as a micro-slide; this was

introduced by Cooke and colleagues. It utilizes a �at, open-ended glass micro-

capillary tube of rectangular cross-section of 0.03 cm × 0.3 cm [180, 277]. The

adhesive behaviours of malarial infected RBCs have been exhaustively studied by

using the micro-slide method.

2.8 Early methods of blood �ow measurement

The technique of blood �ow measurement came into being around the mid 19th

century in an attempt to measure the rate of arterial blood �ow for comparison

with Poiseuille's equation [278]. These techniques were used in estimating the

volumetric �ow rates of blood in the head, limbs, kidneys and abdominal viscera

of average size laboratory animals; cannulation of the blood vessel and the resis-
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tance o�ered to the actual blood �ow were considered to be disadvantages [278].

Thus the literature [279] contains detailed modi�cations performed on these direct

�owmeters. Another method used to estimate blood �ow was through the process

of collecting venous blood into a graduated cylinder over a known period, and this

was automated in its successive modi�cations [280]. Measurement of �ow rates

lower than 2 ml/min using a drop recorders was also introduced [278]. The use

of a photoelectric method and the establishment of a closed circulatory system

for the measurement of blood were used to overcome the disadvantages of drop

recorders like blood loss and the reaction that occurs at the electrodes.

In another attempt, a measure of �ow velocity was obtained by estimating the

time taken by a bubble to move a known distance along a glass tube having the

same diameter as the bubble through which blood is enabled to �ow [278, 281].

Characteristics of the bubble �owmeters include their simplicity, reliability, and

low resistance together with disadvantages like the need for anticoagulants and

cannulation [278, 281]. Measurements of blood �ow based on the electric con-

ductivity of blood using permanent/DC magnets have been performed [282], but

had some disadvantages such as di�culty in the choice of potentials and electrode

polarization interference. Alternatively, AC magnets were used with various exci-

tation waveform shapes e.g., sinusoidal, square, trapezoidal etc. although they all

have their pros and cons as well the disadvantage of the transformer e�ect at the

electrodes [283].

As another possible substitute, thermal convection was introduced to to blood

�ow studies, based on the use of thermal sensors such as thermistors and thermo-

couples [142, 278, 284]. The technique behind this method is solely based on the

phenomenon of thermal convection (where a hot object placed in a colder �owing

medium gets cooled) and the rate of cooling is proportional to the rate of �ow in

the medium. Thus the blood �ow is estimated from the electrical energy required

to maintain the constant temperature of the sensor inserted into the stream [278].

Direct plethysmography techniques have been used in observing the volumetric
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changes in blood �ow, by con�ning the interested part of the body to a constant

pressure chamber and observing the changes in volume occurring in the chamber

due to changes in blood �ow. The capacitance plethysmograph uses the variations

in capacitance of the transducer due to the volumetric changes in blood �ow; and

the small changes in electrical resistance of the interested body segment can be

measured with the aid of an impedance plethysmograph [285].

2.9 Recent blood �ow measurement techniques

The limitations of the conventional methods highlighted above have led to more

developed techniques for blood �ow measurement. They include Doppler ultra-

sound techniques, magnetic resonance imaging, positron emission tomography and

laser based techniques used for �ow measurement such as laser speckle and laser

Doppler.

2.9.1 Ultrasound technique

Ultrasound waves have a frequency of at least 20 kHz. They have led to major

accomplishments in various �elds of medicine such as imaging and �ow measure-

ments. The propagation of ultrasound waves in the tissue is the phenomenon

which this technique employs in measuring blood �ow.

2.9.2 Doppler Ultrasound

Doppler ultrasound is a non-invasive method of measuring blood �ow. It is based

on the frequency shift that occurs in the re�ection of sound from a moving source.

Ultrasound of a speci�c frequency is transmitted into a blood vessel as described

in Figure 2.9. The re�ected sound (from the blood vessel) is observed and thus

gives a measure of blood �ow velocity. The Doppler frequency shift due to �ow

(movement) of blood is described by equation 2.7.
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V D =
cfD

2f 0 cos θ
, (2.7)

where the velocity of sound in test tissue is denoted by c = 1540 m/s, V D is the

velocity of blood �ow and f 0 is the irradiated ultrasound frequency. The Doppler

shift frequency of the received sound signal is denoted by fD and θ is the angle at

which the transducer is placed relative to the blood vessel [278, 285]. The form of

the transmitted sound signal could be as a continuous wave (CW) or pulse wave

(PW).

Figure 2.9: An illustration of the Doppler ultrasound method, extracted with
permission from [278].

Continuous wave Doppler ultrasonic �ow meter

Doppler signals are generated from all moving obstacles in the path of the ultra-

sound beam during its propagation. A number of studies were performed using

the method. An example of such studies is the investigation of changes in the

velocity of blood �ow in the carotid artery during various stages of physical exer-

cise based on ultrasound by use of a 2 MHz CW Doppler ultrasonic probe and a

Doppler discriminator circuit [286]. Figure 2.10 presents a schematic of the mea-

surement. The Doppler signal and the 2MHz fundamental frequency were observed

synchronously in the Doppler signal discriminator. Low-frequency and harmonic
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noise are removed in order to take out the Doppler signal and digitized with the

aid of an analog/digital converter interfaced to the computer. Equation 2.10 is

used in estimating the velocity of blood �ow.

Figure 2.10: Doppler ultrasound method, extracted from [278].

Analysis of the dynamics and distribution of blood in human subjects during

exercise was studied [287], by changing the postures of exercise to supine, seating,

standing, and by carrying out analysis on the generated power spectra; �ow veloc-

ity was measured in carotid, brachial and femoral arteries. Blood �ow measure-

ments during physical exercise also yielded important results for the monitoring

and early detection of cardiovascular diseases [286].

Ultrasound for measuring perfusion

The velocities of �ows in major blood vessels can be estimated using ultrasound

techniques. However, the measurement of �ow in capillaries, otherwise known

as perfusion or tissue blood �ow, seems challenging because separation of the

re�ected spectrum from the noise spectrum becomes di�cult due to the reduced

�ow velocity. In an attempt to address this limitation, low blood velocity within

microcirculation in the thumb of a subject was studied with the use of a CW

Doppler ultrasound device utilizing a frequency of 8.1 MHz [288]. The ultrasound
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probe with and without the target (to give the noise spectrum) was used to take

the measurements and the results were compared with the measurements obtained

from the disk phantom rotating at low velocity. Note that the disk phantom is

useful for investigating low frequency Doppler, such that the tangential velocity of

the disk within the ultrasound beam is used determine the Doppler velocity. Noise

spikes at low frequencies (below 20 Hz) were observed in the spectrum resulting

from the tremor in the operator's hand, in the case of the free probe [278, 288].

Although, CW Doppler ultra-sound is a good technique, one of its limitations

is that the device cannot fathom target positions along the direction of sound wave

through the tissue. It also cannot distinguish Doppler shifted signals that arise

from various points along the transmitted ultrasound beam.

Pulsed wave Doppler ultrasound technique

The technique of pulsed wave (PW) Doppler is based on a transducer that al-

ternates the transmission and reception of ultrasound to and from human tissue.

In this approach, the ultrasound pulse is transmitted into the tissue travels for a

certain period time until it is re�ected back by a moving red blood cell. It then

returns to the transducer over the same time interval but at a shifted frequency

(Doppler shift); thus the blood �ow velocity can then be estimated by measuring

the Doppler shift in frequency and using equation 2.7.

Blood �ow velocity in the superior mesenteric artery (SMA) in 25 healthy

newborn infants was measured using the transcutaneous pulsed Doppler ultrasound

technique to study the response of intestinal blood �ow due to feeding [289]. A

fast Fourier transform was used to analyze the Doppler �ow signal and the peak

blood velocity (V p), the pulsatility index (PI) and the mean velocity (V m) were

estimated. An increase in V p and V m with a corresponding decrease in the PI

was observed before and after feeding. This pulsed-wave ultra-sound technique is

rapidly becoming a common clinical procedure in non-invasive neonatal diagnosis.
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2.9.3 Role of optics in measuring blood �ow

A number of Doppler ultrasound techniques have been discussed in the foregoing

section. While ultrasound methods of measuring blood �ow are non-invasive, they

are incapable of measuring blood �ow in the microvasculature. Table 2.3 compares

the various techniques used to measure skin blood �ow.

Optical techniques used for monitoring the blood �ow are based on frequency

shift lasers (Doppler e�ect) which have the ability to measure the microcirculation

�ux of the tissue, fast changes of perfusion during provocations and temporal

statistics of time-varying laser speckle. They are referred to as laser Doppler and

laser speckle methods respectively.

Table 2.3: A summary of various approaches suggested for measuring skin mi-
crovascular blood �ow

Technique Non-

invasive?

Measured quan-

tity

Principle Disadvantages

Radioactive

micro-

sphere

technique

[290]

No Mean blood �ow Radioactive micro-

sphere are injected

into the blood

stream; recovered

isotope count from

the tissue is used to

estimate the mean

blood �ow

No real time mea-

surement possible

133Xe

wash out

technique

[291]

No Absolute blood

�ow

133Xe is injected

subdermally and the

rate of clearance is

a measure of blood

�ow

Point measurement.

Does not measure all

capillaries. No in-

formation provided

about regional �ow.
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Table 2.3 � continued from previous page

Technique Non-

invasive?

Measured quan-

tity

Principle Disadvantages

Capillary

microscope

[125]

Yes Blood velocity

and capillary

distribution

Distance covered

by the erythrocytes

in the successive

frames gives a

measure of blood

velocity

Capillary perpen-

dicular to the skin

surface cannot be

visualized

Thermo-

graphy

[292]

Yes Temperature

map on skin

Skin temperature

radiation is imaged

and its associated

with the blood �ow

No direct rela-

tionship between

blood �ow and skin

temperature

Doppler

ultrasound

[293]

Yes Spatially re-

solved velocity

It is based on

Doppler shift im-

parted by moving

cells to the probing

sound waves

Resolution insu�-

cient for smallest

vessels; sensitive to

only one component

Speckle

techniques

[294, 295]

Yes De-correlation

time and speckle

contrast, related

to blood �ow

No spectral infor-

mation; quantitative

measurement is im-

possible

Speckles generated

by back scattered

photons from the

tissue analyzed in

spatial and temporal

domain to estimate

blood �ow
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Table 2.3 � continued from previous page

Technique Non-

invasive?

Measured quan-

tity

Principle Disadvantages

Laser

Doppler

�owmetry

[296]

Yes Relative concen-

tration and ve-

locity of moving

red blood cells

It is based on the

Doppler shift im-

parted by the mov-

ing red blood cells to

the probing light

No absolute

measurement

Doppler

Optical

Coherence

Tomog-

raphy

[297]

Yes Spatially re-

solved velocity

of moving red

blood cells

Combination of

Doppler velocimetry

with low-coherence

optical interferome-

try

Limited probing

depth 1-2mm

2.9.4 Laser speckle contrast imaging

It is believed that the laser speckle technique o�ers more advantages than the laser

Doppler technique. These include the fact that it is a real time, non-scanning whole

�eld method with higher resolution. Figure 2.11 describes the experimental set-up

[278]. In this approach, the light from the laser source is shone on the object of

interest. The illuminated area is imaged with a CCD (Charge coupled device)

camera and a frame grabber captures and digitizes the speckle pattern, it is then

processed and displayed on the PC monitor [278]. A speckle pattern is described

as the random intensity distribution pattern formed as a result of the fairly coher-

ent light re�ected from a rough surface (or propagated through a medium) with

a random refractive index �uctuations. This laser speckle pattern can only be

explained statistically [298]. However, both the coherence of the incident light and

the detailed properties of the random surface or medium determines the statistical
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properties of the speckle patterns.

Figure 2.11: Experimental setup for laser speckle imaging, extracted from [278].

Moreover, the intensity of the speckle can only be explained by statistics be-

cause of its non-deterministic nature [294, 295, 299]. In practice, the standard

deviation of the speckle pattern is less than the mean intensity, therefore lead-

ing to a corresponding reduction in the contrast of the speckle pattern which is

presented as,

Ks =
σs

< I >
, (2.8)

where Ks is the speckle contrast, σs is the standard deviation of the spatial in-

tensity variations in the speckle pattern and < I > is the spatial average of the

intensity �uctuations. Therefore, the speckle contrast is de�ned to be unity for a

fully developed speckle pattern and can be less than unity for a partially developed

speckle pattern. In the literature [298, 299], the variance of the spatial �uctua-

tions is related to the time average of the auto-covariance, Cτ (τ) of the intensity
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of �uctuations described as

σs
2(T ) =

1

T

∫ T

0

Cτ (τ)dτ. (2.9)

However, due to the convoluted nature of the capillary network it was assumed

that it has no multiple scattering, a Lorentzian velocity distribution and a perfect

speckle formation; hence equation 2.10 describes the speckle contrast, where τ c is

the correlation time of the intensity �uctuations (i.e the time taken for the intensity

to fall to 1/e the original value) and T is the exposure time,

Ks =

√
τ c
2T

(
1− exp

(
−2T

τ c

))
(2.10)

vc =
λ

2πτ c
(2.11)

F = vc × A. (2.12)

By knowing the area of illumination and thus relating the blood �ow in the vessel

to the velocity, the blood �ow can be estimated using equation 2.12, where F is

the blood �ow, vc is the mean �ow and A is the cross-sectional area of the blood

vessel.

2.9.5 Laser Doppler Flowmetry

The Doppler e�ect in which there is a shift in frequency of the light that is scattered

by moving red blood cells and the light scattered back from laser irradiated skin

provides information on the blood �ow in the skin. The blood �ow in the skin can

be inferred and evaluated from the Doppler frequency. In this working technique,

a �bre optic cable is used to deliver the light from a laser source to the skin surface

and the back-scattered light is collected from the skin using the same or second �bre

optic cable and returned to detector. As the incident laser beam becomes normal

to the velocity of �ow, then equation (2.13) gives the Doppler shifted frequency

(f), where v is the velocity of �ow, λ is the wavelength of the laser beam and the
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angle between the incident and scattered beam is θ [300]. The velocity of �ow can

be estimated once the Doppler shift frequency is measured.

f =
v sin θ

λ
. (2.13)

Laser Doppler velocimeter was �rst used to measure the blood velocity in reti-

nal arteries of albino rabbits, in which the magnitude of the Doppler shifted fre-

quency was measured by optical heterodyne using a photo multiplier tube and

the velocities of blood were in the range of 1.1 to 1.8 cm/sec [300]. Moreover

the advantages of laser Doppler technique compared to the methods laser speckle

imaging includes being a non-invasive and simple-to-apply technique, which pro-

vides continuous or nearly-continuous records but it arguable believed to su�ers

from the disadvantages of limited laser penetration depth [301].

2.10 Summary

Biophysical models of blood �ow in the microvasculature remain daunting, due

to the challenges faced with the true representation of some physiological activ-

ities such as the rhythmic variation of a small vessel's wall over time. However,

by characterizing the oscillatory processes that manifest in the skin microvascular

blood �ow, one can e�ciently examine and gain useful insight into microvascular

dynamics in both pathological and healthy states. One example of such a patho-

logical state is malaria, which is envisioned to alter the dynamical properties of

blood �ow due to various simultaneous in�uences: the sti�ness of the red blood cell

membrane, its propensity to stick to the inner linings of all the blood vessels, the

increased sti�ness and change in surface properties that makes the infected cells to

pass less easily through the capillaries, and the subsequent e�ect of all these factors

on the microvasculature, i.e. in the capillary network resulting in changes in the

viscosity, �ow properties, and oxygenation of blood and high vascular resistance

due to hostile condition.
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3. Measurements, non-linear

dynamics and time series analysis

methods

This Chapter present the methodologies used for measuring and analysing the

physiological signals that are discussed in Chapters 4, 5, 6 and 7. The rational

for choosing the methodologies discussed here (particularly for the analysis) is

highlighted in Chapter 8.

3.1 Experimental protocol

Before measurements are taken, in order to ensure that the subject has ful�lled

the appropriate inclusion criteria of the study, the researcher will go through the

consent form, patient information sheet, participant details sheet, answer any ques-

tions and then obtain the written informed consent.

3.1.1 Measurement setup

A series of probes were attached to the subject (in all the studies presented in the

thesis, except stated otherwise) as follows:

� LDF(Moor Instruments Ltd) sensors. These are small sensors that measure

the blood �ow. They are attached on the left and right wrists, or left and

right ankles, depending the study.
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� ECG sensors. One sensor on each shoulder and a sensor on the lowest left

rib. These measure the electrical activity of the heart. The position of the

sensors were the same in all the studies presented in the thesis.

� VMS-NIRS sensor. The channel was placed on the forearm . It measures

the deep tissue oxygenation. This was used only in the work presented in

Chapter 5.

� VMS�OXY sensors. One channel was placed on the right forearm. The

sensor measures super�cial tissue oxygenation. This was also used in the

work presented in Chapter 5.

� Respiration belt. A Velcro belt was fastened loosely around the chest, to

mechanically measure the breathing rate.

� Temperature sensors at the left ankle and left wrist. These measures the

temperature of the skin at the point where blood is measured.

� Arterial oxygen saturation was meaured using a small sensor attached to the

left ear. This was only used in Chapter 6

Before the measurements begin volunteers were asked to abstain from food,

co�ee, and alcohol for 3 hours prior to the experimental measurements. Recordings

occurred in the morning and evening with subjects lying in the room (Faraday cage

for experiments done in Lancaster and in a quiet room for experiments conducted

in Nigeria) with a stable room temperature. Measurements presented in Chapters

4, 5, 6 and 7 were made in a temperature controlled room of 23.0-23.5oC. In all

the experiments, subjects were acclimatized and relaxed for a period of about

20 minutes prior to the measurements A photograph of the measurement setup

is shown in Figure 3.1. The blood pressure of the subjects was recorded before

starting the measurement � measured with a Digital Automatic Blood Pressure

Monitor (Omron, M10-IT), by wrapping a cu� on the subjects' upper right arm.
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Subjects were requested to refrain from leaning forward, moving or talking and

were ensured to be in a correct posture during the blood pressure measurements.

The above protocol was used for all the experimental studies discussed in this

thesis, although the sample size for each experiment di�ers. The inclusion and

exclusion criteria in some cases also di�er.

Figure 3.1: Illustration of measurement setup. Typical illustration of an ex-
perimental session, with the subject lying down in a supine position and a set of
cardiovascular signals being simultaneously measured.

3.1.2 Sampling frequency used for measurements

The skin blood �ow was simultaneously measured at two or more di�erent sites of

the body (depending on the study's measurement setup) at a sampling frequency

of 40 Hz. All the blood �ow recordings analysed in this thesis were sampled at
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40 Hz. The ECG, respiration, and skin temperature were recorded at a sampling

frequency of 12000 Hz, but were later downsampled to 40 Hz. The measurement

setup for respiration and ECG recordings was the same for all experiments. The

oxygenation recordings were sampled at 40 Hz.

These cardiovascular signals/time series were pre-processed and recorded si-

multaneously (with voltage output digitized with a 16-bit A/D converter) using

a signal conditioning system (Cardiosignals, Institute Joºef Stefan, Slovenia). All

recordings discussed in this thesis lasted for 30 minutes with the volunteers lying

relaxed in a supine state, except in the pilot study where the recordings were done

whilst the subjects were sitting.

3.1.3 Recruitment of subjects

Generally, the subjects considered for the studies in Chapters 4 5 and 7 were all

healthy and recruited within Lancaster University Campus and Lancaster City, by

distribution of information sheets. They were monitored at Lancaster University

in a purpose built lab in the physics building. Subjects were ensured to be healthy,

as assessed using the participant details sheet.

The general exclusion criteria for the subject includes any form of concomi-

tant diseases predisposing them to alterations of endothelium-dependent vaso-

motion, such as diabetes mellitus, coronary or peripheral artery disease, hyperc-

holesterolemia, immunological disorders, malaria, history of cardiovascular disease,

other illness such as; blood disorders e.g. anaemia and atherosclerosis, deep vein

thrombosis, hypertension, epilepsy, fainting, blackouts and dizziness or vertigo.

3.2 Cardiovascular signals

The scaling laws, observations and measurements of dynamical processes within

living system to be considered in this section are essential in the general under-

standing of the human cardiovascular system. The approach is continually be-
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coming realistic following the emergence of various new real time techniques for

continuously monitoring spontaneous dynamics in living systems based on di�er-

ent physical principles ranging from optical to electrical. Therefore, the study of

a living system in healthy state and its transition to pathological state on the ba-

sis of measurements can reveal useful information about human, as well as other

living systems.

3.2.1 Electrocardiogram

One of the vital biological oscillators that is of great signi�cance in the body is the

heart. The electrical events within the heart can be non-invasively evaluated over

time, primarily with an electrocardiogram (ECG). An ECG monitors the changes

in the electrical activities of the heart as the heart beats. In a healthy resting state,

the heart rate varies between 60 to 90 beats per minute, although it generally lower

in healthy athletes, due to an increment in the volume of blood propelled out of

the heart. However, any resting heart rate out of these ranges signi�es an essential

medical condition.

Analogically, the action potentials of cardiac muscle cells can be considered as

batteries that allow free �ow of charge/current across the body �uids. The �ow of

these currents occur as a result of the action potentials emerging simultaneously in

most of the myocardial cells. The depolarisation and repolarisation of myocardial

cells leads to the contraction and relaxation of cardiac muscle. These electrical

changes can be discerned noninvasively by recording via electrodes placed on the

shoulders and rib at the skin surface to produce ECG. A typical ECG tracing of

a normal heartbeat period -� cardiac cycle is shown in Figure 3.2. The major

characteristic components of the ECG are the P wave, the QRS complex and the

T wave.
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Figure 3.2: Typical one-cycle ECG trace.

The P wave is produced during atrial depolarisation and it extends from right

to the left atrium, with the initial segment and the terminal portion of the wave

re�ecting right atrial depolarization and left atrial depolarization, respectively. Af-

ter the atria, the electrical forces produced as a result of ventricular depolarization

are represented by QRS complex, consisting of Q, R and S waves. The amplitude

of the QRS complex is higher than that of the P wave due to the greater amount

of muscle present in the ventricles compared to the atria. The Q wave is asso-

ciated with septal depolarization and it appear after the P wave. The R wave

re�ects early ventricular polarization and is believed to appropriate for estimating

the heart rate and heart rate variability, because the wave is often the easiest to

detect. The S wave re�ects the late ventricular depolarization while the ventricu-

lar repolarization (the recovery of the ventricles) which the last event of the cycle

is represented by the T wave [302]. Willem Einthoven in 19th century attributed

these letters to the de�ections in ECG. Although, the shape of these waves can

be dissimilar and can even disappear in some situations. To date the charac-

teristics of these waves including their position and the relationship between one
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another are used in examining the heart and in conducting early diagnosis various

cardiovascular abnormalities.

3.2.2 Heart rate variability/Instantaneous heart frequency

From an ECG signal the instantaneous heart rate (IHR) or heart rate variability

(HRV) can be determined by a number of methods. The most common approach is

performed in the time domain. In these methods, the locations of the R-peaks are

marked with each interval between successive RR peaks considered as a complete

period of oscillation with phase interval of 0 and 2π. The reciprocal of distance

between each RR-peaks is gives the IHR. The RR-peaks are mostly used in evalu-

ating the IHR given that R-peaks are more notable component during heart beat,

and are manifested in every cycle. One major drawback of this method is the

dependency of the resolution on period of oscillation � meaning that information

on instantaneous frequency and phase are accessible between every cycle. This

method requires a linear interpolation of the signal, because depending on the pe-

riod of oscillation it is expected that the sampling frequency of the HRV signal will

di�er. In order to preserve the same resolution as contained in the original signals,

the instantaneous frequency has to be extracted by transforming the ECG signal

into time-frequency domain using wavelet analysis alongside the ridge extraction

methods, as in nonlinear decomposition (NMD) [303], a technique that decom-

poses signal into set of components, or modes. Using NMD, the instantaneous

frequency of the heart beat can extracted from the wavelet transform of the ECG,

thus yielding the IHR. Similarly, the IHR can also derived from the LDF signal

using the same technique. Note that in the literature [304, 305] IHR is mostly

referred to as HRV or, occasionally, as instantaneous heart frequency (IHF).

These time-frequency domain analyses have helped in providing additional in-

sight on autonomic background of RR interval oscillations in the heart rate mea-

sure. The con�rmation of HRV as a robust marker for prognosis after acute my-

ocardial infarction in the late 1980s illuminated its clinical signi�cance [306]. The
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pattern of the heart rate depends on spontaneous respiratory cycle, which makes

the heart rate change slightly during inspiration and expiration. This change is

referred as respiratory sinus arrhythmia (RSA) [307]. The manifestation of RSA

is a strong indicator that the heart meets-up with the demands of the body con-

tinuously. Although heart rate is used as a measure for overall health, for example

a high resting heart rate or tachycardia (> 100 breath per minutes) is usually

a sign of heart complication while a low resting heart rate is usually attributed

with exercise/sports, however the heart rate variability is more informative as it

is widely regarded as a quantitative marker of autonomic activity. A number of

studies have reported the e�ect of HRV in several pathological states, particularly

in hypertension, atherosclerosis and diabetic neuropathy where HRV is seen to be

signi�cantly decreased.

3.2.3 Respiration

Respiration can be measured by analysing the carbon dioxide levels, but it is

commonly measured mechanically via direct measurement of the chest movement.

Using the marked event or NMD methods explained above, one can extract the

respiratory rate.

In this study, respiration was measured using a respiratory belt sensor includ-

ing a Velcro belt and a TSD201 conductance transducer (BIOPAC Systems Inc,

Goleta, California, USA). The belt may be fastened loosely around the chest of the

subjects, whilst the changes in thoracic circumference is measured by the trans-

ducer, thus yielding respiratory signal. The signal may be ampli�ed and sampled

via a 22-bit A/D convertor using the signal conditioning unit.
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3.3 Acquisition of microvascular skin blood �ow

3.3.1 Laser Doppler �owmetry - moorVMS-LDF2

The human skin and it its optical properties discussed earlier in the previous

chapter has provided primary understanding about cutaneous tissue and potentials

of the skin as a surrogate organ suitable for the study of microcirculatory processes.

LDF provides a continuous measurement of microcirculation in the skin, thus

re�ecting perfusion in capillaries, arterioles, venules and dermal vascular plexus.

The LDF (moorLAB, Moor Instruments Ltd., UK) used in this work transmits

a near infrared laser light ( which must be monochromatic) from temperature

stabilized laser diodes operating at a wavelength of 780 nm and with a maximum

power of 2.5 mW into the skin through an MP1-V2 probe (Moor Instruments

Ltd., UK), which has two optical �bres. A �exible probe holder (PH1-V2, Moor

Instruments Ltd., UK) is then attached to the skin surface where the measurement

would be made using double-sided adhesive discs.

LDF is a simple and non-invasive technique which has been used to study

microvascular blood �ow, providing useful clinical informations on the oscillations

that manifest in blood �ow dynamics [17]. One useful achievement aided by LDF

is the discovery of six fundermental oscillatory processes in the spectra of LDF

signals [17].

Doppler shift and light interaction with tissue

One of the LDF's �bres deliver light to the site under observation. The light

passing through the skin and reaching the microvasculature is back-scattered by

moving red blood cells, frequency-shifted due to the Doppler e�ect - depending on

the scattering angle, the wavelength, and the velocity vector of the cell [308], it is

then returned to the instrument via a second optical �bre as shown in Figure 3.3.

For example, if a photon with frequency ω is back-scattered by a particle moving

with a velocity v (see Figure 3.4), then the Doppler shift is given as
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Figure 3.3: Schematic of the light-skin interaction. When laser light is delivered
to the skin, there are three main contributions to the re�ected light: specular
re�ection (which makes insigni�cant e�ect), back-scattering at the skin surface
(i.e. the stratum corneum), and back-scattering from the epidermis and dermis
levels. Scattering from moving erythrocytes (red blood cells) in the dermis results
in a Doppler shift in the frequency of the light returned to the laser Doppler probe
detector. This spectral broadening can then be related to the average velocity and
hence �ux of the blood �ow.

∆ω = #�v .(
#�

k I −
#�

k s)

∆ω = | #�v || #�k I −
#�

k s| cos β.

(3.1)

If kI is the propagation vector of the incident photon and ks is the propagation

vector of the scattered photon, then β which is the angular frequency shift between

the velocity vector and scattering vector is written as:

β = cos−1

(
∆ω

| #�v || #�k I −
#�

k s|

)

β = cos−1

(
#�v .(

#�

k I −
#�

k s)

| #�v || #�k I −
#�

k s|

)
.

(3.2)

If we consider the wavelength of the light as λ, and α as the angle between v

and the plane of scattering, the Doppler shift then becomes [308]

∆ω = 2(2π/λ)|v| sin(α/2) cos β. (3.3)
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Figure 3.4: Optics of photon and RBC interactions. An illustration of a photon
with propagation vector kI scattered by a red blood cell moving with velocity v,
and after being scattered the photon's new propagation vector is ks.

According to the Doppler principle, the light re�ected from moving red blood cells

is shifted in frequency by an amount related to the blood �ow in the illuminated

volume of tissue � the frequency shift is proportional to red cell velocity while

the frequency of light re�ected from stationary cells and tissue remains unchanged

[117]. The di�erence between incident light and the Doppler-shifted back-scattered

light gives the LDF signal, known as the blood perfusion signal.

The incoming photon is Doppler shifted several times as it passes through

various blood vessels and moving red cells within the microvasculature, and then

interferes with the non-Doppler shifted light to form a dynamic speckle interference

pattern on the photodetector. This interference makes the current signal of the

detector �uctuate. Details about the �ux and concentration of red blood cells are

contained in the spectral power of these �uctuations [308], as the spectral power is

linearly proportional to the �ux and concentration of red blood cells. The �ux (i.e

blood �ow) is proportional to the product of the average speed of the moving red

blood cells and their concentration. The LDF output is semi-quantitative [117]

and is expressed in perfusion units (PU) of output voltage (typically 100 PU = 5

V) or just arbitrary units (AU).

A prominent feature of the LDF recording is its inability to provide absolute

perfusion values. This is because for tissue at rest, other particles excluding red

blood cells are actually in motion (not static) during LDF operation, since the ther-
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mal motion of scattering bodies usually contribute to the LDF signal. Therefore

LDF actually provide perfusion reading and cannot be zero even during occlusion

when �ow of blood is completely blocked. On this basis, it is necessary to cali-

brate the LDF device in a speci�c calibration liquid so as to allow an appropriate

comparison of data.

3.3.2 Skin temperature

Skin temperature can measured using two high sensitivity, low heat capacity ther-

mistors � YSI 709B Thermilinear sensors (YSI Inc., Yellow Springs, OH, USA)

of 8.5 mm diameter taped on the skin. The thermistors (T1 and T2) can be

positioned outside the left and right ankles, over the lateral malleolus.

3.4 Blood oxygenation

Tissue oxygenation

The oxygenation level in tissue is determined by a balance between between oxy-

gen delivery and oxygen utilization. Oxygen saturation is not a direct re�ection

of tissue oxygenation, as several physiological factors such as tissue pH and tem-

perature in�uence the a�nity of oxygen for hemoglobin, which determines the

adequacy of oxygen supply to the tissues. Here, the oxygen saturation was mea-

sured by two di�erent optical methods: near-infrared spectroscopy (NIRS) and

white light spectroscopy, using moorVMS-OXY (Moor Instruments Ltd, UK) and

moorVMS-NIRS (Moor Instruments Ltd, UK) instruments respectively.

moorVMS-NIRS - near infrared spectroscopy The dual-channel NIRS mod-

ule was used to measure oxygenation (oxygen saturation) in deeper tissue, using

the spatially resolved spectroscopy method [309, 310]. The instrument records

oxygenation using two probes on the forearm. One of these comprises a detector

head with two identical photodiodes, and the other probe has an emitter with two
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near infrared LEDs emitting light in the wavelength range ∼ 750-850 nm. With

very low loss, the light is delivered to the probe via an optical �bre and thence

into the tissue. A probe holder setting a 30 mm separation between the detector

and emitter is attached to the skin and �xed in place with a bandage.

Although much of the light from the emitter head is scattered and absorbed,

a small portion of it penetrates through the tissue to reach the photodiodes. The

two identical photodiodes present in the detector head are 0.5 cm apart. Based

on the orientation of the photodetectors, the oxygen-dependent absorption charac-

teristics exhibited by tissue chromophores (hemoglobin) in the region under inves-

tigation is obtained by evaluating the relationship between the light attenuation

and tissue chromophore concentration using the modi�ed Beer-Lambert law [309],

i.e. assuming the linearity of attenuation with chromophore concentration. Thus

the dynamical change in hemoglobin concentration can be found. The modi�ed

Beer-Lambert Law, is often generally expressed as

A(λ) = ε(λ) · c · I(λ, c) +G(λ), (3.4)

where the attenuation is denoted by A, ε as the molar extinction coe�cients of the

chromophores(oxygenated and deoxygenated hemoglobin), c is the molar concen-

trations of the chromophores, I is the mean path length and G is scattering loss.

The attenuation A can be expressed as

A(λ) = − log10

(
I(λ)

I0(λ)

)
, (3.5)

where the incident and re�ected lights are represented as I0 and I respectively.

The Beer-Lambert law essentially compares the properties of the medium (tis-

sue) through which the incident light propagates and gets absorbed. The spacing

between the emitter and detector leads to the change in attenuation with respect

to emitter to detector distance. However, the orientation of the photodetectors

then allows the variation in the attenuation to be measured [57].

93



The attenuation coe�cient of tissue is obtained by computing the spatial vari-

ation of the retro-re�ected light intensity as a function of distance between the

light emitted at high source to detector spacings [311]. Using the known opti-

cal characteristics of hemoglobin, known probe geometry, and postulates about

typical tissue scattering characteristics, the absolute concentrations of oxyHb and

deoxyHb can then be calculated. The backscattered light collected through the

photodiode is received at the detector and ampli�ed. The recordings were cap-

tured at a sampling rate of 40 Hz using the manufacturer's software (MoorSoft).

Data were exported to Matlab (R2016b, Mathworks, UK) for pre-processing and

analysis. The output tissue oxygenation (SO2) is expressed in % of output voltage

(typically, 100% = 1 V). Mathematically, SO2 is de�ned as

SO2 =
oxyHb

totalHb
, (3.6)

where total haemoglobin (totalHb) = oxygenated hemoglobin (oxyHb) + deoxy-

genated hemoglobin (deoxyHb) are in arbitrary units (AU).

moorVMS-OXY - white light spectroscopy The single-channel continuous

tissue oxygenation monitor (Moor Instruments Ltd, UK) was used for recording

skin oxygenation on the left forearm, based on white light re�ectance spectroscopy.

The Moor CP7-1000 blunt needle probe is placed in contact with the skin. It

consists of a photodiode that generates white light over the wavelength range 400-

700 nm with a maximum optical output power of 6 mW. With the probe placed

inside a holder, the holder was bandaged to the skin to hold it in position.

Bright white light from an LED is delivered to the probe through an optical

�bre. While propagating through the tissue, the incident light interacts with

erythrocytes. Some of it is scattered, while a fraction of it is absorbed by the

red blood cells, depending on the wavelength and on their Hb oxygenation status.

The re�ected light is collected by a another optical �bre in the same probe. In

addition, the light backscattered by moving red blood cells is analysed by the
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moorVMS-OXY system within the wavelength interval of 500-650 nm. The system

then computes tissue oxygenation by comparing the collected spectra with the

absorption curves from known concentrations of melanin, oxyHb and deoxyHb

which are obtained using the equation

µ(λ) =
∑

εi(λ) · ci, (3.7)

where ε is a matrix from literature and index i signi�es each chromophore [312].

The temperature on the oxygen saturation is acquired via a thermistor mounted

in the probe tip. Using the manufacturer's MoorSoft software, the signals were

captured at a sampling frequency of 40 Hz. The obtained oxyHb and deoxyHb pa-

rameters are expressed in arbitrary units (AU), temperature in degrees (typically,

1 V = 10oC) and SO2 (%).

3.4.1 Arterial oxygenation

The oxygen saturation level of arterial haemoglobin, is SpO2. It is measured using

TOSCA500 (Radiometer Ltd, Copenhagen, Denmark) with its sensor attached on

subject's right earlobe. The pulse oximeter sensors transmit a light from an infra-

red LED (typically 910 nm) onto the earlobe, and the re�ected light detected by

a photodiode give a measure of the arterial oxygen saturation.

3.5 Summary

Technological advancement has led to developments in the temporal resolution of

existing methods for acquiring time dependent dynamics inherent to all biological

signals. This in turn permits the measurement of additional biomedical data in vivo

as never before, allowing the structure and function of the body to be examined

unperturbed under normal or pathological conditions. These new developments in

biomedical signal acquisition necessitate the need for the establishment of novel

analysis techniques for thermodynamically open systems which are nonlinear, non-
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autonomous and far from equilibrium, as in the case of living systems.

3.6 Dynamical systems and methods for

analysing them

3.6.1 Introduction

To achieve a proper understanding of the underlying dynamics of living systems,

such systems require di�erent treatment from how one might investigate a me-

chanical system.

Signals recorded from living systems can be analysed to extract statistical prop-

erties of the data, or to investigate potential oscillatory characteristics, by quanti-

fying the amplitude and power of oscillations and their phase characteristics. We

will particularly focus on characterization of time-varying oscillatory properties,

resolving the dynamics with optimal time localization and frequency resolution.

Dynamical systems are described by a law specifying the state of a process

as a function of time, given starting conditions; in particular, dynamical systems

are used to model physical systems subject to an interplay of forces. Any natu-

ral system we might think of is always being acted upon by one or more forces.

Dynamical systems are commonly given in the form of

dx

dt
= f(x), (3.8)

meaning that at each instant in time t, the speed and direction in which the state

x is changing is speci�ed by its dependence f upon the current state x(t). There

are quite a number of di�erent dynamical systems, such as the linear harmonic

oscillator, Kepler's planetary system and simple pendulum, among others. But

the most widely observed systems in nature are those whose dynamics are ex-

plicitly time dependent as in the case of most living systems. Such systems are

referred to as nonautonomous system and can be described by nonlinear di�erential
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equations, although nonlinearity of di�erential equations is a completely distinct

concept from nonautonomicity. Of course, it is probably true that most living sys-

tems are described by nonlinear di�erential equations, especially by virtue of the

existence of phase interactions among biological oscillatory processes. However, in

general, a system whose dynamics is explicitly time-varying does not have to be

described by nonlinear di�erential equations. Therefore, in this thesis, the dynam-

ical systems considered will almost exclusively be systems described by nonlinear

nonautonomous di�erential equations

The most vital characteristics of most dynamical systems in nature is the

bounded nature of their states as t approaches in�nity, and this bounded region is

referred as an attractor. In the absence of this characteristic, continuous pertur-

bations to a system would cause the system to undergo uncontrollable divergence

from the original state.

3.6.2 Stochastic and Deterministic systems

External random in�uences on a system can lead to complex behaviour. This

can be modelled by including a noise term in the set of equations describing the

time-evolution of a system. The characteristics of the noise added to the system,

such as its spectrum, can only be produced by external in�uence as they are

completely di�erent from the characteristics of the system's internal dynamics.

Thus stochastic systems are open systems.

Deterministic dynamical systems are those that do not seek to incorporate any

randomness when predicting the system's future state. Contrary to a stochastic

system (which is a probabilistic system where the evolution of all the system's

events can not be predicted with certainty), in deterministic systems as long as

the initial state of the system is known at a given point in time, it possible to infer

the occurrence of events without uncertainty.
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3.6.3 Oscillatory systems

An oscillatory system is any dynamical system whose solutions remain bounded

but do not converge to a �xed equilibrium state. An oscillatory system, being

a dynamical system, could also be understood as a physical system whose oscil-

lations are naturally brought about by the features of the system itself � arising

from perturbation of the equilibrium state. From a biological standpoint, several

oscillatory systems manifest in an entire human or other living system, and are

constantly interacting with each other. In fact, all physiological processes taking

place in a biological system have interactions with other processes in the system

and are continuously exchanging matter and energy with their environment; and

thus, they manifest as oscillatory. Physiological oscillatory processes occur in e.g.,

blood pressure, electrocardiogram (ECG) and electroencephalogram (EEG).

The properties of oscillatory systems are dependent on the activities occurring

in them. Such oscillatory systems are categorized as nonlinear systems as their

behaviour cannot be adequately described by a linear set of equations, but rather

would require a nonlinear set of equations. It is worth noting that the principle

of superposition of two or more oscillators does not hold for nonlinear systems of

interacting oscillators.

3.7 Relation of living system to dynamical

systems theory

Nonlinearity in living systems

An estimation of the state of any linear system is often possible when all its

underlying properties are known at any particular point in time, therefore solving

the system analytically is practicable. Basically, this implies that it is feasible

to fathom all the properties of a linear system without necessarily monitoring its

dynamics over time. On the contrary, such approach cannot be used to analyse
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nonlinear system such as the living systems. While it is nevertheless possible to

calculate some of their features analytically, it almost impossible to understand the

trajectory of a real nonlinear system without either monitoring its dynamics over

or time or simulating it. It is worth mentioning that this challenge is not related

to the complexity of the system - as a linear system can be extremely complex

while a nonlinear system can very simple, nonetheless these underlying principles

still hold when analysing either of them.

The consequences of nonlinearity can be somewhat overwhelming. It does not

only lead to mathematical challenges, but also gives rise to some occurrences such

as hysteresis. This simply describes the situation where the system's trajectory

from one point to another is di�erent from the trajectory it follows in the reverse

direction between the same two states - and this is why the direction of time is crit-

ical in analysing nonlinear systems. Harmonics also arise from the nonlinearities

in nonlinear systems in their response to oscillatory inputs. These harmonics are

modes that can be extracted from nonlinear oscillations using linear-based analysis

techniques.

Openness of living systems

The nonlinearities discussed in the foregoing can actually be viewed as manifes-

tations of a distinctive attribute of living systems: due to the fact that are ther-

modynamically open and exchange energy and matter with their environment. It

is mostly presumed in major theories of dynamical systems that the system are

closed, that is to say it is autonomous and fully described by its state. On the

contrary, living systems are strictly open and non autonomous meaning that both

their state and time can used to describe their dynamics. Therefore, the intro-

duction of time-dependent variables is inevitable when analysing the dynamics of

living systems.

There is a possibility of having time-variability in the statistical properties of

closed system and in such cases the systems' dynamics are considered as nonsta-
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tionary. By assuming a chaotic behaviour, the complex nonstationary dynamics

in closed systems can easily be modelled on the premise that a small perturbation

in the system's trajectory grows exponentially over time [313]. In the event that

the complex dynamics are not in conformity with a chaotic pattern, they are then

modelled by stochastic systems - where the complexity is brought about simply

by the in�uence of some external randomness such as noise. Interestingly, either

of these approaches are still suitable for the concept of autonomous systems hence

the main reason why time-dependent variable are commonly omitted in the anal-

ysis. But, because living systems are strictly nonstationary and non-autonomous,

none of these methods are applicable [314].

3.8 Discerning dynamical systems: Inverse

approach

Using the framework of nonautonomous systems, one can discern far-reaching dy-

namical properties in living systems. The challenges accompanied with this ap-

proach have resulted in a number of futile e�orts towards developing alternative

approaches that would be based on autonomicity. Moreover, the use of phase

space analysis is traditionally the �rst approach been sought in the case of de-

terministic systems - the method is simply to reconstruct the attractor in phase

space. While this method is feasible for autonomous systems, it merely takes into

account time dependent attractors [315]. The dilemma here is that, an inclusion

of time-dependence into the system would in turn lead to additional dimension in

the phase space, thus bringing into the system additional complexity.

The use of an inverse approach can be applicable when interested in discerning

dynamical systems, and can be achieved in two manners: modelling the system

with a set of di�erential equations or by directly measuring/observing the system

over time. The �rst approach provides an ideal framework for time series analysis,

in such a way that all the parameters of the system can be put into a speci�c
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state due to the �rst-hand knowledge of the exact state of the system at any point

in time. In the latter approach an exact de�nition of the system's phase is very

challenging as its trajectory can only be described on one-dimension. However,

both techniques are applicable in the inverse approach to dynamical systems.

In this thesis, time series from measured systems were studied.

3.8.1 General characteristics of time series

Time series are sequences of data points that are generated experimentally or

numerically in a continuous order. Time series enable us to extract information

about the dynamical behaviour of a system. In this thesis the time series were

mostly generated experimentally. Observing dynamics in a time series is one of

the most e�cient ways to fathom complex systems such as the living systems and

could pave the way for the development of invivo mathematical models.

In order to extract information about any system experimentally, repeated

measurements must be made. First, the time series of a system could be obtained

by controlling the conditions of the system whilst measuring the response after

a time lag. Secondly, it could be achieved by taking an arbitrary set of initials

conditions whilst making N consecutive measurements over a time step ∆t to

generate the time series in which the dynamical behaviour of the system is revealed

[314].

Frequency interval

Time series have two important properties which are the time interval L = N∆t

over which the system is sampled and the sampling frequency fs =1/∆t, the rate

at which sample are taken. The Nyquist - Shannon sampling frequency is the

maximum observable frequency which is equal to half the sampling frequency fs/2

- moreover, the lowest observable frequency is given by 1/L. But both L and fs

must be in�nitely large in order to obtain a continuous frequency distribution that

extends between 0 and ∞, although this cannot be met by the discrete and �nite
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time series generated numerically and from real world measurements [314, 316].

Consequently, the analyses of the experimentally generated time series in this thesis

were premised on the basisf that the physiological processes that are sampled

contain negligible energy at frequencies above half the sampling frequency (the

Nyquist frequency).

Uncertainty relationships

Time and frequency are two interdependent features in any signal. A typical e�ect

of this interdependency is the impossibility of localising a non-zero function and

its frequency spectrum as in the case of Fourier transform. Speci�cally as in

∆x∆s ≥ 1

4π
, (3.9)

where ∆x is the standard deviation associated to the density function |x|2 and

the standard deviation associated to its Fourier transform conjugate s is ∆s. The

inequality has been proven in the book of Bracewell [317].

3.9 Time series analysis in time domain

3.9.1 Preprocessing

When analysing time series, preprocessing of data in time domain is required. This

is important because the challenges mostly faced when analysing time series in the

frequency domain are substantially reduced.

Detrending

Time series, especially those experimentally generated via measurements on liv-

ing systems are accompanied with artefacts. These artefacts usually result from

movements, or some noise related to the equipment used for an experiment. The

features of these artefacts distort the statistical properties of the recorded time se-
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ries over the entire interval under investigation, and such a phenomenon is referred

as a trend.

The removal of trend that is believed to distort or obscure the features of in-

terest from the time series is termed �detrending�. The removal of a trend can be

done in a number of ways, either through statistical or mathematical operation,

and is preferably done in the time domain. Filtering, a frequency domain method

which involves the direct removal of data via the subtraction of the Fourier com-

ponents over a certain frequency interval, leads to losing information and is also

not e�cient when considering non-stationary time series. The advantage of time

domain smoothing over �ltering is that the former preserves information which is

likely to be lost in the latter. Information in time series that is time dependent can

be preserved by smoothing, since it operates in the time domain, hence making it

applicable on nonstationary time series.

While non-complicated trends that are linear in nature can be detrended by

subtracting a least-squares-�t straight line, which is also known as moving poly-

nomial. Complicated trends that are non linear are mostly removed by smoothing

approach.

3.9.2 Instantaneous frequency and phase extraction

The term instantaneous frequency is arguably viewed as an inappropriate designa-

tion as it implies a universal de�nition for the frequency of an oscillation at every

point in time. In reality, the number of cycles within a period of time is referred

to as frequency, therefore knowing an oscillatory frequency at an arbitrary point

in a cycle should not be feasible. However, by assuming that certain features are

maintained in every cycle, these changes in oscillation can be used to establish

a model de�nition of frequency. For example, if the rate at which the frequency

changes is slow compared to the real dynamics of the phase, then the system can

be regarded as a sinusoidal oscillation whose phase is de�ned as φ = ωt + θ. As-

suming the phase can be de�ned for every cycle, then the instantaneous angular
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frequency can be estimated by taking the time derivate of the phase as,

ω =
dφ

dt
, (3.10)

Two of the ways that instantaneous frequency can be calculated are using

marked events or using the Hilbert transform.

Marked events

The approach of marked events computes the frequency or phase of an oscillation

based on the number of events per unit time. The method has the merit of being

simple. In the case of a time series whose oscillations occur continuously, it is

possible for the event to be any location between 0 and 2π within the phase of

one cycle. For the method to accurately detect peaks, an event must be present in

each cycle and at the same time its location in the phase is not altered. Therefore,

the reciprocal of the period between successive events in various cycles gives the

instantaneous frequency.

An illustration of the marked event method on ECG is discussed, with Figure

3.5 showing the R peaks sampled from an ECG signal. The marked event can be

considered as the R peak, while the times of successive R peaks can be written as

tk and tk+1. The average instantaneous heart frequency (heart rate) can then be

de�ned as the reciprocal of the times between successive R peaks, expressed as,

f(tk) =
1

tk+1 − tk
, (3.11)
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Figure 3.5: The marked events method applied on a sample in an ECG signal.

This method can only detect a frequency once in each successive period. This

makes the distance between each event to be considered being equal to a phase

change of 2π. The marked events approach is accompanied with some signi�cant

e�ects, which are outlined below.

i The time resolution of marked events information only corresponds to the

period of the oscillation.

ii Only when time is �xed that the instantaneous phase can be obtained, as the

phase interval of each marked event is within 0 ≤ Φ < 2π.

iii The method selects an event arbitrarily, hence care should be taken when

selecting an event particularly in nonsymmetric oscillations. For example in

the case of the ECG, despite the R peaks been distinctly sharp and clear cut,

a di�erent marker could be marked or chosen. In the situation where di�erent

event was chosen and with the period between the two selected markers varying,

then it can likely give con�icting results.

iv De�ning the exact time of an event is challenging in high frequency oscillations

and in the presence of noise. However, frequency variations are better tracked

in oscillations that contain rapidly-varying spikes because they provide good

time resolution.
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v In this method, the time resolution could vary over time as the resolution is

equal to frequency, thus could vary over time.

vi The method does not preserve any information about the amplitude.

Analytical signals and Hilbert transform

Complex-valued signals with no negative frequency components are termed an-

alytic signals. Transforming a complex analytic signal to a real signal requires

eliminating the imaginary part. David Hilbert, in the quest to solve di�erential

equations in the complex plane, developed the Hilbert transform [318]. The ap-

proach has since been used in time series analysis methods for the conversion of

real signals into complex ones referred as analytic signals. For a time series f(t),

its Hilbert transform is given by,

H(t) =
1

π

∫ ∞
−∞

f(t)

u− t
du. (3.12)

The Hilbert transform is analogous to the convolution of f(t) with 1
πt
. The integral

function denotes the Cauchy principal value and is non-integrable because as u−

t→∞ the integrand approaches in�nity.

A common way to interpret the Hilbert transform is by considering its rela-

tionship with the Fourier transform, given as

F [f(t) +H(t)i](ω) =


2F [f(t)](ω) for ω > 0

F [f(t)] for ω = 0

0 for ω < 0

(3.13)

where the negative frequency components present in the Fourier transform are

taken away by the H(t) and balanced by multiplying the amplitude of the pos-

itive frequency components by two. It is important to note that the removal of

the negative frequency components of the Fourier transform does not in any way

diminish any information about the time series as they are simply a re�ection of
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the other corresponding component of the Fourier transform.

While the Hilbert transform is very useful in detecting the phase of a single os-

cillation, it is not applicable for time series that contain more than one oscillation.

This makes the method unsuitable for real physiological time series. However, the

limitations of both the marked events and Hilbert transform approaches can be

resolved using the time-frequency representations. This is becasue representation

of signal in time-frequency domain allows the extraction of both the instantaneous

frequency and phase from time series that contains multiple oscillatory modes,

with a good resolution.

3.9.3 Time series analysis in frequency domain

Fourier transform

Plotting a frequency spectrum is one of the common way of visualizing how the

oscillations and �uctuations in time series are distributed over di�erent timescales.

A Fourier series enables the representation of time series data in the frequency

domain. It represents a periodic function f(t) in terms of in�nite series of sines

and cosines.

f(t) = a0 +
∞∑
n=1

[an cos(ωt) + bn sin(ωt)], (3.14)

where ω is the angular frequency and a0, aω and aω are the Fourier coe�cients

which will take values depending on the shape of the function. The largest coe�-

cient corresponds to components in the time series that have stationary frequency.

However, data recorded from biological system are based on discrete sampling, so

the discrete Fourier transform is de�ned as

F (ω) =
N−1∑
n=0

f(n) exp
−2πiωn

N
. (3.15)

This equation (3.15) can be used to transform a time series from the time domain

to the frequency domain, or from a time t dependence to frequency dependence
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ω. But ω is an integer within the range 0 ≤ ω ≤ N1, or alternatively within the

range −N/2 ≤ ω < N/2. Note here that the integer input ω is not an actual

frequency, just as the integer inputs n of f are not actual times, but simply the

sample number. A version of the discrete Fourier transform involving actual times

and frequencies is presented in equation 3.16, since this is ultimately what is of

interest in practice. In this case, a suitable formula would be

F (n/L) = ∆t
N−1∑
m=0

f(m∆t) exp

(
−2πimn

N

)
, (3.16)

with n being an integer in the range

−N/2 ≤ n < N/2.

Here, ∆t is the time between consecutive samples, N is the total number of sam-

ples, and L = N∆t is the time-duration of the signal.

Fourier transforms become unreliable when investigating events that occur

when a time series contains frequencies that lie out of the lowest observable fre-

quency range (i.e. 1/5 L as used in practice). Because at low range of the spectrum

< 1/L, the components no longer appear periodic, rather looking like a trend. Even

within the observable frequency range, di�culties still arise when using the Fourier

method because the Fourier transform cannot account for temporal changes of os-

cillatory behaviour in time series, so it may misrepresent oscillations, since it will

force frequency-modulated or amplitude-modulated signals to be expressed as a

time-independent linear combination of �xed-frequency sinusoids.

Therefore, while most of the amplitudes of oscillations below the frequency

limit will appear at ω = 0 in the Fourier transform, the rest are spread across

higher frequencies. Figure 3.6 illustrates the comparison between the (discrete)

Fourier transforms of a deterministic signal with wide frequency-modulation and a

stationary 1/f noise signal. This describes how tedious it is to distinguish between

deterministic oscillations in the numerically generated signal and the pure noise
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signal [314]. Note that the algorithm that computes the discrete Fourier transform

(according to the version presented earlier in equation 3.16 ) of a time series is

known as a fast Fourier transform (FFT).

Figure 3.6: Fourier transforms of simulated low frequency oscillations and 1/f
noise. (a) Simulated time series with varying frequency between 0.001 and 0.01
Hz. (b) FFT of the time series in (a). (d) FFT of 1/f noise. Extracted from [319].

Furthermore, since the transform is based around detecting sinusoidal com-

ponents in a time series, the amplitude of periodic components of other shapes

is divided into modes that are spread across the frequency domain as shown in

Figures 3.7. Similarly, measuring the amplitude of an oscillation by using the

Fourier transform is not straightforward, as can be seen by comparing the height

of the primary 1 Hz component in Figure 3.7 (d) and (f). Figure 3.8 also further

describes the shortcomings of the Fourier transform. Hence, this is speci�cally a

challenge to non linear dynamical systems whose nonlinear terms often result in

non-sinusoidal oscillations.
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Figure 3.7: Time series of three di�erently shaped periodic functions: (a) A sine
wave; (c) A square wave; (e) A sawtooth wave; and the respective amplitudes of
the one-sided Fourier transforms (b), (d) and (f). In all cases a sampling frequency
of 1000 Hz was used.

Figure 3.8: A chirp signal ranging from 1 to 10 Hz generated over 10 s with a
sampling frequency of 1000 Hz as seen in the time domain and its Fourier transform
representation.
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3.9.4 Time-frequency based analysis

Windowed Fourier transform/Short time Fourier transform (STFT)

The short time Fourier transform also called the windowed Fourier transform

(WFT) was developed as a solution to the limitations of the Fourier transform

when dealing with nonstationary time series. It works in such a way that it di-

vides the time series into windows and then calculates the FFT of each window

as it slides across the signal. This gives the frequency representation of the time

series at each point in time. In addition to the frequency spectrum, the complex

coe�cients of the STFT also give information about the phase of the components.

The STFT Gx(ω, t) of a signal x(t) de�ned on the time-interval [−L/2, L/2], is

de�ned mathematically as:

Gx(ω, t) =

∫ L/2

−L/2
g(u− t)x(u)e

−2πiωu
l du, (3.17)

where g(u) is rectangular function of the length l which is zero outside the interval

-l/2 ≤ u ≤ l/2. Time is t and the variable ω is directly related to the frequency

fω by fω = ω
l∆t

. [314]

Unfortunately, while addressing the FFT's inability to transform nonstation-

ary signal, the STFT also creates the problem of optimal time localization and

frequency resolution, meaning that a larger convolution function provides poorer

time localisation but a much clearer cut-o� frequency due to a higher resolution

in frequency. This has many similarities to the Heisenberg uncertainty principle

of quantum mechanics. Therefore in STFT, as presented in Figure 3.9, a chosen

small window gives more information about changes in time (better time localisa-

tion) whereas a large window gives more information about changes in frequency

(better frequency resolution) [314].
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Figure 3.9: Short-time Fourier transforms of time series with varying time and
frequency resolutions. (a) and (b) are of a time series containing a sine wave with
a frequency which starts at 10 Hz, then jumps to 5 Hz and �nally rises to 15 Hz.
(c) and (d) are of a time series containing a chirp signal which increases linearly in
frequency from 5 to 45 Hz over 100 s. On the left hand side a short window of size
l = 1 s has been used, giving good time resolution but poor frequency resolution.
On the right hand side a larger window of size l = 4 s has been used, giving better
frequency resolution but poorer time resolution (as indicated by gaps between the
frequency jumps in (b)). In all cases a sampling frequency of 1000 Hz was used.

Continuous wavelet transform

A way to resolve the time-frequency resolution problem of the short time Fourier

transform discussed in the previous section is to move away from the Fourier

basis to a new basis of wavelets, and this is called a wavelet transform. The

wavelet is developed to provide optimal time frequency resolution with the aid

of adaptive window which simultaneously produces good time localisation and

frequency resolution. In contrast to the STFT, the WT has logarithmic frequency

resolution and it is obtained by moving a wavelet function along the all locations

of the signal. A full range of the wavelet scales is used at each location, and can be

tuned depending on the frequency ranges we want to investigate [314, 319]. The

advantage of continuous wavelet transform over STFT is demonstrated in Figures

3.9 and 3.10. The continuous wavelet transform (CWT) of a time series denoted
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x(t) is de�ned as:

Wx(s, t) =

∫ L/2

−L/2
= Ψ(s, u− t)x(u)du, (3.18)

Ψ(s, t) = |s|−pψ(t/s),

where ψ is the mother wavelet which is scaled according to the parameter s (a

scaling factor) to change its frequency distribution, and p is a somewhat arbitrary

number for which di�erent conventions exist commonly given as p = 1/2; the

time-shifting is then written manually as u− t in the formula for the CWT, with t

being the temporal position on the signal. Because the frequency scale is contin-

uous this implies that the Wx(s, t) can be calculated for any arbitrary frequency

by using a new wavelet and window size to calculate each scale, with a small

wavelet/window for high frequencies and larger ones for low frequencies. Hence

producing a good time - frequency resolution. The CWT is entirely di�erent from

the discrete wavelet transform (DWT) in such that the basis of the mother wavelet

is not necessarily orthogonal, meaning that wavelets have overlapping frequency

bands and the components in Wx(s, t) contains redundant information.

An example of this di�erence is described by taking the DWT of a sine wave

whose details contain completely independent phases, while the phase of the CWT

remain the same for all frequencies as shown in Figure 3.10. This shows that CWT

could be used to detect relationship between oscillations and identify the harmonics

caused by non-linearity.
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Figure 3.10: Frequency representation of Nonlinear chirp signal (quadratic). (a)
Nonlinear chirp signal (quadratic) sin(2π × 0:0001 time2) has a frequency which
increases with time. (b) The Fourier transform is unable to usefully represent the
signal in (a) in the frequency domain, due to the time variability. The continuous
wavelet transform in (c) and the 3D version in (d) show how the frequency changes
with time using a 3D map showing time and frequency information simultaneously.

It is important to note that in this thesis, the complex Morlet wavelet de�ned

as:

ψ(u) =
1√
π

(
e−iω0u − e−ω0

2/2
)
e−u

2/2, (3.19)

was chosen because it is Gaussian modulated and also provides optimal joint time�

localization and frequency�resolution. Note ω0 = 2πfs, where s is scaling factor

and f is the frequency.

3.9.5 Decomposing nonlinearity

An understanding of complex systems such as living systems is mostly achieved

through analysis of the signals that they generate. These signals normally contain

various superimposed oscillations, bringing about complicated wave forms, and

such oscillations are commonly characterized by nonlinear time-varying frequen-

cies and amplitudes. Such oscillations, are sometime called modes, and they carry

a signi�cant amount of information about the system that generates them. The
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properties of these modes can be used in evaluating health status from signals

produced by the human system [15]. But, one needs to �rst of all properly extract

the modes from the signal inorder to get hold of the features of individual non-

linear modes. To achieve a good analysis, then, the signal in question has to be

decomposed, as this allows the retrieval of each oscillations present in the signal,

distinguishing them from one another and from the background noise.

Empirical mode decomposition

Empirical mode decomposition (EMD) is one of the famous methods used to de-

compose signals. The premise for this method is that all the data points present

in the time series are wrapped by an upper and a lower envelope (Figure 3.11).

The trends present in the signal are therefore identi�ed using the midpoint of the

two envelopes. The subtraction of these trends from the original time series gives

a series of Intrinsic Mode Functions (IMFs) - with each of them re�ecting an os-

cillatory mode of the time series. This simply means that an interpolation of each

points enclosed in the upper and lower envelopes, (i.e the local maxima and local

minima respectively) allow the extraction of components present in the time series.

Figure 3.11: An illustration of sifting processes as implemented on quasi-periodic
function x(t) = sin(2πt) + sin(4πt) (solid black curve). Initially, the peak (blue
dots) and troughs (red dots) are marked across the whole time series. Interpolating
between these points using cubic spline gives the upper and lower margins (dotted
lines). By averaging the upper and lower envelopes, we then obtain the trend (grey
line). Reproduced from [314].

The EMD [320] simply creates each envelop by marking the points (i.e., peaks
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and troughs) wherever the time series's data changes direction. These two sets

of points are then interpolated using a cubic spline [321]. Accordingly, the trend

present in the time series is determined by estimating the peak-peak amplitude of

the highest time series component by taking the mean of these two margins. After

subtracting the trend from the time series, the highest component of the signal is

then left behind (Figure 3.11). This process is repeated in order to remove any

other trends remaining until the criteria below (equation 3.20) is satis�ed. This

processes is known as sifting.

Np +Nt −Nz = 0 or ±1, (3.20)

where the number of peaks, troughs and non zero-crossings are denoted by Np, Nt

and Nz respectively. The extracted component is subtracted from the time series

as soon as this criterion is satis�ed and the process is repeated for the sake of

extracting the subsequent highest-frequency component.

While the EMD has an advantage of e�ective utilization of data, however it

has some major drawbacks. One of the problems with EMD arises from the in-

terpolation repeatedly used in estimating the amplitude of the highest frequency

component. Furthermore, the sifting method is not suitable for nonstationary time

series, because it leads to a problem of mode mixing � which makes the ampli-

tude of the oscillatory mode approach 0. In such situations, the peak and troughs

of the next highest frequency component are introduced, meaning that the next

mode substitutes the one that is already extracted. However, this further intro-

duces error particularly when the changes in amplitude is large, thus making the

decomposition very di�cult.

Wu and Huang [322] proposed a technique called ensemble empirical mode de-

composition (EEMD), which not only addresses the problem of EMD with mode

mixing but also reduce its sensitivity to noise. In this method, the EMD procedure

is repeated on the same time series having introduced an independent realizations

of white Gaussian noise to the time series and taking the average of the result.
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Even so, the continually repeated interpolation in the EMD is still prone to er-

ror propagation, making the error encountered whilst extracting high frequency

components in�uence the component extracted from low frequency.

Nonlinear mode decomposition

A substitute to EMD is decomposing the time series using time-frequency analysis

[303]. Particularly, the nonlinear mode present in a time series can be extracted

by transforming the signal into time-frequency domain [323�326], e.g., the wavelet

transform which decomposes it into distinct mode, and then detect all possible

harmonics that accompany the mode, thereafter, allowing each mode to be recon-

structed back in time domain.

Such an approach of mode extraction in the time-frequency plane i.e., a wavelet

transform where the modes appear in the form of ridges (formed by successive

amplitude of peaks) is achieved using the corresponding phase of the oscillatory

modes, de�ned as φ(s, t) = arg[Wt(s, t)], which is purely time-dependent. For ex-

ample, if the pattern of oscillation does not change, then the dynamics correspond-

ing to the phases of harmonics will be the same. That is to say, the phase relation

for multiple harmonics at scales s1 and s2 is given by φ(s1, t) = (s1/s2)φ(s2, t).

Now, having discerned these harmonics, the corresponding oscillatory modes can

be reconstructed.

Even though the wavelet transform is a linear method, a number of di�erent

approaches that utilize it for detecting and extracting nonlinear oscillatory compo-

nents have been proposed [327�329], with some of the methods being noise robust

[330, 331]. However, a signal decomposed in the time-frequency domain also has a

problem of mode mixing, given the fact non-periodic oscillations mostly produce

many ridges in the time-frequency domain [327]. This limitation is addressed by

the Nonlinear Mode Decomposition (NMD) [303] technique, a method that en-

hances the extraction of nonlinear oscillatory mode using a combination of robust

time-frequency representation i.e., wavelet analysis [328, 330], surrogate data tests
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[332�335] and details of the harmonics detected [327] .

Figure 3.12: Decomposition of skin blood �ow into di�erent oscillatory modes.
(a) Typical 30-minutes recording of the LDF signal from the a healthy subject.
(b) The time-frequency evolutions of the modes extracted by NMD are indicated
by color with heart-rate black, respiration brown, myogenic green, neurogenic ma-
genta, endothelial NO dependent maroon and endothelial NO independent purple.

Typically, the NMD decomposes a signal as follows. First of all, the signal

is transformed to time-frequency plane using a wavelet transformation, and the

fundamental oscillatory mode is extracted from it using ridge extraction which

traces the highest value (peak) at each moment in time across a speci�c frequency

intervals. Oscillations at speci�c times and frequencies are then extracted using

the curves obtained from the ridge. Subsequently, these oscillatory modes are

tested against noise using the surrogates, so as to ensure that they are genuinely

distinctive modes of the signal. Figure 3.12 illustrates a blood �ow decomposed

into six distinct oscillatory modes.
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3.10 Characterisation of time series

3.10.1 Wavelet spectral power

Average and absolute wavelet power.

One of the physical quantities that could be deduced from equation (3.18) is the

average power estimated over time (ξmean) within any frequency band of interest,

in this thesis we mostly considered the 0.005�2 Hz frequency interval manifested

in the microvascular blood dynamics. The power of each frequency band fn1 to

fn2 associated with the time series (x(t)) is denoted as absolute power ξn(fn1, fn2)

and written as;

ξn(fn1, fn2) =
1

t

∫ t

0

∫ ω0/2πfn1

ω0/2πfn2

1

s2
|Wx(s, t)|2dsdt, (3.21)

where scale s is related to frequency f by s = ω0/(2πf) and Wx(s, t) refers to

the wavelet transform of the signal x(t) we are analysing. For example in the

skin perfusion LDF tracing, the human blood �ow signal is characterized into six

frequency bands (discussed in the previous chapter) which are named according to

the physiological origin of the rythmic process: f11 = 0.61 to f12 = 2 Hz (interval I,

related to heart activity), f21 = 0.145 to f22 = 0.6 Hz (interval II, breathing rate),

f31 = 0.052 to f32 = 0.145 Hz (interval III, related to smooth muscle cell activity),

f41= 0.021 to f42 = 0.052 Hz (interval IV, related to neurogenic activity), f51 =

0.0095 to f52 = 0.021 Hz (interval V, related to nitric oxide�dependent endothelial

activity) and f61 = 0.005 to f62 = 0.0095 Hz (interval VI, related to nitric oxide�

independent endothelial activity) [17, 157].

It worth noting that the normalised values of power represent the relative

contribution of each of the physiological processes that manifest within a certain

frequency interval. The normalized spectral power contains information about

oscillations in all frequency intervals of interest while taking into account the �uc-

tuations in the amplitude. The change in the normalised spectral power in each
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of the frequency interval is viewed as relative to the overall changes.

Relative power

In a situation where the time-averaged wavelet power of the signal increases, it is

likely that the power in each frequency band will also increase, thus making the

absolute value of the power de�ned in equation 3.21 sometimes misleading. In such

situations, it is therefore necessary to investigate whether and how the relative

contribution of each frequency interval of interest, re�ecting each physiological

processes, has changed. Consequently, the relative spectral power contribution

of a particular frequency band en(fn1, fn2) is de�ned as the ratio of the absolute

power at a particular frequency band and the time averaged power, and is written

as,

en(fn1, fn2) =
ξn(fn1, fn2)

ξmean
, (3.22)

where ξmean denotes the averaged-power of the signal present in the overall fre-

quency band of interest (as in 0.0095�2 Hz in our case).

3.10.2 Interactions between time series

Wavelet phase coherence

While waves can be coherent in space, oscillations are known to be coherent in

time. Quite generally, correlation properties between physical quantities, whether

at a single or several oscillation frequencies, can be studied by investigating their

coherence in time. Unlike the usual coherence measures, wavelet phase coherence

does not take into account the amplitude dynamics of the signals. This is ap-

propriate because (i) the amplitudes of most physiological signals are subject to

artefacts and noise, and (ii) the relationships between the amplitudes of common

physiological oscillations in di�erent signals can be complicated and nonlinear,

but in all cases the relationship between their phases remains the same (up to a
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constant phase shift).

If we observe oscillations at the same frequency in two di�erent time series

and �nd that the di�erence between their instantaneous phases φ1k,n and φ2k,n is

constant, then the oscillations are said to be coherent at that frequency [60, 154]. A

phenomenon closely related to coherence is synchronization. While oscillations can

be coherent without necessarily being directly coupled, the existence of coupling is

fundamental for synchronization [316]. For example, if we have an n:m relationship

between the frequencies of two signals (e.g. blood �ow and oxygen saturation),

this implies that there are n oscillation cycles in one time series per m cycles

of the other time series: 1:1 phase synchronization may equally be considered

as phase coherence. Thus phase coherence can be used directly to investigate

1:1 synchronization between two signals, as will be illustrated in the subsequent

chapters. The wavelet phase coherence (WPC) [17] between the two signals x1(t)

and x2(t) is estimated through their respective wavelet transforms as obtained

in equation (3.18), i.e. (for i = 1, 2, Wsi is the wavelet transform of signal xi)

Wx1,x2(s, t) as

WPCx1,x2(f) =

∣∣∣∣ 1L
∫ L

0

ei arg[Wx1 (s,t)W ∗
x2

(s,t)]dt

∣∣∣∣ (3.23)

and it re�ects the extent to which the phases (equation 3.25) and thus the under-

lying activities of these signals at frequency f are correlated.

The phase coherence function Cφ(fk) is obtained by calculating and averaging

over time the components of the sine and cosine of the phase di�erences for the

whole signal, e�ectively de�ning the time-averaged WPC,

Cφ(fk) =
√
〈cos ∆φkn〉2 + 〈sin ∆φkn〉2. (3.24)

Basically, to explain the logic behind equation 3.23, we are considering individual

times and frequencies, but these come from a discrete set (since all the signals are

discrete and �nite-time), and so the subscripts k and n just re�ect this discrete-

ness. Therefore, the phase coherence function Cφ(fk) as de�ned in equation 3.24
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is exactly the discrete version of the phase coherence formula (equation 3.23).

The relative phase di�erence of the signals is thus calculated as

∆φkn = φ2k,n−φ1k,n . (3.25)

The tendency of the phase di�erence (∆φkn) to remain constant, or not, at a certain

frequency is characterised by the function Cφ(fk), whose value lies between 0 and

1. The existence of phase coherence or incoherence is de�ned by Cφ(fk) ' 1 or

Cφ(fk) ' 0 respectively. Meaning that, oscillations are considered to be coherent

at any given frequency if their phase shifts remain unchanged (with a coherence

value ranging between 0 and 1); otherwise they are said to be incoherent.

Even in the case of two noisy signals, there is a tendency for there to be

some apparent coherence in the sense that Cφ(fk) rarely approaches 0 at very

low frequencies. The degree of apparent phase coherence depends on frequency.

So the coherence baseline will not be the same for all scales. The low-frequency

components, particularly signals of �nite length (like ours) are evaluated using

fewer periods than for the higher frequency components [60]. The result can be

an arti�cially increased coherence ' 1 even where the dynamics of the signals are

unrelated.

E�ective (or signi�cant) coherence

The wavelet phase coherence between oscillations in two signals can be computed

by evaluating the di�erence between the wavelet transform phases of the signals at

each frequency, and at each moment in time, as given by equation 3.23. Coherence

does not provide information about synchronization between oscillations, as this

would require them to be coupled, which is not necessary for coherence to exist.

However, information on possible synchronization between oscillations, particu-

larly at the smaller ratios, e.g. 1:1 synchronization, can be obtained by estimating

the wavelet phase coherence.

Note, that the coherence computed (equation 3.23) in the �rst instance does
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not necessarily re�ect a genuine phase relationship and requires careful evaluation.

The problem arises because some of the coherence values obtained can be less

than zero (although formally coherence values range between 0 and 1). These

negative coherence values are then subtracted. Following this procedure, the very

low frequency oscillations may appear to have a coherence values close to 1, because

of bias resulting from the use of recordings that are too short to encompass the

content at low frequencies.

To minimise random e�ects giving rise to apparent (but spurious) coherence,

whether at low or high frequency, we checked/tested the signi�cance of the com-

puted coherence using the method of surrogates [332, 335] � by setting as a null

hypothesis that, for all frequencies, the phases in the signals are independent.

We used iterative amplitude-adjusted Fourier transform (IAAFT) surrogates to

estimate the signi�cance level of the apparent coherence, thereby removing the

bias associated with the power spectrum of the more commonly used amplitude-

adjusted Fourier transform (AAFT) surrogates. First, the IAAFT surrogates are

constructed by randomizing all the properties of the signals in question, whilst

keeping only the phases φ1k,n and φ2k,n unshu�ed. Subsequently, this is accom-

plished in an iterative fashion, simply by using the appropriate value and re-scaling

the distribution to substitute Fourier amplitudes, which allows us to obtain re-

semblance between the distributions and power spectra of the surrogates and the

original signals. At each frequency we took the coherence threshold to be 95th

percentile of the highest value of 100 random realisations of IAAFT surrogates.

Figure 3.13 describes how wavelet phase coherence is computed between two time

series.

An alternative approach to IAAFT surrogates is the inter-subject surrogate

analysis [305] which can also be used to validate the results of signi�cant coher-

ence. In this method, surrogate values of the coherence between the two signals,

for example blood �ow - respiration are computed for nth (n = 300 is used in this

thesis) combinations of randomly chosen inter group subjects. Meaning that, the
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surrogate is built using e.g., blood �ow from subject A and respiration from sub-

ject B, making the surrogate a composition of collection of mutually independent

signals.

Figure 3.13: Typical illustration of wavelet phase coherence between two time
series. Wavelet phase coherence between (a) the time series sig1 and sig2. In (b)
signi�cant phase coherence is shown when the coherence (blue line) is greater than
the 95th percentile of 100 pairs of IAAFT surrogates (black line), and the e�ective
signi�cant phase coherence presented in (c) is obtained by subtracting the 95th
percentile of the surrogate. The windowed phase coherence is shown in (d), which
reveals the time-variability of the modes but at the cost of losing information about
lower frequencies.

Finally, the e�ective/signi�cant coherence is then estimated by subtracting the

95th percentile of the 100 surrogate values in the case of IAAFT and 300 surrogates

in the case of inter-subject surrogate, thus giving the extent to which the phases

of the two signals at each frequency are correlated. Note that, both the IAAFT

and inter-subject surrogates were used in this thesis.

Synchronization

Synchronization is one the most useful phenomena known for investigating inter-

acting systems. It is the adjustment of rhythms of oscillators to a state where they

all have the same phases and amplitudes. Synchronization occurs whenever there

124



is a coupling between two oscillators. Oscillators can be phase synchronized, phase

and amplitude synchronized or Lyapunov synchronized (also known as generalised

synchronization). If two systems have an n:m relationship such that the phase

di�erence |nφ1 −mφ2| is constant while amplitude may still vary independently,

there are n cycles of one oscillator in m cycles of the other. Synchronization is

sometimes described by a synchogram � which graphically signi�es the presence of

synchronization between two time series [314].

Dynamical Bayesian inference

Extrapolating the properties of interaction from the dynamics of di�erent systems

is one of the long standing and never ending tasks in physics, dating back to the

formulation of the electromagnetic interaction that occurred between electrically

charged particles as established by Maxwell. When dealing with most fundamental

interactions such as the electromagnetic interaction, quite a number of remarkable

experiments are available. However, in the case of couplings that are not common,

as are typically in human systems [17], the discernment of such latent interaction

strongly depends on analysis of observations. Such approaches have been estab-

lished based on nonlinear analysis of physiological data (bi- or multivariate data)

[14, 303, 313].

Insights into the stability and proper coordination in the human microcircula-

tory system analogous to various physiological processes [17] could be prescribed

via couplings between distinct inter-oscillatory interactions endowed in each sub-

system [14, 313]. Analysis of phase coupling functions between any given interact-

ing oscillators is currently one of the novel methodologies [336�338] used to for-

mulate how the physical rule characterizing the inter-oscillator interactions takes

place. Dynamical Bayesian inference, a method that allows the extraction of infor-

mation such as the e�ective connectivity in biomedical signals even in the presence

of noise [337, 339], is applied to the interactions. It models the interactions with

a network of coupled phase oscillators based on the common fact that weak cou-
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pling quickly a�ects the phases of oscillators compared to their amplitudes. Hence,

analysis of the relationship between the phases of the systems could enable one

to properly infer and quantify the sets of parameters regulating the mechanism

of the interaction (such as the coupling strength and direction of coupling) whilst

separating out noise [337].

It is worth noting that since our signals are physiological and thus oscillat-

ing with varying frequencies, their mutual coupling can properly be investigated

through their phase dynamics. However, to elucidate the basic physics underlying

such interaction in the phase domain we consider a model of two coupled phase

oscillators [340] described by a stochastic �rst order di�erential equation (equation

3.26), based on the fact that the coupling function qi(φi, φj) = ai sin(φj − φi) is a

sinusoidal function of phase di�erence:

dφi
dt

= ωi(t) + qi(φi, φj, t) + ηi(t)

dφj
dt

= ωj(t) + qj(φi, φj, t) + ηj(t)

(3.26)

where i and j represent the oscillators so i 6= j and ωi,j(t) stands for the natural

frequency of the oscillation. The dependency of the dynamics of one oscillator

on the other is described by the deterministic terms qi(φi, φj, t) and qj(φi, φj, t),

which are the coupling functions (i.e., base functions), thus describing their self

and interacting dynamics. Both ηi(t) and ηj(t) are external stochastic dynamics

assumed to be white Gaussian noise: (ηi(t)ηj(τ)) = δ(t − τ)Dij, with Dij being

the matrix with delta-peaks on the diagonal and 0 o� the diagonal. On account of

the periodic behaviour of the deterministic dynamics on the phases φi and φj, the

coupling terms re�ecting the latter can be modelled as an in�nite Fourier bases

[341] written as;
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qu(φi, φj, t) = lim
K→∞

(
K∑
k=1

α
(u)
1,k(t) cos(kφi) + α

(u)
2,k(t) sin(kφi)

)

+

(
K∑
m=1

β
(u)
1,k (t) cos(mφj) + β

(u)
2,k (t) sin(mφj)

)

+

 K∑
i=1

K∑
|j|=1

γ
(u)
1,k,m(t) cos(kφi +mφj) + γ

(u)
2,k,m(t) sin(kφi +mφj)


(3.27)

for u = i, j. For a �nite-order Fourier approximation involving �nitely many

Fourier components, one can ignore the limit as K → ∞ and just stop the se-

ries at the desired �nite order K. The �rst and second term (equation 3.27)

corresponds to the self-dynamics of the phase and cross couplings respectively, al-

though, in typical phase reduction, the phase calibration is chosen such that there

are no self-dynamics terms except the natural frequency of the oscillator. The

parameters α(u)
1,k(t), α(u)

2,k(t), β(u)
1,k (t), β(u)

2,k (t), γ(u)
1,k,m(t) and γ(u)

2,k,m(t) that describe the

coupling function gives the parameter vector c(i)
k , where c(i)

0 = ωi. Meaning that

the pair of fundamental frequencies for the coupled oscillator system is the same

as the pair (ωi, ωj) of natural frequencies of the two oscillators (i.e., the coupling

functions have zero average). Using the Fourier components as the base function

for the dynamical Bayesian inference, one can evaluate the parameter c(i)
k from the

observed dynamics.

The time-evolving coupling function and coupling strength are contained in the

model parameters c, which can be computed using dynamical Bayesian inference

[337]. This method uses the Bayes' theorem de�ned as

p(M/χ) =
`(χ/M)pprior(M)∫
`(χ/M)pprior(M)dM

(3.28)

where the probability of observing the data χ given the value of the model parame-

tersM, `(χ/M) is the likelihood of �nding the hypothesized model parameters M
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given the data χ. The probability of M prior to data χ is pprior(M), while the de-

nominator (equation (3.28)) is the marginal probability distribution of χ.p(M/χ),

that is the probability of the preciseness of the observed parameters given χ and

pprior(M). By considering a single window of data, the most probable and obtain-

able values for the parameters can be deduced by �nding the stationary point in

the negative-log likelihood function as presented below;

S =
L

2
ln(E) +

h

2

N−1∑
n=0

(c
(i)
k

∂Bl,k(φ.,n)

∂φl

+[φ̇i,n − c(i)
k Bi,k(φ

∗
.,n)](E−1)i,j[φ̇j,n − c(j)

k Bj,k(φ
∗
.,n)])

(3.29)

The model presented in equation (3.26) can be integrated by choosing a small time

length h between the samples in the signal and assuming an implicit summation

over the indices k, l, i, j. The noise is denoted as E, and as presented in equation

(3.27), the matrix A represents the base functions. However, it is worth mentioning

that the probability functions of the inferred parameters in dynamical Bayesian

inference are assumed as a multivariate Gaussian distribution, and considering

the same distribution (as in the latter) for the corresponding prior knowledge

(distribution) given as:

pprior(c
(l)
k ) =

e−1/2(c
(l)
k − c

(l)
priork

)TΞprior(c
(l)
k − c

(l)
priork

)√
(2π)Mdet(Ξ−1

prior)
(3.30)

where the magnitude of all the parameters contained in c(l)
k is represented byM and

the covariance matrix of the parameters is Ξ−1. By decomposing equations (3.28)-

(3.30) into equation 3.31, one can explicitly evaluate the posterior distribution c(j)
k

as;

128



Eij =
h

L
[φ̇i,n − c(j)

k Bi,k(φ
∗
.,n)][φ̇j,n − c(j)

k Bj,k(φ
∗
.,n)]

r(l)
w = (Ξprior)

i,lkwc(l)
w + hBi,k(φ

∗
.,n)(E−1)ijφ̇j,n −

h

2

∂Bl,k(φ.,n)

∂φl

c
(i)
k = (Ξ−1)i,lkwr

(l)
w

Ξi,j
kw = Ξ

(i,j)
priorkw

+ hBi,k(φ
∗
.,n)(E−1)ijBj,w(φ∗.,n)

(3.31)

from the four equations presented above [337], information between consecutive

windows are essentially propagated when Ξ
(i,j)
prior utilizes the detail from the pos-

terior Ξ(i,j), this is then inferred from the preceding time window which therefore

making it possible to infer time-varying parameters, although the initial window

is calculated by setting both Ξi,j
prior and cprior to zero (the full implementation of

the foregoing equations is presented in [342, 343]).

Furthermore, for proper consideration of the time-varying values of the inferred

parameters that allows for tracking changes in coupling over time, the convolution

between the posterior of the preceding window and is simply swapped for the prior

and a di�usion matrix explaining the change in either of c(i)
(k) and Ξ

(i,j)
prior [337]. The

propagation constant p is σik/c
i
k, where the standard deviation that relate to the

di�usion parameters from Ξi,j
prior is de�ned as σik.

Once the parameters in c are inferred, the coupling quantities and character-

istics can then be computed. By visualizing the coupling functions on a three

dimensional plane, a deep understanding of each inter-oscillator interactions could

be obtained by displaying the propagation of the coupling parameters in relation

to their respective phases. Consequently, this reveals vital information such as;

the strength of coupling, its directionally and other functional phenomenon that

governs the coupling [336, 338, 344].
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3.11 Summary

The e�ective visualisation of the oscillations present in signals, particularly the

experimentally generated ones, greatly depends on the method used for their anal-

ysis.

Traditionally, representations of time series in the frequency domain are ob-

tained with the fast Fourier transform, which constitutes a periodic function in

terms of sines and cosines. This makes it suitable for analysing time series whose

components are strictly periodic in nature, but it is unsuitable for LDF signals

whose components are inherently non-periodic. The limitations of the Fourier

transform can partly be addressed by use of the short-time Fourier transform

through windowing, i.e. by dividing the time series into shorter time-windows

within which there is not much time variation so that the fast Fourier transform

(FFT) can usefully be calculated; in practice, this is usually done by sliding a

window across the whole signal.

However, because the spectral resolution in short time Fourier transform strongly

relies on the length of the window, with short windows leading to poor frequency

resolution and high time localisation, and vice versa, this method also fails when

dealing with non-stationary physiological signals with varying frequencies, such as

the LDF time series considered in this study. These limitations can be overcome by

the use of wavelet analysis, which maximizes joint time�localisation and frequency�

resolution, unlike the Fourier transform. Wavelet analysis is a scale-independent

method comprising an adaptive window length allowing low frequencies oscilla-

tions to be analysed using longer wavelets, and higher frequencies oscillations with

shorter wavelets.

Furthermore, given that oscillations in living system are usually correlated,

thus, additional detection of mutual coordination between the oscillators could

be investigated by utilizing the information about their phase relationship. An

n : m relationship means that |nφ1 −mφ2| is constant. The case that |φ1 − φ2| is
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constant is speci�cally 1:1 synchronisation which requires no coupling between the

oscillators. Additional inference of the phase dynamics using dynamical Bayesian

inference can also reveal important information (such as the coupling function and

coupling strength) between coupled oscillators.
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4. Suitability of laser-Doppler

�owmetry for capturing

microvascular blood �ow dynamics

from darkly pigmented skin

4.1 Introduction

As previously discussed, laser Doppler �owmetry (LDF) provides for the noninva-

sive monitoring of microvascular blood �ow dynamics. It has been used extensively

on light-skinned subjects, i.e. on skin with low melanin concentration, in both the

healthy and pathological states. LDF monitoring of blood �ow is known to work

e�ciently in the case of light skin, whose optical properties enable light to pene-

trate more easily, but the question arises as to what happens in the case of darkly

pigmented skin? The interaction of light with skin mostly happens just below the

surface, i.e. in the stratum corneum. As shown in Figure 3.3, some of the coherent

laser light shone on the skin's surface gets scattered from the stratum corneum,

referred to as surface scattering. Some of the light propagates to deeper skin layers

such as the dermis and epidermis. Absorption and scattering by the melanin and

erythrocytes occur in the epidermis and dermis respectively. Unlike the epidermis

and dermis, the stratum corneum layer is usually colourless and absorbs only a

small portion of incident light.
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Because the optical properties of human skin could well a�ect the reliability of

optically-based diagnostic equipment, the e�ectiveness of LDF needs to be checked

and evaluated on dark skin, too, if this method is to be useful in global health care.

Here we assess the performance of LDF in measuring blood perfusion from darkly-

pigmented skin, i.e. skin with high melanin concentration.

Melanin absorbs light within the visible and near-infra-red (near-IR) parts of

the optical spectrum. The absorption decreases with increasing wavelength, so

that near-IR in the wavelength range 780�800 nm is best suited to non-invasive

diagnosis and treatment [345]. The fact that dark skins contain about twice the

concentration of epidermal melanin, compared to lighter skins, inevitably means

that less laser light reaches the deeper segments of dark skin [345].

Extensive investigations of the absorption and re�ection of light in/from hu-

man skin began in 1911 with the spectrographic studies of Hasselbalch [105]. More

recently, considerable e�ort has been devoted to quantifying the absorption spec-

trum of human skin, particularly darkly pigmented skins [108, 346�349]. There

has been signi�cant disagreement in the results, perhaps due to challenges in con-

ducting the experimental measurements. For example, the studies of both Pauli

and Ivancevic [350] and Cartwright [351] reported that a substantial proportion of

IR radiation penetrates deeply into the body through the skin, whereas Aldrich

[352] and Hardy and Muschenheim [353] reported a negligible proportion.

In an attempt to determine the e�ect of melanin on spectroscopic signal forma-

tion, Kollias and Baqer [346] studied the absorption characteristics of melanin in

the wavelength range 620�720 nm and observed that remittance spectra measured

from vitiligo-involved skin and normal skin did not di�er, from which they con-

cluded that both skins have similar absorption. In a comparable study by Kollias

and Baqer [347], the remittance spectroscopy parameters measured from normal

skin and amelanotic skin in the range 620�720 nm were found to be strongly cor-

related.

More recently, a model of �uorescence spectra from biological tissue based on
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the Monte Carlo approach has predicted the e�ect of melanin concentration on

a spectroscopy signal [354]. The use of near-IR diode lasers of relatively long

wavelength (670, 780, and 810�850 nm) was shown to improve optical penetration

[355].

Note that because LDF computes the erythrocyte velocity from the spectral

broadening (see below) of the incident light, which is independent of the light's

absolute intensity, the method might be expected to function e�ectively regardless

of the degree of attenuation along the signal path. However, this conclusion can

only hold true if two conditions are ful�lled. First, the signal/noise ratio of the

light returned to the detector must be su�cient for the spectral broadening to

be determined reliably by the measurement algorithm. Secondly, the incidence of

frequency-dependent scattering process along the optical return path that would

modify the shape of the spectrum must be insigni�cant. In practice, therefore, the

only convincing way forward is empirical: to test LDF on dark-skinned subjects

and look for signi�cant di�erences in the results compared to those obtained from

comparable light-skinned subjects.

This Chapter provides a detailed experimental study comparing the LDF �uxes

measured for both darkly and lightly pigmented skin. The time-varying oscillations

in the microvascular blood �ow dynamics were checked and compared for the two

pigmentations. As discussed above, they are known [13, 15, 17, 61, 356] to include

components ranging from the cardiac frequency at ∼1 Hz in healthy humans down

to endothelium-related oscillations with frequencies of ∼0.01 Hz. Non-linear time

series analysis [17, 303, 314, 316] was used to discern the oscillatory components in

the signals. Speci�cally, the frequency interval from 0.0095 to 2 Hz (see Sections

1.1.3 and 2.3.3) was examined.

4.2 Hypothesis

Using the time-frequency analysis methods discussed above, this investigation tests

the hypothesis that,
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1. In the case of dark skin, the attenuation of the incident laser light reach-

ing (and scattering back from) the dermis is not su�cient to prevent LDF

functioning e�ectively.

2. The time-varying oscillations in the microvascular blood �ow dynamics do

not signi�cantly di�er when compared for the two pigmentations.

4.3 Study participants

To test these hypotheses, 23 healthy male subjects in total were recruited for the

study, based on the criteria stated in Section 3.1.

The participants were grouped into two: subjects with darkly pigmented (high

melanin concentration) skin were categorized as dark-skinned subjects and those

with lightly pigmented skin were grouped as light-skinned Caucasian subjects.

Thirteen healthy dark-skinned subjects, born in sub-Saharan Africa, with-

out known ancestors of non-African origin, with a high melanin concentration

in their skins, and ten light-skinned Caucasian subjects of European origin with

low melanin concentration, between the ages of 18�27 years, were recruited. All

subjects were male. Their anthropometric data are given in Table 4.1. Written

informed consent was obtained from all participants.

Physiological parameters recorded Measurements of the skin blood �ow and

skin temperature were recorded at two di�erent sites, on the outer sides of the

left (LA) and right (RA) ankles (lateral malleolus). Blood pressure, ECG and

respiration were also measured in this study.
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4.4 Results

Statistics

Application of the Lilliefors test for normality [357] showed that there were no

consistent normal distributions of data among the groups being compared. Non-

parametric statistical tests were therefore used, meaning that no assumptions were

made about any underlying distributions, thus allowing robust conclusions to be

drawn. The Kruskal-Wallis ANOVA test [358] was used when all IHRs (derived

from the LA and RA blood �ows and from the ECG) were compared. The Kruskal-

Wallis test checks whether two or more independent sets of data originate from

the same distribution, and it does not assume normal distributions. Where sig-

ni�cance is found, pairs of groups are tested either by the Wilcoxon signed rank

test for paired data, or by the Wilcoxon rank sum test for unpaired data [359].

The latter was used to test for possibly signi�cant di�erences between blood �ow

measured from dark-skinned and light-skinned subjects, respectively, as the corre-

sponding time-series do not match. The Wilcoxon rank sum test is used to deter-

mine whether two unmatched samples come from similar distributions, whilst the

sign rank test requires that the samples are matched. In all cases, p < 0.05 was

considered as being statistically signi�cant.

Anthropometric data

Table 4.1: Anthropometric data of subjects measured: median values, ranges
[25th and 75th percentiles] and signi�cance.

Dark-skinned Light-skinned p

subjects (n = 13) subjects (n = 10)
Age (years) 21.0 [20.0 24.0] 22.0 [19.0 25.0] 0.66
Body mass index (kg/m2) 23.15 [20.2 24.2] 23.15 [21.6 24.7] 0.34
Skin temperature (oC) 29.9 [30.0 31.1] 30.1 [30.0 30.4] 0.90
Instantaneous respiratory rate (Hz) 0.28 [0.27 0.3] 0.26 [0.24 0.27] 0.06
Systolic BP (mm Hg) 115.5 [112 125] 118.5 [109 126] 0.85
Diastolic BP (mm Hg) 71.5 [68.0 75.0] 76.5 [67.0 77.0] 0.64
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The anthropometric data of the subjects (Table 4.1) show that there are no

statistically signi�cant di�erences between the groups - in terms of their ages, BMI,

skin temperature, instantaneous respiratory rate and blood pressure.

4.4.1 Time domain results

Instantaneous heart frequency

Table 5.2 presents the median and interquartile ranges of the instantaneous heart

frequencies derived from both the ECG and blood �ow of dark and light-skinned

groups.

Figure 4.1: Time-frequency representations illustrating the extraction of IHRs
from the heart beat detected in the wavelet transform of the ECG (a),(c), with their
variation in time traced with black curves for dark (a) and light (c) skin; (b),(d)
wavelet transforms of the LDF blood �ow and their variation in time traced with
green curves, for both dark (b) and light (d) skin. The frequency variation over
time shown in (a)-(d) gives the IHR. (e),(f) comparisons between the IHR obtained
from ECG and LDF for dark (e) and light (f) skin. Note, this result is from two
subjects.

The IHR values calculated from the LDF time series recordings measured on

the ankles did not di�er between groups (Table 4.1). Figure 4.1(a)(c) illustrates

how the IHR was extracted from the ECG and (b),(d) from LDF blood �ow sig-

nals; and the intra-group comparison between the IHRs (Figures 4.1(e) and (f)).

Comparisons made between mean values of the IHR signals derived from both the
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Figure 4.2: Group mean instantaneous heart frequency compared between light-
skinned (red) and dark-skinned (green) groups: (a) IHF derived from ECG only,
(b) IHF derived from left ankle (LA) LDF and (c) IHF derived from right ankle
(RA) LDF. No signi�cant di�erences are obtained for any of the three comparisons.

ECG and LDF data (measured from both LA and RA) (Figure 4.2 ) revealed no

statistically signi�cant di�erences (p > 0.7).

Mean blood �ow

Typical recordings of LDF blood �ow time series simultaneously recorded from

the right and left ankles of volunteers in both groups are presented in Figure 4.3.

No signi�cant di�erence was found in the inter-group comparison of the average

blood perfusion as shown in Figure 4.4. The slightly lower values for the dark-

skinned group are the result from an outlier in the right ankle recordings, but no

statistically signi�cant di�erences were found in mean blood perfusion between the

two groups (p > 0.05).

Comparison of the median and interquartile ranges of the blood �ow in dark

and light-skinned groups also did not show any statistically signi�cant di�erence

(Table 5.2).
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Figure 4.3: Typical LDF blood �ow (BF) signals recorded from the left (LA)
and right (RA) ankles for: (a) a dark-skinned volunteer with high melanin con-
centration; and (b) a light-skinned volunteer with low melanin concentration.

Figure 4.4: Group mean LDF microvascular skin blood �ow (BF) recorded from
left ankle (LA) and right ankle (RA) for light-skinned (red) and dark-skinned
(green) groups, with their signi�cant di�erences as determined by the Wilcoxon
rank-sum test. The Boxplot outlier is shown as red cross
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Table 4.2: LDF skin perfusion and IHR (derived from LDF) of measured subjects,
median values and ranges [25th and 75th percentiles]

Dark-skinned Light-skinned p
Blood �ow (RA) (AU) 6.12 [5.0 6.9] 9.3 [5.4 12.5] 0.08
Blood �ow (LA) (AU) 7.54 [5.5 11.11] 9.06 [7.01 11.75] 0.37
IHR (from ECG) (Hz) 0.99 [0.91 1.05] 0.99 [0.83 1.17] 0.98
IHR (from RA) (Hz) 1.00 [0.95 1.10] 1.01 [0.83 1.18] 0.73
IHR (from LA) (Hz) 0.99 [0.93 1.11] 0.99 [0.84 1.17] 0.78

4.4.2 Time frequency analysis

Spectral power of the microvascular skin blood �ow and instantaneous

heart frequency

An example of the time-frequency representation for continuous wavelet transforms

of microvascular skin blood �ow signals for dark and light skinned volunteers is

given in Figure 4.5. The �gure clearly illustrates the presence of oscillations in the

blood �ow captured from both skins.

Figure 4.5: Time-frequency representation. Typical continuous wavelet represen-
tations of the LDF blood �ow (BF) signals recorded from the left (LA) and right
(RA) ankles for: (a) a dark-skinned volunteer with high melanin concentration;
and (b) a light-skinned volunteer with low melanin concentration. The wavelets
provide time-resolved frequency content of the blood �ow signals.

The group mean time-averaged spectral power of the oscillations in LDF blood

�ow are presented Figure 4.6. No statistically signi�cant di�erences in time-
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averaged wavelet power across the frequency intervals were observed in the LA and

RA (Figure 4.6(a),(b)) blood �ows between the dark- and light-skinned groups (p

= 0.95 and p = 0.62 respectively). The 25th and 75th percentiles (indicated in

dark green for dark skinned and light green for light skinned subjects) for both LA

and RA LDF blood �ow spectrum were found to overlap between groups are shown

in Figure 4.6(a)(i) and (b)(ii). There is no obvious di�erence in the inter-subject

variations between the two groups. No di�erences in skin perfusion or �uctuations

between the groups were evident.

Figure 4.6: Group median time-averaged spectral power calculated from the
wavelet transforms of LDF signals recorded for 30 minutes in dark-skinned (green)
and light-skinned (red) groups for (a) the left ankle (LA) and (b) the right ankle
(RA). In neither case was any statistically signi�cant di�erence seen at any fre-
quency. The insets (a-(i)) and (b-(ii)) are provided to give an idea of inter-subject
variability, which was similar in both groups. They show the 25th and 75th per-
centiles of the individual spectra from dark-skinned (dark green) and light-skinned
(light green) groups.

The time-frequency representation for instantaneous heart �uctuations extracted

from the ECG and LDF blood �ow from a dark and light skinned volunteers is

given in Figure 4.7. While the IHR derived from the ECG (Figure 4.7(a)) di�er

signi�cantly (p < 0.05) betweeen groups at around 0.015 Hz, no other di�erence

was present across the remaining frequency intervals. Similarly, no statistically sig-

ni�cant di�erences occurred within the 0.005-0.6 Hz intervals. The light green and
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Figure 4.7: Group median time-averaged spectral power calculated from the
wavelet transforms of (a) IHR derived from ECG, (b) IHR derived from the blood
�ow (BF) recorded in left ankle (LA) and (c) IHR derived from the BF recorded in
right ankle (RA). The 5th and 95th percentiles of the individual spectra overlap-
ping each other between dark-skinned (dark green) and light-skinned (light green)
groups are indicated. The grey shading indicates signi�cant (p<0.05) di�erences
between dark and light skins.

green shading shows that the ranges between 5th and 95th percentiles of the spec-

tral power in dark-skinned and light-skinned groups were overlapping one another

within 0.005-2 Hz.

Comparison of power in instantaneous heart frequency derived from

ECG and LDF blood �ows

Intra-group comparison of the time-averaged power of the IHR derived from ECG,

LA and RA LDF blood �ows revealed no signi�cant di�erences between light-

skinned (Figure 4.8(a)) and dark-skinned (Figure 4.8(b)) groups: p = 0.99 and p

= 0.21 respectively as obtained by the Kruskal-Wallis test. Figure 4.8(c) shows no

signi�cant di�erence in the inter-group comparison of the time averaged power for

IHR derived from (i) ECG, (ii) LA LDF and (iii) RA LDF, p = 0.64, p = 0.37,

and p = 0.20, respectively.
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Figure 4.8: IHR time-averaged wavelet power summed over 0.005-0.6 Hz fre-
quency intervals for light-skinned and dark-skinned groups respectively. The tree
box-plots in each case represent time-averaged wavelet power for IHR derived from
ECG (�rst), LA LDF (second) and RA LDF (third box). The Kruskal-Wallis
test revealed no signi�cant di�erences among the three IHR wavelet power values
(p = 0.99 for the (a) dark-skinned group and p = 0.21 for the (b) light-skinned
group). (c) Comparison between groups: (i) IHR derived from ECG only, (ii)
IHR derived from LA LDF and (iii) IHR derived from RA LDF. No signi�cant
di�erences are obtained for any of the three comparisons.

4.4.3 Wavelet phase coherence

Figure 4.9: Median wavelet phase coherence between left and right ankle blood
�ow for dark-skined (green) and light-skinned (red) groups, with signi�cant dif-
ferences (p < 0.05) as determined by the Wilcoxon rank-sum test highlighted in
light grey.
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Coherence between Moor laser Doppler skin blood �ow

Wavelet phase coherence between LA and RA blood �ows from each groups are

shown in Figure 4.9. Compared to the dark-skinned cohort, the light-skinned

group exhibits a signi�cantly higher coherence in the 0.6 � 2 Hz frequency interval,

corresponding to cardiac activity. The coherence was signi�cantly lower in the

dark-skinned group also near 0.1 Hz.

4.5 Summary

The investigation carried out in this chapter has shown that, with illumination de-

rived from a laser diode of wavelength 780 nm, LDF provides an e�ective method

of studying blood �ow dynamics, even in darkly pigmented skin. We found no

evidence that the greater light attenuation in the latter case has an adverse e�ect

on measurements, and we were able to obtain the same information about the

microcirculatory dynamics regardless of skin pigmentation. However the signi�-

cantly higher coherence observed in the blood �ow around the cardiac frequency

interval in the light-skinned group, compared to the dark-skinned one, may result

from the known ethnic disparity in cardiac autonomic modulation between white

and black-skinned people [244, 360]. It could also be associated with the ethnic

di�erences in left ventricular wall thickness [361]. We shall explore the e�ects of

race-speci�c di�erences in cardiovascular dynamics in the next chapter.
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5. E�ects of race-speci�c di�erences

on microvascular blood �ow and

oxygenation dynamics

5.1 Introduction

There are known di�erences in cardiovascular dynamics between people of Sub-

Saharan African descent, and European descent [244, 247, 361]. They manifest

both clinically, as in the prevalence of diabetes and other vascular diseases[362],

and also in terms of di�erences in vasodilation and vasoconstriction processes

[223, 256, 361, 363, 364]. The latter di�erences could perhaps be related to varia-

tions in gene expression between the races. Studies of these di�erences can further

illuminate race-related distinctions in cardiovascular function, which are known to

be in�uenced by gene expression, whence the di�erent susceptibilities to certain

diseases arise [362, 365]. Vasodilation and vasoconstriction have close relationships

with the delivery and regulation of blood, serving to ensure the proper oxygen sup-

ply. Endothelium-dependent vasodilation (EDVD) and endothelium-dependent

vasoconstriction (EDVC) are of wide-ranging importance for protecting the mi-

crovascular system against pathophysiological insults [61, 366].

To the best of our knowledge, no previous study of race-related di�erences in

blood �ow and tissue oxygenation dynamics (BFOD) has been published, so that

race-speci�c di�erences at the level of microvascular blood �ow and tissue oxygena-
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tion are still unknown. Earlier studies investigated ethnic di�erences in the oscil-

lations that manifest in heart rate variability (HRV), using Fourier transformation

[360]. But this approach is incapable of tracing either the time evolution of high

frequency oscillations or low frequency events in a non-sinusoidal [314, 360, 367]

signal such as HRV and, even if properly revealed, their mutual interaction and

even causal mechanism remains unknown. The identi�cation of rhythmic mu-

tual coordination between two distinct oscillators requires at least the detection of

their 1:1 synchronization. Wavelet coherence [368] was introduced to study such

synchronization. Later, wavelet phase coherence was introduced [154, 369] which

detects whether or not the di�erence in phase between two signals at a given fre-

quency remains constant in time. In contrast to spectral power, phase coherence

has been shown to be relatively free of noise e�ects and to allow the detection of

coordination between two distinct signals [154].

To try to reach an understanding of the di�erences in microvascular blood �ow

and tissue oxygenation between people of Sub-Saharan Africans and Europeans,

the present chapter exploits two speci�c advances; (i) a novel system that enables

simultaneous monitoring of blood �ow and oxygenation in the same area, and (ii)

recently developed methods based on wavelet phase coherence to establish, not only

the intensity of various oscillatory process involved in cardiovascular regulation,

but also their degree of coordination.

Blood �ow dynamics[17, 61, 356], oxygen saturation, and hemoglobin concen-

tration all comprise �uctuations around central, but time-varying, values [59, 370�

372]. The extent to which hemoglobin binds oxygen determines the amount of

oxygen transported around the body, its organs and cells. Oxygen-hemoglobin

�uctuations alongside oxygen circulation have been extensively explored, and date

back to the work of August Krogh in 1919, who pioneered the in vitro study

of oxygen transport [373, 374]. He measured not only the di�usion coe�cients

for oxygen in di�erent tissues, but also the average distances travelled by oxygen

molecules from a capillary to the site of chemical reaction. This work inspired
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several other investigations into blood oxygenation �uctuations, leading to new

insights into oxygenation dynamics in both the healthy and pathological states

[57, 60, 88, 372, 375, 376].

Investigations based on continuous glucose monitoring in diabetic patients have

also demonstrated race-speci�c di�erences in the level of glycated hemoglobin

(HbA1c) for a given mean glucose concentration, with the glycation gap being

attributed to genetic di�erences [377, 378]. Reports of such HbA1c di�erences are

well-documented for both type 1 and type 2 diabetes, with non-Hispanic subjects

having lower HbA1c levels than blacks [378�384]. The raised HbA1c level in blacks

has been attributed to poor glycemic control [385].

Despite the inconvenience of obtaining HbA1c invasively, its mean value has

been used widely in studying the corresponding race-speci�c di�erences. In fact,

understanding of the role of the race-related disparity in HbA1c is still far from

complete because mean oxygenation is not a su�cient measure of the physiological

situation [57]. Given that oxygen is delivered to the cells by hemoglobin (Hb)

through the cardiovascular system, a possible route to a deeper understanding of

the race-related di�erences in HbA1c is to investigate the oscillatory �uctuations

in blood �ow and oxygen transportation.

A non-invasive system for monitoring oxygenation �uctuations is potentially

helpful for investigating race-related di�erences within a continuous time frame.

Near-infrared spectroscopy (NIRS) [386, 387], white light spectroscopy[388, 389],

and laser Doppler �owmetry (LDF) [390, 391] can contribute to such a system.

They are all continuous optical methods that allow for real-time monitoring of

changes in both the systemic and local activities of the cardiovascular system.

Systemic activities, re�ecting the heart function and respiration alongside local

activities modulated by vasomotion, might a�ect tissue oxygenation [58, 59, 93,

392].

Earlier studies have not only investigated the oscillations in NIRS oxygena-

tion, but have also used optical re�ectance spectroscopy (which is a form of NIRS)
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to determine the coherence between �uctuations in BFOD using wavelet-based

analysis [60]. They demonstrated coherence between LDF blood �ow and NIRS

oxygenation in the skin microcirculation [60]. However, NIRS devices used in

recent studies of tissue oxygenation have mostly been used to evaluate oxygen sat-

uration at the capillary level [58, 393�395]. This can only reveal local information

about oxygen utilization. The development of a combined white light re�ectance

and LDF probe that uses a single-point low-power infrared light source (785 nm)

and white light (400-700 nm) excitation, respectively, has enabled simultaneous

recordings of blood �ow and oxygenation at the same location [388, 389]. This can

illuminate their mutual interactions to provide more information about oxygena-

tion mechanisms in the microcirculation.

It is against this background that the present study used a novel system combin-

ing LDF at 785 nm with a single infra-red light source for NIRS at 750 nm and 850

nm, and a 400-700 nm white light source to investigate race-speci�c di�erences in

coherence between the �uctuations in blood �ow and oxygenation dynamics. The

presence of oscillations in the signals was checked using wavelet analysis. Wavelet

phase coherence was used to investigate the interactions between simultaneously

recorded pairs of signals; (i) the microvascular LDF blood �ow and NIRS oxy-

genation from the deep skin (OXY: oxyHb, deoxyHb, SO2%) signals and (ii) the

microvascular LDF blood �ow and white light oxygenation from the super�cial

skin (OXY: oxyHb, deoxyHb, SO2% (where SO2 means saturated oxygen).

This Chapter particularly addressed the question of whether the rhythmic mu-

tual coordination between the oscillations in blood �ow and oxygenation dynamics

reveals racial di�erences in cardiovascular dynamics.

5.2 Study participants

To answer the above question, thirty-two healthy male volunteers participated in

this study. They were divided into two groups: 16 black Africans (BA) and 16

Caucasian whites (CW), with age ranges as given Table 5.1. The BA group was
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composed of West Africans (from Nigeria and Ghana) plus two black Sudanese,

while the CW group was British plus two white-skinned Europeans. Individuals in

the CA group had lived their lives in the UK at an altitude not higher than 50 m

above sea level and with an average annual temperature of 10 oC, except for two

persons from Belarus and Turkey, respectively. Individuals in the BA group had

lived for more than 80% of their lives at an average altitude of 470 m and with an

average annual temperature of 26.8oC (see Table 5.2).

5.2.1 Physiological parameters measured

Acquisation of microvascular skin blood �ow and oxygenation signals

A combined laser Doppler �owmetry and white light re�ectance spectroscopy mon-

itor (moorVMS-LDF2 and moorVMS-OXY, respectively, Moor Instruments Ltd,

Axminster, UK) was used to make simultaneous skin microvascular blood �ow

and skin oxygenation measurements. Microvascular blood �ow and oxygenation

at a deeper level in the tissue were also measured simultaneously by laser Doppler

�owmetry (moorVMS-LDF2, Moor Instruments Ltd, Axminster, UK) and near-

infrared spectroscopy monitor (moorVMS-NIRS), respectively. The blood �ow and

oxygenation signals were captured from the left forearm.

5.3 Results

Anthropometric Information of Subjects. The anthropometric data for

black African and white Caucasian groups are summarized in Table 5.1. All sub-

jects had normal blood pressure, with systolic blood pressure (SBP) < 140 mmHg

and diastolic BP < 90 mmHg. Similarly, all of the participants also had heart

rate < 1.2 Hz, BMI < 24.9 and skin temperature (ST) < 29oC. The comparison

of these data between the groups show no signi�cant di�erence (p< 0.05).
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Table 5.1: Anthropometric data of subjects measured: median values, ranges
[25th and 75th percentiles]. Compared to Table 4.1, most of the subjects presented
here are older, particularly the black Africans, and have slightly higher values of
blood pressure.

Black Africans Caucasians
subjects (n = 16) subjects (n = 16)

Age (years) 26.5 [20.5 33.0] 22.5 [19.0 26.0]
Body mass index (kg/m2) 21.2 [18.1 24.1] 23.1 [21.0 24.8]
Skin temperature (oC) 29.7 [28.3 30.7] 29.8 [28.8 30.4]
Instantaneous heart frequency (Hz) 0.99 [0.97 1.14] 0.96 [0.83 1.08]
Systolic BP (mm Hg) 124 [116 133] 123 [109 127]
Diastolic BP (mm Hg) 76.5 [71.5 81.0] 77.0 [68.0 80.0]

Table 5.2: Information about the country, altitude, and temperature of the sub-
Saharan participants recruited for the study. Note that each participant had lived
more than 80% of his life in the country.

Subject Altitude (m) State/Country Annual mean
temperature (oC)

1 381 Sudan 29.9
2 381 Sudan 29.9
3 1053 Ondo/Nigeria 25.3
4 519 Katsina /Nigeria 26.4
5 200 Benin/Nigeria 26.1
6 250 Kaduna/Nigeria 25.2
7 41 Lagos/Nigeria 27.1
8 450 Abuja/Nigeria 25.7
9 41 Lagos/Nigeria 27.1
10 299 Yobe/Nigeria 25.2
11 41 Lagos/Nigeria 27.1
12 488 Kano/Nigeria 26.4
13 488 Kano/Nigeria 26.4
14 2359 Niger/Nigeria 27.5
15 41 Lagos/Nigeria 27.1
16 488 Kano/Nigeria 26.4

Statistics Since the BA and CA are two unmatched groups, possible di�erences

between them were tested using an unpaired two-sided Wilcoxon rank sum test,

setting p < 0.05 as the criterion for statistical signi�cance. The allowed us to check

whether or not two groups of data emanate from the same distribution.
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Figure 5.1: Simultaneous recordings of blood �ow (BF) using LDF, oxygen sat-
uration SO2a using white light spectroscopy, oxygen saturation SO2b using NIRS,
oxygenated hemoglobin (oxyHb) and deoxygenated hemoglobin (deoxyHb) using
white light spectroscopy with their respective continuous wavelet representations
(below each time-series) for a typical black African from the BA group, and a typi-
cal Caucasian (CA group). For each subject, signals were simultaneously recorded
from the skin of the left forearm, for 30 minutes. The wavelet transform enables
accurate visualization of the frequency content of the time-series over time.

5.3.1 Race-speci�c di�erences in skin perfusion, oxygen

saturation and hemoglobin concentrations

Table 5.3 summarizes the results obtained for average microvascular blood �ow,

oxygen saturation, and oxygenated and deoxygenated hemoglobin values, for each

of the two groups. As shown in Figure 5.2, the mean oxygen saturations monitored

using white light spectroscopy and NIRS were signi�cantly lower (p = 0.002 and

p = 0.03, respectively) in BA than in CA. The standard deviation of both SO2a

and SO2b did not di�er signi�cantly between groups (p = 0.08 and p = 0.98,

respectively). In contrast, the mean oxygenated and deoxygenated hemoglobin

concentrations measured by white light spectroscopy were signi�cantly higher in

BA compared with CA (p = 0.002 and p = 0.0000001, respectively). Standard

deviation of both oxyHb and deoxyHb was signi�cantly di�erent between groups

(p = 0.008 and p = 0.004, respectively). There were no signi�cant di�erences in

skin perfusion as measured by LDF.
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Figure 5.2: (a) Boxplots of mean (a) oxygen saturation SO2b recorded with white
light spectroscopy, (b) oxygen saturation SO2b recorded with NIRS, (c) oxygenated
hemoglobin (oxyHb) and (d) deoxygenated hemoglobin (deoxyHb) concentrations
recorded with white light spectroscopy, which all di�ered signi�cantly between
groups. Boxplots of standard deviation of (e) SO2b and (f) SO2b did not di�er
signi�cantly between groups (p = 0.08 and p = 0.98, respectively). Boxplots of
standard deviation of (g) oxyHb and (h) deoxyHb di�ered signi�cantly between
groups (p = 0.008 and p = 0.004, respectively). Outliers are shown as red crosses.

5.3.2 Race-speci�c di�erences in spectral power

Microvascular blood �ow

As indicated in Figure 5.1, the blood �ow (BF) spectrum contains clearly resolved

oscillatory components spanning the frequency range 0.0095-2 Hz. Intragroup

comparison of the BF oscillations showed that they did not di�er signi�cantly in

any of the six frequency intervals, as shown in Figure 5.3(a). The high peak in the

cardiac interval of CA (Figure 5.3(a)) results from 2 outliers (subjects with very

high cardiac peaks).

Hemoglobin and oxygen saturation

Figure 5.1 also shows the typical time-averaged wavelet spectral power of oxy-

gen saturation SO2a (obtained using white light spectroscopy), oxygen saturation

SO2b (obtained using NIRS), oxygenated hemoglobin (oxyHb), and deoxygenated

hemoglobin (deoxyHb), recorded from a black African and a Caucasian. Unlike
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Signal BA CA p value
Blood �ow (AU) 9.3 [7.9 15.2] 13.7 [8.1 19.8] 0.23
Oxygen saturation, SO2a (%), 35.4 [29.2 39.6] 48.6 [39.6 59.4] 0.002
Oxygen saturation, SO2b (%), 65.2 [59.9 68.4] 68.1 [66.5 71.6] 0.03
Oxygenated hemoglobin (AU) 14.5 [12.9 17.0] 7.4 [5.9 12.0] 0.002
Deoxygenated hemoglobin (AU) 29.0 [24.6 31.9] 8.3 [7.3 12.2] 0.0000001

Table 5.3: Median values and ranges [25th percentile and 75th percentile] of
blood �ow, oxygen saturation (SO2a, measured at a shallow depth in the skin
using white light spectroscopy, SO2b � measured deeper in the skin using NIRS),
oxygenated and deoxygenated hemoglobin concentrations.

Figure 5.3: Time-averaged wavelet power spectra of (a) blood �ow (BF), (b)-(e)
oxygenation parameters mean over groups. The comparison of the curves presented
in (d)-(e) are summarized in (f). Lavender-blush and lavender shadings indicate
the ranges between 5th and 95th percentiles in the BA and CA groups respectively,
and grey shading in (d)-(h) indicates statistically signi�cant (p <0.05) di�erences
between the two groups. (g),(h) Comparison between the oxygenation depths for
the BA and CA groups respectively. Note that both SO2a and SO2b are expressed
as %s. The vertical lines indicate the six cardiovascular frequency intervals [15]
within the range 0.0095-2 Hz.

the case of BF, high frequency oscillatory components in the SO2a, SO2b and

oxyHb spectral powers are not clearly seen as they appeared noisy, but their low

frequency spectral content could be clearly visualized in both BA and CA subjects,

as shown in Figure 5.3. In contrast, neither the low nor high frequency compo-

nents were clearly observed in the deoxyHb spectrum. SO2a and SO2b recorded
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Figure 5.4: Blood �ow and oxygen saturation phase coherence, and means over
groups. Wavelet phase coherence (minus surrogate thresholds) between (a) BF
and SO2a (oxygen saturation recorded using white light spectroscopy). (b) BF and
SO2b (oxygen saturation recorded using NIRS), where III and I indicate the myo-
genic and cardiac frequency intervals respectively. Lavender-blush and lavender
shadings indicate the ranges between 5th and 95th percentiles in the BA and CA
groups respectively, and grey shading indicates statistically signi�cant (p<0.05)
di�erences between BA and CA. The box-plots show the coherence between (c)
BF and SO2a, and (d) BF and SO2b within the cardiac and myogenic frequency
intervals. ∗p<0.05, ∗∗p<0.005.

from the skin and deeper tissue exhibit similar power spectra (p > 0.05) across the

0.0095-2 Hz frequency interval, when compared between BA and CA groups, while

their spectral powers at frequency > 0.1 Hz are diminished in both cases compared

to that of the BF's spectral power, as shown in Figure 5.3(a)-(c). In contrast to

SO2a and SO2b, the oxyHb and deoxyHb spectral power were signi�cantly higher

in BA compared with CA (p > 0.05) groups in the frequency intervals IV, V and

VI associated with neurogenic, NO dependent endothelial and NO independent

endothelial activity (Figure 5.3(d),(e)). No signi�cant inter-group di�erence was

observed in either the oxyHb or deoxyHb spectral powers (p > 0.05) above 0.4 Hz,

partly because the power diminishes within the high frequency intervals. Similarly,

the oxyHb and deoxyHb spectral powers did not signi�cantly di�er between BA

and CA (Figure 5.3(f)).
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Figure 5.5: Blood �ow and hemoglobin phase coherence, and means over groups.
Wavelet phase coherence (minus surrogate thresholds) between (a) BF and oxyHb
(b) BF and deoxyHb, where III, II and I indicates myogenic, respiratory, cardiac
frequency intervals respectively. Lavender-blush and lavender shadings indicate
the ranges between 5th and 95th percentiles in the BA and CA groups respectively,
and grey shading indicates statistically signi�cant (p<0.05) di�erences between
BA and CA. The box-plots show coherence between (c) BF and oxyHb, and (d)
BF and deoxyHb within the cardiac, respiratory and myogenic frequency ranges.
∗p<0.05, ∗∗p<0.005.
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Figure 5.6: Relationship between the deoxygenated hemoglobin signal
and the estimated wavelet phase coherences between blood �ow and oxy-
genated/deoxygenated signals. (a) Coherence between blood �ow and oxygenated
hemoglobin plotted against the deoxyHb signal, (b) Coherence between blood �ow
and deoxygenated hemoglobin plotted against the deoxyHb signal.

5.3.3 Race-speci�c di�erences in wavelet phase coherence

Coherence between �uctuations in blood �ow and oxygen saturation

Figure 5.4 presents the wavelet phase coherences between oscillations in BF and

SO2a, BF and SO2b. The CA group showed signi�cantly higher phase coherence

between BF and SO2a in the frequency intervals associated with cardiac (I) and

myogenic (III) activity (p = 0.0075 and p = 0.0003, respectively) compared to

BA. The coherence nearly disappears in the respiratory frequency interval in both

groups. In contrast, a comparison between BA and CA reveals no signi�cant

coherence between BF and SO2b (Figure 5.4(c),(d)) across 0.0095-2 Hz frequency

interval, nor in the cardiac or myogenic frequency bands.

Coherence between �uctuations in blood �ow and hemoglobin

Wavelet phase coherence between oscillations in BF and both oxyHb and deoxyHb

were calculated and the group mean coherence is shown in Figure 5.5(a),(b). A
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signi�cantly higher coherence between BF and oxyHb was observed in CA in the

frequency intervals I, II and III (p = 0.0061, p = 0.005, p = 0.0004 respectively)

associated with cardiac, respiratory and myogenic activity, respectively (Figure

5.5(c)). In the coherence between BF and deoxHb, CA exhibited a signi�cantly

higher coherence in only the cardiac and myogenic frequency intervals (p = 0.001

and p = 0.01, respectively), while no such signi�cant di�erence (p = 0.13) was

observed in the respiratory interval, as the coherence in the latter case was di-

minished in both groups. BA exhibited a signi�cantly lower phase coherence in

all frequency intervals where signi�cant di�erences were observed as presented in

Figure 5.5(c),(d).

Coherence between blood �ow and hemoglobin concentration

Figure 5.6 presents linear graphs plotting the relationships between the estimated

BF and oxyHb/deoxyHb coherence and deoxyHb concentration. As deoxyHb in-

creases in BA, the coherence between BF and oxyHb decreases, while the low

deoxyHb concentration in CA leads in turn to high coherence between BF and

oxyHb (Figure5.6(a),(b)). In a similar fashion, the increase in deoxyHb concentra-

tion in BA reduces the coherence between BF and deoxyHb, while the coherence

rises with increasing deoxyHb (Figure 5.6(b)).

Coherence between oxygenated and deoxygenated hemoglobin

concentrations

The analyses of phase coherence between oxygenated and deoxygenated hemoglobin

are summarised in Figure 5.7(a),(b). A signi�cantly lower phase coherence in the

frequency intervals associated with cardiac, respiratory and myogenic activity (p =

0.00001, p = 0.0004 and p = 0.04, respectively) was observed in the CA group

as compared to BA (Figure 5.7(b)). Although not statistically signi�cant, CA

exhibited a slightly higher coherence below 0.052 Hz with the coherence nearly

disappearing towards 0.0095 Hz (Figure 5.7(a)).
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Figure 5.7: Phase coherence between hemoglobin signals and its comparison
with the oxygenated/deoxygenated hemoglobin concentrations: (a) Wavelet phase
coherence (minus surrogate thresholds) between oxyHb and deoxyHb concentra-
tions, mean over groups. Lavender-blush and lavender shadings indicate the ranges
between 5th and 95th percentiles in the BA and CA groups respectively, and grey
shading indicates statistically signi�cant (p<0.05) di�erences between BA and CA.
(b) Box-plots showing coherence between the oxyHb and deoxyHb signals in the
cardiac, respiration and myogenic frequency ranges. Comparisons of cardiac, res-
piratory and myogenic oscillatory activities in oxyHb � deoxyHb coherence with
(c) deoxyHb and (d) oxyHb concentrations. ∗p<0.05, ∗∗p<0.005.

Figure 5.7(c),(d) present linear graphs plotting the relationships between the

estimated oxyHb and deoxyHb wavelet phase coherence and level of hemoglobin

(oxyHb and deoxyHb) concentration, in the frequency intervals associated with

cardiac, respiratory and myogenic activity (Figure 5.7(b)). As the deoxHb con-

centration increases in BA, the phase coherence between oxyHb and deoxyHb in

the cardiac frequency band also increases. Low deoxyHb in CA leads to low co-

herence between oxyHb and deoxyHb in the cardiac frequency interval. Unlike the

cardiac band coherence, no marked relationship between deoxyHb level and coher-

ence in either the respiratory or myogenic frequency band was observed (Figure

5.7(c)).

Figure 5.7(d) illustrates that, under almost the same level of oxyHb in BA and

CA, the coherence between oxyHb and deoxyHb is higher in the cardiac frequency

band of BA than in that of CA. No such relationship is observed in the other
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frequency bands.

5.4 Summary

Race-speci�c di�erences in the level of glycated hemoglobin are well known. How-

ever, these di�erences have been detected by invasive methods, by measurement

of mean tissue oxygenation � glycated hemoglobin, but their understanding is still

far from complete particularly because mean oxygenation is not a su�cient mea-

sure of the physiological situation. Given that oxygen is delivered to the cells by

hemoglobin through the cardiovascular system a possible route is to investigate

the phase coherence between blood �ow and oxygen transportation. This chapter

introduces a non-invasive optical technique for studying the race-speci�c di�er-

ences in the haemodynamics and oxygenation of blood in the microcirculation of

skin and deeper tissue.

By investigating the deterministic properties of oxygenation measured at a

deeper level in the tissue with near infrared spectrometer and a simultaneously

recorded microvascular blood �ow and skin oxygenation signals using combined op-

tical LDF and white light spectroscopy and, by extracting time-varying oscillatory

parameters and phase coherences, we have gained new insights into race-related

di�erences in microvascular dynamics. While coherence between �uctuations in

blood �ow and oxygenation in general have been studied previously, here we have

investigated for the �st time race-speci�c di�erences in phase coherence between

blood �ow and oxygenation oscillations within the 0.0095-2 Hz frequency interval.

The signi�cant alteration of coherence within the cardiac, myogenic and respira-

tory intervals of the BA group as captured in the microvasculature seems to imply

that some of the underlying physiological mechanisms manifest in the cardiovas-

cular dynamics function in a slightly di�erent way. This suggests small di�erences

of microvascular regulation between the BA and CA groups. Similarly, the BA

subjects di�er from Caucasians of the same age in the spectral powers of their

oxygenated and deoxygenated hemoglobin in the neurogenic and endothelial oscil-
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lations � both nitric oxide dependent and independent � within the microvascular

network. Thus race-speci�c di�erences a�ect the local and systemic components

of the cardiovascular system by attenuating rhythmic coordination between the

oscillators of which it is composed. Although the physiological meanings of these

�ndings are yet to be fully evaluated, our approach provides robust information

on race-related di�erences of coherence in cardiovascular pathophysiology.
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6. Blood �ow and cardiovascular

dynamics in febrile and non-febrile

malaria

6.1 Introduction

Febrile and non-febrile malaria provides a unique opportunity to monitor the car-

diovascular �ow of a sequestrated Plasmodium infected erythrocyte (Figure 6.1) in

vivo. In this Chapter, it will be elucidated how cardiovascular data obtained from

the Murtala Muhammad Specialist Hospital of Kano, Nigeria, were analysed using

the techniques discussed previously to investigate whether cardiovascular dynam-

ics is altered in febrile and non-febrile malaria. The results provide insights into

the physiological and rheological mechanisms of malaria-a�ected vasculature, and

the associated �ndings were used in the development of a noninvasive diagnostic

test which can be used in the remotest hard-to-reach rural settings if veri�ed in a

larger study.

In malaria research, the quest to improve reliability and speed result diagnosis

has brought about a plethora result novel approaches in �elds such as cell and

molecular biomechanics, but a general diagnosis for febrile and non-febrile malaria

illnesses seems unfeasible when viewed from this perspective, due to the signi�cant

variability between fever states. The continuous emergence result multidisciplinary

research by scientists from di�erent �elds is increasingly yielding amazing fresh
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viewpoints on old challenges, with e�orts to evaluate and have knowledge result

the underlying characteristics and mechanisms that both febrile and non-febrile

malaria have in common, in addition to how they vary.

The present Chapter will focus mainly on the e�ects resulting from malaria

febrility on blood �ow and cardiovascular dynamics. Moreover, the consequences of

malaria episodes on microvascular blood �ow dynamics is investigated in Chapter

7.

Figure 6.1: The pathogenesis result Plasmodium falciparum malaria and its life
cycle. Figure extracted from [396].

6.1.1 Fever as a malaria hallmark symptom

The popular �hallmark result malaria� is fever � which at the beginning (up to

two days before the onset result fever) mimics �u, and may be accompanied by

shivering, sweating, shaking chills and muscle aches [397].

Additional established hallmarks result malaria are: ability result the malar-

ial parasite to invade and stick on erythrocytes, resistance to splenic clearance,

and induction result erythrocyte resetting. Several other new emerging hallmarks

are becoming apparent including; reprogramming result vasculature (consequence
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result long-term e�ect result malaria episodes on vasculature) and variant gene

expression [398].

6.1.2 Hypotheses

The hypotheses outlined below were tested by taking into account a combination

result the foregoing time-frequency analysis methods and the coupled oscillator

model result the cardiovascular system:

1. Cardiovascular �ow regulation in the febrile and non-febrile malaria states

di�ers on multiple frequency scales from the nonmalaria healthy state.

2. Rhythmic coordination between the cardiovascular processes within febrile

and non-febrile malaria states di�ers on multiple frequency scales from the

nonmalaria healthy state.

3. The di�erences which arise may be used in the development result a diag-

nostic test that can di�erentiate between febrile malaria, non-febrile malaria

and healthy states.

6.2 Experimental protocol

To test the aforementioned hypotheses, the protocols described in this section were

carried out in the implementation result the experiments at Murtala Muhammad

Specialist Hospital result Kano from July 2018 to November 2018.

6.2.1 Study participants and clinical data

Fifty patients with clinically acute febrile and non-febrile malaria were enrolled in

the study, in accordance with the inclusion criteria. Fifty one healthy volunteers

with no clinical malaria were also enrolled in the study. It is worth noting that the

healthy volunteers considered have had episodes result malaria but recovered from

it. One result the enrolled patients with clinically febrile malaria was excluded
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from the �nal results as their respiratory signal was not properly measured and

contained anomalous noise, probably an optical e�ect.

6.2.2 Inclusion and exclusion criteria for recruitment

result participants

In this cross-sectional study, subjects with clinically acute febrile illnesses of less

than 2-5 days, suspected by an expert physician to be malaria, were recruited from

two units within the MMSH: Medical Accident and Emergency Unit (A & E) and

General Outpatients Department (GOPD). A clinically acute febrile illness was

de�ned as body temperature above 37.6 degrees. In addition to being less than

30 years old, further inclusion criteria used for clinical assessment result malaria

patients include: 1- informed consent for participation in the study 2- absence

result overt alternative/superadded cause result febrile illness 3- absence result

signi�cant co-morbidity/complications known to a�ect test e.g., hypertension, pe-

ripheral vascular disease, etc 4- presence result malarial parasites on blood �lm

microscopy 5- positive malarial Rapid Diagnostic Test (RDT) 6- Absence result

sickle cell anaemia on blood group genotype test.

The exclusion criteria considered for malarial patients include those mentioned

earlier in Section 3.1.3, but with the exception result malaria infection. The exclu-

sion criteria were introduced in order to have as homogenous a group as possible for

the purposes result monitoring the cardiovascular dynamics, particularly exclud-

ing conditions that are known to alter cardiovascular dynamics. This guarantees

that any di�erences observed may reliably be attributed to the consequence result

malaria.

Patients who satis�ed the criteria stated in items 1 to 3 underwent blood in-

vestigations for items 4 to 6 above. The Medical Laboratory Scientist assigned to

the researcher/investigator collected the blood samples from the participants and

conducted the blood �lm microscopy and the RDT (which are gold standard pro-

cedures for diagnosing malaria). Note that, the blood group genotype and PCV
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test for each participant were done retrospectively at Bayero University Medical

Centre in Kano, Nigeria, as the turnaround time for these tests is usually long.

Participants whose results failed to satisfy the outlined criteria were excluded from

the analysis. It is worth noting that the major di�erence in the inclusion crite-

ria for febrile malaria and non-febrile malaria group is the body temperature or

febrile illness. Malaria patients presented with a core temperature above 39.0oC

were grouped as febrile malaria, while those presented with temperature below

39.0oC were categorized as non-febrile malaria. The essence result this grouping

was to allow for the evaluation result treatment along the road to recovery.

Healthy subjects were recruited in to the study as controls according to the

same exclusion criteria, after satisfying the following inclusion criteria: 1- No acute

febrile illness (temp leq 37.6oC), 2- informed consent for participation in the study,

3- absence result signi�cant co-morbidity/complications known to a�ect test e.g.,

hypertension, peripheral vascular disease, etc, 4- absence result malarial parasites

on blood �lm microscopy, 5- negative malarial Rapid Diagnostic Test (RDT), 6-

absence result sickle cell anaemia on blood group genotype test,

Screening was conducted by medical sta� at each result the units. The re-

searcher/investigator counselled and provided information about the study to the

participant or his guardian. In a similar approach described in Section 3.1, the

participant was provided with a Patient Information sheet (PIS). Accordingly, a

signed informed consent was obtained from the participant or his guardian, and

a participant details sheet was �lled documenting the demographics and medical

history result the participant. In situations where the participant or his guardian

could not read the documents, the researcher translated them in the participant's

Hausa language (the widely spoken language in Kano state).

Medical laboratory examinations

In order to ascertain the inclusion and exclusion criteria, potential participants

underwent several clinical and medical laboratory examinations before �nally be-
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ing included in the study. The clinically acute malaria patients included in the

�nal data constituted 37 febrile malaria (FM) and 10 non-febrile malaria (NFM)

patients, all demonstrated positive for both blood smear (microscopy) and rapid

diagnostic test, and were identi�ed with an AA genotype (see Table 6.1). Healthy

nonmalaria (NM) subjects presented negative in both microscopy and rapid diag-

nostic test, and also an AA genotype blood group.

Measurements result the volume percentage result red blood cells in blood,

commonly referred to as the packed cell volume (PCV), are reported in Table 6.3.

NM had a signi�cantly higher PCV when compared to malaria groups. However,

no signi�cant di�erences were found for FM-NM and FM-NFM comparisons.

6.2.3 Measured cardiovascular parameters

Using the measurement setup discussed in Section 3.1, parameters including blood

�ow (recorded at the outer side result left and right ankles, the lateral malleolus,

using a two-channel LDF apparatus - DRT 4, Moor Instruments Ltd., UK), ECG,

respiration, skin temperature and arterial oxygenation were measured simultane-

ously in a quiet room whose temperature ranged between 29 oC to 31 oC. The

LDF characteristics used include: 780 nm wavelength, maximum power result 2.5

mW, 40 Hz sampling frequency, 0.1 s output time constant, 22.5 KHz bandwidth.

Given that the equipment used in the study was transported from the UK, we

ensured the instruments were calibrated before commencing the measurements in

order to enable comparison result results, as the LDF recording do not provide

absolute perfusion values, but rather measured in perfusion units (PU) (1 PU =

10 mV). Note in this Chapter, we refer BF1 and BF2 as the blood �ow recorded

from the left and right ankles, respectively.

Before measurements were taken, after ensuring that the subject/patient had

ful�lled the appropriate exclusion criteria result the study, the researcher then

went through the consent form, patient information sheet, participant details sheet,

answered questions raised and obtained the written informed consent. The subject
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was requested to lie in a supine position on a bed.

6.3 Time series analysis

Prior to analysis, time-series were inspected in order to detect strange e�ects such

as movement artefacts and rhythmic patterns that are seen to be di�erent from the

essential oscillations. Most often, these e�ects stem from methodological and phys-

iological factors including dry skin and could be abolished through an improved

hardware design and optimization of the equipment.

In the analysis of longer recordings (minutes), frequency peaks from Fourier

analysis will spread out and appear less distinct due to the natural variability in

their generation since the physiological signals are inherently non-stationary, hence

wavelet analysis was used, based on methods described in earlier works (Section

3.6).

The time and frequency resolutions of a signal depend solely on the window

length, with short windows giving good time resolution while long window gives

good frequency resolution. The incompatibility of measuring time and frequency

simultaneously due to the uncertainty principle makes it impossible to detect ex-

actly at which particular time the signal had a certain frequency. The wavelet

transform has been demonstrated to resolve the problem of time-frequency resolu-

tion by fully representing the time�varying components present in cardiovascular

time-series [17, 316]. It is a scale independent method comprising an adaptive

window length allowing low frequencies to be analysed using long wavelets and

higher frequencies with short wavelets.

Due to the wide variation between spectra at di�erent sites of recordings, it is

very likely that the absolute value of power de�ned by equation 3.18 (Section 3.6)

may be misleading, therefore the wavelet spectral powers were normalized by divid-

ing all spectra by their total power, as described in equation 3.22. The normaliza-

tion allows a comparison between di�erent recordings sites, as measurements from

distinct location re�ecting various vascular densities have been shown to possibly
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give di�erent average spectral values [399]. The normalised spectra represent the

relative power contribution of each particular frequency band en(fn1, fn2), given as

the ratio of the absolute power at a particular frequency band to the time averaged

power.

6.3.1 Time domain analysis

6.3.2 E�ects of malaria on hemodynamics, respiration

frequency, and skin temperature

A summary of the quantitative analysis of hemodynamics, respiration frequency

and skin temperature is presented in Table 6.2.

A comparison with the non-malaria group reveals that febrile malaria induced

a signi�cant reduction in both systolic and diastolic blood pressure (p = 0.04, p

= 0.0001), with a similar decrease found in non-febrile malaria; however, it was

not statistically signi�cant (p = 0.07, p = 0.45). While for the FM-NFM com-

parison, no signi�cant di�erence was found in systolic blood pressure, in diastolic

blood pressure a signi�cant di�erence was observed (with FM having a lower di-

astolic blood pressure). The respiratory rate was signi�cantly faster in FM when

compared with the NM and NFM groups (p = 0.0000001 and p = 0.02), but did

not di�er signi�cantly in the NFM-NM comparison (p = 0.33). Skin temperature

markedly increased in FM when compared with NM and NFM groups. FM also ex-

hibited a lower percentage of packed cell volume (PCV) when compared with NM,

but no signi�cant di�erences were found in NFM-NM and FM-NFM comparisons.

6.3.3 Average blood �ow

The mean blood �ow results for febrile malaria, non-febrile malaria and non-

malaria are presented in Table 6.4. While comparison between groups did not

di�er signi�cantly in BF1, however, NFM-NM comparison was found to di�er

markedly in BF2.
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Table 6.4: Medians (inter quartile range) of the means of all blood �ow signals
in perfusion units (PU) for left ankle (BF1) and right ankle (BF2). n = 37,
10 and 52 for febrile malaria (FM), non-febrile malaria (NFM) and non-malaria
(NM) respectively. p1, p2 and p3 are values calculated for FM-NFM, FM-NM and
NFM-NM comparisons respectively.

Average blood �ow (PU)

Signal FM NFM NM p1 p2 p3

BF1 8.03(3.96-

15.03)

4.15(3.10-7.48) 7.09(3.97-

10.73)

0.11 0.55 0.16

BF2 6.17(4.02-

10.54)

3.05(1.50-5.50) 7.05(4.02-

10.66)

0.038 0.46 0.008

6.3.4 Average values of the instantaneous heart frequency

Results of average instantaneous heart frequency derived from both ECG and

blood �ow values are reported in Table 6.5. The two malaria groups, FM and

NFM showed signi�cantly higher average values (p = 0.0000, p = 0.002, respec-

tively) at the ECG derived instantaneous heart frequency [1.63 Hz (1.39-1.79) and

1.36 Hz (1.27-1.55) respectively] compared to the healthy group [1.13 Hz (1.02-

1.26)]. A signi�cant di�erence was found between FM and NFM groups in mean

instantaneous heart frequency values, extracted from the ECG (p = 0.002).

Similarly, the blood �ow derived IHF mean values obtained from the LA and

RA were signi�cantly higher in both FM [1.71 (1.53-1.85) and 1.71 (1.56-1.85) re-

spectively] and NFM [1.35 (1.28-1.52) and 1.36 (1.28-1.56), respectively] compared

to NM [1.13 (1.02-1.26) and 1.15 (1.02-1.26)]. Likewise, a signi�cant di�erence in

the mean IHF values was found between NFM and FM groups, with the latter

being signi�cantly higher (p = 0.001 and p = 0.003 for LA and RA respectively).
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Table 6.5: Medians (inter quartile range) of the means of all instantaneous heart
frequency derived from ECG, left and right ankle blood �ows denoted as; IHF,
IHF1 and IHF2 respectively. p1, p2 and p3 are values calculated for FM-NFM,
FM-NM and NFM-NM comparisons respectively.

Average instantaneous heart frequency (Hz)

Signal FM NFM NM p1 p2 p3

IHF 1.72(1.53-1.85) 1.36(1.28-1.55) 1.14(1.02-1.26) 0.002 0.0000 0.0000

IHF1 1.71(1.53-1.85) 1.35(1.28-1.52) 1.13(1.03-1.27) 0.001 0.0000 0.001

IHF2 1.71(1.56-1.85) 1.36(1.28-1.56) 1.36(1.02-1.26) 0.003 0.0000 0.0000

Average arterial oxygen saturation

The average oxygen saturation values (measured in %) in the FM and NFM groups

[4.984 (4.983-4.988) and 4.987 (4.987-4.988), respectively] were signi�cantly lower

in FM and NFM (p = 0.001 and p = 0.002 respectively) compared to the NM

group [4.989 (4.988-4.989), Table 6.3]. No signi�cant di�erence in mean oxygen

saturation values was observed between FM and NFM.

6.3.5 Time-frequency analysis

The signals investigated were transformed to the time-frequency domain using

wavelet analysis with a Morlet wavelet of f0 = 1.5 Hz, which was achieved with

the aid of custom Matlab codes. After computing the wavelet transforms for

all signals, the time-averaged power was then calculated and subsequently nor-

malised. Sometimes, comparisons between average values of the signals did not

di�er. However, computation of their wavelet transforms could reveal a statisti-

cally signi�cant di�erences. A similar scenario was observed in the subsequent

analysis of cardiovascular dynamics in malaria and non-malarial states at some

frequencies in the cardiac, respiratory, myogenic, neurogenic, NO-dependent en-

dothelial and NO-independent oscillatory intervals. The di�erences observed in

power spectra between malaria states and non-malaria were further investigated
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in order to ascertain if they could be used to distinguish between groups. The

Figures showing the six discriminatory parameters are presented in the appen-

dices. To test the accuracy of these parameters, machine learning algorithms were

used to classify them between febrile malraia, non-febrile malaria and non-malaria

states. Whilst the evaluation of absolute wavelet spectra power is promising, this

alone does not reveal an adequate energy di�erence for oscillation, when compared

between groups. Di�culties are often faced when characterizing and comparing

oscillations in speci�c frequency bands, as a result of global di�erences in spectral

power between groups. Due to the varying or dynamical nature of malaria pro-

gression such transitions between high febrile and mild febrile states over time lead

to marked e�ects on cardiovascular signals [400]. On this basis, there is a need

for normalization in order to establish a true representation of the cardiovascular

dynamics. Therefore, all the wavelet power spectra evaluated were normalized

by dividing by their total powers, and their comparisons at all frequencies from

0.005-2 Hz were evaluated between groups. Although we presented the absolute

power of both blood �ow and instantaneous heart frequency.

Spectral power in blood perfusion �uctuations

Absolute power spectra of left (BF1) and right (BF2) blood �ow oscillations for

the three groups are shown in Table 6.6 and Figure 6.2 (b) with some statistically

signi�cant di�erences at some frequencies within the cardiac and myogenic bands

for FM-NM comparisons in BF1, and also a signi�cant di�erence was found in

the cardiac and NO-dependent endothelial activity of BF2. While NFM-NM com-

parisons in BF1 absolute spectral power showed no signi�cant di�erence within

the six frequency bands, the absolute power of the neurogenic oscillations in BF1

exhibited a signi�cant di�erence for the FM-NM comparison (Figure 6.2(b)). The

absolute spectral power does not give information about the relative contribution

of each oscillation, re�ecting each physiological activities that manifest within the

frequency intervals of interest. Additionally, unlike the normalised spectral power,
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Figure 6.2: Absolute wavelet power: (a) Typical blood �ow signals recorded
from left (BF1) and right ankle (BF2) from each group of subjects. (b) Absolute
time-averaged wavelet power of blood �ow, median over groups. Brown shading
indicates signi�cant (p<0.05) di�erences between FM�NM, NFM�NM and FM�
NFM comparisons. The green, red and blue curves represent febrile malaria, non-
febrile malaria and non-malaria groups, respectively.

the absolute wavelet power spectra does not contain details about amplitude �uc-

tuations which arise from sudden increase and decrease in amplitude of oscillatory

processes. Hence the normalized time-averaged wavelet power of BF1 and BF2

were calculated within the frequency intervals shown in Figure 6.3.

Table 6.6: Normalized power values evaluated from left and right ankle blood
�ows, BF1 and BF2 respectively, for all studied frequency intervals. p1, p2 and p3
are values obtained from the sign rank test for FM-NFM, FM-NM and NFM-NM
comparisons respectively. Signi�cant di�erences (p < 0.05) are highlighted in grey.

Normalized power in intervals

Signal FM NFM NM p1 p2 p3

F - I

BF1 1.9(1.4-2.8)x10−3 3.2(1.8-4.0)x10−3 2.7(1.8-3.3)x10−3 0.05 0.009 0.50

BF2 2.0(1.3-2.8)x10−3 2.8(2.1-4.9)x10−3 2.7(1.9-4.3)x10−3 0.04 0.004 0.67

F - II

BF1 1.9(1.3-2.7)x10−3 2.2(1.3-2.8)x10−3 1.5(0.9-2.5)x10−3 0.88 0.24 0.55
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Table 6.6 � continued from previous page

Signal FM NFM NM p1 p2 p3

BF2 1.7(1.2-3.2)x10−3 3.1(1.4-4.1)x10−3 1.5(1.0-2.8)x10−3 0.07 0.66 0.04

F - III

BF1 6.6(3.8-8.8)x10−3 4.4(3.5-9.0)x10−3 7.8(5.8-13.7)x10−3 0.49 0.01 0.03

BF2 6.5(4.5-11.0)x10−3 5.6(4.5-8.1)x10−3 8.4(5.8-11.5)x10−3 0.66 0.07 0.10

F - IV

BF1 4.7(2.2-7.0)x10−3 3.8(2.5-6.5)x10−3 2.1(1.1-3.4)x10−3 0.57 0.0001 0.06

BF2 3.7(2.5-7.7)x10−3 2.5(1.7-4.0)x10−3 2.4(1.0-4.2)x10−3 0.07 0.003 0.55

F - V

BF1 2.7(1.3-4.2)x10−3 3.6(0.8-4.7)x10−3 1.4(0.6-2.1)x10−3 1 0.0001 0.05

BF2 2.2(1.6-3.1)x10−3 2.2(1.5-2.6)x10−3 1.6(0.7-2.5)x10−3 0.72 0.01 0.46

F - VI

BF1 1.7(0.9-3.3)x10−3 2.4(0.5-5.0)x10−3 1.2(0.5-2.4)x10−3 0.78 0.11 0.16

BF2 1.4(1.0-1.9)x10−3 1.1(0.4-3.0)x10−3 1.3(0.8-2.7)x10−3 0.50 0.80 0.43

For the left ankle and right ankle blood �ows, febrile malaria had signi�cantly

lower normalized power than NM in the 0.07-0.1 Hz and 0.8-1.4 Hz frequencies

associated with the myogenic and cardiac activities respectively, and a signi�-

cantly higher normalized power than NM in 0.13-0.16 Hz, the neurogenic and

NO-dependent endothelial frequency intervals. A major shift was seen in the car-

diac oscillatory peak between febrile malaria and non-malaria groups, with that of

the febrile malaria and non-malaria found at ∼1.83 Hz, ∼1.02 Hz in the left ankle

blood �ow and at ∼1.8 Hz, ∼1.04 Hz in the right ankle blood �ow respectively

(Figure 6.3 (a)-(b)). As was the case for febrile malaria group, the cardiac peak

frequency was slightly higher in non-febrile malaria (found at ∼1.44 Hz, ∼1.45 Hz

in left ankle blood and right ankle blood �ow respectively) than non-malaria. In

a similar pattern to that of febrile malaria, non-febrile malaria exhibits a lower
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Figure 6.3: Normalised wavelet power: (a)-(f) Normalised time-averaged wavelet
power of left (�rst column) and right (second column) ankle blood �ow for all
groups, median over group. Signi�cant di�erences (p < 0.05) between for each
pair comparisons between group is highlighted in brown.

Figure 6.4: Band normalized spectral power values obtained by wavelet analysis
of laser Doppler tracings recorded for 30 minutes within six frequency intervals
showing the respiration (F-II), myogenic (F-III), neuroenic (F-IV), NO-dependent
endothelial (F-V) and NO-independent endothelial (VI) oscillations in blood �ow.
Data are presented as boxplots where the upper and lower limits of each box
represent the 75th and 25th percentiles, respectively; the line between these is the
median value. The FM group is represented in red, NFM in gold, and NM in blue.
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normalized power in the 0.07-0.1 Hz but was not statistically signi�cant, and a

higher normalized power around the neurogenic and NO-dependent endothelial

frequency intervals all of which are statistically signi�cant except at ∼0.02 Hz in

left ankle blood �ow and 0.14-0.16 Hz in right ankle blood �ow, when compared

to non-malaria (Figure 6.3(c)-(d)).

Comparisons of the normalized power between febrile and non-febrile malarias

revealed di�erences in the cardiac interval, with the di�erence being signi�cant

only in right ankle blood �ow � noting that the frequencies of their cardiac peaks

also di�er. At frequencies (0.04-0.05 Hz) within the neurogenic interval, non-febrile

malaria was found to exhibit a higher normalized power although this was only

statistically signi�cant in the right ankle blood �ow (Figure 6.3(e)-(f) ).

The box-plots in Figure 6.4 compare the normalised power spectral compo-

nent of the LDF blood �ows within the bands investigated for di�erent groups.

The febrile malaria group was found to have lower cardiac oscillations than either

the non-febrile or non-malaria groups in blood �ow recorded from the right an-

kle, and a similar signi�cant di�erence in febrile malaria was observed in the left

ankle blood �ow cardiac band power only for the FM-NM comparison. For the

respiratory band, no signi�cant di�erence was found between groups in left ankle

blood �ow, but respiratory normalized power in the right ankle blood �ow signi�-

cantly increased in non-febrile malaria only when compared with non-malaria. In

contrast, values of the myogenic band power in the left ankle blood �ow are less

widely separated; yet they are signi�cantly lower in febrile and non-febrile malaria

groups for the FM-NM and NFM-NM comparisons, although no such signi�cant

di�erences were found in the right ankle blood �ow. Comparisons between febrile

malaria and non-malaria revealed striking di�erence in the neurogenic and NO-

dependent endothelial bands, with their band powers being markedly increased

in febrile malaria patients. No signi�cant di�erences were found during the same

comparisons for normalized band power within the NO-independent endothelial

interval.
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Spectral power in instantaneous heart frequency �uctuations

Table 6.7: Normalized power values of instantaneous heart frequency evaluated
from ECG, left and right ankle blood �ows - denoted as IHF, IHF1 and IHF2
respectively, within 0.005-0.145 Hz frequency interval. p1, p2 and p3 are values
obtained from the sign rank test for FM-NFM, FM-NM and NFM-NM comparisons
respectively. Signi�cant di�erences (p < 0.05) are highlighted in grey.

Normalized power of instantaneous heart frequency

Signal FM NFM NM p1 p2 p3

F - II (0.145-0.6 Hz)

IHF 6.9(4.1-9.1)x10−3 7.2(5.5-9.2)x10−3 4.1(3.0-5.4)x10−3 0.745 0.0001 0.0003

IHF1 5.3(1.7-6.8)x10−3 3.3(1.6-6.2)x10−3 3.8(2.8-5.0)x10−3 0.26 0.14 0.60

IHF2 5.0(2.8-6.9)x10−3 2.9(1.1-5.3)x10−3 3.9(3.1-4.6)x10−3 0.09 0.008 0.46

F - III (0.052-0.145)

IHF 5.1(4.0-6.0)x10−3 5.1(4.2-5.8)x10−3 6.6(5.9-7.6)x10−3 0.805 0.0006 0.004

IHF1 5.8(4.9-6.4)x10−3 5.6(5.1-6.6)x10−3 7.0(6.1-7.6)x10−3 0.94 0.00002 0.01

IHF2 5.9(4.8-7.0)x10−3 5.9(4.0-6.8)x10−3 6.5(6.2-7.4)x10−3 0.45 0.01 0.07

F - IV (0.021-0.052 Hz)

IHF 3.5(2.3-4.5)x10−3 2.7(2.3-3.6)x10−3 4.1(3.1-4.9)x10−3 0.342 0.106 0.017

IHF1 5.1(3.1-6.7)x10−3 5.6(3.5-7.3)x10−3 4.5(3.7-5.7)x10−3 0.35 0.87 0.23

IHF2 5.1(3.3-6.6)x10−3 5.3(4.3-7.1)x10−3 4.9(4.1-6.0)x10−3 0.47 0.60 0.56

F - V (0.0095�0.021 Hz)

IHF 5.1(4.0-6.0)x10−3 5.1(4.2-5.8)x10−3 6.6(5.9-7.6)x10−3 0.805 0.0006 0.004

IHF1 5.8(4.9-6.4)x10−3 5.6(5.1-6.6)x10−3 7.0(6.1-7.6)x10−3 0.94 0.00002 0.01

IHF2 5.9(4.8-7.0)x10−3 5.9(4.0-6.8)x10−3 6.5(6.2-7.4)x10−3 0.45 0.01 0.07

F - IV (0.021-0.052 Hz)

IHF 1.3(0.9-2.9)x10−3 1.6(1.0-4.1)x10−3 3.4(2.1-4.5)x10−3 0.825 0.003 0.112
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Table 6.7 � continued from previous page

Signal FM NFM NM p1 p2 p3

IHF1 2.0(1.2-4.2)x10−3 2.7(1.8-4.7)x10−3 2.6(1.7-3.6)x10−3 0.31 0.27 0.63

IHF2 1.6(1.0-3.2)x10−3 2.4(1.1-4.7)x10−3 2.5(1.5-3.8)x10−3 0.41 0.02 0.80

A summary of the quantitative analysis of IHF, IHF1 and IHF2 �uctuations is

presented in Table 6.7 and Figure 6.6.

Figure 6.5: Comparisons of normalised time-averaged wavelet power of the IHF
extracted from ECG recordings. Each curve is obtained as a median over all
subjects. (a) Febrile malaria (FM) compared with non-malaria (NM), (b) Non-
febrile malaria (NFM) compared with non-malaria (NM) and (c) FM compared
with NFM. Red shading indicates the range between 25th and 75th percentiles in
FM, blue shading indicates the range between 25th, and 75th percentiles in NM,
gold shading indicates the range between 25th, and 75th percentiles in NFM, and
brown shading indicates signi�cant (p<0.05) di�erences between the FM - NM and
NFM - NM comparisons.

Fluctuations in the IHF signal (derived from the ECG) at frequency intervals

associated with myogenic, nitric oxide-dependent endothelial activity and nitric

oxide-independent endothelial activity (p = 0.000006, p = 0.003 and p = 0.003

respectively) decreased signi�cantly in febrile malaria compared to NM (Figure

6.6), although the spectral power around 0.021 Hz tended to be lower for FM

(Figure 6.5(a)). But in the frequency interval associated with respiratory activity,
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FM exhibited a signi�cantly higher normalised spectral power (p = 0.0001) com-

pared to NM (Figure 6.6), similar �ndings was evident in the IHF absolute power

shown in Figure C.1. In a somewhat similar manner, the IHF oscillations of the

NFM group was signi�cantly higher (p = 0.004) within the respiratory frequency

interval when compared to NM, but markedly lower in the frequency interval asso-

ciated with myogenic, neurogenic and nitric oxide-dependent endothelial activity

(p = 0.017 and p = 0.018 respectively). No signi�cant di�erence in any of the

frequency intervals of IHF normalised spectral power was observed in the FM and

NFM comparison.

In the case of the IHF1 and IHF2 computed from the left and right ankle blood

�ows respectively, Figure 6.7 compares the normalised spectral power of oscillations

in IHF1 and IHF2 signals. Power at high frequencies (0.28-0.47 Hz) within the

respiratory oscillations in IHF1 and IHF2 increases signi�cantly in febrile malaria

compared to NM (Figure 6.7(a)-(b)). In contrast, the myogenic oscillations in IHF1

and IHF2 are signi�cantly lower in FM than in the NM group. Similarly a sig-

ni�cant attenuation occurred at frequencies within the NO-dependent endothelial

oscillation in IHF2 of FM. Fluctuations in IHF1 and IHF2 at frequencies around

0.1 Hz are signi�cantly weaker in non-febrile malaria compared to NM (Figure

6.7(c)-(d)).

The content of both IHF1 and IHF2 normalised spectral power within the

bands investigated for each group are compared in the box-plots shown in Figure

6.8. The FM group was found to have a signi�cantly lower IHF2 respiratory

oscillations than in the NM group (p = 0.008), but no such di�erence was seen in

IHF1 (p = 0.14). For the myogenic band, values of the power are widely separated

between the FM and NM groups, particularly in IHF1, with the power of myogenic

oscillations in IHF1 and IHF2 being signi�cantly lower in FM (p = 0.00002 and

p = 0.01, respectively) than in the NM group. While NFM also had signi�cantly

lower IHF1 myogenic oscillations than NM (p = 0.01), the oscillations in IHF2

in the same band was decreased in NFM but not signi�cantly (p = 0.07). A
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similar pattern was found within the IHF2's NO-dependent and NO-independent

endothelial oscillations, with statistically signi�cant di�erences observed only for

the FM-NM comparison in both band powers (p = 0.01 and p = 0.02) and only in

NO-dependent endothelial band power for the FM-NFM comparison, with almost

no signi�cant di�erence (p = 0.04). Comparisons between FM and NM groups did

not reveal any signi�cant di�erence in both IHF1 and IHF2 (p = 0.60 and p =

0.46, respectively).

Figure 6.6: Band normalised power showing the respiration (F-II), myogenic
(F-III), neuroenic (F-IV), NO-dependent endothelial (F-V) and NO-independent
endothelial (VI) oscillations in the IHF signal (extracted from the ECG) within
�ve intervals. Data are presented as boxplots where the upper and lower limits
of each box represent the 75th and 25th percentiles, respectively; the line between
these is the median value. *p < 0.05, **p < 0.001. The FM group is represented
in red, NFM in gold, and NM in blue. F-II to F-VI are frequency intervals.

Spectral power in arterial oxygenation oscillations

Oscillations at low and very low frequencies in the SpO2 signal disappear in FM and

NM, but could be seen in the FM group at frequencies associated with the myo-

genic, neurogenic and NO-dependent endothelial activities (Figure 6.9). Febrile

malaria showed signi�cantly lower normalized power in the frequency interval as-

sociated with respiratory activity and at a few frequencies (1.35-2 Hz) within the

cardiac interval when compared to non-malaria (Figure 6.9 (a)), but only at few

frequencies within the respiratory interval when compared to non-febrile malaria
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Figure 6.7: Comparisons of group median time-averaged normalised wavelet
power of IHF derived from the left ankle (�rst column) and right ankle (second
column) laser Doppler tracings recorded for 30 minutes. In each case the compar-
isons are shown for power between: (a)-(b) FM and NM; (c)-(d) NFM and NM;
and (e)-(f) FM and NFM . Signi�cant di�erences are highlighted in yellow (p <
0.05) as determined by the rank sum test.

(Figure 6.9 (c)). As was the case for febrile malaria, normalized power in some

frequencies within the cardiac (0.94-1.04 Hz) and respiratory (0.17-0.24 Hz and

0.40-0.48 Hz) intervals was signi�cantly lower in non-febrile malaria patients when

compared to non-malaria group, but no such di�erence was observed in the cardiac

interval (Figure 6.9).

The box-plots in Figure 6.9(d)-(e) compare the normalized power spectral con-

tent within the bands investigated for febrile malaria, non-febrile malaria and

non-malaria groups. Non-malaria exhibited strikingly stronger SpO2 respiratory

oscillations than either the febrile or non-febrile malaria groups (p < 0.001 and p <

0.05). A di�erent pattern was found within the cardiac band, with no statistically

signi�cant di�erences between groups.
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Figure 6.8: Band normalised power showing the respiration (F-II), myogenic
(F-III), neuroenic (F-IV), NO-dependent endothelial (F-V) and NO-independent
endothelial (VI) oscillations within these �ve intervals in IHF derived from (a)
left ankle and (b) right ankle blood �ow recorded using LDF. Data are presented
as boxplots where the upper and lower limits of each box represent the 75th and
25th percentiles, respectively; the line between these is the median value. The FM
group is represented in red, NFM in gold, and NM in blue.

6.3.6 Wavelet phase coherence and phase di�erence

From the foregoing results of normalized power of cardiovascular oscillatory com-

ponents, we therefore sought to explore the behaviour of their phase relationship

in the malarial (febrile and non-febrile) and non-malarial states, by calculating the

wavelet phase coherence between the signals' wavelet transforms. Phase coherence

at each frequency was considered signi�cant if its value was above the 95th per-

centile of IAAFT surrogates. Phase di�erence was calculated at the frequencies

where coherence was investigated.

Coherence between �uctuations in IHF1 and IHF2

Figure 6.10 presents the averaged coherence between IHF1 and IHF2, showing

that there is signi�cant coherence in the oscillations re�ecting respiratory (II),
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Figure 6.9: Wavelet power: (a)-(c) Normalized time-averaged wavelet power of
arterial oxygenation (SpO2)), medians for each group. Red shading indicates the
range between the 25th and 75th percentiles in FM, blue shading indicates the
range between the 25th, and 75th percentiles in NM, gold shading indicates the
range between the 25th, and 75th percentiles in NFM, and brown shading indicates
signi�cant (p<0.05) di�erences between groups. Box-plots showing the (d) cardiac
and (e) respiration oscillations in the SpO2 signal.

myogenic (III), neurogenic (IV) and NO-independent endothelial activity (VI),

but most pronounced in non-malaria group, whilst within the high frequencies (>

0.1 Hz) the coherence is diminished in the non-febrile malaria and extremely small

in febrile malaria groups (Figure 6.10(a)). The coherence in frequency intervals

II, III, IV, V and VI is signi�cantly smaller in febrile malaria (p = 0.000000,

p = 0.00000, p = 0.0000000 , p = 0.000000 and p = 0.00000004, respectively)

and non-febrile malaria (p = 0.0008, p = 0.0005, p = 0.0038, p = 0.0021 and

p = 0.0068, respectively) when compared to the non-malaria group. However,

the coherence did not signi�cantly di�er in any of the frequency intervals, in the

FM-NFM comparison.

Phase coherence between �uctuations in IHF and respiration

The results presented in Figure 6.11 show that there is signi�cant coherence be-

tween IHF and respiration in NM's respiratory frequency interval. However, for

oscillation below 0.145 Hz, the coherence is absent (Figure 6.11(c)). Only when
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Figure 6.10: E�ective phase coherence: Wavelet phase coherence (minus surro-
gate thresholds) between IHF derived from left ankle blood �ow and IHF extracted
from right ankle blood �ow, mean over groups, where (a) indicates comparisons
between groups: the �rst column is the FM-NM, with NFM-NM (second column)
and FM-NFM (third column). Red shading indicates the range between the 25th

and 75th percentiles in FM, blue shading indicates the range between the 25th and
75th percentiles in NM, gold shading indicates the range between the 25th and
75th percentiles in NFM, and brown shading indicates signi�cant (p<0.05) di�er-
ences between groups. (b) Box-plots showing coherence between the IHF signals
within the respiration, myogenic, neurogenic, NO-dependent and NO-independent
endothelial intervals oscillation. ∗p<0.05, ∗∗p<0.005.

compared with NM does the coherence signi�cantly decline in the respiratory in-

terval of both FM and NFM groups (p = 0.0000001, p = 0.0002, respectively).

For signi�cant phase coherence in the respiratory frequency interval, the values

of phase di�erence do not vary at di�erent frequencies, and the phase di�erence

was found to be zero degrees (Figure 6.11(d)) showing that there is no phase lag

between IHF and respiration signals.

Phase coherence between �uctuations in arterial oxygen saturation

and IHF

Figure 6.12(a) illustrates that both FM, NFM, and NM groups exhibited no signif-

icant coherence between SpO2 and IHF within 0.0095-2 Hz. Similarly comparisons

between groups did not show any marked di�erence. The associated phase di�er-

ence revealed no substantial phase lag between the signals (Figure 6.12(b)).
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Figure 6.11: E�ective phase coherence:(a) Typical IHF derived from ECG and
(b) respiration (Resp) signals from each group of subjects; (c) Wavelet phase co-
herence (minus surrogate thresholds) between IHF and Resp, mean over groups,
and (d) phase di�erences for the coherence in (c). Red shading indicates the range
between the 25th and 75th percentiles in FM, blue shading indicates the range
between the 25th, and 75th percentiles in NM, gold shading indicates the range
between the 25th, and 75th percentiles in NFM, and brown shading indicates sig-
ni�cant (p<0.05) di�erences between groups. (e) Box-plots showing the coherence
within the respiratory (FI-II) oscillatory interval.

Figure 6.12: E�ective phase coherence: Groups comparisons of (a) wavelet phase
coherence between arterial oxygen saturation and instantaneous heart frequency,
median over groups - showing no signi�cant di�erences between the groups; (b)
phase di�erences for the coherence.
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Coherence between �uctuations in blood perfusion

Signi�cant coherence between the left and right ankle blood �ows was observed in

all the six frequency intervals (Figure 6.13(a). However, only within the cardiac

interval does the coherence di�er between groups, reduced signi�cantly in febrile

and non-febrile malaria when compared with non-malaria (Figure 6.13(c)). The

FM-NM comparison revealed a signi�cantly higher (p = 0.0001), than in NFM-NM

comparison (p = 0.016). However, no signi�cant di�erence was found in the same

interval, for the FM-NFM comparison. In the cardiac frequency interval where

coherence was signi�cant, the phase di�erence is close to zero (Figure 6.13(b)),

which implies no phase lag between the left and right ankle blood �ow oscillatory

components.

Figure 6.13: E�ective phase coherence: Groups comparisons of (a) wavelet phase
coherence between blood �ows recorded from left and right ankles, median over
groups; (b) phase di�erences for the coherence in (a); and (c) box-plot showing
coherence within cardiac (FI-I) interval. Red shading indicates the range between
the 5th and 95th percentiles in FM, blue shading indicates the range between 5th,
and 95th percentiles in NM, gold shading indicates the range between the 5th

and 95th percentiles in NFM, and brown shading indicates signi�cant (p<0.05)
di�erences between groups.

6.3.7 Respiration-to-Cardiac coupling functions

Using NMD method (sec. 3.9.5), the modes and instantaneous phases (φc,φr)

corresponding to cardiac and respiratory oscillations were extracted from the ECG

and respiratory signals. The use of coupling functions allowed the investigation

of cardio-respiratory interaction and its e�ects on skin perfusion in the malarial
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state. Figure 6.14 shows the averaged cardiorespiratory coupling functions for

non-malaria (NM), febrile (FM) and non-febrile malaria (NFM).

For NM subjects, the coupling function resembles a wave propagating sinu-

soidally along the respiratory phase coordinate. However, in FM and NFM sub-

jects, the sinusoidal waveform is lost, in addition, the shapes and phases of the

averaged forms of coupling are similar in both FM and NFM groups, as shown in

Figures 6.14(b),(c) .

Figure 6.14: Group-averaged coupling functions detected in the central net-
work. (a-c) Show the coupling functions qC(φc, φr) between the phases of centrally
measured respiratory φr and cardiac φc oscillations over the cardiac frequency for
healthy non-malaria, febrile and non-febrile malaria subjects. (d) show the sur-
rogates coupling function computed to verify the validity of the results presented
in (a-c). Note how, with malaria infection, the forms lose amplitude and look like
the variability of surrogates.

6.4 Non-invasive diagnosis of malaria

Detection and classi�cation between malaria and non-malaria. For the

purposes of establishing a diagnostic test, i.e. a dynamical biomarker, a very e�-

cient set of 6 attributes revealed the most discriminatory signi�cant classi�cation,

in identifying malaria:

� area under the curve showing phase coherence between the instantaneous
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Figure 6.15: Box-plots picturing the distributions of the similarity modulus
|ρ(r,c)| within each group; non-malaria (NM), febrile malaria (FM), non-febrile
malaria (NFM) subjects, and surrogates (S).

Table 6.8: Statistics for coupling parameters. Table showing the median val-
ues for the coupling strength σ(r,c) and modulus of similarity |ρ(r,c)| for groups of
non-malaria (NM), febrile malaria (FM), non-febrile malaria (NFM) subjects, and
surrogates (S), with median values not signi�cant from surrogates. p1, p2, p3,
p4, p5 and p6 are values obtained from the sign rank test for FM-NFM, FM-NM,
NFM-NM, FM-S, NFM-S and NM-S comparisons respectively.

Coupling parameters

Coupling strength (σ(r,c)) (Hz) Similarity index (|ρ(r,c)|) (%)
0.01 95.1 Non-malaria
0.08 75.0 Febrile malaria
0.01 37.2 Non-febrile malaria
0.01 19.3 Surrogates

Wilcoxon rank-sum test - p values for coupling parameters

(σ(r,c)) (Hz) (|ρ(r,c)|) (%)
p1 0.00000008 0.02
p2 0.00000001 0.0005
p3 0.75 0.00003
p4 0.00000000 0.000000000
p5 0.63 0.02
p6 0.73 0.0000000000

heart frequencies (extracted from the left/right ankle LDF blood �ow signals,

i.e. IHF1�IHF2) in the 0.005-1 Hz frequency interval < 0.0254.

� area under the curve showing phase coherence between the blood �ow signals
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in the 0.6-1.6 Hz frequency interval < 0.2013.

� area under the curve showing phase coherence between respiration and the

instantaneous heart frequency in 0.145-1 Hz frequency interval extracted

from the ECG < 0.0245.

�
IHF
SpO2

> 0.2689, where IHF and SpO2 are the mean instantaneous heart fre-

quencies extracted from the ECG and arterial oxygen saturation, respec-

tively.

�
IHF1
SpO2

> 0.2762, where IHF1 is the mean instantaneous heart frequency ex-

tracted from blood �ow 1.

�
IHF2
SpO2

> 0.3152, where IHF2 is the mean instantaneous heart frequency ex-

tracted from blood �ow 2.

Combining these characteristic attributes and using �ve classi�cation algorithm

from Waikato Environment for Knowledge Analysis (WEKA): J48, LMT, Random

forest, Bagging and boosting-AdaBoos results in a high predictive performance

with a classi�cation accuracy (i.e. the correctly classi�ed instances) of 83%, 82%,

84%, 85% and 89% respectively in discriminating between FM, NFM and NM,

based on the available training data (with the corresponding confusion matrix ex-

pressed in percentages in Table 6.9 The determining step of the diagnostic test

involves detecting whether the markers are below the normal values of 0.0254,

0.2013, 0.0245, and above the normal values of 0.2689, 0.2762 and 0.3152, respec-

tively for each of the six markers. See Figure D.1 presented in the appendices for

the diagnostic �ow chart.

6.5 Summary

Research into non-invasive methods for malaria diagnosis has yielded many ap-

proaches in recent years [401], with virtually none been put into practice for routine

clinical use. Disadvantages of such techniques mostly stem from their technical
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Table 6.9: Confusion matrix, giving both the numbers and likelihoods of correct
and incorrect classi�cations, using a Boosting algorithm on 9 attributes.

Classi�ed state
Febrile malaria Non-febrile malaria Non-malaria

92% 3% 5% Febrile malaria
50% 40% 10% Non-febrile malaria
4% 0 96% Non-malaria

Correctly Classi�ed Instances 87 88.7755 %
Incorrectly Classi�ed Instances 11 11.2245 %
Total Number of Instances 98

and infrastructural challenges; for example, most of the laboratories lack standard

facilities, and imaging based methods usually requires high levels of training or

expertise, with the associated diagnoses likely to di�er between specialists. In

some cases, therapy is administered based on clinical or self-diagnosis. The main

drawbacks however, are the inadequate sensitivity of the outcomes [402], which is

a characteristic attribute of these approaches, resulting to a circumstance where

unnecessary stained microscopy and immunochromatographic tests are still carried

out due to the false-positive outcomes that these methods may produce.

This study demonstrated changes in both the average values of cardiovascular

parameters, and cardiovascular dynamics in malarias, in comparison to healthy

non-malaria subjects, providing a better understanding of malaria on cardiovascu-

lar physiology. A diagnostic cut-o� for the distinction between malaria and non-

malaria is presented, based on di�erences observed in both SpO2, IHF, blood �ow

and IHF dynamics, extracted through wavelet based analysis and nonlinear mode

decomposition. Whilst this approach is very promising as it has the potentials of

identifying malaria noninvasively within a short period time, further investigation

is required before it can be put forward as a replacement of microscopy for the

diagnosis of malaria.
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7. The long-term e�ects of malaria

episodes on microvascular blood

�ow dynamics

7.1 Introduction

The long term consequences following episodes of malaria infection have been ex-

tensively investigated, dating back to the onset of malaria eradication projects. In

the early days (in the 1950s) of malaria eradication, the time-span of the persis-

tence of the malaria parasite (particularly Plasmodium falciparum) was debated

by malariologists, being a pivotal fact in the investigation of any sporadic cases in

the post-elimination period.

Ciuca et al. [403] in their analysis of the results obtained from 12,842 cases

of experimental malaria investigated over a period of 10 years, reported a peak

persistence of P. falciparum infection for 27 months. Contradicting this idea,

Covell [404] in 1960, suggested that infections caused by P. falciparum did not

exceed one year, albeit mentioning nine cases where infection had reappeared up

to two years after the primary infection.

Furthermore, after reviewing the existing literature in 1964, Verdrager (a WHO

malaria specialist) included his �ndings showing the possibly of the malaria infec-

tion remaining in humans for more than two years. For example, a presumed

recrudescence of malaria (P. falciparum) was reported in a young woman with
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previous history of malaria, after settling in a malaria free environment [405].

This and many more studies [406�408] have demonstrated both the perseverance

and lasting e�ects of malaria infection in the host system.

However, despite these earlier investigations, laser Doppler �owmetry (LDF)

has never until now been sought to investigate the persisting rami�cations following

episodes of malaria. Hence changes in the dynamical properties of blood and its

perfusion associated with the consequences of repeated malaria infection have long

been overlooked, especially at the microvascular level.

7.2 Hypothesis

We hypothesize that the examination of laser Doppler skin perfusion could facil-

itate the detection of long-lasting alterations in microvascular dynamics induced

by an episode or episodes of malaria. To the best of our knowledge, there are

no reports from the context of nonlinear dynamics on these long-lived e�ects on

blood �ow dynamics. In the present study, skin blood perfusion was recorded and

analyzed in terms of its characteristic dynamics in patients who have repeatedly

su�ered from malaria and recovered from it, and two control groups of healthy

subjects (white Caucasians and black Africans) with no history of malaria.

7.3 Study participants

Forty-four healthy subjects including two female were recruited for the study.

We grouped the participants into three: 16 subjects (mainly black Africans) who

had su�ered episodes of malaria and recovered from it were considered as treated

malaria (TM) group, Twenty-six subjects without any history of malaria were

categorized and grouped into 16 Caucasians (CA) and 10 black Africans (BA). The

BA and CA groups were considered as controls to exclude potential confounding

factors likely to arise from di�erences associated with ethnicity or environment.

As this will allow us to reliably relate any observed di�erence to episode of malaria
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and not ethnic disparity.

Apart from the criteria mentioned in Section 3.1, the major inclusion criteria

for the TM-group is a previous history of malaria infection, at-least twice in 5

years.

Signals measured Blood �ows were measured at left and right ankle, in a simi-

lar position as stated in Chapter 4, using DRT4, Moor instruments and MoorVMS-

LDF2. ECG, blood pressure, respiration and skin temperature were all measured.

Table 7.1: Anthropometric data of measured TM, CA and BA groups, median
values and ranges [25th percentile and 75th percentile]

TM (n = 16) CA (n = 18) BA (n = 10)
Age (years) 26.5 [21.0 35.7] 21.0 [19.0 24.0] 20.5 [20.0 21.0]
History of malaria (year−1) 3 [2 3.5] 0.00 [0.0 0.0] 0.00 [0.0 0.0]
Height (m) 1.8 [1.6 1.8] 1.8 [1.7 1.9] 1.8 [1.8 1.8]
Weight (kg) 62.5 [55.8 74.0] 70 [62.6 77.8] 75.5 [71.0 86.0]
Body mass (kg/m2) 21.2 [18.1 24.1] 23.1 [21.0 24.8] 23.9 [23.1 24.7]
Temperature (oC) 29.7 [28.3 30.7] 29.8 [28.8 30.4] 29.9 [28.9 31.4]
Heart rate (secs−1) 0.99 [0.97 1.14] 0.96 [0.83 1.08] 0.95 [0.05 1.08]
Respiration (Hz) 0.30 [0.29 0.34] 0.27 [0.24 0.29] 0.29 [0.24 0.30]
Systolic BP (mm Hg) 124.0 [115.5 132.5] 122.5 [109.0 126.5] 115.5 [113.0 125.5]
Diastolic BP (mm Hg) 76.5 [71.5 81.0] 77.0 [68.0 80.0] 72.5 [67.5 75.5]

7.3.1 Signal preprocessing

We investigated microvascular dynamics in treated malaria and control subjects

over time. Prior to analysis of the recorded blood �ow signals, prepossessing and

inspection of the signals were performed to get rid of e�ects due to movement

artefacts and strange rhythmic patterns that were seen to be di�erent from the

essential oscillations. Most often, such e�ects are attributable to methodological

and physiological factors, including dry skin.

7.3.2 Statistics

The �ow, wavelet, anthropometric and hemodynamic data were tested for normal-

ity using the Lilliefors test and were found not to be normally distributed. The
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distributions were presented in median and interquartile ranges. The Wilcoxon

rank-sum test was used to estimate the statistical di�erence between the two groups

whilst setting signi�cance at p < 0.05.

7.4 Results and observations

7.4.1 E�ects of episodes of malaria on hemodynamics

Averaged blood �ow in the three groups TM, CA and BA are presented in Table

7.2. In the right ankle, basal skin perfusion, as measured by LDF signi�cantly

decreased in TM compared to CA (p = 0.004), whilst no such di�erence was

found in left ankle perfusion. However, in the comparison between TM and BA,

skin perfusion recorded from both the left and right ankles did not di�er. The

respiratory frequency in treated malaria was signi�cantly higher compared with

CA group, however, the comparison with BA, showed no signi�cant di�erence. The

systolic and diastolic blood pressure did not signi�cantly di�er in the comparisons

between the groups. There were no signi�cant di�erences in the heart rate and

the skin temperature between groups (Table 7.1).

Table 7.2: Comparisons for TM-CA, TM-BA and CA-BA, illustrating median
values and ranges [25th percentile and 75th percentile] of the blood �ow

Signal, probe position TM (n = 16) CA (n = 18) Signi�cance (p value)
Blood �ow (AU), Left-ankle 7.4 [5.1 12.0] 9.5 [7.0 11.9] 0.23
Blood �ow (AU), Right-ankle 6.3 [5.2 8.1] 11.8 [8.0 14.6] 0.004

TM (n = 16) BA (n = 10) Signi�cance (p value)
Blood �ow (AU), Left-ankle 7.4 [5.1 12.0] 8.2 [5.7 11.1] 0.90
Blood �ow (AU), Right-ankle 6.3 [5.2 8.1] 5.7 [4.7 8.6] 0.58

CA (n = 18) BA (n = 10) Signi�cance (p value)
Blood �ow (AU), Left-ankle 9.5 [7.0 11.9] 8.2 [5.7 11.1] 0.1
Blood �ow (AU), Right-ankle 11.8 [8.0 14.6] 5.7 [4.7 8.6] 0.003
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Figure 7.1: Kruskal Wallis signi�cance testing of time-averaged blood �ow
wavelet spectra power (AU2) across the 0.005-2 Hz frequency interval for com-
parison between treated malaria subjects, black Africans, and Caucasians whites.
Threshold (p-value) for signi�cant di�erences are represented by a horizontal line
with circle markers, with value below the line (i.e., p < 0.05) indicating a signif-
icant di�erence. Comparison between the 3 groups showed no di�erence except
around 0.9-2 Hz in right ankle recording. The vertical dashed lines indicate the
six cardiovascular frequency intervals in 0.005-2 Hz.

7.4.2 Spectral power in blood �ow

Direct comparisons of the blood �ow spectra powers between the 3 groups within

0.05-2 Hz did not signi�cantly di�er except in the cardiac interval of blood �ow

recorded in right ankle (Figure 7.1 (b)). Similarly, paired comparisons of blood

�ow spectral power between each of the two groups (Figure 7.2 (a), (c), (e)) did

not statistically di�er in left ankle across 0.005-2 Hz. Similarly, no di�erence was

observed in the right ankle blood �ow power (Figure 7.2 (b)) between TM and

BA, although the blood �ow spectral power around 1.6-2 Hz tended to be higher

for CA compared with both TM and BA, as shown in �gure 7.2 (d) and (f).

7.4.3 Spectral power in instantaneous heart frequency

High (> 0.3 Hz) oscillations associated with the respiratory interval in IHF increase

signi�cantly with episodes of malaria, as indicated in TM-BA and TM-CA com-
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Figure 7.2: Comparison of blood �ow time-averaged wavelet spectra power in
left (�rst column) and right ankle (second column) between (a)-(b) treated malaria
subjects (TM) and black Africans (BA), (c)-(d) treated malaria subjects and Cau-
casian whites (CA), (e)-(f) black Africans and Caucasian whites, and median over
groups. Red shading indicates the range between 25th and 75th percentiles in the
TM group, blue shading indicates the range between 25th and 75th percentiles in
the CA group, golden shading indicates the range between 25th and 75th percentiles
in the BA group, and grey shading indicates signi�cance (p <0.05) of the di�erence
between the groups.

parisons (Figure 7.3 (a)). While for similar comparisons among the same groups

there is no di�erence in IHF spectral power below 0.3 Hz, there is a slight di�erence

between BA and CA in 0.01 Hz and 0.005 Hz (Figure 7.3 (a)), showing that NO-

independent endothelial activity (interval VI) in the CA group, are stronger than

in TM and BA groups although this is not statistically signi�cant as illustrated in

the box-plots presented in Figure 7.3 (b).

7.4.4 Coherence between oscillations in blood �ows

The Kruskal Wallis result plotted in Figure 7.4 presents the wavelet phase coher-

ence comparisons between the 3 groups, which showed a signi�cant di�erence in

the coherence between left-right ankle skin blood �ow in a few frequencies asso-

ciated with the cardiac, respiratory and myogenic intervals. Figure 7.5 indicates
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Figure 7.3: Comparison of the time-averaged wavelet spectra power of instan-
taneous heart frequency between (a) treated malaria subjects (TM) and black
Africans (BA), treated malaria subjects and Caucasian whites (CA), black Africans
and Caucasian whites, and median over groups. Red shading indicates the range
between 25th and 75th percentiles in the TM group, blue shading indicates the
range between 25th and 75th percentiles in the CA group, golden shading indicates
the range between 25th and 75th percentiles in the BA group, and grey shading
indicates signi�cance (p <0.05) of the di�erence between the groups. (b) The box-
plots show absolute power between the three groups, with no signi�cant di�erence
observed in the comparisons. The vertical lines indicate the �ve cardiovascular
frequency intervals in 0.005-0.6 Hz.

a signi�cant coherence (i.e., above the signi�cance threshold) in cardiac interval

for the 3 groups, with a signi�cant di�erence seen only in TM-CA comparison

(Figure 7.5 (b)). Moreover, within the respiratory, myogenic, and endothelium

NO-independent intervals, the coherence is absent in treated malaria and almost

absent in both the neurogenic and endothelial NO-dependent intervals in subjects

with a history of malaria, when compared with either CA (Figure 7.5 (a)) or BA

(Figure 7.5 (b)). On the contrary, comparison between CA and BA groups (all
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Figure 7.4: Kruskal Wallis signi�cance testing of the wavelet phase coherence be-
tween left and right ankle blood �ow oscillations across the 0.005-2 Hz frequency
interval for comparison between TM, BA and CA groups. Threshold (p-value) for
signi�cant di�erence are represented by a horizontal line with circle markers, with
oscillations below the line (i.e., p < 0.05) indicating a signi�cant di�erence. Com-
parison between the 3 groups showed some statistical di�erence around 0.15 Hz,
0.6 Hz and 1-2 Hz.

Figure 7.5: E�ective wavelet phase coherence (minus 95th percentile surrogate
thresholds) between blood �ow recorded from left and right ankle, median over
groups, where grey shading indicates signi�cant di�erence between the groups.
Note how the coherence within the 0.145-0.6 Hz and 0.052-0.0145 Hz (respiratory
and myogenic activity respectively) interval is diminished and almost absent in the
treated malaria group.

without a history of malaria) as plotted in Figure 7.6 show that coherence was

present over most of the frequency range except in the lowest frequency interval.
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The box-plots in Figure 7.7 compare the e�ective phase coherence content

within the bands investigated for di�erent groups: TM group is represented in

red, CA in blue, and BA in gold. For the cardiac band, values of the coherence

are widely separated, although not statistically lower in treated malaria when

compared with BA, but are strikingly lower in TM when compared with CA group

(p < 0.005). In the myogenic and neurogenic band, the coherence values are less

widely spaced apart, but nevertheless are also signi�cantly reduced in treated

malaria, for both BA-TM and TM-BA comparisons. A similar pattern was found

in the myogenic band, with statistically signi�cant di�erences only for the TM-CA

comparison.

Figure 7.6: Comparisons of the wavelet phase coherence of LDF (left�right)
oscillations in healthy black Africans and Caucasian whites having no past history
of malaria. Grey shading indicates signi�cance (p <0.05) of the di�erence between
the groups.

7.4.5 Coherence between oscillations in blood �ow and

instantaneous heart frequency

Wavelet phase coherence between blood �ow recorded from left & right ankles and

instantaneous heart frequency was calculated so as to investigate the phase rela-

tionships of their oscillatory components di�er between the 3 groups. According

to the Kruskal Wallis test shown in Figure 7.8, the coherence signi�cantly di�er

between groups. The results plotted in Figure 7.9 show that there is coherence

above the signi�cance threshold between left ankle skin blood �ow and IHF in
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Figure 7.7: Comparison of median blood �ow wavelet phase coherence in 0.005-
2 Hz frequency interval between healthy subjects with and without a past history
of malaria. Boxplot outliers are shown as red crosses. Each physiological activity
in the frequency interval is represented as (I) cardiac activity, (II) respiratory ac-
tivity, (III) myogenic activity, (IV) neurogenic activity and (V) & (VI) endothelial
activity. Signi�cant di�erences are considered (*p < 0.05 and **p < 0.001) as
determined by the Wilcoxon rank-sum test. n = 10, 16 and 18 for black Africans,
Caucasians whites and treated malaria (black Africans) subjects, respectively.

Figure 7.8: Wavelet phase coherence between the instantaneous heart frequency
and LDF oscillations in left and right ankle of the 3 healthy groups were stud-
ied. Results of signi�cance testing from the Kruskal Wallis test between treated
malaria subjects, black Africans, and Caucasians whites. Threshold (p-value) for
signi�cant di�erence are represented by a horizontal line with circle markers, with
values below the line (i.e., p < 0.05) indicating a signi�cant di�erence.

respiratory interval while no such signi�cant coherence was found for the blood

�ow-IHF comparison in the right ankle. Whilst no di�erence in coherence was
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Figure 7.9: Comparison of the blood �ow (recorded from left ankle, right an-
kle) and instantaneous heart frequency wavelet phase coherence between (a)-(b)
treated malaria subjects (TM) and black Africans (BA), (c)-(d) treated malaria
subjects and Caucasian whites (CA), (e)-(f) black Africans and Caucasian whites,
and median over groups. Red shading indicates the range between 25th and 75th

percentiles in the TM group, blue shading indicates the range between 25th and
75th percentiles in the CA group, golden shading indicates the range between 25th

and 75th percentiles in the BA group, and grey shading between curves indicates
signi�cance (p <0.05) of the di�erence between the groups. The vertical lines
indicate the six cardiovascular frequency intervals in 0.005-0.6 Hz.

found for the TM-BA comparison within 0.005-0.6 Hz (Figure 7.9 (a)-(b)), only

at a very small number of frequencies in the myogenic interval does the coherence

signi�cantly di�er between TM-CA comparisons, disappearing with episodes of

malaria in both left and right ankles (Figure 7.9 (c)-(d)). A similar pattern was

observed at a few frequencies in cardiac interval, but only in the right ankle (Fig-

ure 7.9 (d)). In a similar fashion, the coherence is also absent at a small number

of frequencies in the myogenic interval for BA-CA comparison (Figure 7.9 (e)-(f)).

The coherence is completely absent at frequencies below 0.05 Hz in all groups.

The box-plots in Figure 7.10 compare the e�ective coherence content within

the bands investigated for the 3 groups. TM was found to have markedly higher

coherence in respiratory oscillations when compared with CA, although this was

only observed in the right ankle. For the myogenic band, values of coherence are
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Figure 7.10: Comparison of e�ective phase coherence between blood �ow (BF)
recorded from (a) left ankle and IHF, (b) right ankle and IHF in 0.005-0.6 Hz fre-
quency interval between treated malaria (TM), Caucasian (CA) and black Africans
(BA) without a past history of malaria. Box-plots showing outliers are shown as
red crosses. Each physiological activity in the frequency interval is represented as
(II) respiratory activity, (III) myogenic activity, (IV) neurogenic activity and (V)
& (VI) endothelial activity in the BF - IHF coherence. Signi�cant di�erences are
considered (*p < 0.05 and **p < 0.001) as determined by the Wilcoxon rank-sum
test.

signi�cantly lower in treated malaria when compared with CA in both the right

and left ankles, although no such di�erence was found in TM-BA comparison

even though treated malaria still exhibited a lower coherence compared to BA

particularly in the left ankle.

7.5 Summary

The varying prevalence of malaria in di�erent parts of the world means that un-

derstanding its long term e�ects on the cardiovascular system is crucial for local

healthcare. Changes in cardiovascular dynamics, monitored mainly by LDF and

ECG, have been used to address the question of whether a previous history of

malaria is associated with changes in cardiovascular dynamics. Cardiovascular

signals were measured in 10/16 black Africans/Caucasians respectively without
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a previous history of malaria, and 16 black Africans who had su�ered and re-

covered from multiple episodes of malaria. Wavelet transform and wavelet phase

coherence methods were used to determine the time-varying characteristics of os-

cillations. Episodes of malaria reduce the coherence of the blood �ow dynamics in

left and right ankles in frequency intervals associated with respiratory, myogenic,

and sympathetic neurogenic activity. The changes are likely to result from the

e�ects of recurred cytoadherence of the P. falciparum to the vasculature, enabling

it to evade splenic clearance long term.
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8. Discussion

8.1 Introduction

This chapter provides discussion of the physiological rationale for choosing the

particular experimental techniques and analysis methods. It also discuss the results

presented in Chapters 4, 5, 6 and 7 and compares our �nding to those reported in

previous studies.

8.2 Physiological rationale for choosing the

particular experimental techniques and

analysis methods

Living systems transform energy (fuel) into the forms they need, but the sub-

stances required locally to generate this energy are continuously transported by

the cardiovascular system through the blood circulation. However, this is done in

an oscillatory fashion. It is much more e�cient to transport energy across the body

in the form of oscillations than in a constant �ow. As the circulation of blood in

an oscillatory manner allows blood �ow to be stepped-up to much bigger vessels,

and then dropped down to a smaller microscopic blood vessels for exchange of

nutrients and oxygen to tissues and remove waste products. From a physics point

of view, life has a close similarity with a thermodynamically open system, such

that energy and matter are continuously �owing to and from the environment.

For this reason, the physiologically oscillatory processes underlying living system
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possess natural frequencies and amplitudes that are continuously in�uenced and

modi�ed by external perturbations (in�uences). Experimentally, such features can

be evaluated optically by monitoring the skin microcirculation noninvasively using

LDF. The use of LDF to capture oscillations in microvascular blood �ow to investi-

gate cardiovascular dynamics provides a powerful tool for assessing human health,

which was why LDF was selected for the research described here. Furthermore,

from a mathematics point of view, such oscillators are non-autonomous, and must

therefore be dealt with as such.

This thesis has provided a systematic review of the main techniques used for

the time-frequency analysis of biomedical signals. A major workhorse for the

analysis of such oscillatory signals has been the continuous wavelet transform, as

it utilizes a wavelet that can be moved and stretched along the time series to

ensure it follows the time varying characteristics of the oscillatory processes in e.g.

blood �ow [123], instantaneous heart rate frequency [409, 410]. We would like to

draw attention, however, to the fact that there are other techniques that are also

worthy of note. We described some of them earlier in Chapter 3, but we now give a

further discussion of the physiological and medical applications of wavelet analysis,

providing the rationale behind its utilization in the present work by mentioning

some applications to time series derived from the cardiovascular system.

Discrimination between healthy subjects and those with cardiac pathology was

reportedly achieved with the multiresolution wavelet transform [411]; the extrac-

tion of characteristics frequencies in blood �ow [18] and their corresponding physio-

logical origin [14] were established using the continuous wavelet transform, together

with the Morlet mother wavelet. The wavelet transform has served not only as

e.g. a �lter for de-noising individual events [412] but also in identifying endothelial

dysfunction in diabetes mellitus [413], post-acute myocardial infraction [414], con-

gestive heart failure [56] and ageing [15]. Its major signi�cance lies in its potential

for logarithmic frequency resolution, allowing a very large interval of frequencies

to be enclosed, a facility that is generally essential in the analysis of physiological

207



time series. The detection of phase [305] has also been realized through use of the

synchrosqueezed wavelet transform [415].

A number of distinct, commonly coexisting challenges must be resolved when

working with time series that are derived from systems with time varying fre-

quencies and amplitudes: i) Identifying the fundamental oscillatory components,

irrespective of their time-variabilities; ii) distinguishing between oscillatory com-

ponents that are likely to have nearby characteristic frequencies which, in the

presence of noise and time-variation, may create a very unfavorable complication;

iii) in addition, alongside the nearby frequencies, there could be a mixture of har-

monics as well as fundamental components to be identi�ed and distinguished from

each other. Where there are several oscillatory components, particularly in di�er-

ent physiological processes (of variable frequency), the question naturally arises as

to whether their individual oscillations are mutually related or not. The issue at

hand is therefore how to investigate the interactions that occur between the un-

derlying physiological processes, by detecting measures of e.g. phase relationships

(phase coherence), synchronization, couplings, coupling functions and direction of

couplings if any, between the oscillatory processes that take place at similar angu-

lar frequencies in di�erent physiological parameters. We have enlarged brie�y on

these approaches in Chapter 3.

In analysing signals comprised of oscillatory activities at distinct frequencies,

as commonly arise in physiological applications, there is an ever-present danger of

ambiguity. Owing to the inherent nonlinearities, higher harmonics will be present

along with fundamental frequencies. Hence a given oscillatory component could

either relate to a real oscillatory process at that frequency or it could just corre-

spond to a harmonic of another process oscillating at a lower frequency. A clear

distinction can be particularly di�cult to realise in the presence of several time�

variable frequencies, together with random noise. Nonetheless, in most instances

the question can be settled with a technique [327] premised on mutual information

combined with surrogate testing [416].
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As mentioned in Chapter 3, wavelet phase coherence [60, 369, 417, 418] allows

us to detect the existence of rhythmic phase coordination between the oscillatory

processes in two complex signals, even in the presence of time�variability and noise.

The potential in�uence of arterial blood pressure on intracranial pressure (ICP)

in intensive care, in respect to preservation of ICP has been tested using time-

localised wavelet phase coherence [369]. Similarly, the continued microvascular

impairment that still remains in treated hypertension was discovered using wavelet

phase coherence [70].

Arguably, the most complete illustration of the rhythmic interaction between

two physiologically oscillatory processes, based on measurements of their time

series, can be achieved by computation of their coupling functions [419]. Bayesian

inference provides a method that is robust and e�cient in tracing changes in

coupling functions over time in the presence of noise. The application of Bayesian

inference has been demonstrated by studies of the cardio-respiratory interaction

as a function of time [70, 87, 337, 342].

In view of the foregoing remarks, it is evident that the use of time-frequency

methods is virtually unavoidable for the meaningful analysis of biomedical time

series.

8.3 On the suitability of laser-Doppler �owmetry

for capturing microvascular blood �ow

dynamics from darkly pigmented skin

Analysis of the spectrally broadened signal due to backscattering of the incident

780 nm coherent laser light from darkly- and lightly-pigmented skins has provided

a measure of the �ux, which is proportional to the product of the average speed

of the moving erythrocytes and their concentration. It has enabled the hypothesis

underlying this study � that dark skin colour (melanin concentration) does not

attenuate the light su�ciently to vitiate LDF as a method for measuring blood
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�ow � to be tested.

The study sheds additional light on the long-running debate about the signif-

icance for LDF of the optical di�erence between Caucasian and non-Caucasian

skin, a question that has been under discussion ever since the early days of the

technique [420]. Dark skin colour signi�cantly attenuates the incident laser light

that reaches the deeper skin tissue [421]. Fredriksson and co-authors [422] used

Monte Carlo simulations of light propagation in tissue, for wavelengths between

543 and 780 nm, to show that skin pigmentation is expected to have a negligible

e�ect on the measurement depth. The wavelength of the light certainly in�uences

the optical penetration, irrespectively of the skin colour. Zhoa and Fairchild [423]

showed that, in the wavelength interval 532�1064 nm, laser light of longer wave-

length penetrates more deeply into skin. Also using Monte Carlo simulations [424]

it was recently con�rmed that an increase in the wavelength of incident light in-

creases its penetration, consistent with the fact that melanin absorption decreases

monotonically with increasing wavelength [425]. This arises because the scattering

and absorption coe�cients of melanin and other chromophores inside the skin are

wavelength-dependent. In this study we tested one of the commonest wavelengths

used for LDF measurements.

We emphasise that there are two di�erent approaches to the evaluation of the

e�ciency of LDF. One of them is based on the assumption of equilibrium and is

concerned with temporal and spatial reproducibility, treating the tissue as a static

and unchanging system. Under this approach readings are usually taken over a

short time, or at an instant of time. The other approach, which is what we use

here, is based on evaluation of dynamical changes over time, where the interval

over which the recording is made is of particular importance. To ensure enough

information about the dynamical changes, one needs to record over su�cient time

to resolve them, but also time-resolved methods of analysis are needed to cope

with time-varying nature of the changes. These are the characteristics on which

this study was based. Our focus is on whether the dynamics are in�uenced by
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pigmentation.

Our results show that LDF can provide reliable information about the dynam-

ical properties of blood �ow in darkly pigmented skin: a signi�cant fraction of

the laser light is able to penetrate, interact with the moving erythrocytes, and be

back-scattered to reach the detector. By quantifying the power of oscillations and

their phase characteristics, our �ndings show that the oscillatory characteristics of

LDF time-series recordings from darkly pigmented skin did not di�er signi�cantly

from those measured from light skins. This indicates that the intensity of 780 nm

light penetrating to 1.15 mm below the epidermis is su�cient for LDF to gather

information about the blood �ow dynamics [426, 427]. Our �ndings di�er from

some of those reported earlier [354, 421, 428], because the wavelength of the laser

diode in the present study di�ered, although the exact depth to which the LDF

method can be e�ective remains unknown [429]. One expects di�erences in the

amplitude of the �ux measured from di�erent skins, due to possible di�erence in

the density of erythrocytes between individuals, given that the �ux (the Doppler-

shifted signal) depends on the erythrocyte concentration. In this study, however,

the average values of Doppler perfusion did not di�er to a statistically signi�cant

extent between the darkly- and lightly-pigmented skins (Table 5.2).

Wavelet analyses of LDF blood �ow measured from dark and light skins pro-

duced closely similar results. The cardiac activity could clearly be observed in each

case. Oscillations throughout the full 0.0095-2 Hz frequency interval investigated

were the same (Figure 4.6), suggesting that the �uctuations in laser Doppler perfu-

sion are being properly captured from dark-skin. This is contrary to earlier reports

that reproducible estimation of laser Doppler perfusion in darkly pigmented skin

is di�cult [430].

Two methodological issues deserve comment. First, the exact melanin con-

centrations were not measured directly. However, we have considered the two ex-

treme cases of a) darkly-skinned subjects that were born and raised in sub-Saharan

Africa, without known ancestors of non-African origin, and b) white-skinned Cau-
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casians of European origin. It is well known that of all skins, the sub-Saharan

black Africans' skin possesses the highest concentration of melanin. It is packaged

into larger singly-dispersed melanosomes of ∼ 1 µm in size, whereas in lighter skin

types the melanosomes are known to be smaller with a size of ∼ 0.5 µm [431].

Secondly, the group sizes are relatively small. We made every possible e�ort to

make the groups homogenous, including healthy, non-obese males in a very narrow

age-range (see Table 4.1). Additionally, we would comment that a large number of

studies with similar numbers of participants have been conducted with clinically

and physiologically relevant results, e.g. [17, 61, 70, 327, 356].

The signi�cantly higher coherence around the cardiac frequency interval in the

light-skinned group (Figure 4.9), compared to the dark-skinned one, may result

from the known ethnic disparity in cardiac autonomic modulation between white

and black people [244, 250, 360]. It could also be associated with the ethnic dif-

ferences in left ventricular wall thickness [361]. Also, it is known that nitric oxide

(NO) and endothelium-derived hyperpolarizing factor are of crucial importance

in resting blood �ow dynamics and that blacks exhibit reduced NO compared to

Caucasians [223, 261, 363, 364]. So the signi�cant di�erence in blood �ow coher-

ence observed here may reasonably be attributed to the physiological di�erences

underlying the ethnic disparities [432, 433] between the two groups of subjects.

The IHR values from the laser Doppler signals exhibited no signi�cant dif-

ferences between dark-skinned and light-skinned groups (Figure 4.2). Similarly,

we obtained no signi�cant di�erence in the spectral power over the 0.005-0.6 Hz

frequency interval (Figure 4.8). The IHRs derived from ECG were considered as

the reference signal in these comparisons. Although the curve of IHR does not

match perfectly between groups, the observations still prove that the �uctuations

in Doppler perfusion measured in high melanin skin are physiologically meaningful.

The fact that the observed microcirculatory dynamics is similar for both groups

shows that frequency-dependent scattering processes along the optical return path

are insigni�cant.
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8.4 On the race-speci�c di�erences in the

coherence between microvascular blood �ow

and oxygenation dynamics

By analysis of phase coherence between the oscillations in microvascular blood

�ow and tissue oxygenation we have been able to study how cardiovascular and

microvascular dynamical processes di�er between black Africans and Caucasians,

using only resting-state recordings obtained from combined LDF and white light

spectroscopy.

A study of sepia melanin spectra has shown that melanin generally exhibits high

absorption in the UV region at 200�300 nm, but that the absorption diminishes

towards the visible region [434]. Further reports [435�437] con�rm that the typical

absorption spectrum of melanin exhibits high absorption in the UV to visible

spectral range, with an almost featureless spectrum, and that there is a monotonic

decrease in absorption when moving from the UV through the visible to NIR

spectral region.

Moreover, a model of �uorescence spectra from biological tissue based on the

Monte Carlo approach has predicted the e�ect of melanin concentration on a spec-

troscopy signal [354]. The use of near-IR diode lasers of relatively long wavelength

(670, 780, and 810�850 nm) was shown to improve optical penetration [355]. In

addition, Fredriksson et al [422] used Monte Carlo simulations of light propagation

in tissue, for wavelengths between 543 and 780 nm, to show that skin pigmentation

is expected to have a negligible e�ect on the measurement depth. Although it is

clear that the wavelength of the light in�uences optical penetration, irrespective

of skin colour, our discussion of di�erences in oxy- and deoxyhemoglobin between

the groups should be treated with a degree of caution because some of the dif-

ference could be on account of the di�erent melanin concentrations. However, no

such caveat is needed in relation to the dynamics which provides our main focus
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of interest.

The signi�cantly higher concentrations of both oxygenated and deoxygenated

hemoglobin in the BA group may be related to the e�ect of high altitude on

hemoglobin concentrations [438]: the BA subjects have lived at altitudes above

500 m for most of their lives, unlike the members of the CA group who have

lived mostly at up to 50 m above sea level. It is known that the hemoglobin

concentration present in the blood of those who live at high altitude is greater,

helping to compensate for the lower partial pressure of oxygen in the atmosphere.

The median values of SO2a and SO2b are di�erent within each of the groups

as shown in Table 5.3, and di�er signi�cantly between the groups. The di�er-

ence within each group can be attributed to the di�ering depths of measurement.

Whereas the oxygen saturation level obtained with white light spectroscopy re-

�ects oxygen saturation measured in super�cial skin, that obtained with NIRS

re�ects the levels in deeper skin.

Wavelet analyses of the microvascular blood �ow and oxygenation time-series

revealed the major oscillatory activities that manifest in these signals (see �gures

5.1 and 5.3). Cardiac (0.6-2.0 Hz), respiratory (0.15-0.6 Hz) and lower frequency

components (below 0.15 Hz) are visible in both types of signal, though at di�erent

strengths. SO2b signals exhibit stronger low frequency components, because they

relate to metabolic processes. In terms of power, however, the BF signal has a

stronger cardiac component because, even in the microvasculature, the blood �ow

is still pulsatile. The higher power in the lower-frequency intervals of other signal

indicates that the movements of O2, SO2 and Hb are modulated mainly by cell

and tissue-perfusion-related oscillatory processes.

The signi�cant di�erence between the BA and CA groups in oxygenated and

deoxygenated hemoglobin spectral power in the very low frequency (<0.05 Hz)

oscillatory intervals may indicate a higher nitric oxide level in BA, although, this is

contrary to previous �ndings (mostly premised on blood �ow and not oxygenation

data as in the present case) which demonstrated a lower NO in blacks [223, 261,
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363, 364]. The increased NO may serve as a way of boosting oxygen uptake

following the e�ect of high altitude on hemoglobin concentration. Oscillations

in the 0.021-0.052 Hz frequency intervals are mediated by vasomotion in small

arterioles, re�ecting the neurogenic response, and have been observed previously

in oxygenation dynamics [57, 88]. The higher neurogenic spectral power might

therefore imply that arterioles are more dilated in BA, probably this is due to

too much exposure of the BA to high temperature, since the latter is known to

in�uence blood vessels [81, 417]. It has been suggested that, apart from relaxing

the blood vessels, NO may also increase the release of oxygen from hemoglobin

[439]. Associated with the higher hemoglobin concentration in BA, one might

expect higher NO production. These e�ects might account for the higher spectral

power associated with the neurogenic and endothelial activity in the BA group.

Following a meta-analysis [380] suggesting that race-speci�c di�erences can

have a signi�cant e�ect on HbA1c levels, Richard et al. in their experimental study

recently identi�ed a higher mean HbA1c level in black subjects than in whites.

The reason is not yet understood, but a potentially fruitful approach is to study

oxygenation parameters alongside their dynamical variations on a continuous time

scale, without need for the subjects to be glycated, as investigated in the present

thesis.

Our �ndings on the di�erences in hemoglobin concentrations were similar to the

di�erences observed between blacks and whites in the HbA1c study. The signi�-

cantly higher oxyHb and deoxyHb concentrations in BA (Table 5.3) are consistent

with the mean HbA1c levels being higher in blacks than in whites, as reported

in several earlier studies [378]. However, the reverse was the case for mean oxy-

gen saturation measured with white light spectroscopy, and NIRS, as the average

oxygen saturations were signi�cantly lower in the BA group. Blood perfusion

recordings did not di�er between groups. We assumed that the volume of blood

�owing through the microvasculature is not in�uenced by race-speci�c di�erences,

even where the hemoglobin concentration is di�erent.
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The low oxygen saturation exhibited by BA group (Table 2) could perhaps be

related to plasma skimming � considering that, at higher altitude, atmospheric

oxygen levels are lower, leading to increased erythrocyte density and haematocrit

to enable more oxygen to be delivered to the tissues. An investigation of mi-

crovascular hematocrit and its possible relation to oxygen supply indicated that

processes such as muscle contraction and vasodilation (which are known to man-

ifest in microvascular dynamics) could potentially in�uence the in vivo capillary

haematocrit [440, 441]. The dynamic coordination between plasma skimming and

the e�ect of blood viscosity on haematocrit can produce spontaneous oscillations

in capillary blood �ow (skin microcirculation) [441]. Further investigation of such

coordination and its e�ect on oscillations in blood �ow and oxygenation would be

very interesting.

Oscillations in blood �ow and oxygen saturation across the full frequency in-

terval 0.0095-2 Hz were not in�uenced by race, in the sense that their power

spectra did not di�er signi�cantly between the two groups. However, oscillations

in oxyHb and deoxyHb measured with white light spectroscopy exhibited signif-

icant race-speci�c di�erences. Higher spectral power in the oxyHb and deoxyHb

of the BA group was found in the very low frequency interval. This may imply

that hemoglobin in the BA group has a low a�nity for oxygen, causing oxygen

to bind swiftly to the heme component of the hemoglobin in the red blood cells

during respiration. In a similar manner, oxygen may get released rapidly from the

hemoglobin.

The lower phase coherence between oscillations in microvascular blood �ow

and skin oxygen saturation in the cardiac and myogenic interval for the BA group

(Figure 5.4(a)) indicates an additional race-speci�c di�erence in the cardiovascular

system. In similar fashion, the phase coherence in cardiac and myogenic intervals

of the blood �ow and oxygenation in deeper tissue were slightly smaller in BA,

although not signi�cantly (Figure 5.4(d)). The results seem to imply a progres-

sive alteration or compromise that gene expression may impose on the underlying
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mechanism of coordination between the microcirculation and the balance between

oxygen delivery/demand, with consequences for the vasculature.

Similarly, phase coherence in the cardiac, respiratory and myogenic oscillations

in blood �ow and oxygenated/deoxygenated hemoglobin were signi�cantly lower

in BA, together with lower coherence between respiratory oscillations in blood �ow

and oxygenated hemoglobin (Figure 5.5). The results further con�rm our �ndings

in relation to coherence between blood �ow and oxygen saturation, and could be

related to an attenuation in the cardiac and myogenic oscillations of the vascular

smooth wall [442], particularly during the mutual interaction between processes

of blood �ow and hemoglobin dynamics. The lower coherence (Figure 5.4(a),(d)

and Figure 5.5(a),(b)) in the myogenic frequency band of the BA group could

possibly be associated with the higher average temperature in Sub-Saharan Africa

compared to Europe: the average temperature is what determines the average

degree of vasodilation [81, 417], which will di�er between Africans (living mostly

at temperatures above 20 C) and Europeans (living mostly below 20 C).

Note that the model (modi�ed Beer-Lambert law) used in calculating oxygena-

tion and hemoglobin concentration is premised on an assumption that deserves

comment. First, the model accounts for attenuation by summing the mean path

length of detected photons, which is argued by Sassaroli and Fantini [443] to be

incorrect. They proved the need for averaging the mean path length of detected

photons over the range of absorption coe�cient and not just simply considering

the sum. Nonetheless the authors still agree that even the supposed imperfect

form of the model accurately evaluates the variability in the absorption coe�cient

of the medium. The changes in its absorption coe�cient are related to the vari-

ability in the optical signal. Secondly, we would comment that the analysis of

skin parameters where there is high melanin concentration remains a challenging

task, although it has been addressed through hyperspectral imaging of the skin

[444]. Due to the high statistically decreased levels of oxygenation, however, it is

unlikely that these di�erences emanate from the attenuated signal level or from
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the presence of artifacts when �tting the measured spectrum signal with the model

of the re�ectance spectroscope.

The marked attenuation in coherence between blood �ow and skin oxygenation

in the cardiac and myogenic intervals for the BA group may have been associated

with the highly deoxygenated hemoglobin concentration level present in BA, an

inference that is supported by an additional �nding: an increased deoxygenated

hemoglobin concentration is associated with signi�cant reduction in the coherences

between blood �ow and oxygenated/deoxygenated hemoglobin (Figure 5.6). This

may perhaps relate to the altered cardiac and myogenic activity observed via the

coherence between oxygenated and deoxygenated hemoglobin signals (Figure 5.7).

The coherences between SO2a and SO2b did not di�er signi�cantly between the

BA and CA groups, and therefore are not shown. The implication is that no

coherence exists between shallow depth and deeper skin layers containing larger

vessels and skeletal muscle respectively. The oxygenation dynamics (power) dif-

fers markedly between the two layers, particularly in the low frequency intervals

(Figure 2(g)-(h)). Oscillations around the respiratory frequency interval mainly

contribute to the spectral power of oxygenation measured at the deeper skin depth,

whilst the low frequency components mainly contribute to the power measured at

shallow skin depths. Our �ndings are consistent with a previous study conducted

on light-skinned participants with low melanin concentrations, which suggested a

di�erence in the pattern of blood �ow and oxygenation dynamics between these

layers [60]. Note that in the present study the two oxygenation signals are mea-

sured by di�erent methods; by scaling and displaying as %s, however, they can be

directly compared.

The degree of coordination between oscillatory activity in the LDF, white light

spectroscopy and NIRS signals can be evaluated by wavelet-based phase coherence

analysis. In the BA group, intervals of signi�cantly higher wavelet phase coherence

between blood �ow and oxyHb were found at 0.05-0.3 Hz, and to some extent

within 0.5-2 Hz; but this was only partly so for coherence between blood �ow and
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deoxyHb. This evidence explains the hemoglobin spectral power results, i.e. in the

BA group the hemoglobin has low a�nity for oxygen. This follows from the rapid

release of oxygen from the heme protein hemoglobin, resulting in a high coherence

in the 0.05-0.3 Hz and 0.5-2 Hz intervals. Note that the observed di�erences in the

BFOD of the BA and CA groups do not result from the e�ects of di�ering light

penetration in skin with di�erent melanin concentration because, for illumination

at wavelengths > 750 nm, LDF is una�ected by skin pigmentation [445].

We emphasise the particular advantage of wavelet phase coherence analysis in

the present context. In earlier approaches, frequency-domain analyses were used

to seek relationships between signals by detecting frequency ranges that shared

ranges of relatively high/low power; in addition, the wavelet transform was used

to explore these ranges in the time-frequency domain [17, 62]. The fact of sharing

high/low power at a particular frequency and time does not, however, necessarily

signify a common cause. A better indicator of either mutual interaction or com-

mon in�uence between two signals, is the existence of a common phase relationship

between oscillatory components. This can conveniently be evaluated through their

degree of wavelet phase coherence [154], which remains valid even in the case of

time-varying frequency and is robust in the face of noise and perturbations. In this

study, the use of combined optical methods has provided for the simultaneous eval-

uation of microvascular blood �ow and skin oxygenation at closely adjacent points.

It has allowed analyses of rhythmic coordination, illuminating how oxygen is con-

sumed within the capillary bed and, based on wavelet phase coherence between

LDF and white light spectroscopy signals, has con�rmed some known race-speci�c

di�erences and revealed other di�erences that were hitherto unknown.
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8.5 On the cardiovascular dynamics of febrile and

non-febrile malaria

Based on the hypotheses presented previously (in Chapter 6), clear distinctions

have been demonstrated in cardiovascular dynamics between febrile malaria, non-

febrile malaria and healthy non-malaria, contributing to understanding of the phys-

iological processes occurring within the microvasculature in malaria. Furthermore,

a diagnostic test has been developed based on recordings of LDF, ECG, and arte-

rial oxygen saturation (SpO2); use of wavelet phase coherence and nonlinear mode

decomposition analysis enables malaria and non-malaria to be di�erentiated with

88 % classi�cation accuracy, as classi�ed by machine learning algorithms, based

on the presented training data. Note that, we refer �malarias� as the febrile and

non-febrile malaria patients, while �controls� or �non-malaria� are healthy subject

with no malaria.

As demonstrated in previous studies on malarial microvascular function [212,

216, 446], it was observed that febrile malaria resulted in a signi�cantly lower

arterial oxygen saturation, and a higher respiratory rate and instantaneous heart

frequency when compared with healthy non-malaria (Tables 6.2, 6.3 and 6.5). The

signi�cant decrease in the average arterial oxygen saturation of the non-febrile

malaria group may imply that the e�ect of high skin temperature (febrility) has

no signi�cant in�uence over the oxygen saturation. This further illustrates that

even when antipyretic or antimalaria drugs are administered they do not exhibit

sudden e�ect on oxygen saturation. Skin temperature was also signi�cantly higher

in malaria. Skin temperature is believed to be one of the determining factor of

heart rate and respiratory rate, which has the ability of signi�cantly increasing

the heart rate [447]. This increase in instantaneous heart frequency alongside skin

temperature in malarial subjects may perhaps result in a mixture of vasodilation

resulting in hypovolaemia and high metabolic rate due to pyrexia. It is worth not-

ing that a signi�cant increase in skin temperature also leads to more vasodilation,
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and on the other hand lowers blood pressure as observed in systolic and diastolic

blood pressure of febrile and non-febrile malaria patients (Table 6.2). This ob-

served signi�cant decrease in the diastolic and systolic blood pressures of malarial

patients obviously demonstrate the signi�cant e�ect of the disease on heart pump's

function and systemic resistance. Particularly, the striking reduction found in the

diastolic pressure may perhaps imply the occurrence of tachycardia observed in

malaria.

Hematological examination of malaria showed a decrease in PCV in both febrile

and non-febrile malaria compared to non-malaria (Table 6.3). This is likely due

to the compromise in red blood cell deformation, and ine�ective erythropoiesis

occurring within the malarial vasculature [448, 449]. In terms of cardiovascular

dynamics, malaria resulted in signi�cantly reduced blood �ow spectral power in the

frequency interval associated with the cardiac and myogenic activity, when com-

pared to non-malaria. This e�ect has serious consequences from a pathological

and therapeutic perspective, in view of the �ndings [450, 451] that cardiovascular

dynamics is crucial for delivering oxygen and nutrients alongside removing waste

product from tissue cells. In fact, the lactic acidosis in the malarial state is ex-

acerbated due to inadequate removal of waste products of metabolism, resulting

from increased production of lactic acid by parasites as well as reduced clearance

by the liver [452].

It has also been reported that many malaria treatments fail due to the reduced

oxygen delivery in malaria, resulting in metabolic acidosis (through stimulation by

cytokines), which leads in turn to respiratory distress [453]. Furthermore, in blood

�ow, signi�cantly higher normalised spectral power was observed in the frequency

intervals related to neurogenic (IV) and NO-dependent endothelial (V) activity

in febrile malaria when compared to healthy non-malaria (Figure 6.3 (a)-(b)).

Unlike the case of febrile malaria, no such e�ects were found in the same frequency

intervals in the normalised spectral power of non-febrile malaria when compared

with the non-malaria group. Perhaps it could imply that, these physiological
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activities are not markedly a�ected due the absence of fever in the nonfebrile

patients.

Furthermore, the signi�cantly lower normalised power in the SpO2 of febrile and

non-febrile malaria patients within the frequency intervals associated with cardiac

and respiratory activity (Figure 6.9) may be an indication of the likelihood of

hypoxaemia in malarial state, as previously reported [454, 455]. Moreover, given

that the e�ects in arterial oxygenation's spectral power were observed in both

febrile and non-febrile malaria, this further justi�es our suggestion that SpO2 does

not stabilise with the stability of the fever. On the other hand, the signi�cant

di�erence found in the respiratory band in SpO2 normalised power between febrile

and non-febrile malaria is very good signature for distinguishing between the two

malaria states. It can also serve as a biomarker for assessment of the e�cacy of

treatment and progress along the road to recovery.

In terms of the oscillations in IHF derived from the ECG (Figure 6.8), while

the normalised spectra power in the respiratory interval was signi�cantly higher

in both febrile and non-febrile malaria patients, a signi�cantly lower normalised

power in the frequency intervals related to myogenic, and NO-dependent endothe-

lial activity was observed in the two malaria groups. In a similar manner, the neu-

rogenic and NO-independent endothelial band powers were also seen to markedly

decrease, but only in non-febrile malaria group. Although the direct cause for these

observations is yet to be established, but the signi�cant increase in the IHF's res-

piratory activity may result from the observed reduction in the average SpO2 and

its respiratory band power. However, the signi�cant reduction found in the other

four frequency intervals in the SpO2 are perhaps due to the compromise with re-

sistance of the vasculature as well as metabolism. Oscillations in IHF derived

from the right ankle blood �ow showed similar results particularly for compari-

son between febrile malaria and non-malaria (Figure 6.8), thus substantiating the

�ndings earlier observed in the case IHF extracted from the ECG.

One of the most interesting outcomes of the study is related to the respiration
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(interval II), myogenic (interval III), neurogenic (interval IV), NO-dependent and

independent endothelial (interval V and VI) oscillations. The markedly reduced

left�right ankle blood �ow coherence in the cardiac (Figure 6.13(c)), respiration,

myogenic, neurogenic, NO-dependent and independent endothelial activity seen in

febrile and non-febrile malaria patients (Figures 6.10, 6.11(e)) indicate a cardio-

vascular system abnormality in acute malaria stage. Moreover, an e�ect revealed

by the band coherence also implies that the impaired cardiovascular dynamics are

not immediately restored by antimalaria treatment as evidenced by the non-febrile

malaria group. In addition, these �ndings further demonstrate the alteration of the

underlying mechanisms of rhythmic coordination between the oscillatory processes

in microvascular function [220, 396, 446, 448]. Moreover, the observed behaviour

of the phase di�erence between the IHF and respiration (Figure 6.11(d)) may sig-

nify that the two signals have the same sign and therefore will be reinforcing one

another.

Coherence provides additional insight into the changes that occur with febrile

and non-febrile during modulation of heart rate by the respiratory frequency. The

signi�cant attenuation in cardiac interval coherence between IHF (derived from the

ECG) and breathing in the febrile and non-febrile malaria implies an impairment

in respiratory sinus arrhythmia (RSA), given that the high frequency component in

IHF re�ects the in�uence of breathing on the heart rate [29, 253, 307], an inference

that is supported by an additional �nding: a signi�cantly decreased blood �ow

coherence in the frequency interval associated with cardiac activity. Besides, the

results may also signify a destruction of both the sympathetic and parasympathetic

modulation that critically in�uence the oscillations in heart beat intervals. As the

sympathetic and parasympathetic modulation are widely known to contribute to

the oscillatory components that manifest in IHF [66, 146, 238, 356]. Therefore,

this �nding may perhaps explain the alteration we observed in the power spectra

of skin blood �ow cardiac oscillations.

Topologically (Figure 6.14), the sinusoidal nature of the cardiorespiratory cou-
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pling in NM group shows that for every respiratory period, the heart frequency

gets modulated correspondingly. The displacement of this sinusoidal wave further

indicates that in the processes of inhalation, the heart is accelerated, while along

the breathing (about π) cycle it is decelerated. The pattern of this relationship

is sustained in the coupling functions averaged over time in the malaria infected

subjects (Figure 6.14b-c)), notwithstanding the decrease in the amplitude, arising

from a slightly deterministic pattern of the coupling function among the subjects

studied. Thus, it can be assumed that the component of respiratory arrhythmia is

in�uenced by malaria, becoming more unstable and irregular, even if still present.

As mentioned earlier in the introduction (Section 1.1.2), the drawbacks asso-

ciated with existing methods for assessing and diagnosing malaria, have increased

the quest for real time techniques for noninvasive diagnosis of malaria an active

area of research. Based on our �ndings, a cut-o� was established in line with

di�erences in cardiovascular dynamics between malarias and healthy non-malaria,

with a classi�cation accuracy of 88 % (Table 6.9). Early non-febrile malaria sub-

jects who have started taking antimalarial or antipyretic drugs were also chosen

as malaria in this study, due to its similarity to febrile malaria in terms of the

cytoadherence and microvasculature characteristics, including the increased sti�-

ness of the membrane of an infected erythrocyte (red blood cell) and its ability

to abnormally stick to cells that line all blood vessels. In agreement with this

similarity, no signi�cant di�erences in mean blood �ow recorded from one of the

two extremities of body, mean SpO2 or respiratory rate between febrile malaria

and non-febrile malaria were found. In addition, there was no signi�cant di�erence

in the blood �ow and IHF dynamics in any of the six frequency intervals between

febrile and non-febrile malaria. On the contrary, febrile malarias and non-febrile

malaria di�ered mainly in terms of their mean skin temperature and IHF.
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8.6 Cardiovascular dynamics in treated malaria

patients

The salient �nding in this study suggests that episodes of malaria infection induce

signi�cant changes in the oscillatory components that manifest in human microvas-

cular blood �ow dynamics. In subjects with a history of malaria, the rhythmic

co-ordination between the oscillatory components in the blood �ow is clearly re-

duced at frequency intervals associated with the cardiac, respiratory, myogenic and

neurogenic activity (Figure 7.7). These long-term e�ects of recurrent malaria on

microvascular oscillations con�rm the result of previous and recent studies carried

out in humans, although the state of the art and analysis techniques were di�erent

[404�408, 456, 457].

The possible hemodynamic e�ects of malaria episode were explored (Table 2.1).

The systolic and diastolic blood pressures remained unchanged, as was the mean

heart rate, although the spectral power of the low frequency oscillatory component

of the latter was elevated. Respiratory frequency is considered to be unchanged

as no di�erence could be established when compared with black-skinned healthy

control. Moreover, skin perfusion measured from the two sides (left and right

ankle) of the body remained unchanged, except at the perfusion recorded from the

right ankle (Table 7.2). The increase in the right ankle skin perfusion could result

from most subjects being leaning on the left ankle during recordings, as we would

expect similar increases in both ankles if the observed di�erence was genuinely

physiological. The �nding suggests that the hemodynamics is unperturbed by

earlier episodes of treated malaria.

Time-frequency analyses of the LDFmicrovascular signal revealed subtle changes

in healthy subjects with previously treated malaria. Although the time-averaged

wavelet power of the perfusion signal recorded in left ankle did not change, the

oscillation power in the cardiac interval in the right ankle blood �ow was seen to

signi�cantly decrease in treated malaria group. This may perhaps be a result of
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movement artefacts, as no such e�ect was observed left ankle blood �ow (Figure

7.2(c)-(d)).

As the mean heart rate remained unchanged in healthy subjects with earlier

episodes of treated malaria, on the other hand, the time-averaged power of the

heart rate variability was signi�cant elevated at a few very high frequencies within

the oscillatory component re�ecting the respiratory activity (Figure 7.3(a)). This

e�ect was evident in TM-CA and TM-BA comparisons, which means that the

observed e�ect could reliably be attributed to the destruction caused by malaria

episodes and not ethnic di�erence. Although not yet con�rmed, this e�ect may

likely be attributed to the excessive production of pro-in�ammatory cytokines as

well as immune mediators such as NO due to recurred parasite sequestration in

capillaries with capillary leakage.

For the rhythmic co-ordination between the blood �ows, TM exhibited a sig-

ni�cant reduction in the blood �ow coherence in frequency intervals related to

cardiac, respiratory, myogenic and sympathetic nervous activities, and are more

justi�ed in respiratory and neurogenic activities (Figure 7.7), as they are both

established when compared with the two control groups (CA and BA), this con-

�rms that the e�ect observed in the blood �ow coherence of TM group arise from

treated malaria. Additional investigation of the rhythmic interactions between the

microvascular blood �ow and IHF disclosed major changes associated with treated

malaria. In the 0.07-0.19 Hz frequency interval, the rhythmic interactions between

blood �ows and IHF was signi�cantly reduced in treated malaria (Figure 7.9).

However, the reduction was only established in comparison to white Caucasians,

but of course it could still reliably be attributed to the e�ects of recurrent malaria

rather than racial disparity since the coherence did not signi�cantly di�er between

the Caucasians and black Africans groups (Figure 7.10). These attenuated co-

herences may likely demonstrate the e�ect of malaria recrudescence on rhythmic

co-ordination in the respiratory, myogenic and neurogenic activities.

We suggest that the observed attenuation in the microvascular oscillations
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of treated malaria subjects may be connected with the low production of the

endothelium-derived NO, especially: evidence has accumulated that the rate of

NO release is nearly �ve times slower in black persons than in white, leading to

an increase in both O−2 (superoxide) and ONOO−, all of which play a vital role

in pathophysiology of malaria [261, 458]. Besides the numerous functions of NO,

one of its crucial physiological roles is to protect the cardiovascular system against

pathophysiological abuses which include the release of some anti-in�ammatory ef-

fect agents in the blood vessel wall to prevent the adhesion of leukocytes and

platelets to the endothelium and to inhibit smooth muscle cell proliferation. How-

ever, recurrence of malaria infection tends to attenuate the activity of the NO

in the microvasculature. Moreover, it is known that the increased production of

O2 inside endothelium is responsible for eliciting NO reduction in malaria; conse-

quently, it become reasonable to attribute such e�ects to recurrent incidences of

malaria.

Our �ndings have revealed that in episodes of malaria, even when treated, the

parasites of the Plasmodium responsible for the infection still leave behind a long-

lasting chronic e�ects on their host. This is in agreement with previous studies

which suggest that the relapsed e�ects related to multiple occurrences of malaria

infection ensues due to the cytoadherence of iRBC that allow the parasites to

remain in blood circulation [396], as well as the antigenic variation that evades the

host immunity [459�461].

In conclusion, changes in skin microvascular dynamics induced by episodes of

malaria can be assessed by wavelet transforms and wavelet phase coherence be-

tween the laser Doppler signals and the instantaneous heart frequency. Episodes of

malaria reduced the low oscillatory components of the perfusion signal, indicating

impediment of the respiratory, myogenic and neurogenic activities as well as of the

very high oscillatory process in the IHF related respiratory activity.

This study presents a technique for identifying the subtle long term e�ect of

episodes of malaria on microvascular dynamics. The observed alteration clearly
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demonstrates the feasibility of this approach to follow up treatments of malaria.

Recent studies, both invasive and non-invasive investigations, all suggest that an

impairment of blood �ow, especially in the microvascular bed, is a major feature in

the pathogenesis of malaria. Multiple factors combine to alter the microvascular

blood �ow. The abnormal adherence of the malaria iRBC to inner cells of the

vascular endothelium a�ect the elastic properties of the red blood cells alongside

their ability to squeeze through tiny capillaries. This cytoadherence tends to sig-

ni�cantly alter the myogenic oscillatory component and the sympathetic nervous

activity manifested in blood �ow dynamics, leading to a mechanical obstruction

within the micro�vessels, a major pathological process of malaria.

Our results also rea�rm our suggestion that the properties of the oscillatory

components evaluated by time�frequency analysis, could lead to the establishment

of a non-invasive and inexpensive device for the early detection of malaria. More so,

in the development and testing of anti-malaria drugs, e�orts should also be made

to normalize the interaction of low frequency rhythms, which is hugely impaired

by the malaria parasite. Interestingly, this opens up intriguing questions to be

answered for a new focus of intervention: (i) What are the possible mechanism

of the subtle impairment in the microvasculature? (ii) Can these lethal e�ects be

forestalled or equilibrized with speci�c antibody-independent mechanism therapies

or new drugs rationally designed to cleanse the microvasculature following every

malaria disinfection? These questions and many more, as well as the signi�cant

vulnerability posed by malaria, are among the motivations for investigation into

the cardiovascular oscillatory mechanisms in malaria induced by microvascular

damage.

8.7 Experimental limitation

Cardiovascular dynamics in febrile and non-febrile malaria A limitation

of this study is that the physiology of the 10, non-febrile malaria patients may not

be representative of normal human pathophysiology in the malarial state. As dis-
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cussed above, comparisons of the cardiovascular parameters of the 10 non-febrile

malaria cases with those of larger populations did reveal some di�erences, but

mainly in average recordings and at some speci�c frequencies and not within fre-

quency intervals that represent physiological activity. A second major limitation is

the slight (border-line) variations in age distribution between the malaria groups,

with the non-febrile malaria being slightly older, although not to a statistically

signi�cant extent. It has been reported previously that physiological activities,

such as the IHF and the reaction of microvascular processes to vasoactive agents,

vary with increase in age. To eliminate possible e�ects of sample size and age

on the results, additional recruitment of age-matched malaria patients would be

needed. A further limitation of this study is the potential movement artefacts

of the instruments used for the measurements. However, such limitations were

less consequential here, due to the fact that the signals were di-spiked and anal-

ysed in the time-frequency domain and their phase relationship established, using

wavelet-based methods. To enhance the clinical applicability of the corresponding

diagnostic markers, it would be desirable to shorten the duration of recording to

10 minutes atmost.

Cardiovascular dynamics in treated malaria Variation in atmospheric con-

ditions during the period of measurements has the potential to have in�uence our

results. In the treated malaria group, all the recordings were obtained in the

winter, whilst for the dark controls, recordings were performed in the summer.

Thus, these could cause variations in data, which could have in�uenced slightly

the comparison between treated-malaria and control (black Africans) groups.

8.8 Limitations of the analysis

When a large number of analyses are conducted, one can ask about possible lim-

itations attributable to the multiple statistical analyses. First, the large number

of statistical comparisons carried out in the analysis of research data is known to
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likely in�uence the probability of a false conclusion, although it has been addressed

through Bonferroni correction [462], which is a common test used to overcome the

bias of multiple statistical comparisons. Due to the low p values, with mostly p

< 0.001 found in many of the comparisons, as shown earlier, it is unlikely that

these positive rates, (particularly in the malaria data) are markedly in�uenced by

the large number of statistical test carried out during the analysis. Moreover, the

high percentage of classi�cation accuracy for distinguishing between malarial and

control groups, as obtained with the machine�learning algorithms further justi�es

the minimal potential for in�ated false positive rates.

Secondly, we would comment that addressing the potential for confounding

of analysis from e�ects of fever vs e�ects of malaria itself could in principle be

daunting, although it was precluded in the present case at the stage of recruiting

the volunteers. It was ensured that the only patients included were those with

signi�cantly elevated core temperature and skin temperature (> 38 ◦) as measured

by using both the axillary thermometer and two high sensitivity Thermilinear

sensors, respectively. While the non-fever malarial patients had a normal body

temperature (36.5 ◦). The outcome of analysis between febrile malaria patients and

controls were not identical to that observed between nonfebrile malaria compared

to controls, so that it is possible to separate the e�ect of malaria from that of fever.

For example, our �ndings illustrated that the unlike their diastolic blood pressure,

the systemic blood pressure of malarial patients was not signi�cantly in�uenced

by fever, as shown by the comparison between FM and NFM groups (see Table

6.2). In addition to comparison between FM and NFM groups, analysis between

FM and NM shows a signi�cantly decreased systolic blood pressure in the FM

group. Similarly, the NFM group exhibited a very low (with p = 0.07) systemic

blood pressure when compared with the controls. It could therefore be suggested

that the observed di�erences in blood pressure (particularly the systolic pressure)

between the malarial and control groups are mostly related to the infection and

not solely due to fever.
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Lastly, following the observed variability in blood pressure, the possibility of

confusion due to blood pressure changes also deserves some remarks. Several stud-

ies have reported possible e�ects of malaria on blood pressure, with the malaria

patients having a signi�cantly lower systolic blood pressure compared with healthy

subjects [463]. Consistent with these previously reported �ndings, it su�ce to sug-

gest that the signi�cant di�erences observed in blood pressure between malarial

and control groups demonstrate the e�ects of malaria parasites on systemic vascu-

lar resistance, which is critical for creating blood pressure. Moreover, the presence

of parasites in the blood could impair vaso�dilation/constriction of blood vessels

and consequently reduce the systemic vascular resistance.
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9. Concluding remarks

9.1 Summary

Concisely, the main facets of this thesis are outlined below:

� The background on malaria, including its present diagnostic methods and

their advantages and disadvantages, is reviewed.

� The physiological and biophysical background of cardiovascular dynamics

and its associated oscillations in healthy and pathological state is reviewed.

� The methods used for the acquisition of the cardiovascular parameters stud-

ied are discussed.

� A background to non-linear dynamical systems and the time series analysis

methods available for analysing them are elaborated upon.

� The utility of laser Doppler �owmetry for measuring microvascular blood

�ow dynamics from darkly pigmented skin was tested by comparing with

measurement from lightly pigmented skin using the same techniques, and

was found to be appropriate for dark skin.

� The possible role of race-speci�c di�erences in microvascular blood �ow and

oxygenation dynamics was explored between black Africans and white Cau-

casians using the methods presented for the measurement of physiological

parameters and their analysis.
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� The long term e�ects of an episode of malaria on blood �ow and cardiovas-

cular dynamics was explored in treated malaria patients.

� The cardiovascular dynamics of malaria and healthy non-malaria subjects

recruited from Nigeria speci�cally for this investigation were analysed us-

ing the methods presented, and an accurate noninvasive diagnostic test was

developed.

This thesis has aimed primarily to investigate cardiovascular dynamics in symp-

tomatic and asymptomatic malaria. Cardiovascular �ow parameters including

blood �ow, arterial oxygenation, ECG, skin temperature and respiratory rate

were recorded using laser Doppler �owmetry, TOSCAA500, ECG sensors, YSI

709B thermilinear sensors, and TSD201 Velcro respiratory belt sensor respec-

tively. These signals were analysed using time series analysis techniques �nely

tuned to the fundamental properties of these time series: that they come from

systems that are oscillatory, thermodynamically open, nonstationary, nonlinear

and nonautonomous. A revision of the methods required for the analysis was car-

ried out. These analyses yielded new understanding of the vasculature in malaria,

characterized by di�erences in cardiovascular oscillations as measured in healthy

non-malaria when compared with the malarial state. These oscillations allow the

di�erences found in the spectrum and coherence to be linked to the oscillations

connected with vasomotion, in both the myogenic, neurogenic and endothelial fre-

quency intervals. This could be a consequence of cytoadherence of infected red

blood cell to the vessel wall, i.e. to the vascular endothelial cells, leading to an

elevation in vascular resistance due to vasoconstriction in�ammation, impairment

of pulmonary arteries, or an attenuation in 1:1 rhythmic coordination between

local regulatory mechanisms in malaria. The di�erences found in malaria were

large enough to enable the establishment of a set criteria which have been success-

fully applied in a diagnostic test with a classi�cation accuracy of 89 %. In spite

of the necessity for additional data collection before this method can be used for

routine clinical practice, this investigation provides the underlying basis for the
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establishment of a real time, inexpensive, noninvasive diagnostic test which could

remarkably minimize the circumstances for unnecessary blood smear microscopy

test.

In addition to the malaria study, microvascular blood �ow and oxygenation

dynamics were investigated in data recorded from black Africans and white Cau-

casians subjects at rest using NIRS and a separate probe providing for simultane-

ous measurements with white light spectroscopy, and LDF, in order to ascertain

whether black Africans di�er from Caucasians in terms if their oscillatory phys-

iological processes at rest, and whether the inherent features of these signals are

altered in Africans when comparing coordination of blood and oxygenation in

Caucasians. This part of the thesis aims to identify potential di�erences in mi-

crovascular blood �ow and oxygenation dynamics that may result from race-related

disparity and to compare them with the changes observed in cardiovascular dy-

namics of malaria. If analogous behaviour was found, this could then be considered

as a hallmark of vascular impairment, well known to occur due to the sequestra-

tion of malarial erythrocytes. Contrary to the our �ndings in malarial patients,

some component of the cardiovascular system such as the blood �ow dynamics in

the biracial groups did not vary in the frequency intervals associated with local or

systemic activity, but the rhythmic coordination between blood �ow and oxygena-

tion did vary signi�cantly in the frequency intervals associated with vasomotion

cardiac and respiratory activity, as expected. This further con�rms the observed

dysfunction in both systemic and local processes in the cardiovascular dynamics

of malaria.

An additional, virtually universal, hallmark of malaria was also studied. The

deterministic properties of the microvascular blood �ow and instantaneous heart

frequency signals were explored in speci�cally recruited patients who had su�ered

from malaria and recovered from it and in controls with no incidence of malaria.

This is in order to investigate whether history of multiple (although one episode

would be enough) malaria episodes di�er from non-malaria infected individuals
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in terms of the oscillatory processes that manifest in their blood �ow signal at

resting state, and whether the reoccurrence of malaria has a long standing e�ects

on the underlying properties of the blood �ow dynamics when compared to sub-

jects with no history of malaria. Subsequently, these di�erences are compared

with the �ndings obtained in blood �ow and cardiovascular dynamics of malarial

patients. If similar property was found, this could then be regarded as a hallmark

of episodes of cytoadherence of iRBC on vessel wall � a widely known phenomenon

in malaria. In the blood �ow spectrum of malarial patients, frequency intervals

associated with cardiac, myogenic, neurogenic and NO-dependent endothelial ac-

tivity were signi�cantly altered due to several physiological destruction within the

vasculature (which have earlier been extensively discussed), such as the impaired

vascular resistance, vasodilation etc. However, the blood �ow spectral power in

treated malaria did not signi�cantly change within 0.0095-2 Hz interval. While

no signi�cant alteration was found in the IHF spectral power of treated malaria,

apart from the changes observed in the cardiac interval, the IHF spectral power in

the malarial state was signi�cantly varied in all the �ve frequency intervals investi-

gated spanning 0.6-0.0095 Hz. In the case of the rhythmic coordination, the blood

�ow signals' coherence was signi�cantly altered in malaria just as in the treated

malaria subjects, but at almost completely di�erent frequency intervals apart from

the cardiac band where they were both signi�cantly altered. This suggests that

even when antimalarial drug treatment is being given the microvasculature dys-

function remains although the treatment decreases the heart rate and partially

normalises the respiration.

9.2 Original contributions to science

The original contributions of this work are outlined below:

� The suitability of using laser Doppler �owmetry in monitoring microvascular

blood �ow from darkly pigmented skin containing high melanin concentration
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was investigated for the �rst time. It was concluded that high melanin does

not alter the blood �ow dynamics. This allows the usage of the instrument

in assessing blood perfusion in black Africans, worldwide.

� Using LDF, ECG, a respiratory belt sensor, and the radiometer TOSCA500,

a method for noninvasive investigation of malaria has been introduced for the

�rst time and an algorithm for the detection of malaria has been developed.

The blood �ow dynamics of febrile malaria, non-febrile malaria, and healthy

non-malaria were compared in the frequency interval 0.005-2 Hz. Time-

averaged normalised power di�ered signi�cantly for comparison between febrile

malaria and non-malaria groups in the intervals associated with cardiac, myo-

genic, neurogenic, NO-dependent endothelial activity.

� Signi�cant di�erences in wavelet phase coherence were found between blood

�ow signals recorded from malarial patients and controls in the cardiac fre-

quency interval. The peak frequency of the cardiac oscillation was higher in

febrile malaria then in the controls.

� The instantaneous heart frequencies in febrile malaria, nonfebrile malaria and

controls, which were derived from both the blood �ow and ECG were com-

pared in the frequency interval 0.005-0.6 Hz. The time-averaged normalised

power mostly di�ered signi�cantly between febrile malaria and controls in

intervals II, III, V & VI. Similar di�erences were also established in between

non-febrile malaria and controls in intervals II, III, IV & V.

� Signi�cant di�erences in the wavelet phase coherence between the �uctu-

ations in the instantaneous heart frequency extracted from the blood �ow

signals were found between malarias and control groups, in intervals I, II,

III, IV, V & VI. The coherence was attenuated in malaria patients.

� Coherence between instantaneous heart frequency and respiration signi�-

cantly declines in the respiratory interval in both febrile and nonfebrile
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malarias compared to controls. There is an obvious impairment in respi-

ratory sinus arrhythmia in the malarial state. Although it is widely known

that higher respiration rate leads to lower sinus arrhythmia.

� Comparing the data from febrile malaria, non-febrile malaria and healthy

non-malaria groups it was found that the couplings to the cardiac rhythm

from respiratory activity decrease signi�cantly in the malarial states.

� Arterial oxygen saturation was compared between malarias and controls and

evaluated using wavelet analysis. It was found that the spectral component

of the cardiac and respiratory frequency intervals signi�cantly di�ers between

the three groups(for FM-NM, NFM-NM & FM-NFM comparisons). The av-

erage arterial oxygen saturation was also signi�cantly lower in malarias than

in controls. This is potentially a suitable biomarker desirable not only for

identifying malaria, but also for evaluating the successfulness of treatments

along the road to recovery.

� The aforementioned observed di�erences in frequency components that man-

ifest in cardiovascular dynamics (blood �ow, instantaneous heart frequency,

arterial oxygenation) between febrile and non-febrile malarial patients, and

healthy non-malaria on the other hand, were developed into a diagnostic test

with a classi�cation accuracy of 89 %.

� Further investigations on the signatures of subjects with no history of malaria

and treated malaria patients in cardiovascular regulation were carried out.

This was done through analyses and comparison between groups as per-

formed in the same way as for the LDF and ECG time series investigated in

malaria patients.

� The deterministic properties of oxygenation measured at a deeper level in the

tissue were Investigated for the �rst time using a near infrared spectrometer,

with simultaneously recorded microvascular blood �ow and skin oxygenation
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signals, using combined optical LDF and white light spectroscopy. By ex-

tracting time-varying oscillatory parameters, new insights into race-related

and environmental di�erences in microvascular dynamics have been acquired.

� Tissue oxygen saturation was investigated and compared between black Africans

and Caucasians using wavelet-based methods. It was found that the spec-

tral powers of low frequency oscillations in both the oxygenated and de-

oxygenated hemoglobin were signi�cantly lower in Caucasians than in black

Africans. The mean of skin oxygen saturation and deep oxygen saturation

were higher in Caucasians compared to black Africans while in contrast, the

mean and standard deviation of oxygenated hemoglobin and deoxygenated

hemoglobin concentration were found to be lower in Caucasians than in black

Africans.

� The e�ective wavelet phase coherence evaluated between blood �ow and

skin oxygen saturation showed a signi�cantly lower rhythmic coordination of

cardiac with myogenic activity in black Africans compared to Caucasians.

� The rhythmic coordination between blood and (oxygenated and deoxygenated)

hemoglobin concentrations was found to be signi�cantly higher in Caucasians

in the cardiac and myogenic frequency intervals.

� Deoxygenated hemoglobin concentration increases in black Africans as the

coherence between blood �ow and (oxygenated and deoxygenated) hemoglobin

concentration decreases.

9.3 Future work

This work is expected to bene�t from the following future tasks:

� Investigation of tissue oxygenation dynamics in both febrile and non-febrile

malaria, as it is proposed that the its dynamics alongside the phase coherence
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with blood �ow will markedly be altered in malarial state. To our knowledge,

this is yet to be studied.

� Investigation of the nonlinear dynamics of malaria in patients with sickle

cell disease (SCD), as it is commonly found in malaria patients and seems to

have similar blood �ow dynamical properties. This will provide additional

insight into the dynamical behaviour of malaria in SCD and into whether the

developed biomarker for malaria can be used for sickle cell anaemic patients.

� Recruitment of more patients with malaria particularly nonfebrile malaria,

and more controls with rhinovirus (common cold), in�uenza and other non-

malarial fevers to build up the data set used in the diagnostic test for malaria,

as this will facilitate earlier detection of malaria, and avoidance of confusion

with common fevers.

� The next stage will be the development of a 'malariometer', a prototype

instrument for use in a large scale trial, which is an essential preliminary to

the development and sale of a commercial instrument by industry, and we

will approach potential British manufacturers in the �rst instance.
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A. Cardiac functioning

A.1 Cardiac output

The heart beat can be considered as a two stage pumping action over a period

of at-most a second. A complete cardiac cycle (long term diastole and a systole)

is de�ned as the cardiac events initiated by the P wave in the electrocardiogram

(ECG) and continuing until the generation of next P wave. It is generally divided

into two categories: a systole which refers to the event associated to the ventric-

ular ejection and contraction, and a diastole which refers to the ventricular �lling

and relaxation. However to understand how the regulation process of the cardiac

function occurs, it is important to discern the process of mechanical events dur-

ing the cardiac cycle and how it relates with the electrical activity of the heart

[28, 40]. To be more precise, the heart rhythm concentrates on the left ventri-

cle activity, and it consists of four main phases: (1) the isovolumetric relaxation

(IR), with closed atrioventricular and ventriculoarterial valves; (2) ventricular �ll-

ing (VF), with opened atrioventricular valves and closed ventriculoarterial valves;

(3) isovolumetric contraction (IC), with closed atrioventricular and ventriculoar-

terial valves; and (4) systolic ejection (SE), with closed atrioventricular valves and

opened ventriculoarterial valves. These are described in Figure A.1
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Figure A.1: A curve of the pressure and volume in the left ventricle during
a cardiac cycle. Phase 1 represents ventricular �lling during diastole. Phase 2
represents isovolumic pressure development. Phase 3 represents ejection of blood
into the aorta. Phase 4 represents the isovolumic relaxation period. Extracted
from [29].

Both the ventricular �lling (VF) and systolic emptying (SE) can further be

subdivided into rapid and reduced sub-periods (rapid [RVF] and slow [SVF] ven-

tricular �ling, rapid [RSE] and slow [SSE] systolic ejection) [28, 40]. While for

the atrial contraction (AC), the mechanical events are divided into seven phases

[28, 40, 464], which are shown in Figure A.2.

Phase 1 (AC) is the onset of ventricular systole, and this phase of the cardiac

cycle is triggered by the QRS complex of the ECG. Following the depolarization of

the ventricle, the myocyte contraction leads to a rapid increase in intraventricular

pressure pv. Thus making AV to close as the intraventricular pressure exceeds

the atrial pressure [40]. The abrupt rise in the mitral valve is tightly closed to

prevent back�ow of blood as the left ventricle begins to contract [28]. The closure

of the AV valves create the �rst heart sound (S1), which normally split (∼0.04

sec) because the mitral valve closure precedes the tricuspid closure. This implies

that, heart sounds are generated when the sudden closure of a heart valve and the

accompanying oscillations of the blood produce vibrations (i.e., sound waves), and

can be heard with a stethoscope overlying the heart [40].
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Figure A.2: The seven phases of the cardiac cycle: (1) atrial systole; (2) iso-
volumetric contraction; (3) rapid ejection; (4) reduced ejection; (5), isovolumetric
relaxation; (6) rapid �lling; and (7) reduced �lling. LV, left ventricle. For the
ECG, electrocardiogram; a, a-wave; c, c-wave; v, v-wave; AP, aortic pressure;
LVP, left ventricular pressure; LAP, left atrial pressure; LVEDV, left ventricu-
lar end-diastolic volume; LVESV, left ventricular end-systolic volume, S1-S4, four
heart sounds. Extracted from [40].

Ventricular pressure rises rapidly without changes in the ventricular volume

(i.e., no ejection of blood into the aorta or pulmonary artery occurs) during the

closure of the AV valves and the opening of the semilunar valves. Hence, ventricu-

lar contraction is said to be "isovolumic" or isovolumetric (incompressible blood)

during this phase, but the shape of the ventricle varies [28, 40]. Blood impacts

the closed mitral valve as the left ventricle contracts, which then bulges all the AV
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back into the atrial chambers, with a further intra-atrial pressure pA increment;

the c wave which is noted in the jugular is believed to occur owing to the increment

in the right atrial pressure as a result of the tricuspid valve lea�ets bulging back

into right atrium.

Phase 2 (ESE) occurs when the end-diastolic aortic pressure pa overcomes by

the intraventricular pressure pv [28]. When the pressures within the aorta and

pulmonary are exceeded by the pv, the aortic and pulmonic valves open and blood

is ejected out of the ventricles due to the total energy of the blood within the

ventricle that exceeds the total energy of blood within the aorta [40]. Traces of

end-diastolic aortic pressure pa and intraventricular pressure pV follows each other

closely and reaches a maximum [28]. Due to the Windkessel e�ect (blood storage

in elastic arteries) [28, 171, 464], it is believed that the aortic blood in�ow is greater

than the out�ow.

While the blood is being ejected and ventricular volumes decrease, blood con-

tinues to �ll the atria from their respective venous in�ow tracts. Though as the

atria volumes increase, the atrial pressures initially decrease as the base of the

atria is pulled downward, thereby expanding the atrial chambers [40]. However,

there is an absence of sound produced by the heart during ejection [40], meaning

that the opening of healthy valves is silent while the presence of sound during

ejection is a clear indication of valve abnormality.

Phase 3 (SSE): During this phase the ventricular repolarization (T wave) occurs

approximately 150 to 200 milliseconds after the QRS, this results to decrease in

pa and pV [28, 40]. The ventricular pressure slightly drops below out�ow tract

pressure, but the out�ow still occurs owing to kinetic (or inertial) energy of the

blood that helps in propelling the blood into the aorta and pulmonary artery.

Meanwhile the arterial pressures rises gradually during this phase, therefore the

venous returns into the atrium and the v wave is engendered on the atrial pulse

[28, 40].
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Phase 4 (IR): All valves are closed, this phase is characterized by a strong decline

in pv as the ventricles continues to relax, and a point is attained in which the energy

of blood in the out�ow tracts is greater than the total energy of the blood within

the ventricles [28, 40]. Therefore the aortic and pulmonary valves suddenly close

(aortic before pulmonic), due to a pressure gradient reversal, resulting in a second

heart sound (S2) which is audibly and physiologically split.

However, as these valves close, there is usually little or no back �ow into ven-

tricles and the rate of �ow in the aorta undergoes a complete back �ow [28, 40].

Moreover, the ventricular volume remains constant during this phase and it is

referred as the residual volume (ESV) that is the end-systole volume, and pv con-

tinues to decline until it becomes less than pA.

Phase 5. (RVF): AV valves open; aortic and pulmonic valves closed, this phase

starts as the ventricular pressures pv fall below atrial pressures pA, which leads

to the opening of the AV valves, thus ventricular �lling begins [28, 40]. The low

resistance of the opened AV valves coupled with the atrial pressures results in

passive, rapid �lling of the ventricles immediately the valves open [40]. On the

right side of the heart, the v-wave is the regarded as the peak of the jugular pulse

prior to the opening of the valve, followed by the y descent of the jugular pulse

which is generated due to the opening of the AV valves and ventricular �lling

[28, 40]. Moreover the third sound (S3) is recorded, although it is believed that

no prominent sound is expected to be heard if the AV valves are functioning well

[40], but (S3) is said to be normal in children, however it is regarded pathologic in

adults due its seldom associativity with the ventricular dilatation [40]

Phase 6 (SVF): All AV valves open; aortic and pulmonic valve closed (SVF) is

called diastasis [28], this phase is the period of diastole within which the passive

ventricular �lling is close to completion [40]. More blood is forced to the left

ventricle from the pulmonary veins through the opened mitral valve. As the left

ventricle collects blood, the action potential is sent out by the sinoatrial node
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leading to atrial contraction. Small volume of blood is sent into the left ventricle

(∼15 % of ventricular �lling) by the diastasis with a slight increase in the pv [28].

Phase 7 (AC): AV valves open; aortic and pulmonic valves closed large amount

of blood has already �lled the ventricles prior to atrial contraction during this �nal

stage of the cardiac cycle [28]. The pressure within the atrial chambers increases

as the atrial contracts, thus propelling blood from the atria across the open AV

valves [40]. However, the atrial contraction contributes slightly to the ventricular

�lling at rest, but still maintains cardiac output during exercise [28, 40].

The end diastolic volume (EDV) are maximal towards the end of this phase.

The fourth heart sound (S4) is heard as a result of the atrial contraction, and the

following left stole begins as the ventricles get full with blood [28].

Microcirculation represents an important segment for storage of blood volume,

however this microcirculation is believed to be enhanced in the process of diastole

due the relaxation of myocardium, and could help the ventricular expansion by a

straightening e�ect.

A.2 Stroke volume

The rate of tension development i.e., the changes in ventricular contractility and

the velocity of myo�ber shortening can result in modi�cation of the stroke volume.

The ventricular pressure time gradient is augmented by the increased inotropy and,

hence the ejection velocity [28]. The stoke volume is maintained at high heart rates

as the inotropic state increases, and only decreases the volume due to the slowed

time for diastolic �lling and slowed EDV. At values of high heart rate, ion carriers

becomes less e�cient in removing all calcium from vascular smooth muscle cells,

which creates a positive inotropic state peripheral vasodilator.

The area inside the pressure volume depicts the stroke volume (SV) which is ap-

proximated as the product of stroke volume and the mean arterial pressure. How-

ever, this estimation gives the stroke work di�erences between the left and right
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ventricles. The ratio of stroke work to myocardial oxygen consumption (SV/qO2)

is referred as cardiac e�ciency , though there are various factors that in�uence the

qO2 especially the wall tension [28].

It is often perceived that there exists a dynamical relationship between systole

and diastole. The heart recoil and energy that is stored for active diastolic dilation

and aspiration are provided from the systolic contraction, however the large blood

vessels and the surrounding mediastinal tissues that reacts by elastic recoil are

pulled by the motion of the heart during systole [28, 465].
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B. Results on race-speci�c

di�erences in the coherence between

microvascular blood �ow and

oxygenation dynamics

This appendix considers a typical result of the work discussed in chapter 5.

Example signals and the corresponding wavelet phase coherence between the

blood �ow and SO2a, and the blood �ow and SO2b as recorded from one Caucasian

subject are shown in Figures B.2 and B.1. The windowed wavelet phase coherence

is shown in �gures B.2 (c) and B.1 (c), which reveal the time-variability of the

modes but at the cost of losing information about lower frequencies. In �gures

B.2 (d) and B.1 (d) the signi�cant phase coherence is shown when coherence is

greater than the 95th percentile of 100 pairs of IAAFT surrogates, while the overall

(e�ective) coherence is shown in �gures B.2 (e) and B.1 (e) after the surrogate

has been subtracted from the original coherence. It can be seen from �gures

B.2 and B.1 that the coherence is only higher than the surrogate level at the

frequencies corresponding to the common oscillatory components. Note however

that the surrogate level is inversely proportional to the frequency, which means that

detecting signi�cant coherence in low-frequency oscillations is very di�cult. The

time-variability shared between the oscillatory components present in the signals

is revealed by the windowed wavelet phase coherence. This approach was applied
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in the evaluating the coherence results present in chapter 5.

Figure B.1: Example of wavelet phase coherence between (a) blood �ow (from
left forearm) and (b) SO2b recorded from a Caucasian. (c) The time frequency
representation of the coherence. (d) An illustration of the coherence between the
original signals and their surrogates. (e) The e�ective wavelet phase coherence
after subtracting 95 percentile of the surrogate.
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Figure B.2: Example of wavelet phase coherence between (a) blood �ow (from
left forearm) and (b) SO2a recorded from a Caucasian. (c) The time frequency
representation of the coherence. (d) The coherence between the original signal
and their surrogate. (e) The e�ective wavelet phase coherence after subtracting
95 percentile of the surrogate.
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C. IHF absolute power in malarial

state

Figure C.1: Comparisons of absolute time-averaged wavelet power of the IHF
extracted from ECG recordings. Each curve is obtained as a median over all
subjects. (a) Febrile malaria (FM) compared with non-malaria (NM), (b) Non-
febrile malaria (NFM) compared with non-malaria (NM) and (c) FM compared
with NFM. Red shading indicates the range between 25th and 75th percentiles in
FM, blue shading indicates the range between 25th, and 75th percentiles in NM,
gold shading indicates the range between 25th, and 75th percentiles in NFM, and
brown shading indicates signi�cant (p<0.05) di�erences between the FM - NM and
NFM - NM comparisons.
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Figure C.2: Normalised time-averaged wavelet power of the arterial oxygen satu-
ration for individual subjects. The thick vertical line illustrates the group median
respiration.
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D. Diagnostic test

Figure D.1 illustrates the sequence of processes involved in the malaria diagnostic

test method. In the �rst step 1, a dataset is input. The dataset are blood �ow

measurements measurements 3, 5, from both ankles, electrocardiography data 7,

respiration rates 9 and blood oxygenation levels 11. These data are then used to

derive the six parameters and their corresponding values used for the test. Af-

ter computing the data, the instantaneous heart frequency data 13, 15, 17 and

the abovementioned parameters 19, 21, 23, 25, 27 and 29 were subsequently de-

rived. Afterwards, each of the parameters was compared against the corresponding

threshold value presented in chapter 6. Based on this comparison, each parame-

ter was allocated a positive score if the parameter was indicative of malaria, or a

negative score if the parameter was indicative of malaria not being present 31. If

all scores were positive, the subject was marked as having malaria 33, if all scores

were negative, the subject was marked as not having malaria 33 and if some scores

were positive and some negative, the subject was re-tested 35.

D.1 Other standard classi�cation techniques and

associated analysis

Several classi�cation techniques from the software package Waikato Environment

for Knowledge Analysis (WEKA) were compared. These classi�cation methods

include decision trees (J48 in WEKA), decision tree ensembles (random forests,

bagging). They were applied on the whole set of attributes with their accuracy
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Figure D.1: Malaria diagnostic test �owchart.
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Figure D.2: Box and whisker plots for the diagnostic parameters based on the
available data. (a) Ratio between mean instantaneous heart frequency derived
from ECG and mean SpO2 calculated for each group across Hz frequency interval.
(b) - (c) Ratio between mean instantaneous heart frequency derived from blood
�ow and mean SpO2 for left and right ankles, respectively. FM - febrile malaria
group (n = 37 ); NFM - non-febrile malaria group (n = 10) ; and NM - non malaria
group (n = 51).

been evaluated using leave-one-out (50-fold) cross-validation. The confusion ma-

trix, showing the likelihoods of correct and incorrect classi�cation for each of the

3 groups, arising from the leave-one-out (50-fold) cross-validation, is presented in

tables D.1, D.2, D.3 and D.4.

D.1.1 Two groups classi�cation

Because the non-febrile malaria group is not su�ciently large enough on its own

and is slightly overlapped with the febrile malaria group, the two groups were

merged together and refereed to as malaria group. This group was compared with

the nonmalaria group, and the two groups were classi�ed using the same methods

as in the case of the 3 groups. The results obtained are presented in the Tables

D.6, D.7.
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Table D.1: J48 Results. Confusion matrix, giving the likelihoods of correct and
incorrect classi�cation for each of the 3 groups of subjects, using J48 algorithm for
6 di�erent sets of parameters.

Classi�ed state J48
Febrile malaria Non-febrile malaria Non-malaria

84% 11% 5% Febrile malaria
50% 20% 30% Non-febrile malaria
4% 2% 94% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 81 82.6531 %
Incorrectly Classi�ed Instances 17 17.3469 %

Kappa statistic 0.6929
Mean absolute error 0.1335

Root mean squared error 0.3164
Relative absolute error 34.5673 %

Root relative squared error 72.1422 %
Total Number of Instances 98

Table D.2: LMT results. Confusion matrix, giving the likelihoods of correct and
incorrect classi�cation for each of the 3 groups of subjects, using Logistic model
tree algorithm for 6 di�erent sets of parameters.

Classi�ed state LMT
Febrile malaria Non-febrile malaria Non-malaria

76% 13% 11% Febrile malaria
50% 20% 30% Non-febrile malaria
2% 0% 98% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 80 81.6327 %
Incorrectly Classi�ed Instances 18 18.3673 %

Kappa statistic 0.6714
Mean absolute error 0.141

Root mean squared error 0.2939
Relative absolute error 36.5006 %

Root relative squared error 67.0318 %
Total Number of Instances 98
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Table D.3: Random forest Results. Confusion matrix, giving the likelihoods
of correct and incorrect classi�cation for each of the 3 groups of subjects, using
Random forest algorithm for 6 di�erent sets of parameters.

Classi�ed state Random forest
Febrile malaria Non-febrile malaria Non-malaria

81% 11% 8% Febrile malaria
50% 20% 30% Non-febrile malaria
2% 0% 98% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 82 83.6735 %
Incorrectly Classi�ed Instances 16 16.3265 %

Kappa statistic 0.7072
Mean absolute error 0.1522

Root mean squared error 0.2778
Relative absolute error 39.3976 %

Root relative squared error 63.3582 %
Total Number of Instances 98

Table D.4: Bagging Results. Confusion matrix, giving the likelihoods of correct
and incorrect classi�cation for each of the 3 groups of subjects, using Bagging
algorithm for 6 di�erent sets of parameters.

Classi�ed state Bagging
Febrile malaria Non-febrile malaria Non-malaria

81% 8% 11% Febrile malaria
40% 30% 30% Non-febrile malaria
2% 0% 98% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 83 84.6939 %
Incorrectly Classi�ed Instances 15 15.3061 %

Kappa statistic 0.7248
Mean absolute error 0.1525

Root mean squared error 0.2712
Relative absolute error 39.4849 %

Root relative squared error 61.8438 %
Total Number of Instances 98
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Table D.5: AdaBoostM1 results. Confusion matrix, giving the likelihoods of
correct and incorrect classi�cation for each of the 2 groups of subjects, using
AdaBoost algorithm for 6 di�erent sets of parameters.

Classi�ed state Boosting
Malaria Non-malaria
91% 9% Malaria
6% 94% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 91 92.8571 %
Incorrectly Classi�ed Instances 7 7.1429 %

Kappa statistic 0.8568
Mean absolute error 0.0714

Root mean squared error 0.2672
Relative absolute error 14.3033 %

Root relative squared error 53.4626 %
Total Number of Instances 98

Table D.6: Bagging results. Confusion matrix, giving the likelihoods of correct
and incorrect classi�cation for each of the 2 groups of subjects, using Bagging
algorithm for 6 di�erent sets of parameters. Bagging with 100 iterations and base
learner.

Classi�ed state Bagging
Malaria Non-malaria
94% 6% Malaria
4% 96% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 93 94.898 %
Incorrectly Classi�ed Instances 5 5.102 %

Kappa statistic 0.8977
Mean absolute error 0.1253

Root mean squared error 0.2312
Relative absolute error 25.0957 %

Root relative squared error 46.2472 %
Total Number of Instances 98
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Table D.7: RandomForest results. Confusion matrix, giving the likelihoods of
correct and incorrect classi�cation for each of the 2 groups of subjects, using
Bagging algorithm for 6 di�erent sets of parameters. Bagging with 100 iterations
and base learner.

Classi�ed state RandomForest
Malaria Non-malaria
91% 9% Malaria
2% 98% Non-malaria

Strati�ed cross-validation (summary)
Correctly Classi�ed Instances 93 94.898 %
Incorrectly Classi�ed Instances 5 5.102 %

Kappa statistic 0.8975
Mean absolute error 0.1177

Root mean squared error 0.2327
Relative absolute error 23.5603 %

Root relative squared error 46.5453 %
Total Number of Instances 98
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E. Pilot experiment on e�ects of

multiple incidences of malaria

Pilot experiments (below, and Figure E.1) apparently show that, even long after

recovery, former malaria patients still exhibit signs of disturbance in their spec-

tral pattern of microvascular blood �ow dynamics. Note that, in this experiment

subject were sat on a chair whilst recordings were made.

Preliminary results (Figure E.1) strongly suggest that former malaria patients

still retain signi�cant microvascular impairment long after they have apparently

recovered from the disease. This led to the study presented in 7, although a

detailed study will still be needed for con�rmation.
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Figure E.1: Preliminary comparisons of the wavelet phase coherence of LDF
oscillations in healthy male subjects without (red) and with (black) a past history
of malaria. Statistically signi�cant di�erences are shaded. The data are from 12
patients who had su�ered malaria and recovered from it, and 10 with no history of
malaria, of average age 26.8 and 24.9 years respectively, and with average BMI of
24.3 and 22.9 respectively. None of them had any history of cardiovascular disease.
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