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Orthostatic vasovagal syncope is the sudden loss of consciousness resulting from a temporary impair-
ment of cerebral blood flow, within approximately an hour of standing. Patients who suffer from this
problem have “vasovagal syndrome”. The purpose of this thesis was to devise a method to detect the
syndrome following the assumption of upright position.

Data from 106 syncopal patients undergoing head-up tilt table testing (HUT) were acquired, includ-
ing electrical activity of the heart (electrocardiogram), blood pressure, oxygen saturation, and cerebral
perfusion parameters from near-infrared spectroscopy (NIRS). The data set was examined with the aim
of generating automatic diagnoses. Comparison of the rate-pressure product (blood pressure multiplied
by heart rate) during the time of syncope with a recommended threshold, in addition to comparison
with monitoring the fall of systolic blood pressure during prolonged tilt, yielded an 84% accuracy rate
for vasovagal syndrome.

The thesis reviewed the techniques used on the aforementioned time series by previous researchers,
emphasising the concepts underlying “time-frequency analysis”, a method for analysing nonstationary
signals. Since even healthy patients experience time-varying frequency information in their haemodynam-
ics, a transform known as the Smoothed Pseudo-Wigner Ville Distribution (SPWVD) is well suited to
their analysis. This distribution was applied to RR tachograms, plots of heart period against time. After
the smoothing parameters of the SPWVD were chosen based on artificial data, the optimised transform
was then applied to a second artificial tachogram to calculate the LF/HF (low- to high-frequency) ratio,
an indicator of heart rate variability. The computed LF/HF ratio tracked the expected value within an
error margin of 3.6%. Finally, by applying the same transform to clinical data, it was proved to offer
better resolution than an alternative known as the Lomb periodogram.

Classical techniques from the literature predicting vasovagal syncope were found to fail on the current
data set: out of 29 tests, only two yielded statistically significant differences between the two patient
groups. These were compared with the author’s time-frequency analysis of RR tachograms, linear regres-
sion of heart rate, and examination of NIRS oscillations and changes on tilt. Of these, the ICFV during
time period P3 was found to perform best (negative predictive value: 0.86). A linear classifier was used
to combine the best four predictors; it achieved an overall accuracy of 0.88.

Following the data-driven approach, an analytical modelling approach was undertaken. In order to
define an appropriate model that traded off simplicity with comprehensiveness, the mechanisms of vasova-
gal syncope were reviewed. A model of orthostasis was developed, validated, and used toward parameter
estimation from patient data. Three parameters (baroreceptor operating point, cardiac effectiveness, and
baroreflex gain) were gleaned from the supine baseline recording to “normalise” the model for a given
patient, before four new parameters (sympathetic and parasympathetic gains at the sino-atrial node,
peripheral vasoconstriction gain, and total blood volume) were estimated from the data collected in the
upright position. The expectation was that this approach would improve feature extraction (and hence
prediction accuracy) as well as the clinical interpretation of the results. However, the modelling approach
was found to offer no significant improvement upon the data-driven signal processing results: a linear
classifier on the four post-tilt parameters yielded a negative predictive value of just 0.69. This result
may have been due to inaccuracies in the time series data owing to instrumentation error. It is also
possible that the modelling approach was not able to provide the quality of feature extraction necessary
for predicting vasovagal syncope in the elderly.

Finally, methods to predict syncope during mid- to late HUT were examined. Using information
derived from heart rate and baroreflex sensitivity, a technique was developed to ease patient comfort by
terminating the test approximately 2 minutes before syncope was expected to occur.
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Chapter 1

Introduction

1.1 The Need for Syncope Prediction

Syncope is the sudden loss of consciousness resulting from a temporary impairment of cerebral blood
flow. Although recovery is always rapid, syncopal attacks (faints) are accompanied by the loss of upright
posture, and hence present a real danger: syncope accounts for up to 3% of emergency room visits and
6% of hospital admissions [124]. Patients with recurrent syncope (frequent episodes) endure a quality of

life comparable to sufferers of rheumatoid arthritis or chronic lower back pain [109].

There are many reasons why a patient might suffer from recurrent syncope. Since standing up is often
sufficient to cause a faint, these patients are sometimes referred for a clinical test known as head-upright
tilt-table testing (HUT). This test involves tilting a patient from the supine position to a nearly vertical
position, with the support of an angled hospital bed (see Figure 1.1). In this way, the challenge of upright
posture — referred to medically as “orthostasis” — is mimicked in a controlled environment, allowing
the doctor to observe symptoms and cardiovascular reactions prior to collapse. Although HUT functions
as a rich source of information in the forming of a diagnosis, it can take up to an hour for the patient to

faint in this manner, known as orthostatic vasovagal syncope.

This occupation of valuable physician time is the primary disadvantage of HUT, leading to many
attempts to shorten the test. The experiments usually involve examination of the cardiovascular data in
the minutes that follow the tilt, in an effort to diagnose patients by predicting their tendency to faint
during prolonged HUT, but a reliable predictor has not yet been developed.

Previous work in the area of syncope prediction has focused on the analysis of one or at most two
channels of data, such as the electrocardiogram (defined in Section 1.4.2). In contrast, the current work

is distinguished not only by the novelty of some of the analyses of these individual data streams, but



moreover by the methods to combine multiple data streams in forming a prediction. The use of multiple
inputs was deemed necessary given the heterogeneity of the syncopal population, the topic of the next
chapter.

The remainder of this chapter serves to introduce the relevant medical terminology and context, to
define the type of patient data under review in the present analyses, to summarise the method in which

the data was collected, and to outline the scope of the thesis.

1.2 Historical Background

Syncope has a rich history: having fascinated people for centuries, it has elicited many speculations on its
causes, and today remains improperly understood. The following timeline introduces some of the medical

terminology applied in later chapters.

First Phase

The first historical phase focused on causes, the pathophysiology (i.e. the associated functional changes)
of vasovagal syncope, and the natural history of various entities.
1628: W. Harvey observed the unusual languor of blood from patients fainting during a blood removal

procedure [223], thereby unknowingly describing the “vasodilatory” effect of vasovagal syncope.
Vasodilation refers to the expansion of blood vessels.

1773: J. Hunter observed the scarlet colour and languor of blood from a bleeding fainter, providing
further unwitting proof of the vasodilation which is characteristic to vasovagal syncope.

1888: M. Foster deduced that inadequate cerebral blood flow is an essential component of syncope.
1895: L. Hill first asserted that vasodilation plays an important role.

1907: W. Gowers recognised the concurrence of vasodilatory and “bradycardic” components during
fainting. A bradycardia is an abnormally slow heart rate, below 60 beats per minute; it results from
high activity in the vagus nerve. Gowers coined the term “vasovagal” to refer first to the vasodilatory
and second to the vagally-mediated bradycardic component characteristic of the syncope.

1932: Sir Thomas Lewis extended Gowers’ findings while coining the term °

‘vasovagal syncope” [108].
1940s: Tilt table testing began to be used to explore the response of the body to changes in position.

1956: E. Sharpey-Schafer hypothesised that vasovagal syncope is caused by increased left ventricular
contraction triggering a “Bezold-Jarisch reflex” [184]. (This is explained more fully in the next
chapter.) His theory grew in popularity until the 1990s, when it began to be assessed more critically.

Second Phase

In the early 1980s, several studies concluded that the cause of syncope is not clear for many patients [91].

Researchers turned to more pragmatic approaches.



Early 1980s: Subgroups with high mortalities were identified to tackle this new perspective practically.

Mid 1980s: Much electrophysiological testing led to an understanding of the roles — and limitations —
of syncope tests; studies also showed that syncope in the elderly is often a complicated product
of medications, comorbid diseases, and physiological changes. (A comorbid disease is one which
occurs simultaneously with another.)

Mid 1980s to early 1990s: HUT was proven to be an excellent diagnostic tool for syncope patients.

1990s: Various international symposia were held on the topic of syncope or its subtopics. Panels were
convened to strive for a consensus on controversial aspects.

1992: The Vasovagal International Study (VASIS) proposed a three-pronged classification scheme for
vasovagal syncope [200]. This proved popular, and helpful minor modifications were later suggested
[31,92].

2001: An international “Task Force on Syncope” was created by the European Society of Cardiology,
which then published “Guidelines on management (diagnosis and treatment) of syncope” [3].

1.3 Classification and Pathology

Syncope is a symptom rather than a discrete pathological entity; its causes are many, and in fact over 100
can be identified in the literature. A useful approach is to divide these causes into three broad classes [63],
for prognostic reasons — in keeping with the philosophy of the “second phase” identified in the previous

section. These three classes are the following:
1. Cardiovascular causes (25-30% of patients; usually the most dangerous)
2. Non-cardiovascular causes (20-40%)

3. Unknown causes (30-50%; often more benign)

In many studies, the percentages vary considerably beyond the ranges given above, owing to the diverse
selection criteria applied to recruit patients. However, it is becoming possible to reduce the percentage of
“unknown” causes as diagnostic methods improve. In particular, HUT and a technique known as “carotid
sinus massage” have proved to be two important techniques in increasing the percentage of successful
diagnoses. Chapter 2 provides an overview of the causes of the most common types of syncope, according
to a more comprehensive classification system with five types.

There exists a consensus that regardless of the cause of syncope, the final pathway is always a transient
cerebral hypoperfusion, i.e. poor blood flow to the brain. It has been shown that a 6- to 8-second total
cessation of cerebral blood flow [173], or a systolic blood pressure below 60 mmHg [185], is associated with
syncope. However, there is still uncertainty regarding the mechanisms causing this cerebral hypoperfusion

in patients.



Figure 1.1: An illustration of head-upright tilt table testing, at the Radcliffe Infirmary Falls Clinic.

1.4 Available Data

1.4.1 Patients

The Falls Clinic at the Radcliffe Infirmary, Oxford, receives a steady stream of patients suffering from
unexplained falls. The typical subject is an elderly person referred by his or her primary care physician
since the patient history alone is not sufficient to form a diagnosis.

Since a large number of these patients suffer from syncope, the Falls Clinic provides an ideal data
source for investigation. The data under investigation in this thesis were acquired from January 2002 to
November 2004 at the Falls Clinic during the execution of HUT: ordinarily lasting less than two hours,
each test was performed under the supervision of a qualified physician. The protocol will be detailed in

Chapter 4.

1.4.2 Measurements

Physiological signals were recorded noninvasively before, during, and after orthostasis. Most of this
recording relied on the Software Monitor, a patient-monitoring system developed during the late 1990s
in the University of Oxford Signal Processing and Neural Networks Group [210]. The other instrument

used was the NIRO-300, from Hamamatsu. The signals recorded were as follows:



Electrical activity of the heart: Electrocardiograms, also known simply as cardiograms or ECGs,

record cardiac electrical activity in millivolts (mV); a typical example is depicted in Figure 1.2.

Blood pressure: The force per unit area that circulating blood exerts on arterial walls is defined as
blood pressure (BP). This measurement is divided into systolic and diastolic readings, registering
the pressure during cardiac contraction and relaxation respectively. The usual unit of measurement
is millimetres of mercury (mmHg). If a physician reports a BP of 120/80, this means that the BP is
oscillating once per heartbeat between a maximum (systolic) BP of 120 and a minimum (diastolic)

BP of 80 mmHg.

Pulse Oximetry: The quantity of oxygen present in blood vessels can drift slowly up or down, as
a person’s blood supply and demands vary. Oxygen is transported using haemoglobin, a blood
protein. Depending on whether oxygen molecules are bound to haemoglobin at a given time, the
protein is also referred to as oxyhaemoglobin or deoxyhaemoglobin. Oxygen saturation is expressed
as a percentage, by dividing the actual amount of haemoglobin-carried oxygen by the (theoretical)

maximum oxygen capacity and multiplying by 100.

Cerebral perfusion changes: In many patients, cerebral blood perfusion (the extent to which blood

reaches its target tissues and organs) was recorded. The details will be described in Chapter 3.

Additional processing of the above data was also performed, either offline or in real time within the
recording equipment itself. The most important parameter derived from the ECG was heart rate (HR),
measured in beats per minute. For convenience, the R peak — identified in Figure 1.2 — was extracted
as a reference point to identify the timing of each heart beat. (See Appendix A.) Counting R peaks over
a given period of time represents a standard way to calculate HR; for the current work, instantaneous
HR was approximated by first finding the “RR interval”, the time which elapses between two consecutive

R peaks. A beat-to-beat estimate of HR (in beats per minute) was then obtained from this interval.

1.5 Data-Driven versus Physiological Modelling Approaches

The analysis carried out in this thesis is concerned primarily with the goal of predicting the result of
HUT, based on the data recorded during a period of supine rest and during tilt, with the secondary aim

of automating the diagnosis of syncope. As mentioned earlier, one of the novel aspects of this thesis is
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Figure 1.2: A segment of a typical electrocardiogram (ECG), here representing one heart beat. The
vertical and horizontal axes measure electrical potential and time, respectively, in arbitrary units. The
letters P through T represent points of interest; most importantly, “R” corresponds to the moment at
which the ventricles (the largest chambers in the heart) contract, pulsing blood through the circulatory
system. [39]

the use of multiple data streams as part of this analysis. Single-parameter analysis is of limited use in
the analysis of a multi-factorial problem such as syncope. Therefore, the analysis of multiple parameters
was thought likely to yield greater understanding.

There are two main ways that multiple data streams can be analysed: data-driven approaches and
analytical modelling. The former involves computing n parameters from m available data streams by
running n independent algorithms, such as cross-spectral analysis. In contrast, the latter involves con-
structing a software model of how the m measurable quantities can be expected to interact, and using a
given patient’s data to estimate n selected parameters within that model. In either case, the n parameters
can then be integrated using a linear combination or neural network and the result can be compared to
some threshold in order to determine whether a patient should be diagnosed as abnormal. Alternatively,
the n parameters can be subjected to cluster analysis or dimensionality reduction to observe patterns in
their distribution.

The choice between data-driven approaches and physically-based models often arises in biomedical
engineering. Data-driven approaches can be computationally simpler than modelling, since the latter
requires multiple runs of the model for the purpose of parameter fitting. In addition, data-driven ap-
proaches do not require as thorough a knowledge of the underlying system; indeed, it is theoretically

possible to classify data reliably using a parameter of completely unknown origin.



However, data classification in biomedical engineering is often, as in the present case, a diagnosis
which must be justified to a physician. This is where one of the advantages of physically-based models
becomes evident: the results are often easier to explain to the medical community. This is because a
physician can appreciate a diagnosis more readily when it is based on the calculated abnormality of a
particular physiological quantity. A second important advantage of modelling is that in some cases it
provides superior feature extraction: this occurs when models are able to make abstractions of a kind not
possible with the data-driven approach. More precisely, raw clinical data can be extended when they are
used to fit the parameters of a given model; for example, a control model of how blood pressure provides
negative feedback on heart rate can be used with clinical data to estimate the gain of such a system in a
given patient. A third advantage of analytical modelling is that it can provide physiological insight if a
new or extended model is able to reproduce clinical data faithfully. For instance, deBoer et al. [42] used
a beat-to-beat model of blood pressure and heart rate to refine the understanding of the causal pathways
relating the two.

The two approaches, data-driven and analytical model-based, need not be pursued in isolation. Hy-
brids are possible, for example when a knowledge-based model contains as a unit a data-driven represen-
tation. As a second example, the signal processing normally associated with a data-driven approach can

influence the development of a physiological model in at least two ways:

e Specifying causal links between parameters, by determining their transfer function, or analysing

their phase lag

o Identifying new parameters of interest to add to the model

The thesis approaches the problem of syncope prediction using first the data-driven approach (Chap-
ters 4 through 6), followed by the analytical model-based approach (Chapters 7 and 8). This plan is

described in more detail below.

1.6 Overview of the Thesis

The next chapter defines key physiological concepts and then delineates the different ways in which
syncope can occur, before describing the current diagnostic protocols for syncope. Chapter 3 focuses on

how these concepts have been investigated to develop our understanding of syncope, with a view to being



able to predict it. This chapter also reviews most of the signal processing literature of relevance to the
dianosis and prediction of syncope.

Chapter 4 introduces the data acquisition from the Falls Clinic patients and evaluates the use of
straightforward syncope diagnosis techniques to analyse these patients. The following chapter describes
the time-frequency analysis of beat-by-beat heart rate, using a distribution named the Smoothed Pseudo
Wigner-Ville Distribution (SPWVD). The aim is to devise a new method of interpreting ECGs, suited
to the task of predicting syncope in the elderly population. This method is then applied in Chapter 6,
using the first few minutes of ECG data collected after tilt during HUT. In addition to this analysis, the
performance of other syncope predictors is reported.

The signal processing approach to the problem of syncope prediction is followed by a physiological
modelling approach described in Chapters 7 and 8. The construction of an accurate model requires
a level of physiological detail beyond that described in Chapter 2; the aim of Chapter 7 is therefore
to summarise the essential physiological mechanisms for each of three hypothetical causes of vasovagal
syncope. This understanding informs the development of the “Orthostasis Model”, a lumped-parameter
model described in Chapter 8. After the model is validated, it is used to estimate parameters for the Falls
Clinic patients. These parameters are in turn used in an attempt to predict syncope, as was previously
done in Chapter 6. A comparison of the results of Chapters 6 and 8 concludes the chapter.

Chapter 9 examines syncope prediction in the later stages of HUT. The aim becomes no longer to
try to save the clinician time, but rather to increase patient comfort by avoiding syncope if it is certain.
Finally, Chapter 10 summarises the findings of the thesis and reviews the relevance of the results of
physiological modelling with respect to those of signal processing. It finishes by making suggestions for

future work.



Chapter 2

The Diagnosis and Treatment of

Recurrent Syncope

2.1 Introduction

This chapter reviews how syncope is diagnosed and treated by the medical community. Although various

subclassification schemes exist, the categories used in the remainder of the thesis are defined as follows [3]:

1. Orthostatic hypotension
Cardiac arrhythmias as primary cause
Structural cardiac or cardiopulmonary disease

Cerebrovascular syndromes

ARl

Neurally mediated reflex syndromes

(See Figure 2.1.) After these five types of syncope are described, this chapter will discuss how syncope is
diagnosed and treated. However, two physiological concepts not particular to syncope require explanation

first: the baroreflex and cerebrovascular autoregulation.

Figure 2.1 (Next page): A quantitative interpretation of the various types of syncope, based primarily
on information from [3]. Values of parameters are not sufficient for a diagnosis, and must be interpreted
alongside qualitative factors, including patient history. The ideal starting point for the diagnosis includes
a careful history and physical examination, followed by supine and upright BP measurements and a
standard 12-lead ECG. Abbreviations: HR = Heart Rate; BP = Blood Pressure; CSM = Carotid Sinus
Massage; CBF = Cerebral Blood Flow; ECG = electrocardiogram.
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Figure 2.2: Schematic diagram of the baroreflex (From Clifford [39], adapted from deBoer et al. [42]).

2.2 Physiological Background

2.2.1 he arore e

The “baroreflex” is a negative feedback system which smooths transient BP (blood pressure) changes, as
illustrated in Figure 2.2. A decrease in BP reduces the stretch in blood vessel walls, and this relaxation
is detected by pseudo-strain gauges known as “baroreceptors”. These pressure receptors help govern the
activity of the sympathetic nervous system: a decrease in BP is countered by an increase in sympathetic
nervous outflow, and vice versa. When BP falls, the baroreceptors therefore cause a compensatory rise
in cardiac output as well as an increase in peripheral resistance (the total resistance to flow of blood in
the systemic circuit) via vasoconstriction. These two responses act to raise BP back towards its initial

value.

2.2.2 ere rovascular utoregulation

The brain must maintain a steady flow of nutrients to its cells, countering challenges from the rest of the
body such as low BP or high levels of oxygenation. This process is known as cerebral autoregulation.
It is believed that the brain’s primary mechanism for accomplishing this task involves the control of

cerebral blood flow (CBF) with a negative feedback loop [219]. The feedback involves vasoconstriction
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Figure 2.3: A Changes in (total haemoglobin), (oxyhaemoglobin), and (deoxy-
haemoglobin) concentrations in young subjects upon standing. B  Comparison of the maximum variation
in and in young subjects during active and passive standing. [207]

and vasodilation of elements in the arterial vasculature. It should be noted that although CBF and
cerebral oxygenation are kept fairly constant for a large range of blood pressures, at very high or very

low BP cerebral autoregulation fails and hence blood flow and oxygenation can decrease or rise severely.

Cerebral perfusion changes have been analysed in patients undergoing orthostatic stress. Figure 2.3A
shows that haemoglobin deoxygenates steadily for approximately ten seconds after standing, and then
begins to recover at a slightly slower rate. The degree of deoxygenation varies with the manner in which
the patient assumes the upright position, as can be shown in Figure 2.3B. (Note that “passive standing”

involves being carefully pulled upright by a nurse, minimising patient effort.)

Cerebral autoregulation is known to become impaired owing to the ageing process [207], and hence
some of the elderly Falls Clinic patients (see Section 4.2) will be affected by poor CBF control. However,
syncope can result from several causes and the role of cerebral autoregulation in syncope is still a matter
of debate. Thus far it is known that CBF is similar in healthy and syncopal patients immediately upon
standing [34,65,180], and when differences do appear later during prolonged orthostasis, they are followed
by syncope only after a significant time lag [102]. Hence, it is not at all certain that impaired control
of CBF is a common cause of syncope. Second, some groups have argued that cerebral vasoconstriction

can precede vasovagal syncope [65,68,102,191] but it is perhaps more likely that vasodilation occurs
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instead [34,103,179].
Owing to these uncertainties, cerebral autoregulation is not included in the classification scheme

defined in Figure 2.1. However, the topic will be considered again in the next chapter.

2.3 Syncope Classification

Orthostatic Hypotension

Orthostatic hypotension is characterised by a large decrease in BP upon standing or at the start of HUT.
The problem can be caused by the failure of the body to react to the proper extent during the orthostatic
stimulus: for example, HR does not increase sufficiently, or more commonly, the blood vessels do not
vasoconstrict sufficiently. The decrease in BP can take place within a few minutes (frank orthostatic
hypotension) or over a significant fraction of an hour (“dysautonomic response” to standing).

Many of the elderly take medications with side effects which exacerbate orthostatic hypotension. (For
instance, anti-hypertension drugs can directly oppose the vasoconstriction which accompanies healthy
orthostasis.) However, another important reason why the elderly are susceptible to orthostatic hypoten-
sion is the attenuation of the autonomic nervous system with ageing. Specifically, the subsystems that
commonly degrade are blood volume regulation and baroreflex sensitivity. In the case of a healthy barore-
flex, the initial decrease in BP on standing is at least partially mitigated. However, in elderly patients
with less sensitive baroreceptors, changes in BP (whether positive or negative) cannot be detected as
effectively, and hence BP can decrease relatively unchecked upon standing.

Besides autonomic failure (primary, secondary, and drugs- or alcohol-related), another cause of ortho-
static hypotension is volume depletion, resulting for example from haemorrhage, diarrhoea, or Addison’s
disease. Patients with any form of hypovolaemia (low blood volume) are prone to lower cerebral perfusion

for obvious reasons.
Cardiac Arrhythmia Structural Heart Disease

The causes of cardiac-related syncope are often multifactorial, although in general, impaired cardiac
output prevents the heart from matching the brain’s vascular demands under certain circumstances. The
individual factors resulting from the cardiac difficulties may include arrhythmia (irregular heart beat),
compromised haemodynamics, and neurally mediated problems. For example, the arrhythmia rate, the

status of left ventricular function, and the adequacy of vascular compensation — including the potential
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impact of neural reflex effects — are all important. The most common cardiac causes of syncope [63] will

not be described in further detail here.

Cerebrovascular Steal Syndromes

In steal syndromes, blood is diverted from its expected path to the brain. The most common type is
“subclavian steal syndrome”, caused when the arterial circulation to the arm is occluded in a key vessel
called the subclavian artery. Blood is shunted from one path to another, and this can result in retrograde
flow during arm exercise, when the demands of the arm muscles increase. The retrograde flow sucks

blood away from the brain, and syncope can result.

Neurally Mediated Syncope

Proposed aetiologies for the various types of neurally mediated syncope are illustrated in Figure 2.4. The
first box identifies vasovagal syncope, the most common form of neurally mediated syncope. Although
“head-up tilt” syncope appears in the second box, it is generally classified as a subtype of vasovagal
syncope as well. Since this subtype forms the main subject of the thesis, henceforth it will be referred to
by its formal name, o t ostati aso agal s n o e.

As can be seen from the figure, all forms of neurally mediated syncope are reflex reactions, mediated
by neurons. The trigger pathway of vasovagal syncope is still a matter of considerable debate, and forms
the subject of Chapter 7. For present purposes, it will be assumed that orthostatic vasovagal syncope is

evoked as follows:
1. Subject stands or is tilted upright passively.

2. Roughly a quarter of the subject’s blood is redistributed in response to this orthostatic stress.

Venous pooling occurs in the legs.
3. Decreased venous return is an obvious result.

4. Tachycardia, vasoconstriction, and increased inotropy (more forceful cardiac contractions) attempt
to compensate — as they should. e ting totis oint e esentsa oeo less no al

o ensato ea tion to o t ostati st ess.

5. However, in vasovagal syncope patients, the forceful ventricular contractions may activate hyper-

sensitive cardiac receptors. This triggers an afferent pathway consisting of left ventricular vagal C
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fibres .

6. This phenomenon, known as the Bezold-Jarisch reflex, ultimately reduces sympathetic tone and

increases parasympathetic tone. (See Appendix B for an overview of these two systems.)
7. These changes in tone result in vasodilation and bradycardia, to induce hypotension (low BP).
8. When cerebral perfusion falls sufficiently, syncope results.

Despite the popularity of this 30-year-old hypothesis, a growing number of studies have challenged it
[71,73] and have offered more plausible alternatives: errors in central nervous system processing, involving
chemicals such as serotonin and delta opioids; or hormonal problems, such as the effect of vasopressin on
baroreceptor sensitivity. These theories are explored more fully in Chapter 7.

Vasovagal syncope is commonly subdivided into three types — cardioinhibitory, vasodepressor, and
mixed — and two “exceptions”, using a scheme known as the “VASIS” classification [200]. These five

cases are described at the bottom of Figure 2.1.
2.4 Di erential Diagnosis

The procedure to diagnose a patient with recurrent syncope results in what is known as a differential
diagnosis. It is known as such since one diagnosis is selected out of several different possibilities; these
were summarised in Figure 2.1. Procedures vary from physician to physician, depending on his/her
opinions on what constitutes the best approach, as well as the healthcare system of the host country.
Numerous flowcharts have been proposed to diagnose the various types of syncope in preparation for
treatment [25,26,79,196]. A recent flowchart was compiled by the Task Force on Syncope [3] and is
reproduced in Figure 2.5. Some key points to accompany the flowchart are outlined in Table 2.1. The
following is a discussion of the primary diagnostic methods for syncope, structured approximately on the

green-shaded steps in this figure.
2.4.1 nitial valuation

It is widely accepted that a thorough patient history is the most important component of syncope diag-

nosis, identifying a potential cause of syncope in nearly half of patients. Basic laboratory tests comprise
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Figure 2.4: Proposed pathways of neurocardiogenic syncope, including vasovagal syncope. The specific
pathways are disputed, being poorly understood: head-up tilt may use an afferent pathway not shown,
and all humoral mechanisms have been overlooked in this diagram. However, the list of syndromes and ex-
planation of efferent pathways are less controversial. In the upper central portion of the diagram, afferent
nerve traffic is believed to reach the NTS (nucleus tractus solitarius) within the medulla (see Appendix B).
Roman numerals refer to standard designations for the cranial nerves. A ( ) sign means the effect is
increased, whereas a (-) sign signifies diminished effect. GI = gastrointestinal; GU = genitourinary. [13]

If the patient has The rst diagnostic step is

Suspected heart disease Echocardiography and prolonged electrocardio-
graphic monitoring (if non-diagnostic, electro-
physiological studies should follow)

Chest pain suggestive of ischaemia Stress testing, echocardiography, and electrocar-
diographic monitoring

A young age, without suspicion of heart or neuro- | Head-upright tilt table testing

logical disease
Syncope during neck turning Carotid sinus massage

Syncope during effort Echocardiography and stress testing

Table 2.1: Conditions overriding Figure 2.5. Explanations of terms in the right-hand column can be
found in Section 2.4.2. Ischaemia is low oxygen concentration in tissues, usually due to obstruction of
the arterial blood supply or simply inadequate blood flow.

part of the initial evalution if syncope may be due to loss of circulating volume, or if a syncope-like

disorder with a metabolic cause is suspected.

The results of the initial evaluation are diagnostic in certain situations. Orthostatic hypotension

is diagnosed when BP decreases significantly upon standing or at the start of HUT after lying supine
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Figure 2.5: The flow diagram proposed by the Task Force on Syncope of an approach to the evaluation
of syncope. BP = blood pressure; ECG = electrocardiogram; NMS = neurally mediated syncope. [3]

=

for five minutes. Hence it can be diagnosed either during the initial evaluation or later during HUT
(see Section 2.4.3). There is disagreement on the extent and type of the decrease required to secure a
diagnosis. Popular criteria include systolic BP falling more than 20 mmHg, diastolic BP falling more
than 10 mmHg, and (less commonly) systolic BP falling below 80 or 90 mmHg. This will be discussed
further in Chapter 4.

Vasovagal syncope is diagnosed if precipitating events such as fear, severe pain, emotional distress,
connection to instrumentation, or prolonged standing are associated with typical prodromal symptoms.
HUT can further help to classify the type of syncope as Type I, ITA, IIB, or III [200], but in the elderly,
“there is no evidence to support the use of head-up tilt studies as part of the initial evaluation” [3].

Situational syncope is easily diagnosed if syncope occurs during or immediately after urination, de-
faecation, coughing or swallowing. Cardiac ischaemia-related syncope is diagnosed when symptoms are
present with ECG evidence of acute ischaemia with or without heart attack, i.e., irreversible heart mus-

cle injury. Arrhythmia-related syncope is diagnosed by ECG if there exists any of a number of specific




problems, which will not be detailed here in the interests of brevity.

2.4.2 ardiac valuation

The cardiac evaluation may involve “echocardiography”, i.e. ultrasonic analysis of the heart. This can
ascertain patient risk by determining the type and severity of heart disease; however, this test allows a
final diagnosis in only a few cases — e.g. severe aortic stenosis (narrowing of the aorta, a major artery)
and atrial myxoma (a tumour in the atrium).

A more common test is electrocardiographic monitoring, of one of the following two general types:

Non invasive: Holter monitoring external EC event monitoring When there is a high pre-
test probability of identifying an arrhythmia, syncope patients with structural heart disease should
undergo Holter monitoring (a 24-hour ECG). However, external ECG event monitoring should be
used when the mechanism of syncope remains unclear after full evaluation. This monitor records

(to a small memory) only cardiac events of potential interest, instead of the entire ECG.

Invasive: EC event monitoring via an Implantable oop Recorder This alternative is grow-
ing rapidly in popularity. It has further been suggested that there may be value in combining the
ILR with measurement of electrical activity in the brain (electroencephalography), CBF, hormonal

and blood sugar changes, and, above all, the haemodynamic response [143].

When a correlation between syncope and an electrocardiographic abnormality (brady- or tachyarrhyth-
mia) is detected, ECG monitoring can be considered diagnostic. Second, when syncope occurs during
sinus rhythm (a normal heart beat), arrhythmic causes are excluded. In the absence of such correlations,
additional testing is usually warranted.

A third test sometimes used during the cardiac evaluation is electrophysiological testing, which, like

ECG monitoring, can be divided into two types [79]:

Non invasive: Transoesophageal electrophysiological study This test begins with the insertion
of a thin, flexible tube into the nostril. The tube is then advanced to the back of the throat, where

it can influence the electrical activity of the heart and record the resulting behaviour.

Invasive: Intracardiac electrophysiological study This test begins by inserting a thin, flexible
catheter into a vein in the leg. The catheter is pushed up to the heart, guided by x-ray fluoroscopy.

Once there, its functionality is similar to that of non-invasive electrophysiological testing.
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Figure 2.6: A plot of systolic (red) and diastolic (green) BP during three periods of carotid sinus massage
(CSM, denoted by blue horizontal lines). Since CSM elicited immediate marked decreases in BP, this
patient was diagnosed with vasodepressor carotid sinus hypersensitivity (CSH).

These electrical stimulate-and-record methods can determine the cause of a tachycardia. They are good
diagnostic tests in patients with coronary artery disease, markedly depressed cardiac function, or simply
unexplained syncope. Patients with bifascicular block (a particular conduction problem in the heart)
often benefit from types of electrophysiological study as well.

2.4. MS ~valuation

Carotid Sinus Massage

Cartotid sinus massage (CSM) is a technique to uncover problems in the baroreceptors (see Section 2.3)
of a person’s neck area. Before performing CSM, baseline measurements of HR and BP are first noted.
Then a physician firmly massages the right carotid artery for 5-10 s where the pulse is strongest. If the BP
decreases by more than 50 mmHg, the patient is likely to have vasodepressor carotid sinus hypersensitivity
(CSH). If the heart stops beating for more than three seconds, the diagnosis is cardioinhibitory CSH.
If both these phenomena occur, the patient has “mixed” CSH. The symptoms of vasodepressive CSH
are demonstrated clearly by the BP traces shown in Figure 2.6: note the large decreases immediately
following CSM.

CSM is usually comprised of either five seconds of massage in the supine position, or ten seconds of
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massage supine followed by massage while upright if not successful. Predictably, the former approach
yields lower positive rates: just ignoring the upright position misses the diagnosis in about a third of
cases [32,150]. The Task Force on Syncope [3] favours the second method, and the protocol at the Falls

Clinic (described in Chapter 4) is similar to this.

Head Upright Tilt Table Testing

Head-upright tilt table testing (HUT) has reasonable specificity and sensitivity when performed correctly.

A general outline of the test is:

1. A passive, supine phase of 20—45 minutes

2. A tilt to 60-80° from horizontal, for about 45 minutes

3. The test ends earlier if syncope occurs; patient should then be immediately returned to the supine

position for recovery

Two well-known protocols are the Westminster protocol [51] and, more recently, the Newcastle protocol
[93]. In general, the latter appears to be in remarkable agreement with the other tilt procedures in the

literature, but areas of contention do exist, including:

Fasting: It has been suggested [199] that “patients should fast for at least 3 hours before testing, or
overnight in preparation for early morning studies”. However, the Newcastle protocol disagrees:
“Patients, in particular those over 60 years old, should be fasted for no more than two hours before
the procedure in order to avoid the confounding effects of relative dehydration and hypotension.”
This is backed by a reference to Benditt and Grubb [15]. As [199] and [93] both come from highly
respected contributors to the field (Sutton and Bloomfield on one side, e s s. Kenny et al. who
then reference Benditt and Grubb), the jury remains out on this point. However, interestingly,
Benditt and Kenny later sat on the international Task Force on Syncope [3] which concluded that
“patients should fast for at least 2 hours before the test”. Since the ingestion of just 16 ounces of
water five minutes before HUT has been shown to impact HUT results [112], it is likely that the

choice whether to fast or not in the preceding hours also has a bearing on the test outcome.
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Drugs: Very often, experimenters administer drugs such as isoproterenol or nitroglycerin during HUT
to increase the rate of positive response. Since this is not the practice at the Falls Clinic in Oxford,
owing to concerns about decreasing the test’s specificity and patient well-being, such drugs will not

be discussed in detail here.

An alternative to HUT is the application of lower-body negative pressure (LBNP), whereby the
patient’s legs are surrounded by a hermetic tube which is then partially evacuated. The effect of LBNP
is to draw blood into the legs from the upper body, to simulate orthostasis. This was not employed in

the Falls Clinic since the use of the tilt table is the preferred test.

2.4.4 Other Diagnostic ests

The above explanation of the differential diagnosis represents only a summary of the most common rec-
ommendations and practices. Other tests which have not been described in full include exercise testing,
for exertion syncope; cardiac catheterisation and angiography, for suspected myocardial ischaemia; neu-
rological and psychiatric evaluation, when no particular physiological cause of syncope is suspected; and

the ATP (adenosine triphosphate) test, whose diagnostic value remains to be validated.

2.5 Treat ent

When deciding on treatment, two important factors to consider are the frequency of syncope occurrence,
and the public health risk. In other words, patients who do not suffer from frequent syncope can enjoy

minimal treatment, but airline pilots and truck drivers should be carefully attended regardless.

Orthostatic Hypotension

As this is most often caused by drug-induced autonomic failure, an obvious treatment is to stop, reduce
the dose of, or replace the drugs in question. Of course, for some drugs, especially vasodilators and
diuretics, this is difficult. However, educating the patient regarding the various circumstances that
influence systolic BP (e.g. standing, heat, exertion, large meals), and developing strategies to combat an
individual’s problems (e.g. encouraging small but frequent meals, discussing leg crossing and squatting)
is an easy treatment. Higher salt intake, fluid intake, and the volume-expander “fludrocortisone” are
often advised, while support stockings and abdominal binders can reduce vascular pooling. The newer
drug “midodrine” increases peripheral resistance and reduces gravitational downward displacement of

central volume.
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Cardiac Arrhythmias as Primary Cause

The severity, nature, and setting of the arrhythmia must be considered. Treatment can include installing
a pacemaker or implantable cardioverter-defibrillator (ICD), administering drugs such as beta blockers,

or surgically excising cardiac tissue.

Structural Cardiac or Cardiopulmonary Disease

Treatment is not always possible, especially for patients suffering from primary pulmonary hypertension
or restrictive cardiomyopathy (heart problems of an undiagnosed cause). However, when the problem is
myocardial ischaemia, pharmacological therapy and revascularisation (returning blood flow to the area)
are usually appropriate. For other problems, in general treatment should be aimed directly at improving

the specific structural lesion or its consequences.

Vascular Steal Syndromes

Angioplasty or other forms of corrective surgery are ordinarily effective for subclavian steal syndrome.
Angioplasty is the surgical repair of a blood vessel, either by inserting a balloon-tipped catheter to unblock

it, or by reconstructing or replacing part of the vessel.
Neurally Mediated Re ex Syncopal Syndromes

An obvious treatment involves the physician explaining the risk of the syndrome, and reassurance about
the prognosis. Equally obvious is avoidance of trigger events as much as possible, e.g. a causal situation
such as an emotional upset in situational syncope. Stopping or reducing the dose of a hypotensive drug
treatment for a concomitant condition can help. Cardiac pacing can help patients with cardioinhibitory
or mixed carotid sinus syndrome, as well as those with frequent cardioinhibitory vasovagal syncope,
those with severe physical injury, and the elderly. Volume expansion by salt supplements, an exercise
programme or head-up tilt sleeping (sleeping at an angle in excess of 10°) can assist posture-related
syncope. Finally, “tilt training” (tilting the patient daily to increase tolerance) in patients with vasovagal

syncope may be useful.

2.6 Conclusion

Classification of the various types of syncope is possibly reaching maturity. This represents a significant

improvement over the situation two decades ago, when classification schemes were still inchoate. The
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diagnosis and treatment of recurrent syncope remains a controversial endeavour, although recent attempts
to form a consensus have helped streamline such procedures to a certain extent.

Research using signal processing has the potential to uncover new causal pathways or, alternatively,
to pioneer a novel treatment strategy. As explained in Section 1.4.2, patients in the Falls Clinic who
underwent HUT between January 2002 and November 2004 had the following vital signs monitored: ECG,
BP (using an inflatable cuff on the arm), beat-by-beat BP, oxygen saturation, and cerebral perfusion.
Syncope diagnostic protocols often involve the first two or three of these (ECG and BP). Hence, out of
the five types of syncope listed at the start of this chapter, the data recorded during these studies should
help with the diagnosis of the first and last. (Although some cardiac arrhythmias also have the potential
to be detected from the data included within the data set, this field of investigation was not pursued
during the thesis, for the following reasons: first, some arrhythmias would be missed owing to the lack
of some of the tests described in Section 2.4.2; second that the development of algorithms to detect the
various types of arrhythmias is a non-trivial exercise.)

As stated in Chapter 1, the primary purpose of this thesis is the prediction, rather than diagnosis, of
syncope. Whereas a diagnosis is achieved using as much information as possible (for example, all data
recorded during prolonged HUT), predictions need to be made as early as possible during a test — for
example, by analysing only the supine data and the data recorded immediately after tilt.

Orthostatic hypotension requires only five minutes to diagnose; hence, little value exists in devising
a predictor to substitute for the traditional test described in Section 2.4.1. However, as explained in
Section 2.4.3, the accurate diagnosis of vasovagal syndrome requires a much longer test; it is here that in-
vestigations into syncope edi tion will be most useful. Such investigations are the subject of Chapters 5
and 6, using the Oxford Falls Clinic patient database (see Section 1.4). Since a good edi tion is one
that matches the diagnosis, techniques for automated diagnosis are described first. Results from these
can set the benchmark for prediction algorithms, and so Chapter 4 concentrates on syncope diagnosis
using the same Falls Clinic HUT database. As an introduction to these chapters, Chapter 3 examines

the signal processing relevant to both syncope diagnosis and syncope prediction.
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Chapter

Instrumentation and Signal
rocessing for the In estigation of
Syncope

3.1 Introduction

The previous chapter described the physiological background and tests for syncope; the present chapter
focuses on the instrumentation and signal processing which have been used for the diagnosis and prediction
of syncope. To begin, the next section reviews previous work in chronological order. This is followed
by a technical description of the instrumentation selected for data acquisition in the Oxford Falls Clinic.
Finally, the largest section is reserved for a literature review of the research undertaken with these

measurements, with a focus on signal processing.

3.2 Historical Background of Signal Ac uisition and Processing
The following timeline outlines the history of the technological contributions which appear in this chapter.
1816: Rene Theophile Hyacinthe Laennec invented the stethoscope.

1881: Samuel Siegfried von Basch invented the sphygmomanometer, allowing the first non-invasive mea-

surement of BP. (Earlier devices were somewhat bloody.)
1896: Scipione Riva-Rocci invented a simpler, more accurate sphygmomanometer.
1901: Willem Einthoven invented the string galvanometer to create accurate electrocardiograms.

1905: Nikolai Korotkoff fully described auscultatory sounds, using the stethoscope and Riva-Rocci
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sphygmomanometer. These sounds are still used today by virtually every physician making a blood

pressure measurement.
1936: Karl Matthes invented a basic oxygen saturation meter for the ear using two wavelengths of light.
Early 1940s: Glen Millikan developed a lighter version of Matthes’ device for use in aviation.

1965: Interest in heart rate variability (HRV) was stirred when E.H. Hon and S.T. Lee discovered that

foetal distress and its resultant HR change are preceded by alterations in interbeat heart intervals.

1965: James Cooley and John Tukey invented the modern version of the Fast Fourier Transform (FFT).

(Earlier attempts to speed up Fourier transforms in fact date as far back as Gauss.)
1972: Takuo Aoyagi invented the modern version of the pulse oximeter.

1977: Jobsis van der Vliet outlined the use of near-infrared spectroscopy (NIRS) as a tool to monitor
oxygenation. Working systems were later developed in the 1980s and used to monitor cerebral

blood flow.

ate 1980s: The possible role of HRV in risk stratification took a step forward: HRV was thought
to be a predictor of mortality after an acute myocardial infarction. (Later this was shown to be

activity-dependent.)

1992: HR and BP were chosen as the two key parameters in a classification scheme aimed at subdividing

vasovagal syncope [200].

1996: A Task Force of the European Society of Cardiology standardised the common HRV techniques

[115].

3.3 Instru entation

For each data stream introduced in Section 1.4.2; the technical details of acquisition will now be described.

1 lectrocardiography

An electrocardiogram (ECG) records the changes in cardiac electrical voltage throughout each heart beat.
The surface ECG is constructed by measuring the electrical potential between various points of the body;

in the present work the electrodes were placed near the right shoulder, on the left side of the chest, and
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near the left hip. The signals from the three leads were digitised with 12-bit accuracy at a sampling rate

of 256 Hz.

.2 eat y eat lood Pressure

Beat-by-beat blood pressure was measured using a Finapres device, a noninvasive continuous finger BP
monitor. The word Finapres stands for FINger Arterial PRESsure, and this quantity is measured con-
tinuously using a volume-clamp method. The finger arteries are clamped at a fixed diameter — although
intra-arterial pressure changes continuously — by applying an external pulsating pressure via an inflat-
able bladder mounted in a finger cuff and a fast-acting servo system. Finapres uses the Physiocal criteria
of Wesseling [224] for the setpoint criteria determination; the diameter at which the finger arteries are
clamped is determined from an infrared plethysmograph mounted in the finger cuff such that transmural
pressure is zero and intra-arterial and cuff pressure are equal both in shape and in level at all times [85].

Systolic, diastolic, and mean BP are output once per heartbeat.

Arthritic fingers in the elderly can hinder the digital pressure readings of the Finapres. One study ex-
perienced difficulties in 45% of patients because of this problem [6], and at the Falls Clinic (see Section 4.2)

this may have influenced the recordings of some patients.

ntermittent rachial lood Pressure

Brachial blood pressure was measured intermittently using a self-inflating oscillometric BP measurement
module, connected via flexible tubing to an inflatable cuff, placed around the upper arm. The term
“oscillometric” indicates measurement of the oscillations caused by the arterial pressure pulse within
the arm, transmitted via cuff and tube to the central pressure sensor. The point of maximal oscillation
corresponds to mean arterial BP, while diastolic and systolic BP are derived from pressure measurement

at heuristically-determined amplitudes of the oscillating signal. [44].

.4 Pulse O imetry

Arterial oxygen saturation was measured using pulse oximeters on the shoulder, elbow, wrist, and finger.
The reflectance (or, in the case of the finger probe, transmittance) of a dual wavelength LED signal
allows variations in infrared attenuation (caused by blood pulsing in the artery) to be recorded. This
attenuation waveform is digitised with 16 bits and sampled at 81.3 Hz, and the SMP also outputs one

SpO figure at the end of each heart beat.
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Figure 3.1: Photograph of the NIRO-300. The display unit (large monitor) plots real-time traces of the
parameters listed on page 28, while the measuring unit (small box at right) interfaces with the probe
(shown at the other end of the cable, at lower left) on the patient’s forehead.

ere ral Perfusion hanges

Most syncope diagnostic procedures focus on the ECG and BP, and do not assess local cerebrovascular
and metabolic autoregulation capacities. However, by definition syncope is intimately related to cerebral
hypoperfusion. To maintain consciousness, the brain requires roughly 11-19 ml/min/100 g of blood
flow [189]. Average flow is approximately 55 ml/min/100 g, with much of that servicing gray matter [106].

Limited information about the blood flowing to the brain can be acquired in several ways:

e Transcranial dopplerimetry

enon-133 uptake

Single-photon computed tomography (SPECT)

Carotid angiography

Near-infrared spectroscopy (NIRS)

The last method, noninvasive NIRS monitoring as used in the Oxford Falls Clinic, is most relevant
here. The NIRO (Near-InfraRed Oxygenation) device is a non-invasive instrument for measuring changes
in cerebral haemodynamics, including the concentration changes of oxy- and deoxyhaemoglobin and a
metabolic indicator (explained below), by placing a sensor unit on the forehead [46]. (See Figure 3.1 for a
photograph of the NIRO.) The data can be digitised at one of several sampling rates; the highest rate, 6

Hz, was usually chosen for the current research. Two independent methods are employed simultaneously:
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a ight Attenuation in the Near Infrared

The Beer-Lambert Law reflects the linear relationship between concentration and absorption in a clear

solution:

where is the attenuation of a beam of light travelling through the solution, is the incident light
intensity (immediately before the light enters the solution), is the transmitted light intensity (imme-
diately after the light exits the solution), ( ) is a wavelength-dependent “extinction coefficient” of the
absorbing solution (in micromolar cm ), is the distance the light travels through the solution (the
“pathlength”, in cm), and is the concentration of the absorbing compound (analyte), in micromolar.
However, the human head is a scattering medium, not a clear solution. Hence, the Modified Beer-

Lambert Law is used:

—log — = () (3.2)

where  is an additive term to account for scattering loss, and  is a multiplier to account for the
increased optical pathlength due to scattering — a photon must travel further to reach a given point
when scattering occurs.

For the NIRO, a laser diode provides the incident radiation. An emitter and a detector are placed
on the forehead, 5 cm apart. Using the Modified Beer-Lambert Law, the density changes of various

chromophores (i.e. compounds which absorb light in the spectral region of interest) can be measured:

¢ O Hb: Oxyhaemoglobin

e HHb: Deoxyhaemoglobin

cHb: Total haemoglobin

CtOx: Oxydised cytochrome (an indicator of metabolic activity)

Because the additive term  is unknown, only the variations in these densities, and not the absolute values,

can be determined. In normal patients undergoing HUT, O Hb often decreases slightly before settling to

28



a new equilibrium [122,205]. The difference between the two time series O Hb and HHb, referred to as
Hbgig, may on tilt decrease to a smaller extent in normal controls than in patients with severe degeneration
of the autonomic nervous system [205]. Furthermore, it has been shown that O Hb undergoes rhythmic
oscillations with a frequency of about 0.1 Hz, thought to reflect the periodic contraction and relaxation of
cerebral arteries known as vasomotion [47,123]. The amplitude of these oscillations is posture-dependent
[204,206], and has been hypothesised to reflect the degree of cerebral sympathetic stimulation on tilt.
Finally, this amplitude declines with age [182] and hence in the elderly Falls Clinic patients the oscillations

should be detectable but small.

b Spatially Resolved Spectroscopy SRS

If the spacing between the emitter and detector is widened slightly, the attenuation  will increase
accordingly. At 5 c¢cm, most of this small increase will be due to added absorption, as opposed to

extra scattering. Using photon diffusion theory [202], the rate at which absorption changes as distance

increases — can be used to calculate the following measures:
. = ) : Total Haemoglobin Index
. = —— : Tissue Oxygenation Index

where is a constant that arises from the photon diffusion calculations. While THI provides a measure
of the quantity of blood in the area of measurement, TOI describes how oxygenated the blood is. One
would expect a syncopal patient to experience a decrease in both of these parameters immediately before
fainting, as the brain becomes deprived of blood (lower THI) and hence exhausts the remaining oxygen

in the blood (lower TOI).

3.4 Para eters for Signal Processing

The key paper on classification of vasovagal syncope [200] made use of just two signals: systemic BP, and
heart rate. Indeed these are the two most common parameters involved in syncope diagnosis, although
minimal signal processing is required. Beat-to-beat assessment of these parameters is useful to keep track
of transients around the time of syncope; hence the importance of devices such as the Finapres.

This section will outline relevant signal processing parameters, including BP, HR, HRV, cerebral

perfusion changes, and PTT. Studies which yielded negative results or which used instrumentation not
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available in the current research are not included in this review (e.g. [5,12,28,61,62,136,181,188,190]).

4.1 eart ate

A graph which quantifies the fluctuations in heart rate (HR) over short time periods is called a tachogram
(from the Greek word ta o0s for speed). The rate of contraction of the heart is sampled once per beat
(and hence unevenly in time), being taken as the inverse of the interval which occurs between consecutive
QRS complexes (known as an “RR interval”, as explained in Section 1.4.2). The tachogram is the
resulting plot of RR interval versus time. Since the Fourier transform algorithm requires even sampling,

the tachogram is often resampled using interpolation.

4.2 eart ate mnalysis for Syncope Prediction

Heart rate (HR) during supine rest probably offers no predictive insight with respect to HUT-induced
syncope; when a significant difference in baseline HR is observed between fainters and controls [8, 50,
140,142, 155,165], it is probably due to chance or poor patient selection. The kurtosis and variance of
resting HR have been used in combination with other parameters to predict syncope, with only moderate
success [137].

Upon tilt, an increase in HR in normal and syncopal subject groups is a universal finding in the
literature [9, 36,53, 88,101,114, 136, 168, 207, 208,229], as it represents an important part of the normal
autonomic response to assuming the upright position; however, several studies have demonstrated that the
degree of HR increase is greater in tilt-positive patients. Sumiyoshi et al. [198] reached this conclusion
examining the absolute beats-per-minute increase, during the first five minutes after tilt. Mallat et
al. [116] observed that the mean HR, in vasovagal syncope patients in the first six minutes of tilt reflected
a higher than normal percentage increase over baseline. Marangoni et al. [119] found that the increase
in HR from baseline during all stages of the test after 3 minutes of tilt was higher in tilt-positive than in
tilt-negative patients.

The same research group found that the HR itself (as opposed to the change) was higher from the
start to the end of the upright portion of HUT. Similar results have been found by other groups, who
often examined just the early response to tilt. For example, Furlan et al. [56] reported that vasovagal
syncope patients experience higher heart rates during the second minute of tilt compared to healthy

controls. Marangoni et al. [119] observed a similar HR difference but during all stages of the tilted
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portion of the test. In contrast to these examples, Kochiadakis et al. [99] found that patients previously
diagnosed with vasovagal syncope experience lower HR during the 4 minutes after tilt than controls;
however, the predictive analysis was confounded by the fact that 40% of these patients were tilt-negative
for their test. As a second counter-example, Novak et al. [140] showed that during the same period, HR
is lower among tilt-positive vasodepressive syncope patients than either controls or tilt-negative syncopal
patients; however, this finding was probably influenced by the fact that the HUT-positive patients under

study happened to have significantly lower supine HR than the controls.

Attempts to examine the HR response within subsets of the syncopal population have led to interesting
results. The vasodepressive syncope patients under study by Novak et al. [140] were subdivided into two
groups: those who fainted during the first 25 minutes, and those who fainted after an isoproterenol
infusion after 25 minutes. The study found that early fainters have lower heart rates during the first four
minutes after tilt, as well as during the supine baseline recording, as compared to the late fainters or
to controls. Sumiyoshi et al. [198] divided their vasovagal syncope patients similarly, using 15 minutes
as the cutoff rather than 25. They then calculated the HR increase upon tilt by subtracting baseline
HR from the highest HR observed in the first 5 minutes after tilt. In this manner, early fainters ( 15
minutes) were found to have higher HR increases than patients who maintained consciousness throughout
the test. These findings do not reinforce one another but they do support the hypothesis that the fainting

population is heterogeneous.

Finally, the variance and kurtosis of HR have been considered for their predictive value [137]. Kurtosis,

which reflects the convexity of a histogram, is calculated as

where n represents the number of HR data points , with standard deviation

The several relevant HR analyses found in the literature are summarised in Table 3.1.

4. eart ate Varia ility

Heart rate variability (HRV) is a measure of the beat-to-beat fluctuations in HR. A normal resting heart

undergoes periodic variations in its RR interval, and the frequency spectrum of a tachogram often reveals
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Test | Parameter | Periods Mea | Positive Test Crite | Patient First Au
of Interest | sured rion roup thor
T1 HR Second minute af- | Mean value is higher | 22 H (16 1) | Furlan [56]
ter tilt than some threshold 22 H- (20 1)
T2- | HR Last 30 s of base- | Change from baseline | 42 S (51 | Marangoni
T6 line; five 30-s peri- | in bpm is greater than 20) [119]
ods starting 3 min | some threshold (approx- | 95 S— (52 19)
after tilt ending | imately 13 bpm, de-
20 min later pending on which of the
five periods is analysed:
3, 5, 10, 15, 20)
T7 HR Last 10 min of base- | The highest rate sus- | Study 1: 70 | Mallat [116]
line; first 6 min of | tained for 30sismore | S , 28 S-
tilt than 18 bpm above the | (50 17)
baseline mean Study 2: 28
S, 7 S-
(49 19)
T8 HR Last 8 min of base- | Mean value is below | 23 S (17-62) | Novak [140]
line some threshold 10 H- (18-40)
T9 HR First 4 min of tilt Mean value is below | 23S (17-62) | Novak [140]
some threshold 10 H- (18-40)
T10 | HR kurtosis | 10 min baseline Value is above some | 21 S Naschitz
threshold (29 18), [137]
20 H- (29 8)
T11 HR variance | 10 min baseline Value is above some | 21 S Naschitz
threshold (29 18), [137]
20 H- (29 8)

Table 3.1: Syncope prediction tests, based on heart rate analysis in the literature. Predictive algorithms
introduced in this chapter are identified as T1, T2, and so on, for later reference. min = minute, bpm
= Beats Per Minute, HR = Heart Rate, S = Patients with recurrent syncope, H = otherwise healthy
= HUT-positive, - = HUT-negative.

patients,

two or three peaks, at known frequencies :

015 04 H HF : This variation in RR interval occurs in phase with respiration, and is known as

respiratory sinus arrhythmia (RSA). RSA reflects a cardio-deceleration during expiration (due to

vagal efferent traffic to the sinus node), and a cardio-acceleration during inspiration (due to the

sudden absence or attenuation of such parasympathetic activity).

004

015 H

F : Although a peak in this range is very common, the cause of these “Mayer waves”

(also known as the “ten-second rhythm”) is less clear. They are thought to be due to a delay in

baroreflex feedback mechanisms [42] (see Section 2.3), but other possibilities exist, most notably

an oscillator in the brainstem mandated to modulate peripheral resistance. Within the LF range,

a peak near 0.1 Hz is common.
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ess than 004 H V F : Besides the two common peaks, there often exists a strong spectral com-
ponent below 0.04 Hz as well. The physiological origin is uncertain; for example, one possible
contributor is the influence of circadian (roughly 24-hour) rhythms. Understandably, some HRV

measurement techniques ignore this spectral contribution altogether.

In addition, spectral density at different frequencies may be regulated not only by central and peripheral
neural input, but also by complicating factors such as the ratio of beta-adrenergic to muscarinic receptor
densities in the heart [23,35,118].

There are various quantifications of HRV, using the time domain, frequency domain, or both [39]. In
1996 the Task Force of the European Society of Cardiology aimed to standardise HRV measurement [115],

and its compilation of existing techniques is often referenced in studies. Popular examples include:

e SDANN, the standard deviation of the averages of NN intervals (i.e. “normal-to-normal” intervals,
which are the RR intervals resulting from sinus node depolarisation in all 5-minute segments of a

recording)

e pNN50, the number of pairs of adjacent NN intervals differing by more than 50 ms in the recording,

divided by the total number of NN intervals
e RMSSD, the square root of the mean of the squares of differences between adjacent NN intervals

e LF/HF ratio, the power in the low frequency range (0.04-0.15 Hz) divided by that in the high

frequency range (0.15-0.4 Hz); typically within a five-minute segment,

Heart Rate Variability and Head Upright Tilt Table Testing

Many research groups have examined HRV behaviour during head-upright tilt table testing (HUT). It
has been shown that under these circumstances, an autoregressive method for estimating the spectral
content of the HR time series can be as effective as an FFT method [7]. Some problems may exist
with the reproducibility of time-domain HRV metrics in syncopal patients [97], but the HRV Task Force
recommended that both time- and frequency-domain methods be used regardless of the problem being
studied [115].

Numerous studies have investigated the putative link between HRV and the sympathovagal balance.
Parasympathetic blockade (for example with drugs) abolishes the HF component and diminishes the

LF component. Subsequent beta-sympathetic blockade removes the residual LF component, leading
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to an extremely steady heartbeat [4]. Therefore, fluctuations above 0.15 Hz are mediated purely by
the parasympathetic system, whereas lower frequency oscillations are jointly governed sympathetically
and parasympathetically. Such findings are consistent with the delays associated with the autonomic
nervous system: parasympathetic responses occur usually within a single heartbeat, whereas sympathetic
responses require up to 20 seconds; hence the sympathetic system acts as a low-pass filter. Such filtering
occurs at the sino-atrial node [19]. It should be pointed out that the clinical interpretation of the LF and

HF components is still highly controversial [45].

For this reason, HRV is probably a less straightforward measure of autonomic system activity than
plasma catecholamine concentration or sympathetic activity as measured by microneurography . How-
ever, there exists a consensus that, in healthy individuals, HRV increases upon orthostatic stress (e.g.
HUT), whereas autonomic neuropathy (e.g., problems resulting from ageing or diabetes) curbs this HRV
increase and in fact can lead to a decrease in HRV during HUT [36,101,207]. This is an important
finding since autonomic neuropathy can contribute to orthostatic hypotension and vasovagal syncope.

(For example, in Figure 2.1, manifesting as “Autonomic failure” or “Type 3: Vasodepressor” syncope.)

Spectral Heart Rate Variability in Syncope Research

Autonomic neuropathy is merely one of the many possible causes of syncope [3], and this multifactorial
nature may be responsible for some of the apparent contradictions [190] amongst HRV analysis findings.
Upon tilting syncopal patients, HRV tends to rise in the young but to decrease in the elderly [111,132,144,
164]; hence HRV changes cannot be correlated easily with syncope test positivity, despite studies which
argue the opposite [101]. However, consideration of the age of the patient may assist prognosis: Lipsitz et
al. [111] found that amongst young people, HUT-positive patients (fainters) experience a greater increase
in HRV than HUT-negative patients; further, Ruiz et al. [175] found that age is the major determinant of
autonomic behaviour during HUT. In summary there is a need for interpreting HRV data in the context of

the patient’s age and medical history, which together will narrow down the suspected causes of syncope.
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4.4 eart ate Varia ility for Syncope Prediction

Results in the literature for HRV techniques have been conflicting, and so far no indicator has been
widely accepted for predicting syncope. Two examples of the past use of HRV in syncope prediction are

as follows:

F: The LF spectral band was defined as 0.04-0.15 Hz; the last five minutes of baseline recording were
compared with the first five minutes after tilt. A change below a certain signed percentage was

deemed predictive of syncope [101].

F HF: The ranges of 0.06-0.15 Hz and 0.15-0.40 Hz were defined as LF and HF ranges respectively
(see Section 3.4.3); the first four minutes after tilt were observed. An LF/HF ratio below a certain

threshold was deemed predictive of syncope [98].

Numerous other tests of equal interest are described in Tables 3.2 and 3.3; using the aforementioned
two tests as examples (T14 and T20), the others are similarly listed. Some tests were excluded owing to
their similarity to others [59,163].

A possible shortcoming of many tests listed in this table, and the tables which follow in this chapter,
is that the heterogeneity of vasovagal syncope is not always recognised: syncopal patients are usually
represented as a single cohort, to be compared with normals. Guzman et al. [71] examined vasovagal
syncope patients and found that those with cardioinhibitory and “mixed” syncope experience a rise in
HRV during prolonged HUT, whereas vasodepressive patients experience a decrease. Gielerak et al. [59]
found similar results, but only for the late stages of HUT; in fact, immediately after tilt vasodepressive
patients had experienced a large rise in LF/HF. These papers may be used to support the hypothe-
sis that cardioinhibitory syncope is due to the Bezold-Jarisch reflex (involving hypersensitive cardiac
mechanoreceptors; see Section 2.3) whereas a peripheral component could be suspected in vasodepressive

syncope.

Elderly Patients

Unfortunately, analysis of elderly patients is often less fruitful than that of young patients [175], due
in part to comorbidity (simultaneity of diseases) and in part to autonomic degeneration. The elderly

suffer from comorbidity more than any other age group, so a given syncope patient is likely to have
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been diagnosed previously with other disorders which might affect his or her cardiovascular system. Few
elderly patients suffer from vasovagal syncope and no other disorder; one third of people over the age of
65 take three or more prescribed medications [3]. As to the issue of autonomic degeneration, it is known
that ageing decreases autonomic activity [3]. Hence, traditional autonomic indicators such as the LF /HF
ratio are less effective in predicting syncope results in the elderly. Ruiz et al. described how detrimental
the effects of ageing can be on traditional HRV analysis [175], since ageing lowers the spectral energies

under study.

4. lood Pressure and elated Parameters

With few exceptions [101], most studies find that upon tilt (see Section 1.4), systolic and diastolic BP
decrease slightly in healthy subjects, yet recover within one or two minutes, heading for equilibria not
far from their supine values [9,40,53,78,87,106,119,126,127,207,229].

Some authors have looked at the product of SBP (systolic blood pressure) and HR, known as the
“rate-pressure product” (RPP). This measure of myocardial work has been found to be lower at the end
of positive tilt tests than at the end of negative tests — an RPP below 7000 mmHg/min is a reasonable
sign that the subject has fainted [185,186].

A second parameter of interest is baroreflex sensitivity. Introduced in Section 2.3, the baroreflex has
been implicated in vasovagal syncope and orthostatic hypotension [11,87,131,134,156,212]. The primary

methods to calculate baroreflex sensitivity (BRS) are as follows [148]:

Sequence technique: Measuring the regression slope for sequences of beats where spontaneous SBP

changes are coupled with similar RR-interval changes
Cross correlation: Between the RR interval and SBP time series
Modulus: Of the RR-SBP transfer function, centred at 0.1 Hz
Autoregressive moving average ARMA model: Of the closed-loop RR-SBP transfer function
Statistical dependence: Of the RR interval on SBP fluctuations

Spectral technique ak a coe cient : If and are the spectral powers of RR inter-

vals and SBP, respectively, for a given frequency range (for example, the LF or the HF range) and

36



a given signal duration (usually 128 to 1024 beats), then:

Blood Pressure Variability

Just as HR varies periodically with time, particular peaks can be found in the spectrograms of BP as well.
However, the physiology responsible for these oscillations is only partly related to HRV. For example,
the HF component of systolic BP variability (BPV) is not likely to be autonomically related as it rises
(rather than falls) with orthostatic stress [53]; it is more probably related simply to respiratory mechanical
effects on haemodynamics [192]. Indeed, spectral analysis of systolic BP waves using an autoregressive
algorithm [155], the discrete Fourier Transform [94,140], or a more advanced, multiresolution wavelet
analysis [120,121], appears unable to dissimilate tilt-positive vasovagal syncope patients from tilt-negative
patients or controls, during supine rest or the early stages of tilt. Hence BPV seems to be less useful

than HRV for syncope prediction research.

4.6 lood Pressure for Syncope Prediction

As with HR, occasional findings of differences in averaged supine BP between syncopal patients and
controls [94,140,142,163,187] are not relevant to the present work.

Very few authors note significant differences in BP between positive- and negative-testing patients
during the first few minutes after tilt. At least three exceptions exist. Marangoni et al. [119] found
that tilt-positive patients had lower mean BP (MBP) values immediately after tilt and throughout the
remainder of the test than tilt-negative patients. Second, averaging the first four minutes after tilt,
Kochiadakis et al. [99] observed lower systolic BP values in tilt-positive vasovagal syncope compared to
controls. Third, some groups [50] have found that the maximum MBP attained during the course of tilt
is higher in tilt-negative patients.

In a prospective BP study following encouraging retrospective analysis, Pitzalis et al. [165] demon-
strated that if more than 14 “blood pressure reductions” occurred in the first 15 minutes of tilt, the
patient was likely to faint (80% sensitivity, 85% specificity). (A “blood pressure reduction” was con-
sidered to occur when any heart beat’s corresponding systolic BP fell below that of the lowest reading

obtained during a supine baseline recording.) This result indicates that the change in BP from supine to
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PTT

Figure 3.2: A typical PTT measurement involves the ECG (upper, black trace) and PPG (photopleth-
symogram, the lower, red trace). In this thesis it is defined as the interval between the QRS complex
(cyan dot) and the subsequent point of maximum slope in the PPG (green dot). Alternatively, two PPG
traces taken from different sites on the body can be compared. An explanation of how these traces are
measured is provided in Section 3.3.4.

upright may be as important as the actual post-tilt BP itself.

Finally, many authors have found that syncopal patients often have lower than normal baroreflex
sensitivities [11,87,131,134,212]. A low BRS is thought to interfere with a subject’s ability to withstand
gravitational stress. (Two recent studies claim the opposite to be true [155,156], but the significance of
their results is mitigated by partial correlations among tilt test positivity, age, and resting HR.)

Following this review of BP and BRS with regards to syncope prediction, three promising noninvasive

tests are summarised in Table 3.4.

4. Pulse ransit ime

Pulse transit time (PTT) is the time taken for the pulse waveform to traverse a given path in the arterial
system. It reflects solely the speed of pulse conduction, known as pulse waveform velocity (PWV). As
an example, one of the many possible definitions of PTT is the time elapsing between the ECG QRS
complex (the onset of ventricular contraction) and the point of maximum slope in a photoplethysmogram
(PPG, from a pulse oximeter) at the finger-tip. This concept is demonstrated in Figure 3.2.

As the PWYV is dependent on blood pressure, there exists a link between PTT and BP. This relationship
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is often masked by other effects, but if those could be corrected for, PTT could be used as a potentially
more reliable alternative to continuous blood pressure readings. For nearly a century, many investigations
have attempted to quantify the BP-PTT relationship, although without unqualified success [55, 58,214].
Notwithstanding this, PTT could be an interesting parameter in the study of syncope, but it has only

been explored to a very limited extent [137].

Syncope Prediction

In the one study on the topic of PTT and syncope prediction, it was found that a high PTT standard
deviation, before or immediately after tilt, might be associated with vasovagal syncope [137]. The same
group found that the ratio of post- to pre-tilt PTT was higher among the syncopal subjects. These tests
are summarised in Table 3.5. Given the difficulties in interpreting the significance of PTT, the metric

has not yet played an important role in syncope prediction research.

4. ere ral Perfusion hanges

NIRS has the potential to offer insight into the role of cerebral autoregulation in syncope, identified in
Section 2.2.2. One group found that after healthy elderly patients stand up, cortical oxyhaemoglobin
decreases while deoxyhaemoglobin increases [126,127]. Since this did not occur in young controls, it
may demonstrate that the regulation of cerebral oxygenation changes with age. Another study found
that middle-aged or elderly patients with sympathetic failure experience a very large (11.6 mol L )
decrease in O Hb upon standing [78]. However, the observed O Hb fall may have been due to an
inordinate decrease in BP, as opposed to an abnormality of cerebral autoregulation: BP fell on average
by 72 mmHg during the same interval. O Hb undergoes its clearest changes in the final minutes prior to
syncope; for example, Szufladowicz et al.reported a consistent decrease on average 3.3 minutes prior to

syncope (standard deviation: 2.8 minutes) [203].

Syncope Prediction

In hypovolaemic young or middle-aged normal subjects, a steady decrease in O Hb in the upright po-
sition might indicate a propensity to faint [40]. However, the cost of the instrumentation means that
NIRO parameters have not yet been studied thoroughly by many other researchers interested in syncope

prediction.
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3.5 Conclusion

A thorough literature search reveals that parameters which yield useful discriminatory information in
the study of syncope are HR, HRV, BP, BRS, PTT, and O Hb. Most techniques are currently restricted
to academic interest; besides the simple methods described in Figure 2.1, no technique has risen to a
level of universal acceptance by physicians. The next chapter will describe the use of these parameters

in automating the diagnosis of syncope in the Oxford Falls Clinic patients.
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Test | Parameter | Period s Mea | Positive Test Crite | Patient First Au
of Interest | sured rion roup thor
T12 | VLF (0.01- | Last 8 min of base- | Value is above some | 23S (17-62) | Novak [140]
0.05 Hz) line threshold 10 H- (18-40)
T13 | VLF (0.01- | First 4 min of tilt Value is above some | 23S (17-62) | Novak [140]
0.05 Hz) threshold 10 H- (18-40)
Ti14 | LF (0.04- | Last 5 min of base- | Percent changeis smaller | 42 S , 27 S- Kouakam
0.15 Hz) line, first 5 min af- | than some threshold (16-75, [101]
ter tilt 42 18)
T15 | LF  (0.06— | First 4 min after tilt | Value is below some | 44 S (52 14) | Kochiadakis
0.15 Hz) threshold 20 H- (48 12) | [9§]
T16 | LFnu, i.e. | Second 5 min after | Value is higher than | 40S , 62 S- Ruiz [175]
LF/(LF HF) tilt some threshold (15-85,
44 21)
T17 | LF/HF Last 4 min of base- | Change is negative, not | 44 S (52 14) | Kochiadakis
ratio, where | line, first 4 min af- | positive 20 H- (48 12) | [9§]
LF = 0.06- | ter tilt
0.15 Hz
and HF =
0.15-0.40
T18 | LF/HF Second 5 min after | Value is above some | 40S , 62 S- Ruiz [175]
ratio, where | tilt threshold (15-85,44 21)
LF = 0.04-
0.15 Hz
and HF =
0.15-0.4 Hz
T19 | LF/HF First 5 min after tilt | Value is below some | 15S (32 14) | Morillo
ratio, where threshold 15 S- (33 13) | [132]
LF = 0.04- 14 H, 1 H
015  Hz (34 12)
and HF =
0.15-0.5 Hz
T20 | LF/HF First 4 min after tilt | Value is below some | 44 S (52 14) | Kochiadakis
ratio, where threshold 20 H- (48 12) | [9§]
LF = 0.06-
0.15 Hz
and HF =
0.15-0.40
T21 | LF/HF Last 5 min of base- | Change is downwards, | 42S , 27 S- Mangin
ratio, where | line, first 5 min of | not upwards (16-75, 42 18) | [117],
LF = 0.04- | tilt Kouakam
015  Hz [101]
and HF = (similar
0.15-0.4 Hz test)

Table 3.2: Syncope prediction tests, from frequency-domain heart rate variability analysis in the litera-
ture. LF = Low Frequency, LFnu = Low Frequency in Normalised Units, VLF = Very Low Frequency,
HF = High Frequency. See Table 3.1 for a guide to the other abbreviations.
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Test | Parameter | Periods Mea | Positive Test Crite | Patient First Au
of Interest | sured rion roup thor
T22 | PNN50 First 5 min after tilt | Value is above some | 15S (32 14) | Morillo
threshold 15 S- (33 13) | [132]
14 H, 1 H
(34 12)
T23 | RMSSD Final 5 min of base- | Change is positive 17S ,11 S- Lippmann
line, first 5 min af- (52 20) [110]
ter tilt

Table 3.3: Syncope prediction tests, from time-domain heart rate variability analysis in the literature.
RMSSD = Root Mean Square of Successive Differences, PNN50 = Percentage of adjacent differences in
Normal-to-Normals that are greater than 50 ms. See Table 3.1 for a guide to the other abbreviations.

Test | Parameter | Periods Mea | Positive Test Crite | Patient First Au
of Interest | sured rion roup thor

T24 | SBP Ten minutes of | More than 14 post-tilt | 165 S—, 73 S Pitzalis
baseline, first 15 | readings are lower than | (34 15) [165]
minutes after tilt the mean baseline value

T25 | BRS Last 300 beats of | Mean value is lower than | 9S , 1S—, 8H- | Bechir [11]
baseline some threshold (20-42, 30 6)

T26 | BRS First 300 beats af- | Mean value is lower than | 95 , 1S—, 8H- | Bechir [11]
ter tilt some threshold (20-42, 30 6)

Table 3.4: Syncope prediction tests, based on the analysis of systolic blood pressure (SBP) and sponta-
neous spectral baroreflex sensitivity (BRS) via the spectral technique. See Table 3.1 for a guide to the
other abbreviations.

Test | Parameter | Periods Mea | Positive Test Crite | Patient First Au
of Interest | sured rion roup thor
T27 | PTT 10 min Dbaseline, | Percent change is above | 21 S Naschitz
first 600 beats after | some threshold (29 18), [137]
tilt 20 H- (29 8)
T28 10 min baseline Value is above some | 21 S Naschitz
threshold (29 18), [137]
20 H- (29 8)
T29 First 600 beats af- | Value is above some | 21 S Naschitz
ter tilt threshold (29 18), [137]
20 H- (29 8)

Table 3.5: Syncope prediction tests, based on the analysis of pulse transit time in the literature. PTT =

pulse transit time,
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