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Abstract

This thesis presents an analytical approach to some key issues related to the design of
biopotential amplifiers for use in long-term ambulatory recording of the electrocardiogram
(ECG) employing pasteless or dry electrodes. The two principal problems of low-frequency
distortion and immunity to common-mode interfering signals are analysed in detail. There
is also an algorithm for the identification of the model parameters of a group of systems
simulated as a double-time-constant network in an attempt to characterise the interface
composed of the skin and the sensing electrodes. In the case of low-frequency distortion, new
input impedance specifications for dry-electrode electrocardiography are derived from the
analysis of performance requirements issued in international standards and recommendations.
This is necessary if the low-frequency components in the ECG that contain valuable clinical
information about the condition of the cardiovascular system are to be faithfully reproduced.
The factors defining the ability of the recording system to effectively reject external unwanted
voltages are then determined to allow the suitability of a small number of amplifier circuit
configurations to be assessed. The design of new instrumentation amplifiers is finally outlined
and their performance evaluated in a worst-case scenario.

It is important to recognise that high fidelity in the reproduction of the ECG waveform
requires a measurement system that preserves the ECG features and provides amplification
selective to the physiological signal while rejecting external interference and noise. The most
obvious implication is that the presence of a frequency-dependent skin-electrode interface in-
troduces distortion to the signal in its propagation from its source to the input of the recording
amplifier, which may lead to misdiagnosis of serious cardiac conditions unless the front-end
stage is adapted to the source impedance. Therefore, attention is given to investigating the
close relationship between the low-frequency response of the skin-electrode-amplifier network
and the input impedance characteristics of electrocardiographs.

A prototype was built and tested. Fourteen volunteers (4 females, 10 males) were recruited
for actual ECG measurements acquired at rest and while subjects were moving and exercising.
No noticeable difference existed between ECG tracings recorded using dry and wet electrodes.
Semiconductor noise affected all waveforms but did not significantly degrade the signal. The
common-mode rejection ratio (CMRR) was measured at 97 dB at mains frequency, 50 Hz,
and 89 dB at 100 Hz for the amplifier alone, meeting current requirements.

Securing high immunity to external interference has been the subject of extensive research
in instrumentation amplifier design in the last decade. Several novel circuit structures have
been proposed in an attempt to enhance the performance of the “classical” circuit configura-
tion. Analysis of existing solutions indicates that improvement is not guaranteed in worst-case
conditions without adjustment either manually or using automatic control circuits. Another

contribution brought about by this thesis is the invention of a novel voltage amplifier struc-
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ture that achieves enhanced immunity to external contaminating signals without requiring
adjustment or high-precision passive components, therefore allowing high performance to be
obtained at low cost. The new structure is created by revisiting the theory underlying the
operation of the standard approach, identifying its limitations and proposing an alternative
implementation that solves specific equations at critical nodes in the circuit. Worst-case
simulation results indicate that the minimum CMRR obtainable can be 30 dB greater than
that of the “classical” circuit structure, but this comes at the expense of increased power
consumption. It is intended as part of future development to improve, construct and test the
new circuit structure to assess performance in real-life conditions.

There are several remaining issues in dry-electrode ECG recording not answered in this
thesis. In particular, motion artefact and the problem of poor contact between electrode
and skin are severe obstacles to the provision of high-quality ECG signals. Motion artefact
that occupies the ECG spectrum cannot be detected successfully by the amplifiers presented
and so cannot be removed efficiently. Motion detection requires the use of accelerometers at
the electrode site to allow voltage changes associated with cardiac activity and those caused
by movement of muscle and limbs to be distinguished. These difficulties provide ample

opportunity for further research.
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Chapter 1
Introduction

Device-based methods are nowadays regarded by health care providers and public finance
administrators as the foundation of the prevention and therapy of heart failure. In partic-
ular, the value of the information provided by ECGs is praised in the detection of cardiac
abnormalities [1-4]. The ECG profile is obtained by recording the electrical activity of the
heart from the surface of the body, enabling the detection of subtle physiological changes
associated with aggravating conditions in the heart and impending cardiac failure. An ECG
usually measures the regularity of the heart rate, the size and the position of the chambers,
the presence of any damage to the muscles and tissues of the heart and the effect of drugs
or devices used to regulate its function. As a result, the diagnosis and treatment of many

cardiovascular diseases relies heavily upon an inspection of the recorded ECG signal profile.

1.1 A growing demand for ambulatory ECG monitor-
ing

Ambulatory electrocardiography has been available since the early 1950s, when Holter intro-
duced the first portable 24-h ECG monitor [5-7]. Ambulatory monitoring has the potential
to considerably improve the management of heart diseases in terms of successful clinical
outcomes and economic savings since more patients can be monitored and treated outside
of the hospital [1, 8]. Studies of cardiac dysfunctions in the elderly tend to emphasise the
importance of management of patients in their own environment because hospitals can be
a disorientating experience for the very elderly. Responding to the substantial growth of
ambulatory monitoring of outpatients in the past two or three decades, Holter monitors
have decreased in size and weight and increased in sophistication. Furthermore, advances in
miniaturisation of electronic instrumentation in recent times have extended ECG monitoring
out of the conventional clinical environment into other areas such as cardiac rehabilitation,

sports physiology, drug studies and monitoring of infants at risk of Sudden Infant Death
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Syndrome (SIDS) (3, 4, 9, 10]. For example, modern ambulatory methods make possible the
monitoring of the performance of implantable electrical devices such as defibrillators or pace-
makers and the control of patient-device interaction. Regular verification of the operation of
an implanted pacemaker and its leads allows the detection of lead failure and pulse generator
exhaustion or malfunction [2].

The main advantage of continuous ECG recording is its ability to quantify and classify
various physiological events over prolonged periods of time. It is therefore the preferred
approach in the assessment of electrophysiological changes and the effectiveness of drugs and
devices in the treatment of cardiac conditions. However, several problems associated with

the standard methods of ECG monitoring remain unsolved.

1.2 The limitations of conventional ambulatory ECG

monitoring

In conventional recording of the ECG, a coupling gel is used with sensing electrodes which
must be placed correctly on the subject’s body by a professional medic. Many advances
have been made in the quality and performance of disposable gelled electrodes or adhesive
electrodes in everyday use [11]. Nevertheless, some patients develop allergic reaction and skin
irritation because of the gel which also dries out over wearing time, reducing signal quality
and the performance of the recording system [12]. While the lifetime of modern adhesive
electrodes has improved substantially, this is still limited to several days after which the
quality of the ECG signal obtained becomes unacceptable. Even in the event of monitoring
for periods of days, it is usually impossible for patients to shower or bathe. Lack of hygiene
may be clinically inadvisable in some cases, for example, where healing wounds need to be
cleaned and dressed. Moreover, in many patients, particularly those having much body hair,
the skin must be prepared by shaving or abrasion to get good electrical contact [13-15]. This
in turn can lead to increased proneness to skin irritation or adverse reaction to prolonged

contact with a coupling gel or adhesive.

1.3 Opportunities offered by dry electrodes

In more recent years, there has been a growing interest in the area of ambulatory ECG
recording using dry or unjelled electrodes for long term physiological monitoring [16-40]. The
key advantage of dry electrodes is the elimination of allergic reactions or other forms of skin
irritation commonly associated with electrolyte gels [37-42]. It results in the improvement
of patient comfort and compliance, allowing the recording technique to cater for a wider

range of users such as elderly, the long-term ill, cardiac rehabilitation patients, paediatrics

2



and neonates [43]. Furthermore, dry-electrode recording does not require preparation of the
electrodes before or after application apart from cleaning and they can be re-used almost
indefinitely. The durability of dry electrodes over gel-based ones permits their shelf-life to be
extended and considerably increases the length of time for which they can be worn, allowing
long-term ambulatory ECG recording at much lower cost. Embedded in remote telemetry
systems, dry electrode ECG recording can thus contribute to the improvement of health care
delivery [40].

1.4 Signal quality

Signal fidelity in the reproduction of the ECG waveform is of primary importance for accurate
diagnosis and treatment of cardiovascular ailments. This requires the ability of the recording
amplifier to reproduce the morphology of the detected signal with as high a degree of accuracy
as possible. The frequency response and impedance characteristics of the amplifier used to
interface with the electrodes can cause significant distortion of the recorded signal, which
can have serious diagnostic implications [44]. Few ECG amplifiers are suitable for interfacing
with all adhesive or disposable electrodes. Very often the precise properties of the electrodes
must be known when designing the front-end stages of the amplifier. Much is often assumed
which is not known, and this can also have diagnostic implications if the overall performance
requirements of the recording system do not meet the specifications of international standards
[45].

The amount of published work in field of instrumentation amplification applied to ambu-
latory dry-electrode ECG recording is quite limited due to the difficulty of acquiring an ECG
signal of diagnostic quality without a conductive gel and the much more stringent demands
placed on the recording amplifier. Much higher performance requirements are needed in
the case of dry-electrode ECG monitoring than in conventional recording to compensate the
lower electrical conductivity and greater polarisation potential associated with dry electrodes

as well as their vastly different electrical properties.

1.5 The aim of the project

This thesis concerns itself with the investigation of the primary issues associated with the
design of such a recording amplifier. The dissertation aims to present a rigorous analyti-
cal strategy for designing a high-performance, low-power, low-cost portable instrumentation
amplifier for use in ambulatory dry-electrode ECG recording. The focus is to utilise inter-
national standards defining the performance criteria for monitoring systems and to identify

other requirements imposed by the recording environment in order to design an optimised
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interfacing amplifier that ensures accurate ECG signal reproduction. In particular, criteria
and recommendations published by the International Electrotechnical Commission (IEC), the
American National Standards Institute (ANSI) and the American Heart Association (AHA)
are used to establish and evaluate the requirements of the amplifier stages.

So far many dry-electrode ECG recorders have used identical instrumentation to that
used in gel-based applications. Furthermore, much of the work in bio-potential recording
has concentrated on the design of amplifiers the performance of which is based on standard
working conditions. The approach taken in the work reported in this thesis considers worst-
case scenarios and the harshest operating conditions. The thesis addresses the problems of
a frequency dependent skin-electrode-amplifier interface, common-mode interference rejec-
tion, component mismatch, dc offset conditions, stability issues, and low-power design in
physiological measurements.

There are generally several stages of amplification and these can be divided into three

main blocks:

1. The front-end stage provides the high input impedance necessary to compensate the
source impedance composed of the tissue, skin and electrodes. High input impedance

prevents signal attenuation and distortion;

2. The fully differential amplification stages amplify the difference between the two elec-

trode potentials and suppress common-mode interference;

3. The differential-to-single-ended stage provides a single-ended output signal adequate

for monitoring, further conditioning, processing or storage.

Because of mismatch in manufactured components and the limitation of common-mode rejec-
tion ratio (CMRR) of the operational amplifiers used in differential configurations, common-
mode signals cannot be completely suppressed. The thesis therefore spends some effort in
assessing the effects of these imperfections on the single-ended output and presents a new
circuit structure that dramatically improves performance while limiting cost. An important
innovation resides therefore in a novel fully differential stage which surpasses the performance
of traditional implementations and introduces an improved means of suppressing common-

mode interference.

1.6 Thesis outline
The two primary issues impacting on the design of amplifiers for dry-electrode recording

addressed in this dissertation are:

1. the preservation of low-frequency components in the ECG signal in the presence of a

frequency-dependent skin-electrode interface;
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2. the provision of high immunity to external interference in the harshest recording con-

ditions.

In-depth analysis of the amplifier performance is carried out to establish the needs for dry-
electrode recording and a review of the work of other researchers relevant to these key issues
are incorporated to the discussions. The design of new instrumentation amplifiers is then
presented in detail. The circuits are simulated using PSpice and their performance are evalu-
ated in a worst-case scenario. Bench testing and actual ECG recordings are then carried out
on a constructed prototype of the ultra-low-power dry-electrode preamplifier. The following

is a brief outline of each subsequent chapter.

Chapter 2: Requirements for a faithful reproduction of the ECG signal

This chapter outlines the source of the electrocardiogram signal and its measurement at the
surface of the body. Several electrical models that relate the voltage sensed at the input of
the recording amplifier to the biological signal generated within the heart are presented. A
realistic representation of the ECG volume conductor is retained based on experimental re-
sults reported with dry electrodes. The importance of preserving the signal profile is pointed
out and the major international standards and recommendations for ECG recording equip-
ment are reviewed. Performance requirements are interpreted in the light of dry-electrode
electrocardiography and their implications for the design of the front-end amplifier used for
this measurement. It is concluded that international performance specifications have not
been drawn up with dry-electrode recording in mind and therefore fall short of providing the
standards needed in this scenario.

Chapter 3: Low-frequency response and the skin-electrode interface

The third chapter deals with the nature of the skin-electrode-amplifier interface and its effect
on the low-frequency performance of dry-electrode recording. Analysis of previous related
work suggests that high-pass filtering can affect the quality of the recorded ECG waveform
and that the risk of distortion is exacerbated by the presence of a frequency-dependent skin-
electrode impedance. New approaches for the determination of the model parameters of
the skin-electrode interface and new input impedance requirements for dry-electrode ECG

recording are then presented.

Chapter 4: Interference suppression and CMRR

Chapter 4 concerns itself with the rejection of interfering signals and the requirements of
common-mode rejection ratio of the amplifier and its resulting design constraints. The need

for securing high immunity to common-mode signals is justified and a number of existing
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amplifier structures designed with these issues in mind are examined and assessed in order

to identify an appropriate circuit structure.

Chapter 5: Design of a very-low-power single-supply dry-electrode ECG pream-
plifier

This chapter presents the undertaken approach in designing an ultra-low power ECG pream-
plifier operating from a single-rail supply for use with the pasteless electrodes characterised in
Chapter 3. An instrumentation amplifier structure optimised for high rejection of unwanted
external voltages and enhanced low-frequency performance is proposed. Worst-case simu-
lation results suggest that the proposed amplifier features excellent performance in terms
of input impedance, frequency response and CMRR value at the expense of an increase in
power consumption. Practical test results suggest that the low-frequency performance of the
constructed prototype is in accordance with simulation results. However, the amplifier’s re-
sponse at high frequency is limited by the presence of stray capacitance on the circuit board.
Actual physiological measurements acquired using dry and wet electrodes return waveforms
of satisfactory quality. No significant difference is noticeable between results obtained with
wet and dry electrodes and the ECG signal can be clearly identified from the interference

present in all recordings.

Chapter 6: A novel instrumentation amplifier circuit structure

In this chapter, a novel instrumentation amplifier circuit structure that allows enhanced
CMRR performance without requiring trimming or high-precision resistors is presented. The
solution is obtained by revisiting the fundamental equations that underly the operation of
the “classical” instrumentation amplifier. The circuit configuration is then modified to allow
common-mode voltages to be rejected further. Circuit simulations are run with PSpice
to assess improvement when worst-case mismatches in resistor values are considered. The
limitations imposed by imperfections in real op-amps are taken into account and two circuit

implementations are then presented and simulated.

Chapter 7: Conclusion and Further Work

The conclusion summarises the main findings reported in this thesis. This chapter highlights
the added knowledge in the field of instrumentation amplification applied to dry-electrode
ECG recording. The limitations of the undertaken approach are pointed out and several
problems that have not been addressed or solved in the dissertation are discussed as well as

possible methods for investigating their solution in future research.
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Chapter 2

Requirements for a faithful
reproduction of the ECG signal

2.1 Physiological background

2.1.1 Function and anatomy of the heart

Superior vena cava

Aorta
Pu_lmonary Pulmonary
vein \m artery
Right atrium € Left

Purkinje

Pulmonary

yaive Bundle of

Mitral His
valve
Tricuspid
valve #2003 big
aive 4 bundle
Inferior Right
vena cava ventricle

ventricle

(a) A cross section of the human heart (from [53]) (b) Conduction system of the heart (from [54]).

Figure 2.1: Schematics showing (a) a cross-section of the human heart and (b) its specialised

conduction system.

The study reported in this Chapter has been published in part in [47-52]
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Fig. 2.1(a) illustrates the major anatomical parts of the human heart, from which we can
clearly distinguish four chambers: two large thick-walled ventricles, and two small thin-walled
atria. The heart muscle (myocardium) can be regarded as an electrically activated mechanical
pump. Oxygenated blood arrives from the lungs into the left atrium via the pulmonary vein.
This blood is then passed onto the left ventricle that pumps it into the systemic circulation,
responsible for providing oxygen and nutrients to rest of the body. The right atrium receives
deoxygenated blood from the systemic circulation, and then passes it on to the right ventricle.
The ventricle on this side pumps deoxygenated blood into the pulmonary artery that will
then be reoxygenated in the lungs and returned to the left atrium [55]. The resting or filling
phase of the cardiac cycle is referred to as diastole while the contractile or ejecting phase
is called systole [56]. During diastole, the inner electrochemical potential of the cardiac cell
membranes is lower than the external potential, contributing to an overall resting potential
of between —80 and —90 mV. Hence cardiac cells in the resting state are electrically polarised
[56, 57].

The conduction of electrical excitation in the heart

The blood pumping mechanisms are accompanied by periodic electrical activity in the heart.
More precisely, the origin of the heartbeat is an electrical event and each time the heart
muscle contracts, electrical currents flow through it [55]. The specialised conduction system
of the heart is depicted in Fig. 2.1(b).

Although the heart has four chambers, from an electrical point of view it can be regarded
as having only two since both ventricles contract together, as do the two atria [58]. Systole is
triggered spontaneously by electrical excitations generated regularly in the sino-atrial (SA)
node. Because the SA node initiates the heartbeat, it is essentially a pacemaker and it
sets the heart rate. Excitation quickly spreads through the tissues of atria, causing their
contraction, and then reaches the atrio-ventricular (AV) node. The AV node conducts the
impulse very slowly, imposing a delay between the excitation of the atria and that of the
ventricles. This region is the sole electrical connection between atrium and ventricle. Beyond
the AV node, currents spread to the Purkinje bundles, branches of large fibres that rapidly

conduct the impulse to the muscle fibres in the walls of the two ventricles [53, 55].

Cardiac action potential

The flow of blood travelling through the heart causes certain cell membranes to become per-
meable at given times. Changes in membrane permittivity are accompanied by an inversion
of the inner cell potential. Potentials can become +20 to +30 mV higher inside the cells,
relative to the outside [57]. The change of membrane potential polarity is called depolari-

sation and the variations in transmembrane potential during cell activity are called action
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potentials. A typical action potential of a ventricular cell is shown in Fig. 2.2(a). The shape
of the action potential is mainly dependent on the membrane permeability of the specific
heart cell. Its amplitude can reach levels between 100 and 120 mV peak-to-peak (p-p). A
rapid depolarisation phase is followed by a steady state, the duration of which varies from cell
to cell. Then, membrane potentials recover their resting levels in the repolarisation phase. In
the resting condition, cells are in the passive state awaiting re-excitation [55]. The currents
accompanying the depolarisation of a cell are generally large enough to excite neighbouring
cells and their return path to the source normally involves the entire body. This yields cur-
rents and associated electric fields everywhere in the body [57, 59]. The resulting potential
differences on the surface of the skin can therefore be measured and recorded. A close corre-
lation between the changes in cellular action potential and body surface potential exists in

the case of ventricular cells, as shown in Fig. 2.2(b).
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Figure 2.2: Schematic representation of (a) the action potential of a ventricular cell and
(b) its first derivative against time (modified from [55]).

2.1.2 Electrocardiography

Electrocardiography refers to the recording of the changes in the electrical field resulting from
cardiac activity with time. The most common form of electrocardiography is the surface
electrocardiogram in which measurements are made using contact electrodes positioned at
prescribed locations on the skin [53, 55, 56]. A dipole moment, known as the cardiac vector,

resulting from the electrical activity of the heart can be represented along several axes made
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up of different permutations of electrodes.

A typical ECG profile

The potential measured between any two electrodes is termed an ECG lead. Three ECG
leads make up the basis the cardiac vector on a frontal plane passing through the four
limbs. Electrodes located on the left arm (LA), right arm (RA) and left leg (LL) form the
Einthoven triangle, shown in Fig. 2.3. A ground electrode can be connected to the right
leg (RL). However, very often the electrode placed on the right leg is connected to a circuit

known as right-leg-drive that detects the common-mode signal and feeds it back to the body.

= RL LL

Figure 2.3: Three basic ECG leads(modified from [60, 61]).

As illustrated in Fig. 2.3, the Einthoven triangle is associated with three lead vectors:
lead I is oriented from RA to LA, lead II goes from RA to LL and lead III is assigned to the
direction LA to LL. Fig. 2.4 shows the profile and frequency spectrum of a typical lead II
ECG recording.

Einthoven defined three successive waves in the ECG which he labelled “P”, “QRS” and
4T 155, 62, 63];

e The P wave corresponds to the depolarisation of atrial cells causing the contraction of
the atria. The wave is about 90 ms in duration and its amplitude generally not greater
than 0.2 mV;

e The QRS complex is associated with ventricular depolarisation and lasts typically be-

tween 85 and 95 ms;

e The T wave occurs when ventricular cells repolarise and regain their resting potential

levels. Its amplitude is normally a good deal lower than that of the QRS complex.

The repolarisation of the atria is masked by the large QRS complex and so is not identified

by an individual wave. A small deflection, named “U”, can sometimes be detected following
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the T wave. Several hypotheses have been proposed to explain the genesis of the U wave
[64-66], but none of them have received universal acceptance and its physiological origin
remains uncertain [67, 68].
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(a) A normal ECG profile (from [69]). (b) ECG frequency spectrum mesured experimentally by
Burke ([70]).

Figure 2.4: Plots of (a) the time representation and (b) frequency spectrum of a typical
lead II ECG signal.

What can be learnt from the ECG?

Despite the absence of consensus on the interpretation of the U wave, essential physiological
information can be obtained from a study of the PQ and QT intervals of the electrocardio-
gram. Surface electrocardiography therefore offers a powerful and affordable diagnostic tool,
combining three major advantages: it is rapid, non-invasive and non-traumatic [57, 59, 71].
When longer recording periods are required, ECGs are adapted and integrated into ambula-

tory systems.

Changes in the ECG of cardiac origin having diagnostic implications may be categorised
as follows.

e Injury to regions of the heart may be observed in the ECG as a shift away from the
baseline level of the ST segment [44, 45, 59];

e Changes in the shape or position of the heart may be deduced from the amplitude and
duration of the P wave, the QRS complex and the length of the ST segment [36].
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e Disease of any of the structures comprising the specialised conduction system may be
associated with several ECG patterns. For example, studies reported in [72] relate
conduction defects in the muscle fibres to changes in the duration and amplitude of
the QRS complex. Other evidence may include anomalies in the P wave such as delay,

change of shape and the presence of an additional wave [36].

e Significant changes in the number of ECG cycles per minute infer irregularities of the
heart rhythm.

e Jonic and drug effects may alter segments and interval durations, as well as wave mor-
phology (73, 74].

2.2 An electrical model of the ECG

The ability to detect and measure electrical events occurring within the heart relies primarily
on the conductive properties of the volume surrounding it. The bioelectric current produced
during ventricular activation may then be measured at the outer surface of the medium
as shown in Fig. 2.5. Hence, a complete electrical model of the electrocardiogram defines
two independent parts: the generator and its electrical load. For this purpose the electrical

properties of cardiac muscle and other body tissue must be considered.

Z; v,
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JEs] ’ = R
equivalent
cardiac T i Zol
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ey 4k
L] ® -
Z, Vg

Figure 2.5: A simple lumped electrical model of the electrocardiogram between two arbi-
trary points on the torso (modified from [56]). Z; and Z, are the impedances between the
source and points A and B respectively. Zag is the impedance seen between A and B. Vg
is the bipolar ECG lead voltage V4 — Vp.

2.2.1 The bioelectric source

In the electrocardiogram model, the heart is viewed as an electrical equivalent generator

[56]. At any given time, the combined effect of all active cells generates an electrical field
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the strength and direction of which depend on the potential difference and distance between
the excited and resting cells of the myocardium. Einthoven postulated that, at least to a
first approximation, the distribution of sources throughout the heart during the cardiac cycle
could be represented by a single lumped time-varying dipole source at a fixed location, as
shown in Fig. 2.6 [56, 59, 62, 75].

Figure 2.6: Representation of the heart as a dipole source having the positive pole located
at lower end of the ventricles’'wall (point A) and the negative pole at the SA node (point B)
[75]. The thick line gives the approximate position of the heart, curves (a) show the positive
isopotential lines, curves (b) give the negative lines and curves (c) represent the current flux
lines.

More accurate computational models that include the inhomogeneity of the cardiac muscle
and its motion have been considered for several decades. In the mid-1950s, Brody analysed
the effect of the blood mass inside the heart in relation to the field generated by single current
source in the myocardium. He concluded that dipoles whose poles are oriented tangentially
to the internal blood mass are reduced by it but not perpendicular poles [57, 76]. Later,
Appleton et al. presented a computer model of the heart incorporating real geometry and
motion obtained from magnetic resonance imaging [77]. The simulated ECG demonstrated
that the motion of the heart shifts the onset of the T wave to the left. More recently, Norian
offered a two-dimension model of cardiac cells that accounts for deflections of electrical fields
within the myocardium. The model, designed for educational purposes, allows atrial and
ventricular activity at cellular level to be distinguished [78]. In the early 1980s, Spach and
Kootsey studied the effects of discontinuity in axial resistance associated with inhomogeneity
and electrical interconnections between cells in cardiac muscles [79]. On a microscopic scale,
they discovered that conduction discontinuities can modify the shape of the intracellular
action potential. However, at macroscopic level, the application of continuous models that
do not include discontinuity, but rather consider an average representation of cardiac muscle

bundles, returned valid and valuable information. Their conclusion confirmed that the simple
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electrical representation proposed by Einthoven is an excellent approximation of the heart,

at a macroscopic scale.

2.2.2 The impedance of body tissue

The strength of the electric field generated in the myocardium gradually decreases with
increasing distance from the source. A simple model of the volume conductor approximates
the thoracic medium as a homogeneous, linear and purely passive conductor, free of electrical
sources or sinks. This model represents the thorax as a resistive load on the equivalent cardiac
generator [56, 80]. Fig. 2.7 shows a schematic representation of the electrical equivalent of

the human body and gives typical resistance values measured at the torso and the four limbs.

Figure 2.7: Simplified schematic diagram for the lumped internal resistance of the human
body (modified from [81, 82]).

A more detailed representation of body tissue models cell membranes as leaky insulators,
introducing capacitive effects to the impedance of the volume conductor [59]. In the mid-
1950s, experiments led by Schwan and Kay demonstrated that in the frequency range up to
1000 Hz, an electromagnetic plane wave moving in the thoracic medium from the heart to
the body surface would undergo negligible attenuation and phase shift [80]. They concluded
that at frequencies of interest for bioelectric phenomena the reactive components of the
model could be neglected. The average thoracic impedance was confirmed to an excellent
approximation as being resistive [59].

At the time, little importance was attached to the impedance of the skin which was generally
reduced by abrasion for ECG measurement. Such aggressive techniques of dealing with
this are not ideal for patient populations such as elderly, allergenic and paediatric subjects.
Results obtained from ECG measurement, without preliminary skin preparation, suggested

that the assumption of linearity of the electrical model must be reconsidered at the skin-

16



electrode interface [44, 45]. Moreover, recent experiments have confirmed that the skin-
electrode interface is a major contributor to the overall source impedance in dry-electrode
ECG recording [47, 48, 83, 84].

2.2.3 The skin-electrode interface

Surface electrodes convert the ionic current within the body into electronic current in metal
connecting leads. Experiments of Swanson & Webster in the mid-1970s demonstrated a
dominant effect of the skin layers on the skin-electrode impedance [85]. They originally
proposed a model of the skin-electrode interface as a parallel combination of a resistor and
a capacitor in series with a second resistor. However, experimental results obtained by the
research group of which the author is a member indicate that the three element model is not
applicable in the case of dry electrodes [47-49, 52, 83, 84].

Stratum corneum I T Eee
Electrode v{:: C,. 3R b
Sweat/ ip
Epidermis | Electrolyte 1 M3e
O Ess
Dermis 4
‘{== CZ: 3 R2s
Subcutanleac;l; ] Dermis and
L subcutaneous layer <«— 3 R,,
(a) Anatomy of the skin. (b) Equivalent electrical model of the skin-

electrode interface.

Figure 2.8: Schematics of (a) the anatomy of the skin and (b) the electrical model of
the skin-electrode interface (modified from [86]). The half-cell potential of the electrode is
labelled Ee.. R4 and Cjy. constitute the impedance associated with the interface between
electrode and electrolyte. The series resistance Rj, is the effective resistance due to electrolyte
between the electrode and the skin (largely perspiration in the case of dry electrodes). Eg
represents the potential difference across the membrane of the stratum corneum, and Ry
and Cys make up the impedance of the epidermal layer. The dermis, subcutaneous layer and
deeper tissues are generally purely resistive and modeled by a lumped resistance Rj.

A more accurate model, proposed by Kaczmarek & Webster in 1989, was considered.
The skin-electrode interface is described as a double-time-constant system with probably
time-varying parameters [86, 87]. Because of complex current-dependent voltage sources,

capacitances, and ohmic resistances, the interface acts as a non-linear second-order high-pass
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filter. Neumann has given an electrical equivalent circuit of an eight-element skin-electrode
interface model, shown in Fig. 2.8. Wet and dry electrodes have the same electrical model

but the parameter values are significantly different [48, 83, 88, 89].

2.3 Principle of ECG signal amplification

ECG monitoring involves the measurement of low-level voltages as small as 0.1 mV, that
must be amplified before their display and processing. However, the associated high source
impedance and superimposed high-level interfering signals and noise tend to degrade the

quality of the recorded ECG waveform.

2.3.1 Measurement of a lead II ECG

The characterisation of the equivalent electrical properties of the cardiac muscle, its volume
conductor and the recording electrodes allows a complete model of the ECG that relates
the voltage measured at the inputs of a biopotential amplifier to the signal generated within
the heart to be established. A set-up, showing the detection of an ECG signal from the
body surface using a pair of identical electrodes and a differential amplifier is schematically
illustrated in Fig. 2.9.
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Figure 2.9: Principle of ECG measurement with identical electrodes and a differential
amplifier.

The common-mode input resistances, R., are the equivalent resistances of both inputs of
the differential amplifier with respect to ground (or analogue common) while the differential
input resistance, Ry, is the equivalent resistance between the two inputs. The dc polarisation

potential of dry electrodes can be much higher than is the case with conventional electrodes
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[12] and is best eliminated by using dc-blocking capacitors, C; and Cs, in series with the
electrodes. In addition, resistors R; and R, are inserted to limit transient current spikes
or the current due to fault conditions which may reach the subject. The intensity of direct
current is generally limited to 0.1 pA for any patient-electrode connection that serves as an
amplifier input.

If R, and R4 are taken as purely resistive, the transfer function of the combined skin-electrode-

amplifier network as measured at the amplifier input is given as:

Rin

Rin+2(Ze+R1+sz>
with
R = Ry] [{2B;) (2.2)
A, . [ it (2.3)

1+ sRuC | 1+ 5RusCie
The ideal biopotential amplifier represented schematically in Fig. 2.9 should exactly repro-
duce the differential voltage, as sensed by the two electrodes. In practice, deviation from
an exact representation of the ECG occurs due to several sources of interference caused by

unwanted external voltages.

2.3.2 Sources of interference
Motion artefact

Movement of the subject during exercise induces stretch variations at the skin-electrode
interface, which generates artefact in the signal present at the amplifier input [90, 91]. In
addition, changes in the skin-electrode impedance and its polarisation potential are generated
by triboelectric effect from electrode and skin friction [13, 14, 92]. Tam & Webster have
observed variations in offset potential of about 20 mV when the skin stretches and shown that
motion artefact is significantly reduced by skin abrasion with about 20 strokes of sandpaper
[13]. However skin irritation and occasionally some bleeding were observed after abrasion
[14].

Slow changes in the skin-electrode polarisation potential do not cause noticeable variation
of the ECG base line because they are suppressed by the use of ac coupling as described
above. However, high-rate changes in offset potential produce artefacts within the ECG
bandwidth that cannot be removed by filtering. Motion artefact is therefore best minimised
when electrode movement is prevented by the use of an elasticated belt or vest that holds
them on the skin [36, 93].
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Electrical interference

Other sources of electrical interference exist which occupy the spectrum of the signal. These
include ac wiring and outlets, industrial and medical equipment operating in the vicinity of
the electrocardiograph and domestic appliances [36, 81, 94]. Unwanted in-band signals can
be superimposed on the wanted ECG signal at the amplifier input by means of electrical
interference, particularly that caused by the mains power supply [95]. Mains hum can be
introduced into the ECG by two means, namely electromagnetic induction and electrostatic
induction [60]. In the case of electromagnetic induction, the magnetic field associated with
mains supply current flowing in nearby electrical equipment cuts the loop enclosed by the
subject, the electrode leads and the amplifier and induces an electromotive force in the leads,
as shown in Fig. 2.10. The induced emf is directly proportional to the area of the loop, which
can be minimised by twisting the leads or using coaxial cables [60]. In the case of electrodes
and a preamplifier mounted in a belt or vest worn by the subject, there is little or no loop

area present and hence this type of interference is not prevalent.

direction of
magnetic field

Electrocardiograph Electrocardiograph

(a) Electromagnetic induction. (b) Minimising the effect of electromagnetic in-

duction.

Figure 2.10: Diagram showing (a) the principle of electromagnetic induction and (b) its
minimisation in ECG measurement (modified from [60]).

In the case of electrostatic induction, the electric field associated with the mains supply
is capacitively coupled to the subject who is also coupled to ground via their body capac-
itance [60, 96, 97]. With battery-operated instruments, when the common supply line of
the amplifier is not at true earth potential, there is also an isolation capacitance present
(36, 96, 97]. A displacement current then flows through the subject to ground, developing
an interfering signal at the input to the recording amplifier, as shown in Fig. 2.11. When
the electrodes are mounted close together on the subject, the interference is predominantly
common-mode. Displacement currents of the order of 0.5 pA have been measured generating
a typical interfering signal level of 40 mV [34, 35]. Measurement error due to common-mode

interference is a major problem in electrocardiography and the common-mode rejection ratio
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(CMRR) of the amplifier must be relied upon to suppress it [34, 35, 50, 51].

Power line

Electrocardiograph

Figure 2.11: Diagram showing how the electric field from the power line can be coupled to
the body (modified from [36, 60, 97]). Z.1, Z.2 and Z.3 represente the electrode impedances.

2.4 Essential performance requirements

Lack of fidelity in the reproduction of the ECG limits the ability of the cardiologist or an au-
tomated interpreter to faithfully measure signal amplitudes, time relationships and waveform
characteristics, and may have serious clinical consequences. To ensure that the amplifier func-
tions well in this regard, international standards dictate essential performance requirements
(69, 82, 98-114]. The International Electrotechnical Commission (IEC) is the source of the
majority of standards in electrocardiography applied world-wide. The most recent documents
specifying the performance requirements of electrocardiographic monitoring equipment were
approved as European standards without modification in 2001 for ambulatory ECG (AECG)
[102] and in 2005 for non-ambulatory diagnostic ECG and heart monitors [101]. Despite the
fact that standards in place in the U.S.A. are initially based on IEC documents, American
standards generally consider the recommendations of the American Heart Association (AHA)
for their final texts [104, 105]. This explains why differences appear between criteria endorsed
by the American National Standards Institute (ANSI) and these followed in Europe, for ex-
ample. The standards and recommendations considered in this thesis have been issued by

the three organisations cited above:

e the International Electrotechnical Commission (IEC);
e the American Heart Association (AHA);

e and the American National Standards Institute (ANSI).
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2.4.1 Safe current limits

Specification limits related to patient’s safety relevant in a low-voltage battery-powered ap-
plication are listed in Table 2.1. International standards specify the safe current limit that
can flow through patient-connected leads under normal condition as 10 pA rms from dc to
1 kHz [82, 103, 106]. Under single-fault conditions, the maximum current is defined as 50
nA rms over the same frequency range. However, the more relaxed limit under single-fault
conditions is not supported by the AHA which recommends that the “ECG apparatus shall
be designed so that no more than 10 pA root mean square, from direct current to the tenth
harmonic of power line frequency, shall flow through any patient-connected lead under either
normal or single-fault conditions” [115]. The more stringent requirement issued by the AHA
is justified by studies reporting dangerous physiological changes for patients connected to a
50 pA rms signal at 60 Hz over 5 s [115].

Table 2.1: Safe current limits flowing through patient-connected leads.

Ambulatory & non-ambulatory ECG

AHA ANSI & IEC
Max. current under normal condition 10 pA rms 10 A rms
Max. current under single-fault condition 10 pA rms 50 LA rms

The presence of multilayer ceramic capacitors in series with the sensing electrodes prevent
dc current from reaching the patient’s body. In addition, the current-limiting resistors, R;
and Ry in Fig. 2.9, can be selected so that no more than 10 pA rms, or 28 pA pp, reach the
body in a worst-case scenario. Operating from a 3 V single-supply, patient safety is secured
with Ry = Ry = 100 kQ.

2.4.2 ECG input dynamic range

Knowledge of the input signal dynamic range is of primary importance for appropriate design
of the amplification stages of an electrocardiograph. The differential input signal range, its
maximum rate of variation and the level of dc offset voltage specifications are given in table

2.2 for both ambulatory and non-ambulatory ECG recording.

Table 2.2: Input dynamic range and differential offset voltage requirements.

Ambulatory ECG  Non-ambulatory ECG

ANSI & IEC ANSI & IEC
input range + 3 mV + 5 mV
min. feature size 50 uV p-p @ 10 Hz N.A.
slew rate 125 mVs™? 320 mVs~!
dc offset voltage + 300 mV + 300 mV
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Considering the most stringent requirements, a new dry-electrode ECG amplifier must
be capable of recording differential input signal voltages of 5 mV varying at rates of up
320 mVs~!, in the presence of dc offset voltage in the range +300 mV. For ambulatory
electrocardiography, a minimum feature size of 50 uV p-p at 10 Hz shall be detected to ensure
that low-amplitude P waves are reproduced. However, this specification is not included in
the more recent standards for non-ambulatory ECG issued in 2005 by the IEC [101] and in
2007 by the ANSI [104].

Consequently, if the preamplifier is to provide a 1-V p-p output to the subsequent am-
plification stages, the required voltage gain in the frequency bandwidth of the signal must
be 100, or 40 dB. In addition, the maximum input variation rate must be considered for the
selection of operational amplifiers having sufficient slew-rate performance. It also gives an
indication of the level of transient current that may arise through capacitors. Finally, the
presence of a significant skin-electrode polarisation voltage justifies the need for inserting
dc-blocking capacitors, C; and Cs in Fig. 2.9, in series with the dry contact electrodes as
suggested in [34-36]. The dc-blocking capacitors have been placed in some amplifier designs
after moderate amplification [116, 117]. However, such configuration allows op-amps bias
current to flow back to the subject body, which is inadvisable in dry-electrode ECG record-
ing due to the nature of the skin-electrode-interface, as discussed in detail in Section 4.3.2,
page 88.

It can be noted that reduced dynamic range requirements are specified for AECG because
it was assumed that AECG interpretations do not ordinarily involve analysis of the QRS in
fine morphological detail [102].

2.4.3 System noise

Noise is arguably the most challenging obstacle to the detection of a diagnostic quality ECG
signal. The main sources of interference were identified in the previous section, yet noise is
also generated internally by recording systems and prevents the observation of small signals.
Thus, biopotential amplifiers must keep intrinsic noise to a minimum and provide the ability
to reject unwanted external voltages which appear simultaneously at both inputs. However,
this ability is often limited by the finite value of the common-mode impedance seen at the
amplifier’s input and the imbalance of skin-to-electrode impedance, allowing the conversion
of common-mode input signals into differential signals. A 51 k() resistor in parallel with
a 47-nF capacitor simulate skin-to-electrode impedance imbalance in all international ECG
standards considered. Under this condition, intrinsic noise shall not exceed 30 WV p-p referred
to the amplifier input. The equivalent common-mode rejection ratio requirements are given
in Table 2.3 for ambulatory and non-ambulatory ECG.

Measurements of bioelectric signals using Nasicon ceramic dry electrodes have proven the
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Table 2.3: System noise requirements.

Ambulatory ECG  Non-ambulatory ECG

ANSI & IEC ANSI IEC
max. intrinsic noise 50 uV ptp 30 uV ptp 30 pV ptp
min. CMRR @ mains freq. 60 dB 95 dB 89 dB
min. CMRR @ twice mains freq. 45 dB N.A. N.A.

existence of significant noise attributable to electrochemical features of the skin-electrode
interface [118]. The noise in the bandwidth 1 Hz - 100 Hz was found to be more intense than
the thermal noise of the resistive part of the electrode plus the amplifier voltage and current
noise combined. Since the published ECG standards apply to measurement equipment after
the signal is sensed by the electrodes, the criteria regarding the rejection of common-mode
signals shown in Table 2.3 do not account for the additional noise associated with the elec-
trodes. As a result, the design of a new dry-electrode ECG amplifier shall target a minimum
value CMRR of 95 dB, not restricted to the power supply frequency but extending to over
100 Hz, the noise bandwidth.

2.4.4 Input impedance requirement

All standards reviewed specify a single-ended input impedance magnitude at the amplifier’'s
front-end greater than 2.5 M2 for non-ambulatory ECG and 10 MS2 for AECG. This common-
mode input impedance, R. in Fig. 2.9, must be large enough to compensate the effective
skin-to-electrode impedance over the frequency range of the signal and to guarantee that all
subjects will be monitored with minimum attenuation and reproduction error. The effect of
the skin-electrode interface is simulated by means of a 620 k{2 resistor connected in parallei
with a 4.7 nF capacitor. To reduce the skin-electrode impedance, preferably below 2 k2
at 10 Hz, the AHA recommends the removal of hair from electrode sites and skin abrasion
with sandpaper [109, 112]. At 10 Hz, the impedance of the combination should not cause
significant attenuation of the ECG signal. The maximum level of signal attenuation is deter-
mined relative to the amplitude obtained without the simulated impedance. A 20% signal
reduction is tolerated for non-ambulatory monitoring while only 6% attenuation is accepted
in ambulatory recording, leading to the values shown in Table 2.4. As part of the design of
the dry-electrode ECG amplifier, the input impedance requirements will be reviewed to suit

the more realistic ECG model illustrated in Fig. 2.9.

2.4.5 Frequency response

Requirements for reproduction accuracy, summarised in Table 2.5, must be considered at

every stage of the design of an ECG amplifier. It has been proven that inadequate high-
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Table 2.4: Input impedance requirements.

Ambulatory ECG Non-ambulatory ECG

ANSI & IEC ANSI & IEC
assumed skin-to-electrode impedance 4.7 nF capacitor // 620 k2 resistor
max. attenuation @ 10 Hz 6 % 20 %
min. single-ended input impedance 10 MQ 2.5 MQ

frequency response rounds off the sharp features of the ECG waveform and diminishes the
amplitude of the QRS complex while distortion in the slow varying detail such as the T wave
occurs due to poor low-frequency performance, degrading the reproduction of the ST segment
[44, 45, 119]. Therefore, reproduction fidelity necessitates sufficient frequency bandwidth and

adequate phase characteristic to prevent signal distortion.

Table 2.5: Accuracy of input signal reproduction.

Ambulatory ECG Non-ambulatory ECG
AHA  ANSI & IEC  AHA ANSI IEC
max. output error:
max. % error  +10 % +10 % +5 % +£5 % +20 %
max. absolute error +£50 uV N.A. =26 [V 400V +100 pV
3-dB bandwidth:
upper cut-off freq. 60 Hz 55 Hz 250 Hz 150 Hz 40 Hz

lower cut-off freq. 0.05 Hz 0.05 Hz 0.05 Hz 0.67 Hz 0.67 Hz
impulse response:
rectangular test input 1 mVs 0.3 mVs 1 mVs 0.3 mVs 0.3 mVs
max. undershoot 0.3 mV 0.1 mV 0.3 mV 0.1 mV 0.1 mV
max. slope 1 mVs™? 03mVs™! 1mVs! 03mVs! 0.3mVs!

Maximum output error

The maximum overall output error tolerated in the reproduction of input signals varying at
rates of up to 125 mVs™! are given in Table 2.5. The AHA recommends the highest repro-
duction accuracy, limiting the error at the output to the greater of +5% or £25 uV, relative
to a £5 mV input signal level [108, 110]. The ANSI restricts the maximum reproduction
error to below +5 % but accepts absolute errors of up +40 pV, obtained by adding one
half of the maximum system noise (£15 nV) to the limit recommended by the AHA. The
precision requirement is relaxed to £10 % when errors due to electrode impedance imbalance
are included [104].

25



High-frequency response

IEC standards for AECG require that the 3 dB high-frequency cut-off be greater than 40 Hz
and extend it to 55 Hz for infants weighing less than 10 kg. A 40 Hz bandwidth is selected by
the IEC for non-ambulatory ECG, assuming that the primary purpose of monitoring the ECG
is the identification of the heart rate, which can be accomplished with this bandwidth [101].
Besides, the 40-Hz cut-off reduces interference from mains power-lines and high-frequency
muscle artefact. However, this cut-off frequency is not endorsed by the AHA that stresses the
need for reproducing more accurately the higher frequency features in the signal [108, 110].
American standards aim for a higher cut-off frequency of 150 Hz for adults, adolescents and
children in non-ambulatory ECG and an even higher bandwidth of 250 Hz when applied to
infants [108]. A novel high-performance dry-electrode ECG amplifier should therefore provide
a 3-dB bandwidth greater than 250 Hz, as recommended by the AHA.

Low-frequency response

A 0.67-Hz low-frequency cut-off is the current standard for non-ambulatory ECG. It finds its
justification in the results of studies led by Simmonson [120, 121] suggesting a lower heart
rate of 40 bits per minute (equivalent to 0.67 Hz) for over 99 % of resting adults, for more
than 99 % of the time. However, the AHA insists upon 3-dB cut-off frequency lower than
0.05 Hz in AECG to accurately measure ST segments and recommends that the amplitude
response should be flat to within +6 % (0.5 dB) over the range 0.14 to 30 Hz [102, 112].

Frequency response recommendations have been traditionally completed with phase dis-
tortion criteria, particularly important in the low-frequency response. The AHA have rec-
ommended that ECG amplifiers should introduce no more phase shift into the signal than
that which would be introduced by a 0.05-Hz, single-pole high-pass filter [108, 110]. More
recently, low-frequency criteria have been more precisely defined in terms of the system im-
pulse response, as suggested by the AHA since 1990. As shown in Fig. 2.12, IEC and ANSI
standards state that a 300-uVs impulse shall not yield an offset on the ECG record from the
isoelectric line of greater than 100 nV, and shall not produce a recovery slope of greater than
300 uVs~! following the end of the impulse [98, 101, 102, 104]. The AHA recommended that
a 1-mVs input impulse should not generate a displacement greater than 300 wV. The slope
of the response outside the region of the impulse should nowhere exceed 1 mVs™" [110].

The amplifier front-end shall therefore be adapted to prevent dc-blocking capacitors in

series with the electrodes from giving rise to significant phase distortion on the ECG signal.
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Figure 2.12: Plots of the impulse response requirements (from [98, 101, 102, 104]).

2.5 Discussion

The model of the skin-electrode interface and the associated parameter values utilised in the
international standards reviewed rely on results obtained with wet electrodes, for which signal
sensing is facilitated by the presence of a conductive gel. Therefore, wet electrodes exhibit
relatively small resistance to current, allowing a single-time-constant RC' network to simulate
the effect of the skin-to-electrode impedance. New versions of the standards for ambulatory
and non-ambulatory electrocardiographic equipment are due to be published before the end
of 2010 by the IEC. Drafts, made available in advance for public review do not, however,
address issues specific to dry electrodes and minimum requirements for input impedance
and rejection of common-mode signals are not expected to change [98-100]. As indicated
in section 2.2.3, a single-time-constant model is not suitable for dry electrode recording
because the absence of electrolytic gel reduces electrode conductivity and therefore increases
its resistance to current. This yields higher voltage drops at the skin-electrode interface and
hence greater signal attenuation, unless the magnitude of the amplifier’s input impedance
is significantly increased. Furthermore, since the model for dry electrodes simulates the
skin-electrode interface as a second-order high-pass filter, the ECG may suffer low-frequency
distortion in a different manner than predicted by the simpler model. The overall input
impedance, R;, in Fig. 2.9, provided by the amplifier front-end must be chosen so that
amplitude, phase and impulse response criteria are fulfilled. In an effort to design a new
dry-electrode, low-power, ECG pre-amplifier suitable for operating in ambulatory and non-
ambulatory environments, the most stringent requirements among all reviewed standards are
retained. A target performance specification for the amplifier to be designed is given in table
2.6.
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Table 2.6: Target performance specification.

Input signal:
signal amplitude 0.05 mV - 10 mV p-p
max. rate of variation 320 ms~!
dc offset voltage =+ 300 mV

Output signal:
Output signal amplitude 1V p-p
max. output error the greater of £10 % or 50 uV

System noise:
intrinsic noise 30 puV max. (referred to input)
CMRR 95 dB min. in 0.5 - 100 Hz bandwidth

Input impedance: TO BE DETERMINED

Frequency response:
3-dB bandwidth 0.05 - 2500 Hz (1 decade above the max. frequency in ECG)
Differential gain >40 dB
amplitude response flat to within +0.5 dB over the range 0.14 to 30 Hz
phase response phase characteristic of 0.05 Hz single-pole high-pass filter
impulse response 0.1 mV max. undershoot after 0.3 mVs impulse

recovery slope 0.3 mVs~! max.

Power supply:
Supply voltage 3 V nominal single supply
Supply current 50 pA max.

Considering recommendations issued by the AHA for infant weighing less than 10 kg,
the target 3-dB bandwidth is extended to 0.05 - 2500 Hz in order to keep the phase shift
introduced by the pre-amplifier below 6° within an ECG signal bandwidth of 0.5 - 250 Hz.

As for all battery-powered equipment, an acceptable compromise must be found between
performance and power consumption. Low-cost 3 V lithium coin cell batteries providing 1
Ah capacity are available today and therefore a portable ECG system that draws 100 pA in
current would operate continuously for up to 10,000 h. Despite not being rechargeable, these
batteries offer, at 3 V, excellent shelf-life for relatively small sizes [122]. If only 50% of the

power is allocated to the preamplifier, physiological monitoring can be safely performed over
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several years without changing the battery. Signal conditioning stages after filtering may then
be implemented digitally using an embedded microcontroller. For example, Microchip has
recently applied their nanoWatt Technology to Programmable Interface Controllers (PICs)
operating from less than 3 pA at 32 kHz and costing less than 1 euro [123].

2.6 Conclusion

In this chapter the principles of ECG reproduction were examined. The electrocardiographic
problem was shown to involve bioelectrical currents generated within the heart and the
creation of electrical fields that can be measured on the surface of the skin using sensing
electrodes. The volume conductor surrounding the heart is composed of body tissues the
impedance of which is mainly resistive. However, the skin-electrode interface acts as an high-
pass filter and is therefore a potential source of distortion of the low-frequency components
in the ECG signal. Other factors limiting the ability of the recorder to faithfully reproduce
the ECG waveform include interfering signals caused by external unwanted voltages, motion
artefact and additional perturbation intrinsic to the amplifier.

International standards and recommendations provide essential performance requirements
for ECG recorders, although the absence of criteria adapted to dry electrodes makes current
specifications regarding input impedance and common-mode-rejection inadequate. The au-
thor will therefore review some key issues that dictate the quality of the ECG signal at the
output of the dry-electrode preamplifier in the following chapters.
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Chapter 3

Low-frequency response and the

skin-electrode interface

Initiated during the space-age era of the 1960s, the investigation of the use of dry electrodes
for ECG monitoring has led to the development of several pasteless electrode systems which
overcome the disadvantages associated with traditional approaches employing wet electrodes.
The following question, however, was immediately raised: how should the recording amplifier
be adapted to the high source impedance commonly associated with dry electrodes? Opti-
mised designs of the amplifier front-end have usually involved measuring the impedance of
the skin-electrode interface [19-39, 124-134]. Some solutions have then inserted resistors in
series with unbalanced electrodes to match the effective impedance seen at each input of the
recording amplifier [30, 31]. Others have fabricated dry electrodes having impedances lower
in magnitude than those of conventional Ag/AgCl wet electrodes [19, 20, 134]. Commercial
dry-electrode Holter monitors providing diagnostic quality ECGs are, however, not available
to date. The recent development in 2009 of a wearable two channel dry electrode ECG system
called care.mon has shown some prospects in the realisation of long-term telemetric appli-
cation in the near future [18]. The designers have admitted, however, that their prototype
cannot get a signal of the same quality as that of a standard electrode Holter system.

A critical source of error was soon identified as low-frequency distortion introduced at the
amplifier’s front-end. In this chapter, the author shows how high-pass filtering can affect the
quality of the recorded ECG waveform and demonstrates that the risk of distortion is exacer-
bated by the presence of a frequency dependent skin-electrode impedance. New approaches
for the determination of the model parameters of the skin-electrode interface and new input

impedance requirements for dry-electrode ECG recording are then presented.

Results from this chapter have been published in [46-49, 52]
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3.1 Importance of the recorder’s low-frequency response

in diagnostic quality electrocardiography

To ensure that the electrocardiograph’s output signal is an accurate representation of the
physiological input waveform, the amplifier must faithfully reproduce all frequency compo-
nents of the ECG signal. Out-of-band high frequency interfering signals are normally removed
from the preamplifier’s output by implementing linear-phase low-pass filters [36]. However,
distortion introduced by an inadequate low-frequency response cannot generally be corrected
in real time by simple filtering in the subsequent amplification stages [45]. The quality of the
recorder’s low-frequency response relies therefore on the performance of the preamplifier’s
front-end. To prevent recording error caused by the electrocardiograph, the preamplifier
must preserve the ECG signal by providing flat amplitude response and linear or zero phase
within the ECG bandwidth [44, 45]. Failure to fulfil these requirements can have serious

clinical implications.

3.1.1 Diagnostic implications of a poor low-frequency response

Berson & Pipberger have demonstrated that ECG preamplifiers implementing high-pass fil-
ters with a poor low-frequency amplitude response are a potential source of recording error
that may lead to misdiagnosis of serious cardiac conditions [44]. They concluded that an
increase of the filter's cutoff frequency above 0.05 Hz or a roll-off greater than 6 dB per
octave causes distorticn of the S-T segment and the T wave of the ECG waveform. Yet,
accurate measurement of slow deflections, especially in the first quarter of the ST-T com-
plex, is usually crucial for assessing the condition of the heart and its response to therapy
[59, 73, 74, 135]. For example, acute myocardial infarction, commonly known as heart attack,
is frequently accompanied by an elevation of the ST segment but inadequate low-frequency
response reduces this elevation and can produce an inversion of the terminal part of the T
wave, as shown in Fig. 3.1(a). In addition, it was reported that the ECG of patients who
had suffered damage to the surface of the heart, referred to as an old infarct, usually shows a
downward sloping S-T segment [44]. Fig. 3.1(b) illustrates how poor high-pass filtering can
modify the S-T segment by converting a downward slope into an upward slope, which has a
different clinical interpretation.

It was found that low-frequency distortion is generally greater for abnormal than for normal
ECG waveforms and for records having essentially monophasic QRS patterns than for those
having biphasic QRS complexes. Besides, it was observed that the increase in heart rate

associated with exercise can alter recording error in an unpredictable manner [44].
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(a) Acute infarct record. (b) Old infarct record.

Figure 3.1: Oscilloscope photographs of the electrocardiogram of patients suffering from (a)
acute myocardial infarction and (b) an old infarct (from [44]). In both pictures, the upper
record, labelled (i), is obtained with a simulated dc amplifier system while the lower record
, (ii), is the output of a high-pass filter having a 0.5-Hz cutoff and 24-dB-per-octave roll-off.

input

(1)  ECG on a high quality electrocardiograph. (i)  synthesised ECG waveform.

output

+w (i)  Output waveform after an all-pass network

. - B e —
(ii)  The same signal on an recorder with nonlinear with a breaking point near the fundamental
phase response in the ECG bandwidth. frequency of the input waveform.

(a) Effect of phase distortion on a patient’s (b) Effect of an all-pass network with nonlin-

ECG. ear phase response.

Figure 3.2: Electrocardiograms showing the effect of low-frequency distortion caused by
nonlinear phase response in the bandwidth of the ECG signal from (a) a patient’s record
and (b) a synthesised ECG waveform (modified from [45]). In (b), the input waveform is
filtered by an all-pass network with flat amplitude response from dc to 10 kHz (£ 1 dB), but
a nonlinear phase response with a breaking point approaching the fundamental frequency of
the input waveform.
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The works of Berson & Pipberger were followed by studies led by Tayler & Vincent on
the low-frequency phase response of filters used in ECG recording [45]. They concluded
that phase nonlinearity is also a major source of recording error and misdiagnosis. For
example, myocardial ischaemia is a disease that reduces the supply of blood to the heart
muscle and normally manifests itself in the ECG record as elevation or depression of ST
segments [59, 135]. However, false ST segment shifts such as those depicted in Fig. 3.2(a)
have been noted with ambulatory ECG recorders exhibiting a nonlinear phase response at
low frequency. Results revealed that the ST segment is more readily affected by distortion
when the point of maximum phase nonlinearity approaches the fundamental frequency of
the ECG signal, as shown in Fig. 3.2(b). Once phase nonlinearity is introduced at the
preamplifier front stage, its effects on the ST-T complex cannot be corrected subsequently

without distorting other portions of the ECG waveform [45].

3.1.2 Low-frequency performance requirements of ECG recorders

The empirical findings reported in [44] and [45] have played a key role in defining the frequency
response requirements of ECG recorders utilised today and can be considered as part of the
classical publications in ECG signal conditioning. As reviewed in chapter 2, the traditional
performance criteria have been enhanced by the addition of specifications in the time domain.
The evolution of the low-frequency performance requirements in electrocardiography can be

summarised as follows:

1. In the mid 1960s, to ensure that recording errors are kept under 50 uV in the early por-
tion of the ST-T complex, Berson & Pipberger recommended that ECG preamplifiers
provide a 0.05-Hz low-frequency cutoff with a 6-dB-per-octave roll-off [44], as achieved
for example by a single-pole high-pass filter. The AHA has endorsed this low-frequency
cutoff since 1967 [113, 114] and added in 1985 that the amplitude response should be
flat to within £6 % (0.5 dB) over the range 0.14 to 30 Hz [112], as shown in Fig. 3.3(a).

2. In the early 1980s, Tayler & Vincent recommended that phase linearity must be main-
tained down to the fundamental frequency of the physiological signal to allow high
fidelity in the reproduction of the ECG waveform [45]. The AHA has adopted this rec-
ommendation since 1985 by specifying that the phase shift introduced by the amplifier
should not be greater than that introduced by a 0.05-Hz, single-pole high-pass filter
[112], as depicted in Fig. 3.3(b).

3. In more recent years, specification of the low-frequency performance of electrocardio-
graphs based on the system’s impulse response have been introduced. The Interna-
tional Electrotechnical Committee (IEC) and the American National Standard Insti-
tute (ANSI) have indicated that a 300-puVs impulse shall not yield an undershoot on
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the ECG record from the isoelectric line of greater than 100 uV, and shall not produce

a recovery slope of greater than 300 uVs~! following the end of the impulse [102, 104],

as illustrated in Fig. 3.4.
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(a) Amplitude response criterion

(b) Phase response criterion

Figure 3.3: Plots of the low-frequency (a) amplitude and (b) phase criteria illustrated with
a 0.05-Hz single-pole high-pass filter. The shaded areas indicate the “forbidden” areas as

specified by the AHA [112].
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Figure 3.4: Plots of the impulse response requirements (from [101, 102, 104)).

3.1.3 The effect of high-pass filtering on the ECG signal

The performance requirements can be explained from a simple mathematical model of the

physiological signal and the recording system. From a signal viewpoint, the ECG waveform
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may be regarded as a periodic time function represented by the following Fourier series:

£(t) = i [ancos (;mt> + bysin (;”"t)} (3.1)

— R-R R-R

where TR g is the R— R interval or cardiac cycle time and a, and b, are the Fourier coefficients.
The fundamental frequency of the ECG signal is therefore determined by 1/Tg g and defines

the heart rate while its dc component is given by ag.

If A(s) represents the preamplifier’s transfer function, its response to the ECG signal

defined in eq. (3.1) can then be modelled in the Laplace domain by the following product:

Vout(8) = A(s) /Ooof(t)e"“ dt (3.2)

Vout(t), the preamplifier’s response to f(t) in the time domain, is obtained from the inverse

Laplace transform of eq. (3.2) by convolution once A(s) is known.

Taking s = jw, the preamplifier response may also be specified in the frequency domain

as follows:

A(jw) = |G(w)| (3.3)

with |G(w)| its amplitude response and §(w) its phase response. An ideal amplitude response
is achieved when |G (w)| is frequency-independent, which in practice would require the ECG
recorder to be dc-coupled to the source signal. This approach is, however, inadvisable due
to excessive base-line wander and artefacts commonly associated with dc-coupled recording
equipment. In addition, the large dc offset inherently present with dry electrodes would
quickly limit the obtainable gain of the amplification stages due to saturation. AC-coupling
is therefore unavoidable in diagnostic quality ECG recording but it comes at the cost of
potential amplitude and phase distortion as experienced in [44] and [45]. Because of phase
nonlinearity, a non-constant group delay is introduced into the ECG waveform. Consequently
the low-frequency components of the QRS complex are affected by a greater time delay than
its high-frequency components and can therefore become superimposed on the ST complex
[45]. Low-frequency phase distortion is avoided if the phase shift or the group delay is made
negligible. For example, the phase shift introduced by a first order high-pass filter is less
than 6° from a decade above the cutoff frequency, f.. Therefore, if frequencies in the vicinity
of the fundamental ECG frequency are to be reproduced, the 3-dB low-frequency point must
be about 10 times lower than 1/7g g. Considering a lower limit heart rate of 30 beats per
minute gives 1/Tg g = 0.5 Hz and thus f. = 0.05 Hz.

The impulse response requirements complement the frequency response specifications to
ensure that the fast varying signals in the ECG, such as the QRS complex and P wave, do not

generate noticeable depressions as result of filtering. A visible undershoot could, in fact, be
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misinterpreted as an additional ECG component. The Common Standards for Quantitative
Electrocardiography (CSE) issued by the European Union defines the presence of a QRS
deflection as a waveform having an amplitude greater than or equal to 20 uV and a duration
greater than or equ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>