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ABSTRACT OF THE THESIS

Development of a Device for T-wave Feature Extraction and Rapid Baseline Nulling

by DAVID WINFIELD SMITH

Thesis Director:

Prof. John K-J. Li

The T-wave of the electrocardiogram electrically represents ventricular
repolarization — the relaxation phase of the cardiac cycle. Discrete states of abnormal T-
wave morphology are known to be associated with both pathologic and non-pathologic
causes. The links between causative factors and morphologic effects, however, are
described as sensitive, but not specific. This thesis aimed to develop a device that could
accurately quantify the T-wave’s characteristic morphologic features on a beat-to-beat
basis, in real-time, to improve specificity.

T-wave feature data were extracted with minimal noise using a novel analog
electronic device design that allowed corrections for baseline drift and motion artifacts.
T-wave morphologies were then approximated by geometric composite figures
constructed from each T-wave’s constituent data, namely, its height and leading and
trailing edge slopes. It was hypothesized that the T-wave approximation figures would
convey clinically relevant information to an observer, notwithstanding their composition

from highly compressed data.
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Simulated T-wave monitor designs were tested on 2,604 T-waves from thirty-two
real and synthetic ECG data sources. Results from the study concluded that over 88% of
the geometric composite figures were reasonable approximations of T-wave morphology.
Noise on the T-wave signal was the primary cause for less-than-reasonable
approximations. Feature accuracies were found to have less than 3% error when tested
against a smaller subset of 260 T-wave controls. Clinical meaningfulness of the
composite figures was demonstrated by observation of T-wave alternans and the effects
of oxygen saturation levels on T-wave morphology. Average baseline drift was held to
within 0.010 mV across a wide variety of input conditions. Complete transient response
recovery from +300 mV input pulses sometimes occurred in less than one heartbeat.

The present novel methodology employed in the successfully tested T-wave
monitor design can be extended to other ECG components, and has the potential to

improve the accuracy of arrhythmia detection and classification in future applications.
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CHAPTER 1

1. INTRODUCTION

1.1. Background

Perhaps second only to the stethoscope, the electrocardiograph (ECG) is one of
the most widely used and universally recognized medical devices in clinical and
investigative cardiology (Fuster et al. 2011; Longo et al. 2012). Since the introduction of
what is considered modern ECG technology by Willem Einthoven in the early 20"
century (1908), ECGs have progressed from having three bipolar (standard) limb leads to
those that regularly include twelve or more leads, or axes of cardiac measurement
(Malmivuo and Plonsey 1995; Fuster et al. 2011; Macfarlane et al. 2011; Longo et al.
2012). While additional axes can provide a more comprehensive assessment of cardiac
function and health, this work will focus primarily on the ECG signals of standard limb
leads I and II (Widmaier et al. 2006). More specifically still, the T-wave segment,
representing the repolarization of the ventricles, is the portion of the ECG signal under
primary investigation here (Widmaier et al. 2006; Fuster et al. 2011; Longo et al. 2012).
Figure 1.1 shows a typical ECG record annotated to indicate major features, along with
standard intervals and segments [Fig 4-2, h]. Because the presence of morphologic
variability within the T-wave segment is considered a clinically relevant indicator of
cardiac health, the objective of this research was to develop and test a biomedical device
and an associated signal processing algorithm that could be used to quantitatively
describe beat-to-beat T-wave morphology, using a significantly reduced data set, in real-

time.



Neurological stimulation of contractions within the myocardium — and the
relaxations that follow — creates ionic flows that generate electrical fields throughout the
body, as if distributed within a volume conductor (Malmivuo and Plonsey 1995;
Macfarlane et al. 2011). Localized depolarizations caused by the rapid cellular influx of
positive ions (predominantly sodium, Na*), produce a wave of transient ionic dipoles
within the extracellular environment (Widmaier et al. 2006; Mohrman and Heller 2010).
The negative ends of the dipoles appear in depolarized regions due to the temporary
relative reduction of positive ion concentrations there (Malmivuo and Plonsey 1995;
Fuster et al. 2011). The positive ends of the dipoles reside within regions of quiescent
(non-depolarized) or repolarized cells (Malmivuo and Plonsey 1995; Fuster et al. 2011).
It is the summation of the electrical fields generated by these dipoles that is measured on
the surface of the body by the ECG (Malmivuo and Plonsey 1995; Mohrman and Heller
2010).

Because the direction of ventricular myocardial cell depolarization (endocardium
to epicardium) is opposite the direction of their repolarization (epicardium to
endocardium), the dipole orientation for contraction and relaxation of the ventricles in the
normal heart is the same (Malmivuo and Plonsey 1995; Mohrman and Heller 2010;
Fuster et al. 2011; Longo et al. 2012). Endocardium cell delay is responsible for the
unexpected direction of repolarization (Malmivuo and Plonsey 1995; Mohrman and
Heller 2010; Fuster et al. 2011). Therefore, depolarization of the ventricles, as found in
the R-wave segment of the ECG signal, and their repolarization, as found in the T-wave
segment, normally have the same orientation in leads I and II (Malmivuo and Plonsey

1995; Mohrman and Heller 2010; Longo et al. 2012). By convention, leads I and II are



configured such that normal adult R-wave and T-wave events are both positive with
respect to the isoelectric line of the ECG (Mohrman and Heller 2010; Fuster et al. 2011;
Longo et al. 2012). Disregarding any noise content in the ECG signal, the isoelectric line
is defined as the electrical potential observed during times of little or no myocardial cell
activity, and can be assigned sometime between the end of the T-wave and the beginning
of the P-wave that follows (Ezenwa et al. 1988; Plonsey 2007; Mohrman and Heller
2010; Fuster et al. 2011). The PR segment and the middle of the ST segment can also be
considered isoelectric in normal ECGs (Mohrman and Heller 2010; Fuster et al. 2011).

The body’s internal ionic flows can be transduced into electron flows, or currents,
at the biologic interface of an electrode applied to the surface of the skin. The conductive
contact surface of the electrode is often coated with Ag/AgCl to lower its impedance,
along with the associated risks of electrode polarization and subsequent electrode
degradation (Malmivuo and Plonsey 1995; Merrill 2005). Ag/AgCl has increased charge
density characteristics that reduce the occurrence of destructive, non-reversible, Faradaic
charge transfer reactions within the double-layer environment (Malmivuo and Plonsey
1995; Merrill 2005). Use of an electrolytic gel or paste further enhances conduction at
the skin-electrode interface (Malmivuo and Plonsey 1995; Macfarlane et al. 2011).

The body’s internal impedances are relatively low. For example, non-bone
tissues of the thorax have resistivities ranging from about 1.5 Q-m to 51 Q-m at typical
bioelectric frequencies (for instance, 1 kHz and below) (Malmivuo and Plonsey 1995;
Gordon et al. 1998; Macfarlane et al. 2011). The mean internal impedance of the thorax
is about 20 Q (Malmivuo and Plonsey 1995). The skin-electrode impedance, however, is

much higher (several k€ to hundreds of k€2) and can vary by more than an order of



magnitude from person-to-person (Cardiac 2002; Prutchi and Norris 2005; Diagnostic
2007). The skin-electrode impedance also tends to decrease with time and is highly
sensitive to skin preparation techniques, electrode type and location, and any relative
motion within the area of contact (Thomas et al. 1979; ()berg 1982; Pandit 1996; Cardiac
2002; Dozio et al. 2007; Macfarlane et al. 2011). Impedance changes at one electrode
site relative to another create a differential-mode noise that contributes to ECG baseline
drift, or can appear more radically as a motion artifact (Oberg 1982; Sérnmo 1991; Allen
et al. 1994; Pandit 1996; Macfarlane et al. 2011). Additionally, inhalation expands the
lungs and thorax, increasing their impedance and rhythmically reducing the ECG signal
amplitudes with each breath (Smith et al. 1988; Malmivuo and Plonsey 1995; Cardiac
2002; Diagnostic 2007; Verrier et al. 2011). Tissue impedances decrease, however, as
signal frequencies increase (Malmivuo and Plonsey 1995; Cardiac 2002; Ruan et al.
2010).

Static skin-electrode impedance differences that inherently exist, along with the
dynamics of skin-electrode impedance, cause the electrical signals of the ECG to present
variability that extends well beyond the variability found in the ionic signals at their
physiologic source. However, impedance is not the only variable influencing the ECG
signal. Muscle contractions originating outside the heart generate a wide range of
electrical field amplitudes and frequencies throughout the body. Muscle artifacts
represent another type of differential-mode noise that can have devastating effects on the
integrity of the ECG signal.

Noise originating outside the body, such as noise conducted or radiated from

power and transmission sources, can produce either differential-mode or common-mode



noise within the body or within the ECG instrumentation directly. One of the more
troublesome of these is AC power-line noise (Pandit 1996). Oscillating at a fundamental
frequency of 60 Hz within the United States, noise from power lines is both nearly
ubiquitous and highly problematic because its first and second harmonics are both within
the 0.05 Hz to 150 Hz frequency range of ECG signals intended for diagnostic use
(Johnson et al. 1999; Diagnostic 2007; Fuster et al. 2011). Ambulatory-grade ECG
signals, on the other hand, are defined over the more limited range of 0.67 Hz to 40 Hz
(Medical 2001; Cardiac 2002). Consequently, ambulatory ECG equipment can use more
aggressive low-pass filters to reduce their susceptibility to power-line and other higher
frequency noises. Note also that ambulatory ECG equipment can better protect against
offset and baseline drift by using more aggressive high-pass filters. In both cases,
however, use of more aggressive filtering tends to distort the ECG waveshape
morphologies. Higher frequency noises, such as those from computers and radio sources,
are farther outside the ECG signal bandwidth and are, therefore, less likely to affect
signal quality adversely when properly filtered.

Interference and the signal distortion caused by the noise sources described above
combine to reduce T-wave signal integrity. Improper ECG design, for example, designs
that use overly aggressive filters, can also adversely affect the integrity of the T-wave
signal (Fuster et al. 2011). Implementation of proper noise reduction methods and
careful attention to signal pathway design are, therefore, critical steps toward accurate
assessment of any T-wave morphologic differences that may be present.

Abnormal changes in T-wave morphology are generally considered sensitive, but

rather non-specific indicators of cardiac health, as will be emphasized shortly (Schindler



et al. 2007; Tintinalli et al. 2011). T-wave morphologies (Figure 1.2) are broadly
classified as non-inverted (positive), inverted (negative), and biphasic (or diphasic)
(Fuster et al. 2011). T-waves of any of these types can be additionally classified as
having flattened, peaked, or bimodal characteristics (Fuster et al. 2011). Unfortunately,
morphologic differences in the T-wave have overlapping pathologic causes, or can be
unrelated to any known pathology (Fuster et al. 2011). Experimental demonstrations,
however, have shown that inducing a delay of repolarization in the endocardium
produces a peaked and usually taller T-wave (Fuster et al. 2011). Conversely, inducing a
delay of repolarization in the epicardium produces a more flattened or negative T-wave
(Fuster et al. 2011). Ischemia is the primary clinical cause for either of these
repolarization delays and the associated morphologic changes they impose on the T-wave
(Fuster et al. 2011). The onset of ischemia also tends to lengthen the QT interval (Fuster
etal. 2011).

Persistent or acute ischemia can lead to myocardial infarction. Non-Q-wave
infarction presents flattened or negative T-waves along with ST depressions (Fuster et al.
2011; Longo et al. 2012). Q-wave infarction, on the other hand, presents hyperacute T-
waves, followed by T-wave inversions (Fuster et al. 2011; Longo et al. 2012). The ST
elevations present in Q-wave infarction are pivotal in the diagnostic decision pathway
(Fuster et al. 2011; Longo et al. 2012). Sudden loss of coronary blood flow due to
thrombotic occlusion is the most common cause of Q-wave infarction (Longo et al.
2012).

Some non-ischemic causes of heightened or peaked T-waves are: 1) normal

population variants, 2) athleticism, 3) acute pericarditis, 4) alcoholism, 5) stroke, 6)



moderate left ventricular hypertrophy, 7) hyperkalemia, and 8) advanced atrioventricular
block (Fuster et al. 2011; Longo et al. 2012). Non-ischemic causes of flattened or
negative T-waves include: 1) normal population variants, 2) athleticism, 3) pericarditis,
4) alcoholism, 5) stroke, 6) secondary effects of left ventricular hypertrophy or left
bundle branch block (LBBB), 7) intermittent LBBB, 8) hyperventilation, 9) pulmonary
embolism, 10) myocarditis, 11) mitral valve prolapse, 12) myxedema, 13) certain drugs
(for example, prenylamine), 14) hypokalemia, and 15) post-tachycardia (Fuster et al.
2011; Longo et al. 2012). Notably, the first six non-ischemic causes in the more-positive
T-wave group are the same as those in the more-negative T-wave group, highlighting the
problems of diagnosis when using a non-specific indicator.

T-wave alternans (TWA) and microvolt T-wave alternans (MTWA) are subtle
beat-to-beat variations in T-wave morphology. In particular, repeating patterns of T-
wave amplitude variations seem to be the dominant alternan feature of clinical interest
(Smith et al. 1988; Gold et al. 2000; Chow et al. 2006; Myles et al. 2007). At least one
study describes alternans having every-other-beat patterns (ABABAB...) as being the first
subharmonic manifestation of a period-doubling effect seen in non-linear systems as they
advance toward a chaotic (aperiodic) regime (Smith et al. 1988). In the case of the non-
linear excitation of the myocardium, possible chaotic regimes include life threatening
arrhythmias, such as ventricular tachycardia (VT) and ventricular fibrillation (VF) (Smith
et al. 1988; Gold et al. 2000; Fuster et al. 2011; Tintinalli et al. 2011). Sustained episodes
of VT or VF sometimes end in sudden cardiac death (SCD), the leading cause of
cardiovascular-related mortality (Smith et al. 1988; Gold et al. 2000; Myles et al. 2007;

Fuster et al. 2011; Tintinalli et al. 2011). Linking the presence or type of TWA to SCD



would provide a meaningful and non-invasive predictive tool for use in risk stratification
and therapeutic routing (Smith et al. 1988; Gold et al. 2000; Kop et al. 2004; Chow et al.
2006; Myles et al. 2007). Unfortunately, not all studies have found significant correlation
between the standalone presence of alternans and the clinical predictability of SCD
(Myles et al. 2007; Fuster et al. 2011; Tintinalli et al. 2011; Verrier et al. 2011).
Additionally, identifying the presence of alternans in the ECG signal typically requires
waveform averaging and can include spectral analysis techniques, neither of which is
performed in real-time (Kop et al. 2004; Tintinalli et al. 2011; Verrier et al. 2011).

Acute mental stress has been shown to increase the incidence of TWA,
particularly in those patients with coronary artery disease (CAD) that also have known
vulnerabilities to ventricular arrhythmias (Kop et al. 2004). Increased QT intervals and
increased QT variability have been linked to patients with depression and those suffering
from panic disorders (Fuster et al. 2011). Therefore, changes in T-wave morphology
might also be useful as an indicator of increased levels of non-ischemic mental stress and
depression as well as the ischemic stresses caused by exercise or poor cardiac function.

As previously stated, the T-wave electrically represents the ventricular relaxation
phase of the cardiac cycle. The ventricular function curve in Figure 1.3 graphically
illustrates that end-diastolic volume (EDV) is positively correlated with stroke volume
(SV) (Widmaier et al. 2006; Mohrman and Heller 2010; Fuster et al. 2011). Known as
the Frank-Starling mechanism, the relationship between EDV and SV results from
intrinsic mechanical properties of the cardiac muscles (Widmaier et al. 2006; Mohrman
and Heller 2010; Fuster et al. 2011). Experiments have found that pre-stretching the

cardiac muscle fiber sarcomeres slightly beyond their nominal lengths of 2.05 pm to



between 2.2 um and 2.3 um produces contractions of peak force (Mohrman and Heller
2010; Fuster et al. 2011). Therefore, enhanced diastole filling due to properly timed and
executed ventricular relaxation, along with sufficient ventricular compliance, enhances
SV and cardiac output (CO), assuming heart rate (HR) is fixed, by the formula (Widmaier
et al. 2006; Mohrman and Heller 2010):

CO =HR xSV (1.1)

The examples above of known and possible correlations between T-wave

morphology and a variety of cardiovascular pathologies and other forms of physiological
stress, lend support to the claim that observation and analysis of T-wave morphology
provides valuable, non-invasively obtained, investigative and clinical insight.
Consequently, further claimed is that obtaining real-time, beat-to-beat quantification of
T-wave morphologic features is a worthwhile pursuit, and one that requires the design of
a suitable T-wave monitoring device. Presented herein is believed to be a novel design

for such a T-wave monitor.
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1.2. Overview of Design

1.2.1. Motivation

The T-wave and other prominent features of ECG signals are more often
described qualitatively than quantitatively in the reference materials reviewed during this
research. For example, the evolutionary course of T-wave morphology for a given
pathology might be described as proceeding through several characteristic, discrete states
exhibiting ST elevation, flattening, inversion, and normalization (Fuster et al. 2011). Itis
less common to find reference materials that include quantified data describing the
precise details of the T-wave for each of these discrete states. It is far less common still
to find data describing the transitional phases that occur between each of these T-wave
states and their time-course progression.

In some cases, the ECG signals are shown on standard graph grid (1 mm
horizontal = 40 ms, 1 mm vertical = 0.1 mV) and, therefore, peak amplitudes and timings
can be coarsely determined by graphical observation (Mohrman and Heller 2010).
However, even this seemingly rudimentary task becomes tedious after more than just a
few heartbeats. Other T-wave features, such as the leading and trailing edge slopes, or
the area under the T-wave curve, are more difficult to assess by casual observation.
Further, T-wave alternan magnitude variations tend to be very subtle (sometimes in the
microvolt range) and so are typically not measurable on the standard ECG grid without a
significant degree of interpolation, if visible at all.

The objective, therefore, was to design a T-wave monitor that quantitatively
captured a relatively few fundamental beat-to-beat morphological features. It was

decided that the four T-wave features of primary interest were: 1) the height, 2) the
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dominant leading edge slope, 3) the dominant trailing edge slope, and 4) the area under
(or above, if inverted) the T-wave curve, with respect to the isoelectric line. From the
magnitudes, signs, and relative timings of the first three of these features, it was
hypothesized that a reasonable and meaningful approximation of the T-wave’s
morphology could be geometrically constructed (Smith et al. 2010). The T-wave
approximation would be a composite figure consisting of two trapezoids and a rectangle,
combined as shown in Figure 1.4. The area feature captured from the T-wave signal
could be useful when assessing whether or not the composite figure reasonably
approximates the morphology of the T-wave. For example, if the T-wave signal captured
in Lead I or Lead II is normal (non-inverted), then it is expected that the peak amplitude,
leading edge slope, and area measurements will have positive signs, and that the trailing
edge slope will have a negative sign. If the composite T-wave approximation shares all
of these expectations and the calculated area of the geometric figure is similar in
magnitude and sign to the actual area measured, it could be said that the geometric
approximation is more likely reasonable than if the area metrics did not agree. Of course,
other tests are required to determine the integrity of the T-wave approximation more
completely. Discussion of the monitor’s output algorithm and logic follows in
subsequent sections.

Approximation of T-wave morphology using a composite geometric figure
derived from just three waveshape features (Figure 1.4) offers the advantage of providing
highly compressed and intelligent data for each T-wave event. Generally, finding ways
to reduce the amount of data sampled, processed, stored, and transmitted is an important

part of a design process. Use of data compression techniques, such as the one developed
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here, has the potential to reduce the size, weight, cost, and bandwidth load of the T-wave
monitor device, as well as extend the operational lifespan when used in battery-powered
applications. For example, at a nominal resting heart rate of 70 BPM, the data, which can
include up to twenty (without R-wave min/max data) time and amplitude variables per T-
wave event, will be compressed about 21:1 for 250 Hz sample rates and about 86:1 for 1
kHz sample rates. In addition, the data extracted from each T-wave event will have
intelligence, meaning that it will include the comparative characteristic magnitudes,
signs, and relative timings of the predominant T-wave features. Those tasked with
reviewing ECG signals will likely benefit from working with the compressed and

intelligent T-wave data output from this design.



16

T-wave
Max

Non-
Inverted

—»
A

v

h3 T-wave Min
-

i T T T T 4 (Baseline)

t1 t2 t3 t4
| i i i i y . T-wave Max
h1 h3 (Baseline)
1 1 3 t

h2
Inverted
e T-wave
Min

Figure 1.4. Geometric composites used for T-wave approximation.
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1.2.2. Hardware

The generalized signal path of the T-wave monitor design is shown in Figure 1.5.
As schematically represented, a single bipolar ECG lead is wired across the inputs of two
parallel instrumentation amplifiers (IA). IA-1 has a gain of 10 and has a Miller integrator
inserted into the positive feedback loop of its integral difference amplifier stage (Sedra
and Smith 2004; LT1167 2011). As configured, the Miller integrator is behaving as an
inverting, single-pole, low-pass filter (LPF) (Sedra and Smith 2004). Setting the LPF
cutoff frequency at about 16 Hz balances the high-frequency noise reduction benefits of
signal smoothing with the competing goal of maintaining adequate transient response
performance. While inserting the inverting LPF into the positive feedback loop of IA-1’s
difference amplifier stage produces a high-pass filtering effect on IA-1’s output, the
output signal of IA-1 is not directly used in the remainder of the design (LT1167 2011).
Rather, the output of the inverting LPF is used as the input signal for the Feedback
sample and hold (S&H) module. IA-1 also provides the input to a Right-Leg Drive
(RLD) circuit. The midpoint value of IA-1’s two integral input amplifiers is inverted,
amplified, and fed back to the ECG source to improve the common-mode rejection
(CMR) of the system. While not shown in Figure 1.5, a shield drive is also provided
within the RLD circuit module to reduce potential differential-mode and common-mode
errors further.

IA-2 also has a gain of 10 and supplies the ECG signal to the gain amplifier (GA)
that follows. Notably, the ECG signal path of IA-2 lacks a continuous high-pass filter
(HPF) function. Instead, IA-2 has its Reference pin (REF) wired to the output of the

Feedback S&H circuit, one of two S&H modules designed to maintain the ECG baseline
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at or near zero volts, relative to the T-wave monitor’s power supply potentials.
Eliminating continuous high-pass filtering from the ECG signal path avoids filter-
imposed distortion of the low frequency content.

The ECG signal of IA-2 passes through the GA where it is amplified about 100
times more. Total signal gain is now around 1,000. A 2-pole, 60 Hz notch filter, with a
Q of 0.5, removes much of the first-harmonic power-line noise. A 4-pole Bessel LPF,
with a cutoff frequency of 40 Hz, removes additional high frequency noise components.
The output of the 4-pole Bessel LPF passes to the non-inverting input of a standalone
difference amplifier (DA). The output of the 4-pole Bessel LPF also passes to the input
of the Zero-Offset S&H module. The output of the Zero-Offset S&H circuit connects to
the inverting input of the DA. The DA subtracts the value held by the Zero-Offset S&H
circuit from the filtered ECG signal. If the Zero-Offset S&H circuit samples the ECG
along the isoelectric line, the DA nullifies offsets and other undesirable non-zero
amplitudes introduced by the source signal or by earlier stages.

However, bringing the isoelectric line to a near-zero potential is a two-step
process. First, the Feedback S&H output, sampled from the inverting LPF of IA-1, is
applied to the REF pin of IA-2. Sampling occurs 115 ms after the detected onset of an R-
wave event — a point during the ST segment — and lasts for 3.5 ms. Applying this
inverted and smoothed ECG signal sample to the REF pin of [A-2 has the effect of
returning the isoelectric line to near zero prior to the onset of the T-wave segment.
Maintaining a signal baseline closer to the power supply midpoint via the REF pin also
tends to keep IA-2’s integral difference amplifier out of saturation, even when large

amounts of differential-mode noise (offset voltages) are present across the IA inputs.
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The second step in the isoelectric line nulling process occurs at the end of each T-
wave segment. Here, the Zero-Offset S&H circuit samples the output of the 4-pole
Bessel LPF along the presumed isoelectric line for a period of 7 ms. The DA uses the
newly sampled Zero-Offset S&H value to subtract any non-zero amplitudes from the
filtered ECG signal. The corrections made by the Feedback S&H and Zero-Offset S&H
sub-circuits are used by the software algorithm to adjust sections of the ECG signal so
that the isoelectric line stay